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"What we see depends mainly on what we look for."

(John Lubbock, 1834-1913)
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Nomenclature

Nomenclature
Abbreviations
Symbol Description
BAW Federal Waterwg.ys Engineering and Research Institute
(Bundesanstalt fiir Wasserbau)
BSH Federal Marit?me and Hydrographic Agency _
(Bundesamt fiir Seeschifffahrt und Hydrographie)
CEL coupled Euler-Lagrange
CLLT cyclic lateral load test
CNS constant normal stiffness
CPT cone penetration testing
DPM dynamic probing medium
EoD end of driving
FFT Fast Fourier transform
FINO research platforms in North Sea and Baltic Sea
(Forschungsplattformen in Nord- und Ostsee)
HCA high cycle accumulation model
i Tups |t o Geomerhnis and et
INST pile installation stage
LFRT lateral frequency response test
OGL offshore guidelines
OWF offshore wind farm
OWT offshore wind turbine
PREP test preparation stage
PSS primary stress state
PWP pore water pressure
SRD static resistance to driving
TP transition piece
WIP wished-in-place




Nomenclature

Capital letters

Symbol Unit Description
Apile [m?] pile cross section
Apu [-] empirical correction factor for ultimate bedding resistance
Bni [-] parameter describing cyclic behaviour
Cai [ soil con.stants of HCA rrllodel describing cyclic behaviour
depending on number if cycles
Campl [ Zc;il co(r;stants of H.CA mod.el describing cyclic behaviour
pending on strain amplitude
Cu [-] coefficient of uniformity
Cax [kN's/m?®] | damping constant
C damping matrix
Cn1 [-] biased accumulation parameter
D [-] relative soil density (based on porosity n)
Dr [-] relative soil density (based on void ratio e)
Dpile [m] pile diameter
E [MN/m?] | modulus of elasticity
Ebase [kN/m] lateral stiffness at pile base
Elat [kN/m] | lateral pile head stiffness
Einst [KN/m] axial pile stiffness (pile installation)
Eoed [MN/m?] | oedometric modulus
Epy [kN/m?] | lateral bedding stiffness
Egs [kN/m?] | axial pile-soil interface stiffness (pile installation)
EA [kN] normal stiffness
El [kNm?] | bending stiffness
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Nomenclature

F [kN] axial force (pile installation)
Fc [kN] centrifugal force
Fayn [kN] dynamic force
Fin [kN] inertia force
Fline [kN] line pull
Fr [-] normalised friction ratio (CPT)
Fstat [kN] static force
Fbias [kN] bias force (static surcharge force)
Fstr [kN] pile force derived from strain measurements
Gayn [MN/m?] | dynamic shear modulus
H [kN] lateral load
Ipile [ma] pile's second moment of area
K stiffness matrix
L [m] length
L [m] elastic length
Leq [m] equivalent cantilever length
Liree [m] free pile length
Lpen [m] pile penetration
Lpile [m] pile length
Ltp [m] length of transition piece
M [kNm] bending moment
Me [kg'm] eccentric moment
M mass matrix
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Nomenclature

N [-] cycle number
Nreg [-] cycle number (regular cycles)
N1o,0pM [-] number of blows for 10 cm penetration (dynamic probing)
Nioo [-] number of blows for 100 cm penetration (impact pile driving)
P load vector
Qbase [kN] shear force at pile base
Qt [-] normalised cone resistance (CPT)
R [kN] axial pile resistance or pile bearing capacity
Restat [kN] displacement-dependent (static) pile resistance
Rblow [kN] total pile driving resistance per blow
Rdamp [kN] velocity-dependent pile resistance (damping)
Rin [kN] acceleration-dependent pile resistance (inertia)
R? [-] coefficient of determination
Teyel [s] duration of load cycle
Ts,50 [s] duration of significant wave with 50-year return period
Twave [s] stress wave travel duration
\Y [m3] volume
w [K]] energy
Wis [k transferred energy over one second (vibratory driving)
Wioo [k]/m] energy per 100 cm penetration (pile installation)
Whlow [K]] energy per blow (impact driving)
Weycle [kJ] energy per cycle (vibratory driving)
Wiset [K]] energy during penetrative motion (vibratory driving)
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Nomenclature

wy [k energy during downward motion (vibratory driving)
Whrated [k rated impact hammer energy
Y function describing average stress ratio
Ye function describing critical state stress ratio
Y function describing stress state with regard to critical state
Zpile [kN-s/m] | pile impedance
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Nomenclature

Small letters

Symbol Unit Description
a [m/s?] | acceleration
b [ shape factor to describe shear stiffness reduction with strain
level
bfiuid [mm] extent of fluidised zone around pile during vibratory driving
wave speed of primary (compression) waves and and secondary
Cp, Cs [m/s] . .
(shear) waves in the soil
Cpile [m/s] | stress wave speed in the pile
d [mm] | grain size
dso [mm] | mean grain size
e [-] void ratio
f [Hz] frequency
fo,1at [Hz] first bending mode eigenfrequency of undamped system
fo,inst [Hz] first eigenfrequency during pile installation
fb lat [Hz] first bending mode eigenfrequency of damped system
fa [Hz] vibratory driving frequency
function describing cyclic behaviour
fn [-] .
depending on number of cycles
£ [ function describing cyclic behaviour
ampl depending on strain amplitude
£ [ function describing cyclic behaviour
P depending on mean effective stress level
f [ function describing cyclic behaviour
v depending on average stress ratio
¢ [] function describing cyclic behaviour
¢ depending on void ratio
f [ function describing cyclic behaviour
" depending on polarisation
fs [kPa] measured sleeve friction (CPT)




Nomenclature

gh [-] soil state parameter describing cyclic history
hu [m] lever arm
hs [m] significant wave height
hwr [m] height of water table above mudline
h [-] transfer function
k [-] earth pressure coefficient
ko [-] earth pressure at rest coefficient
k1 [-] earth pressure coefficient after soil compaction
kp [-] passive earth pressure coefficient
m [-] flow rule
mi,2 [kg] point masses (dynamic pile system)
Mdyn [kgl] dynamic mass of pile-vibro assembly
Mh [kN/m?] | gradient (versus depth) of horizontal subgrade reaction
Mpile [kg] pile mass
n [-] porosity
p [kPa] mean stress
ppwp [kPa] pore water pressure
Pry [kN/m] | lateral soil reaction
Pref [kPa] reference (atmospheric) pressure (pref = 100 kPa)
Pu [kN/m] | theoretical ultimate soil resistance
q [kPa] deviatoric stress
(stat [kN/m?] | displacement-dependent (static) resistance (pile driving)
qdamp [kN/m?] | velocity-dependent (damping) resistance (pile driving)
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Nomenclature

qc [MN/m?] | measured cone resistance (CPT)
qt [MN/m?] | corrected cone resistance (CPT)
r [m] radius (cylinder coordinate)
s [m] axial pile displacement
S0 [m] peak displacement amplitude
Sset [m] permanent penetration (set per cycle)
Sq [m] axial pile displacement at maximum static resistance ('quake')
t [s] time
tpile [m] pile wall thickness
u [m] lateral pile head displacement
\4 [m/s] | velocity
Vpen [m/s] | pile penetration speed
y [m] lateral displacement
y deformation vector
z [m] depth (cylinder coordinate)
Zeq [m] equivalent depth
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Nomenclature

Greek letters

Symbol Unit | Description

exponent describing cyclic behaviour

an -l depending on number if cycles
Open [-] exponent describing shape of soil resistance degradation factor
Oldamp [-] exponent describing velocity-dependent damping
O [°] rotation of loading direction
Bz [-] soil resistance degradation factor
Bres [-] soil resistance reduction factor
Bess [ rfcip.rocal.of PSS magniflication factor
(= soil resistance reduction factor)
Y [-] shear strain
Y [kN/m?] | buoyant soil unit weight

Yw [kN/m?] | water unit weight (yw = 10 kN/m?)

A difference
) [°] interface friction angle
€ [-] normal strain
TNav [-] average stress ratio
0 [°] direction (cylinder coordinate)
On [°] loading direction
K [-] exponent describing load-deflection behaviour
A [-] displacement amplification factor
2 [] exponent describing dependence on parameters and their
reference values
A [-] scaling factor

\Y [-] Poisson's ratio
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Nomenclature

& [-] factor to consider increase of soil stress due to cyclic loading
T [-] polarisation
p [kg/m?] | density
pd [kg/m3] | dry soil density
Ps [kg/m3] | grain density
c [kN/m?] | normal stress
01, 03 [kN/m?] | maximum and minimum principal stresses
Orad [kN/m?] | radial stress
ov [kN/m?] | vertical stress
Oh [kN/m?] | horizontal stress
T [kN/m?] | shear stress
Ts [kN/m?] | interface shear strength
[ [-] phase (frequency domain)
oy [] phase shift .betweerll rot.ation of vibro hammer eccentrics
and oscillation of pile-vibro assembly
® [°] soil friction angle
U] [°] pile head inclination
W [1/s] | angular frequency
o lat [1/s] first (angular) bending mode eigenfrequency
wd [1/s] vibratory driving (angular) frequency
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Nomenclature

Indices (subscripts, superscripts)

Symbol | Description
acc accumulated value (cyclic loading)
ampl | amplitude (cyclic loading)
av average value (cyclic loading)
base pile base
deg degraded value (bedding stiffness)
dyn dynamic property or behaviour
exc system excitation (frequency response test)
h horizontal direction
impr imprinted (soil stresses)
ini initial value
load loading
m model (scaling)
max maximum value (cyclic loading)
mdl at mudline level
min minimum value (cyclic loading)
mob mobilised value
msrd | measured value
offset | offset value
p prototype (scaling)
perm | permanent value (cyclic loading)
pen pile penetration
pile property or behaviour of pile
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Nomenclature

PSS primary stress state
rad radial direction
res residual value
resp system response (frequency response test)
ref reference value
s pile shaft
sec secant value (bedding stiffness)
set penetrative motion (set per blow/cycle)
soil property or behaviour of soil
stat static property or behaviour
t pile toe
toe values at pile toe
top values at pile top
unld unloading
ult ultimate value
\4 vertical direction
! effective (stress) / buoyant (unit weight)
* dimensionless value
rate
l downward directed motion
T upward directed motion
1 transverse to loading direction

in loading direction
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Motivation

Chapter 1 Introduction

1.1 Motivation

In the recent years, the importance of offshore wind energy production in Europe and other
parts of the world has been steadily increasing. More powerful turbines are developed to
increase the efficiency of offshore wind generation. To fix the offshore wind turbines (OWT) to
the seabed, mainly monopile foundations are used in shallow and moderate water depths.
These large diameter steel pipe piles make up a total share of 81.2% of total installed OWT and
80.5% of newly installed OWT in 2020 (Wind Europe 2021). They transfer the predominantly
horizontal loads due to wind, wave and rotor excitation to the soil by means of lateral bedding.
To install these foundations in the seabed, impact pile driving is used. A lot of experience with
this method is present at contractors and consultants for installation and lateral design.
However, impact pile driving leads to high underwater noise emissions, which have to be
mitigated elaborately to reduce environmental impacts. Furthermore, impact pile driving is
responsible for a considerable amount of fatigue during the lifetime of a monopile foundation.
Lastly, the relatively long time needed to install a monopile including pile handling, pick-up of
impact hammer and pure driving time is costly with regard to the immense logistical efforts in

offshore projects.

As an alternative to impact pile driving, vibratory pile driving is known from onshore and
nearshore pile and sheet pile installations in coarse-grained soil. Larger vibratory hammers
have been developed which are suitable for monopile installation in very dense,
overconsolidated sands, as has been shown in first commercial (FISCHER et al. 2013) and
demonstration projects (CAPE Holland 2020). Regarding the lateral load bearing behaviour,

however, very little experience exists with vibratory driven piles.

To close this gap and contribute to the a more systematic assessment of vibratory pile driving
for the installation of monopile foundations for OWT, a comparative study on the installation
effects of impact and vibratory driven piles and their effects on subsequent lateral loading is

presented.
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1.2 Outline

The evaluation of the relevant literature on pipe pile installation and the lateral behaviour of
monopile foundations shows manifold studies on the effects of impact pile driving on the
surrounding soil and also on the calculation methods to estimate the lateral load-bearing
behaviour of monopile foundations for OWT. The research on the effects during vibratory
driving is somewhat contradictory and does not focus on the influences on the subsoil. The
largest share of investigations on the lateral behaviour of monopiles was conducted on small
scale model investigations or numerical simulations without consideration of pile installation
effects. Based on the current state of scientific knowledge, the research question about the

influence of pile installation processes on the soil's stress state and lateral bedding is framed.

To examine the differences in the lateral behaviour of impact and vibratory driven monopiles,
investigations were necessary focussing on the influence of the different installation methods
on the surrounding soil, and on the behaviour of the driven piles under subsequent lateral
loading. Scale model tests were chosen as they allow for a holistic exploration of geotechnical
phenomena during pile installation and subsequent lateral loading. Scaling errors were kept
small by use of a large testing facility. The focus was laid on subsoil conditions as present in the

German North Sea and moderate loading conditions, including cyclic loading.

During impact and vibratory pile installation processes, dynamic force and motion
characteristics of the pile, as well as the development of radial stresses in the soil were
monitored and analysed. Soil stress developments known from impact pile driving with
increased radial stresses at the pile toe were also found at vibratory installed piles with a
specific 'mode’ of vibratory driving. For the subsequent lateral loading, the load-displacement
behaviour of the first cycle, the displacement accumulation, and the system stiffness
development of further loading cycles and the corresponding soil stress developments were
examined. Different lateral behaviour could be observed depending on the installation
parameters. Certain vibratory driven piles showed similar behaviour to impact driven piles,
while other vibratory driven piles showed larger pile head displacement under lateral loading.
During cyclic loading from alternating directions, a recovery of accumulated pile head

displacements and soil stress redistributions were observed.

Calculations of the static lateral pile behaviour with modified p-y curves considering pile

installation effects showed good agreement with the first loading cycle of the model tests.
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Furthermore, a notable effect of increased soil stresses near the pile toe on the lateral behaviour
of large scale monopile foundations could be predicted. Also, for cyclic loading, a justification of
reduced displacement accumulation in case of increased soil stresses was found. The activation

of lateral resistance below the point of rotation ('toe kick') was found crucial for these effects.
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Overview

Chapter 2 Geotechnical aspects on monopile foundations

for offshore wind turbines

2.1 Overview

Different phenomena occurring during pile installation play an important role for the later load-
bearing behaviour. In the context of driven piles in sand, this involves dynamic and cyclic effects
on the soil state. In Section 2.2, some experiences regarding the influence of impact and
vibratory installation on pile capacity shall be outlined. Known geotechnical phenomena and
current research on the soil behaviour during impact and vibratory pile driving are

summarised.

The lateral behaviour of offshore monopiles involves a wide range of topics that shall be
presented in Section 2.3. First, the basic mechanisms of lateral bedding and the non-linearity of
soil springs according to different p-y approaches will be described. The author will address
major shortcomings of current offshore guidelines (OGL), especially when applied in the
context of offshore wind, and some current works facing these issues. In the recent years, a
large number of studies has been carried out on the behaviour of offshore monopile
foundations under cyclic lateral loading. Within the framework of laterally loaded piles in sand,
cyclic effects of the soil and the pile-soil system need to be discussed, including different
methods to assess cyclic strain accumulation. Apart from static and cyclic behaviour, the
dynamic response will be addressed. Finally, current knowledge about the influence of the

installation method on lateral pile behaviour will be presented.
2.2 Pile installation effects

2.2.1 Pile capacity of driven piles

In engineering practice, the axial capacity of a vibratory driven pile is considered to be lower
than that of an impact driven pile. A lot of research has been conducted on the comparison of
the axial pile capacity of impact and vibratory driven piles (MOSHER 1987; LAMMERTZ & RICHWIEN
2006; HARTUNG 1994; BOREL et al. 2006; VIPULANANDAN et al. 1990; STAHLMANN et al. 2014). In
most cases, the above statement regarding the comparative axial capacity of impact and
vibratory driven piles is supported by test results. However, the axial capacity of vibratory

driven piles is strongly influenced by installation parameters, e.g. driving frequency (HARTUNG

-5-
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1994). In some cases, vibratory driven piles show even higher bearing capacities than impact
driven piles. The following Figure 2-1 contrasts bearing capacities from vibratory driven piles
Rvibro and impact driven piles Rimpact. Markers in the upper-left part indicate higher bearing

capacity of impact driven piles.

3000 - - 7
-50% -28% ¢
/
4
4
/ X / P
= 2000 | oé 76O +25%
m— / B
g +<>+ /A -
o 4 =
1000 e A Braaker
’ © Mosher
- X Borel et al.
O Lammertz
0 + Mazurkiewics
0 1000 2000 3000

Rvibro [kN]

Figure 2-1: Comparison of (axial) resistance of vibratory

and impact driven piles (FISCHER et al. 2013)

Explanation on the different pile bearing capacities is mostly given based on empirical relations,
such as differing boundary conditions (e.g. relative soil density) or pile driving parameters (e.g.
vibratory driving frequency) instead of geotechnical phenomenology. In the opinion of the
author these generalised empirical-based findings should not be transferred to the lateral pile

capacity without fully understanding the underlying soil mechanical phenomena.

Regarding the lateral bearing capacity, little research is available about differences between
impact driven and vibratory driven piles. Within the 'VIBRO project' (GATTERMANN et al. 2015;
MOORMANN et al. 2016; ACHMUS et al. 2020), comparative in-situ tests on three pairs of impact
and vibratory driven monopiles showed lower or comparable lateral capacity and stiffness of
the vibratory driven piles, depending on the penetration speed of the vibratory driven piles.
One vibratory driven pile with rather low penetration speed showed almost the same lateral
stiffness as the corresponding impact driven piles. LABENSKI (2018) carried out scale model tests

on piles with different pile vibratory pile driving parameters resulting in 'cavity' and non-
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cavity' vibration modes (see section 2.2.3). Depending on the vibration mode, the lateral

capacity of vibratory driven piles was similar to impact driven piles (‘cavity' driven piles) or

lower ('non-cavity' driven piles).

2.2.2 Impact pile driving

Regarding the soil behaviour due to pile installation processes, a lot of research focussing on
axial pile bearing behaviour and driveability was carried out. Different authors used
experimental setups with plane, half, and full model tests in combination with solid piles and
pipe piles for their investigations. Numerical simulations which will be discussed later. It has to
be noted that the penetration of unplugged pipe piles has less influence on the surrounding soil,
especially on radial stresses, than the penetration of (partially) plugged pipe piles or even solid

piles (WHITE et al. 2005).

The most common procedure to install prefabricated piles such as steel pipe piles is impact pile
driving. Due to the impact loading of the soil around and especially underneath the pile, the soil
state is affected (LINDER 1977). Figure 2-2 shows the principle of compaction zone under a

closed or plugged pile toe and adjacent loosening zones.

pile toe \
s (solid pile)
y soil deformation
,,,,,, W g LML
y = i \ - AN
; ~_ e .
y ~4 = .
/ S~ 1 R
/ F \
/ shearing  / |
/ loosening { compression
4 / compaction

Figure 2-2: Soil compaction and loosening under driven pile (based on LINDER 1977)

-7-
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To describe the pile driving process by means of wave equation analysis, much experience is
available for impact pile driving. Linear-elastic/ideal-plastic and viscous mechanical models
are used to describe static (frictional) and dynamic (damping) pile-soil interaction (SMITH 1960;
MIDDENDORP 2004). The pile is considered as an elastic bar while the soil (or the pile-soil
interaction) is modelled by spring and damper elements as depicted in Figure 2-3. Important
model parameters are the maximum interface resistance and the related relative displacement
as well as the damping coefficient for both pile shaft and pile toe. Each spring element has a
yield strength gstat representing the maximum static (or displacement-dependent) resistance
and the corresponding displacement sq (the so called 'quake"). The spring stiffness is defined as
Egs = gstat/sq. Different spring parameters for loading and unloading can be defined. Velocity-
dependent resistance qdamp is calculated by the damping constant Cax, velocity v and exponent
adamp. Spring and damping parameters for pile shaft and pile toe are denoted with indices s and
t. Furthermore, acceleration-dependent inertia forces acting on the pile have to be considered
(SMITH 1960; JOoNKER 1987; MIDDENDORP 2004; RAUSCHE 2002). Static, damping and inertia

resistance yield

Qstat = Eqs S (2-1)
Qdamp = Cax - y&damp (2-2)
Rin = Mpije " A (2_3)

Equations (2-1) and (2-2) can be formulated on stress level (as given) or on force level if

integrated over the according surfaces (pile shaft, pile toe).

E% soil spring soil damper

q

N
|| qstat
E% S

Figure 2-3: 1D model for pile installation
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The maximum static pile shaft resistance gsstat [KN/m?] of a soil element at a given depth z [m]
can be interpreted as interface shear strength ts which depends on the normal (= radial) soil

stress ¢'rad [kN/m?] acting on the pile shaft (cf. Figure 2-4):
qs,stat(z) =T (Z) = O-’rad(z) : tan(S) = Y’ "z k0 : tan(é) (2'4’)

with the effective unit weight of the soil y' [kN/m?], the earth pressure coefficient ko [-] and the
friction coefficient tan(8) [-] (STEVENS et al. 1982). Instead of the definition as stress in [kN/m?],
gs is often given as line load in [kN/m], acting over the circumference of the pile. Instead of the
geostatic approach, the shaft resistance is mostly correlated to cone penetration testing (CPT)

readings in practice (TOOLAN & Fox 1977; JARDINE et al. 2005).

.

')

r « 0Jradzo-'v'k — «—

T= O"r ad’ tan(5) T

Figure 2-4: Shear stress on pile wall

For a driven pile, VESIC (1970) reported a reduction of the local shaft friction gs (z) with pile
penetration Lpen [m]. HEEREMA (1978) used the concept of 'friction fatigue' to describe the
reduction of the initial local shaft resistance a residual value based on the distance between soil
element and pile toe Lpen — z. Soil stress measurements showed that actually an increase of soil
stresses can be observed as the pile toe approaches measuring section, which can be explained
by the soil compaction described above (Figure 2-2). The maximum value of soil stresses in the
vicinity of the pile is reached shortly before the pile toe reaches the soil element in focus.
Afterwards, the soil stresses decrease approximately to initial values (before pile installation)

(ALLARD 1990; GAVIN & LEHANE 2003; WITZEL 2004; LUKING 2010), as shown in Figure 2-5:
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Figure 2-5: Development of radial effective soil stress over pile penetration

(based on FISCHER 2021)

The height of the non-dimensional (normalized by the overburden pressure y'-z) soil stress
peaks due to pile driving is independent of the depth and decays with increasing distance from
the pile in hyperbolical shape (ALLARD 1990). Model tests by FISCHER (2021) revealed that this

development is valid for both radial and tangential stresses in the vicinity of the pile.

Another soil mechanical analogy to the reduction of local shaft friction can be given by direct
shear tests or interface shear tests where the maximum shear strength is mobilised due to a
certain shear displacement and then drops to a residual value due to further shearing. To
consider the quasi-cyclic nature of pile penetration due to impact driving, cyclic constant
normal stiffness (CNS) shear tests can be used, which show a decrease of normal stress with

number of load cycles due to cyclic shearing (FISCHER 2021).

For pile driving simulations, the maximum soil resistance available when the pile toe reaches a
soil element is denoted as 'initial' value (even though the 'initial' stress state is already
influenced by the approaching pile) and falls to a 'residual’ value. According to FISCHER (2021)
and ALM & HAMRE (2002), the local static resistance to driving (SRD) of a soil element gssrp can
be described as function of the distance between the soil element and the pile toe penetration

Lpen - Z.
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Qs,SrRD = QS,res(Z) + (qs,ini(z) - qs,res(z)) : Bz(Lpen - Z) (2'5)
The residual soil resistance is defined as a fraction of the initial soil resistance

Qs,res = Qs,ini Bres (2'6)

with Bresagn=0.2 (ALM & HAMRE 2002) and Presri = 0.16 (FISCHER 2021). The resistance

degradation during pile penetration is described by the factor
BZ = eapen'(Lpen_z) (2_7)

with shape factor

vV qC/G(/ (2-8)

a =
pen,A&H 30

according to ALM & HAMRE (2002) for different soil conditions or
Upenpi = 4.2 — 14D (2-9)
according to FISCHER (2021) (for saturated sand) depending on the soil density D [-]1:

maxn —n pg — minpg 1+ mine

_maxn—minn_maxpd—minpd 1+e r

(2-10)

Figure 2-6 shows the degradation factors Bz proposed by FISCHER (2021) and ALM & HAMRE

(2002) over the distance between soil element and penetration depth Lpen - z.

25 v
I EES Fischer, 2021
20 i | |— —Alm & Hamre, 2002
E15 b\
N PN
510 ! \
iy ] N
5 i S~
\ ~ <
Mo -
A e o —
0 B, [-] 1

Figure 2-6: Shaft friction degradation factors B, for offshore conditions

1D is a dimensionless measure for the soil density based on maximum, minimum and actual porosity n.
D is used as an alternative to the relative density D: wich is based on the void ratio e.
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The plot can be interpreted as a reduction factor for the (initial) soil resistance at end of pile
driving (EoD). The approach of FISCHER shows a more pronounced decay of pile resistance

compared to the approach of ALM & HAMRE.
2.2.3 Vibratory pile installation

General/installation method

Vibratory pile driving is an installation method commonly used for pipe piles, steel profiles and
sheet piles in sand. Fundamentals of the vibratory driving method have been described by
VIKING (2006), MASSARSCH et al. (2017), and many other authors. Here, the most important

installation parameters and known soil mechanical phenomena shall be described.

For vibratory pile installation, a sinusoidal centrifugal force Fc[kN] over time t[s] which
depends on the eccentric moment Me [kg-m] and the angular driving frequency wd [rad/s] is
applied at the pile head. The driving frequency fda can also be given in [Hz], the corresponding

cycle period is 1/fd [s]
F.(t) = M, - 03 - sin(wg * t) (2-11)
Wq = fd - 2m (2-12)

A static surcharge or bias force Fuias [KN] is given by the deadweight of the system and may be
increased by a pushing apparatus or lowered by line pull of a crane. The centrifugal force results
in pile vibration that may be described as acceleration a[m/s?], velocity v[m/s] and
displacement s [m] over time t [s]. Figure 2-7 (left) shows the vertical position z [m] of a
vibratory driven pile over time. The pile penetration Lpen [m] is overlaid by the dynamic pile
displacement s. The penetration speed vpen [m/s] is the gradient of the pile penetration Lpen and
must not be confused with the vibration velocity v. On the right side of the figure, the velocity v
is plotted over the dynamic pile movement Lpen +s. All parameters are defined positive

downwards (in direction of pile penetration).
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Figure 2-7: Pile movement during vibratory driving

The theoretical peak displacement amplitude so [m] depends on the eccentric moment of the
vibratory hammer Me [kg-m] and the dynamic mass mdyn [kg], which is the sum of all moving

parts of pile and hammer (pile, clamps, gearbox, not suppressor).
So = Me/mdyn (2-13)

To describe the driving mode (see below), the upwards and downwards directed pile
displacements per cycle st and si can be characterised as central parameters. The permanent

penetration or set per cycle sset can be calculated as

Sset = S1 — St = Vpen/fd (2-14)

Rigid body assumption

For long piles, the propagation of the sinusoidal force through the pile can be regarded as a
wave propagation problem described by stress wave theory, as commonly applied for impact
driven piles (see Section 2.2.2). Due to the long period 1/fa compared to the contact time of an
impact hammer, the problem may be simplified by considering the pile as a rigid body (VIKING

2002). Based on the driving frequency fa [Hz] and wave travel time Twave [s], this is valid if

1 2- Lpile

=T 2-15
fd Cpi]e wave ( )
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with

Cpile =V E/p (2-16)
holds true. The wave travel time Twave is defined by twice (upwards and downwards travelling
wave) the pile length Lypile [m] divided by the wave speed in the pile cpile [m/s], which depends
on the modulus of elasticity E [N/m?] and the density p [kg/m?] of the pile material (EA-Pfihle
2012).

Pile-soil behaviour during vibratory driving

As a result of the dynamic motion of the pile, the soil particles in the vicinity of the pile along
the pile shaft are excited and reach a state of free fall, resulting in a severe reduction of the
effective normal stresses acting on the pile shaft. This 'cyclic mobility' (VIKING 2006) may be
supported by soil liquefaction due to excess pore water pressures in case of saturated soil
conditions. As a consequence, the pile shaft resistance is drastically reduced. This behaviour is
often termed 'fluidisation’ or '‘pseudo-liquefaction’. The pile-soil interaction at the pile shaft can
then be described as viscous (RODGER & LITTLEJOHN 1980). Thus, the pile toe resistance is

dominant for vibratory driving in granular soils (MASSARSCH et al. 2022).

Regarding the behaviour of the soil beneath the pile toe, different explanations can be found in
the literature. RODGER & LITTLEJOHN (1980) distinguish 'viscous' and 'impact’ vibratory driving
modes2. 'Viscous' vibratory driving mode is expected to occur in loose cohesionless soils and
for piles with low toe resistance. The soil underneath the pile toe is excited and fluidised. The
pile toe always has contact to the surrounding soil. For penetration, the pile-vibro assembly has
to overcome the reduced resistance of the fluidised soil. The degree of reduction of soil
resistance due to fluidisation depends on driving frequency and acceleration amplitude. For the
static load-displacement relationship given in Figure 2-3, the pile resistance qs (or shear

strength 1s) is reduced depending on the acceleration amplitude as shown in Figure 2-8.

In 'impact’ vibratory driving mode, the soil beneath the pile toe shows elasto-plastic behaviour
with equal loading and unloading stiffness. The maximum pile toe resistance is mobilised

during downwards movement of the pile for penetrative motion of the pile. During upward

2'Viscous' and 'impact’ vibratory driving were also called 'fast' and 'slow’ vibratory driving, respectively.
The first-mentioned terms are used here to avoid confusion with 'cavity' and 'non-cavity' vibratory
driving.

-14 -



Pile installation effects

motion of the pile-vibro assembly, the pile toe loses contact with the soil (‘'out-of-contact

motion').

{
elastic | compaction | viscous
behaviour | response . behaviour

Figure 2-8: Relationship between shear strength

and acceleration amplitude a (based on RODGER & LITTLEJOHN 1980)

(DIERSSEN 1994) distinguished between 'cavity' and 'non-cavity' vibratory driving3, depending
on whether or not the pile toe loses contact to the underlying soil during upwards motion. Both
modes are subtypes of 'impact’ vibratory driving according to RODGER & LITTLEJOHN (1980).
Looking at the soil displacements, VOGELSANG (2017) found out that no actual 'cavity' is
produced underneath the pile toe but probably a liquified soil-water mixture is pumped into
this region and pumped out again. The development of pile toe resistance during cyclic
movement is depicted in Figure 2-9. The main difference between 'cavity' (left) and 'non-cavity'
(right) installation originates from a rotation of primary stresses (change of polarisation)
during 'out-of-contact’ motion (phase II) of 'cavity' driving. This causes a 'swept-out-of-
memory' effect and thus a soil stiffness similar to that of an unloaded sample. Similar behaviour
can be observed in drained triaxial shear tests with two-way loading (compression and

extension) (CubMANI 2001).

The development of 'cavity' or 'non-cavity' driving mode depends on vibration parameters
driving frequency fq, eccentric moment Me and bias force Fiias as well as the soil state
parameters density Dr and mean stress p'. 'Cavity' driving mode is encountered in dense sand
using high eccentric moment and high driving frequency while 'non-cavity' driving is expected

in loose sand with low eccentric moment and large surcharge force (CUDMANI 2001). VOGELSANG

3 'Cavity' and 'non-cavity' vibratory driving were originally called 'slow" and 'fast’ vibratory driving as
well. Here, the nomenclature used by CUDMANI 2001 is used to avoid confusion with 'viscous' and
'impact’ vibratory driving modes.
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(2017) observed an influence of the magnitude and relation of upwards and downwards
directed movements per cycle st and st on the installation mode. Smaller displacement
amplitudes with small upwards motion led to 'non-cavity' mode installation processes with
maximum mobilised pile toe forces equal to those mobilised by a monotonic (jacked) installed
pile. Large displacement amplitudes with large upwards motions led to 'cavity' mode
installation processes with lower mobilised pile toe resistance. Cavity mode "is considered (...)

the most widely encountered case" (MASSARSCH et al. 2022).

iy 1
it it

ORORTN®, ONONT)

Figure 2-9: Pile toe behaviour during 'cavity' (left)

and 'non-cavity' (right) vibratory pile driving

Without actual considering the vibratory driving modes, the soil models and wave equation
analysis developed for impact driving described in section 2.2.2 have successfully been used to
model vibratory pile driving (MIDDENDORP & JONKER 1988; RAUSCHE 2002; STEIN 2018). The
reduction of the soil resistance due to any effects of vibratory driving is considered by global -
factors (JONKER 1987), comparable to the reduction of local shaft friction used to model impact

pile driving (cf. Section 2.2.2). MoRrIYAsuU et al. (2018) detected a reduction of local shaft friction
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(friction fatigue) also in the context of vibratory pile installation by means of strain

measurements along the shaft of vibro-driven piles.

Effects on soil state

Experimental half-model tests (REMSPECHER et al. 2019a) and numerical simulations (DARYAEI et
al. 2018; CHRISOPOULOS et al. 2017) showed the development of a loosening zone in the vicinity
of the pile (wall) and a compaction zone in further distance. According to REMSPECHER et al.
(2019a), this effect can be traced to the pile toe penetration and is not influenced by further
penetration and passing of the pile shaft. DARYAEI et al. (2018) showed influences of the driving
frequency on the extent of loosening and compaction zone. Similar effects also occur due to

impact pile driving (DARYAEI et al. 2019; STAUBACH et al. 2020).

loosened

compacted

Figure 2-10: Soil state changes due to pile driving

Numerical simulations showed a severe reduction of effective soil stresses indicating soil
liquefaction in the vicinity of the pile, even in sand with high permeability (CHRISOPOULOS et al.
2017). Measurements by FISCHER et al. (2013) in 0.1 m distance to a vibrated and an impact
driven model pile (Dpile = 0.36 m) showed no obvious pore water pressure build-ups. In case of
the impact driven pile, a development of effective soil stresses over pile penetration was
observed fitting into the framework of friction fatigue (FISCHER 2021, see section 2.2.2). During
vibratory driving, the stress state remained more or less unchanged. DARYAEI et al. (2018) also
detected soil stress concentrations under the pile toe of low-frequency vibrated piles. This

behaviour is widely known for impact driven piles, as shown above in Figure 2-2 (LINDER 1977).
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MASSARSCH et al. (2017) and MASSARSCH et al. (2020) presented a variety of field measurements
and theoretical considerations on vibratory pile installation and vibratory compaction projects.
As the dynamic change of soil stresses is linked to the particle velocity of the soil (MASSARSCH et
al. 2022) they concluded that horizontal ground vibrations indicate stress waves which lead to
a permanent increase of lateral earth pressure around vibratory driven piles. Stress ratios
(ki = on/ov) estimated based on CPT readings and dilatometer measurements were shown to
increase due to vibratory compaction. The change of stress ratio from ko (earth pressure at rest)
towards kp (passive earth pressure) with a final value of k1 (earth pressure after compaction)
is interpreted as overconsolidation, advancing with the number of loading cycles. In most cases
the ratio of stress ratios lay in a range of ki/ko = 1.. 4 with higher values for soils with lower
cone resistances. It has to be admitted that the majority of cases dealt with in MASSARSCH et al.
(2017) and MASsARScH et al. (2020) were compaction projects where the initial soil density can
be considered rather loose, especially in relation to offshore conditions with dense, already

overconsolidated sand.

Effects of vibratory driving frequency

The vibration frequency fa has a great influence on vibratory pile installation. MASSARSCH et al.
(2017) and MASSARSCH et al. (2022) distinguish between driving at low frequency (at and below
the system's resonance frequency (fa < fo,inst) and high frequency (fa > 1.5 - fo,inst). The resonance
frequency of the vibro-pile-soil system fo,inst is not a soil parameter but depends on parameters
such as dynamic mass and pile penetration (MASSARSCH et al. 2022). At system resonance, pile
and soil move in phase leading to little relative displacements and thus elastic soil behaviour.
The pile penetration speed is reduced when driving near system resonance (MASSARSCH et al.
2022) while faster pile penetration can be achieved when driving above system resonance
(HARTUNG 1994). This can be explained by a reduced driving resistance along the pile shaft of
the plastified soil (about 10% of static shaft resistance) when driving above system resonance
(fa > 1.5 - fo,inst) and a high shaft resistance of the almost elastic soil (about 100% of static shaft

resistance) at system resonance (MASSARSCH et al. 2021).

The displacement amplitude is amplified at system resonance and the energy transmission
between pile and soil is optimal (MAssARscH et al. 2022). The ground vibrations increase
(MassarscH et al. 2021) which leads to soil compaction around the pile. Above system

resonance, an arching zone is formed which leads to a reduction of soil stresses around the pile
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(MaAssARSCH et al. 2022). As a consequence, the resulting axial pile bearing capacity, especially
the toe resistance, is high for piles driven at system resonance (MASSARSCH et al. 2022) and

reduces with increasing driving frequency (HARTUNG 1994).
2.3 Lateral pile behaviour

2.3.1 Lateral bedding

The lateral behaviour of a buried pile can be treated as the load-deflection behaviour of a

bedded beam which can be described by the equation
P=K-y = (Kyie + Kson) ' ¥ (2-17)

with the load vector P, the stiffness matrices K for pile and soil and the deformaton vector y.
The loading vector may consist of a horizontal force and moment at the mudline. The pile
stiffness matrix is commonly known and elastic behaviour is assumed for the pile material. The
formulation of the soil stiffness will be discussed in the following sections. In case of a linear
soil behaviour, the pile deflection and stress resultants can easily be determined. For non-linear

soil behaviour, an iterative approach is necessary.

The lateral bedding of vertical members in soil is commonly described as the relationship
between the soil reaction, defined as line load ppy [kN/m] and lateral deflection y [m]. The

bedding stiffness Epy is defined as

p
Epy = % (2-18)

This approach can be traced to WINKLER (1867), who used linear elastic springs for bedded
beams to determine internal forces and deflections. TERZAGHI (1955) defined the spring
stiffness of the soil as coefficient of horizontal subgrade reaction* Epy. Based on elasticity theory,

the following relation between spring stiffness and oedemetric stiffness Eced is proposed:

Eoed
= 2-19
Epy 1.35 ( )

4 The original formulation of TERZAGHI is based on the subgrade reaction as force per unit area. Here, the
subgrade reaction is defined as line load (force per unit length) and the corresponding stiffness as force
per unit area.
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TERZAGHI (1955) assumed linear behaviour of the soil for soil reactions ppy < 0.5-ppy,uit. The main
soil strains arise within a pressure bulb whose horizontal extent depends on the pile diameter

(approximately 3-Dpile around the pile axis).

2.3.2 Eigenfrequency

The eigenfrequency of OWT structures, and therefore the dynamic stiffness of the foundation,
is one key parameter for the design of OWT (ARANY et al. 2017). The eigenfrequency of a single
pile can be estimated by analogy to a simple cantilever or a linear-elastically bedded beam
(AcuMUS 2011). For accurate calculation of the dynamic response of a bedded beam, stiffness,
damping, and mass parameters are necessary. Equation (2-20) shows the general form of the
differential equation for a dynamic system with the load vector P, stiffness, damping and mass

matrices K, C, and M and the deflection vector y over time t.
PO =Ky +C-y{®) +M-§(1) (2-20)

For an offshore monopile modelled as an elastically bedded beam, stiffness and mass of the pile
are known. The soil stiffness can be taken as initial or secant stiffness of appropriate p-y curves.
Based on measurements from offshore structures, KALLEHAVE et al. (2012) and Tobo BoM et al.
(2020) showed that the eigenfrequency estimation using initial spring stiffness Epy,ini according
to offshore guidelines (see Section 2.3.3) underestimates the dynamic stiffness of the soil.
Small-strain stiffness parameters (e.g. dynamic shear modulus Gdyn) are suggested to be used

for eigenfrequency estimation.

