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ABSTRACT

The football stadium of Gamla Ullevi was built andened in 2009. The arena is
established on 55-85 metres of clay with cohesitas peaching a depth of 44 metres.
Jumping audiences at football games resulted ih smind vibrations bringing
surrounding buildings into motion. This has broughtinterest in the field of geo
dynamics.

The objective of this thesis is to study the sdi-gnteraction of a foundation
subjected to a dynamic load. As a basis for théyaisa the soil has been assumed to
be linear elastic and the loading is describedaashbnic.

For the analysis FE models have been developedbagés to simulate a vertical
cyclic load of 5 kN at the head of each coheside. A pile load of 5 kN is in the

range of the dynamic load caused by a jumping awdieat Gamla Ullevi. The

amplitude of vertical displacement of the pile hessl a function of the loading
frequency is set as output of the model. The fraquevas varied between 0-10 Hz,
measured frequencies at the stadium where clogHa. From this the soil-pile

stiffness could be obtained.

Results from the model are verified by comparisathva response curve for a
damped harmonic oscillator. Also comparisons betwaesingle pile and a pile group
are made and the dynamic response is also compaittd the static case.

Furthermore, a study has been carried out to deterto what extent variations in
soil depth affect the soil-pile response. The sthdg indicated that the horizontal
surroundings of the pile have greater impact onsthiepile stiffness than the vertical
surroundings, which represents the distance tbedeock.

Key words: Abaqus, Complex-harmonic analysis, Dyicarasponse, Linear elastic
model, Soil-pile system.
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SAMMANFATTNING

Fotbollsarenan Gamla Ullevi stod klar for invigniB@09. Anlaggningen grundlades
pa ett 55-85 meter maktigt lerlager pa kohesiomsdl ett djup av 44 meter. Kort
darefter framkom det att hoppande publik vid folkrolatcher orsakade markbundna
vibrationer som framkallade svangningar i kringhgde byggnader. Detta har
aktualiserat amnet geodynamik.

Denna examensrapport syftar till att studera iktéaen jord-pale i en grund som
utsatts for en dynamisk last. En parameterstudiaitfidgrts for att bestamma pa vilket
satt det vertikala avstandet mellan kohesionpatebecggrund paverkar den
dynamiska jord-palestyvheten. Tva grundlaggandagamtden for analysen var att
beskriva jorden som linjarelastisk och att lastepliaeras harmoniskt.

| studien har finita elementmodeller utvecklats jukwaran Abaqus i syfte att

simulera en vertikal cyklisk last pa 5 kN pa topmenen kohesionspale. Pallasten
ligger inom spannet for den dynamiska lasten sonh@wpande publik pa Gamla

Ullevi orsakar. Som output frdn modellen angesedibnens amplitud som funktion

av lastfrekvensen. Denna varierar mellan 0 — 10 Wipmaétta varden fran arenan
visade att hoppfrekvensen lag nara 2 Hz. Med h@lpstorleken pa lasten och
deflektionen kan den dynamiska styvheten for jofitepystemet beraknas.

Resultatet fran modellen har jamforts med en reskawa for en dampad harmonisk
oscillator. Jamforelser har gjorts mellan en ensgile och en palgrupp. Pa liknande
satt har jamférelser gjorts mellan den dynamiska den statiska responsen. Vidare
har en studie utforts for att studera pa vilket a@standet mellan pale och berggrund
paverkar den dynamiska jord-palestyvheten. Stuitidikerade att utformningen av
den horisontella omgivningen har storre paverkanjgé-palestyvheten an den
vertikala omgivningen, dvs. avstandet till berggten.

Nyckelord: Abaqus, komplex harmonisk analys, dyrskmiespons, linejarelastisk
model, jord-palesystem.
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Notations and Abbreviations

Roman upper case letters

A deflection amplitude
C damping matrix

D damping factor

O
[9)

nodal damping coefficient
elastic modulus

> m
m

elastic modulus difference
force

shear modulus

hysteretic damping coefficient
dynamic stiffness

mass matrix
pressure

radius

X U T Z X I G ™M

displacement

Roman lower case letters

a areas
Eo dimensionless frequency

c wave speed

c cohesion

Cij frequency dependent damping coefficient
Co velocity of the P-wave

Cs velocity of the S-wave

Cu undrained shear strength

f frequency

i V-1

k dynamic stiffness

r radius

S element side area

u displacement

u velocity

i acceleration
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Greek letters

o absorption coefficient
Y unit weight

€ strain

D phase angle

\% Poisson'’s ratio

mass density

o normal stress

o'¢ preconsolidation pressure
T shear stress

® angular frequency

Abbreviations

FEM Finite element method
OCR Overconsolidation ratio
SGI Swedish Geotechnical Institute
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1 Introduction

1.1 Background

The phenomenon of ground vibrations in deep lagérslay has been known and
experienced in Gothenburg a number of times duhegast decades. In 2009 a new
football stadium, Gamla Ullevi, was completed aeddy for hosting domestic and
international football games. In April the same ry@gawas discovered that cyclic
loadings on the standings created vibrations irstihreounding clay. Nearby buildings
were exposed to horizontal vibrations up to 11.5/saifhis has initiatedn interest in
the field of soil dynamics.

Most buildings in the area, including Gamla Ulleatie constructed on a foundation of
cohesion piles. This makes them subjected to soildowave motions. Hence there is
a need for prediction of dynamic soil-pile behavguroday there is little knowledge
about the interaction between piles and the Gotlnentiay.

1.2 Objective

The objective of this master’'s thesis is to analyze dynamic stiffness of an

interacting soil-pile foundation. This is done bynslating the dynamic response of
the system using complex harmonic analysis. Sepaesults are presented for a
single pile and a pile group with input data frohe tconstruction and the soil at
Gamla Ullevi. In the analysis, studies will be caotéd on soil depths to determine
their specific impact on the dynamic response. Tégmilts will be evaluated with

harmonic oscillation response curves as references.