Regarding soil damping, radiation damping (resulting from wave radiation) and material
damping (resulting from hysteretic energy loss) need to be distinguished (CARSWELL et al. 2015;
DAMGAARD et al. 2014). Radiation damping can be neglected at frequencies below 1 Hz

(SHIRZADEH et al. 2013). Material damping can be described by viscous dashpots.

PRENDERGAST & GAVIN (2016) used a number of different formulations to determine the dynamic
spring stiffness for a bedded Winkler beam from small-strain soil stiffness. Eigenfrequency and
damping of the pile-soil system were calculated, e.g. to investigate the effect of scour on natural
frequency of offshore monopiles (PRENDERGAST et al. 2015) or for back-analysis of dynamic soil
parameters (model fitting by changing mass and stiffness) (PRENDERGAST et al. 2019). The small
strain shear stiffness of the soil Gdqyn was obtained from correlations with CPT readings

(PRENDERGAST et al. 2014). Damping parameters were obtained as linear combination of system
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stiffness and mass (Rayleigh approach). Alternatively, the approach of LEE et al. (1988) can be

used to estimate soil damping, as shown in (STEIN 2020).

2.3.3 Non-linear soil springs (p-y approaches)

Most p-y approaches use non-linear p-y springs defined by an initial soil (spring) stiffness Epy,ini
and an ultimate soil reaction ppy,ur. Figure 2-11 shows the general shape of p-y curves for the

static and cyclic loading case.

o/ ppy,ult
KL g
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& 7 static
/ .
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Figure 2-11: General static and cyclic p-y curves

Current offshore guidelines (OGL, e.g. DNV-0S-J101; API RP 2GEOQ) use a hyperbolic tangent
function based on MURCHISON & O'NEILL (1984) to describe the non-linear behaviour of the soil

springs. The initial soil spring stiffness Epy,ini is increasing linearly with depth.

E.:..
Ppy(¥) = Ppy,ut - tanh (L : y) (2-21)
ppy,ult
Epy,ini = Mp " 2 (2-22)
MN Io
my 5] = 01580 g0t (2-23)
m

For sand, the gradient of the initial soil stiffness mn is a function of the relative soil density Dr
or the soil friction angle ¢. OGL give tabulated values for mn based on soil friction angle. Figure
2-12 shows the values given in API RP 2GEO (OGL) as well as a power law found in the literature
(THIEKEN et al. 2015) and a best fit using an exponential law (Equation (2-23)).

The ultimate bedding resistance ppyult=Apu- pu is derived from theoretical assumptions
regarding soil mechanical failure modes (see REESE et al. 1974) and an empirical correction

factor Apu.
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Figure 2-12: Gradient of initial lateral soil stiffness as function of soil friction angle

The p-y approach developed by MURCHISON & O'NEILL (1984), which is used in the OGL, is a
modification of an earlier approach by REESE et al. (1974) which is based on lateral load tests
carried out on Mustang Island (Cox et al. 1974). For details on the p-y formulation, see API RP
2GEO or REESE et al. (1974).

The Mustang Island tests (Cox et al. 1974) were executed on slender piles which are not
comparable to monopiles used in offshore wind farms. Cyclic p-y curves were also established
based on test results with up to 200 load cycles. These cyclic curves, however, simply consider
the reduced bearing capacity after a number of cycles. The hysteretic behaviour of the soil due

to repeated loading cannot be described by the model.

Regarding the suitability to describe the load-displacement behaviour of monopile foundations,
the p-y method used in the OGL has some major shortcoming which are still current topics in

research:

1) pile geometry
Monopiles used in current offshore wind projects have diameters far greater than
those used in the oil and gas industry which was the background for the development
of the p-y curves presented in current OGL. Ultimate bearing capacities according to
classical p-y approaches lead to unrealistic values and an overestimation of the lateral

bearing capacity of monopiles (AcHMUS 2011). Apart from that, monopiles have much
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2)

3)

4)

234

higher bending stiffness and relatively short embedment lengths, leading to a "toe kick'

instead of a vertical bending line at the pile toe (AcuMUS 2009).

soil stiffness

The initial stiffness does not represent the soil stiffness for small strains, which leads
to an underestimation of the initial pile stiffness and thus to an underestimation of the
structure’s eigenfrequency (KIRSCH et al. 2014). Apart from that, the soil stress state
(linear according to current OGL) is not depicted correctly, as it is better described by

an exponential law (increasing under-linear with depth) (KALLEHAVE et al. 2012).

cyclic behaviour

Cyclic p-y curves with reduced ultimate bearing capacity (but unaltered initial
stiffness) are used to account for soil degradation due to cyclic loading. The load-
displacement behaviour described by these 'cyclic' curves has no physical meaning
referring to cyclic/hysterical soil behaviour. Some outdated OGLs (GL IV-2)
additionally demanded a vertical bending line at the pile toe as a design criterion to
ensure beneficial behaviour under cyclic loading though the meaningfulness of this

requirement is questionable (AcHmMus 2009).

installation effects

The pile installation procedure has not been specifically considered in the design
codes. However, the Mustang Island test piles (Cox et al. 1974) as well as the majority
of all recent offshore monopiles were installed using impact driving. Therefore, one
may assume that modifications of the original p-y formulations which are based on
experiences in offshore practice are applicable to impact driven piles. p-y formulations
based on 3D numerical simulations can be assumed not to be biased by the installation
method as the installation processes and their influence on the surrounding soil cannot

(yet) be accurately modelled by numerical methods.

Influence of pile geometry

The influence of the pile diameter on the lateral soil stiffness and ultimate capacity (the so called

'diameter effect') has been addressed by several authors. KALLEHAVE et al. (2012) proposed an

increase of the initial stiffness of the p-y curves for large pile diameters due to the decrease of

shear strain in a pressure bulb whose extension depends on the pile diameter. (KirRscH et al.
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2014) suggested to use a reduced friction angle for large pile diameters, resulting in reduced

lateral soil stiffness and capacity.

Apart from that, the flexural stiffness of monopiles is much higher than that of slender piles.
Flexible and rigid piles can be distinguished based on their flexural stiffness EI [kNm?], the
oedometric soil stiffness Eoed [KN/m?] and the pile's embedment length Lpen [m]. POULOS & HULL
(1989) use a relation which is here reformulated to a dimensionless bending stiffness EI* to
distinguish between rigid and flexible piles. For a uniform soil profile (Eced(z) = const.), the

dimensionless stiffness is

1 Eged * L‘:)en

=— 2-24
El* EI ( )
and for a soil profile were the soil stiffness increases linearly with depth EI* yields
(SEoed . LS
L _ oz pen (2-25)
EI* EIl

Table 2-1 gives reciprocal values of the dimensionless stiffness 1/EI* for rigid and stiff piles in
uniform and linear soil profiles. Piles with a dimensionless stiffness in between cannot be

considered perfectly rigid nor flexible.

Table 2-1: Pile stiffness distinction according to (PouLos & HULL 1989)

rigid pile flexible pile
soil profile 1/EI*
uniform <48
>390
linear <16

Another important difference between rigid and flexible piles regarding soil reaction is the pile
toe deflection or "toe kick'. Flexible/slender piles show zero deflection and rotation at the pile
toe and can be considered as a clamped cantilever. In this case, an increase of the pile length
has no influence on the pile head deflection at a given load level. Laterally loaded, rigid piles, on
the contrary, can be characterised by a point of rotation and a so called "toe kick'. Figure 2-13
shows sketches of a flexible (left) and a rigid (right) pile subjected to combined lateral force

and moment loading and their bedding resistances.
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Figure 2-13: Lateral bedding behaviour of flexible (left) and rigid (right) piles

The mobilisation of soil resistances along the pile shaft (grey shaded areas) depends on soil
stiffness and pile deflection. In case of the flexible pile, deflection and rotation at the pile toe are
zero, so no soil resistances are mobilised here. The rigid pile shows a constant rotation over the
pile length and a 'toe kick'. The grey shaded area indicates the soil reaction according to the
Winkler approach. Apart from that, spatial bedding resistance underneath the pile toe level (red
shaded area) and/or shear stresses at the pile toe (red arrow) may be mobilised. BURD et al.
(2017) and ZHANG & ANDERSEN (2019) introduce (among other features) an additional non-
linear spring at the pile toe to consider the lateral resistance mobilised by the shearing of the
pile base. According to Fu et al. (2020), the pile base resistance can be determined in analogy
to the soil behaviour direct simple shear tests. THIEKEN et al. (2015) introduced a stretching
factor to modify the springs close to the pile toe and increase the local stiffness and ultimate

bedding resistance depending on the distance from the pile toe.

2.3.5 Soil stress state or depth dependency

In the original formulation of the p-y curves by REESE et al. (1974) (see Equations (2-21) and
(2-22)), the term mn - z displays the linear depth-dependency of the (initial) bedding stiffness.
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As the soil stiffness depends on the soil material and stress level (o' ~ y' - z), GEORGIADIS (1983)
introduced an equivalent depth zeq to account for different soil stiffnesses and unit weights in
layered soils. However, even in a homogenous soil, the assumption of a linear increase of the
bedding stiffness with stress level or depth is doubtful. A power law with exponent < 1 is often
used to describe the stress dependency of the soil stiffness (OHDE 1939). The oedometric soil

stiffness Eoed [KN/m?], for example, can be calculated by

p’ }\Eoed
Eoea = Eoed,ref * Pref” <_> (2'26)
Pref

with the reference pressure pref = 100 kN/m?, the oedometric stiffness at reference pressure

Eoedref [KN/m?] and an exponent Agoed < 1.

WIEMANN (2007) and KALLEHAVE et al. (2012) used this approach for a better representation of
the soil stiffness profile. Equation (2-27) gives the initial bedding stiffness Epy,ini [kN/m?] over
depth z [m] according to the modification of KALLEHAVE et al. (2012). mn [kN/m?] is the gradient
of initial subgrade reaction according to API RP 2GEO, zrer = 2.5 m is the reference depth and
the exponent Az = 0.6 was proposed by KALLEHAVE et al. (2012).

z \Mz
Epy,ini = My " Zyef * <_) (2-27)
Zref

2.3.6 Small strain stiffness

Offshore guidelines describe the initial soil stiffness Epyini as function of soil friction angle,
which is a shear strength parameter. For dynamic problems, such as eigenfrequency
estimations, dynamic soil properties (e.g. dynamic stiffness) should be used (PRENDERGAST et al.
2015). Even though eigenfrequency analysis and load-deflection behaviour are normally
treated separately, the dynamic soil stiffness, which is considered to be equal to the small strain
stiffness, may be relevant for the deflection at small load levels as well. The applicability of
dynamic versus static soil parameters may be distinguished based on the strain level (EA
Baugrunddynamik 2019). The following Figure 2-14 shows the qualitative decrease of the
dynamic shear stress Gdyn normalised by the maximum value Gdynmax with shear strain y in the
form

Gdyn _ 1
Gdyn,max 1+ Yb -103

(2-28)
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Figure 2-14: Decrease of dynamic shear modulus with shear strain

A more sophisticated approach derived from a large database of dynamic soil tests with

different sands and at different stress levels was developed by OzZTOPRAK & BOLTON (2013).

A formulation of the soil stiffness as function of strain level is used by KirscH et al. (2014),
THIEKEN et al. (2015), and SURYASENTANA & LEHANE (2016) to include the dynamic soil stiffness
as initial stiffness into the p-y curves and get a smooth transition to the soil stiffness for the
static case. According to KirscH et al. (2014), the relation between dynamic and static

oedometric soil stiffness yields

Eoed,dyn = 10~04210g(0.0006'Egeq stat) (2-29)
Eoed,stat
with the static oedmoetric modulus Eoedstat in [MN/m?].
As the main part of soil strain arises within a lateral extent of about 3-Dpile around the pile axis
(see Section 2.3.1), larger pile diameters Dpile lead to a reduced strain level at equal pile
deflection y. KALLEHAVE et al. (2012) account for the resulting increased soil stiffness by adding

another pile diameter term to Equation (2-27):

A
Z Az D il b
Epy,ini = Mp * Zpef - (z_) ) (DL> (2-30)

ref pile,ref

with Dpile,ref =0.61 mand Ap = 0.5.
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2.3.7 Cyclic effects

Definition of cyclic loading

Cyclic loading is defined as repeated loading and unloading processes of a material or structure
with a loading rate small enough to exclude dynamic effects such as inertia forces. Thus, even
though present in impact and vibratory pile driving, these processes cannot be described solely
by cyclic loading effects. Cyclic loading is characterised by an average load level Xav and a
loading amplitude Xampl, resulting in min and max values Xmax = Xav 4 Xampl gnd Xmin = Xav . Xampl
where X may be any loading property, e.g. force, moment, stress, or, in case of deflection
controlled cyclic loading, displacement or strain. Regular cyclic loading is characterised by
packages of load cycles with equal mean value and amplitude. Definitions are given in Figure
2-15 which shows force-controlled one-way cyclic loading. In the upper part of the figure, the
force H is plotted over time t or number of cycles N. As the loading rate has no influence on the
system behaviour, the relation between N and t (the loading frequency) is of no importance.
This is an important difference between cyclic and dynamic effects! In the lower part of the

figure, the deflection u is plotted over time or number of cycles.

In the literature, different counting methods for the cycle number N exist. Traditionally, for one-
way loading, the first cycle ends after one loading and full unloading process, as indicated by
the blue labels in Figure 2-15. A displacement offset uoftset can be defined at the point where the
minimum load level is reached the first time. Other conventions exist for symmetric or
asymmetric two-way loading. NIEMUNIS et al. (2005) developed a high cyclic accumulation
(HCA) model which describes the cyclic soil behaviour at average stress/strain level after the
first (= "irregular’) cycle. Thus, the cycle count of the HCA model starts with Nreg = 0 at X = Xav
during the loading phase after the first (‘irregular) cycle, indicated by green labels in Figure

2-15.

The load or deflection resulting from cyclic loading may be described by a permanent value
Xperm - describing the state after N cycles at full unloading, or an accumulated value Xac,

describing the state at average level during cycle Nreg.
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Figure 2-15: Definition of cyclic loading parameters and cycle count

Material behaviour of sand due to cyclic loading

Prior to cyclic laterally loaded piles, the behaviour of granular soils due to cyclic loading shall
be addressed. In case of regular cyclic loading at a load level of below about 70% to 80% of the
failure load, the strain accumulation can be described by a function fx [-] which is the relation
between the permanent strain after the Nth cycle g¢(N) [-] and the strain after the first cycle
g(N=1) [-]:

e(N) = &(1) - fiy(N) (2-31)

Rather simple logarithmic or power laws may be used to define fx for a limited number of cycles
(see below). A more sophisticated method to predict cyclic behaviour of granular soil is the
explicit HCA model by NIEMUNIS et al. (2005). The accumulated strain eacc (after the first,
irregular cycle, see Figure 2-15) is described by the flow rule m multiplied with a number of

empirical functions:

EacC(Nreg) =m- fampl . fp fy £y £ fy (2-32)
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These functions describe the influence of the number of cycles Nreg (fn), the strain amplitude
eampl (fampl), the void ratio e (fe), the average mean effective stress pv (fp) the average stress ratio
q?v/p? (fr) and the loading polarisation m (fr). Definitions of the functions and parameters are

listed in Appendix G. For instance,

acc at

— a higher average pressure level pa’ leads to a lower strain accumulation rate &
constant stress ratio qaV/p?",

acc

— a higher stress ratio q2v/p2” leads to a higher strain accumulation rate £“ at constant

average stress level p2v, and

— the cyclic preloading history depends on the number Nreg and amplitude g2mp! of prior

cycles (WICHTMANN 2016).

In contrast to the formulations of HETTLER (1981), STEWART (1986), and others, the HCA model
does not consider the first cycle of cyclic loading but starts at the second cycle with Nreg = 0. As
explained above, the first cycle is regarded as an irregular cycle, showing a very different load-
bearing behaviour than the subsequent cycles. As shown in Figure 2-15, an additional amount
of loading has to be applied to reach the average loading level of the subsequent cycles. When
using the HCA model, the irregular cycle has to be computed separately using an implicit soil

model.

WICHTMANN et al. (2004) and LE (2015) investigated the influence of polarisation changes in
cyclic laboratory tests on sand. 'Polarisation’ is defined as the direction of the oscillation of
cyclic loading (in the stress plane). The term 'multidirectional’ with regard to stress amplitudes
is explained by a cyclic triaxial test where the stress components 61 and o3 oscillate in different

phases (out-of-phases cycling according to NIEMUNIS et al. (2005)).

Figure 2-16 (a) shows stress paths with different slopes in the p-q plane, defined as
'polarisation’. Cyclic triaxial tests carried out by WICHTMANN et al. (2004) showed that with
decreasing slope of the stress path (increasing influence of volumetric stress due to increasing
amplitude of minimum principal stress 03), at constant deviatoric stress amplitude gamr!, the
total strain accumulation increases. Figure 2-16 (b) shows strain path of 'multidirectional’

cyclic triaxial tests, resulting from principal stresses o1 and o3 oscillating in different phases.
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Figure 2-16: Definition of 'polarisation’ (a) and 'multidirectional’ triaxial tests (b)

In simple shear tests (WICHTMANN et al. 2004; LE 2015) polarisation changes were realised by
changing the direction of shearing. After a change of the shearing direction, the rate of cyclic

acc

strain accumulation £ sharply increased and decreased towards the 'average' strain rate

afterwards (see Figure 2-17).

N

Figure 2-17: Strain accumulation in direct shear test

due to polarisation change (based on LE 2015)

The height of the sudden increase and the duration for recovery (‘back polarisation') of the
strain rate (only) depended on the rotation angle sin(ox). The explanation for this phenomenon
is given on a granular basis: A chaotic arrangement of the soil grains is assumed before the first
cycle. Within a certain number of cycles, the soil grains are arranged according to the

polarisation of the cyclic loading, leading to a reduced strain rate. Due to a change in the
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polarisation of the cyclic loading, the arrangement of the soil grains does not fit to the loading
polarisation anymore. As a result, the cyclic strain rate increases until the arrangement of the
grains corresponds to the polarisation of the cyclic loading again after a certain number of

cycles.

Cyclic laterally loaded piles

Generally, there are many parallels between the cyclic behaviour of sand samples and that of
laterally loaded piles. Thus, some of the formulations given in the previous part of this section
may be applicable to pile-soil systems, either. In that case, parameters need to be replaced
accordingly, e.g. strain € by pile deflection u or stress o by lateral pile head loading H. The topic
of cyclic laterally load piles in general has been addressed by several authors (HETTLER 1981,
1986; LITTLE & BRIAUD 1988; LONG & VANNESTE 1994; LIN & LiA0 1999, and others).

HETTLER (1981) used the logarithmic law
fN,ng =1+ BN -InN (2-33)

with the soil constant Bn to predict the accumulated pile deflection due to cyclic loading while

LITTLE & BRIAUD (1988) used the power-law
fiy o = NN (2-34)

with the soil constant an. This approach was confirmed by LEBLANC et al. (2010) and NicoLAal &
IBSEN (2014) and the soil constant an was found to depend on the relative soil density as well
as the ratios of minimum to maximum cyclic loading Mmin/Mmax and of maximum cyclic loading
to ultimate static loading Mmax/Murt (moment loading). The beforementioned authors, however,
formulated the accumulation functions fx based on pile head rotation rather than lateral pile
head displacement. In contrast to the displacement accumulation, the pile head secant stiffness
during one cycle Epysec (see below) increased logarithmically with N. Likewise, the lateral pile
capacity of a cyclically loaded pile was higher than that of a previously unloaded system. This
increase in soil stiffness and strength may be explained by soil densification. Model tests were
carried out with rather loose sand (LEBLANC et al. 2010) and dense sand (NICOLAI & IBSEN 2014).
The comparability of the two studies however, is doubtful as LEBLANC et al. (2010) installed the
model pile by means of impact driving while NICOLAI & IBSEN (2014) reported jacking (= static

pushing) of the pile.

-32-



Lateral pile behaviour

PERALTA (2010) stated, based on model tests, that the logarithmic approach in Equation (2-33)

is valid for flexible piles while the power-law in Equation (2-34) should be used for rigid piles.
DUHRKOP (2009) proposed a linear-logarithmic approach

fNjog—tin = 1 + By - [In(Byz * N + 1) + Bys - N] (2-35)

with three soil constants Bn1, Bnz, Bns. The constant Bns is relevant for large number of cycles
(N >100,000) only. According to the model tests of DUHRKOP (2009), Bnz and Bn3 may be soil
constants while Bn1 depends on the cyclic loading ratio. CUELLAR (2011) further modified this
approach for very large cycle numbers (N > 10¢) to account for a decrease of the accumulation
rate. He explained the transition from logarithmic to linear accumulation law by a phase of soil
densification (logarithmic accumulation) which is completed as the maximum soil density is
reached. The assumption of soil densification was supported by the observation of a cone of
subsidence around the pile at mudline level whose volume agreed with the change in soil

volume due to densification to maximum density (see Figure 2-18).

cone of subsidence

pile

[10s payIsueP

undisturbed soil

Figure 2-18: Soil densification and particle convection

due to cyclic lateral loading (based on CUELLAR 2011)

It has to be emphasized that the cyclic accumulation approaches presented above define a
function to be multiplied with the deflection due to the first cycle (see Equation (2-31)). Thus,

different absolute displacements after N cycles may also be due to different (static) load-
displacement behaviour in the first cycle.
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Cyclic stiffness

The initial stiffness of the soil springs Epyini is an important parameter to describe the p-y
curves, e.g. according to current OGL. The secant stiffness of a load cycle Epy,sec is given as the
slope between the origin of the cycle and the displacement at the maximum load. The degraded
stiffness Epy.deg can be calculated as the slope between the origin of the first cycle (p =0,y = 0)
and the maximum load and displacement of a specific cycle (LITTLE & BriauD 1988). This
parameter Epydeg is not a stiffness in the physical meaning, but may be used to calculate the
displacement at a certain load level after N cycles. This approach is used by 'cyclic' p-y curves
(API RP 2GEO; KirscH et al. 2014) as well as the stiffness degradation method (SDM, AcHMUS et
al. 2009). From the Mustang Island tests (Cox et al. 1974), for example, cyclic (= degraded) p-y
curves were deducted which are actually validated for not more than 200 cycles. For the

definition of Epy,ni, Epy,sec and Epy,deg, see Figure 2-19.

1% cycle N™ cycle

py,sec

_____ ~ Epy.deg

Figure 2-19: Definition of stiffness for cyclic loading

Since the calculation of the degraded stiffness Epy,deg at the Nth cycle includes the accumulated
deformation due to cyclic loading yac¢, Epydeg will decrease with the number of cycles N. The
initial stiffness Epy,ini and secant stiffness Epysec are expected to increase with number of cycles
N in analogy to the soil's unloading/reloading modulus, as reported by DUHRKOP (2009),
LEBLANC et al. (2010), NicoLAI & IBSEN (2014), and STEIN et al. (2019b). Likewise, NicoLAl et al.
(2017) observed that the static capacity of pre-cycled piles can be much higher than that of

primary loaded piles.
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'Healing' effect

SoLF (2012) discovered 'healing' effects of cyclic lateral loading to pre-loaded piles. Piles that
had experienced permanent deflection from single extreme events or large-amplitude cyclic
loading were subjected to small-amplitude cyclic loading afterwards, as illustrated in Figure
2-20. Low-amplitude cyclic loading leads to a certain displacement accumulation (I). A single
event with high load leads to large elastic and plastic deformations (II). The plastic

deformations partly recover due to subsequent low-amplitude cyclic loading (I1I).

H

(n

Se——e

-

Figure 2-20: 'Healing' effect due to low-amplitude cyclic loading

after single event with high load amplitude

For piles with sufficient flexural stiffness and a certain degree of toe clamping, a recovery of
pile head deflection was observed. Closer examinations by ZACHERT (2015) showed that the
recovery is predominant in the upper soil layers. The deflection of the pile toe experienced less
or even no recovery. During regular cyclic loading, the pile bending moment at the instant of
minimum load during one cycle increased with number of cycles, indicating a compression
imprinted to the soil and a pre-tension of the pile. This pre-tension was considered the reason

for the recovery of permanent pile deflections.

Loading direction

The behaviour of laterally loaded piles due to cyclic loading with varying loading direction has

been investigated by severa authors wit different methods (DUHRKOP & GRABE 2008; PERALTA
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2010; Su2012; RunoLPH & GRABE 2013; RUDOLPH et al. 2014; LE et al. 2017; RICHARDS et al. 2020).
The results are not comparable because the variation of loading direction was executed

differently.

DUHRKOP & GRABE (2008) and RuDOLPH & GRABE (2013) carried out 1g scale model tests with
one-way cyclic lateral loading. The angle of loading direction in the horizontal (x-y) plane was
varied continuously and swept an angle from 0° (unidirectional) to 120° (multidirectional).
RUDOLPH et al. (2014) carried out very similar investigations in the centrifuge. The model tests
performed by Su (2012) where displacement controlled and rather multi-stage than cyclic tests
(4 loading-unloading cycles in 4 directions). RICHARDS et al. (2020) carried out scale model tests
with unidirectional and multidirectional cyclic loading with a constant average loading Ha"
overlaid by a cyclic loading with amplitude Hampl, Multidirectional loading covered fan-type
loading as described above as well as L-shape and T-shape loading. L-shape and T-shape
multidirectional loading refer to the directions of Hav and Hamp! in the horizontal (x-y) plane

(Figure 2-21, left).

(a) loading direction (b) displacement accumulation
o 0°A 0°A
unidirectional
A
T-shape 4
cyclicamplitude h 4 T > »
90° 90°¢
average load

Figure 2-21: Schematic illustration of multi-directional pile loading (left)

and resulting pile head deflection accumulation (right)

The resulting accumulation of pile head displacement/rotation is shown on the right side of the
figure. For unidirectional loading (blue), pile head accumulation evolves in the direction of
loading, as expected. Fan-shape multidirectional loading (cyan) results in higher accumulated
deflections (approximately by factor 2, but with high deviations depending on loading regime

and other factors) compared to unidirectional loading with a pile drift towards initial loading
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direction. This was explained by loosening of the soil due to shearing in transverse direction to
the loading direction and a propagation of pile deflection towards the direction of least soil
resistance (DUHRKOP & GRABE 2008). RUDOLPH et al. (2014) reported back-accumulation of the
accumulated pile head displacement during loading in transverse direction. In Case of L-shape
loading (red) loads to deflection accumulations in direction of the average load H2". Very similar
accumulation rates and total accumulations as in case of unidirectional loading were
encountered if H and Hamp! were kept constant, even though H2 and Hamp! were not aligned. T-
shape loading (green) caused similar deflection accumulations, but in both direction of average

loading Hav and cyclic amplitude Hamp!,

LE etal. (2017) carried out numerical simulations where the direction of H2 was kept constant
while the direction of Hampl was changed rapidly by a certain angle after a certain number of
cycles (change from unidirectional loading to L-shape multidirectional loading). This led to
further deflection accumulation in direction of Hav with increasing or decreasing rate,
depending on the average loading Hav and the variation of the direction of cyclic loading Haml,
Simliar to the observations of RICHARDS et al. (2020), deflection accumulation was observed in

direction of the Hav.

PERALTA (2010) carried out scale model tests with one-way cyclic lateral loading. Here, the angle
of loading direction (both average loading and cyclic amplitude) was changed by +90° several
times after a certain number of cycles for more than one 'full rotation' of the loading direction.
The resulting pile head deflections were limited to the "first quadrant of the initial loading
direction” (PERALTA 2010). Figure 2-22 shows exemplary results of a flexible pile in medium

dense sand from the abovementioned study.

The possible recovery of permanent pile head deflections from extreme events due to
subsequent small-amplitude loading discovered by SoLF (2012) (see Figure 2-20) was noticed

to be faster after changing the loading direction (KUDELLA & SoLF 2012).

Su (2012) reported an influence of initial lateral loading on the effects of subsequent transverse
displacement-controlled loading. This was explained by asymmetric pile-soil interaction for the

subsequent transverse loading cycle and the enforced displacement direction.
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Figure 2-22: Pile head deflections due to cyclic loading

from alternating loading directions (based on PERALTA 2010)

2.3.8 Influence of installation method

In offshore practice, impact driving and vibratory driving are common or promising dynamic
piling techniques with advantages and disadvantages regarding the available experiences of
designers and piling contractors, logistic requirements, economic feasibility and environmental
impacts (see Chapter 1). Jacking as well as wished-in-place are merely academic variants used
in physical and numerical modelling. These variants may be used due to shortcomings of testing
facilities or numerical methods but may also give insight into the influences of dynamic effects

if compared to corresponding investigations.

LABENSKI (2018) examined the influence of vibratory driving on the static lateral pile capacity.
In scale model tests, piles were installed with different vibration parameters (resulting in
vibratory driving modes interpreted as cavity and non-cavity pile driving according to
VOGELSANG (2017)) and by means of static jacking as reference. The lowest lateral bearing
capacity resulted from non-cavity vibratory driven piles and was found to be comparable to
that of a jacked pile while the highest bearing capacity was encountered for cavity driven piles.
The lateral pile behaviour of cavity-vibrated piles was even stiffer than predicted by current

p-y approaches (LABENSKI & MOORMANN 2018). Based on these findings, LABENSKI (2019)
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proposed a modification of the initial stiffness of the p-y curves to account for the vibratory

driving mode.

LE et al. (2019) carried out numerical investigations based on scale model tests by REMSPECHER
et al. (2019b). The pile installation was considered by defining a loosening zone directly at the
pile shaft and a compaction zone in further distance (see section 2.2.3) based on results from
the scale model tests. LE et al. (2019) could show that especially the narrow loosening zone
alongside the pile shaft leads to a higher cyclic deflection accumulation. The cyclic lateral pile
behaviour of impact driven piles was not explored. STAUBACH et al. (2020) and STAUBACH et al.
(2021) used a similar approach by simulating the pile installation (impact driving and jacking)
through a coupled Euler-Lagrange (CEL) method using the hypoplastic and Sanisand
constitutive soil models. Impact driving and jacking resulted in very similar changes of the soil
state (effective stresses and relative density) (STAUBACH et al. 2020). Based on the soil state at
the end of the CEL calculations, the pile behaviour under static (STAUBACH et al. 2021) and cyclic
lateral loading (STAUBACH et al. 2020) was investigated. For cyclic loading, the HCA approach
was used. Simulations with consideration of installation effects were compared to simulations
with wished-in-place (WIP) piles. In case of static loading, the consideration of the pile
installation process (impact driving) lead to a stiffer pile head behaviour. In case of cyclic
loading, the consideration of the pile installation process (both impact driving and jacking) in
medium-dense sand lead to a lower rate of horizontal displacement accumulation compared to
a WIP pile. In dense sand, however, the accumulation rate of the WIP pile was lower than that
of the installed piles. At high cycle numbers (N = 5-10¢), the soil state of installed and WIP piles

"equalizes" (STAUBACH et al. 2020).

AcHMUS et al. (2020) studied results from in-situ lateral pile tests and CPT readings taken prior
and after pile installation by means of impact and vibratory driving into dense sand (VIBRO
project). Depending on the vibratory parameters, load level and loading/unloading/reloading
scenario, vibratory driven piles showed softer but also similar and even higher lateral stiffness
than impact driven piles. In all cases (vibratory and impact driven piles), an overall decrease of
CPT values was encountered, interpreted as loosening of the soil. The decrease in soil density
was more pronounced for two of the three vibratory driven piles while one vibratory driven
pile with lower driving frequency and lower penetration speed even showed higher CPT

readings at certain depths.
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2.4 Interim conclusion

Pile toe effect due to impact pile driving

In the literature addressing pile resistance during impact driving, the initial shaft resistance
gsini can be taken as the maximum resistance, occurring when the pile toe reaches a soil
element. This shaft resistance is then continuously reduced towards the residual shaft
resistance gsres as the pile passes the soil element. However, since the 'initial’ soil resistance is
caused be an increase of horizontal stresses during pile driving and the 'residual’ soil resistance
is caused by a stress state similar to the primary stress state (PSS, before pile driving), the
indices 'ini' and 'res' may be misleading and will be replaced by 'z=pen' and 'PSS' to highlight

the corresponding stage of the pile installation:

Qspss = Gsz=pen " Ppss (2-36)
Furthermore, instead of 'friction fatigue', which points towards the reduction of the pile shaft
resistance, the term 'pile toe effect’ will be used to emphasize the influence of phenomena at
the pile toe on the soil behaviour. By substituting gs according to Equation (2-4) and the pile
installation effect according to Equations (2-6) and (2-7), the horizontal earth pressure during
pile driving ca be described as

1 Loan—
O'Irad(]-‘pen! Z) — G’rad,PSS(Z) . [1 + (@ _ 1) . @%pen (Lpen Z)] (2_37)

Vibratory driving modes

Along the pile shaft, soil fluidisation can be assumed to take place during vibratory pile driving
(RODGER & LITTLEJOHN 1980; VIKING 2006). Regarding the pile toe behaviour, different concepts
exist which distinguish between different vibratory driving modes. It has to be stated that,
despite sometimes being used synonymously, the concepts of 'impact/viscous' vibratory
driving and 'cavity/non-cavity' vibratory driving are not fully compatible (DIERSSEN 1994):
'Impact’ and 'viscous' vibratory driving (RODGER & LITTLEJOHN 1980) mainly differ regarding
elasto-plastic and viscous pile toe behaviour while 'cavity’ and ‘non-cavity’ vibratory driving
(Cupmant 2001) differ regarding the development of a gap underneath the pile toe during
upward motion and resulting loading and unloading stiffness, and the magnitude of mobilised

pile toe resistance.
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Pile installations in coarse-grained soil have a severe impact on the soil state, namely void ratio
and stress state. Both impact and vibratory pile driving result in a narrow loosening zone in the
vicinity of the pile wall and a compaction zone in further distance to the pile. Due to impact pile
driving, stress concentrations have been observed underneath the pile toe. In case of vibratory
pile driving, the occurrence and extent of the loosening and compaction zone as well as the
development of soil stress concentrations depend on relative soil density and vibratory driving
parameters. Thus, it seems to be possible to achieve similar soil states by vibratory pile driving
compared to impact pile driving. This hypothesis is supported by the fact that equal axial pile
capacities of vibratory driven piles compared to impact driven piles were reported using

certain installation parameters in certain soil conditions.

Lateral behaviour of monopile foundations

Concerning the applicability of calculation methods for laterally loaded piles to offshore
monopile foundations, the boundary conditions have to be regarded carefully. Much
knowledge, including current offshore guidelines, is based on a limited number of field tests
with mainly impact driven, slender piles that show zero pile displacement and inclination at the
pile toe. Offshore monopiles, in contrast, are large diameter, stiff piles that produce a toe kick
under lateral loading. Thus, the soil state at the pile toe must be considered to assess the lateral
pile behaviour. For impact driven piles, this includes increased soil stresses near the pile toe,

as described in Section 2.2.2.

Regarding the cyclic behaviour, the following aspects taken from current research, which are

partly in contradiction to guidelines, seem to be meaningful for offshore wind foundations:

— no degradation (but rather strengthening): lateral stiffness and capacity of pile-soil

system increases due to cyclic lateral loading

— healing effect: small-amplitude cyclic lateral loading lead to recovery of deformed

system

— loading direction: changing wind/wave directions need to be expected but no

clear/uniform results how this effects cyclic accumulation

Only little research is available on the effect of installation methods on laterally loaded piles.
Concerning the static lateral pile capacity and stiffness, in-situ tests and scale model

investigations imply that impact driving tends to result in higher stiffness and capacity of the
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pile-soil system. By variation of vibratory driving parameters, however, similar (or in single
cases even higher) stiffness and capacity were observed. Stiffness and capacity of vibratory
driven piles seems to be linked to pile driving modes, pile penetration speed and/or driving
frequency. Due to the complex interactions between these and other pile driving parameters, a

thorough descriptions of these effects is not yet available.

-472 -



State of the art

Chapter 3 Scope of work

3.1 State of the art

Impact driven monopiles are the preferred foundation type for offshore wind turbines in water
depths of up to 40 m. Most important aspects in geotechnical design are the dynamic stiffness
(eigenfrequency of the structure), limitation of inclination and possible cyclic degradation
effects. Apart from that, other aspects such as pile drivability, fatigue, and noise emissions will
influence planning and design as well. Especially for the latter subjects, vibratory pile

installation is a highly promising alternative.

To assess the lateral load-displacement behaviour of piles, a variety of methods does exist.
Different approaches may be used for different problems, ranging from elastic beam theory
with linear or non-linear bedding to 3D numerical methods with implicit cyclic soil models.
Current offshore guidelines recommend the use of the elastic beam theory with non-linear
bedding that is described by p-y curves to assess the monotonic load-bearing behaviour. As the
p-y curves in the offshore guidelines were developed for typical cases in the oil and gas industry,
they apply for slender piles. p-y curves considering cyclic loading are validated for a limited
number of cycles only. Research for offshore wind resulted (and still results) in modified or
completely new p-y formulations considering large pile diameters, base shearing, small strain
stiffness and CPT based soil parameters. The influence of cyclic loading can be described based

on the explicit HCA model which may also be implemented into bedded beam approaches.

Numerous researchers have investigated the influence of dynamic pile installation processes
(impact and vibratory pile driving) on the soil state with different methods. Influences of pile
installation methods and parameters on the axial load-displacement behaviour are mostly
described purely empirical. Effects of the pile installation process on the lateral load-
displacement behaviour are not explicitly included in the available calculation methods. As the
p-y curves used for this purpose can be traced back to experiences with impact driven piles, an
implicit consideration of effects from impact driving can be assumed. As these experiences were
made with mostly slender piles, however, their applicability to monopiles is questionable.
Especially the combination of increased soil stresses at the pile toe of impact driven piles
(Figure 2-6) and a toe kick of stiff monopiles (Figure 2-13) may lead to different lateral pile

behaviour.
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3.2 Research question
The state of knowledge described above leads to the following question:

Which are the geotechnical mechanisms during different 'modes’ of pile driving,
how do they effect the surrounding soil,

and what is their influence on the lateral bedding?

During vibratory pile driving, pseudo-fluidisation is likely to occur along the pile shaft. In case
of impact driving, soil compaction and increasing soil stresses due to the installation process
are expected. This may lead to very different geotechnical phenomena during pile installation.
In case of vibratory pile driving, especially the 'driving mode' (e.g. cavity/non-cavity or
impact/viscous modes) needs to be examined as this decides about the soil behaviour
underneath the pile toe. Therefore, pile forces and motions as well as the resulting soil response

need to be studied.

The lateral bedding generally depends on the state of the surrounding soil and thus on effects
from the pile installation process. During lateral loading, yielding of the soil at shallow depth is
expected. Resulting stress-redistributions which may influence the pile-soil behaviour of
subsequent load cycles and the cyclic displacement accumulation. In deeper soil layers, a toe
kick can be expected due to the high bending stiffness of monopiles. Here, differences between

impact and vibratory driven piles are very likely.

The current knowledge about installation effects on the soil's stress state, lateral bedding of
monopiles and stress-dependency of the mechanical behaviour of sand (both monotonic and

cyclic) lead to the following hypothesis:

Different pile installation methods induce different soil stresses in the surrounding soil.
Regarding lateral bedding under monotonic loading, the pile installation process can be
considered by means of stress-dependent p-y curves. In case of cyclic behaviour,
installation-induced soil stresses are meaningful for strain accumulations as they affect the

stress level and stress ratio.

3.3 Methodology

Scale model investigations were chosen to investigate the questions outlined above. In physical
experiments using real soil, different aspects of the soil behaviour (compression, extension,

shearing) and problems (static, dynamic, cyclic) can be modelled. Thus, the effects of pile
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installation and subsequent lateral loading on the system can be investigated in the same

experimental setup in the 'natural’ order.

As the effort for the preparation and execution of scale model tests is quite high, the number of
investigated variations is limited. As the scope of this research is the influence of the pile
installation process, only installation methods and parameters will be varied. Soil conditions,
pile properties and loading scenario will be chosen to represent offshore conditions and not

varied.

Pile, soil and load parameters will be chosen to represent conditions for OWT in the German
North Sea. Regarding vibratory installation, different variations shall be investigated to give

hints on preferable vibratory driving parameters.
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Chapter 4 Design of physical model

4.1 Generic OWT foundation

The model foundation investigated within this thesis was designed based on typical current
monopile foundations used for offshore wind farms (OWF) in the German North Sea with the

following main characteristics:
— pile diameter Dpile < 8 m
— penetration length ratio Lpen/Dpile % 4

— dense to very dense saturated sand with y' ~ 11 kN/m?

cyclic loading due to wind and waves

installation by means of impact and vibratory driving

While the structural properties (geometry, stiffness) and external loading (force, moment) of
both offshore and model piles can be assessed quite precisely, the mechanical properties of the
soil are hard to determine. Therefore, the pile itself is sized down to model scale based on

similarity laws while the soil properties are chosen based on geotechnical experience.

Pile properties

Based on the properties given above, a generic OWT was created. Table 4-1 shows structural
properties for the generic offshore monopile, a scaled monopile according to similarity laws
and the actual model pile. The evolution of the scaled monopile and the actual model will be

explained later.

The wall thickness (*) of the offshore pile was considered constant over the pile with minimum
wall thickness according to API RP 2A-WSD:

Dpile [mm]

100 S

tpile [mm] =6.35+

The lateral force and moment load at mudline level (**) were taken from current offshore

projects.
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Table 4-1: Generic OWT

parameter unit offshore scaled actual comments
monopile | monopile | model pile

pile properties

material -- -- S355 -- 1.4301

diameter Dpile [m] 7.8 0.61 0.61

penetration Lpen [m] 31 2.42 2.4

wall thickness tpile | [mm] 84 0.525 3.0 offshore pile:
mean value (*)
model pile: based
on bending
stiffness and
availability

bending stiffness | EI |[MN-m*]| 3.20-106 9.35 52.7 scaling laws
could not be met

elastic length Le [m] 55.3 4.33 6.68 Eq. (4-9) with
y'=11kN/m?

loading properties

lateral load H [kN] 10,000 4.8 15 at mudline level

£33
moment Mma | [KNm] | 400,000 | 112 30 )
lever arm hu [m] 40 2.34 2 = Mmai/H

Soil properties

The mechanical properties of sand depend on strength parameters such as friction angle ¢' and
stiffness parameters such as oedometric soil stiffness Eced. These values depend on physical
properties such as grain size distribution, state parameters such as relative density Dr or stress
state o and the stress history of the soil, e.g. glacial preloading. In offshore practice, the actual
mechanical properties cannot be determined in-situ, the extraction of undisturbed samples for
laboratory tests is difficult, either. Physical properties of the soil can be received from disturbed

samples. Indirect soil investigation methods such as CPT or geophysical methods are used to
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gather information about the subsoil. From these explorations, information about soil

properties or pile resistances are deducted based on empirical relationships.

To model the offshore soil conditions in the German North Sea, sand was emplaced and
compacted layer wise to achieve a dense packing. Due to the compaction procedure in the
limited volume of the test pits, a stress state with ko~ 1 was produced resembling glacial

preloaded (over consolidated) sand (cf. Section 5.6.2).

Loads on offshore monopile foundations

Looking at the different numbers of cycles and variation of loading directions used in prior
research (see section 2.3.7) a loading scenario representing offshore conditions (here: German
North Sea) is wanted. BSH (2012) defined a standard storm event for the design of OWT with a
duration of 35 hrs. Wind and waves are aligned, their magnitude is increasing to a maximum
value after 17.5 hrs and then decreasing again. Wind speed and significant wave height with a

50-year return period shall be used to calculate the maximum wind and wave loads.

With a wave period of Tsso = 10.5 s (RICHWIEN & LESNY 2004), a total number of about 12,000
waves or loading cycles occurs within 35 hours. Measurements from research platforms FINO1
and FINO 3 in the German Bight (BSH 2010) show that prevailing wind and wave directions are
varying between Southwest and Northwest with highest occurrences at these two orthogonal
directions. Figure 4-1 shows the cumulated significant wave heights of all waves higher than
one meter measured at FINO 1 (left) and FINO 3 (right) over a period of about 7 years (2010 to
2017) and classified in directions with a spread of 5°. For both locations, two main wind/wave

directions with a relative angle of about 90° can be identified.

FINO1-h s>1m FINO3 -h s>1m
N N
NW NE NW NE
w E w E
SW SE SW SE
S S

Figure 4-1: Wave directions measured at FINO 1 (left) and FINO 3 (right) (data from BSH 2010)
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For the model design, constant values of maximum lateral loads were assumed. For the
geometry of the offshore pile presented above, characteristic loads of Mmdi =400 MNm,
H =10 MN at mudline level were assessed based on data from different OWF. A wave period of
Tss0 = 10.5 s was used to calculate a number of N = 12,000 cycles within a standard storm event
of 35 hours. Two main wind/wave directions with a relative angle of about 90° (see above)

were taken.

4.2 Scaling procedure

Physical models suffer from scaling effects which can be kept small if the model dimensions are
close to the prototype. The available facilities at the author's institution allow for comparably
large pile models and thus little scaling effects. To transfer the generic OWT to a (smaller) scale
model while obtaining its main characteristics, similarity laws had to be applied. For scaling an
offshore monopile to model scale, dimensional analysis was carried out. Shortcomings in
scaling were met by using dimensionless parameters to scale lateral loading. The subsoil was
not scaled but appropriate model sand and compaction procedures were found to produce a

model soil with satisfactory properties.

Dimensional analysis

The relation between offshore pile (index p for 'prototype') and model quantities (index m) is
given by scaling factors A (e.g. length Lm=Lp/AL). All prototype parameters have to be
formulated in fundamental physical parameters (e.g. length L, force F, density p). Scaling factors
for a number of parameters (e.g. AL = 10 based on geometric constraints, Aa=2Ap =1 in an 1g
model) are defined and the remaining scaling factors can be derived by algebraic operations

(BUCKINGHAM 1914):

volume: V=1L3-A =27} (4-2)
mass: m=p-V-oi, =22 (4-3)
force: F=m-a->A=2An A, (4-4)
moment: M=F-L->Ay=2"A, (4-5)
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Dimensionless parameters

Physical parameters are made dimensionless by division/multiplication with other physical
parameters of the problem. Dimensionless parameters must be equal for offshore pile and
model pile. Different approaches may lead to the same dimensionless parameter, as shown in
the following equations for the dimensionless force H* to scale the horizontal force acting on

the pile at mudline level H [kN]:

H
(LABENSKI & MOORMANN 2018) H" = YDk (4-6)
pile P
1 H* f
LEBLANC et al. 2010 Ty E— 4-7
( ) Y D]Z)ile : Lpen #-7)
H
) (HETTLER 1981) H = —— (4-8)
(DUHRKOP & GRABE 2008) Y' " Len " Lg
Ly = | (4-9)
. Y- Lpen

All approaches are using the soil unit weight y' [kN/m?] and a number of length units (pile
diameter Dpile [m], pile penetration Lpen [m], elastic length Lk [m]) in the denominator.
Equation (4-6) uses the pile diameter with the power of three, thus the dimensionless force will
not be affected by pile penetration. On the other hand, Equation (4-8) is independent of the pile
diameter Dpile. Both assumptions are worth discussing. However, as long as the ratio Lpen/Dpile
is also considered as a dimensionless parameter and kept constant, either Dypile or Lpen may be
used. In Equation (4-6), the (dimensionless) earth pressure coefficient kp is also used to
consider the soil strength, Equation (4-8) considers the pile bending stiffness EI in the elastic

length L.

Time and frequencies

The following rule of thumb can be used to assess whether inertia effects need to be considered
(EA-Pfahle 2012):

2

m[t] - (m ED <0.1-Ep [%N] (4-10)

w=2-" T[/Tcycl (4'11)
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If the product of the mass of the system m and the square of the angular loading frequency w is

small compared to the (in this case lateral) pile stiffness Eliat, inertia effects do not influence the

system behaviour.

Deduction of model parameters

The design of the scaled model was carried out by the following steps:

iy

2)

3)

4)

Tests were carried out at earth gravity (1g tests). Thus, all acceleration quantities in the
model (including gravity) had to be equal to the corresponding acceleration quantities
under offshore conditions. This implied that densities (e.g. soil unit weight y') had equal
sizes in the model and in situ. Dimensionless parameters generally need not to be scaled,
either. This applies for relative quantities like earth pressure coefficients k = 63/01 or

friction coefficients /o = tan(¢') and thus the friction angle " itself.

The diameter of the model pile was chosen as large as possible to limit scaling errors.
With 4 m diameter of the test pit (Figure 5-2) and a minimum distance between pile axis
and boundary of 3-Dpile (EA-Pfahle 2012), Dpile = 0.61 m was chosen. Compared to the

offshore pile, this leads to a scaling factor for length units of AL = 12.8.

To deduct scaling laws for further quantities, dimensional analyses (Equations (4-2) to

(4-5)) and dimensionless parameters were used (see above).

The amplitude of the lateral load applied to the model is taken from current offshore
projects and made dimensionless by a measure for the soil resistance of the pile-soil
system and the pile's resistance to bending. The loading regime is developed based on a

design storm event according to BSH (2012).

The resulting model parameters can be found in Table 4-1. Perfect model characteristics cannot

be met for all parameters due to practical reasons. The actual model parameters are also given.

The scaling laws for the pile's bending stiffness cannot be met with a steel pile because the

required wall thickness (* 0.4 mm) might not withstand buckling. Alternative materials may be

damaged during pile driving. Steel was used as pile material to account for high loads during

pile driving.

-52-



Scaling procedure

Model soil

Regarding the model soil, it was intended to use sand with typical offshore conditions. To
represent offshore soil conditions, fine sand was installed and compacted in layers of 0.2 m and
saturated by flooding the test pit from bottom to top. By this procedure, a density in the range
of pa~ 1700 .. 1750 kg/m? was achieved. This is equivalent to a submerged soil unit weight of
Y ~10.4..10.7 kN/m?, a relative density of Dr~ 0.72..0.87 and an internal friction angle of
@’ = 37 .. 40°. More details about the soil characteristics based on laboratory tests can be found
in Section 5.4. Pre-tests with different layer thickness and compaction procedures are

documented in STEIN et al. (2020).

It has to be admitted that a very dense packing and resulting stiffness and strength parameters
could not be achieved with the layer-wise sand installation technique. Higher soil densities may
be realised by pluviation of dry sand. This method was used by several authors for laboratory
(WICHTMANN 2016) and small scale model tests (PERALTA 2010). Drying the amount of sand
needed for the large-scale model tests used in this research (approx. 50 m*), however, was not

feasible.

Regarding the soil conditions based on CPT data, several current CPT readings taken for the
Federal Maritime and Hydrographic Agency (BSH) in the German Bight were used as reference.
Figure 4-2 shows measured cone resistance qc taken from offshore readings (left) and in the
model tests (centre, cf. Section 5.6.2, Figure 5-12). The right part of the figure shows a

comparison of normalised cone resistance Qt [-] (ROBERTSON 1990; LUNNE et al. 2014)

gt — O;
Q=" (4-12)
Oy

F,=——-100% 4-13
FT = o (4-13)

with the (theoretical) total and effective vertical stresses ovand o'v.

All data is plotted towards a depth of one pile penetration which is 2.4 m for the scale model
and assumed to be about 32 m for current offshore monopiles. CPT data from offshore locations
in the German North Sea obviously show a certain scatter while the reproducibility of the model
soil was quite satisfactory. Comparing normalised cone resistance Q: towards a depth of z = Lpen

shows that the soil 'strength’ in the model tests seems to be even higher than offshore, even
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though the relative density is probably lower. An overview over the actual soil conditions in the

tests and its variations based on CPT and DPM readings can be found in Section 5.6.2.

German North Sea test pit normalised
0 : T 0.0 T T 0.0 ;
‘\
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Figure 4-2: CPT readings from the German North Sea5 (data from BSH 2019, left),

from test pit (centre), and comparison of normalised cone resistance (right)

Taking into the account the somewhat lower relative density and the somewhat higher
normalised cone resistance of the model soil compared to in-situ conditions, the chosen filling
strategy of the model sand and the characteristics of the model soil are regarded suitable for

the model tests.

Vibratory hammer

Looking at the vibro hammer, some vibratory driving parameters from offshore monopile
installations and prototype tests are published (FISCHER et al. 2013; AcHMUS et al. 2020).
Eccentric moment M., dynamic mass mdyn, displacement amplitude so and ranges of used

driving frequencies fa and centrifugal forces Fc are given in the following Table 4-2. For a

5 CPT data from areas N-3.5, N-3.6, N-3.7, and N-3.8 (see BSH 2019) was used.
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comparison to the parameters used in the model tests (cf. Sections 5.5 and 6.2.3), the centrifugal
force Fc is normalised by the dynamic mass mdyn and the gravity g. The bias force Fvias (= dead

weight - line pull) is normalised by the centrifugal force F..

Table 4-2: Vibratory driving parameters for monopile installation

parameter VIBRO owP model tests comments
test Riffgat
(AcHmus | (FISCHER | Sections 5.2, 5.5,
reference etal. etal. 6.2.3
2020) 2013)
S 5.7
pile diameter | Dpile | [m] 4.3 6.5 0.61
pile 16
penetration Lpen | [m] 21 22 24
APE APE J&M
ibratory h PVE 600b
vibratory hammer 500M ’ Model | Model
Qua 23 23A
eccentric M. |[kgm]| 500 920 | 233 | 136
moment
driving 12 16 12 15
frequency fa | [Hz] 23 19 27 34
centrifugal 2,800 10,000 13 12 N2
force Fe | NI 10,000 | 13,000 67 62 | Fe=MelZmfd)
total dynamic 564,000
mass mdyn | [kg] | 138,000 804.000 689
displacement | |y 01 36 16 3.4 2.0 | s0=Me/m
amplitude 0 . . . . 0 = Ve, dyn
LN 0.14 0.52 014 | 0.16
. . F. 0.50 0.92 0.73 0.80
dimensionless
measures Fe 0 2.10 1.28 196 | 179
Myyn'g 7.70 2.41 9.93 9.19
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The displacement amplitude and the dimensionless parameters for the centrifugal force are in
the same ranges for the published prototype tests and the model tests. The displacement
amplitude so is a dimensioned value and was not scaled. The relevance of the displacement
amplitude for phenomena during vibratory installation may be assessed based on the pile-soil
interaction. The pile-soil interaction can be described by the rheological model described in
Figure 2-3 where the pile displacement determines the mobilisation of static soil resistance. As
the model soil is similar to (unscaled) offshore conditions (see above), it seems reasonable to

use a vibratory hammer with similar displacement amplitude.

Magnitude of lateral loading

For the load amplitude several scaling approaches are mentioned in the literature to normalize
lateral loads (see above). With respect to the scaling errors discussed above (pile and soil
stiffness) it seems to be appropriate to take these parameters into account. For the soil stiffness,
however, it is difficult to determine precise data for the relevant stress level, especially for
offshore conditions. Thus, it was decided to rely on pile stiffness (E-I) and soil strength (¢', kp)
data, which are regarded more reliable. For the underlying offshore and model

conditions/properties, see sections 4.1, 5.2 and 5.4.

A new scaling law for the lateral load was established, including pile diameter and penetration
length (even though their relation is equal for offshore pile and model pile) as well as soil unit

weight and passive earth pressure coefficient:

H
H=— 4-14
Dpile ' L%Jen Y kp ( )

with
K, = tan (45 + ;) (4-15)

For soil unit weight and soil friction angle, ym'=10.4kN/m*® and y,'=11kN/m?® and
m = @p = 40° were assumed. Using this scaling approach, a lateral force of Hm = 4.4 kN in the

model would be similar to a lateral force Hp = 10 MN on an offshore pile.

Scaling the pile loading solely based on the similarity of the lateral force may not represent a
similar pile bending behaviour if pile bending stiffness and/or moment loading cannot be
accurately scaled. In this case, the pile bending stiffness of the model pile was much higher than

it should have been according to scaling laws (see Table 4-1).
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Regarding the pile deflection due to bending moment, one can define the elastic strain in the
pile wall due to moment loading as dimensionless measure for the moment loading M* [-]. The
moment at mudline level Mmai [KNm] can be influenced either by the magnitude of the lateral
force or the point of force application (= length of the cantilever); the strain further depends on

the pile diameter Dpie [m] and the bending stiffness EI [kNm?]:

M - Dpile H-hy- Dpile
* = = 4-16
M EI EI ( )

Due to the design of the testing facilities (cf. Section 5.1), only a limited lever arm of the applied
lateral force of hum < 2 m was possible in the model. Using this scaling approach for the lateral
load a moment load at mudline level of Mmdi,m = 84 kKNm (corresponding to a lateral load of
Hm =42 kN with a cantilever of hum =2 m) would be similar to offshore conditions with

Mmdl,p =400 MNm.

The quality of a certain scaling law can be quantified by dividing the dimensionless load
quantities (H*, M*) of the model by the corresponding dimensionless load of the offshore pile.
In case of a perfect model, the outcome would be equal to one. To find a good compromise
between the two scaling approaches for lateral force and mudline moment described above, the
two quality measures for H* and M* were multiplied. Figure 4-3 shows the quality measures
for H* (dashed line) and M* (dotted lines) as well as the combined measure (solid line) for

different lateral loads in the model. A good compromise can be found for Hm = 13.7 kN.

15 .

20 30 40 50
H,, [kN]

Figure 4-3: 'Quality’ of load scaling
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From the above considerations, a combined scaling law for the lateral load (H), including lateral

soil resistance (y', Kp, Lpen), pile bending stiffness (EI) and lever arm (hnu), can be deducted:

H

, El
\/(Y “kp * Len * Dpite) - (m)

H

H* =

(4-17)

YKo Lien B/
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Chapter 5 Description of model tests

5.1 Model requirements and testing facilities

All measures in a physical model have to be captured by means of measurements that involve
the use of appropriate sensors. Measurements should have as little influence on the physical
properties they are aimed at as possible. This poses a challenge on the real-time assessment of
soil properties and soil state parameters during pile installation and during lateral loading.
Description of the installation process will focus on dynamic pile forces and pile motion during
pile driving. Regarding lateral pile behaviour, the design drivers described above, namely
(quasi-)static load-displacement behaviour, lateral eigenfrequency and cyclic degradation shall
be investigated. Therefore, the lateral load and pile deflection need to be continuously
monitored. The dynamic response of the systems is required to assess its eigenfrequency. To
get an insight into the soil behaviour itself, information about soil stress developments during

both pile installation and lateral loading is crucial.

The geotechnical test pits at IGG-TUBS with their infrastructure served as testing facility for the
scale model tests. Regarding the model parameters, the dimensions of the two identical
cylindrical buckets are decisive for the model dimensions (cf. Section 4.2). Figure 5-1 shows an

aerial view of the testing facility during the installation of a model pile.

Figure 5-1: Geotechnical test pits and infrastructure at IGG-TUBS

during installation of model pile (test Z03, pile installation)
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Figure 5-2 shows cross section and top view of the test pit with model pile at final penetration
and the cylindrical coordinates z, r and 0 used to describe geometries (e.g. sensor locations,

loading direction) in the test setup.

all measures in [m]

T 5
o
< =
— v O
52
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¥
7 -
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| —>
0.61
model sand
I I
4.0

Figure 5-2: Scale model in test pit

A stainless-steel tube was used as model pile. Section 5.2 describes the model pile and section

5.3 addresses the loading scenario.

A fine silica sand which was emplaced and compacted layer wise was used as model soil. Pre-
tests were carried out to identify an appropriate combination of layer thickness and number of
compaction passages (STEIN et al. 2020). Section 5.4 gives the physical and mechanical

properties of the sand while Section 5.6.2 describes the procedure to install the model soil.

Pile installation was performed by impact driving, vibro driving and static pushing/jacking. The
utilised equipment is presented in Section 5.5, the installation procedures are described in

Section 5.6.3.
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5.2 Model pile

A stainless-steel tube (1.4301, DN600) with a flange to connect pile helmet, vibro hammer and
transition piece was used as model pile. For the transition piece, the same kind of tube was
used. The properties of the model pile and transition piece are given in Table 5-1. At the pile
top and both ends of the transition piece, welded flanges (type 11, PN10, DIN EN 1092-1) were
attached. At the top of the transition piece, two smooth flanges (type 01, PN10, DIN EN 1092-

1) were attached as additional mass.

Table 5-1: Model pile and transition piece

parameter unit value comments
penetration length Lpen [m] 2.4 target penetration
pile length Lpile [m] 3.0
length transition piece Lrp [m] 1.4
diameter Dpile [m] 0.61
wall thickness tpile [mm)] 3
cross section Apile [m?] 0.0057
moment of inertia Ipile [m*] 264-10¢
pile and transition piece
modulus of elasticity E1.4301 [MN/m?] 200,000
density p1.4301 [kg/m?] 7850
bending stiffness El [MNm?] 52.7
normal stiffness EA [MN] 1150
axial wave velocity Cpile [m/s] 5048 \/E—/p

Equation (2-24) was used to evaluate the flexural stiffness of the pile. High soil stiffness tends
towards a more flexible behaviour of the pile. The evaluation of Equation (2-24) highly depends
on the estimated soil stiffness, which depends on the stress state (depth) and load level. A stress
(or depth)-dependent soil stiffness according to OHDE (1939) with reference stiffness
Eoedrer= 300 kPa, stiffness exponent A = 0.6 for fine sand (cf. ENGEL & S00s 2017) and soil unit

weight of y' = 11 kN/m? was assumed. This results in a stiffness ratio of 1/EI* ~ 5.3 when using
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the averaged oedometric soil stiffness (from mudline level to pile toe level) and 1/EI* = 8.5
when using the (max) soil stiffness at pile toe level. Both values are close to the limit for a rigid
pile with uniform soil profile according to PouLos & HULL (1989). Table 5-2 shows a comparison
of relative pile rigidity 1/EI* for different cases, including the 'generic’ offshore monopile
described in section 4.1 with an average oedometric stiffness Eoed = 50 MPa and limiting values

for rigid and flexible piles.

Table 5-2: Pile rigidity

case Eoed 1/EI*
[MPa] [-1

8.4 5.3 average soil stiffness
model pile

13.5 8.5 max soil stiffness (z = Lpen)
offshore monopile 50 14.5 see Table 4-1
rigid pile B <48 uniform soil profile
flexible pile _ 390 (PouLos & HuLL 1989)

5.3 Lateral loading

To represent wind and wave conditions during several storm events in the Germany North Sea,
five loading phases with varying loading directions were defined (see Table 5-3). The number
of cycles per phase was taken from the BSH standard storm event. The two orthogonal loading
directions 6u were chosen based on the FINO measurements (see section 4.1). For the loading
quantity, a lateral load of H = 15 kN with a lever arm of hu = 2 m was chosen for phases 1, 2, 3
and 5, based on the scaling laws described in Section 4.2. For phase 4, an even higher maximum

lateral load of H = 20 kN was chosen to represent an extreme storm event (e.g. 50 year storm).

Table 5-3: Generic loading scenario for model pile

phase H % N comments
[kN] [] [-]
1 1.15 0 12,000
2 1.15 90 12,000
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3 1..15 0 12,000 pre-loading for phase 4
4 5.20 0 12,000
5 1.15 90 12,000

4/5 ext 12,000+ extension of phase 4 or 5

In some tests, the phases 4 and/or 5 were extended to up to 140.000 cycles to investigate high

cycle behaviour. The full test program is given in 0.
5.4 Model sand

5.4.1 Overview

To install a model soil with soil properties similar to offshore conditions, sand was used which
was commercially available from Schlingmeier Quarzsand GmbH & Co.KG (Schwiilper/
Braunschweig, Germany) labelled 'G 0.1-1.2T" and shall be referred to as 'Braunschweig sand'.
Physical and mechanical properties have been investigated in the laboratories of IGG-TUBS and

the Federal Waterways Engineering and Research Institute (BAW).

5.4.2 Physical properties

The material consists of silica sand and can be classified as poorly graded sand (SP) according
to DIN 18196/ASTM D-2487 and coarse sandy, slightly fine sandy medium sand (mSa, csa, fsa')
according to DIN EN ISO 14688-1. The grains show compact, round shape. Figure 5-3 shows the
grain size distribution, Figure 5-4 shows photos of the grains in macroscopic and microscopic

view,

Table 5-4 shows the grain parameters of the model sand. Grain size distributions were taken
from the data sheet of the supplier (Schlingmeier), sievings at the IGG-TUBS lab and optical

analysis using a CamSizer at the geotechnical lab of BAW.
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Figure 5-3: Grain size distribution

Figure 5-4: Macroscopic (left) and microscopic (middle, right) view of model sand

Table 5-4: Grain parameters of model sand

parameter dimension value comments
mean grain size dso [mm] 0.39
coefficient of uniformity Cu [-] 2.4
grain density Ps [kg/m3] 2650
roundness ] 0.61 mean values of all
sphericity ] 0.69 grain fractions
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With the CamSizer in the BAW lab, also grain shape properties roundness and sphericity were
determined. For the definitions of these parameters refer to Vos (2014). CamSizer evaluations

give good agreement with DIN EN ISO 13503-2. The found grain shapes are illustrated in

Figure 5-5.
sphericity
SEK AKX 3K 2K Y
v |- < >
5 | @ @ @ & o
03 | @ | & e | » -

0.1 0.3 0.5 0.7 0.9 roundness

Figure 5-5: Grain shape according to DIN EN ISO 13503-2

Soil parameters like stiffness and soil strength play an important role for pile installation
process and lateral load displacement behaviour. These quantities depend on the soil density
and stress state. While an equal stress state could not be realised in the 1g model, a dense
packing was targeted. Minimum and maximum soil density were determined according to DIN
18126. Table 5-5 shows the different density parameters for minimum and maximum soil
density, the parameter ranges for dense and very dense sand and the mean values of the density
parameters of the model soil as used in the model tests. A dense packing can be assumed for

the model soil.

Table 5-5: Absolute and relative density of model sand

packing Pd Dr e
[kg/m?] [-] [-]
min 1.492 0 0.476
max 1.796 1 0.776

dense 1.644..1.735 | 0.65..0.85 0.581..0.521
very dense | 1.735..1.796 | 0.85..1.00 0.521..0.476
model soil 1.707 0.74 0.552
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5.4.3 Shear parameters

Direct shear tests according to DIN EN ISO 17892-10 and triaxial shear tests according to DIN
EN ISO 17892-9 were carried out on dry sand to determine the internal angle of soil friction ¢'.
To account for the low stress state in 1g model tests, the vertical stress was set to ¢'v = 25, 50
and 100 kPa. Samples with different void ratio e were tested to evaluate the influence of the
compactness of the soil. The following figure shows the relation between relative density Dr

and soil friction angle ¢' (cf. SCHULTZE 1968):

44
42 e
_--"0
_. 40
=
38 O direct shear tests
o_.*" ----regression
36 Pl o @ triaxial test
[ regression
34
0.7 0.8 0.9 1.0 1.1

D[]
Figure 5-6: Soil friction angle versus relative density

Triaxial tests showed about 3° higher soil friction angles as the direct shear tests. This is in good
agreement with ROWE (1969) who found that the peak soil friction angle ¢' from (direct) shear
box tests underestimates the peak angle in plane strain or triaxial compression by about
A@' = 4°. The relation between relative density and peak friction angle in direct shear tests can

be formulated by
tang’ = 0.56-D,. + 0.31 (5-1)

For the target density of Dr = 0.74 a soil friction angle of ¢'~ 36° (direct shear) or ¢' = 39°

(triaxial) can be assumed.

The critical friction angle ¢c was assumed to be equal to the angle of repose. By means of the

fixed-funnel method, an angle of repose of 32.2° was determined.
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5.4.4 Dynamic stiffness

Seismic tests (see EA Baugrunddynamik 2019) were carried out to determine dynamic soil
stiffness parameters. Therefore, compression waves and shear waves were sent through a
dense dry sand probe (pa = 1717kg/m?; Dr = 0.77) in a triaxial cell. Compression wave velocity
cp and shear wave velocity cs [m/s] were determined from wave travel time. Poisson's ratio
v [-], dynamic shear modulus Gdyn and dynamic oedometric modulus Eoed,dyn can be derived from

the measurements using the following relations (EA Baugrunddynamik 2019):

v=(c2-2c2)/2(c3 - c2) (5-2)

Cs = ,Gdyn/p - Gdyn = Cs2 P (5'3)
Cp = Eoed,dyn/p - Eoed,clyn = Cﬁ P (5-4)

For increasing cell pressure p = 01 = 03 (isotropic stress state), several measurements were
taken to investigate the pressure dependency of the dynamic soil stiffness. The resulting soil
consolidation affected the soil density negligibly (from Dr = 0.770 at p = 10 kPa to Dr = 0.774 at
p =100 kPa). Figure 5-7 shows discrete values for derived dynamic soil stiffness Eoed,dyn (red)
and dynamic shear modulus Gdyn (blue), as well as power law approximations of the soil
stiffness (coloured lines) in the form

p\*

E = Eref " Pref (p_)

ref

(5-5)

pref = 100 kPa

E 300 x E_oed,dyn (lab test)
s ----approx. (A=0.35)

] 200 approx. (A = 0.40)
& X G_dyn (lab test)

% 100 ----approx. (A=0.45)
mg approx. (A = 0.40)

0
0 25 50 75 100
p [kPa]

Figure 5-7: Dynamic soil stiffness of model sand
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The dashed lines indicate best-fit approximations, resulting in different exponents At and Ac
while the solid lines indicate fits with Az = Ac = 0.4. For the model sand, the parameters to
approximate the dynamic soil stiffness Eoeddyn and dynamic shear modulus Gdyn are given in

Table 5-6.

Table 5-6: Dynamic soil parameters

parameter | unit best fit uniform A
Eoed,dyn,ref [kPa] 3,050 3,300
AE [-] 0.35 0.40
Gdyn,ref [kPa] 870 800
AG [-] 0.45 0.40
5.5 Pile installation equipment

The test pile was installed either by impact or vibratory driving. In each case, a cap (type 05,
PN10, DIN EN 1092-1) was connected to the flange at the top of the pile on which either the

impact hammer was placed or to which the vibro hammer was mounted.

Impact pile driving

For impact pile driving, a Diesel hammer type Delmag D2 (Figure 5-8, left) with a maximum
rated energy of Wrated = 2.8 k] per blow was used. The hammer was guided by a leader mounted

to a wheel loader. The fuel valve was controlled manually to achieve maximum hammer energy.

Vibratory pile driving

For vibratory pile driving, a hydraulic hammer type APE J&M Model 23 was used (Figure 5-8,
middle). Free riding and crane guided vibratory installations were carried out. The driving
frequency fa could be regulated by the hydraulic flow. For crane-guided installation, a load cell
and a damper were attached between the suppressor of the vibratory hammer and the crane
hook (Figure 5-8, right). The penetration speed vpen could be controlled by the crane in two

stages (~20 mm/s and ~70 mm/s).
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Figure 5-8: D2 Diesel hammer (left)
and Model 23 vibro hammer during pile installation (middle)

and detail of crane suspension (right)

For variations of the installation process, the eccentrics of the hammer were modified to
produce a lower eccentric moment Me. Figure 5-9 gives the relationship between driving
frequency fa and centrifugal force Fc for the unmodified (Model 23, blue) and modified
(Model 234, red) vibro hammers. The dashed lines indicate that driving frequencies of 26 Hz
and 34Hz, respectively, lead to a centrifugal force of 62 kN (cf. Section 5.6.3).

100 Model 23 (M, = 2.33 kgm)
80 Model 23A (M, = 1.36 kg'm)
= 60
=7
> 40
20
0
20 25 30 35 40
fq [Hz]

Figure 5-9: Centrifugal force over driving frequency for the Model 23 vibratory hammer

with different eccentric moments

- 69 -



Description of model tests

For pile extraction, a smaller vibro hammer, type APE Model 3, was used. The following table

gives the main parameters of the vibratory hammers.

Table 5-7: Vibratory hammer parameters

parameter | unit APE J&M APE J&M APE comments
Model 23 | Model 23A | Model 3
Me [kg:m] 2.33 1.36 0.35
Mdyn [ke] 685 685 324 including all moving parts*
S0 [mm)] 3.9 1.9 1.1 see Equation (2-13)
fa,max [Hz] 27 34 38
Femax [kN] 62.1 67.1 19.7 see Equations (2-11)
and (2-12)

* the dynamic mass mdyn comprises all moving parts of the hammer-pile system:
gearbox, connection plate, pile flange, pile

Regarding the rigid body assumption during vibratory pile driving, Equation (2-15) is applied
to the pile and vibro parameters (Table 5-1 and Table 5-7). Due to the short pile length Lpiie and
the high longitudinal wave velocity cpile, the pile can be considered a rigid body during vibratory
driving (not for impact driving!). The following equations show the comparison of wave travel
time Twave with the shortest possible vibratory cycle period based on the maximum vibration
frequency famax. Twave < 1/famax, thus the rigid body assumption is valid for vibratory pile

installation within the model tests.

2Ly, 1
Tyave = —b & ——
wave Cpile fd,max
(5-6)
2 3M 05« 26-10% s = —
5048 m/s s S~ 38Hz

cpite = VE/p =+/200-10°/7850 = 5048 m/s (5-7)
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5.6 Test program

5.6.1 Teststages

To investigate the influence of the installation method on the behaviour of cyclic laterally
loaded piles, impact driven, vibratory driven and jacked piles were investigated. Apart from the
installation method, test parameters were not changed. Each test can be subdivided into the

following stages, which are briefly described in the following sections:
— test preparation (PREP)
— pile installation (INST)

— cyclic lateral load test (CLLT)

5.6.2 Test preparation

Before each test, the test pit was prepared by layer-wise filling and compaction of the model
sand. Since two test pits were available, the sand could be taken from the pit were the prior test
had been executed. Both pits were drained, the model sand had a natural water content of
approximately 3 %. The soil was replaced to a depth of 3 m (= Lpen + Dpile). The model sand was
installed in 15 layers of 0.2 m (target layer thickness after compaction) using a crane mounted
clamshell and shovels to spread the sand. Afterwards, the soil was densified using a vibratory
plate with a centrifugal force of 50 kN, acting on an area of 0.64 m? (type Wacker DPU 5045H).
The mass of the (wet) sand of each layer was recorded as well as the actual layer height before
and after compaction (levelled at nine points on the sand surface). On different soil levels,
sensors (total earth pressure, pore water pressure, temperature, acceleration) were installed.
Earth pressure spades to measure horizontal earth pressure were pushed into the soil from the
current layer with orientation of the sensor plane towards the centre of the test pit. All other
sensors were placed on top of the current layer. Figure 5-10 shows earth pressure transducers
on top of a compacted sand layer. Following sand placement till target level, the pit was flooded

using the drainage at the bottom of the pit.
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Figure 5-10: Earth pressure sensors in the test pit (left) and detail of earth pressure spade (1)
pore water pressure transducer (2) and earth pressure pad 3 (right, by courtesy of Glotzl)

To verify the reproducibility and evenness of the sand installation, dynamic probing (DPM)
according to DIN EN ISO 22476-2 and cone penetration testing (CPT) according to DIN EN ISO
22476-1 were carried out after sand installation (= prior to pile installation). DPM soundings
were done at each test and CPT were conducted at most tests from test Z08 onwards. From
DPM the blow count N1oppm and from CPT the cone resistance qc were used as a measure for
the sand installation quality. A correction of the measured cone resistance qc was ignored due

to the small hydrostatic pressure compared to the cone resistance.

DPM and CPT readings

Soundings were taken at different positions within the test pit defined by the radial distance
from the centre of the pit r and the angle versus north 0. Figure 5-11 shows DPM results from
test Z07 (left) and CPT results from tests Z11 (right). Dark lines indicate probing locations close

to the centre of the pit while light lines indicate locations closer to the walls.
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Figure 5-11: DPM readings from test Z07 (left) and CPT readings from test Z11 (right)

at different locations within the test pit

Lower DPM blow counts at locations close to the walls of the test pit can be noticed. This may
be due to pit wall friction, taking some of soil's dead weight thus reducing soil stresses and
therefore soil resistance. For the cone resistance of the CPT such behaviour could not be
recognised. Due to the geometry of the CPT device, however, no CPT measurements could be
executed closer than 1.65 m to the pit wall. As measure for the soil resistance of each test, mean
gradients of the DPM and CPT readings over depth were taken. for DPM only locations with a

certain distance to the pit walls (r < 1.5 m) were considered.

Correlations between results of cone penetration tests, dynamic probing and geotechnical
parameters are available (e.g. MAHLER & SZENDEFY 2009; ROBERTSON 2010; ALAM et al. 2014; DIN
4094-1). However, these experiences have to be treated with great caution, especially in the
environment of scale model investigations in a test pit with low stress state and compacted
sand. Thus, the results of the CPT and DPM soundings shall be considered for quality control
and proof of reproduceable test preparation only. Therefore, DPM soundings taken within a
radius of 1.5 m from the centre of the test pit and all CPTs of each test are given in Figure 5-12.
In Table C-1, the mean trends 8N1o,0pm/6z and 8qc/8z are given for each test to compare the

quality of the sand preparation by a single number.
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Figure 5-12: CPT (left) and DPM (right) readings for all tests after preparation

Both DPM and CPT readings show a good reproducibility of the filling of the test pits in the

different tests. It may also be noticed that qc values of about 25 MPa in a depth of about 2 m are

quite high. A reason for this may be given by the overconsolidation due to dynamic compaction,

as stated below.

Soil mass and volume

The soil density after soil installation can be estimated by the total mass of the installed soil and
the volume of the test pit (Drpit). However, this method may lead to considerable errors, mainly
due to the soil's water content which was not determined with the required precision during
sand placement. After some of the tests, cylindrical soil samples were taken to determine the
actual soil density according to DIN 18125-2 (Drsample). To avoid influences of the pile
installation and pile loading as well as the boundary of the pit, the samples were taken at a
radius of 1 m from the centre of the pit. Relative densities from samples and gradients of DPM
and CPT readings are given in 0, Table C-1. As average value, a relative density of Dr = 0.74 is

assumed for the model sand in the test pit.
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Primary stress state

The primary stress state in the sand filled pit has already been investigated by FISCHER (2021),
who used the same facilities and filling procedures for his tests. Silo theory (DIN 4085) was not
applicable since the diameter of the pit is similar to the depth of the pit and a reduction of the
earth pressure was not observed. On the contrary, an increase of horizontal earth pressure due
to the compaction procedure (DIN 4085) was noticed. Figure 5-13 shows the profiles of
measured effective horizontal soil stresses ¢'n after sand placement over depth z for all tests
(coloured lines) and the theoretical overburden pressure y'-z (black dashed line). Obviously, a

stress state with ko 2 1 is present, probably caused by the soil compaction.

primary stress state
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Figure 5-13: Horizontal soil stresses after sand placement

As justified by FORrAY et al. (1998), higher horizontal earth pressure coefficients may represent
the behaviour of overconsolidated soils as to be found in the German North Sea. Foray et al.
(1998) also observed higher CPT readings in overconsolidated sand compared to normally
consolidated sand, which fits well with the somewhat surprisingly high CPT values shown

above.
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5.6.3 Pileinstallation

Three different installation methods were used. Regarding the vibratory installation technique,
installation parameters were varied as well:
— impact driving
— vibratory driving
o crane-guided/free-riding
o different eccentric moments
Before installation, the pile was placed in the centre of the test pit and held in place using rollers
on a pile guiding frame which rested on the walls of the test pit. The pile was installed to
penetration depth of about 1 m. The installation process was interrupted and the rollers were
loosened and pulled back to allow the flange to pass. Afterwards, the installation was continued

to target penetration depth. Figure 5-14 shows the pile after upending (left) and during impact
(middle) and vibratory pile driving (right).