1.3 Delimitations

The thesis focuses on predicting the dynamic &t#én of a soil-pile system
considering both single pile and pile group cadasaddition, static stiffness is
determined for comparison. The vertical stiffnesstudied, hence inclusion of the
lateral stiffness is recommended for further steidie

The location in consideration is Gamla Ullevi wh#re geotechnical condition is clay
to depths of 55-85 meters with soil parameters iagrywith depth. The thesis
considers concrete piles since that was used &biingruction site.

In the real scenario, piles are subjected to diffetoading conditions such as vertical
forces, horizontal forces and moments. However,pit@elominant component is the
vertical loading in the Gamla Ullevi case. Thugs tstudy is limited to consider the
dynamic vertical force which could reasonably repré practical situations.

Depending on the amount of stress, soil can exHilfigrent stress-strain behaviours
such as elastic and plastic. A previous study stetat plasticity is known to reduce
the stiffness of the soil-pile system (Maheshw&®®17). But the study is limited to

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:125



such an elastic model with a linear case by subjgthe system to a small amplitude
of cyclic loading.

Analysis of dynamic stiffness involves multidiséi@dry and comprehensive
procedures which may be geotechnical and non-geoitsad in nature. However, the
thesis is principally concerned in analysis of gemtechnical matters, viz., the soll
and the foundation.

1.4 Methodology

The work encompasses numerous methods and stepsarty out the task
systematically. It entails literature survey, inooration of available data, modeling
the scenario and handling of FEM software.

First, a literature survey was made to obtain garierowledge in the subject relevant
to carry out the following work in the project. Shincluded an understanding in geo
dynamics and FEM software.

Site investigation data was gathered to receivpatinent properties of the soil at the
specific location. The main source of informatioasna report made by Gatubolaget
containing a compilation of site investigationsraat out in the area. The most recent
investigation was done by Gatubolaget in 2006. dijnieamic soil properties were
then incorporated in the linear elastic soil model.

Afterwards, a realistic scenario was conceptualiaZed a model of the soil-pile
system was produced. This was accomplished for $intile pile and pile group cases
and serves as a bridge between the input datalen&HEM analyses. FEM results
were compiled, checked for verification and analyse

The finite element method (FEM) software Abaqus wsed to analyze the problem.
The models are developed and simulated in Abaqusettorm complex harmonic
analyses in three dimensions. The results of tlksighare produced by the FEM
analysis with 3D program modelling. From the siniola vertical displacement
values for different cases are chosen as output. réBults are evaluated against
harmonic oscillation response curves. Then compasisare made and conclusions
are drawn.
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2 Site characterizatior

The Gamla Ulleviarena is constructed on a foundation consistingezfrly 120
cohesiompiles reaching a depth of 44 meters. 'superstructure of concreis cast at
the site and the framework consists of concreteronk and beams. The roofisa s
construction made by welde-beams which stretches 22 meters from the f
attachment. (Figure 2.1)

_— e T
/m T ﬁ::mf::au::n::::fu:.////z
i 4
AV
[ 1]

Figure 2.1 Cross section of arena segment at Gamla U

At the site of Gamla Ullevi the ground level vartestween +11.5 and +12.6in the
local level systenwhich is about 1-2.6 m above sea levdh the south, the are
borders to Ullevi tennis club, to the east it bosdi® Réattscentrum Gotebt. Along
the north sideuns Fattighusé, a canalvith office buildings, apartment buildings a
passing tramsat the opposite si. The buildings of Rattentrum Goteborg al
constructed with a foundation of end bearing pilEse other surrounding buildin
are built oncohesion pilesFigure 2.2illustrates the area in which surround
buildings are subjected to vibratiolFrom previous occasions of amrts high level:
of vibrations have been measured in Katolska ky situated south of Gamla Ulle
were here is risk for development of fractui(Norconsult, 2009)ight motions were
experienced in buildings markewith yellow while heavy motions occred in
buildings marked witlec colour.The complete site plan is shown in appendi
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Gamla Ullev

Rattscentrur

Ullevi tennis club

In a report made by Norconsult in 2Cthe sd@l was categorized as soft sil clay with
varying depths between —84 meters.The surface layer consists of -2 meters
filling material and dry crust. The filling matefrieonsists of sand, gravel, stonnd
crushed bricks. The top0 metersbelow the dry crust of the cldgtyer was describe
as “very soft”.(Gatubolaget, 200

2.1 Field tests

Data from field testhave beerrecordedseveral times at Gamla Ullevin 1985
Gatukontoret carried out tesat 9 different locations.

- Static penetratioperformed ¢ 6 points.

- Compilation of undisturbed soil samplesone point.

- Measurements of ground water surface level froropen pip at 2 points.

- Compilation of disturbed soil samples using helaader

- Sebmic investigationsat 4 points to determine approximate soil de
(Gatukontoret, 19¢)

A more recentinvestigationis dated to 2006and complemen the previous
investigations. It was carried out by Gatubolagetbehalf of HIGAB to providk
geotechnical informatioto the arena project. It comprised the following t
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- Static penetration test, performed at 3 points.

- Cone penetration test, carried out at 3 points

- Field vane shear test at 2 points

- Pore pressure measurements by a piezometer irel$ l@vone station.

Based on the results from the site investigationse@resentative value for the
undrained shear stress was determined to:

cu = 12 kPa at top of clay layer, increasing withttiep 1.2 kPa/m.
(Gatubolaget, 2006)

2.2 Laboratory tests

In 1985 the geotechnical laboratory of the roadwaekartment studied a number of
disturbed and undisturbed soil samples in the afe@amla Ullevi. The disturbed
samples were studied to determine the soil types.

Odometer tests were carried out on samples frogettlepths, 10 m, 20 m, and 30 m
below the ground surface. Other tests were alspedaout on the undisturbed soill
samples regarding density, moisture content, liduandk, consolidation ratio (CRS),
sensitivity and shear strength. A selection ofrésallts is presented below.