Figure 5-14: Pile before installation (left), during impact driving (middle)

and during vibratory driving (right)
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Impact pile driving

For impact pile driving, the Delmag D2 Diesel hammer, carried by a wheel loader, was used. The
hammer was operated close to maximum energy. Pile driving measurements (EA-Pfahle 2012)
using two pairs of strain and acceleration sensors (mounted in opposite directions of the pile,
47 cm below the pile top) and the Allnamics PDR data acquisition unit were carried out. Pile
penetration was recorded visually using a video camera and a measure drawn over the pile
length and later synchronised with the pile driving records acquired with the PDR. Soil stresses
were measured using the earth pressure and pore water pressure transducers and the National
Instruments SCXI data acquisition unit. PDR records and soil stresses were later synchronised

manually.

Vibratory pile driving

For vibratory pile driving, the APE J&M Model 23 vibratory hammer (with varying eccentrics)
was rigidly attached to the model pile. Pile driving measurements at the pile head and
measurements of the soil stresses were done as described above. Additionally, the following

measurements were taken and acquired using the Dewesoft DW43 data acquisition unit:

acceleration at the pile head (measured on the mounting plate)

— strains in two measuring sections

(45 cm below the pile head and 10 cm above the pile toe)
— actual pile penetration (using the cable transducer between mounting plate and crane)
— soil accelerations
— line pull (crane-guided installation only)
The measurement setup is drawn in Figure 5-15.

Driving frequency (from the acceleration measurement), pile toe penetration and line pull (for
crane-guided installation) from the DW43 system were displayed in real time and used to

control the installation process.

For a crane-guided pile installation the vibratory hammer (rigidly attached to the model pile)
was fastened at the crane hook via a rubber damper to reduce vibrations on the crane and a
load cell. The hammer frequency fda was adjusted with a throttle regulating the hydraulic flow.

The pile was lowered into the soil with a constant penetration speed vpen and at constant driving
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frequency fa. The driving frequency was adjusted to achieve a similar centrifugal force with the

different vibro hammers (cf. Figure 5-9 and Equation (2-11)).

For free-riding pile installation, the vibratory hammer was not fastened to the crane. The
driving frequency was increased subsequently using the throttle to provide a more or less
constant, continuous penetration. Depending on the manual control of the driving frequency,
'aggressive' and 'moderate’ installations can be distinguished: In case of 'aggressive' frequency
control, the throttle to regulate the hydraulic flow was opened faster to aim at a constant and
swift pile penetration. In case of 'moderate’ frequency control, the throttle was opened more
slowly, resulting in situations where the pile was close to a 'refusal' (= no/little further

penetration).
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Figure 5-15: Measures taken during pile installation
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5.6.4 Cycliclateral load test (CLLT)

After pile installation the transition piece was mounted on top of the pile. The system's bending
mode eigenfrequency after pile installation was determined by means of a lateral frequency
response test (LFRT) (see below). The actual pile penetration was measured with the upper
edge of the test pit as reference. The guiding frame was aligned with the loading direction to
serve as support for the displacement transducers. Displacement transducers and inclinometer
were installed. The system was left unloaded for about 72 hours to allow for pile setup and

relaxation of possible pore water build-ups.

Figure 5-16 shows the pile with loading device and all measuring equipment for cyclic lateral
load testing (left) and the pile with detached loading device and measuring equipment for

lateral frequency response testing (right).

Figure 5-16: Pile with measurement equipment and loading device prepared for CLLT (left)

and pile detached from loading device for LFRT (right)

Figure 5-17 shows the measured quantities and corresponding sensors used during cyclic

lateral loading (CLLT) and for eigenfrequency measurements (LFRT).
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Figure 5-17: Measurement setup for cyclic lateral load testing (left)

and lateral frequency response test (right)

Cyclic lateral loading was carried out in several phases. Directly before each phase of the cyclic
lateral load test, the loading device was attached. Directly before each loading phase, a pre-

tension of 50% of the minimum lateral load (H = 2.5 kN for phase 4 and 1 kN otherwise) was
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applied. The pre-tension was necessary to assure a permanent pulling load applied to the
pneumatic muscle used in the loading device. Figure 5-18 shows the force signal (top left) and
displacement signal (bottom left) of the start of phase 4 of test Z14. A phase offset of u 4.5 mm
can be seen in displacement signals which originates from transducer offset and displacement
of previous loading phases. This offset is later subtracted from the measurement signal. At
about t ~ 3 .. 4.5 min, the pre-tension of about H ~ 2.5 kN is applied, resulting in an increase in
pile head displacement of about Au = 0.2 mm. Afterwards, cyclic loading with normally 12,000
cycles and consequently cyclic pile head movements start. The pile response to cyclic loading,
which was described exemplary for the pile head displacement u, also applies for pile deflection
in general and soil stresses. In all cases, phase offsets were determined to evaluate system

performance during specific loading phases.

Z15 - CLLT - Phase 4 N=1.5
2
15
E L0 cyclic loading —
T

5 pre-tension \

0 100 200 300

H [kN]

0 100 200 300 0 1 2 3
t[s] u [mm]

Figure 5-18: Exemplary force (top left) and displacement (bottom left) signals

and load-displacement curves (right) for start of cyclic lateral loading

After each phase, the system was completely unloaded and the loading device was detached to

execute a frequency response test and to change the loading direction.
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In each test, the loading scenario described in Table 5-3 was executed at least until phase 4
(H =5..20 kN). Within some tests, phases 4 or 5 were extended to up to 140,000 cycles to
investigate high cycle behaviour. After phase 4 or 5, phases with different loading scenarios
(e.g. different load ranges Hma, different angles 6u) were executed. Cycle period was adjusted
to Ty = 5 s for phases with a maximum load of 15 kN and Teya = 7 s for phases with a higher

maximum load. A detailed list of all tests can be found in 0.

Load-deflection measurements

While cyclic loading, the following measurements were taken with a frequency of 100 Hz

(resulting in 500 to 700 samples per cycle):

lateral force H [kN] at the top of the TP
— pile displacement u [mm] at different directions and levels
— pile inclination { [°] at the top of the TP

— total soil stresses ov, orad [kPa] in vertical and radial directions as well as pore water

pressure pewp [kPa] at different positions

The positions of the sensors are sketched in Figure 5-17 (left).

Eigenfrequency measurements

To investigate the change of the pile's lateral dynamic behaviour, the bending mode
eigenfrequency was determined by means of lateral frequency response tests at various stages
before, during and after cyclic lateral loading. Therefore, an impact excitation and the pile's
response had to be measured. High sensitivity accelerometers were mounted to the top of the
transition piece. An instrumented impact hammer was used for the excitation. Details on

eigenfrequency determination are given in (STEIN 2020).

Between the load phases, lateral frequency response tests were executed to measure the
system's eigenfrequency. Therefore, high sensitivity accelerometers were mounted to the top
of the transition piece. The system was dynamically excited at the top of the transition piece
using an equipped impact hammer. The sensor and excitation positions are drawn in Figure

5-17 (right).
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Mudline elevation measurements

Before the first phase and after each phase of cyclic loading, the actual pile penetration and the
mudline elevation around and in the pile were measured. The pile penetration was measured
the same way as after pile installation. The mudline elevation around the pile was measured
using scaling labels fixed to the pile wall at mudline level in eight directions with a reading
accuracy of 5 mm (see Figure 5-19). The mudline elevation inside the pile was measured at

three points inside the pile using a levelling arm from the upper edge of the transition piece.

cone of
subsidence

mudline level
at target p

Figure 5-19: Soil subsidence around pile

5.7 Data processing

5.7.1 General objectives

To analyse the pile behaviour due to cyclic lateral loading, the following information had to be

extracted from the measurements:

load deflection behaviour

deflection accumulation law

— soil stiffness development

— soil stress development
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Therefore, load and deflection quantities at different pile sections had to be calculated and load
cycles had to be identified from the continuous measurements. The determination of the pile's

eigenfrequency is an independent topic.

To investigate possible installation effects on the pile and soil behaviour, the pile installation
process had to be described. For vibratory installation, the following parameters were

analysed:
— driving frequency

— pile motions (acceleration, velocity, displacement, penetration speed)

pile forces and external forces

soil stresses

For impact driving, the following parameters were analysed:
— impact energy
— blow count

— soil stresses

5.7.2 pile driving monitoring (impact driving)

From the strain and acceleration measurements logged by the PDR and the penetration records
from the accompanying videos, blow counts per 100 cm penetration Nioo [-], total driving
resistance per blow Rvlow [KN] and driving energy per blow Whiow [KNm] over penetration depth

Lpen [m] were evaluated.

The blow count Nioo is defined as the number of hammer blows for an increase of pile
penetration of 100 cm. For the driving resistance and driving energy, the measured strain and
acceleration signals were evaluated. Pile force Fsu [KN] was calculated from the measured
strain €[-] and axial pile stiffness EA [kN], velocity v [m/s] was derived from measured

acceleration a [m/s?] by integration over time t [s]:

Fstr(t) =¢(t) - EA (5'8)

v(t) = J a(t)dt (5-9)
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The energy induced into the pile W(t) [kNm] can be calculated as integral of the product of
force and velocity over time (EA-Pfahle 2012):

w(o) = f Four(®) - v(D) dt (5-10)

The energy per blow or driving energy Whiow is the energy at the end of the blow. The
penetration specific energy Wioo [KNm/m)] is the energy per blow multiplied with the number

of blows per 1 m penetration:
Wigo = Whiow * N1oo (5-11)

Additionally, the total driving resistance per blow Rbuiow can be calculated from force and
velocity signals and the dynamic stiffness or pile impedance Zpie, as described in (EA-Pfahle
2012). This is performed by default during pile driving monitoring. Further analysis of the force
and velocity signals are possible to estimate static pile resistance, e.g. by wave equation analysis

and signal matching.

The following Figure 5-20 shows typical force and velocity signals of one hammer blow during
impact pile driving. Pile force from measured strain and pile stiffness Fst- and pile force from
integrated acceleration and pile impedance v - Zpile are given in [kN], transferred energy W is
given in [kNm]. Parallel to the time t, the pile length coordinate L =t - cpile is plotted on the

abscissa. Zero of time and length is defined at the start of the blow.

Z03 - INST - blow 305
1

800 P 0.8
: 2.Lpile/cpile :
600 - 0.6
[ —W [kNm]
[
= 400 | eA[kN] | 04 F
2, W —vZ [kN] Z
=200 ' | =
|
0 Il
[
1
-200 L1 -0.2
-5 0 5 10 15 20 t[ms]
-25 0 25 50 75 100 L [m]

Figure 5-20: Typical pile signal from hammer blow
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Before the start of the blow, an increase in the force signal was detected which is usual for Diesel
hammers and indicates the compression of the fuel in the combustion chamber. The hammer
blows were long compared to pile length, measuring 2.55 m from the sensor level to the pile
toe. Due to the length of the impact compared to the pile length, the analysis of the pile signals
as usual in pile driving analysis or dynamic pile testing may not be appropriate. However, the
evaluation of the measured energy is considered a valid method to assess the driving energy

and thus the comparability and repeatability of the tests.

5.7.3 pile driving monitoring (vibro driving)

To describe the pile motion during vibratory driving, time signals and derived vibro parameters
are distinguished. Time signals were captured for pile penetration Lpen(t) [m], pile head
acceleration a(t) [m/s?], pile strain £(t) [-] and line pull Fine(t) [kN]. Pile penetration speed
vpen [m/s] was defined as the gradient of the pile penetration. Velocity signal v(t) [m/s] and
displacement signal s(t) [m] were integrated from acceleration signal, integration errors were
corrected by the measured pile penetration speed vpen and pile penetration Lpen. Force signals
Fstrtop(t) and Fstroe(t) were calculated from dynamic strain measurements (after deduction of
strain offset) and pile stiffness (Equation (5-8)). The centrifugal force Fc(t) was calculated from
driving frequency and eccentric moment, the inertia force Fin(t) was calculated from the pile
acceleration a(t) and dynamic mass mdyn. The dynamic force Fayn(t) is defined as the sum of

inertia force Fin(t) and centrifugal force Fc(t):

Fin(t) = a(t) * Mgyn (5'12)
F(t) = M, * w3 - sin(wg - t + ®p) (5-13)
Fayn(0) = Fin(0) + Fc(0) (5-14)

The phase ®r was not measured.

For further evaluation of measured pile forces, the system above the strain sensors at the pile
head is depicted in Figure 5-21. For the free vibrated piles, only the dynamic force Fayn acts on
the system above the measurement level which is equal to the offset-corrected measured force
Fstr,top:

Fo(D) + Fin(D) = M, - 0F - sin(wq - t + @) + a(t) - mgyy

= S(t) -EA = Fstr,top(t) (5-15)
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For the validity of Equation (5-15), the correct mass mayn (i.e. including the pile section until
the measurement level) and the correct phase ®r have to be considered. ®r is the phase shift
between the rotation of the eccentrics of the vibro hammer and the oscillation of the pile-vibro
assembly and varies between 0 and  (NENDZA 2007). As the phase ®r was not measured
directly (e.g. from the position of the eccentrics), it was recursively estimated from the
measured forces Fstrtop, Fin and Fc. Therefore, ®r was varied between 0 and 7 and the value with

the smallest integral over time of the difference between Fstrtop and Fin + Fc was taken.

free crane guided

T l;‘line

F
Fstr.top ? str,top

Figure 5-21: Forces acting on the pile head and vibro above upper strain sensor level

In case of crane-guided vibratory driving, additional line pull and growing influence of the

suppressor make it difficult to evaluate the system's dynamics.

Vibratory driving energy

The energy Wis [k]] was calculated similar to Equation (5-10) over the period of one second
and divided by the driving frequency fa [Hz] (= number of vibration cycles per second) to get
the energy per cycle Weyce [KNm]. To get penetration specific energy Wioo [kNm/m], the energy

Wi1s was divided by the penetration speed vpen [m/s]:
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Wigo = Wls/Vpen (5-16)

Integration of F-v over time according to Equation (5-10) gives the total energy acting on the
pile-soil system. To get a better understanding of energy-dependence on the pile penetration,

two distinctions were made:

— The energy during downward-directed pile movement W, was calculated considering

only energy induced when v > 0.

— The energy during irreversible penetrative pile movement Wse was calculated
considering only energy induced when v > 0 and the pile toe reached a penetration that

had not been reached before, as proposed by SCHONIT & REUSCH (2008).

Static and dynamic pile forces

Pile forces were derived from measured strain Fsw and acceleration and eccentric moment Fayn
as described above. These forces are in equilibrium with static and dynamic pile resistances.
Rstat(s) describes the static, displacement-dependent soil resistance, Rdamp(v) describes the
velocity-dependent damping and Rin(a) describes the acceleration dependent inertia force
acting on the pile. Definitions of Rsta, Rdamp and Rin can be taken from Figure 2-3 and
Equations(2-1), (2-2) and (2-3). Static pile resistance and damping were estimated by the

following procedure:

— For dynamic mass mayn, the pile mass below the measuring section in focus was taken

without any attached soil body. Thus, Rin is known from measured acceleration.

— It was assumed that Rstat(s=0) = 0; the dynamic part of the displacement (without
overlying pile penetration speed) was taken for s. S0 Rdamp(s=0) is the measured force

minus inertia force at s = 0.

— Alinear relationship between Rdamp and v was assumed (adamp = 1 in Equation (2-2)),
thus the damping constant can be calculated by

Cax * Lpen * 2 - Tt - Dpile= Rdamp(SZO)/V(SZO).6

6 The "circumference’ of the pile shaft of an open-ended pipe pile is approximated by 2 - 1t - Dy (outer +
inner pile shaft) as the wall thickness is small compared to the diameter.
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— With known damping constant Cax and 'inertia constant' m, Rdamp and Rin can be

calculated at any timestamp and Rstat can be calculated from the measured force by

subtracting Rdamp and Rin.

From the time signals, statistical values (min, mean, max, peak-to-peak) were calculated over a

period of three cycles to be plotted in penetration records. The driving frequency fa was

calculated from acceleration measurements at pile head using moving-window FFT algorithm

with a window length of one second. The following Figure 5-22 shows exemplary force and

motion signals over three vibration cycles.

Z09 - INST
L =122 cm, f, =17.4 Hz, & _=135°
pen d F
/ g ',:’/_ k T Ustr |
N Rew, _'_"den 1

173
t [ms]

Figure 5-22: Pile signals from vibratory driving measurements

and exemplary derived vibro parameters

Pile force signals (top) are drawn in black. The solid line indicates the pile force from measured

strain Fstr, the dashed line shows pile force Fayn from measured acceleration (inertia force) Fin

plus the sinusoidal course of the centrifugal force F.. Pile motion signals are drawn in different

colours. The straight dashed green line (bottom) describes the pile penetration measured with

the wire transducer which was used to correct the displacement and velocity signals. The slope
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of this line is the penetration speed vpen. The peak oscillation amplitude so, set per cycle sset, and
downward displacement si were extracted from the displacement signal (= double integrated
acceleration signal). Acceleration amplitude aampl as well as largest upwards and downwards
directed velocities vmin and vmax are also meaningful parameters to described vibro pile driving,

as will be shown in Section 6.2.3.

5.7.4 soil stress developments during pile installation

During all pile installations, independent of the installation method, total soil stresses in vertical
and radial direction ov and orad and pore water pressures ppwp were measured. From the
measured total stresses ov and orad, the pore water pressure prwp was subtracted to get the
effective soil stresses ¢'v and o'rad. The pore water pressure at any point in the test pit (i.e. at
any sensor location) was considered equal to the hydrostatic pressure yw * (z+hwr), while the
actual water table hwr above mudline was gotten from the actual pore water pressure
measured at different locations to account for fluctuations in the water table over time (e.g. due

to evaporation or rain).

6’ =0 — ppwp (5-17)

Prwp = Yw * (hwr +2) (5-18)

hWT — pPWP,msrd —z (5_19)
Yw

PWP measurements in the vicinity of the pile are used to investigate possible effects of PWP
build-ups. Figure 5-23 shows measurement signals of the effective horizontal stress (top) and
pore water pressure (middle) as well as the pile toe penetration (bottom). The timestamps
where the pile toe reaches the measurement level of the earth pressure spade (z = 2.05 m) and

the PWP sensor (z = 2.2 m) are marked with solid and dashed lines, respectively.

The effective horizontal soil stress (Figure 5-23, top) oscillates with an amplitude of over
50 kPa and its mean value increases by about 50 kPa as the pile toe approaches the
measurement section. This phenomenon will be discussed in Section 6.2. At the same time, the
measured PWP shows an oscillation amplitude of way below 1 kPa and an overall increase of

about 1 kPa, both negligible for the evaluation of the effective earth pressure.
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Figure 5-23: Exemplary development of soil stresses

in the vicinity of the pile during to vibratory driving

For further analysis, statistical values (min, max, mean, median) of the effective stress signals
over a period of one second were taken and matched to the pile penetration to describe stress

amplitudes and overall trends.

5.7.5 pile measurements during lateral loading

Horizontal displacement and inclination of the pile were measured in two directions. The
lateral displacement was measured at the top and bottom of the transition piece while the
inclination was measured at the top of the transition piece only. The lateral load applied at the
top of the transition piece was measured in loading direction (cf. Section 5.6.4). All signals were
captured at a sampling frequency of 100 Hz and filtered using a moving median filter with a
window length of 10 samples; the inclinometer signals were filtered using a moving median
filter with a window length of 30 samples. Figure 5-24 shows an exemplary plot of the
measured lateral load H (top), displacement at pile head u (middle) and inclination at the TP {s

(bottom) for the first two cycles of test Z09. The plots on the right show zoomed signals. The
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filtering procedure was especially necessary for smoothing of the inclination signals (bottom).
The accelerometer-based inclinometers were affected by the sudden pulling and releasing of

the loading device.

Z09 - Phase 1 (start) - 0 = 0°

157 15
Z'10 z
=) =) i
T 5| T 10 f|---- filtered signal
—raw signal
0
3 \ 3.0
E2 T
£ £25
=1 =
0 2.0
02 " /J\u
> 0.0 5.0.10
0.2 0.05
0 2 4 6 8 15 2.0 2.5 3.0

t[s] t[s]
Figure 5-24: Exemplary raw and filtered signals from cyclic lateral loading

From the measured lateral force H, cycles were isolated and timestamps for the beginning and
end of each loading and unloading phase were detected. Pile deflections were picked at the
timestamps. Figure 5-25 (left) shows the procedure for the first cycle of phase 1 of test Z14. A
load level of H = 1..15 kN is used to determine the cycles. Lateral load H is drawn in the upper
left graph and the corresponding horizontal pile displacement at pile head level u is drawn in
the bottom left graph. The resulting load displacement curve is drawn in the top right graph.
An anelastic behaviour can be recognised. Between the points u(H) of the particular load levels
during the loading and unloading periods, the loading and unloading secant stiffness Elatload and
Elatunid can be determined. As expected, the unloading stiffness of the first cycle is much higher

than the loading stiffness.
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Figure 5-25: Example of detection of cycles (left) and calculation of secant stiffness (right)

5.7.6 soil stress developments during lateral loading

Effective soil stresses were calculated from measured total stresses and pore water pressures
as described in Section 5.7.4. To investigate possible PWP accumulation, PWP transducers were
emplaced in a distance of about 10 cm to the pile wall (r * 40 m) at depths and directions with
highest expected soil stresses (z = 20, 60 cm in downwind direction and z * 220 cm in upwind
direction; Figure 5-26, middle) for some tests. Figure 5-26 shows exemplary PWP signals for
phase 1 of test Z13. During cyclic lateral loading of about 18 hours, no PWP build-up was
measured (Figure 5-26, left). The maximum differences from the mean PWP were far below

1 kPa (Figure 5-26, middle) and does not have a severe influence on the effective soil stress o".

As the PWP sensors were placed in a distance of 10 cm to the pile wall, PWP accumulation at
closer distance to the pile cannot be excluded by these measurements. PWP build-ups at the
locations of the earth pressure spades with a distance of about 20 cm to the pile wall (r x 50 m)
and thus an influence on the effective earth pressure (Equations (5-17) to (5-19)), however,

can be excluded.
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Figure 5-26: Exemplary PWP development in the vicinity of the pile due to lateral loading

Regarding the fluctuation of the PWP during the first cycles (Figure 5-26, middle) it is notable
that the measured PWP at the uppermost sensor location (red) drops during initial loading and
has a phase shift with respect to the other two PWP measurements (magenta, green). An
increase of PWP with soil loading would be expected as the pore water takes a (here little) part
of the load acting on the soil matrix. A possible explanation for the unsuspected behaviour can

be given considering dilatant soil behaviour:

— At shallow depth, overburden pressure oc'v=Yy'-z and thus shear strength
Ts = 0'v - tan(¢) is low, leading to dilatant soil behaviour and early soil failure together

with an increase of the pore volume. This causes the decrease of the PWP.

— In deeper soil layers, overburden pressure and shear strength are higher so that the

increase of pore volume due to dilatant soil behaviour is less severe.

To analyse changes due to cyclic loading, the difference of soil stresses Ac' with respect to a
certain stage of the tests (e.g. the start of a loading phase) was calculated by subtracting a
certain offset. The same procedure is illustrated in Figure 5-18 for the pile head displacement.

The phase offset for example was taken as mean value over several seconds before pre-tension

was applied to the loading device.

’ — !
Ao-phase = 0 — Opffset,phase (5'20)

The soil stresses at different positions within the test pit were sampled synchronous to the pile
measurements. Thus, the soil stresses (and derived measures, e.g. changes in effective soil
stresses) at certain load cycles (min and max values) can be given by the same time stamps as

selected for the pile deflections. Thus, soil stress developments over load cycles o(N) can be
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given for certain sensors or soil stress distribution over depth ¢(z) can be given for certain load

cycles.

5.7.7 eigenfrequency measurement

For the eigenfrequency measurements mentioned in Section 5.6.4, two signals were obtained:
The excitation signal measured by an accelerometer mounted to the impact hammer aexc(t),
which can be scaled to a force signal Hexc(t), and the lateral pile response measured by the
accelerometers mounted to the transition pieces, aresp(t). As shown in Figure 5-17, four
accelerometers were mounted to the top flange of the transition piece in directions of 8 = 0°,
90°, 180° and 270°. For the examination of the system's bending mode eigenfrequency, only
those signals measured by the sensors aligned with the direction of the hammer impact were
evaluated. Measurements at opposite sides of the transition piece were intended to be taken
for redundancy but could also be used to distinguish between cantilever and ring oscillations

as described in STEIN (2020).

In modal analysis, the eigenfrequencies of a system are identified by means of the transfer
function h(f) which is the relation between system excitation and system response in the

frequency domain:

aresp(f) _ FFT(aresp(t))
Bexc()  FFT(aexc(t))

h(f) = (5-21)

The excitation and response in the frequency domain can be obtained from the time domain
signals by a Fast Fourier Transformation (FFT). The resulting FFTs of the system excitation,
system response and the system's transfer function consist of a real part describing the
amplitude of system acceleration at different frequencies and an imaginary part describing the
phase. System eigenfrequencies can be assumed where the real part of the transfer function has
a local maximum and the phase shows a turning point (= local extrema of the derivate of the

phase).

Figure 5-27 shows excitation (black) and response (blue) signals in the time domain (top left)
with a sharp impact and decay of the response signal over about 300 ms. In the frequency
domain (top right), the response has peaks at about 21 Hz, 288 Hz, and 410 Hz while the
excitation (= hammer impact) shows a constant course over the plotted frequency range. Thus,

the shape of the amplitude transfer function is similar to the response spectrum and not plotted
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here. The phase @ of the transfer function (bottom right, green) shows continuous values
between -1 and . Turning points can be found at the abovementioned frequencies, so they all

are candidates for the pile's bending mode eigenfrequency.
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Figure 5-27: Measured signals (top left), frequency spectra (top right)
and phase of transfer function (bottom right) from LFRT

The bending mode eigenfrequency foac [Hz] of a simple cantilever (see Figure 5-28, right) can

be estimated used an analytical cantilever model (DEN HARTOG & MESMER 1952):

1 3-El
fotar = 57— (5-22)

L3y (m; +023-p-A-Leg)

EI [kNm?] is the pile bending stiffness, m1 [kg] is a point mass at the free end of the cantilever,
and p-A [kg/m] is the mass of the pile per unit length. Leq [m] is the equivalent length of the
cantilever, which is in the range between the total length of the pile and transition piece
Lypile + Ltp and the free length of the transition piece and the pile above the mudline Liree,
depending on the soil bedding. The model pile and the equivalent system are shown in Figure

5-28. Here, the mass of the flange connection between pile and TP is distributed over the

equivalent pile length (p-A + m2/Leq):
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Figure 5-28: Physical pile model (left) and equivalent clamped cantilever (right)

Using the equivalent cantilever system, the system's eigenfrequency is estimated between
14 Hz and 48 Hz (STEIN 2020), thus the excitation is suited for modal analysis of the pile-soil

system.

Referring to the signal analysis, 21 Hz indicates the first fundamental of the bedded beam.
Further evaluation of the acceleration signals revealed that the higher frequencies may belong
to annular oscillations of the upper flange (STEIN 2020). Therefore, the peaks in the frequency
spectra around 21 Hz are considered as bending mode eigenfrequencies. Their differences and

developments will be analysed, among other subjects, in the subsequent chapter.

Time

Time and loading frequency of the cyclic lateral loading tests are not scaled because velocity
dependent damping and inertia effects and are considered negligible for loading frequencies
smaller than 1 Hz. Cycle times of Teya % 5 .. 7 s were chosen to conduct one phase with 12,000
cycles from one working day to the other. The mass of the foundation (including model pile,
transition piece (TP), flanges and saturated soil within the pile) is about m = 2,000 kg. A loading
duration of Teyc = 5 s, results in an angular frequency of o = 1.3 1/s. The initial lateral secant
stiffness of the pile at 0.6 m above the mudline was about Elatsec * 6.3 kKN/mm for the first cycle

and increasing with further cycles (STEIN et al. 2019a). Equation (4-10) then yields:
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m [t] - w [1/s] = 3.16 < 630 = 0.1 - Etat [kN/m]

Thus, inertia effects can be neglected and the loading frequency varied within a certain range

without influencing the model.

Based on the generic OWT, scaling laws and practical constraints, the model with the
parameters given in Table 4-1 was set up in the geotechnical test pit at the Institute for

Geomechanics and Geotechnics of Technische Universitiat Braunschweig (IGG-TUBS).
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Chapter 6 Results of model tests

6.1 Overview

In this chapter, the results of the model tests described in the previous chapter shall be
presented and discussed. Table 6-1 gives an overview over all tests with the main
characteristics of the installation process and a set of colours, markers, and line styles to be
used for each test when comparing results of different tests. The installation equipment is
specified in Section 5.5. Regarding free and guided vibratory installation refer to Section 5.6.3.
Eccentric moment Me and driving frequency fa can be regarded as control parameters for all
vibratory installations. For the crane-guided installations, the penetration speed vpen is another
control parameter while for free installation, the penetration speed is a part of the response of
the dynamic system. Tests with vibratory pile installation are grouped regarding free/crane-
guided installation and the control parameters M. and fa. For tests of one group, the same colour
is used. The group of tests with free vibratory installation and high eccentric moment is
subdivided into a 'moderate’ (thin lines) and a more "aggressive' (bold lines) manual control of
the driving frequency (cf. Section 5.6.3). Crane-guided vibratory driven piles were installed

with a 'fixed' driving frequency.
The evaluation of the model tests is structured as follows:

Section 6.2 dynamic response of pile and soil during pile installation with respect to different

installation methods/parameters

Section 6.3 monotonic response of pile and soil to lateral loading with respect to different

installation methods/parameters (first cycles of cyclic lateral load tests)

Section 6.4 cyclic response of pile and soil to uni-directional lateral loading with respect to

different installation methods/parameters (first phases of cyclic lateral load tests)

Section 6.5 cyclic response of pile and soil response to multi-directional lateral loading (all

phases of cyclic lateral load tests)
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Table 6-1: Pile installation parameters

test | installation Me fa Vpen group line line
method [kg-m] [Hz] [mm/s] | [Vpen-Me-fa] | marker | style

701 vibro 2.33 13.8..22.2 | variable | free-hi-mod

702 vibro 2.33 11.1..25.3 | variable | free-hi-mod

Z03 impact - -- - -- X —_—

704 impact -- -- -- -- + -

705 vibro 2.33 12.0..22.2 | variable | free-hi-mod

206 vibro 2.33 12.0..23.9 | variable | free-hi-mod

707 vibro 2.33 11.7 ..26.1 | variable | free-hi-aggr

708 vibro 2.33 14.1..27.9 | variable | free-hi-aggr

709 vibro 2.33 14.0..29.6 | variable | free-hi-aggr

710 impact - - - -- * o

711 vibro 1.36 34.3 20 guided-hi-fix b%s —_—

712 vibro 1.36 34.4 20 guided-hi-fix + -

713 vibro 1.36 34.4 70 guided-hi-fix oo

714 vibro 1.36 16.1..30.8 | variable free-lo b'e —_—

715 vibro 2.33 25.8 20 guided-lo-fix X —_—

716 vibro 2.33 26.0 70 guided-lo-fix + -
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6.2 Pile installation

6.2.1 Evaluation scheme for pile installation processes

In this section, soil installation processes are investigated. They are described by means of pile
driving monitoring data over penetration depth. This is quite compact for impact driven piles
but elaborate for vibratory driven piles. In the latter case, pile motions and the mobilisation of
pile resistances are analysed in detail. Soil stress developments over penetration depth for
different sensor levels as well as comparisons to corresponding pile driving parameters are

used to examine influences of the installation process on the soil's stress state.

6.2.2 Impactdriven piles

For the three impact driven piles Z03, Z04 and Z10, pile driving records showing blow count
per 1 m pile penetration Nioo, total driving resistance per blow Rbiow and energy per 1 m

penetration Wioo over pile penetration Lpen are given in Figure 6-1.

PDM records (impact driven piles)
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Figure 6-1: Impact pile driving installation records
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As mentioned in Section 5.7.2, the measured driving resistance has to be treated with caution
due to the long duration of the impact compared to the short pile length. Pile Z04 shows very
high blow counts at a penetration depth between 1.3 m and 2.0 m (actually up to 3,900 blows
per meter pile penetration). During this test, a malfunction of the Diesel hammer occurred
leading to blows with low energy and thus low penetration per blow in the mentioned
penetration interval. The integral energy per 1 m penetration W10, however, shows good

agreement for all tests with some deviations.

To investigate the soil response to impact pile driving, the development of the measured
horizontal stresses over pile penetration was evaluated. Figure 6-2 shows the development of
radial soil stresses measured in a distance of about 20 cm to the pile shaft in different depths
(cf. Figure 5-15).

Z03 (impact)
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Figure 6-2: Soil stress developments due to installation of pile Z03 (impact driven)

The left diagram shows the development of the absolute effective soil stresses over pile
penetration. Stress measurements in different depths are drawn in different colours. The

sensor locations are marked in the pictogram. The radial soil stresses increase as the pile toe
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approaches the sensor level and decrease afterwards. The diagram in the middle shows the
normalised soil stresses (divided by the overburden pressure with y'=11kN/m?) versus
distance between pile toe and sensor level as well as the corresponding curves according to the
approaches of FISCHER (2021) (Fi, - -) and ALM & HAMRE (2002) (A&H, ---), which are described
in Section 2.2.2. The right diagram shows measured soil stresses before pile installation
(primary stress state, PSS, ©) and after pile installation (end of driving, EoD, 0O0) as well as the
theoretical horizontal stresses with an earth pressure coefficient ko =1 (y'-z-ko, —), the soil
stresses due to pile installation effects according to FISCHER (2021) and ALM & HAMRE (2002)

(see above) and an exponential fit (- ).

The measured radial stresses before pile installation (PSS) show good agreement with the
theoretical overburden pressure which indicates an earth pressure coefficient of ko = 1. The
reason for these high horizontal stresses is the soil compaction during filling of the test pits, as

described in Section 5.6.2.

The courses of the normalised soil stresses during approach of the pile toe and passing of the
pile shaft is similar for all sensor levels. The peak height shows some deviations and in the
upper soil elements the soil stresses eventually decrease to residual values below the primary
stress state. Similar observations were made by FISCHER (2021) who argued that the
compaction effects from the sand placement may be undone by the pile installation and thus
the horizontal stresses are adjusted according to classical theory with ko =1 -sin(¢"). The
shape of the soil stress reduction after passing of the pile toe is similar to that formulated by

FISCHER (2021).

The horizontal stresses after pile installation (EoD) can also be approximated by the approach
presented by FISCHER (2021). The measured horizontal stress at the deepest sensor presented
in Figure 6-2 needs to be interpreted with caution. The sensor was buried below the pile's final
penetration. Thus, the pile toe has not reached the sensor level. Looking at the grey line in the
left diagram, the stress in this sensor level is supposed to increase with further driving progress.
Looking at the normalised courses in the middle diagram, the maximum stresses according to
the approach of FISCHER (2021) were reached when the pile toe approached the corresponding

measuring sections.

Looking at the other impact driven piles Z04 and Z10 (Appendix D), the general observations

made at pile Z03 are valid as well. However, for the installation of pile Z10, the soil stress
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development according to FISCHER (2021) fits less good to the measurements. The peak soil
stresses are higher and the residual stresses do not fall below the primary stress state for all

but the uppermost sensor level.

6.2.3 Vibratory driven piles

To get an impression about similarities and differences between installation procedures of the
vibratory driven piles, Figure 6-3 shows vibratory driving records containing control and
response parameters. Tests Z07, Z11, Z14 and Z15 are selected exemplarily for the different
vibration variants. Installation records of all tests, grouped by installation variant, are given in
Appendix D. From given installation frequency fa and eccentric moment Me, the centrifugal force
Fc was calculated according to Equation (2-11). The measured displacement amplitude so and
the acceleration amplitude aampi can be regarded as two of many system response parameters.
The penetration speed vpen can be regarded as control parameter in case of crane-guided pile
installation and as system response parameter in case of free vibratory driving; the bias force

Fbias (= dead weight of the pile-vibro assembly Gpile+vibro — line pull Fiine) vice versa.

For the crane-guided installations of piles Z11 (red lines) and Z15 (magenta lines), the
centrifugal force Fc is constant due to a constant vibration frequency fd and equal due to an
appropriate adjustment of fa and Me (see Section 5.5). The penetration speed Vpen is almost
constant as the penetration speed is limited by the crane. The theoretical value of the
displacement amplitude so is different for different eccentric moments (cf. Equation (2-13) and
Table 5-7). The acceleration amplitude aampi shows a stable course as well. The bias force Fbias
is also stable indicating that the portion of the dead weight Gpie+vibro carried by the soil

resistance does not change.

For the free installations of piles Z07 (cyan lines) and Z14 (blue line), the centrifugal force Fc
increases with penetration as the driving frequency fq is increased. However, the penetration
speed vpen decreases with pile penetration. The static surcharge force Fbias = Gpile+vibro iS constant
as line pull Fiine is zero. For the vibro hammer with high eccentric moment (cyan lines) the
development of the displacement amplitude so, which theoretically should be unaffected by the
driving frequency fd4, shows large fluctuations and predominantly lower values than in case of
the guided pile installations (magenta lines). In case of the vibro hammer with small eccentric
moment, the displacement amplitudes of free vibratory driven pile (blue) is close to that of the

crane-guided (red) installations. Theoretical values of the displacement amplitude so are
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1.9 mm in case of the low eccentric moment (blue, red) and 3.9 mm in case of the high eccentric
moment (cyan, magenta; see Table 5-7). The acceleration amplitude aampi shows high

fluctuations compared to the crane-guided installations.

0.0
TR K
0.5 \
— 1.0
£ JB {
g
2715
2.0
2.5
0 20 40 0 50 1000 100 200
fd[Hz] FC[kN] Vien [mm/s]
0.0
0.5
— 1.0
E
g
—7 1.5
2.0
2.5
0 2 4 6 0 100 2000 5 10 15
2
s [mm] aampl[m/s ] Fias [KN]

707 (free-hi-aggr) 714 (free-lo)

711 (guided-lo-fix) 715 (guided-hi-fix)|

Figure 6-3: Vibratory pile driving installation records

A closer look at the force and motion signals reveals fundamental difference between different
vibratory driven piles. For comparison of free and guided vibratory driven piles with high and
low eccentric moment, piles 202, Z07,Z11, Z14 and Z15 were chosen as exemplary tests for the

following installation parameters:

-105 -



Results of model tests

702: free vibratory driving, high eccentric moment, moderate frequency control
Z07: free vibratory driving, high eccentric moment, aggressive frequency control
Z14: free vibratory driving, low eccentric moment

715: crane-guided vibratory driving, high eccentric moment

Z11: crane-guided vibratory driving, low eccentric moment

Figure 6-4 and Figure 6-5 show time signals of pile displacement s and velocity v of the above-
mentioned tests for different penetration depths. Positive motion directs downwards and is
visualised accordingly. In the displacement signals, dotted lines denote penetrative motion
(v>0 A s> smax). Same scaling of the motion amplitudes was chosen for all tests. Three full
vibration cycles were plotted regardless of the vibration frequency fa.
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Figure 6-4: Displacement signals of vibratory driven piles

for different tests (columns) at different penetration depths (rows)

The displacement signals show a much higher penetration speed (= general course of the
displacement signal) of the free vibratory driven piles until a certain penetration depth. The
low penetration speed of the crane-guided vibratory driven piles results in low amount of
penetrative motion during one vibration cycle. A similar behaviour can be observed for the free
vibratory driven piles at high penetration depth and for the free vibratory driven pile with

moderate frequency control for medium and high penetration depth.
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Figure 6-5: Velocity signals of vibratory driven piles

for different tests (columns) at different penetration depths (rows)

The velocity signals of free and guided vibratory driven piles differ in amplitude and shape. Free
vibratory driven piles show lower velocity amplitudes and an asymmetry between downward
and upward directed velocities while guided vibratory driven piles show more or less harmonic
(sinusoidal) velocity signals. In case of the free vibratory driven piles, the upwards directed
velocity shows a flat top with a lower absolute peak value compared to the downwards directed
velocity with a more pronounced and higher peak. This qualitative difference can be quantified
by a velocity asymmetry Vmax/-Vmin With Vmax/-vmin =1 for guided pile installation and

Vmax/=Vmin > 1 for free vibratory driving.