- Density: 1560 — 1800 kg/in

- Moisture content: 32 %, dry crust
45-100 %, clay
20 %, filling material.

- OCR: 1.3-1.9, decreasing with depth.

In addition to the geotechnical investigation, anlver of analyses were carried out to
determine the content of different metals and chafsiin the soil. (Gatukontoret,
1985)

Complete results of the tests are presented irhgrapd tables in appendix B.
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3 Dynamics of a soil-pile system

If a structure’s long-term response to applied doadsought, a static analysis has to
be performed. However, if the loading has a shoratibn as in the cases of machine
vibrations, compaction, pile driving, wave loadiagd earthquakes, the loading is
dynamic in nature. Thus, a dynamic analysis ouglvet made.

Dynamic stiffness of soil including both elastidffsess and damping can be
represented by a complex quantity of data. Thusedds to use software capable of
running complex-harmonic analyses. In the complgtadthe real part represents the
spring stiffness and the imaginary part represéaisping. (Maheshwari, 2005)

3.1 Linear elastic soil model

The soil is modelled with linear elastic propertresich has its origin in Hooke’s law.
Thus the strain can be described by two paramdterE-modulus and the Poisson’s
ratio. The three dimensional stress strain relasdormulated below.

o1l 1 —v v v 0 0 0 7 €11
022 v l—v v 0 0 0 )
033 E v v I —v 0 0 0 €33
w [T d+wd—20| 0 0 0 1-2v 0 o |7 en
T3 0 0 0 1 —2v 0 €13
T23 Y 0 0 0 1 —2v | €23

(Helwany, 2007)

This equation is known as the generalized Hookave. lIt assumes the soil to be
isotropic. If the E-modulus and Poisson’s ratio @astant the equation is linear. This
assumption implies that there is no limit of faduwhich makes the linear elastic soil
model a limited model. In practice, clay is notedastic material and has a non linear
behaviour. However, the cyclic loads that will bepked in the simulations are
assumed to be small enough not to exceed any dim@ss causing any significant
non linear behaviour. Therefore the assumptionirefarity is expected to generate
results with sufficient accuracy for the actual dog case. In an article by
Maheshwari (1997) research that has been madeextsedf nonlinearity in dynamic
analyses was presented. It indicates that nonlige@rings small decreases of
stiffness of the soil-pile system.

3.2 Basic Equation of Dynamic Behavior
The fundamental equation for the movement of a madsr dynamic load is:
Mii+ Cu+Ku=F (3.1)
where, M = mass matrix
C = damping matrix
K = stiffness matrix
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il = acceleration

u = velocity

u = displacement

F = applied load (Brinkgreve et.al, 2006)

The basic difference between static and dynamidyses is the inclusion of the
inertial forces M in the equation of equilibrium. In this case thesmamatrix
represents the mass of the soil. Hence in a stafitysis the internal forces arise only
from the deformation of the structure while in andgnic analysis the internal forces
contain contributions created by both the motiod tre deformation of the structure.

3.3 Dynamic stiffness functions

Requested output of the FE-models is the verticsgdlacement of the pile head. The
vertical displacement is calculated as a compleparse which means that there is a
phase relation between the force velocity and tadigbe velocity. The dynamic
stiffness is then calculated as a function of tippliad force and the vertical
displacement of the pile head. (Ewins, 1984)

K=t (3.2)

where K = dynamic stiffness (N/m)
F =force (N)
X = displacement (m)

The dynamic stiffness matrix for a harmonic exawatis frequency dependent and
can be written as:

Kij = kl] + iaocl-j (33)

where k = frequency dependent dynamic stiffness (N/m)
cj = frequency dependent damping coefficient (N/m)
& = dimensionless frequency

The dimensionless frequency can be expressed thgrfgllowing relation:

ap = “C’—d (3.4)
Wherew = angular velocity (rad/s)
d = pile diameter (m)

Cs = soil shear wave velocity (m/s) (Maeso, Aznafearcia, 2004a)

3.4 Modelling of soil properties

During the development of the FE-model a numbeassumptions had to be made in
order to describe the non-linear soil propertiethatsite in the linear model. These
properties are presented below together with theumaptions made when
implementing them in the model.
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3.4.1 Poisson’s ratio

Poisson’s ratio describes how a material reactsnwdeeng exposed to compressive
and tensile stress. When a force is applied alamgy axis the material is strained
parallelly and orthogonally. The relation betwebase strains is represented by the
ratio which is defined between -1 — 0.5 for isotcomaterials. If the ratio is negative
it means that the material expands orthogonallyndurension. If the ratio is 0.5 the
volume is unchanged during deformation. (Gabrigls@®07a) In site investigations
at Gamla Ullevi the velocity of shear waves andspuee waves were measured. By
using a relation between these two velocitig&k{cPoisson’s ratio could be obtained
at different soil levels. This relation will be ther presented in chapter 3.5.2.
Calculations gave values close to 0.5. In this rhdlde ratio was set to a constant
value of 0.495 which is a common value for undrdjngaturated soils. Water is
nearly incompressible and therefore the volume W@l close to constant during
compression.

3.4.2 Cohesion

Soils can be divided into cohesive and non cohe$iahesive soils, such as silt and
clay, have a grain size less than 0.06 mm. Cohesitire ability for grains to transfer
shear force with a normal force equal to 0. Thiglame by intermolecular forces
between the grains causing them to attract. In $wetlere is a stated empirical
relation between the cohesion factor and the pmsalaation pressure and the
undrained shear strength.

¢' =0.030; (3.5)
¢’ =0.10¢, (3.6)

(Skredkommissionen, 1995)

There is also adhesion between piles and soil esise materials. In the Abaqus
model it is assumed that there is a complete adheés. no slip between pile and soil
will occur during dynamic loading. This is reasoleaflue to the small magnitude of
force applied to the pile.

3.4.3 Isotropy

Isotropy is assumed for concrete piles instead hef more accurate orthotropic
assumption. Isotropy is also assumed for the clestead of a more realistic
anisotropy. With small deformations it is reasoeatd describe the pile and clay
behaviours as elastic.