Comparing the piles motions (both displacement and velocity) at different depth, the crane-
guided vibratory driven piles show very similar signals in shape and amplitude regardless of
the pile penetration. The behaviour of the free vibratory driven piles, on the contrary, is affected
by the penetration depth. Especially at high penetration depth, the motion amplitudes decrease
even though the driving frequency and thus centrifugal force are steadily increased (cf. so, fa

and Fc in Figure 6-3).
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Additionally, the force-motion relationship of the exemplary tests and penetration depths were
analysed. Figure 6-6 shows the mobilised static pile resistance’ Rstat versus pile displacement s.
Three full cycles are plotted for each test/depth; horizontal grid lines are spaced at 1 mm. On
the right side of Figure 6-6, the idealised load-displacement behaviour of 'cavity' vibratory
driving according to CUDMANI (2001) is shown (cf. Figure 2-9).
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Figure 6-6: Force-displacement signals of vibratory driven piles

for different tests (columns) at different penetration depths (rows)

The force-displacement curves of subsequent cycles of the guided vibratory driven piles Z11
and Z15 are overlapping, resulting from the low penetration speed. Especially at deeper pile
penetration, considerable negative (pulling) forces are mobilised during upward motion of the
pile. This can be explained by downward directed shaft friction during upward directed motion.
Taking this into consideration, the shape of the load-displacement curves resembles 'cavity’
mode vibratory driving in the most cases. This classification is mainly based on the following

conditions:

7 i.e. the measured force at the pile head Fstwop, corrected for the dynamic influences: inertia force
Fin = m-a and velocity depending pile resistance Raamp. For the calculation of damping force, refer to
Section 5.7.3.
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— The mobilised (static) pile resistance shows an increase with downward directed pile

motion, so the maximum soil resistance is probably not mobilised.

— During initial upward pile motion, the pile resistance vanishes and upward motion

continues with zero load, so a gap or 'cavity' underneath the pile toe can be assumed.

Resonance effects on pile-soil system during vibratory driving

The undamped axial eigenfrequency fo,inst of the vibro-pile-soil system during pile installation

1 {
fO,inst = ﬂ ' Einst/mdyn (6'1)

where mayn is the dynamic mass of the system and Einst is the integral pile-soil interface stiffness

can be estimated by

of the pile shaft and pile toe. As the pile penetration and thus the total interface stiffness
increases over the installation process, the eigenfrequency is not a fixed system parameter
(MassaRscH et al. 2022) but increases with pile penetration. This was also observed when
determining the systems axial eigenfrequency at different penetration depths (see Appendix

D).

To investigate possible resonance effects during vibratory pile driving, the displacement
amplitude so was looked at. Theoretical, the displacement amplitude yields so,theor = Me/mdyn
(Equation (2-13)). The actual displacement amplitude somsrd was taken from double integration
of acceleration measurement (see section 5.7.3). The relation of the actual displacement
amplitude to the theoretical displacement amplitude can be interpreted as amplification factor
A = Somsrd/Sotheor. According to MASSARSCH et al. (2022), a high displacement amplification

indicates pile driving near system resonance.

The following Figure 6-7 shows the influence of resonance effects on the vibratory installation
process. The pile penetration speed vpen (left) and acceleration amplitude aampi (right) are
plotted over the amplification factor A. Different markers and colours indicate different tests
and vibratory driving variants (see Table 6-1). Each marker shows the mean values of the

corresponding vibratory driving parameters over a penetration depth of 30 cm.
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Figure 6-7: Influence of resonance effects on pile installation

A clear positive linear influence of the amplification factor A on the penetration speed vpen can
be seen in case of the free vibratory driven piles (cyan, blue). This is surprising as the pile
penetration is expected to slow down near system resonance (MASSARSCH et al. 2022). In case
of the crane-guided piles (magenta, red), the penetration speed is controlled by the crane and
thus independent of resonance effects. The acceleration amplitude aampl increases with
increasing displacement amplification A. Here, also the crane guided vibratory piles, which

generally show higher acceleration amplitudes, do fit in the picture.

6.2.4 Soil stress developments during pile installation

Effects on the soil state are investigated based on soil stress measurements as described in
Section 5.7.4. Figure 6-8 shows the development of soil stresses over pile penetration for four
vibratory driven piles with different installation parameters. The impact driven pile Z03, which
has been discussed in Section 6.2.1,, is given as comparison. The plots for each test have the

same arrangement as in Figure 6-2 (left). Plots of all tests are given in Appendix D.

For test Z08 (free vibratory installation, high eccentric moment) an increase of the horizontal
soil stresses as the pile toe approaches the sensor levels and a decrease of soil stresses as the
pile shaft passes the sensor levels can be seen equal to test Z03 (impact driven). The installation
of pile Z14 (free vibratory installation, low eccentric moment) shows very similar behaviour
but with lower maximum soil stresses in the deeper sensor levels. During the installation of
piles Z11 and Z15 (both crane-guided vibratory driven with different eccentric moments), no
such behaviour can be observed. The horizontal soil stresses remain more or less stable as the
pile toe approaches and passes the sensor levels. Only in the courses of the two uppermost

sensor levels slight buckles can be seen.
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Figure 6-8: Development of mean soil stresses over pile penetration

Similar behaviour can be noted for the other installation processes with corresponding
installation parameters (see Appendix D). Piles with free vibratory installation and high
eccentric moment but lower driving frequency and penetration speed (201, Z02, Z05, Z06)
show minor effects on soil stresses compared to the reference case Z08. Piles with crane-guided
vibratory installation and higher (crane-controlled) penetration speed (Z13, Z16) show some
effects in contrast to the reference cases (Z11, Z15), but very low effects compared to the free

vibro driven piles.

The soil stress state after pile installation (EoD, end of driving) is decisive for the lateral load
bearing behaviour of the model pile, as will be shown in Section 6.3.2. The following Figure 6-9
shows radial effective stresses o'rad for all tests after pile installation (EoD). Measured values at
the distinct sensor levels are given by markers. Exponential fits according to Equation (2-37),
which is repeated below, have been deduced from the measured soil stresses and are drawn
with coloured lines. Only measuring levels that were reached until final pile penetration were

considered. The overburden stress y"z is given for orientation.
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Figure 6-9: Fit of horizontal effective soil stresses over depths after pile installation

Table 6-2 gives fitted parameters apen and 1/fpss for the effective radial soil stress over depth
after pile installation for the impact and free vibratory driven piles. Values of 1/Bpss > 1 indicate
an increase of soil stresses due to pile installation; values of apen > 0 indicate an exponential
decay of this effect with further pile penetration. Vibratory pile installations with values of
apen<< 0 (see Appendix D) indicate that the approach according to Equation (2-37) is not

suitable.

For the impact driven piles and for the vibro driven piles with high eccentric moment, high
frequency/penetration speed and no penetration guidance (free), an equal effect of soil stress
developments could be monitored. An increase of horizontal stresses by a factor of 1/Bpss = 5
at the pile toe with an exponential decay of open * 1.6 towards the mudline, equal to the concept

of friction fatigue, were encountered. The shape factor according to Equation (2-9) after FISCHER
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(2021) yields open = 4.2 - 1.4 - D = 3.22 with density D = 0.70 which corresponds to Dr=0.74.

The shape factor according to Equation (2-8) after ALM & HAMRE (2002) yields® apen = 0.42.

Table 6-2: Soil stress state after EoD

test installation group Open 1/Brss R? line
method [Me-fa-vpen] [-] [-] [-1 style
703 impact - 2.06 6.38 0.79
704 impact - 1.46 5.33 0.73
707 vibro hi-hi-free 1.33 3.97 0.72 -
708 vibro hi-hi-free 1.94 6.46 0.72 e
Z09 vibro hi-hi-free 1.39 6.41 0.81 —.
710 impact - 1.31 7.68 0.76
714 vibro lo-hi-free 1.48 1.72 0.13 -
FISCHER (2021) impact -- 3.22 6.25 -- _ _
ALM & HAMRE (2002) impact -- 0.42 5.0 --

The extreme values of the soil stresses, however, uncover a significant difference between
impact driven and free vibratory driving pile installation. Figure 6-10 shows the development
of minimum and maximum effective radial soil stresses (shaded areas) around the mean
effective horizontal soil stresses (thick lines) over penetration (cf. Figure 5-23) The curves are
plotted for the same piles as in Figure 6-8. For the sake of clarity, only the sensor levels at
z=1.25 mand 2.05 m are shown here. The scaling of the soil stresses is different for impact and
vibratory driven piles. The soil stresses due to impact driven pile installation (Z03) show high
amplitudes of compression stresses (Ac'rad » 100 kN/m? in the deeper sensor location) in
addition to the mean stress level. The soil stresses due to vibrators pile driving show a much

smaller range (Ac'rad < 50 kN/m?) around the mean effective radial soil stress.

8 The shape factor according to ALM & HAMRE is a function of the overburden pressure and the CPT cone
resistance. With a more or less linear increase of both cone resistance and overburden pressure, the
value stated above is calculated.
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Figure 6-10: Development of soil stresses ranges over pile penetration

6.2.5 Installation mode

After observing different soil stress developments during impact and vibratory pile installation,
the question arises which pile installation parameters exist to determine or even to control soil
stress development. First of all, interrelations between the different soil stresses described
above need to be investigated. The following Figure 6-11 visualises the definitions of imprinted
soil stresses and soil stress amplitudes measured during vibratory pile driving (harmonic
signal, left) and impact pile driving (transient signal, middle). In case of vibratory driving, mean
values were of the signals are assumed to represent the imprinted soil stresses. In case of
impact pile driving, there is little difference between mean values, median values and min
values. Here, median values were assumed to represent the imprinted soil stresses. Imptinted
soil stresses were calculated over a penetration depth of 30 cm (15 ¢cm above and below sensor
level) as depicted on the right side of Figure 6-11. The maximum values were taken over the
complete pile installation, assuming that they represent the stress state when the pile toe

reaches the sensor level (cf. Figure 6-8).
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Figure 6-11: Definition of imprinted soil stresses and stress amplitudes during vibratory (left)

and impact driving (middle) and penetration range for the calculation of mean values (right)

Figure 6-12 shows combinations of radial stress amplitudes o0'radampl and imprinted radial
stresses o'rad,impr. In the left diagram, absolute values are given, in the right diagram, values are
normalised by the overburden pressure y'-z. Different markers and colours indicate different

tests and vibratory driving variants (see Table 6-1).
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Figure 6-12: Comparison of soil stress amplitudes and imprinted soil stresses

during pile installation

Obviously higher dynamic stress amplitudes correlate with higher imprinted soil stresses; a
linear relation exists between 6'radampi and 0'rad;impr. Highest soil stresses occur due to impact
pile driving (green) whereas crane-guided vibratory driving (red, magenta) results in lowest
soil stresses. The dimensionless diagram (right) shows that the relationship between stress
amplitude and imprinted soil stress is not substantially biased by the general increase of stress
state with depth. For further interpretations of the influence of pile driving parameters on

radial stress state, the imprinted soil stresses are considered.
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Regarding pile driving parameters, the focus was laid on pile motion (displacement, velocity,
acceleration), pile forces and energy. Following the findings of VOGELSANG (2017), upwards and
downwards directed motion and forces were treated separately. For definitions of the utilised

motion, force, and energy quantities, refer to Section 5.7.3 and Figure 5-22.

The following Figure 6-13 shows diagrams of the normalised imprinted radial soil stresses
versus dimensionless measures of penetration per cycle (a), velocity symmetry (b),
acceleration amplitude (c), bias force (d) and penetrative energy (e). In (a), the net penetrative
displacement sset (set per cycle) is related to total downward directed displacement s.. In (b),
the max upwards directed velocity (~vmin) is related to the max downwards directed velocity
(vmax). In (c), the acceleration amplitude aampi, is corrected for resonance effects by the
amplification A and made dimensionless by earth gravity g. In (d), the bias force Fvias (dead
weight minus line pull) is divided by the frequency-dependent centrifugal force Fe. In (e), the

energy consumed during penetrative motion Wset is related to the total energy per cycle Weycle.
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Figure 6-13: Influence of pile forces, energy, and motion

on imprinted soil stresses at pile toe level
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Where possible, installation processes with impact driven piles were also considered. All values
were derived by taking the mean of the measurements taken while the pile toe was situated in
a range of 15 cm above and below the sensor levels (= over a length of 30 cm). Colours and

markers were chosen according to installation parameters and tests (see Table 6-1).

The motion signals of crane-guided vibratory driven piles (cf. Figure 6-4, Figure 6-5) show very
similar upwards and downwards directed motion amplitudes (displacement and velocity) thus
sset/st = 0 (cf. Figure 6-13 (a), reddish markers) and =vmin /Vmax — 1 (b). Free vibratory driving,
in contrast, may be characterised by larger penetration per cycle and large downward directed
velocity compared to upwards directed velocity, thus sset/si > 0 (cf. Figure 6-13 (a), blueish
markers) and -vmin /Vmax < 1 (b). All these measures can also be deducted from the motion
signals of impact driven piles. High values of sset/si (cf. Figure 6-13 (a), green markers), for
example, result from the relatively small upward motion (rebound) of the pile after hammer
blows. Low velocity symmetry —vmin /Vmax << 1 (b) can also be seen in the pile's forces signal (cf.

Figure 5-20, v-Z with constant pile impedance Z).

— Figure 6-13 (a) shows a linear relation between normalised imprinted radial soil stress
0'rad;impr/ (Y"'z) and pile penetration per cycle normalised by downward direction motion

Sset/st which can be described by

o.’ mean s
T4 _ 512412 (6-3)
Y-z 51

— Figure 6-13 (b) also shows a negative correlation between imprinted soil stresses and

velocity symmetry.

— Figure 6-13 (c) shows that low acceleration amplitudes lead to high imprinted soil
stresses. High acceleration amplitudes are dominant for the crane-guided vibratory
driven piles. In this case, the amplification factor A is necessary to correct the
acceleration amplitude for resonance effects and get a good correlation to the imprinted

soil stresses.

— From Figure 6-13 (d) follows that high bias forces Fuias or low centrifugal forces Fc lead
to high imprinted soil stresses. Small values for Fuias/Fc apply for crane-guided vibratory
driven piles as the bias force is reduced by the line pull and the centrifugal force is

comparably high over the whole installation process (cf. Figure 6-3).
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— Figure 6-13 (d) shows that penetrative energy is also a driver for the occurrence of

imprinted soil stresses.

— Resonance effects, expressed by the displacement amplification A (see above) did not
show any correlation with the induced soil stresses. The same applies for the upward

directed displacement st.

6.2.6 Interim summary and discussion on pile installation processes

First of all, it has to be emphasised that vibratory pile installation processes are complex with
a certain number of control parameters and an even larger number of system response
parameters. Resonance effects have a great impact on pile motion (acceleration and
displacement amplitude) and in case of free vibratory driving also determine the installation

speed.

Pile driving modes

Crane-guided vibratory driven piles show harmonic pile motion (displacement and velocity)
which is unaffected by the pile penetration. Free vibratory driven piles show 'asymmetric’
motion and a decrease of motion amplitudes with higher penetration depth. The installation
variants can be distinguished based on the set per cycle in relation to the downward directed

pile motion sset/s1 which can also be evaluated for impact driven piles.

VOGELSANG (2017) distinguished pile driving modes based on the upwards and downwards
motion during one cycle st and si. The main reason for the distinction between 'cavity' and 'non-
cavity' installation was seen in the magnitude of upward motion (VOGELSANG 2017). For a
comparison with the results presented here, the upwards directed motion is substituted by
St=Sl—Sset. In quasi-static model tests, ‘cavity’ mode was achieved with
Sset/st = 6 mm/10 mm = 0.6 while a motion cycle with Sset/st =4 mm/5 mm = 0.8 resulted in
'non-cavity' mode. During vibratory pile installations carried out in the framework of this
thesis, values of sset/si in a much larger range between 0 and 1 were observed. Crane-guided
vibratory driving resulted in values of sset/si < 0.5, impact driving lead to sset/si > 0.5 and during

free vibratory driving the whole range 0 < sset/si1 < 1 was covered.

LABENSKI (2020) investigated predominantly vibratory driven piles where 'cavity' mode was
detected. Even though the model was smaller compared to the one used here, substantial ratios

such as the centrifugal force related to bias force Fc/Fnias and eccentric moment related to
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dynamic mass Me/mdyn = So are in similar ranges. During crane-guided vibratory driving,
LABENSKI (2020) observed a "higher degree of cavity"? compared to free vibratory driven piles.
This was explained by the free upward directed but restricted downward directed pile motion
and thus large values of st (VOGELSANG 2017, see above). Regarding the observed values of sset/si,
the findings of LABENSKI (2020) concerning the effects of crane-guided vibratory driving on

system response are in contradiction to the observations presented here.

Furthermore, a distinction of installation modes can be made based on the amplitude of
harmonic accelerations with high values for crane-guided vibratory driven piles and low values
for free vibratory driven piles. As the acceleration signal of impact driven piles is transient, this
installation method is related to zero harmonic acceleration. It is reasonable to assume that pile
acceleration is linked to the acceleration of the surrounding soil. As illustrated by RODGER &
LITTLEJOHN (1980), high acceleration leads to viscous soil behaviour while lower acceleration
causes soil compaction (cf. Figure 2-8). Thus, the differences in vibratory pile driving modes of
the free and crane-guided installed piles shown above probably resemble the concepts of

'impact’ and 'viscous' mode according to RODGER & LITTLEJOHN (1980).

Soil reaction

Generally, any dynamic pile installation procedure (impact/vibratory driving) results in stress
wave propagation (MASSARSCH et al. 2017) which was proven here by the measurements of
oscillating radial soil stresses for all installation procedures (see Figure 6-10). An increase of
imprinted (= mean or median) soil stresses was observed as the pile toe approaches a
measuring level during impact pile driving and free vibratory pile driving, especially with high
eccentric moment. Crane-guided vibratory pile driving did not cause enhanced stresses
imprinted into the soil (Figure 6-8 and Figure 6-9). For impact driving, similar effects were

shown in numerical simulations by STAUBACH et al. (2021).

MASSARSCH et al. (2020) describe stress wave propagations and increased lateral soil stresses
due to horizontal ground vibrations in rather loose to medium dense sand in the framework of

vibratory soil compaction. Here, similar effects were observed due to predominantly vertical

9 LABENSKI used the parameter k = st/(si—st) as measure for cavity driving with low k values indicating
a high degree of "cavitivity". Values of k= 0.5..2.5 in a depth of 2:Dpi. were observed. The relation
between the value x and the relation used in this Thesis is Sst/s1=1/(k+1), so
k= 0.5. 2.5 se/s1x0.7..0.3.
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vibrations on dense, overconsolidated sand in the framework of pile driving. After passage of
the pile toe, the enhanced soil stresses decayed in analogy to the concept of friction fatigue
according to Equation (2-37):

1 L —
G’rad(Lpean) = G’rad,PSS(Z) ) [1 + (@ - 1) - g% (Lpen Z)]

After reaching target penetration, this leads to increased soil stresses near the pile toe only.

In field tests, pile installation effects on the soil state may be derived from CPTs conducted
before and after pile driving. AcCHMUS et al. (2020) present such data for impact and free
vibratory driven piles in sand. All cases show a decrease of cone resistance due to the pile
installation over the complete pile length. Unfortunately, only little information about CPT

readings below final penetration depth was published.

In the model tests, imprinted soil stresses and stress amplitudes measured during passage of
the pile toe show a good correlation. The normalised imprinted soil stresses show a linear
increase with the ratio of downward directed displacement si and penetrative displacement sset
(Equation (6-3)). The acceleration amplitude aamp, on the contrary, shows a negative
correlation with the imprinted soil stresses. Resonance effects do not directly influence soil

stress developments.

Crane-guided vibratory driven piles are installed in 'viscous' mode and do not induce increased
soil stresses whereas impact driven piles evoke imprinted soil stresses. Free vibratory driven
piles may, under certain conditions, be installed in 'impact’' mode and induce increased soil

stresses comparable to impact driven piles.

Soil mechanical interpretation of phenomena during pile installation

The following paragraphs give a description of the assumed soil mechanical phenomena
occurring during 'impact' and 'viscous' pile installation modes. The mentioned installation

modes are illustrated in Figure 6-14.

— A phase transition of the soil from granular to fluid behaviour ('fluidisation') in the
vicinity of the pile wall is assumed during vibratory pile driving due to oscillating motion
of the pile (cf. Section 2.2.3). Only oscillating pile motions with a continuous change of

sign of the pile acceleration (as shown in Figure 5-22) leads to fluidisation! Impact pile
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driving with very high acceleration amplitudes but transient motion signals will not

evoke that effect.

The degree and extent of fluidisation depends on the amplitude of harmonic pile
acceleration. Along the pile shaft, the extension of the 'vicinity' in radial direction is
irrelevant. At the pile toe, the fluidised zone extents underneath the pile toe by the length
bfuid (Figure 6-14).

In any case, the vertical oscillation of the pile with the amplitude so (see Figure 5-22)
causes stress waves that are transferred from the fluidised zone to the granular zone.

Stress waves propagate through the elastic half space of the granular zone of the soil.

If the oscillating pile stays within the fluidised zone (so < bauid), the granular zone of the
soil is not affected by the pile installation (except for the abovementioned stress-wave

propagation; Figure 6-14, left).

If the pile toe leaves the fluidised zone during one vibration cycle (so > bfuia), the pile toe
penetrates into the granular zone similar to impact driving, resulting in the mobilisation
of quasi-static pile toe resistance and a compaction of the affected soil in a certain range
(Figure 6-14, right). This also gives an explanation why so is more or less affected by
different pile installations (Figure 6-3) and why velocity signals may become
asymmetric (Figure 6-5): in case of 'impact' mode, the downward directed pile
movement is hindered in the granular zone. The acceleration amplitude decreases at a
certain pile penetration (Lpen > 1.5 m = aampl < 10-g; Figure 6-3) and thus even a rather
small displacement amplitude is sufficient to surpass the fluidised soil domain

(bfluid < so < 2 mm).

The pile-soil system behaves equally due to single impacts (impact driving): no soil
'fluidisation’ occurs (bnuid = 0) as there is no opportunity for the soil underneath the pile
toe to change its phase before pile penetration starts. After each impact (hammer blow),
the soil recovers to its initial, granular phase. The arrangement of the grains, however,

may be changed.

The pile-soil system behaves differently in case of 'viscous' mode: the pile is surrounded
by a completely fluidised soil domain and oscillates harmonically (Figure 6-5). Due to

high acceleration amplitudes (aampl >10-g; Figure 6-3), the extent of fluidisation
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underneath the pile toe is greater than the displacement amplitude (bauid 2 so; So * 2 mm

or 4 mm, depending of the eccentric moment).

viscous mode impact mode

fluidised zone

VAN

\ /

pile wall

—— So

b I Phluid
pile oscillation

2-50

undisturbed soil compacted zone

Figure 6-14: Supposed phenomena underneath the pile toe

depending on pile installation mode

According to this explanation, 'viscous' mode and 'impact’ mode can be distinguished based on
the acceleration amplitude aampl and the displacement amplitude so or set per cycle sset. The
following Figure 6-15 shows all observations (cf. Figure 6-11) of vibratory pile installations in
the plane aampl/A-sset. On the left side of the figure, each observation is indicated by the marker
of the corresponding test (cf. Table 6-1). On the right side, the observations are coloured
according to the magnification of imprinted radial soil stresses with respect to the theoretical

overburden pressure

; impr
*impr __ O rad (6.4]
rad - yr .7

Blue markers indicate imprinted radial soil stresses in the same magnitude as the overburden
pressure while red markers direct to radial soil stresses magnified by a factor of 6 or greater.
Based on the soil stress magnification, observations can be assigned to 'viscous' or 'impact’

vibratory driving modes.

Treating the set per cycle sset and the amplification-adjusted acceleration amplitude aampl/A as
predictor variables, the following effects on the radial soil stresses can be stated, which agree

with the supposed phenomena visualised in Figure 6-14:
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(A)larger acceleration amplitudes lead to lower imprinted soil stresses due to higher degree

of pseudo-fluidisation

(B)larger sets per cycle lead to higher imprinted soil stresses due to greater penetration

into non-fluidised soil
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Figure 6-15: Observations of different tests (left) and resulting imprinted soil stresses (right)

in the acceleration amplitude-displacement amplitude plane

The explanation presented above is not compatible with the concept of cavity/non-cavity
driven piles (DIERSSEN 1994; CUDMANI 2001; VOGELSANG 2017; LABENSKI 2020) but merely follows

the concept of RODGER & LITTLEJOHN (1980).
6.3 Monotonic lateral pile behaviour

6.3.1 Evaluation procedure for monotonic pile behaviour

To investigate the quasi-static lateral pile behaviour, the data of the first cycle of different
phases of the cyclic lateral load tests was used. The first cycle of phase 1 represents an
undisturbed system; phases 2 and 3 represent a preloaded system where inhomogeneities from
test preparation but also installation effects may be reduced. Phase 4 represents a preloaded
system with higher load amplitude. Developments of the pile or soil behaviour over the phases

are addressed in Sections 6.4 and 6.5.
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Concerning the load-displacement behaviour, measurements at the pile head were evaluated.
For the dynamic stiffness, measurements of the bending mode eigenfrequency after pile
installation and before start of the cyclic loading were also taken into account. Soil stress

measurements at different load levels were evaluated to investigate the soil behaviour.

6.3.2 Quasi-static load-deflection behaviour
For the sake of comparability of the different tests with slightly different penetration depths
Lpen [m], the pile head deflection u[m] (measured at pile head level, approx. 1-Dpie over

mudline) and the lateral force H [kN] (acting on top of the transition piece) were transferred to

dimensionless values

ut = u/Lpile (6-5)

and
H
(6-6)

H'=—«——
Y- Dpile ) L%Jen

using the pile length Lpile [m], the soil unit weight y' [kN/m?], the pile diameter Dpi [m] and the

embedment length Lpen [m] shown in Figure 6-16.

pile

pile
Figure 6-16: System parameters for the lateral pile analysis
The load-displacement behaviour of the first cycle was approximated by a power law of the

type
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ut = ul**ef “H™ + u:)ffset (6-7)

as proposed by HETTLER (1981). The factor u*wr [-] can be interpreted as the dimensionless
displacement due to a reference load of H*rer = 1, the exponent k [-] determines the curvature
of the function, and u*ofrset [-] is the displacement offset. Figure 6-17 shows the load-
displacement behaviour of the impact driven pile Z03, the free vibratory driven pile Z07 and
the crane-guided vibratory driven pile Z12. Measurement data is plotted by coloured markers,
power fits according to Equation (6-7) are shown as coloured lines. Good fits can be found for

both loading and unloading phase.
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Figure 6-17: Exemplary plot of load-displacement measurements (coloured markers)

and power fit (coloured lines)

For the loading phase starting with H* = 0 the displacement offset is set to u*offset = 0. At the end
of the first unloading phase, the horizontal force H* does not go back to zero. The fitted data can
be used to estimate the permanent deformation of the system at H* =0, expressed by

U*perm = U¥offset > 0.
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Referring to the exemplary load-displacement curves in Figure 6-17 it is obvious that, especially
at higherload level, the crane-guided vibratory driven pile Z12 behaves softer and shows higher
permanent displacements than the free vibratory driven pile Z07 and the impact driven pile

703.

As described in Section 6.1, the piles were grouped according to the installation parameters
(hammer type, crane-guidance). Figure 6-18 shows fitted load-displacement functions of the
first loading phase for each test in the test groups (coloured lines) together with mean fits for
the corresponding groups (black lines) and a comparison of the mean fits of all groups (bottom

left, coloured lines).

COMP - CLLT - phase 1

impact free-hi-aggr free-lo
0.4
0.3
0.2
= 703 707
0.1 704 708
710 709
0.0
mean fits guided-hi-fix guided-lo-fix
0.4 %
0.3
¥ 0.2
= —711
0.1 —7Z15 --712
......... 216 213
0.0
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
w*[1073] w*[107%] w* [1073]

Figure 6-18: Load-displacement behaviour of tests (phase 1, cycle 1)

grouped by installation parameters

The groups show different deviations. While the load-displacement curves of the crane-guided
vibratory driven piles are very similar, those of the free vibratory driven piles with the high
eccentric moment have certain differences. This may be because, in case of crane-guided
installation, the driving frequency (and thus the centrifugal force) was set prior to the start of

the pile penetration and remained constant afterwards. In case of the free vibratory pile driving,
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on the contrary, the driving frequency was increased manually as the pile penetrated into the
soil, resulting in certain deviations of the system dynamics over penetration depth and between
the different tests (see Section 6.2.3). The result of the pile installed by free vibratory driving
with low eccentric moment has to be treated with caution as only one test with this
configuration (Z14) was carried out and minor variations may result in similar differences as

produced by the free vibratory pile installation with the high eccentric moment (207, Z08, Z09).

At high load level, the impact driven piles and the free vibratory driven pile with low eccentric
moment (Z14) show the least pile head displacement while the crane-guided vibratory driven
piles show the highest pile head displacement. Table 6-3 shows fitting parameters to describe
the lateral load-displacement behaviour of the model pile due to different installation
procedures. For each group, mean values of all tests from that group were taken for each

parameter. Detailed results of each test are given in 0.

Table 6-3: Fitted parameters for load-displacement curves (test groups, CLLT, phase 1, cycle 1)

loading unloading
U¥ref K U¥ref K U*perm

group [10°] [ [107] [ [

impact 2.49 1.22 1.32 0.67 0.15
vibro (free-hi-aggr) 2.75 1.29 1.41 0.71 0.16
vibro (free-10) 2.59 1.29 1.40 0.73 0.11
vibro (guided-hi-fix) 3.02 1.38 1.34 0.68 0.18
vibro (guided-lo-fix) 3.14 1.36 1.42 0.68 0.20

Plotting the power law parameters u*rer over k for all tests shows that the parameters have a
linear relationship and are grouped for the different installation methods. Figure 6-19 shows
parameter combinations for single tests and also the mean fitting parameters of each group.
Different colours indicate different installation parameters and different markers distinguish
the unique tests (cf. Table 6-1). Circles (o) are used to indicate the mean values of the test

groups. Tests Z01 and Z02 are not included as they were identified as outliers.
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Figure 6-19: Fitted parameters for load-displacement curves

(all tests and test groups, CLLT, phase 1, cycle 1)

The load-displacement behaviour of impact driven piles can be described by lower values for
the function u*rwr and curvature x compared to crane-guided vibratory driven piles. The
parameters of free vibratory driven piles lie in between with notable deviations in case of the
vibratory hammer with high eccentric moment (free-hi) and only one test with the low
eccentric moment (free-lo). For test phases 1 to 3 of the cyclic lateral load tests, a linear
relationship between u*rer and k could be found. Still, the tendency of low u*rer and k values for
the impact driven piles and free vibratory driven piles remains but the differences between

vibratory driven piles are blurring. Data of other phases is given in 0.

Over the loading phases, the variation of the tests regarding initial stiffness and displacement
at maximum load level declines. This can also be visualised by means of histogram plots of the
parameters k and u*rer, as shown in Figure 6-20. The distributions of the parameters get

narrower from phase to phase.
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Figure 6-20: Variation of fitting parameters for monotonic loading

6.3.3 Dynamic stiffness of pile-soil system after pile installation

The bending mode eigenfrequency of the pile-soil system fojac was determined at several
instances of the different tests in two directions (0°, 90°). To estimate the eigenfrequency of the
undisturbed system, the measurements taken directly after pile installation (end of driving,

EoD) were assessed. Ranges of the measured frequencies are shown in Figure 6-21.

The results show median values of the eigenfrequencies of each group () from 19.5 Hz to
20.8 Hz or arange of 1.3 Hz. The different measurements taken at one pile (different directions)
show similar variations, some were even bigger. Thus, the measured eigenfrequency seems not

to be a reliable indicator to evaluate installation effects in the model tests.
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Figure 6-21: Measured bending mode eigenfrequencies

after pile installation (EoD) and before lateral loading (N=0)

6.3.4 Soil reaction due to quasi-static pile loading

To analyse the bedding reaction to lateral pile loading, the effective horizontal soil stresses
were evaluated. Measurements are available for different discrete depths z, distances from the
pile axis r and angles 6 (cf. Figure 5-17, left). Here, measurements in a distance of r = 0.5 m to
the pile axis or 0.2 m from the pile wall and in depths from z =~ 0.45 m (which was the
uppermost sensor layer) to z # 2.45 m (which already is about 0.05 m below the pile toe) are
shown. The soil stresses measured in loading direction are labelled 'downwind’, soil stresses
measured on the opposite side of the pile are labelled 'upwind'. The difference between the two

measurements is the 'resultant’ soil stress. Soil reaction during first cycle's loading phase

Figure 6-22 shows the effective radial soil stresses o'rad over depth z for different load levels H
during the first cycle of the phase 1 of test Z03 (impact driven). Darker lines indicate higher
loads with a load interval of 2 kN between two lines. On the left-hand side and in the middle,
the stresses in upwind and downwind direction are plotted, on the right the resultant
(= downwind - upwind) is shown. Generally, the absolute soil stresses in both upwind and
downwind direction grow towards the pile toe which is a result from the pile installation

process (cf. Section 6.2).

-130 -



Monotonic lateral pile behaviour

203 - CLLT - Phase 1

0.0 upwind downwind resultant
' H=2kN
—H=14kN

0.5+ ] r : F 1

1.0 ] - 1
—_ =
E 2 £
N E §

1.5 = kS : F 1

20F ] r : F 1

2.5 L L L L L L L L L

0 50 100 0 50 100 -50 0 50
o' ad [kN/m?] o' [kN/m?] o' [kN/m?]

Figure 6-22: Soil stress development over first loading phase

With increasing lateral load, higher soil stresses develop on the downwind side in depth above
approx. 1.65 m as the pile is pushed against the soil. Below approx. 2.05 m, soil stresses are
reduced on the downwind side as the soil is unloaded. Thus, a rotation point can be expected
somewhere around z = 1.85 m. The exact depth cannot be given due to the resolution of the
discrete measuring points. On the upwind side, only minor soil stress changes occur. The soil is
unloaded in the upper soil layers and loaded below the rotation point. A similar behaviour was
observed at all piles. 0 shows the corresponding graphs of Ac'(z) to illustrate the soil stress

changes due to cyclic lateral loading rather than the absolute values.

Looking at the soil stresses in downwind direction above the rotation point, soil stresses
increase more or less steadily, indicated by equally spaced iso-load lines. Yielding of the soil
cannot be discovered, as this would not allow further mobilisation of soil reaction and thus an

increase of horizontal stresses.

This interpretation needs to be examined more closely as the boundary conditions of the test
pit may impede failure. To disprove this, the failure mechanism according to classic earth

pressre theory is used: According to REESE et al. (1974), the ultimate bedding resistance in
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shallow depth is described by spatial passive earth pressure. At failure, a wedge is formed with
the slope 45°+¢'/2. With the geometries of model pile and test pit and a soil friction angle of
@' = 40° this leads to a depth of z < 0.79 m unto which possible soil failure is unaffected by the
boundaries of the test pit, as can be seen in Figure 6-23. Thus, the uppermost sensor level in the
vicinity of the pile (z ~ 0.45 m, r 0.2 m) is unaffected while in the next sensor level (z ~ 0.85 m)
a possible soil failure may be impeded by the pit walls. However, the (theoretical) failure load
Ppy.ult increases with depth z and the issue addressed above should not arise in deeper soil

layers.
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Figure 6-23: Influence of boundary on failure mechanism and soil stress measurements

With an increase of soil stresses of about 50 kN/m? at maximum load, the soil reaction due to
lateral loading can be considered moderate compared to the soil stress developments during
pile installation (cf. Figure 6-10 and Figure 6-12) with effective soil stress amplitudes of
Ac'rad = 100 .. 200 kN/m? for impact driven piles and Ac'rad = 50 .. 100 kN/m? for free vibratory

driven piles.

Imprinted soil stresses after first cycle

To investigate the soil behaviour due to unloading of the pile, soil stress profiles in upwind
direction, downwind direction, and resultant (from left to right) at low (H = 1 kN), medium
(H =7 kN) and high (H = 14 kN) load levels of both loading (solid lines) and unloading (dashed
lines) phase of the first cycle were investigated. The following Figure 6-24 shows exemplary

soil stress profiles from phase 1 of test Z03 (impact driven).
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Figure 6-24: Soil stress development during first loading and unloading cycle

In deeper soil layers (z > 1 m), especially in downwind direction, the soil stresses do not return
to the initial values when the pile is unloaded. Instead, higher stresses are imprinted into the
soil. This can be seen by the light-grey and grey (H = 1..7 kN), dashed (unloading) lines in the
right diagram (resultant) showing higher soil stresses compared to the corresponding solid
(loading) lines between z = 1 m and z = 2 m. These imprinted soil stresses are the result of the

first loading/unloading cycle and describe the stress state for the subsequent cycle(s) (see
Section 6.4.4).

6.3.5 Interim summary and discussion on monotonic lateral pile behaviour

The quasi-static load-deflection behaviour at the pile head can be described by a power law of
the type u*(H*) = u*rer - H*< + u*oftset for both loading and unloading phases. For the loading
phase, the different installation variants can be distinguished based on the parameters u*refand
k. Impact driven piles show least pile head displacement at maximum load level, followed by
free vibratory driven piles. Crane-guided vibratory driven piles show the highest pile head

displacement at maximum load level. This generally confirms the numerical simulations of
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(STAUBACH et al. 2021) which show an increase of lateral pile stiffness due to impact driving

compared with wished-in-place (WIP) piles.

Evidently, the lateral bearing behaviour is linked to the pile installation effect and the imprinted
radial soil stresses. Increased soil stresses lead to increased soil stiffness and thus increased
lateral bedding stiffness. As pile installation effects on soil stresses decay with pile penetration
(friction fatigue'), the differences in the soil's stress state will eventually be manifested near
the pile toe. Thus, the pile installation effect observed due to impact and free vibratory pile
driving will affect the lateral pile behaviour especially if a toe kick occurs. This applies to short

piles with high flexural stiffness, e.g. monopiles.

LABENSKI (2020) investigated the static pile behaviour of vibratory driven piles at a load level of
about H* < 2.5 while the maximum load levels during the tests presented here was limited to
about H* < 0.5 (according to the definition of H* given in Equation (6-6)). According to LABENSKI
(2020) the lateral stiffness correlates with the ratio sset/st which is reduced by limited
penetration speed, and correlates inversely with the ratio Fvias/Fc, which is reduced by the line
pullin case of crane-guided vibratory driving. In case of guided vibratory pile driving, the model
tests carried out by LABENSKI (2020) revealed much higher static lateral bedding stiffnesses
compared to free vibratory driving. These findings are partly in contradiction to the
observations made during the model tests presented in this thesis: Here, pile installation effects
and thus increased bedding stiffness were observed for large values of sset/si and high values
of Fbias/Fe. (cf. Figure 6-13). Crane-guided vibratory driven piles showed a considerably lower
pile head stiffness (cf. Figure 6-18). This agrees with MASSARSCH et al. (2022), who state that a
line pull at the end of vibratory pile installation may have a negative effect on the soil stiffness

below the pile toe.