3.4.4 Elastic modulus

For isotropic materials, E is related to the smtahin shear modulus G and Poisson’s
ratio by:

E=2-G(1+v) (3.7)
(Engineering Fundamentals, 2010)

where G according to Seed and Idriss (1970) fomadly consolidated Swedish clays
is related to the undrained shear strengtdisc
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£ ~500 (3.8)

Cu

Combining (3.7) and (3.8) the elastic modulus camxpressed as
E =1000-C,(1+v) (3.9)

As can be seen above, the estimation of the elastidulus is based on empirical
relations to the shear modulus and Poison’s rate.shear modulus can be estimated
by field tests e.g. cone penetration test or stahdanetration test (SPT).

3.5 Wave motions

The definition of a wave is a motion around a sttequilibrium. In soil it can be

caused by tectonic movement resulting in earth drenor in more extreme cases,
earthquakes. In this case the vibrations are cabgedertical cyclic loads on the
surface that dislocates the soil particles fromildium. If the impact is large

enough the dislocation can be permanent which fiesgihe soil. In the field of

ground improvement the technique of dynamic comegacis a commonly used

method to densify soil. The force magnitude in tbése is limited to 5 kKN on

undrained soil. Under these circumstances no pesntatislocation of soil particles
will occur.

Vibrations are commonly described as harmonic metialso referred to as sinus
vibrations.
x(t) = Asin(wt + ®) (3.10)

Where X(t) = deflection (m)
A = deflection amplitude (m)
o = angular frequency (rad/s)
t =time (S)
® = phase angle (rad)

In this relation a wave can be described with twoameters, amplitude and angular
frequency.

There are mainly three wave types that are studielynamic soil tests. The pressure
wave (P-wave), shear wave (S-wave) and the surfeend Rayleigh wave are
described below. (Méller, Larsson, Bengtsson, No2000)

3.5.1 Pressure wave

The P-wave has higher velocity than the S- wave leal a particle motion in the
same direction as the propagation of the wave.t&hme used for this kind of wave is
longitudinal. The velocity of the P-wawg (m/s) is formulated as:

_ E(1-v)
Cp = \’p(l—ZU)(1+v) (3.11)

Where E = elastic modulus of medium/material (Pa)
p = density of medium/material (kgfin
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v = Poisson’s ratio
(Mdller, Larsson, Bengtsson, Moritz. 2000)

This relation requires that < 0.5 which implies that a pressure wave cannot

propagate through an incompressible matevia (.5).

3.5.2 Shear wave

S-waves are transversal waves, which means that ptréicle movement is
perpendicular to the direction of the propagatibime velocity of the S-wave; (m/s)

has the formulation below:
G E
s = \’; T Al p2(+v) (3.12)

Where G = shear modulus of the material (Pa)

The relation betweeg, andcs can then be written as:

R (3.13)

cs 1-2v

The relation is solely dependent on Poisson’s ratio

Figure 3.1 illustrates the appearances of a P- amdS-wave. The P-wave is
characterized as a longitudinal wave.

AL LRARE A

1
DHRECTION OF i LOMGITUDIMAL WaVE
PARTICLE MOTION | i

Il i|H| (AT

DIRECTION OF
Wiiy'E FROPAGATION

Figure 3.1 A P-wave is illustrated above and aw&ve below.
(Méller, Larsson, Bengtsson, Moritz. 2000)
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3.5.3 Rayleigh wave

Rayleigh waves are categorized as surwaves since they mostly propagate at
ground sirface. It is a combination transversal and longitudinal wes and the
particle motion path is close to ellip’ (Figure 3.2)The amplitude decreases rapi
with depth and can be measured to a deptlapproximatelyone wave lenih.

(Moller, Larsson, Bengtsson, Moritz. 2()

Surface (Rayleigh)
Wave

Figure 3.2 A propagating Rayleigh wave.

3.6 Damping

When waves propagate through soil a certain amaofualbsorption occur. The wav
are damped and wave energy is converteheat. The soil daping properties ar
dependent owave velocity and frequenc

In soil dynamics two different kinds of damping peaties can be estimated wh
determine the decay of the waas a function of propagatetdistance. They ar
material dampig and geometrical dampin(Moller, Larsson, Bengtsson, Mori
2000)

3.6.1 Material damping

Is also called internal damping and is often désctias a damping factor, D, whict
generallydetermined by the shear strain and the soil mé. (Figure3.3) The levels
of water saturation and effective stress are alfiodantial. A geotechnical study fror
2004 concludes thaoil permeability affects wave velocity and thufiuences the
internal damping properties and soil stiffn (Maeso, AznareZ;arcia 2004b)
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Figure 3.3 Relation between material damping ahear strain.
(Kungliga Ingenjérsvetenskapsakademin, 1979)

Shear strainy (%)

The material damping factor, or damping ratio, e the rate at which energy
dissipates in soil during harmonic excitation. Mokthe available experimental data
indicates that material damping in soils are fremyeindependent within the seismic
frequency band of ~0.1 - 10 Hz. (Parrales, 200¢gjuré 3.4 illustrates the frequency
range in which the material damping ratio is coesd to be constant and therefore
frequency independent.

Damping ratio, D

phase A

phase B

phase C

wave loading

seismic loading

traffic loading

INCreases

!

N

N

y
,J

4:‘

0.001

0.01

0.1

1

Frequency, f (Hz)

10 100

Figure 3.4 Frequency dependence of the energypaitesi within a soil mass.

Frequency-independent damping ratio is also cdilsteretic damping. The cyclic
stress-strain curve forms a hysteretic loop, as seégure 3.5.

12
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Figure 3.5 Cyclic stress-strain curve.

The area enclosed by the ellips@ofh is related to the amount of energy dissipated in
the material during a cycle of harmonic loadingiafye iS the maximum strain energy
stored during that cycle. Strain energy is the wawke on an elastic body causing it
to deform, which makes it a form of potential energdhe deforming energy is
provided by the propagating wave. A relation betwég,, and Arange gives the
material damping ratio D.