The dynamic response of the pile-soil system shows a certain scatter. The measured
reproducibility of the system response seems to be below possible influences of increased soil
stresses on the dynamic pile bedding stiffness (= small strain stiffness). This may be explained
by the marginal pile deflections at the pile toe occurring during dynamic excitation. The pile's

eigenfrequency is mainly driven by the soil characteristics and state at shallow depth.
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6.4 Cyclic lateral pile behaviour due to unidirectional loading

6.4.1 Evaluation procedure for cyclic pile behaviour

Regarding cyclic behaviour, two topics are of main interest for monopile design: Accumulations
of pile head displacement or inclination for serviceability and the change of the foundation
stiffness for fatigue calculations. The following Figure 6-25 shows exemplary pile head
behaviour due to cycles N =1; 10; 100; 1,000 and 10,000. The measured loading/unloading-
displacement loops are drawn by lines and the lateral pile head secant stiffness Eiat was

calculated between load levels of kN and 5 kN (©).
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Figure 6-25: Hysteresis loops of loading-unloading cycles

A notable portion of permanent displacement can be seen in the first cycle which drastically
decreases with cycle count but still contributes to displacement accumulation. The secant
stiffness declines with number of load cycles. Both phenomena will be further analysed in the

following sections.

6.4.2 Pile head displacement accumulation

As described in Section 2.3.7, different approaches exist to describe cyclic strain (or
displacement) accumulation. Accumulation function of the form fn = u(N)/u(N=1) describe the
accumulated displacement in relation to the displacement during or after the first cycle
(= monotonic behaviour). This may be useful when comparing tests of different geometries or
in different soils. In case of different installation methods, the quasi-static (monotonic)
behaviour showed differences as shown in Section 6.3. So, the use of an accumulation function

as defined above may be misleading as information about the absolute value of displacement
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accumulation is lost. Still, the accumulation function can be used to describe the shape of the

accumulation behaviour (log, log-linear, power law).

The course of absolute displacement (e.g. permanent displacement uperm) is biased by an offset
(displacement of the first cycle) and thus is also not suitable to analyse accumulation behaviour.
Instead, the convention of the HCA model shall be used to analyse the accumulation behaviour
due to cyclic lateral loading: The first 'irregular’ cycle is ignored and the strain accumulation is
described during the subsequent 'regular’ cycles only. The course of the accumulated
displacement (after the first, 'irregular’ cycle) uacc can be made dimensionless by divison by the

pile length Lpile [m]:

Yy =u" =u/Lyje (6-8)

The resulting inclination can be interpreted as shear strain y [-] (see Figure 6-26):

Figure 6-26: Fictional shear strain y due to pile head displacement u

A measure of 'fictional' strain was calculated for the accumulated displacement uacc and the
displacement amplitude uampi. For the definition of cycle count and strain quantities, refer to

Figure 2-15 (Section 2.3.7).

The formulation of the HCA model (NIEMUNIS et al. 2005) for the accumulated strain yac is given
by multiplication of the flow rule m with the amplitude function fampl, the stress state function
fp, the stress ratio function fy, the void ratio function fe, the polarisation function fr and the cycle

function fn.
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yacc(Nreg) =m- fampl ' fp fy fe - fr -y (6-9)

or

Yacc(Nreg) =m- 1:ampl ' 1cp “fy - ferfr- Cnt

6-10
“[In(Cy, - (Nreg) +1) +Cnz Nreg] ( )

The given formulation for fx is only valid for constant loading amplitudes. From Equation (6-
10) follows that the shape of the accumulation curve is determined by the constants of the cycle
function Cn2 and Cn3 while the constant Cn1 as well as all other functions are needed for scaling
purpose only, as long as they are not updated during cyclic loading. The possibility to update
the amplitude function and the void ratio function of the HCA model is mentioned by (NIEMUNIS
et al. 2005), but (WICHTMANN & TRIANTAFYLLIDIS 2011) report that mean values of strain

amplitude and void ratio are used to calculate fampi and fe for calibration of the model.

As shown above, the displacement accumulation is linked to the displacement amplitude. In
analogy to the HCA model of (NIEMUNIS et al. 2005), this effect shall be considered by the
amplitude function fampl. From the mean value of the fictional shear strain amplitude yampimean,

the amplitude function fampi [-] was calculated by

(6-11)

Yampl,mean)cﬂ‘pl

f 1= (
amp Yref
with the reference strain yref= 10 and the constant Campi = 1.7 taken from (WICHTMANN &

TRIANTAFYLLIDIS 2011).

Figure 6-27 shows the resulting courses (fitted to the measurements; see below) of the

accumulated strain yacc during test phase 1, corrected by the amplitude function fampi.

Again, notable deviation can be observed for the free vibratory driven piles with high eccentric
moment (cyan). The accumulated strain after the first 'irregular’ cycles shows clear differences
between impact driven and free vibratory driven piles on the one hand and crane-guided
vibratory driven piles on the other hand. The observation that the free vibratory driven pile
with low eccentric moment (test Z14, blue) shows the least accumulated strain has to be treated
with caution as only one test is available with this installation variant. Crane-guided vibratory
driven piles show the highest accumulated strain. The 'order' of the amount of accumulation

regarding installation method is less pronounced for the subsequent phases (see Appendix F).
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Figure 6-27: Fitted strain accumulation for HCA model

Influences of the first cycle's (permanent) strain are not considered in the HCA model by
definition. Influences of the strain amplitude have been considered by the amplitude function
fampl, but seem to be limited (see below). Further influences on the accumulation behaviour may
be considered by the stress state function fp, the loading ratio function fy, the void ratio function
fe and the polarisation function fr. As these functions are unknown (even though fr = 1 can be
assumed as polarisation changes do not occur during the first loading phase), they were

included into a 'biased' accumulation parameter
Cyi=m-fy-fy-fo-frCyy (6-12)
which will be used for further analysis.

The accumulation curves presented above show fits between the measured strain

accumulation, corrected by the amplitude function, and the modified accumulation function

Yacc(Nreg)/fampl = CNl ) [ln(CNZ ) (Nreg) + 1) + Cyz - Nreg] (6'13)
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Fits were performed in Matlab (MathWorks 2020). Good agreement could be achieved by
treating the parameters Cnz = 0.65 and Cn3 = 10-* as soil constants, leading to the following
values for Cn1 for phase 1 of the CLLT, plotted over the first cycle's permanent fictional strain
YpernN=1 = Uperm,N=1/ Lipile:
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Figure 6-28: Biased cyclic accumulation parameter Cy; (with Cyz = 0.65, Cyz = 104)

vs. first cycle permanent strain Upermn-=1/Lypile fOr tests and test groups

Figure 6-28 shows a linear correlation between the biased cyclic accumulation parameter Cn1
and the permanent fictional strain of the first cycle upermN=1/Lpile. Lower combinations of both
parameters can be observed for impact driven and free vibratory driven piles with "aggressive'
penetration control while higher values apply for crane-guided vibratory driven piles and free

vibratory driven piles with a more moderate frequency control.

The variance in accumulation behaviour of the free vibratory driven piles can be seen in the
following Figure 6-29. All free vibratory driven piles with high eccentric moment (cyan) are
shown, together with the impact driven pile Z04 (green) and the crane-guided vibratory driven
pile Z12 (red). The installation of the free vibratory driven piles shown here differ only in the

manual frequency control (cf. Sections 6.1 and 6.2.3).
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Figure 6-29: Fitted strain accumulation for free vibratory driven piles

The accumulation behaviour of the free vibratory driven piles is spread over the whole range

between the abovementioned 'boundary values'. Free vibratory driven piles with a more

'aggressive' frequency control (thick lines: Z07, Z08, Z09) show lower strain accumulation

compared to those with a more 'moderate’ frequency control (thin lines: Z01, Z02, Z05 Z06).

Further test phases 2, 3 and 5 gave also good agreement between measured accumulation and

Equation (6-10) with the same constants Cnz=0.65 and Cn3 =10 The resulting biased

constants Cn1 are given in Table 6-4 as mean values for the groups of tests with same

installation method. Parameters for all tests are given in Appendix F.

Table 6-4: Mean fitted 'biased’ accumulation parameter for HCA model accumulation law

(test groups, CLLT, phases 1, 2 and 3)

Cn1[106]
group
phase1 | phase2 | phase3

impact 12.2 11.9 8.9
vibro (free-hi-aggr) 13.0 15.9 10.0
vibro (free-lo) 11.1 15.0 9.0

* for phase 5 only a limited number
vibro (guided-hi-fix) 16.5 16.5 11.9

of tests was available
vibro (guided-lo-fix) 18.5 22.9 13.1
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Phases 1 and 2 show similar or increasing accumulation behaviour. Phase 3 always shows the
lowest accumulation behaviour. These results indicate that phases 1, 2 and 3 can be regarded
as independent concerning cyclic pre-loading. Different accumulation behaviour results in
different scaling only, which can be explained by changes of the void ratio or stress state. The

loading history, however, is erased by the changing loading direction (cf. Section 6.5).

For phase 4, the accumulation behaviour showed a different shape and less good agreement
was found for parameters Cnz=0.65 and Cn3 = 10-% Better agreements were found using
different cyclic parameters Cnz and Cn3. However, this violates the HCA model assumptions
according to which Cnz and Cns are soil constants. As a different horizontal force was applied
(namely H = 5..20 kN in phase 4 in contrast to H = 1..15 kN in phases 1, 2 and 3), the flow rule
m and the functions fy and f, will probably change. This, however, will only result in different
scaling of the accumulation curve and not change its shape. Since the cyclic loading during
phase 4 was conducted in the same direction as during phase 3, a pre-loaded system may be
assumed. On the other hand. (WicHTMANN 2016) found out that due to an increase of the average
load level (equal to monotonic loading), the 'cyclic memory' of the soil may be partly or fully
erased. In case of the transition from phase 3 to phase 4, the average load level is raised from
Hav=8 kN to 12.5kN. Due to the first (‘irregular') cycle of phase 4, effects of the cyclic

preloading during phase 3 on the behaviour during phase 4 may be partly or fully removed.
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Figure 6-30: Ranges of mean strain amplitude Yampi,mean

and first cycle's permanent strain amplitude ypermn=1
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Figure 6-30 shows the combinations of Yampl,mean = Uampl,mean/Lpile (used to normalise the strain
accumulation in the HCA model) and YypermN=1 = UpermN=1/Lpile (used to normalise the
accumulation in 'classical’ accumulation functions) for all tests. The range of Yamplmean is quite
small in comparison to that of ypermn=1. Thus, in this case, the influence of the amplitude function

on the strain accumulation is merely a scaling issue.
6.4.3 Cyclic pile stiffness

Development of quasi-static lateral secant stiffness during cyclic loading

From the lateral force H [kN] and the pile head displacement u [mm] measured during cyclic

lateral loading, the lateral pile head stiffness Eiat [kKN/mm] can be calculated as
Ejax = AH/Au (6-14)

The secant stiffness between minimum and maximum load is defined as shown in Figure 2-19
and was evaluated for both loading and unloading of each cycle. As the maximum and minimum
load, and therefore the load difference AH, were kept constant by the loading device, the secant

stiffness Elat is directly proportional to the displacement amplitude uampl = Au/2.

The following Figure 6-31 shows exemplary plots of the development of secant stiffness over
cycles for tests Z03, phase 2 and Z15, phase 1. The coloured lines show measured secant
stiffness where the upper lines indicate unloading stiffness while the lower ones indicate
loading stiffness. The curves show some fluctuations which can be explained by small
magnitude of Au (in the region of 2 mm) which is influenced by the resolution of the
measurement devices. In case of the measurement of the accumulated displacement this effect

does not play an important role.

The behaviour of the first loading cycle differs greatly from the further cycles. The unloading
stiffness decreases during the first cycles. For cycle numbers N > 20, loading and unloading
stiffness converge. For 'regular’ cycles (N 2 2), the loading stiffness shows a linear course in

half-logarithmic scale.
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Figure 6-31: Development of measured lateral pile head secant stiffness during cyclic loading

Figure 6-32 shows an overview of the pile head secant stiffness of the loading cycles for all tests

and test groups in the familiar manner.
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Figure 6-32: Development of pile head secant loading stiffness over cycle count
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Most important to notice is a severe increase in pile head stiffness of 26% to 41% (mean value

34%) due to the first cycle and another 19% to 33% (mean 25%) due to the subsequent 12,000
cycles.

Figure 6-33 shows the course of the secant stiffness of the unloading cycles for different test

groups. The curves are smoothed for better readability; the qualitative shape is similar for all
tests.
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Figure 6-33: Development of pile head secant unloading stiffness over cycle count

Impact driven piles show the highest mean courses of both loading and unloading stiffness, but
also a large variation between the tests (203, Z04, Z10). Crane-guided vibratory driven piles

show the lowest secant stiffness and a very good reproducibility.

Development if dynamic stiffness during cyclic loading

During the tests Z07, Z10 and Z15, lateral frequency response tests were carried out before
start of the cyclic lateral loading (N = 0), after N = 1; 10; 100 and 1,000 cycles and after the end
of each cyclic loading phase (N =12,000). Figure 6-34 shows the development of the

eigenfrequencies folat [Hz] measured in loading direction after the above-mentioned cycle
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counts in relation to the eigenfrequencies measured before lateral loading (N = 0). Higher

eigenfrequencies indicate a stiffer system.
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Figure 6-34: Development of lateral pile eigenfrequency during cyclic loading

For all three tests, a softening of the system can be observed due to the first loading/unloading
cycle as fojat(N=1) /fo1at(N=0) < 1. The stiffness recovers after about 100 cycles and after end of
cyclic loading the eigenfrequency reaches about 102% to 106% of the initial value. Based on
only three tests with different pile installation procedures, a discussion of the course of fo,at

over N seems not well founded.

For a comparison of the dynamic stiffness with the cyclic secant stiffness, the measured
stiffnesses of tests Z07, Z10 and Z15 were used. It has to be taken into account that each loading
cycle has a considerable impact on the soil behaviour for following unloading and loading
cycles, especially during the first cycles (cf. Figure 6-31). The lateral frequency response test,
on the other hand, can be considered as non-destructive testing method with very little

influence on the soil behaviour. This has two implications:

— Relative stiffnesses from (non-destructive) eigenfrequency measurements should be

compared to relative secant stiffnesses of the preceding unloading cycle.

— No static (secant) stiffness is available for N =0, thus all measurements have to be

related to the respective measurements of the first cycle N = 1.
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The following Figure 6-35 show the outlined comparison of quasi-static and dynamic pile

stiffness.
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Figure 6-35: Comparison of measured pile head unloading secant stiffness (lines)

and measured eigenfrequency (markers) over cyclic loading

In general, a similar behaviour can be observed from both dynamic and static stiffness. A
quantitative match between the two measures for the pile stiffness, however, is not obvious.
One reason for the quantitative differences may be the fact that the (quasi-)static lateral
stiffness was deducted from measurements at the pile head (approx. 60 cm above mudline)
while the dynamic stiffness (pile eigenfrequency) was measured at the top of the transition
piece. The stiffness of the transition piece itself (which is not affected by cyclic loading)
influences the dynamic stiffness but not the (quasi-)static stiffness. Thus, the dynamic stiffness

shows less influence of cyclic effects compared to the quasi-static stiffness.

6.4.4 Soil reaction to cyclic pile loading

Soil stress developments due to cyclic loading

To investigate the soil stress development during cyclic loading, the changes of effective radial
soil stresses (compared to the effective radial stress after pile installation, N = 0) are plotted for

an increasing number of cycles. Figure 6-36 shows exemplary results from pile Z05. Different
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diagrams show soil stress developments in upwind direction, downwind direction and for
stress resultants (from left to right). Soil stress profiles for maximum lateral load level (solid
lines) and after subsequent unloading (dashed lies) are plotted for N = 1; 10; 100; 1,000 and
10,000 cycles (with growing darkness).
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Figure 6-36: Upwind, downwind and resultant soil stress profiles

at maximum and minimum load level for different number of cycles

The behaviour of the soil can be roughly divided into three layers:

1) Shallow depth (z<1 m)
In downwind direction, soil resistance is mobilised due to lateral loading. Soil stresses
go back to initial values after unloading. Soil stresses remain stable during cyclic
loading.
In upwind direction, soil stresses stay at initial values during loading (when the pile is
pulled away from the soil) and increase during unloading (as the pile moves towards
the soil). With increasing number of cycles, soil stresses accumulate in upwind

direction.
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2) Intermediate depth (1 m<z<1.8m)

In downwind direction, soil stresses grow due to lateral loading. Increased radial
stresses remain imprinted in the soil after unloading. Thus, stresses grow due to cyclic
loading. The stress amplitude (difference between maximum stresses during loading
and minimum stresses after unloading) decreases with depth and becomes zeros
around z ~ 1.8 m where the point of zero deflection can be assumed.

In upwind direction, only minor changes of soil stresses can be witnessed.

3) ToeKkick (z>1.8 m)

Below the assumed point of zero deflection, the "toe kick' leads to stress reductions in
downwind direction during loading. Absolute values of soil stress reduction grow with
number of cycles and the soil stresses during unloading 'follow’ this trend.

In upwind direction, an increase of soil stresses with number of cycles was measured
by the two lowermost sensor levels. Higher stresses during loading partly remain

imprinted in the soil after unloading.

Figure 6-37 shows a detailed analysis of the development of soil stresses over displacement
cycles. The changes of radial effective soil stresses with respect to the stress state after pile

installation (EoD, end of driving)
Ao-;'ad = 0':”ad - c;;‘ad,EoD (6'15)

divided by the overburden pressure y"z at different sensors locations is given over the pile head
displacement in loading direction uoc (not the local pile displacement at measurement level!).
The diagrams are arranged according to the sensor location (left/right: upwind/downwind 6;
vertical: depth z). Exemplary data of the first phase of the cyclic lateral load test of pile Z07 was
used. Single cycles are drawn with increasing darkness according to the cycle number. The start

(>) and end (<) of each drawn cycle is labelled by markers.

For all sensor layers, but especially those at intermediate depth and those below the rotation
point, it has to be kept in mind that the actual pile displacement in the respective depth is
smaller than the pile head displacement at the measurement level (= 0.6 m above mudline). The
normalisation of the soil stress changes allows a comparison of the different sensor layers.

Obviously, highest amplitudes of normalised stresses can be observed at shallow depths.
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Figure 6-37: Development of soil stresses over displacement cycles
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(a)

(b)

(ab)

(e, f)

(c-

For the sensor at shallow depth in upwind direction, the soil stress does not change
when the pile is pulled away from the soil during the first loading cycle but increases
as the pile is allowed to move towards the sensor again during the first unloading
cycle. During subsequent loading cycles, the soil stress decreases towards the initial
values (Ac'rad/(y'-z) = 0) and increase towards continuously growing values during
unloading. The shape of the soil stresses over pile head deflection becomes steeper

with increasing cycle number.

In downwind direction, soil stresses increase to similar values during each loading
cycle and decrease below the initial values (Ac'rad/(y'-z) < 0) during unloading. The
shape of the soil stresses over pile head deflection is approximately parallel except

for the first loading cycle.

At the sensor levels in shallow depth, the soil stress change over pile head
displacement shows a loop-like shape, indicating a hysteretic behaviour and plastic

behaviour (ratcheting) due to cyclic effects.

Due to the toe kick, as expected, sensors below the rotation point show an increase
of soil stresses in upwind direction (e) and a decrease of soil stresses in downwind

direction (f) during loading cycles and vice versa during unloading cycles.

At the sensor levels in and below intermediate depth, the changes in soil stresses
over pile head displacement move on a more or less straight line during subsequent
loading and unloading cycles (red dashed lines). This indicates linear elastic
behaviour of the soil in the emerging stress range. Deviations from the linear-elastic
behaviour can be observed in downwind direction at intermediate depth (d) and in

upwind direction below the rotation point (e), indicating ratcheting behaviour.

The soil behaviour in shallow and intermediate depth can be explained by the model drawn in

Figure 6-38:
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Figure 6-38: Soil reaction during loading (top) and unloading period (bottom)

1) Shallow depth (z <1 m)

2)

In upwind direction, a 'gap’ is formed during loading and material is transported into
that gap. In downwind direction, passive earth pressure is mobilised. During unloading,
the passive earth pressure pushes the pile back towards its original position. The
additional material in the upwind direction is compacted, acts as a shifted support and
evokes increased radial soil stresses. The pile deflection during unloading is large

enough to relieve the passive earth pressure.

Intermediate depth (1 m<z<1.8m)

No 'gap' is formed between pile and soil in upwind direction during loading. In
downwind direction, bedding resistance is mobilised during loading. During unloading,

the soil reaction "pushes’ the pile back towards its original position. The pile deflection

-151-



Results of model tests

during unloading is not large enough to fully relieve the soil reaction, so increased radial
stresses remain imprinted in the soil in downwind direction. Likewise, in upwind
direction, soil stresses decrease during loading and partly recover due to partly back

movement of the pile.

3) ToeKkick (z>1.8 m)

The mechanisms below the rotation point are the same as at intermediate depth, but
with opposite sign: The pile deflections are small and the soil behaves elastic. Stress

accumulations during cyclic loading are merely an effect of accumulated pile deflections.

Effects on soil density

Caused by the recurrent processes of soil compaction and soil movement towards the pile, the
soil around the pile is densified and soil volume is reduced. Even though soil deformations were
not measured directly, observations of the mudline around the pile (cf. Figure 5-19) reveal such
developments. The following Figure 6-39 shows exemplary plots of the depth of soil subsidence
Azp observed around the pile, measured directly at the pile shaft after phase 1 of different tests.
Cones with depths of 2 cm to 4 cm with a more or less uniform expansion around the pile

circumference were detected.
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Figure 6-39: Exemplary plots of soil subsidence around model after cyclic loading phase 1
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As outlined by (CUELLAR 2011), the change of volume given by the mudline subsidence indicates
a change of soil density along the pile (cf. Figure 2-18). As the measurements of mudline were
quite inaccurate and limited to the depth of the subsidence at the pile wall, a quantification of

soil compaction similar to the above cited work was not carried out here.

6.4.5 Interim summary and discussion on cyclic lateral pile behaviour

The displacement accumulation of laterally loaded piles can be described by the HCA model on
system level. The HCA model reveals accumulation behaviour unbiased by the monotonic
behaviour of the first, 'irregular’ cycle. Especially the shape of the displacement accumulation
during test phases 1, 2, 3 and 5 shows good agreement with the log-linear formulation of the
HCA model. These test phases have a load level of H=1..15kN and can be considered
independent of their preceding phases due to change in loading direction. The shape of the
displacement accumulation during test phase 4 can be better described by a power law. This
test phase has a higher load level of H=5..20 kN and can be considered preloaded by the

preceding phase 3 which is loaded in the same direction.

The installation variants can be distinguished based on the 'biased' accumulation parameter
Cn1 (accumulation intensity). Impact driven and free vibratory driven piles show lower
displacement accumulation compared to the crane-guided vibratory driven piles. This is partly
in contradiction with numerical simulations of (STAUBACH et al. 2021) which showed lower
accumulation rates of impact driven piles compared to WIP (unaffected by any installation

processes) piles in dense sand.

The pile head secant stiffness due to cyclic loading shows a linear increase with the logarithm
of the 'regular’ cycles. The monotonic stiffness of the first, 'irregular’ cycle is considerably lower
than that of the subsequent cycles. The unloading stiffness is larger than the loading stiffness
during the first cycles and later approximates the loading stiffness. The dynamic stiffness shows

a similar development based on a limited number of measurements.

Due to first loading/unloading cycle, soil stresses are imprinted to the soil, especially at shallow
and intermediate depth above the rotation point (z < 1.8 m). Further increase of soil stresses is
observed due to cyclic loading together with a densification of the soil around the pile, revealed
by a cone of subsidence at the mudline. At shallow depth, high normalised soil stresses induce

strain ratcheting and stress accumulation. At and below intermediate depth, comparably low
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normalised soil stresses occur and the soil behaves elastically with the unloading path following

the loading path back.

On the influence of the soil's stress state on the accumulation behaviour

Following the HCA model and treating Cn1 as a soil constant (as Cnz and Cns), the different
accumulation behaviour of the piles has to be explained by differences in stress state (fp),
loading ratio (fv) or void ratio (fc). Larger values of the beforementioned functions indicate a
greater amount of accumulation. Details on the HCA model and the definition of its different
functions can be found in (NIEMUNIS et al. 2005; WICHTMANN & TRIANTAFYLLIDIS 2011; WICHTMANN
2016). A description of the functions and estimated parameters used in this thesis is given in
Appendix G. From the functional formulation of f, and fy it is evident that the strain

accumulation
— decreases with increasing average mean stress pav, and
— increases with increasing average stress ratio qav/pav.

To quantify the possible effect of the installation-induced stress changes on the cyclic
accumulation, the functions fp and fv were calculated for two scenarios. Figure 6-40 (left) gives
the mean pressure p for the primary stress state (PSS, dashed line) and considering an
installation effect according to Equation (2-37) (INST, solid line). For the primary stress state,
the effective radial stress o'rad can be treated as mean effective pressure p as the dynamic
compaction during sand placement leads to ko 1 (cf. Section 5.6.2). In case of the stress state
after pile installation, however, the soil stress profile according to Equation (2-37) is only
validated for the radial stresses acting on the pile. Therefore, the mean value of the overburden
pressure y"z and 0'rad according to Equation (2-37) with a =-1.6 and 1/fBpss = 5 was taken for
p.

Figure 6-40 (middle) shows the resulting course of f, over depth for the primary stress state
and the stress state with installation effect. The function of the HCA model considering the

average mean stress yields

f, = exp [—cp . (p“ - 1)] (6-16)
Pref

with the atmospheric pressure pref = 100 kPa and
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Cp = 0.41-[1—0.34- (dso — 0.6)] = 0.44 (6-17)

based on a mean grain size of dso = 0.39 mm (cf. Table 5-4). The greatest deviation of f; is of
course observed at the pile toe where values for fp are 1.40 for the primary stress state and 1.12

for the installation effected stress state. The mean values are 1.49 and 1.42, respectively.

o [kN/m?*] fo [ fy [-]
0 25 50 75 1.0 1.5 2.0 1.0 1.5 2.0
0.0
S-S p (PSS) - - -~ PSS (mean = 1,49) -~ -- PSS (mean = 1.83)
05 —p (INST) — INST (mean = 1,42) —— INST (mean = 1.12)
10
E
Y15
2.0 / —
2.5

Figure 6-40: Stresses p an q (left), functions f, (middle) and fy (right) over depth

for PSS conditions (dashed lines) and due to pile installation effect (solid lines)

Likewise, values for the loading ratio function fr were estimated for the two scenarios. The

function of the HCA model considering the average stress ratio

fy = exp[Cy - Y] (6-18)
with
Cy =2.60-|140.12-1n 61— 2.47 (6-19)
is somewhat less simple with
- Y-9 -
7= (6-20)
Y. -9
27-(3+
_ B +Mav) (6-21)
(3 + Znav)(3 - nav)
Nav = av/Pav (6-22)
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9 — sin? @,

Y, (6-23)

T 1-sin? @,
with @c =32,2° (cf. Section 5.4.3). The focus was set on the toe kick as here the differences in
the stress state p are most obvious. For the average deviatoric stress gav, the measured stress
difference at the two lowermost sensor levels at average load level Ac'radav = 15 kN/m? (cf.
Figure 6-36, left) was taken. From the stress ratio qav/pav the stress ratio function fy was
calculated. Figure 6-40 (right) shows the resulting course of fy in the region of the toe kick and
the mean values of 1.83 for the primary stress state and 1.12 with consideration of installation

effects.

Thus, smaller values of f, and fr due to imprinted soil stresses as a result of pile installation
effects explain the lesser accumulation of pile head displacements of the impact driven and free

vibratory driven piles compared to the crane-guided vibratory driven piles.
6.5 Cyclic lateral pile behaviour due to changing loading direction

6.5.1 Pile head behaviour due to changing loading direction

As described before, the direction of lateral loading was altered by 90° back and forth between
phases with 12,000 cycles each. Displacement accumulations and changes in lateral stiffness in
loading direction were discussed in section 6.4. Apart from that, a back-accumulation due to
subsequent transverse loading was observed. This phenomenon as well as changes in the

system's stiffness in different directions shall be discussed here.

Back-accumulation

Back-accumulation can be visualised in a comprehensive manner by tracking the pile head
displacement in the horizontal plane. The following Figure 6-41 shows the trace of the pile head
of test Z09. Each symbol represents the pile head displacement in directions 0° and 90° after
N =0;1;10; 100; 1,000 and 10,000 cycles of phases 1 to 5, starting with N = 0 of phase 1 at the
origin (uo = uso = 0 mm). The arrows at the markers representing N = 0 indicate the loading

direction during the individual phases.
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Figure 6-41: Exemplary track of pile head displacement in horizontal plane

during cyclic lateral loading from varying directions

Similar behaviour occurred in all tests whose traces are given in Appendix F.

®

(i)

(iii)

During phase 1, pile head displacements accumulate in loading direction (0°).
Similar spacings between markers point towards approximately logarithmic
accumulation law (see also Figure 6-42; detailed analysis in Section 6.4.2). During
phase 2, displacements accumulate in loading direction (90°) again with very similar

rate.

Simultaneously, considerable back-accumulation in transverse direction (0°) can be
witnessed which eats up about one half of the accumulated displacements from
phase 1 until the end of phase 2. Similar behaviour takes place during phase 3
regarding the accumulated displacements from phase 2. The rate of the back-
accumulation (spacing transverse to loading direction) again shows an
approximately logarithmic course with number of cycles, as can also be seen in

Figure 6-42

Furthermore, the displacement accumulation (in loading direction) during phase 3
is somewhat slower compared to phase 1 (both 0° blue). The same applies for

phases 5 and 2 (both 90°, red).
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(iv)  Due to (ii) and (iii), the total accumulated displacement accumulation at the end of

phases 3 and 5 is only slightly greater than at the end of phases 1 and 2, respectively.

W) The behaviour in connection with phase 4 (cyan) needs to be examined separately
as there is no change of loading direction between phases 3 and 4 and the mean load
level of phase 4 is larger than that of the other phases. In phase 4, there is less back-
accumulation, possibly because a great portion of the accumulated displacements
from phase 2 has already been depleted during phase 3. The back-accumulation
during phase 5 should be compared to the sum of displacement accumulation from
preceding phases 3 and 4 (both 0°). Here again, almost half of the accumulated

displacements were eaten up.

Table 6-5 gives the portion of permanent back-accumulation uiperm during phases2 to 5
referred to the accumulated permanent displacements ujperm from preceding phases(s) with
transverse loading direction for all tests. For phase 5, the accumulated displacements from
phases 3 and 4 are used as reference, as described above. Except for phase 4 (where the amount
of back-accumulation is probably limited due to the preceding phase 3 with same loading

direction), the portion of back accumulation lies between 30% and 50% in all tests.

In analogy to the accumulation function of the HCA model, a function with the same
mathematical structure can be used to describe the back-accumulation. The amplitude function
fampl to scale the back-accumulation was determined based on the mean displacement
amplitude in loading direction. For the back-accumulation as well, the cyclic parameters
Cnz = 0.65 and Cns = 10-* were found suitable to fit the measurement data. Figure 6-42 shows
exemplary plots of the accumulation in loading direction (uj) and the back-accumulation in

transverse direction (u.) during phase 2 of tests 203, Z09 and Z11.
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Table 6-5: Portion of back-accumulation due to transverse loading

Test Phase 2 Phase 3 Phase 4 Phase 5
On =90° Ou = 0° On = 0° On =90°
"W perms "W perma "W perms U perma
Ujperm,i-1 Ujperm,i-1 Ujperm,i-2 Wjperm,i-1Wperm,i-2
[-] [] [-] [-]

701 48% 38% 5% 47%

702 47% 35% 6%

703 45% 40% 10% 49%

704 33% 34% -2% 48%

705 35% 33% 4%

706 34% 33% 2% 42%

707 44% 33% 5%

708 43% 34% 4%

709 51% 37% 5% 48%

710 45% 51% 11%

711 39% 30% 6%

712 47% 33% 5% 44%

713 43% 31% 6%

714 45% 39% 8%

715 36% 31% 3% 42%

716 49% 42% 9% 45%
mean 43% 36% 5% 46%
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Figure 6-42: Displacement accumulation in loading direction

and back-accumulation in transverse direction

The biased parameter Cni consequently depends on the corresponding accumulation
parameter of the preceding phase and has a negative sign. Figure 6-43 shows back
accumulation parameters Cn1,1 of phase 3 versus accumulation parameters Cn1, of preceding

phase 2 of all tests.

accumulation parameters - CLLT
T
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10 F 4 702
* 703
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711
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CN1phases, 1 [10
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Cs’\"l.phase‘l.\ [1076]
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T
L
+ x x % + x ¥

Figure 6-43: Comparison of back-accumulation parameters

to accumulation parameters of preceding phase

-160 -



Cyclic lateral pile behaviour due to changing loading direction

Parameters are grouped in the shown plane according to the installation method. The
accumulation parameter Cn1, has alarger span than the back-accumulation parameter Cn1,1 but

still a slight linear trend between both parameters can be suspected.

A detailed view on the load-displacement behaviour on individual cycle level is shown in Figure
6-44 for phases 2 (8u = 90°, left) and phase 3 (6u = 0°, right) of test Z08. The upper diagrams
show the familiar hysteresis loops while the lower diagrams show the pile head movement in
the horizontal plane (= top view). uj indicates the pile head displacement in direction of the
applied lateral force H while u. specifies transverse displacement. Only a limited number of

cycles with logarithmic spacing was plotted for the sake of clarity.

CLLT - Z08 - phase 2 - 9H =90° CLLT - Z08 - phase 3 - HH =0°

15 15

=10 =10
=3 2

T 5 T s

0 0

0 1 2 3 4 0 1 2 3 4
u, [mm] u” [mm]

\/

1

= = = N=g—————
g -0.5 N=16 g -0.5 N=16
= N=63 =
= 5 N=63
-1.0 N=250 Lol N=250
N =1000 o N =1000
0 1 2 3 4 0 1 2 3 4
u, [mm] U, [mm]

Figure 6-44: Hysteresis loops (top) and pile head movement on cycle level (bottom)

The bottom diagrams show how the pile head moves in transverse direction u. as it is deflected
in loading direction uy. A permanent displacement in both directions (uj and u.) between cycle
start and end is only visible in the very first cycles. The first cycle shows a somewhat different
behaviour in phases 2 and 3. In phase 2, the main part of the transverse displacement u. occurs
during loading period (as the pile is pulled into loading direction) without further transverse

displacement during unloading. In phase 3, approximately the same amount of transverse
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displacement takes place during loading and unloading periods. A similar behaviour could be
witnessed in most tests. In phase 4, no clear curves of transverse movement can be generated
as the amount of back-accumulation is very low (cf. Table 6-5). Phase 5 behaved similar to

phase 2 in most cases.

Change in lateral pile head stiffness

The pile head secant stiffness deducted from load and displacement measurements gives
limited information on the influence of transverse loading as lateral force was only applied in
loading direction. However, the secant stiffness at the beginning of a cyclic loading phase can
be compared to the secant stiffness at the end of a preceding phase with the same loading
direction. The following Figure 6-45 shows the secant stiffnesses of all tests over all phases,
divided into loading directions of 0° (top) and 90° (bottom). The loading secant stiffness is used
and the first 'irregular’ cycle of each phase is not shown as its behaviour differs significantly

from the further cycles (cf. Figure 6-31 in Section 6.4.3). For each phase, cycle counts are scaled

logarithmically.
secant stiffness, cycle load
0,=0°
12 | ! | T | ]
,g, } transverse } ; } 704
g i loading | | 709
=10 | | l | -+-712]]
Z At hERE
& ! 4 b 716
-% = I |
2 [ I I
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a v 4 loading
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12 ‘ ‘ ‘
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g loadi | 1
£ 10 oading | !
E } _Mi A
= ! g :
S ;‘MmﬁH !
s g | | |
mﬁ log N | | | . |
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Figure 6-45: Loading cycle secant stiffnesses of all tests over all phases

for 0° (top) and 90° (bottom) loading direction
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The influence of transverse loading in direction of 81 =90° on pile head secant stiffness in
direction of 0° becomes visible between phases 1 and 3. The secant stiffness in the direction of
0° decreases from the end of phase 1 to the beginning of phase 3 (top diagram) while the secant
stiffness in the direction of 90° (bottom diagram) steadily increases during phase 2. A contrary

development can be seen during phases 3 and 4.

Better insight into that phenomenon can be gained from the pile's bending mode
eigenfrequency which was determined before and after each cyclic loading phase in two
directions (0°, 90°; in and transverse to lateral loading) by default. Figure 6-46 shows the pile's
bending mode eigenfrequency measured in the direction of 90° after each loading phase for
selected tests. Values were normalised by the corresponding value after pile installation and

before the first loading phase (N=0).

LFRT (end of phase, 90°)

1.15
707
110 710
2 —711
£ 105 ——714
S
3 -+-716
“ 1.00
0.95
0 90 0 0 90  0,[°]
1 2 3 4 5 phase[-]

Figure 6-46: Development of pile's bending mode eigenfrequency over loading phases

measured in direction of 90°

The firstloading phase 1 (loading direction 0°) has limited influence on the pile eigenfrequency
in transverse direction (90°) as fojat/folatn=0 1 with some eigenfrequencies lying above and
others below the value before cyclic loading. Due to cyclic loading in phase 2 (90°),
eigenfrequency in loading direction increases and decreases again due to transverse loading in
subsequent phase 3. In phase4 (loading direction still 0° and transverse to shown
eigenfrequency measurements) the eigenfrequency increases again. For phase 5 (loading

direction and eigenfrequency measurement aligned in 90°) most of the tests (except for Z11)
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show a further increase of the pile's bending mode eigenfrequency. Similar courses can be seen
for all tests and opposite trends for measurements taken in 0°. Related figures grouped by

installation method and measurement direction are given in Appendix F.

A close look on the development of the dynamic stiffness is possible for tests Z07, Z10 and Z15.
As mentioned before, the pile's dynamic stiffness was assessed after N = 1; 10; 100; 1,000 and
12,000 cycles during these tests (cf. Figure 6-34). Figure 6-47 shows the development of the
measured eigenfrequency in (top) and transverse to loading direction (bottom) for different
test phases. All measurements were normalised by measured eigenfrequency before start of

the corresponding phase (N = 0).

LFRT (loading direction)
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Figure 6-47: Development of pile's bending mode eigenfrequency during cyclic loading

in loading direction (top) and in transverse direction (bottom)
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Inloading direction, the eigenfrequency decreases during the first cycle(s) (fo,1at(N)/foat(N) < 1)
and then increases. In transverse direction, the eigenfrequency also decreases during the first

cycle(s) but then stays more or less constant (in contrast to the behaviour in loading direction).

It is remarkable that the decrease of the pile's eigenfrequency transverse to the loading
direction can also be observed at the 'undisturbed' system in phase 1. Together with the
following constant course, this indicates that the development of the pile's eigenfrequency
transverse to loading direction may not be linked to the back-accumulation. During phase 2 of
tests Z07 and Z10 (thin lines), no steady decrease of the eigenfrequency over number of cycles
can be witnessed as might be expected in analogy to the back-accumulation behaviour. The

dynamic stiffness seems to be 'reset’ by the monotonic loading of the first, 'irregular’ cycle.

6.5.2 Soil reaction due to changing loading direction

Regarding the possible implications of increased soil stresses near the pile on lateral pile
behaviour, it is of great interest whether these imprinted stresses remain due to multiple
phases of cyclic lateral loading from changing directions. To address this question, soil stresses
measured before (pre) and after (post) each loading phase where analysed. Figure 6-48 shows
measured effective radial stresses o'rad over depth z in the main loading direction 6 = 0° (right)
and in opposite direction 180° (left). Different colours denote different phases where blueish
lines indicate the main loading direction of 61 = 0° (aligned with the soil stresses in focus) while
reddish lines signify the minor loading direction 61 = 90°. Dashed lines show radial stresses
before cyclic loading in the corresponding phase (pre) whereas solid lines indicate the stress
state at the end of the phase (post). For instance, the dashed blue line (phase 1, pre) specifies
the soil stresses before cyclic loading. The black dotted line gives the theoretical overburden
stress y'-z for orientation. Tests Z03 (impact driven) and Z12 (crane-guided vibratory driven)
where chosen as exemplary cases because they show a very different stress state after pile

driving due to the installation effects described in Section 6.2.
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Figure 6-48: Soil stress developments due to changing loading directions
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The course of the soil stresses at the beginning of one phase is almost identical to that at the
end of the preceding phase in all cases (e.g. red dashed line and blue solid line). This was
expected since there is no serious action on the pile between the loading phases. Execution of
the lateral frequency response test (LFRT, cf. Section 5.7.7) including manual detachment and
attachment of the loading mechanism and dynamic excitation with the impact hammer
obviously did not have a severe impact on the soil's stress state. It is also remarkable that the
radial soil stresses measured after phases 1 and 3 (solid blue and light blue lines) are almost

identical. The same applies for phases 2 and 5 (solid red and light red lines).

Looking at the blueish solid lines (post cyclic loading in direction of 8x = 0°) reveals an
increase of soil stresses on the load-facing side (8 = 0°, right) in a depth of about z = 0.8 m to
1.8 m and a decrease on the opposite side. At the uppermost sensor level (z = 0.4 m) a severe
increase of soil stresses in the unloading direction can be witnessed, as discussed in Section
6.4.3. These changes in soil stresses are more or less erased or at least diminished due to
transverse loading, as can be seen by the solid reddish lines (post cyclic loading in direction of
On = 90°). The described behaviour applies for both tests shown in Figure 6-48 (Z03 and Z12)
and all other tests (see Appendix F).

Near the pile toe, a certain decrease of soil stresses can be observed in the direction of 6 = 0°
where the soil is unloaded by the toe kick (cf. Section 6.4.3). Further relaxation occurs during
transverse loading but a considerable portion of the imprinted soil stresses due to pile
installation effects remains. Impact driven and free vibratory driven piles still show radial
stresses in depth of z ~ 2.0 .. 2.5 m (0'rad & 50 .. 100 kN/m?) way above the theoretical
overburden pressure (y"z = 20 .. 25 kN/m?).

Having in mind the steady back-accumulation of the pile head displacement due to transverse
cyclic loading and the more abrupt change of the eigenfrequency due to transverse monotonic
loading, the question arises when the recovery of soil stresses takes place. Therefore, soil stress
profiles in upwind and downwind direction of the preceding test phase are evaluated. The
following Figure 6-49 shows the effective radial soil stresses measured during the first cycle of
phase 5 of test Z04 in upwind and downwind direction of the preceding phase 4 and the
corresponding resultant (= downwind - upwind). Soil stress profiles are plotted for load levels
of H=1; 7 and 14 kN (with increasing darkness) for loading period (solid lines) and unloading
period (dashed lines) of the first cycle.
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Figure 6-49: Soil stress development during first loading and unloading cycle

in loading direction of preceding test phase

Only marginal changes in the soil stress profiles due to the first cycle in transverse direction to
the stress measurements can be seen. Some decrease of the stress resultant in shallow and

intermediate depth is visible, occurring mainly during loading period.

In analogy to the soil stress development during the first cycle shown above, Figure 6-50 shows
the effective radial soil stresses measured during cyclic loading of phase 5 of test Z04 in upwind
and downwind direction of the preceding phase 4 and the corresponding resultant. Soil stress
profiles are plotted for cycles N = 1; 10; 100; 1,000 and 10,000 (with increasing darkness) for

maximum (solid lines) and minimum load level (dashed lines).

Soil stress relaxations can be observed at shallow depth in upwind direction of the preceding
test phase and at intermediate depth in downwind direction of the preceding phase. Stresses
grow at intermediate depth in upwind direction. Stress redistribution proceeds steadily over
cyclic loading but the rate (with logarithm of cycle count; indicated by the distance between the

stress profiles) decreases with the logarithm of cycles.
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Figure 6-50: Soil stress development during cyclic loading

in loading direction of preceding test phase

To give a deeper insight into the effect of transverse loading, soil stresses in different depths
are plotted over transverse displacement cycles in analogy to Figure 6-37. Exemplary, data of
phase 2 of the cyclic lateral load test of pile Z09 is shown in Figure 6-51. Soil stresses were
analysed in direction of loading of the preceding phase 1, thus the soil elements looked at are
subject to shearing during the loading phase in focus. The changes of radial effective stresses
Ac'rad are taken with respect to the initial values before the start of phase 1 (after pile
installation). Consequently, the recovery of imprinted soil stresses (cf. Section 6.4.4) of a pre-
loaded system is inspected here. The changes of soil stresses Ac'rad are divided by the
overburden pressure y'-z at different sensors locations. The pile head deflection ugo° (again not
local pile deflection at sensor level!) used in the below diagrams is the displacement in direction
of loading during phase 2 and therefore transverse to the location and orientation of the
considered stress transducers in the soil. The start (I>) and end (<) of the cycles is labelled by

markers.
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Figure 6-51: Recovery of soil stresses over transverse displacement cycles

Especially in upwind direction of the preceding phase at shallow depth (a) and at intermediate

depth (c, d), a severe recovery of radial soil stresses towards the initial values (Ac'rad = 0) can

be observed. These are the regions with highest changes of soil stresses during phase 1 (see
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Figure 6-48). In contrast to phase 1 (see Figure 6-37), also in intermediate and deep depths

ratcheting can be witnessed.

6.5.3 Interim summary and discussion on the influence of changing loading direction

Cyclic lateral loading in transverse direction to preceding phases of cyclic lateral loading leads
to notable recovery in the range of about 40% of preceding displacement accumulation. This
back-accumulation occurs steadily during cyclic loading and can be described by same
mathematical formulation as accumulation and with the same soil constants Cnz and Cns from
the HCA model. As mentioned in Section 2.3.7, the different concepts of 'multidirectional’
loading given in the literature make it difficult to compare different studies. Regarding the
loading scenario with unidirectional loading packages from changing directions, the model
tests presented in this thesis are comparable only to the experiments carried out by (PERALTA
2010) for the first two loading packages. In contrast to the strong back-accumulation due to
transverse loading witnessed in this research (see Figure 6-41), (PERALTA 2010) did not
mention this effect even though her results show marginal amounts of back-accumulation (see
Figure 2-22). Studies on other types of multidirectional loading (fan-shape, T-shape, L-shape;
see Figure 2-21) have shown higher or at least similar total pile head displacements compared

to unidirectional loading.

Pile head secant stiffness and dynamic system stiffness decrease due to transverse loading.
Based on eigenfrequency measurements, this seems to be an effect of the first, 'irregular’ cycle

in transverse direction. Thus, this behaviour may not be linked to back-accumulation.

The redistribution of soil stresses (from intermediate depth in upwind direction towards
intermediate depth in downwind direction and shallow depth in upwind direction) which has
taken place during preceding phases of cyclic lateral loading is partly reverted during cyclic
lateral loading in transverse direction. Stress redistributions occur steadily during cyclic
loading and thus are probably linked to the back-accumulation phenomenon. The imprinted
soil stresses near the pile toe due to pile installation remain during/after several phases of

cyclic lateral loading from changing directions.
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Soil mechanical interpretation of phenomena during cyclic loading from alternating directions

Lateral bedding resistance of a tubular pile comprises of additional radial compressive stresses
acting predominantly from the load-opposing direction and shearing stresses acting

predominantly on the transverse flanks of the pile, as sketched in Figure 6-52.

compression

I shearing

Figure 6-52: Schematic bedding resistance distribution around circumference of tubular piles

Note that due to the 'toe kick', the compressed zone is on the opposite side below the rotation

point (cf. Figure 2-13).

Due to cyclic lateral loading from one direction, the soil in the compressed zone is densified
while the soil on the opposite side is loosened (Figure 6-52, left). During subsequent transverse
loading, the zones addressed above are subject to shearing. The soil in the densified zone
behaves dilatant, leading to an increase of volume while the soil in the loosened zone reacts

contracting, leading to a reduction of volume (Figure 6-52, right).

subsequent
primary transverse
loading loading

densification dilatant
behaviour

loosening v contractant v
behaviour

Figure 6-53: Schematic soil reaction due to primary (left)

and subsequent transverse (right) loading (horizontal section)
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Cyclic lateral pile behaviour due to changing loading direction

The volume changes on opposing sides and in different depths lead to a back-rotation of the

pile (Figure 6-54,right) which result in the observed back-accumulation of pile head

displacements.
) subsequent
prlm.ary transverse
loading loading

dilatant
behaviour

Figure 6-54: Soil reaction due to primary (left) and subsequent transverse (right) loading

(cross section)

The unlike cyclic behaviour of dynamic stiffness and back-accumulation can be explained by
the concepts of 'polarisation’ (cf. Figure 2-17) and 'accumulation’ (cf. Figure 2-15), which are
described in Section 2.3.7. In case of a laterally loaded pile, the surrounding soil has a certain
loading history from the pile installation process (mainly shearing) but can be considered un-
polarised regarding compression. Due to cyclic lateral loading, the soil in the dark shaded areas
of Figure 6-54 (left) is polarised. With each loading cycle, a certain amount of displacement is
accumulated and the soil reacts stiffer (cf. Section 6.4). From the distinction between the first
"irregular’ and the following 'regular’ cycles (cf. Figure 6-31) it can be concluded that a large

portion of polarisation occurs during the first loading cycle.

During the first cycle of subsequent transverse loading, the previously compressed soil is
subject to shearing and the polarisation of the soil changes rapidly. This leads to an immediate
softening of the system in the primary loading direction which is manifested in the decrease of

the system's eigenfrequency (Figure 6-47, bottom). During the following cycles, the further
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polarisation of the soil is only marginal. However, the cyclic shearing of the soil leads to
continues accumulation of volumetric strain: In the formerly compressed zones, the soil dilates
(Figure 6-54, left, dark shaded areas) while in the formerly relieved zones, the soil contracts
(light shaded areas). This is expressed by the back-accumulation of the pile head displacement

due to cyclic loading in transverse direction (Figure 6-42, bottom graphs).
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Overview

Chapter 7 Numerical simulations of the lateral pile behaviour

using a one-dimensional bedded beam model

7.1 Overview

In this chapter, numerical simulations of the static and dynamic pile behaviour are shown.
Therefore, a simple one-dimensional bedded beam model, also known as Winkler method, is
used. This simple approach cannot wholly represent the complex spatial soil behaviour
witnessed in the model tests. It was chosen as it is the common approach to calculate lateral
pile behaviour in offshore practice (probably due to its simplicity), so a lot of experience exists.
Modifications of the method have been developed to account for topics such as hysteretic
behaviour (HouLsBY et al. 2017), pile base resistance (Fu et al. 2020), cyclic lateral behaviour

(TRIANTAFYLLIDIS & CHRISOPOULOS 2016), and multi-directional loading (LOVERA et al. 2021).

For the static pile behaviour (Section 7.2), non-linear springs (p-y curves) describe the pile-soil
interaction. For the dynamic behaviour (Section 7.3), linear soil stiffness and viscous soil
damping are considered. The influence of the installation induced soil stresses on the static and
dynamic pile behaviour witnessed in the scale model tests shall be reproduced by applying
appropriate soil springs. These soil springs will then be used to investigate installation effects

on a large scale monopile foundation.
7.2 Static lateral pile behaviour

7.2.1 Numerical model for static calculations

To calculate the static lateral pile-soil behaviour, the pile-soil system is transformed to the one-
dimensional mechanical system shown in Figure 7-1. This system can be mathematical

formulated by Equation (2-17) which is repeated here:
P=K-y = (Kpiie + Koi) ¥ (7-1)

The load vector P consists of the horizontal load H and the moment load M applied at mudline
level. The stiffness matrix K is composed of pile and soil stiffness. The pile is modelled as a
Bernoulli beam with linear-elastic material behaviour. Soil bedding is described by non-linear
p-y curves. Therefore, Equation (7-1) has to be solved iteratively. The bedding stiffness Epy,sec

at each node is updated based on the local pile deflection y and the corresponding mobilised
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bedding resistance p of the previous iteration step. As a first estimate, the initial bedding

stiffness Epy,ini is used.
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Figure 7-1: 1D static pile-soil model

The mathematical problem is established and solved in Matlab (MathWorks 2020) and consists

of 100 elements. Further information on the numerical model can be found in Appendix H.

7.2.2 Modifications on p-y approach based on offshore guidelines

Static p-y curves according to offshore guidelines (APl RP 2GEO) with a hyperbolical
formulation according to MURCHISON & O'NEILL (1984) (see Equations (2-21) ff.) and an
adjustment of the initial stiffness Epy,ini as proposed by KALLEHAVE et al. (2012) to account for
non-linear relation between soil stiffness and depth (see Equation (2-27)) were used as basis
for the calculations. Further modifications were implemented to account for higher soil
stiffness at small strain level, additional lateral soil resistance at the pile toe, and increased

stress level due to pile installation.

Small strain stiffness

Based on the p-y formulation of KALLEHAVE et al. (2012), the initial bedding stiffness is calculated
based on the soil friction angle and depth. The effect of the pile diameter on the strain level and
therefore the bedding stiffness (Equation (2-30)) was not considered as the effect of the strain
level will be included in the small strain stiffness. Equation (2-29) according to KIrscH et al.

(2014) is used to calculate the relation between static and dynamic oedometric soil stiffness.
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The reduction of the soil secant stiffness over strain is depicted in Figure 2-14 and can be

described by

1

o 7-2
1+%7-10° 7 (7-2)

ppy(y < YSmall) = E:py,dyn !

The average strain level €av is calculated over 2.5 pile diameters (KALLEHAVE et al. 2012; KIRSCH

etal. 2014):

y

€av = ZS—Dpﬂe (7-3)

To calculate the pile bedding stiffness from the oedometric soil stiffness and vice versa,
Equation (2-19) according to TERZAGHI (1955) is used. The flow chart in Figure 7-2 shows the

schematic sequence and parameters for the construction of the p-y curves.

[T [ [T
| L

i Epy,lm ;
LA
f Eced,stat ; f Eav /

ppy [y 2 YSmall) ppy (y < YSmall)

Figure 7-2: Flowchart for the construction of p-y curves with small strain stiffness
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The pile displacement ysmail is defined by the load level at which the tangent stiffness of the
dynamic p-y curve according to Equation (7-2) and the tangent stiffness of the static p-y curve
according to KALLEHAVE et al. (2012) are equal. For higher bedding resistances, the p-y curves
according to KALLEHAVE et al. (2012) are used and 'shifted’ parallel to the displacement
coordinate y towards ysman. The top diagram of Figure 7-3 shows the original p-y curves
according to KALLEHAVE et al. (2012) (black) and the modified p-y curves with consideration of
the small strain stiffness (red). In the lower diagram, the bedding stiffness Epy is plotted over
the average strain level €av. Both curves are established for the conditions in the model tests at
adepthofz=1m.
Dpile= 0.61m;z=1m

'):’ =10.4kN/m3; ¢ = 3?

I
10 .
shift of original p-y curve
— 8( for Pry > Ppy(Ysmal) |
E
= 60F A
=
2 40¢ 1
20+ [Kallehave et al., 2012] | |
+ small strain stiffness
0ére . !
0 1 2 3
y [mm]
200 T T T
£ 150t :
z
=)
2 100F ]
S~
j=¥
£
&5 \ |
(=%
m
0 1 1 1
107 107° 107 1073 1072
e=y/25D ;) [

Figure 7-3: Exemplary p-y curves (top) according to (KALLEHAVE et al. 2012) (black)
and modified curves with consideration of small strain stiffness (red)

and corresponding bedding stiffness (bottom)
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The small strain stiffness is effective for average strain levels € < 10-* and, in this case, leads to

a higher bedding stiffness for small pile displacements of y <« 0.1 mm.

Pile installation effect

The p-y formulation according to KALLEHAVE et al. (2012) already includes an under-linear
relation between initial bedding stiffness and depth (see Equation (2-27)) which can also be
interpreted as an interrelation between bedding stiffness and stress state. This requires a linear
increase of stress level (overburden pressure or earth pressure at rest) with depth, thus a

constant soil unit weight.

The installation-induced, increased radial soil stresses due to impact pile driving and certain
variants of vibratory pile driving (see Section 6.2) can be considered by a slight modification of
the depth-term in the p-y approach by KALLEHAVE et al. (2012). As shown in Equations (7-4) and
(7-5), the initial stiffness Epyini [kN/m?] depends on an equivalent depth zeq [m] which is
defined by the lateral stress orad' [kN/m?].

Zeq\ 2
Epy,ini = My * Zyef (a) (7-4)
Zeq = Giﬂad(z)/yl (7-5)

The lateral stress can be assessed by the approaches of FISCHER (2021) or ALM & HAMRE (2002)
(see Section 2.2.2). This leads to an increased initial bedding stiffness near the pile toe. If Zeq = z
is used, (7-4) describes the p-y approach according to KALLEHAVE et al. (2012) without any

installation effects.

Additional lateral resistance at the pile toe

As mentioned in Section 2.3.4, additional lateral pile resistance is mobilised at the pile toe of
rigid piles. This can be expected for offshore monopiles and for the model piles. To account for
this, an additional base shear spring is added to the lowermost pile element. The proposed base
shear formulation corresponds to a shear box test. Figure 7-4 shows results of shear box tests
(cf. Section 5.4.3), executed with a relative density of Dr=0.75 at three different constant

normal load (CNL) levels:

-179 -



Numerical simulations of the lateral pile behaviour
using a one-dimensional bedded beam model

1.0 -
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Figure 7-4: Relative shear resistance over shear displacement

The displacement dependent shear resistance is normalised by its ultimate value
Tmax = O'v - tan @'. The course of the normalised shear stress over shear displacement can be
approximated by a hyperbolical relation, even though the peak and residual strength of dense

sand cannot be reproduced:

_ y[mm]
T/ Tmax = T (7-6)
Tty [mm]
Based on Equation (7-6), the displacement-dependent base shear resistance Qbase(y) [KN] is
described by
y - 1000

Qbase(Y) = —1 _y-1000 (7-7)
Ebase,ini Qbase,ult

Good agreement with the direct shear tests could be achieved by setting the initial stiffness of

the shear spring Ebase,ini [KN/m] to five times the ultimate shear resistance Qbase,uit [KN]:
Ebase,ini [kN/m] =5 Qbase,ult [kN] (7'8)

The ultimate shear resistance is derived from the vertical soil stress o'v, and the soil friction
angle ¢'. To convert Quase to force dimension, the cross section of the pile base -Dpie?/4 is

taken:
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D2,
Qpaseate = - == 0y - tan(¢") (7-9)

For the sake of simplicity and consistency, 6'v = 6'rad is assumed in case of increased soil stresses
due to pile installation effects, as measured by FISCHER (2021). Otherwise, the overburden stress

can be taken.

Sensitivity of the p-y approach to soil friction angle

The ultimate bedding resistance ppyuit and the initial stiffness of the p-y curves Epy,ini are both
functions of the internal friction angle of the soil ¢'. According to API RP 2GEO, ¢' may be
determined by drained triaxial tests or shear box tests. As the resulting soil friction angles from
the two laboratory tests at a given stress level and soil density differ by about 3° (cf. Figure 5-6),
p-y calculations of the model tests were carried out with ¢' = 36° (shear box tests) and ¢' = 39°
(triaxial tests) to check the sensitivity of the method. The p-y approach of MURCHISON & O'NEILL
(1984) with the modification of KALLEHAVE et al. (2012) was used; small strain stiffness, pile

installation effects and additional pile toe resistance were not considered.

The following Figure 7-5 shows the resulting pile head displacement u over the lateral load H
as applied in the model tests. The mean course of the measurements of the free vibratory driven

piles (cyan) is plotted for orientation.

15 T T T T T~
10 - P 1
= e
= -7
= 7
5r 7 4
g model test (vibro, free)
ool ——~-prediction (¢ = 36°)
// prediction (¢ = 39°)
0 1 1 1 1 1
0 1 2 3 4 5 6
u [mm)]

Figure 7-5: Simulated (black) and measured (cyan) load-displacement behaviour of model pile
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The simulation of the lateral load-bearing behaviour shows a high sensitivity to the soil friction
angle: A decrease of A@' =-3° leads to an increase of pile head displacement of over 45% at
maximum load level. In case of an offshore monopile, the sensitivity is somewhat lower but still
leads an increase of pile head displacement by about 25% (see Figure H-4 in Appendix H). The
lateral stiffness measured during the model tests is severely underestimated, especially at small
load level. This agrees with the concept of small strain stiffness which is not included in the p-y

curves used here (MURCHISON & O'NEILL 1984; KALLEHAVE et al. 2012).

7.2.3 Static calculation of scale model tests

To calculate the lateral behaviour of the model piles under quasi-static loading, the p-y curves
according to MURCHISON & O'NEILL (1984) and KALLEHAVE et al. (2012) with the modifications

described above and the following parameters are used:

— initial soil stiffness according to Equations (2-22) and (2-23) with buoyant unit weight
of y' = 10.4 kN/m? and a soil friction angle of ¢' = 39°

— increased bedding stiffness at small average strain according to Equations (2-29) and

(7-2)
— base shear spring according to Equation (7-7) at the lowermost pile element

— variant with increased stress state due to pile installation described by Equation (2-37)

with parameters 1/Bpss=5and a =-1.6

The predicted pile head behaviour is plotted in Figure 7-6, together with fitted results of the
scale model tests. The top diagram shows the load-displacement curve at measurement level
(0.6 m above mudline), the bottom diagram shows the corresponding pile head stiffness. The
black dashed lines depict the predicted pile head behaviour without installation effect while the
solid lines show the pile head behaviour with consideration of increased soil stresses. The
coloured lines show the mean courses of impact driven (green) and crane-guided vibratory

driven piles (red; cf. Table 6-3).

The prediction considering installation effects (black solid line) shows very good agreement
with the measured pile head behaviour of the impact drive piles (green). The prediction without
consideration of installation effects (black dashed line) shows reasonable agreement with the

measured pile head displacement of the crane-guided vibratory driven piles. Here, the pile head
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stiffness is slightly underestimated, resulting in an overestimation of the pile head

displacement.

15
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model test (impact driven)
""""" model test (vibro, crane-guided)
—--—-[Kallehave et al., 2012] +small strain stiffness +base shear
+installation effect
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Figure 7-6: Predicted (black) and measured (coloured) pile head behaviour of model pile

Figure 7-7 shows the predicted pile behaviour over depth, namely bending y(z) line, mobilised

soil resistance ppy(z), and the underlying soil stress profile o'rad(z). The mobilised resistance of

the base shear spring is divided by the element length and added to the lateral resistance acting

on the lowermost pile element, resulting in increased soil resistance at that element.
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The variant with increased stress state (solid lines) shows considerably smaller deflections,
especially at the pile toe. Despite the small displacements below the point of rotation, higher

bedding stiffness allows for the mobilisation of considerable bedding resistance.

= . = o= 3. 4" = o
D o= 061m;L  =2.4m;7' =10.4 kN/m’ ¢' =39

H=15KkN; M =30 kNm

T T T

base
shear
0 1 2 -50 0 50 0 50 100
' 2
y [mm] P, [kN/m] o' [kN/m?]

- - [Kallehave et al., 2012] + small strain stiffness + base shear
— + installation effect

Figure 7-7: Predicted pile behaviour over depth

7.2.4 Static calculations on offshore monopile foundations

To assess the influence of pile installation effects on offshore monopile foundations, predictions
with the p-y formulation described in Section 7.2.2 are carried out for the generic monopile
foundation described in Section 4.1 (Dpile = 7.8 m; Lpen =31 m; H =10 MN; M = 400 MNm). The
soil parameters are assumed to be similar to the model tests (y' = 11 kN/m?; ¢' = 39°), which
is typical for the German North Sea. The increased soil stiffness at small strain level is not used

here as the effect of small strain stiffness is limited for the given pile dimension and stress level.
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Instead, the increased initial p-y stiffness for large pile diameters to account for the reduced

strain level according to Equation (2-30) after KALLEHAVE et al. (2012) is used.

Regarding possible installation effects, the radial stresses over depth are calculated according

to Equation (2-37). Two different methods are used to determine the shape parameter open:

— The approach of FISCHER (2021) shows good agreement with the scale model tests. A soil

density of D = 1.0 (very dense) is assumed and Equation (2-9) yields openri = 2.8.

— The approach of ALM & HAMRE (2002) was validated for offshore conditions by a back-
calculation of mostly jacket piles. Here, a CPT value of qc < 80 MPa (cf. Figure 4-2) is

assumed, leading to a value of apenagn = 0.2 (cf. Equation (2-8)) for the relevant depths?.

Calculations with the parameters outlined above, however, show hardly any influence of the
pile installation effect on the lateral pile behaviour. As shown in the top part of Figure 7-8, the
bending lines (left) of the three variants with and without increased soil stresses (right) are
identical. The mobilised bedding resistances (middle) show little differences below the rotation
point. The fact that the pile toe displacement is approximately zero indicates that the utilisation

of the system is low.

Therefore, the design of the monopile is 'optimised' to a pile diameter of Dpile = 5 m. The pile
penetration is set to Lpen = 4-Dpile = 20 m and the wall thickness was calculated according to
Equation (4-1). All other parameters including lateral loading remain unchanged. The results
of the updated calculations are shown in bottom part of Figure 7-8. The variant without pile
installation effect (dotted line) shows the highest deflections, both at the pile head and the pile
toe. The variant with the installation effect after FISCHER (2021) shows a considerably lower pile
head displacement, even though the increased soil stresses decay rapidly within only about 1 m
depth. In case of the installation effect according to the approach of ALM & HAMRE (2002) the
decay of the installation induced stresses is much slower. This causes the least pile deflection
of all three variants. Even though the pile deflection is very low near the pile toe, the increased
bedding stiffness, evoked by the high soil stresses, allows for the mobilisation of high bedding

resistance.

10 The sensitivity of the shape factor according to ALM & HAMRE is actually low, as shown in Figure H-8.
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using a one-dimensional bedded beam model
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Figure 7-8: Bending line and stress resultants of generic monopile foundations

due to lateral loading
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Looking at the integral mobilised bedding resistances of the 5 m pile, especially below the
rotation point, the question arises where the difference in 'megative' bedding resistances
between the variant without installation effect and the variants with installation effects has
gone. The answer lies in the mobilised base shear force, which depends on the vertical stress
acting on the shear band (Equation (7-9)). In the implementation of the base shear spring, the
vertical stress is assumed to be equal to the (increased) radial stress at pile toe level. This
assumption is justifiable because the vertical stresses are also heavily affected by the pile

installation, as shown by FIscHER (2021).

The upper part of Table 7-1 shows absolute and relative pile head displacements of the three
variants and the mobilised base shear forces Qbasemob at maximum load level. In this scenario,
the pile head displacement is reduced by about 10% to 20%, depending on the approach to
assess the installation effect on the soil stress state. Mobilised base shear resistance increases
massively when pile installation effects are considered. The lower part of the table shows
results of analogous calculations without consideration of lateral resistance at the pile base
(Qpasemob = 0; see Figure H-7 in Appendix H). As expected, absolute pile head displacements are
somewhat larger. The comparison of the two scenario shows that especially the installation

effect after FISCHER (2021) benefits from additional base shearing resistance.

Table 7-1: Pile head displacements and mobilised base shear forces for 5 m monopile

variant u [mm] u/maxu [-] Qbase,mob [MN]

with base shear

no installation effect 94.1 1.00 -3.4
installation effect (FISCHER 2021) 82.4 0.88 -16.9
installation effect (ALM & HAMRE 2002) 75.9 0.81 -16.4

without base shear

no installation effect 97.3 1.00 0
installation effect (FISCHER 2021) 94.3 0.97 0
installation effect (ALM & HAMRE 2002) 82.3 0.85 0
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More extensive results from lateral calculations (stress resultants and pile head behaviour) can

be found in Appendix H.

The influence of base shear resistance on lateral pile behaviour can also explain findings by LI
et al. (2018) regarding the effect of vertical pile load on lateral pile capacity: Vertical loading
evokes pile toe resistance which acts as vertical stress on the shear band at the pile base. Thus,

higher shear resistance at the pile base can be mobilised.
7.3 Pile eigenfrequency

7.3.1 Numerical model for dynamic calculations

As shown in STEIN (2020), the measured system dynamics show good agreement with a one-
dimensional numerical model with depth-dependent interface stiffness and damping based on

the stress-dependent dynamic soil stiffness, as shown in Figure 7-9.
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Figure 7-9: 1D dynamic pile-soil model

The mathematical formulation of the pile-soil system was given in Equation (2-20):
P =K y(®)+C-y® +M-j(0)

K, C and M are the stiffness, damping and mass matrices of the system. The system matrices are
composed of the pile and soil matrices, e.g. K = Kpile + Ksoil. y(t) is the deformationt vector and
P(t) is the load vector. In case of an excitation with a hammer blow at the top of the TP, only the

first entry of the load vector is occupied:
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H(t)
po=| ° (7-10)
0
Pile stiffness and pile mass can by derived from geometry and material properties, pile damping
is neglected. For the pile stiffness, a Bernoulli beam is used. For the soil, the stress-dependent
dynamic stiffness according to Figure 5-7 is taken to calculate depth-dependent dynamic soil
stiffness Epydyn and soil damping Cpy (STEIN 2020). An added soil mass can be included as well,

e.g. based on the soil density and the soil volume inside the pile.

With an excitation function H(t), the system response can be simulated by means of numerical
integration (e.g. Newmark-beta method, NEwMARK 1959). For H(t), the measured excitation of
the actual frequency response test or a generic signal (e.g. 1 - cos(t)) may be used. The
eigenfrequency of the numerical model may be estimated in the same manner as from

measured signals taken acquired during lateral frequency response test (see Section 5.7.7).

Alternatively, the eigenfrequencies and mode shapes of the undamped systems (thus neglecting

soil damping) can be determined by solving the differential equation
(K= 00" M)y =0 (7-11)

for the eigenvalues wojat = folat - 21 (eigenfrequencies) and the eigenvectors y (mode shapes)

(GAscH et al. 2012).

7.3.2 Theoretical influence of installation-induced soil stresses

on the eigenfrequency of the model pile

To assess the theoretical influence of the imprinted soil stresses due to pile installation effects,
eigenfrequency calculations and numerical simulations were carried out using two different

soil stress profiles.

Figure 7-10 (left) shows a linear soil stress profile o' = y"-z, describing the stress state without
installation effects (red) and another profile with enhanced soil stresses near the pile toe
according to Equation (2-37) and parameters 1/Bpss = 5 and open = 1.6, representing the stress
state after impact driving or free vibratory driving (cf. Figure 6-9). In the middle part of the
figure, the resulting spring stiffness of the pile-soil interface according to Equations (5-5) and
(2-19) is drawn. The right diagram shows the first eigenfrequencies and corresponding mode

shapes of the undamped system according to Equation (7-11).
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Figure 7-10: Soil stress profile (left), resulting soil stiffness profile (centre)
and calculated mode shape (right) for test pile with (cyan)

and without (red) consideration of installation effect on soil stress state

The influence of the pile installation effect near the pile toe is mitigated by the under-linear
relation between soil stiffness and soil stress. The consequence for the first eigenfrequency fo,iat
is below 1 Hz and thus in the range of the reproducibility of the tests (e.g. 19 Hz to 21.5 Hz in
case if the impact driven piles; see Figure 6-21). The mode shapes show small differences near
the pile toe which are plausible as a higher spring stiffness near the pile toe will lead to a higher

degree of clamping.

Figure 7-11 shows results of numerical simulations using the same soil profiles (cyan, red) as
shown in Figure 7-10 compared to the measured pile response (black) before the start of cyclic
lateral loading (N = 0) at pile Z07 (free vibratory driven). The measured excitation signal of the
impact hammer is shown in the upper left diagram and was also used as excitation signal for
the simulation. The middle and lower left diagrams show response signals filtered by a low pass
filter (filtering higher order eigenfrequencies and noise > 200 Hz) and a band pass filter
(isolating the first eigenfrequency). The right diagram shows the FFTs of the low pass filtered
signals. Resonance frequencies of the damped system fp,at and damping factors D are given for

all systems.
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Figure 7-11: Measured (black) and simulated (red, cyan) system response

in time domain (left) and frequency domain (right)

Measurement and simulations show good agreement regarding the first eigenfrequency.
Damping is overestimated in the simulation but good agreement can be achieved if the damping
constant is globally reduced by 50%. The influences of the installation effect on the resonance

frequency are again very limited with less than 1 Hz.

7.3.3 Theoretical influence of accumulated soil stresses

on the eigenfrequency of the model pile

In analogy to the procedure described in Section 7.3.2, the possible influence of increased soil
stresses at shallow and intermediate depths due to cyclic loading is evaluated by means of the
one-dimensional numerical model without damping effects. At shallow depth (z <1m),
increased soil stresses after unloading were measured in the upwind direction. At intermediate
depth (1 m <z < 1.8 m) increased soil stresses after unloading were measured in the downwind
direction (see Section 6.4.4). The cyclic effects are considered by multiplying the soil stress used
to calculate the dynamic soil stiffness with a factor of &(z), varying with depth. That soil stress
factor is set to & = 1.5 at the mudline (z = 0; increase of soil stresses of 50%) and is linearly
decreasing to & =1.0 until z=1.8m (no increase of soil stresses). Compared to the pile
installation effect (Figure 7-10), this means a moderate increase of soil stresses and thus soil

stiffness, but at lower depths (Figure 7-12):
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Figure 7-12: Soil stress profile (left), resulting soil stiffness profile (centre)
and calculated mode shape (right) for test pile with (black)

and without (grey) consideration of cyclic effects on soil stress state

The increase of the resulting undamped bending mode eigenfrequency of about 5% lies in the
same range as the increase of the measured bending mode eigenfrequencies due to cyclic lateral
loading (2% to 6%; see Figure 6-34). This emphasises the influence of the upper soil layers on

the system dynamics.

7.4 Interim summary

A simple one-dimensional bedded beam model is suitable to predict the lateral behaviour of the
model piles. For the static case, non-linear p-y curves after MURCHISON & O'NEILL (1984) and
KALLEHAVE et al. (2012) with further adjustments to account for small strain stiffness and lateral
resistance at the pile base give reasonable agreement with model tests. However, the soil
friction angle has an enormous impact on the outcome of the calculations and has to be chosen

carefully.

The consideration of increased soil stresses due to pile installation results in a good fit with the
measurements of impact driven piles. Thus, a modification of the p-y curves was developed
which is suitable to take into account pile installation effects. This approach can be transferred

to offshore monopile foundations. A notable reduction of pile deflection and especially a higher
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degree of clamping is achieved when the utilisation of the pile is high enough. This shows

opportunities to optimize pile design when considering pile installation effects.

The modification of the initial p-y stiffness Epy,ini based on the ratio of installation-induced soil
stresses to the overburden pressure may also be applied to other formulations of the p-y curves.

The ultimate bedding resistance ppy.urt is not changed by the proposed method.

For the dynamic case, good agreement between calculation and model tests is achieved using
dynamic soil properties from laboratory tests. Influences of increased soil stresses due to pile
installation on the system's eigenfrequency are predicted, but lie within the variance of the
model tests. Dynamic calculation on large scale monopile foundations were not conducted as
this requires extensive knowledge of the dynamics of the superstructure (tower and rotor-

nacelle assembly).
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Chapter 8 Résumé

A large portion of knowledge on geotechnical problems of offshore pile foundations was based
on experience and research in the field of the oil and gas industry. In the last two decades,
attention has shifted towards the offshore wind industry in general and large diameter
monopile foundations in particular. Due to predominantly lateral, high cyclic loading conditions
and stiff piles, the calculation methods used so far were questioned and a lot of research was
conducted on novel approaches for lateral pile design and driveability predictions. Vibratory
pile driving became more popular in recent years due to positive environmental and possibly
economic effects. In the offshore industry, however, experience with vibratory driven piles is
still small and little research is available on the effects on lateral pile behaviour. This led to the

development of this research project.

A comparative study on impact and vibratory driven piles was carried out by means of scale
model investigations with a scaling factor of about 1:13. Dense, over-consolidated, and water
saturated sand was used as model soil, resembling offshore conditions in the German North
Sea. During the installation of impact driven and certain vibratory driven piles, a massive
increase and subsequent decay of radial effective soil stresses was witnessed, resulting in high
imprinted soil stresses at the pile toe after pile installation. For impact driven piles, this
phenomenon is known as 'friction fatigue'. For vibratory driven piles, the degree of this

'installation effect’ depends the response of the pile-vibro-soil system:
— Low acceleration amplitudes,
— large penetration per vibration cycle, and
— an asymmetry of the pile motion (upwards/downwards directed velocity)

lead to high soil stresses. This can be explained by a low range of soil fluidisation at low
acceleration amplitudes and an elasto-plastic behaviour of the subjacent soil, which is
compacted at sufficing penetration per cycle. Such installation behaviour could be reproduced
by free vibratory driving and a frequency control leading to quick and continuous pile
penetration (here also termed 'aggressive' frequency control). By means of free vibratory pile
driving, similar imprinted soil stresses could be generated as by impact pile driving! On the
contrary, crane-guided vibratory installation with holding back the pile did not lead to
increased soil stresses. This is explained by viscous soil behaviour underneath the pile toe of

an extent larger than the pile oscillation amplitude.
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Subsequent lateral loading to service load level showed lower pile head deflections of impact
driven and free vibratory driven piles with 'aggressive' frequency control compared to the
crane-guided vibratory driven piles. This leads to the suggestion that the lateral bedding
stiffness is enhanced by the imprinted soil stresses. This effect can be included into the
formulation of the p-y curves according to KALLEHAVE et al. (2012) by increasing the initial
bedding stiffness Epy,ini depending on the radial soil stress, expressed by an equivalent depth zeq
(Equations (7-4) and (7-5)):

A
By = my -7 f(Z_Q>
py,ini — re:

Zref

Zeq = Orad (@) /Y’

Evidently, increased soil stresses near the pile toe only affect the lateral pile behaviour if the
pile resistance at that depth (the 'toe kick") is mobilised. This can be expected for stiff piles as
the model piles and current offshore monopiles, but not for flexible ones as jacket piles. Thus,
the modification of the p-y curves can be used to calculate offshore monopile foundations and
reveals certain potential for optimisation of foundation design. Therefore, the extent of

imprinted radial soil stresses has to be predicted accurately.

Regarding the occurrence of pile installation effects during offshore pile driving by means of
vibratory hammers, a validation is necessary. The determination of the dynamic response of
the soil-pile-vibro system can be done based on vibratory driving monitoring (VDM) which is
standard in the offshore industry. The in-situ measurement of soil stress is much more
elaborate and may be substituted by indirect measurements such as CPTs or pressuremeter

soundings.

To assess the decay of increased soil stresses along the pile length different approaches to
describe the 'friction fatigue' effect for drivability studies can be used. They have been
calibrated by actual soil stress measurements in scale model tests (FISCHER 2021) or by back-

calculation of offshore piling projects (ALM & HAMRE 2002).

In addition to the monotonic behaviour of differently driven piles, the displacement
accumulation and the development of the system stiffness under cyclic lateral loading with
12,000 cycles were investigated. Again, impact driven and free vibratory driven piles with
'aggressive’ frequency control show considerably lower displacement accumulations

compared to crane-guided vibratory driven piles. Operable calculations on the cyclic lateral pile
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behaviour were not conducted. However, a variant analysis of the relevant parameters of the
high cyclic accumulation (HCA) model according to NIEMUNIS et al. (2005) can explain the lower

displacement accumulation in case of an increased stress state near the pile toe.