=L (3.14)

- ATE

3.6.2 Geometrical damping

In many applications of damping theory it is import to estimate the vibrations at a
given distance from the source. The geometrical pilagn property describes the
decay of amplitude as a function of distance framdource. The decay occurs due to
dispersion of wave energy over an increasing volufa P- and S-waves the
theoretical amplitude decay is 1/r.

The combined effect of the material damping and ge®metrical damping is
described as:

n
A, = A, (2_:) e~@(R2=R1) (3.15)

Where A and A = deflection amplitudes in points 1 and 2 (m)
R; and R = distance in points 1 and 2 from vibration soyrog
a = absorption coefficient
n = describes properties of the wave where:
n = Y%, for surface waves
n =1, volume waves in a sphere
n = 2, volume waves at the surface of a sphere

The equation assumes homogenous material and @egths to bedrock. The
absorption coefficiento) describes the inertial damping of the material aaries
between 0-0.05 for saturated soft soils (sand, ddty) and 0.05-0.50 for compacted
dry soils. (Mdller, Larsson, Bengtsson, Moritz. 2P0
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3.6.3 Permealbility

In an article written by Maeso, Aznarez and Gaf@804c) the dynamic stiffness
coefficients were computed by constructing a thdeeensional boundary element
model. They found that the dissipation constarwhich is inversely proportional to
the permeability k, affects the dynamic respongaiicantly. High values of b imply
greater difficulty in the fluid transit through tiselid skeleton compared to low values
of b. High values are obtained in clays and lowealin loose sands.

Maeso, Aznares and Garcis present a study of hewliisipation constant affects the
wave characteristics in the soil. It was found thatvelocity of S- and P2-waves vary
in a wide range. The shear wave velocity is esth# vary in a range of 20 % of the
simulated result. The short wave velocity, P2, @nés the most important variation.
Figure 3.6 shows that the velocity increases rgit b-values in the range of T@o
10". In practice, this means that the stiffness amdpiag of vibrations is reduced as b
decreases. This is the case for single piles imgrpssively more pervious soails.
However, in the case of pile groups the situatea bit more complex. The general
tendencies of increasing values for impedance wWwitare maintained with some
exceptions. Reflection phenomena occur betweerpilee which are dependent on
the separations distances and the medium propdttisggenerally referred to as pile-
soil-pile interaction. Within certain frequency gms the stiffness increases and
decreases, hence it is considered to be strorgdgyéncy dependent. Therefore higher
impedance values can be found for lower values of b
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Figure 3.6 Wave propagation velocity amplitudes poroelastic soil vs.
dissipation constant.

3.6.4 Non-reflecting boundaries

Soil can commonly be considered as a semi-infimiéelium. It is vertically limited by
the ground surface and the bedrock where reflestminwave motions will occur.
Horizontally it can often be regarded as infinitedatherefore allow continuously
dissipation of energy without disturbance. Therefgpecial boundary conditions have
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been defined in the outer surface nodes to couwttegfiections in the FE-model. The
reflections would otherwise disturb the resultloé deflection amplitude of the wave
motions. A further description of the non-reflectiboundaries is presented below.

3.6.5 Nodal damping

As previously stated, damping of the outer nodearianged to prevent reflections
from the horizontal surface of the soil model. Eiwr an amplitude can be obtained
that is undisturbed by reflected horizontal wav@alculation of the nodal damping
coefficient is based on the theory of equilibriustveeen the soil wave force and the
damping force. The nodal damping coefficient iscdpel as force per velocity

(N/(m/s)) where the velocity is the relative motibetween two nodes. (Abaqus
manual, 2010)

c= [ (3.16)
A, = % (3.17)
C = A,pc (3.18)
Where c = wave speed (m/s)

E = elastic modulus (Pa)

p = density (kg/r)

s = element side area

A, = node area (fn

C = nodal damping coefficient (N/(m/s))

The elements in the model are 8 noded solid elesnditte soil is modelled by 8
merged element layers. A separate layer is illteddrén figure 3.7. The node area A
is the sum one quarter of each element side aleaders. In this figure it is

(1+1) _1
471) 57798

Node Node area, A Element side area

Figure 3.7 Mesh of 8 nodded elements.
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3.6.6 Damped harmonic oscillatol response curve

As previously stated, the s-pile system has been assigned linear elastic preps
This makes it possible to describe it as a systesprings and dampers subjected 1
vertical force. Figure 3.d8lustratesa mass attached to a spring and a dai The
dynamic response dhis damped harmonic oscilla system is presented figure
3.9. At a frequency of 0 Hz the load is static. The dgiaresponse is normaliz:
against the static respon<The y-axis represents the dynamic displacement div
by the static displacement. Th-axis is the angular frequency divided by the ant
eigenfrequency of the system. D, ¢ is the damping factor.

This graph is used for comparison and validatiothefresponse curves obtained fr
the simulations of theile head displacemeniThe general tenden®f the curves is
an increasing displacement up to the natural fregueof the system where tl
amplitude peaks. At higher frequencies the ampditdelcreases and closes to z

M ]

R__J és

Ground

Figure 38. Damped harmonic oscillator.

Figure 3.9. A normalizetesponseurve of a damped harmonic oscillar (Axelsson,
1971)
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4  Analysis using Abaqus

4.1 FEM in general

The finite element method is a common tool withie field of solid and structural
mechanics. It is used for advanced numerical calicuiis and is developed from the
theories of continuum mechanics, which studies Idgiwims, motions and
deformations of physical solids. A requirementhattthe mathematical models, that
describe the motions of the media, have to be base@®ntinuous functions.

In FEM the continuous functions are approximatedabgliscrete model where the
body to be studied is divided into several smaflarts, so-called elements. The
discretized model is composed by a number of elefugrictions that are continuous
over each separate element. These elements areeatednin nodes, which is

primarily where the calculations are made. Numéricaues for the nodes are
compiled to make the element functions an accuapigroximation of the global

function. Accuracy improves when the number of rsoidereases.

The element functions are gathered in a global temuaystem containing material
and geometrical data. The forces applied on theed geometry are represented by
load vectors that act in the nodes. The nodal cedles are the solution to the
equation system. The values between the nodeseaetved by interpolation with
either linearly approximations or polynomials ofiegrees.

In linear elasticity problems, the stiffness matisx constant which brings linear
element equations. Soil is a non linear matermlpr@viously mentioned, but in this
thesis it is assumed to have elastic propertieas The problem can be solved in less
calculation steps. The matrixes otherwise quickigrease in size and demand high
computer performance to be solved. (Gabrielssod7 20

Abaqus is used as a tool to analyze 3D problemssandpable of running complex-
harmonic analyses. Abaqus CAE version 6.8-2 is.used

4.2 Model development

When creating the two separate models, one simglaéi single pile and one
simulating a 2x2 pile group, the work can be didid&o 5 steps.

Defining the model geometry

Assigning material properties

Assigning interaction properties
Applying loads and boundary conditions
Designing the mesh

4.2.1 Defining the model geometry

The 3D-models are developed to have resemblanbethnatsituation at Gamla Ullevi.
Maximum clay depth, pile dimensions and soil prtipsrfrom the site are adopted
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into the modelsThe elements are-nodded solid elements with deformable boc
Geometrical dimensions are presented be

Cylindrical soil body: depth 84 m, radius: 10C
Pile: length 44m, square cross section of x 0.27 nf

Both single pile and pile group are situated in d¢kater of the cylinde (Figure 4.1)
The soil is divided into &oil layers with varying propertie$he pile group consis
of 2x2 piles with equal spaci of 1.2 m. See figure 4.2.

Figure 4.1. Cylindrical soil body wit2x2 pile groupat centre

| Pile oz

2x2 pile group 120

|

Figure 4.2. Outline of pile group

~—— 1.74 ——
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4.2.2 Assigning material properties

Each separate part of the model, such as pilessaitdayers, is given material

properties. As previously mentioned, the soil afldspare assumed to have linear
elastic behavior. Material properties assigned tfag clay are Young's modulus,
Poisson’s ratio, density and hysteretic dampingffabent. The relevant material

properties for concrete piles and clay at diffetagéers are tabulated.

Table 4.1 Properties of concrete pile.
o (kg/n?) v E [GPa]
2400 0.3 37
Table 4.2 Properties of soil layers.
ngg?#lative Hystgr_etic damy
Layer Thickness coefficient
no. [m] [m] pkg/m) | v | E[MPq] H
1 11 11 1600 0.495 30 0.02
2 11 22 1600 0.495 55 0.02
3 11 33 1600 0.495 80 0.02
4 11 44 1600 0.495 105 0.02
5 10 54 1650 0.495 130 0.02
6 10 64 1650 0.495 150 0.02
7 10 74 1750 0.495 170 0.02
8 10 84 1800 0.495 195 0.02

4.2.3 Assigning interaction properties

Interactions between surfaces need to be assigogenties in order to determine the
behavior of the interfaces. The relative motionsMeen surfaces are set tangentially
and normally. Tangentially the interaction has fgbtibehavior which means that the
relative velocity between the surfaces is zeroneslip can occur. The interaction
between the pile and the soil is assumed to behroéogepresent the assumed full
adhesion between the cohesive soil and the consuefizce.
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Normally the contact is set to “hard” which impliggt a contact constrain is applied
when the clearance between two surfaces is zero aamubsitive pressure is
established. Separation occurs when the contassyme between the surfaces is zero
or becomes negative. Then the contact constraemsved.

4.2.4 Applying loads and boundary conditions

The jumping audience at Gamla Ullevi subjected fthendation to a dynamic load
near 2 Hz. Many of the attendants were not capableeping a common jumping
rate. Hence the load was not applied as cyclic legsubut according to a harmonic
distribution. This is characterized in the FE-mobdg applying a direct-solution
steady-state dynamic analysis where the steadg-Btamonic response is calculated
using mass, damping and stiffness matrices of yeees. In the analysis a frequency
range of 0-10 Hz is specified together with a lineaquency spacing. This is to find
possible trends or resonance effects in a widguiacy range. The magnitude of the
dynamic load is set, as previously mentioned, kd5

The nodes at the lower boundary surface of theaseilfixed (zero displacement and

rotation) in order to model the bedrock. This gates reflecting waves which has to

be considered when the results from the simulatawasbeing analyzed. If waves are

allowed to reflect the system can maintain standmges and then has one or several
eigenfrequencies.

4.2.5 Designing the mesh

In Abaqus a mesh of 8 noded solid elements withda Ength of 11 meters was

generated. The choice of side length was based@redtimation that simulations

would thereby produce results with enough accuiiacgcceptable time durations.

The default mesh has an unsymmetrical pattern whmelans that the nodes are
irregularly allocated in the model. However, if tmesh is fine enough the asymmetry
has small effect when comparing the particle diggri@ent between the 4 quadrants.
The mesh size decreases near the point of theioarer to reduce the amount of
interpolated values and thereby obtain higher amyuin the calculations. (Figure

4.3) The pile can be found in the middle of the bodly.
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Figure 4.3. Generated mesh, single

4.3 FEM output

Below is a presentation of response curves obtdnoead the simulated loading cas
The yaxis represents the vertical displacemen’®6 m. The xaxis represents tt
frequency range of @0 Hz.

Simulation of adynamic load on single pile resulted in the displacement curve ¢

below in figure 4.4.The frequency range is-10 Hz andthe maximum vertice

displacement is 250° m which cin be found in the range 0.5-2Hz. This is also
where the curve exhibits highest fluctuations. Gemeral tenden: is decreasing
displacemenamplitude towards higher frequenciThe amplitude for each specifi

frequency can be considered as unif with values between 20-2n to 25-1¢ m.

In comparison with the damped oscillation curvéigare 3.10 no eigenfreuency can
be found in figure 4.4vithin the generated frequency rangée resonance effect
expected to occur fromertical P-waves generated from the pile arflecied against
the bedrock.
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Figure 4.4. Verttal displacement amplitude head at single pile84 m soil dept.

A simulation of the 2x2%ile group subjected to the same loadwithin the same
frequency range generatethe displacement curve presented in figure The
maximum vertical displacement i3-10° m at 3.4 HzMinimum amplitude is 3-10°
m which in comparison with the displacement resiutisn a single pile shows that t
highest and the lowest amplitudes can be obtaigetido pile group simulation. Th
is an indication of theneavily frequency depennt pile-soilpile interactior The
fluctuations which are more prominent for ipile group than the single pile are a
caused by this phenomen
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Figure 4.5. Vertical displacement amplitude of heagile grouj, 84 m soil dept.
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For comparison the pile was subjected to a versitatic load of 5 kN. The pile head
displacements are presented below:

Single pile:  28-16m
Pile group:  48-16m

The dynamic response for each individual simulat®onormalized against the static
displacement. The curves are illustrated below.

Agyr/Asta Normalized displacement
1,2
1X
0,8 v
0,6
—e—Single pile
0,4
0,2
O IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIF(HZ)
O N < O 00 O N < O O N N < O 0 0N & O

T N O < D SN0 OO0 1 MM <& 1n O W o0 O 1 N

n e nNe QN v 5o v d AN

O « «H N oon <8 < n OW O ~ 0O 0 O O

Figure 4.6 Normalized displacement, single pilen84oil depth.

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:125 23



Aar/Ada Normalized displacement
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Figure 4.7 Normalized displacement, pile groupn84oil depth.

As illustrated in figure 4.6 and 4.7, the dynamigspthcement is less than in the static
case. One exception is the maximum amplitude ferpite group at the frequency of
3.5 Hz where the displacement reaches a 33% irecddble static case.

Wave interference phenomena are more pronouncdtieirpile group model. In
comparison with the single pile model, fluctuati@me increased as well as maximum
amplitude while minimum amplitude is decreased pfeviously described in chapter
3.6.3 the pile-soil-pile interaction is heavily dreency dependent and cause
destructive and constructive wave interference. Similations confirm this theory.

4.4 Dynamic soil-pile stiffness

The dynamic soil-pile stiffness for each frequemstgp was calculated according to
the relations presented in chapter 3.3. The stffrier each case is presented below.

Single pile, 84 m soil: max amplitude: 25°18
soil-pile stiffness: 200-£0V/m

Pile group, 84 m soil: max amplitude: 63°10
soil-pile group stiffness: 79-40/m

4.5 Influence of soil depth

In a parallel study simulations were carried outhweduced soil depth for a single
pile and a pile group. The vertical displacementhef pile/piles was the output of the
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simulation.Figure 4.8 illustrates amplitude as function ofyfrency fo single pile. A
maximum amplitude of 25-° m is obtained which is the same as foingle pile in
84 m soil depth, but for a different frequenNo eigenfrequency of the system co
be distinguished withitherange of frequency.
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Figure 4.8.Vertical displacement amplitude of head at single, 54 m soil dep!.
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In figure 4.9 the displacement curve for a pileugrin 54 m soil deptlis presented. A
resonance effect can be fol at the range of 3.3 - 4.8 H&. maximum amplitude ¢
70-10° mis obtained at 4.4 Hz and a minimum amplitude ¢10° m at 8 Hz.
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Figure 4.9. Vertical displacement plitude of head at pile group45m soil deptt
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In order to make comparisons between the two lgadiases table 4.3 was
constructed.

Table 4.3 Output amplitudes from FE-simulations.

Loading case, Max Max amplitude| Min amplitude| Min amplitude

soil depth amplitude | frequency (Hz)| (-10° m) frequency (Hz)
(-10°m)

Single pile, 84 m 25 2 19 9.5

Single pile, 54 m 25 2.8 20 7.2

Pile group, 84 m 63 3.4 12 8

Pile group, 54 m 70 4.4 14 8

The result does not present any strong relatiomsnolications of increased vertical
pile group displacement for smaller soil depthsth@ single pile case, the minimum
and maximum amplitudes are similar for the two HeptSince no pronounced
resonance phenomenon occurs for any of the depttes) be assumed that the waves
generated by the pile load are dissipated withawt greater interactions with
reflected waves from the bedrock. This is why thektudes for the two soil depths
correspond. Also, the small amplitude fluctuatioosnfirm the lack of wave
interference, both constructive and destructivéhiwithe single pile model.

Reduction of soil depth in the pile group modeluies] in increased maximum

amplitude and increased minimum amplitude. Thelt®sndicate that greater soil

depth generates smaller displacement amplitudegeLalistance between the wave
generation point (the pile group) and the reflecfdre bedrock) increases the
influence of material and geometrical damping. Withigher rate of dissipating wave
energy, the resonance phenomenon is weakened.

Based on the results from the single pile simutetjot can be noted that the P-wave,
propagating vertical and reflecting against therbeki does not have any great
influence on the pile head’s amplitude. This is oy wave interacting with the pile
in the single pile model. When simulating a pilewgy, S-waves and Rayleigh waves
interact with each individual pile causing increasfefluctuations and frequency
dependence. Hence it is the horizontal surroundingh as positioning of pile groups
in relation to each other and influence from sundhog buildings that primarily
affect the resulting amplitude. The distance tolibdrock is of secondary importance.
As previously mentioned, this is also confirmed Mpaeso, Aznarez and Garcia
(2004) who stated that calculations of the dynastiiness of a pile group have to
consider the pile-soil-pile interaction. This effas further described as the result
from waves that are emitted from the periphery athe pile and horizontally
propagated through the soil to the neighboringspile

26 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:125



5 Discussion on results from the analysis

In the Gamla Ullevi case FEM was used as a toolntestigate the vibration

amplitudes at the football stadium caused by tmepjng audience. This helped in
evaluating the expected reduction effect by a nundfedifferent measures. The
model represented an idealized and simplified logdiase e.g. by excluding lateral
loads. Time constraints for the project preventee tevelopment of a complete
model of the site. Hence, the simulation resultsuih be primarily considered as
indicators of expected vibrations. For this patacdoading case it was a valuable
tool since no analytical solution could be foundiely the literature study for this

thesis. Since there is a lack of previously vedifolutions the FE models were
evaluated by comparing the results to a normalimsponse curve of a damped
harmonic oscillator. The FE program chosen for thesis was Abaqus and in order
to further verify the results additional models kble developed in other FE
programs e.g. Plaxis 3D.

This thesis is intended to function as a guideforegeotechnicians when modeling
foundations in soils sensitive to dynamic loadifidne results compiled from the
analysis bring increased knowledge of dynamic logaiases in soil and the pile-soil-
pile interaction experienced in the pile group cd$e output from the FE program is
specific for this case but is used to verify andpmint out the importance of
considering the pile-soil-pile interaction when nations in structures are studied.
Other wave generating activities can be found saghrain and tram movements
which make vibrations a common phenomenon in thih&dburg area.

The FE models were developed and run in the 3D lation program Abaqus. The
average time duration for one simulation of 50 ghtion points was 20 minutes.
Abaqus capability of running models in three dimens makes it possible to
simulate complex and realistic loading cases. Fgnams can therefore function as
an effective tool for engineers involved in constion projects. If the models are
developed by experienced staff the time requirenf@mtompilation of these results
should be acceptable.

In the case of Gamla Ullevi, the analysis showesl ¢cbmplex nature of dynamic
loading. The frequency corresponding to the maximdeflection amplitude is
heavily dependent on the surrounding area whichuireg| extensive work in FE
modeling. Thus it is difficult to predict the eigegguency of a system of this size.
The accuracy of the results is dependent on theethelement size. The element size
used in this study was adjusted to measure upetcdbacity of the computers. Also
the number of calculation points within the chofreguency range affects the quality
of the result.

More studies need to be carried out in this sulgadta number of suggestions to help
improve the knowledge in this topic are presentxt.n
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5.1 Suggestions of further studies

As a first step a number of assumptions were madeetluce the amount of
parameters in the analysis. This made the FE mmdekhgeable and easier to get an
overview of. However, it is undetermined to whatest these parameters affect the
dynamic stiffness.

Isotropy

The analysis included assumptions that the soiltaagiles had isotropic properties.
It would be of interest to compare the results vaithimilar analysis that includes the
anisotropic behavior of soil and the orthotropiogerties of the piles.

Nonlinearity

In this thesis, the analysis is limited to linegndmics by assuming the load to be
small enough not to induce nonlinear behaviors. exibeless, nonlinear behaviors
can be induced if the load is large enough. Theimgancy of when a nonlinear
analysis is required increases the uncertainthefsimulated output. It would be of
interest to investigate what magnitudes of loadiveg require the nonlinear analysis.

Permeability

In order to increase the accuracy of the simulagstlts additional soil parameters
should be included in the analysis. As mentionedchapter 3.6.3 the soil-pile
stiffness is influenced by the soil permeabilityighi permeability produces lower
values of soil-pile stiffness. This is an examplie ome relation that is not yet
incorporated within the Abaqus software.

Lateral loads

Practically, a pile is subjected to lateral actienen though the predominant type of
loading is an axial force. To get a complete viewth® Gamla Ullevi case lateral

loads should be included. There are occasions \\dteral loads can be considerable
e.g. on coastal structures where water waves and leads are prominent. In such
cases the dynamic lateral stiffness becomes arfactmnsider in the pile design.

Pile-soil-pile interaction

In this analysis the pile-soil-pile interaction wsisdied between piles within the same
pile group. Further studies of this interactionddanclude interaction between two
or more pile groups. It is an interesting topiatalyze how the number of piles, the
dimensioning of piles and the distance betweenptleegroups affect the deflection
amplitude of the foundation.
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6 Conclusions

In a simulated comparison between a 2x2 pile gemgh a single pile subjected to a
dynamic load the pile group was found to exhibivdst soil-pile stiffness at a
specific frequency. Within a frequency interval @10 Hz the pile group also
displayed the highest soil-pile stiffness and gredluctuations which makes the
stiffness heavily frequency dependent. This is uthe pile-soil-pile interaction that
occurs within the pile group.

Simulations showed that the vertical distance bebmbe piles and the bedrock has
little influence on the displacement amplitude ok tpile head. The maximum

amplitude for a single pile was unchanged and tineesponding frequency varied 0.8
Hz. Instead variations of the horizontal surrougdiere found to have greater impact
on the displacement amplitude. It also affected fteguency at which resonance
occurred.

Accuracy of the output from the simulations can ibgroved through further
investigations. This includes further developmehttiee model by implementing
additional material parameters e.g. soil permdghaind assign anisotropic properties
to the soil and orthotropic properties to the pilése outcome of the result is also
dependent on the chosen element size and the nahimerements chosen within the
frequency interval.

The analysis included simulations using the FEwsni® Abaqus in which a number
of 3D models were developed. One simulation of &@udation points in a frequency
interval of 0-10 Hz had an average time duratior2@fminutes. FE programs were
found to be a useful tool in investigations concggndynamic loads on structure
foundations.
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Appendices
Appendix A - Site plan of Gamla Ullevi

Appendix B — Measurements from site investigati®atubolaget 2006
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Appendix B

Measurements fronite investigations(atubolaget 20(

Undrained shear stren

Gamla Ullevi, Goteborg
Odrinerad skjuvhallfasthet, korrigerad (kPa)
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Density

(Gamla Ullevi, Goteborg
Skrymdensitet (t/m3)
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Preconsolidation presst

Gamla Ullevi, Goteborg
Spanningsdiagram (kPa)
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