After unidirectional cyclic lateral loading, the loading direction was alternated several times by
90°. Along with the expected displacement accumulation in loading direction, a considerable
amount (30% to 50%) of back-accumulation of the previously accumulated pile head
displacement was witnessed transverse to the loading direction. Likewise, the system stiffness
decreased. Detailed analysis of bending mode eigenfrequency measurements carried out at
different cycles in and transverse to the direction of lateral loading reveal that the dynamic
system stiffness decreases after only one transverse load cycle. The back-accumulation, in
contrast, takes place continuously over transverse cyclic loading and has the same shape as the
previous accumulation, but with lower intensity. This discrepancy is explained by the different
soil mechanical concepts of accumulation and polarisation: Continuous strain accumulation
due to soil shearing during transverse loading is responsible for the back-rotation of the pile

while the instant polarisation of the soil determines the stiffness of the system.

Cyclic lateral loading also induces notable stress rearrangements along the pile, especially at
shallow and intermediate depth. During transverse cyclic loading, the initial soil stress profiles
in the previous loading direction were restored. Imprinted radial stresses near the pile toe due
to pile installation effects partly decreased slightly over several cycle packages from alternating

directions but remained massively enhanced compared to the primary stress state.

In a nutshell,

impact pile driving induces imprinted soil stresses near the pile toe,

— vibratory pile driving may evoke similar soil stresses, depending on the installation

mode,

— those imprinted soil stresses lead to increased lateral bedding reaction around the toe

of stiff monopiles,

— that increased lateral bedding is favourable for the static and cyclic lateral pile

behaviour, and

— the imprinted soil stresses are robust against cyclic loading from alternating directions.
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Additionally,
— cyclic lateral loading leads to an increase of lateral system stiffness, and

— transverse lateral loading leads to notable back-rotation of previously accumulated pile

head displacement.

All these topics may be considered in the geotechnical design of offshore monopile foundations
and show potential for optimisation. However, validation by preferably full-scale tests is

necessary.

Installation effects on the soil stress state as known from impact driving as well as a similar
lateral behaviour were encountered at certain free vibratory driven piles. It has to be
emphasised that free vibratory pile driving is not a sufficient condition to achieve imprinted
soil stresses and corresponding lateral behaviour, as shown on free vibratory driven piles with
no or little pile installation effects and softer lateral behaviour! The effect on the soil stresses is

merely linked to the vibration characteristics.

The different 'modes’ of vibratory driving encountered in the scale model tests, particularly
evoked by free and crane-guided installation, raise questions regarding the soil models used for
vibratory pile driving simulations. Pile driveability studies play an important role in the
planning of offshore projects. Their results are crucial for fatigue analyses and the plain
decision on the right installation equipment. In commercially available driving prediction
software the same soil models are used for vibro driveability studies as for impact driving.
These soil models do not distinguish between vibratory driving modes, such as 'cavity/non-
cavity' or 'viscous/impact' modes. The latter was used here to explain the phenomena
witnessed in the scale model tests. A corresponding soil model with acceleration-dependent
fluidisation or a displacement-dependent distinction between elasto-plastic and viscous soil
behaviour underneath the pile toe is not known to the author. Such a model may facilitate more
accurate vibratory driving predictions and even allow for a prediction of increased soil stresses,

which may than be applied in the pile design.

Due to the setup of the scale model tests, suggestions on the favourable impact of pile
installation effects on the load bearing behaviour is limited to piles in dense sand under lateral
loading at moderate load level. It is reasonable to assume that increased soil stresses around
the pile toe may also increase the ultimate bedding resistance, and thus the lateral pile capacity,

as well as the axial pile stiffness and capacity. This may be validated by appropriate model test.
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Vibratory installation in medium dense sand may even lead to more favourable results due to

possible compaction effects.
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Appendix A

Test program

The following Table A-1 shows an overview over all tests executed within the research project.

Details about the installation method are given in Table 6-1. Regarding the direction and

loading amplitude of the different phases refer to Table 5-3.

Table A-1: Test program

test| installation method | phases |comments
. . phase 1: measurement of pile head displacement not redundant
Z01| vibro | free-hi-mod 6 phase 4, first cycle: max H = 23 kN
phase 5: 6,740 cycles
phase 6: 1,006 cycles
i i hase 1: failure of DAQ during first 250 cycles; load control
702 | vibro | free-hi-mod 4 gperable Q & Y
phase 3: interruption for about 6 hrs
phase 4: interruption for about 10 hrs
Z03 | impact 5
704 | i t 5 installation: malfunction of diesel hammer with low energy and
tmpac penetration per blow from 1.3 m to 2.0 m penetration
. his phase 4: measurement of pile head displacement not redundant
Z05 | vibro | free-hi-mod 4 during first 500 cycles; phase extended to 144,000 cycles
. . phase 1: failure of DAQ during cycles 1,011 to 11,725; but load
706 | vibro | free-hi-mod 5 control operable
. . all phases: LFRT after cycles 1; 10; 100; 1,000
Z07 | vibro | free-hi-aggr 4 phase 4: extended to 96,000 cycles
. . phase 1: interruption after 5,505 cycles
Z08 | vibro | free-hi-aggr 5 phase 5: extended to 82,166 cycles; LFRT after cycles 1; 10;
1,000; 43,000; 82,166
709 | vibro | free-hi-aggr 5
. phases 1 and 2: LFRT after cycles 1; 10; 100; 1,000
Z10 | impact 4 phase 4: extended to 83,550 cycles
Z11| vibro | guided-hi-fix 5 phase 5: extended to 47,000 cycles
712 | vibro | guided-hi-fix 5 phase 5: extended
Z13 | vibro | guided-hi-fix 4 phase 4: extended to 45,000 cycles
714 | vibro free-lo 5
. . lfi phase 1: LFRT after cycles 1; 10; 100; 1,000
Z15 | vibro | guided-lo-fix 5 phase 5: extended to 46,000 cycles
716 | vibro | guided-lo-fix 5 phase 5: extended to 46,000 cycles
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Appendix B Measurement equipment

Table B-1 shows the data acquisition equipment and Table B-2 the sensors used in the model

tests.

Table B-1: Data acquisition units

manufacturer type | measuringrange | sample resolution accuracy
rate
Allnamics PDR +0.1V 50 kHz 24 bit 0.2%
National SCXI +10V 200 kHz 16 bit 0.1%
Instruments
+0.01..10V
Dewesoft DW43 | £10..1000mV/V | 200 kHz 24 bit 0.1%
4.20mA

The Allnamics PDR was used to measure pile forces and motions during pile installations. The

National Instruments SCXI System was used to measure soil stresses during preparation of the

model soil, pile installation and cyclic lateral load tests was well as lateral loading and pile head

displacements during cyclic lateral loading. The Dewesoft DW43 Unit was used for redundant

pile force and motion measurements during pile installations and for the lateral frequency

response tests.
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Table B-2: Sensors

sensor manufacturer type measuring frequency | non
range range linearity
PDR sensors
(pile installation, sampled with Allnamics PDR)

accelerometer | Measurement | EGCS-S055B- 2 o
(impact) Specialties 5000 +50,000 m/s* | DC..2,100 Hz 1%
accelerometer | Measurement | EGCS-S055B- 2 o
(vibro) Specialties 500 +5,000 m/s* |DC.. 1,000 Hz 1%
strain sensor . FLA-2-350-23 o

TLM, Allnamics (full bridge) 44,000 pm/m n.a. 1%

PDM sensors
(pile installation, sampled with Dewesoft DW43)
accelerometer PCB M353B18 | #5000 m/s* | 1.0..10kHz | <1%FS
(vibro)
accelerometer PCB M350B04 | 50,000 m/s? | 0.4..10kHz | <2%FS
(impact)
?chﬁl)emm“er Analog Devices | ADXL335 +36m/s? | DC.550Hz | 0.3%
strain gauge HBM LY61-10/350 | +1,000 pm/m n.a <1%
cable Baumer GCAS 0.47m na <2%FS
transducer
load cell MecSense T20 0..20kN na 0.03%
(line pull)
dynamic excitation and response sensors
(lateral frequency response test, sampled with DW43)

accelerometer PCB 3741B1210G +100 m/s? DC.1,000Hz | <1%FS
impact PDI 71b n.a n.a n.a
hammer
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Table B-2: Sensors (continued)

pile head sensors

(cyclic lateral load testing, sampled with National Instruments SCXI)

displacement . 0..50 mm <0.15%
transducer novotechnik LS1 0. 100 mm <50 Hz FS
inclinometer AMOS AIM 72 +3° DC..3Hz |0.05%FS
load cell HBM SOM +50 kN n.a. 0.02 % FS
measuring <0.03%
amplifier resolution
(load cell) Soemer DAD 141.1 +3mV/V n.a 200,000
digits
soil stresses and pore water pressures
(preparation of model soil, pile installation, and cyclic lateral load testing, sampled with SCXI)
gzgth pressure | Gisezl E10 AU 0.5 bar <1kHz |<0.5%FS
sg;g‘epressure Glotzl E7/14 AU 0.5 bar <1KkHz |<0.5%FS
pore water
pressure Glotzl PP3 RS 0..5bar <1kHz |[<05%FS
transducer
dynamic excitation and response sensors
(lateral frequency response test, sampled with DW43)
accelerometer PCB 3741B1210G 100 m/s? DC..1,000Hz | <1% FS
E;lgiﬁir PDI 71b n.a n.a n.a

The load cell used for the cyclic lateral load tests (HBM S9M) was connected to a measuring

amplifier (Soemer DAD 141.1) which also served as part of the control unit for the loading

device. The amplifier also converted the signal from the load cell (full bridge, [mV/V]) to a

voltage signal which was sampled by the National Instruments SCXI data acquisition unit.
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Appendix C Test preparation

The following figures show mean values of CPT and DPM readings taken after sand placement
of the different tests. CPT readings are available only for tests Z08 and later. Table C-1 shows

the gradients of DPM and CPT readings as well as determined relative density Dr where

available.
CPT
0.0 1
N 208,q_=12.67-2
051 ) , 209,q_=14.37-2
’ U T A (R, 710, q.= 11.98-z
1.0+ £ r —Z11,q_ =12.03-z
_ --.712,q =12.71z
£ 1.5¢ \ r R ‘
= - N | | | 713, q.= 12.06-z
; R __714,q =13.382z
200 - » ‘
e : ——Z15: no CPT data
T I S 716,q =12.17-z
25} : ' ‘
1 ! --.q =12.7.L___<25.3MPa
1 1 c pen
1 ! ’
3.0 1 1 ’
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Figure C-1: Mean q. values from CPT readings (left) and linear regressions (right)

DPM -r=0..150 cm

701 709
702 - 710
—703 —7Z11
--204---712
Z05 = 713
7206 —1714
207 —1715
708 - 716

0 10 20 30 0 10 20

N N

10,DPM[-] 10,DPM[-]

Figure C-2: Mean N1 values from DPM soundings (left) and linear regressions (right)
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Table C-1: Sand installation quality

test Dr,sample S8N10,0pm/ 82 8qc/dz
[-1 [1/m] [MPa/m]

701 0.762 8.31 --
702 0.739 8.95 -
7203 0.742 7.68 --
704 -- 7.99 -
Z05 -- 8.12 -
Z06 -- 8.39 -
707 -- 8.73 -
708 -- 8.75 12.7
Z09 0.701 9.19 14.4
710 -- 8.03 12.0
711 -- 7.99 12.0
712 -- 9.12 12.7
713 -- 9.18 121
714 -- 9.40 13.4
715 -- 8.62 --
716 -- 8.81 12.2
mean 0.736 8.65 12.7
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Appendix D Pile installation

Vibratory installation records

The following figures show installation records of vibratory pile installations, grouped by

installation variant, in analogy to Figure 6-3.
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Figure D-1: Installation records of free vibratory driven piles

with high eccentric moment and moderate frequency control

-227 -



Appendix D

free-hi-aggr
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Figure D-2: Installation records of free vibratory driven piles

with high eccentric moment and aggressive frequency control
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Lpen [m]
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Figure D-3: Installation record of free vibratory driven pile

with low eccentric moment
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guided-hi-fix
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Figure D-4: Installation records of crane-guided vibratory driven piles

with high eccentric moment
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Lpen [m]
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with low eccentric moment

Figure D-5: Installation records of crane-guided vibratory driven piles

The penetration speed vpen of crane guided piles (211,212,713, Z15, Z16) is almost constant as

the penetration speed is limited by the crane. Note that piles Z13 and Z16 were intentionally

installed with higher crane speed. For these piles, the bias force Fuias increases with pile

penetration as an increasing portion of the dead weight Gpile+vibro is carried by the soil resistance

and the line pull Fiine decreases.
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Soil stress development

The following figures show the development of effective radial soil stresses ¢'rad measured at

different levels over pile penetration Lpen during pile installation processes of all tests in

analogy to Figure 6-2.

During the installation of pile Z02, a malfunction of the cable transducer measuring the pile
penetration occurred. Due to an unfortunate positioning of the camera, the pile and soil

measurements could only be matched very roughly with the pile penetration.

Fort the installation of pile Z05, the synchronisation of pile and soil measurements was not

satisfactory.

During the installation of pile Z07 (Lpen< 1.6 m), the sample rate of the soil stress

measurements was accidently set to 1 Hz instead of 100 Hz, so the resolution in this part are

very low.
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Figure D-6: Soil stress development due to vibratory driving of pile Z01
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Figure D-7: Soil stress development due to vibratory driving of pile Z02
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Figure D-8: Soil stress development due to impact driving of pile Z03
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Figure D-9: Soil stress development due to impact driving of pile Z04
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Figure D-10: Soil stress development due to vibratory driving of pile Z05
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Figure D-11: Soil stress development due to vibratory driving of pile Z06
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Figure D-12: Soil stress development due to vibratory driving of pile Z07
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3 Z08 (free-hi-aggr)
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Figure D-13: Soil stress development due to vibratory driving of pile Z08
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Figure D-14: Soil Stress development due to vibratory driving of pile Z09
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Figure D-15: Soil stress development due to impact driving of pile Z10
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Figure D-16: Soil Stress development due to vibratory driving of pile Z11

-237 -



Appendix D

Z12 (guided-lo-fix)
0.0 T 3 T 0.0 T
R O msrd (PSS)
A o0 msrd (EoD)
A ) | --~lin fit
05 . 05 —'z
A
-1 4
1.01 1 _ 1.0
= £
é: S0 1 £
i ~
15 - 154
1 ] o
2.0 ] X 208 ]
2.5 ‘ 3 ‘ 2580
0 100 200 01 5 10 0 100 200
o' g [KN/m?] o' D o' g [KN/m?]

Figure D-17: Soil stress development due to vibratory driving of pile Z12
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Figure D-18: Soil stress development due to vibratory driving of pile Z13
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Figure D-19: Soil stress development due to vibratory driving of pile Z14
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Figure D-20: Soil stress development due to vibratory driving of pile Z15
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3 Z16 (guided-hi-fix)
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Figure D-21: Soil stress development due to vibratory driving of pile Z16
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Imprinted soil stresses after pile installation

The following table shows regression parameters open and Bpss according to Equation (6-2),

describing the shape of the soil stress profile after pile installation:

Table D-1: Soil stress state after pile installation

test installation group Open 1/Bpss R? line
method [Me-fa-vpen] [] [-1 [-1 style

Z01 vibro hi-lo-free -1.49 0.92 0.63

702 vibro hi-lo-free -1.85 0.96 0.94

703 impact 2.06 6.38 0.79

704 impact 1.46 5.33 0.73

Z05 vibro hi-lo-free -2.73 1.00 0.37

706 vibro hi-lo-free -3.36 1.00 0.45

707 vibro hi-hi-free 1.33 3.97 0.72

708 vibro hi-hi-free 1.94 6.46 0.72

709 vibro hi-hi-free 1.39 6.41 0.81

710 impact 1.31 7.68 0.76

711 vibro lo-hi-guided -0.07 0.52 0.04 -

712 vibro lo-hi-guided -0.44 0.54 0.53 -

713 vibro lo-hi-guided -1.12 0.89 0.87 oo e

714 vibro lo-hi-free 1.48 1.72 0.13 I

715 vibro hi-lo-guided 0.06 0.47 0.02 -

716 vibro hi-lo-guided 0.06 0.34 0.01 I
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Eigenfrequency determination

To estimate the axial eigenfrequency of the pile-soil system analytically, the one-dimensional
model (Figure 2-3) is further simplified to a single-element model. As justified before, the pile
can be regarded as a rigid body for vibratory driving (not for impact driving!). The mass of the
pile can be concentrated in a single point mass. To deal with possible yielding of the soil springs
(cf. Figure 2-3) the following approach was used: In case of displacement amplitudes
S0 = Me/mdyn < Sq, a linear elastic spring with spring stiffness Eqs = Rstat/sq was used. In case of
higher displacement amplitudes so>sq, the secant stiffness Egssec = Rstat/So was used as
modified spring stiffness. This procedure leads to softer springs and is applicable at low
penetration depths (where sq has low values) and for vibro hammers with high eccentric
moments (where so has large values). The left diagrams in Figure D-22 show the soil spring
stiffness at the pile shaft Eqss over depth z. The black lines depict the basic soil model
parameters, while the coloured lines show the modified spring stiffness for the different vibro

hammers.

The soil springs are combined to one linear-elastic spring with the spring stiffness Einst. Crane

support and soil damping is neglected. Thus, the eigenfrequencies of the undamped systems

1 [
fO,inst = E : Einst/mdyn [D'l)

(D-2)

fO,inst yield

Einst = J- Eqs dz
with different dynamic masses of the system for the M3 and M23/M23A vibratory hammers.

Since the (total) spring stiffnesses increase with pile penetration, the eigenfrequencies of the

pile-soil systems change likewise, as shown in Figure D-22:
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Figure D-22: Spring stiffness of the soil model (left)
and eigenfrequecies of the vibro-pile-soil system (right)

over penetration depth for different vibro hammers

The estimated eigenfrequencies are of course sensitive to the chosen soil model. Details of the
soil model can be found in STEIN (2018) For the interface stiffness Egs, a stress dependent soil

stiffness according to OHDE (1939) was used:

r, AEoed
E =E *Pref Y-z
oed oed,ref ref Pref (D-3)

with Eoedref = 300 kPa; Agoed = 0.6

With respect to the frequency ranges of the used vibratory hammers (cf. Table 5-7) it is likely
that vibratory driving may take place at the 2" harmonic (= 2-fo,inst). It should also be

considered that damping effects leads to lower eigenfrequencies.

For an experimental estimation of the system's eigenfrequency, pile extractions after tests Z06,
709 and Z10 were carried out. The hammer frequency was varied over a wide range (sweep)
while the pile was held at a constant penetration depth by the crane. The excitation of the pile
and the hammer as well as the response of the soil were measured using accelerometers
mounted at the pile head and embedded in the sand in different depths (z = 0.4 m, 1.2 m, 2.0 m).
The sweeps were divided into windows of one second and analysed in the frequency domain

using a fast Fourier transform to find acceleration magnitudes for different excitation
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frequencies. As the magnitude of the hammer and pile excitation apile depends on the driving
frequency fa (Equation (2-11), the magnitude of the response asoil is expected to be influenced
likewise. Therefore, the measured soil acceleration was divided by the pile acceleration. The
following Figure D-23 shows the normalised soil response asoil/apile over the frequency range of
the sweeps fd for different sensor depths during the extraction of the model pile after test Z09

using the APE Model 3 vibratory hammer at a pile penetration of Lpen 2 m.

1.0
--z=04m
--z=12m
--z=2.0m
N et & £ sk SR L
0.0 L
10 15 20 25 30 35 40

f, [Hz]

Figure D-23: Normalised soil acceleration over excitation frequency

A local maximum of the soil response spectra can be found for an excitation frequency of about
17 Hz. Sweeps in different depths were analysed the same way but it has to be admitted that
the plots were not always as clear as shown in Figure D-23. Additionally, during free pile
installation using the unmodified Model 23 vibratory hammer, possible resonance effects were
experienced at certain combinations of pile penetration and driving frequency. The whole test
pit seemed to shake for some seconds which could later be retraced by videos of the installation

process.

Figure D-24 shows the resonance frequencies observed during pile extractions (void shapes)
and installations (other markers); colours indicate the used vibro hammers. For the extraction
of tests Z06 and Z09 with the Model 3 hammer (green) as well as for the installations of tests
707, Z08 and Z09 with the Model 23 hammer (cyan) good agreements can be seen. Data from
one extraction and one installation with the modified hammer Model 23A from tests Z10 and
714 is available as well (blue). The resonance observed during the installation of test Z14
(Lpen = 1.4 m, fa = 28 Hz, Model 23A) is about twice as high compared to the resonance during
the extraction of test Z10 (Lpen = 1.6 m, fa = 14 Hz, Model 23A). Maybe the resonance observed
at 28 Hz was the 214 harmonic, thus the first harmonic would lie close to one half of 28 Hz which

would fit good to the data from Z10.
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fO,inst [HZ]
0 5 10 15 20 25 30
0.0
706 M3 (extr)
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L5 A Z09 M23 (inst)
2.0 A X Z14 M23A (inst)
2.5 a8

Figure D-24: Evaluation of pile-soil response over depth

The vibro hammers show different resonance profiles over depth which can be explained by
different oscillation amplitudes caused by the eccentric moment (see Equation (2-13)) and
different dynamic masses of the vibratory hammers. Similar to the analytical courses (Figure

D-22), an increase of the eigenfrequencies fo,inst with depth can be seen.

A quantitative comparison of the observed resonances (Figure D-24) with the theoretical
natural frequencies (Figure D-22) gives poor agreement. The most striking deviation is the fact
that the dynamic system with the Model 23 hammer has the lowest theoretical eigenfrequency
(due to the high eccentric moment Me, thus a high displacement amplitude so and a modification
of the spring stiffness Eqs) while the highest resonant frequencies were observed. As with the
resonance encountered during the installation of test Z14, the resonances observed during
installation with the Model 23 vibro hammer shown in Figure D-24 may be higher harmonics,

which would give reasonable fit with the simulated eigenfrequencies.

Due to the large discrepancies and uncertainties the experimental and analytical courses of the
systems' eigenfrequencies seem not be suited for further evaluation. However, a major
influence of penetration depth and vibratory equipment is unquestionable. Thus, the
declaration of one fixed value for the soil or system eigenfrequency is not justified. It seems to

be more reasonable to use the phase shift ®r as indicator for the proximity to resonance.
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Appendix E Quasi-static lateral pile behaviour

Lateral pile head displacement

The following figures show the load-displacement behaviour of the first loading period of each
test of the different test groups. Measured values are donated as markers, fitted curves are

drawn as lines.
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_ el £0.674
unlding: u* = 1.32-H +0.15
0.0 Il T T
0.0 0.2 0.4 0.6 0.8 1.0
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Figure E-1: Quasi-static load displacement behaviour

of impact driven piles at beginning of phase 1
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impact - CLLT - Phase 2 - cycle 1 (measurement & fit)
T : : T
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Figure E-2: Quasi-static load displacement behaviour
of impact driven piles at beginning of phase 2
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Figure E-3: Quasi-static load displacement behaviour

00of impact driven piles at beginning of phase 3
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impact - CLLT - Phase 4 - cycle 1 (measurement & fit)
T T T T
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Figure E-4: Quasi-static load displacement behaviour
of impact driven piles at beginning of phase 4
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Figure E-5: Quasi-static load displacement behaviour of free vibratory driven piles

with high eccentric moment and 'moderate’ frequency control at beginning of phase 1
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free-hi-mod - CLLT - Phase 2 - cycle 1 (measurement & fit)
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Figure E-6: Quasi-static load displacement behaviour of free vibratory driven piles

with high eccentric moment and 'moderate’ frequency control at beginning of phase 2
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Figure E-7: Quasi-static load displacement behaviour of free vibratory driven piles

with high eccentric moment and 'moderate’ frequency control at beginning of phase 3
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free-hi-mod - CLLT - Phase 4 - cycle 1 (measurement & fit)
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Figure E-8: Quasi-static load displacement behaviour of free vibratory driven piles

with high eccentric moment and 'moderate’ frequency control at beginning of phase 4
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Figure E-9: Quasi-static load displacement behaviour of free vibratory driven piles

with high eccentric moment and 'aggressive’ frequency control at beginning of phase 1
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free-hi-aggr - CLLT - Phase 2 - cycle 1 (measurement & fit)
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Figure E-10: Quasi-static load displacement behaviour of free vibratory driven piles

with high eccentric moment and 'aggressive’ frequency control at beginning of phase 2
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Figure E-11: Quasi-static load displacement behaviour of free vibratory driven piles

with high eccentric moment and 'aggressive’ frequency control at beginning of phase 3
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free-hi-aggr - CLLT - Phase 4 - cycle 1 (measurement & fit)
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Figure E-12: Quasi-static load displacement behaviour of free vibratory driven piles

with high eccentric moment and 'aggressive' frequency control at beginning of phase 4
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Figure E-13: Quasi-static load displacement behaviour of free vibratory driven pile

with low eccentric moment at beginning of phase 1
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free-lo - CLLT - Phase 2 - cycle 1 (measurement & fit)
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Figure E-14: Quasi-static load displacement behaviour of free vibratory driven pile

with low eccentric moment at beginning of phase 2
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Figure E-15: Quasi-static load displacement behaviour of free vibratory driven pile

with low eccentric moment at beginning of phase 3
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Figure E-16: Quasi-static load displacement behaviour of free vibratory driven pile

with low eccentric moment at beginning of phase 4
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Figure E-17: Quasi-static load displacement behaviour of guided vibratory driven piles

with high eccentric moment at beginning of phase 1
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guided-hi-fix - CLLT - Phase 2 - cycle 1 (measurement & fit)
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Figure E-18: Quasi-static load displacement behaviour of guided vibratory driven piles

with high eccentric moment at beginning of phase 2
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Figure E-19: Quasi-static load displacement behaviour of guided vibratory driven piles

with high eccentric moment at beginning of phase 3
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Figure E-20: Quasi-static load displacement behaviour of guided vibratory driven piles

with high eccentric moment at beginning of phase 4
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Figure E-21: Quasi-static load displacement behaviour of guided vibratory driven piles

with low eccentric moment at beginning of phase 1
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guided-lo-fix - CLLT - Phase 2 - cycle 1 (measurement & fit)
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Figure E-22: Quasi-static load displacement behaviour of guided vibratory driven piles

with low eccentric moment at beginning of phase 2
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Figure E-23: Quasi-static load displacement behaviour of guided vibratory driven piles

with low eccentric moment at beginning of phase 3
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Figure E-24: Quasi-static load displacement behaviour of guided vibratory driven piles

with low eccentric moment at beginning of phase 4

The following table gives the corresponding fitting parameters for all tests.
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Fitted parameters for load-displacement curves (all tests, CLLT, phases 1-4, cycle 1)

Table E-1
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The following figures show diagrams of the parameters u*ref and k for the loading phase of the

first cycle of phases 1, 2, and 3.
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Figure E-25: Fitted parameters for load-displacement curves

(all tests and test groups, CLLT, phase 1, cycle 1)
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CLLT - phase 2 - cycle 1 - fitting parameters
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Figure E-26: Fitted parameters for load-displacement curves
(all tests and test groups, CLLT, phase 2, cycle 1)
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Figure E-27: Fitted parameters for load-displacement curves




Quasi-static lateral pile behaviour

Maximum soil reaction

The following figures show the soil reaction profile over depth at maximum load level of the
first cycle of phases 1, 3 and 4. Differences of the measured effective soil stresses Ac' compared
to the stress state before loading (H =0) are plotted. Soil stresses in upwind direction,
downwind direction and resultants are shown from left to right. Each figure shows one test
group. Phases 2 and 5 are not shown as not enough sensor levels are available in the

corresponding loading direction.
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Figure E-28: Soil reaction of impact driven piles

at maximum load level of the first loading cycle of phase 1
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Figure E-29: Soil reaction of impact driven piles
at maximum load level of the first loading cycle of phase 3
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Figure E-30: Soil reaction of impact driven piles

at maximum load level of the first loading cycle of phase 4
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Figure E-31: Soil reaction of free vibratory driven piles with high eccentric moment

and 'aggressive' frequency control at maximum load level of the first loading cycle of phase 1
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Figure E-32: Soil reaction of free vibratory driven piles with high eccentric moment

and 'aggressive' frequency control at maximum load level of the first loading cycle of phase 3
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Figure E-33: Soil reaction of free vibratory driven piles with high eccentric moment

and 'aggressive' frequency control at maximum load level of the first loading cycle of phase 4
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Figure E-34: Soil reaction of free vibratory driven pile with low eccentric moment

at maximum load level of the first loading cycle of phase 1
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free-lo - CLLT - Phase 3 - H= 15 kN
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Figure E-35: Soil reaction of free vibratory driven pile with low eccentric moment

at maximum load level of the first loading cycle of phase 3
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Figure E-36: Soil reaction of free vibratory driven pile with low eccentric moment

at maximum load level of the first loading cycle of phase 4
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Figure E-37: Soil reaction of crane-guided vibratory driven piles with high eccentric moment

at maximum load level of the first loading cycle of phase 1
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Figure E-38: Soil reaction of crane-guided vibratory driven piles with high eccentric moment

at maximum load level of the first loading cycle of phase 3
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Figure E-39: Soil reaction of crane-guided vibratory driven piles with high eccentric moment

50 100

at maximum load level of the first loading cycle of phase 4
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Figure E-40: Soil reaction of crane-guided vibratory driven piles with low eccentric moment

at maximum load level of the first loading cycle of phase 1
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Figure E-41: Soil reaction of crane-guided vibratory driven piles with low eccentric moment
at maximum load level of the first loading cycle of phase 3
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Figure E-42: Soil reaction of crane-guided vibratory driven piles with low eccentric moment

at maximum load level of the first loading cycle of phase 4
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Development of soil reaction during increasing lateral loading

The following figures show the soil reaction during loading period of the first cycle of phase 1
of all tests. Differences of the measured effective soil stresses Ac' compared to the stress state
before loading (H = 0) are plotted. Soil stresses in upwind direction, downwind direction and

resultants are shown from left to right. Darker lines indicate a higher lateral load H.
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Figure E-43: Changes of effective radial soil stresses due to the first loading period of test Z01
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Figure E-44: Changes of effective radial soil stresses due to the first loading period of test Z02
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Figure E-45: Changes of effective radial soil stresses due to the first loading period of test Z03
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Figure E-46: Changes of effective radial soil stresses due to the first loading period of test Z04
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Figure E-47: Changes of effective radial soil stresses due to the first loading period of test Z05
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Figure E-48: Changes of effective radial soil stresses due to the first loading period of test Z06
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Figure E-49: Changes of effective radial soil stresses due to the first loading period of test Z07
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Figure E-50: Changes of effective radial soil stresses due to the first loading period of test Z08
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Figure E-51: Changes of effective radial soil stresses due to the first loading period of test Z09
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Figure E-52: Changes of effective radial soil stresses due to the first loading period of test Z10

Z11 - CLLT - Phase 1
0.0 upwind downwind resultant
' —H=2kN
—H =14 kN
0.5 r 1 r 1
1.0 F q F q
E
N
1.5 r 1 r 1
2.0 1 r 1 r 1
2.5 . | . . . . . .
-50 0 50 -50 0 50
' 2
Ao’ [kN/m?]

-50 0 50
Ac’ [kN/m?] Ao’ [kN/m?]
Figure E-53: Changes of effective radial soil stresses due to the first loading period of test Z11
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Figure E-54: Changes of effective radial soil stresses due to the first loading period of test Z12
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Figure E-55: Changes of effective radial soil stresses due to the first loading period of test Z13
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Figure E-56: Changes of effective radial soil stresses due to the first loading period of test Z14
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Figure E-57: Changes of effective radial soil stresses due to the first loading period of test Z15
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Figure E-58: Changes of effective radial soil stresses due to the first loading period of test Z16
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Development of soil reaction during first loading and unloading cycle

The following figures show the soil reaction during loading and unloading of the first cycle of
phase 1 of all tests. The measured effective radial soil stresses ¢'rad are plotted over depth z. Soil
stresses in upwind direction, downwind direction and resultants are shown from left to right.
Solid lines show stresses during loading while dashe lines show stresses during unloading half

cylces. Darker lines indicate a higher lateral load H.
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Figure E-59: Effective radial soil stresses due to first loading/unloading of test Z01
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Figure E-60: Effective radial soil stresses due to first loading/unloading of test Z02
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Figure E-61: Effective radial soil stresses due to first loading/unloading of test Z03
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Figure E-62: Effective radial soil stresses due to first loading/unloading of test Z04
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Figure E-63: Effective radial soil stresses due to first loading/unloading of test Z05
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Figure E-64: Effective radial soil stresses due to first loading/unloading of test Z06
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Figure E-65: Effective radial soil stresses due to first loading/unloading of test Z07
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Figure E-66: Effective radial soil stresses due to first loading/unloading of test Z08
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Figure E-67: Effective radial soil stresses due to first loading/unloading of test Z09
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Figure E-68: Effective radial soil stresses due to first loading/unloading of test Z10
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Figure E-69: Effective radial soil stresses due to first loading/unloading of test Z11
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Figure E-70: Effective radial soil stresses due to first loading/unloading of test Z12
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Figure E-71: Effective radial soil stresses due to first loading/unloading of test Z13
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Figure E-

72: Effective radial soil stresses due to first loading/unloading of test Z14
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Figure E-73: Effective radial soil stresses due to first loading/unloading of test Z15
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Figure E-74: Effective radial soil stresses due to first loading/unloading of test Z16
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Appendix F Cyclic lateral pile behaviour

Pile head traces in horizontal plane

The following figures show the traces of the pile head in the horizontal plane. Each symbol
represents the pile head displacement in directions 0° and 90° after N = 0, 1, 10, 100, 1,000 and
10,000 cycles of phases 1 to 5. The arrows at the markers representing N = 0 indicate the

loading direction during the individual phases.
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Figure F-1: Track of pile head displacement in horizontal plane
during cyclic lateral loading from varying directions
for tests Z01, Z02, Z03 and Z04
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Figure F-2: Track of pile head displacement in horizontal plane

during cyclic lateral loading from varying directions
for tests Z05, Z06, Z07 and Z08
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Figure F-3: Track of pile head displacement in horizontal plane

during cyclic lateral loading from varying directions
for tests Z09,710,Z11 and Z12
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Figure F-4: Track of pile head displacement in horizontal plane
during cyclic lateral loading from varying directions
for tests Z13,7Z14,7Z15 and Z16
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Pile head displacement accumulation (HCA formulation)

The following diagrams show the fictional strain yacc = Uacc/Lpile accumulated after the first,
"irregular’ cycle related to the amplitude function fampi for all pile groups. Markers indicate
measured values, lines indicate fits according to Equation (6-13). The increasing courses in the
positive domain show the accumulation in loading direction (ll). The decreasing courses in the
negative domain show back-accumulation in direction transverse to the loading direction (L).
For accumulation in both loading and unloading direction, the amplitude function
fampl = (Yampl,l,mean/Yrer )CaP! referring to the strain amplitude in loading direction (|I) is used to

scale the accumulated strain.
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Figure F-5: Pile head displacement accumulation after first (‘irregular’) cycle

of impact driven piles during phase 1
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Figure F-6: Pile head displacement accumulation after first (‘irregular’) cycle

of impact driven piles during phase 2

300 impact - CLLT - Phase 3
T
=703
250 [+ 204
*-710
200 |/ IH: B.92E-06-[In(1+0.65-N)+1.00E-04-N]
-~ L H: -6.09E-06-[In(1+0.65-N)+1.00E-04-N]

150

-6
Llacc/Lpile/famp] [107]

-100 - 1
150 ‘ ‘ ‘ ‘
10° 10! 10° 103 10*
Nog []

Figure F-7: Pile head displacement accumulation after first (‘irregular’) cycle

of impact driven piles during phase 3
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Figure F-8: Pile head displacement accumulation after first (‘irregular’) cycle

of impact driven piles during phase 4
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Figure F-9: Pile head displacement accumulation after first (‘irregular’) cycle

of impact driven piles during phase 5
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Figure F-10: Pile head displacement accumulation after first (‘irregular’) cycle
of free vibratory driven piles with high eccentric moment

and 'moderate’ frequency control during phase 1
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Figure F-11: Pile head displacement accumulation after first (‘irregular’) cycle
of free vibratory driven piles with high eccentric moment

and 'moderate’ frequency control during phase 2
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Figure F-12: Pile head displacement accumulation after first (‘irregular’) cycle
of free vibratory driven piles with high eccentric moment

and 'moderate’ frequency control during phase 3
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Figure F-13: Pile head displacement accumulation after first (‘irregular’) cycle
of free vibratory driven piles with high eccentric moment

and 'moderate’ frequency control during phase 4
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Figure F-14: Pile head displacement accumulation after first (‘irregular’) cycle
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Figure F-15: Pile head displacement accumulation after first (‘irregular’) cycle

of free vibratory driven piles with high eccentric moment

and 'aggressive' frequency control during phase 1
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Figure F-16: Pile head displacement accumulation after first (‘irregular’) cycle
of free vibratory driven piles with high eccentric moment

and 'aggressive' frequency control during phase 2
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Figure F-17: Pile head displacement accumulation after first (‘irregular’) cycle
of free vibratory driven piles with high eccentric moment

and 'aggressive' frequency control during phase 3
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Figure F-18: Pile head displacement accumulation after first (‘irregular’) cycle

of free vibratory driven piles with high eccentric moment

and 'aggressive' frequency control during phase 4
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Figure F-19: Pile head displacement accumulation after first (‘irregular’) cycle
of free vibratory driven piles with high eccentric moment

and 'aggressive' frequency control during phase 5
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Figure F-20: Pile head displacement accumulation after first (‘irregular’) cycle

of free vibratory driven piles with low eccentric moment during phase 1
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Figure F-21: Pile head displacement accumulation after first (‘irregular’) cycle

of free vibratory driven piles with low eccentric moment during phase 2
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Figure F-22: Pile head displacement accumulation after first (‘irregular’) cycle

of free vibratory driven piles with low eccentric moment during phase 3
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Figure F-23: Pile head displacement accumulation after first (‘irregular’) cycle

of free vibratory driven piles with low eccentric moment during phase 4
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Figure F-24: Pile head displacement accumulation after first (‘irregular’) cycle

of crane-guided vibratory driven piles with high eccentric moment during phase 1
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Figure F-25: Pile head displacement accumulation after first (‘irregular’) cycle

of crane-guided vibratory driven piles with high eccentric moment during phase 2
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Figure F-26: Pile head displacement accumulation after first (‘irregular’) cycle

of crane-guided vibratory driven piles with high eccentric moment during phase 3
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Figure F-27: Pile head displacement accumulation after first (‘irregular’) cycle

of crane-guided vibratory driven piles with high eccentric moment during phase 4
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Figure F-28: Pile head displacement accumulation after first (‘irregular’) cycle

of crane-guided vibratory driven piles with high eccentric moment during phase 5
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Figure F-29: Pile head displacement accumulation after first (‘irregular’) cycle

of crane-guided vibratory driven piles with low eccentric moment during phase 1
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Figure F-30: Pile head displacement accumulation after first (‘irregular’) cycle

of crane-guided vibratory driven piles with low eccentric moment during phase 2
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Figure F-31: Pile head displacement accumulation after first (‘irregular’) cycle

of crane-guided vibratory driven piles with low eccentric moment during phase 3
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Figure F-32: Pile head displacement accumulation after first (‘irregular’) cycle

of crane-guided vibratory driven piles with low eccentric moment during phase 4
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Figure F-33: Pile head displacement accumulation after first (‘irregular’) cycle

of crane-guided vibratory driven piles with low eccentric moment during phase 5
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To fit the measured values, soil constants Cnz = 0,65 and Cn3z = 10-4 according to Equation (6-
13) were used in all cases. The strain accumulation differs in the 'biased' accumulation

parameter CN1 which is given in the following table:

Table F-1: Best fit parameters for pile head displacement accumulation described by HCA

model (all tests, CLLT, phase 1)

Cn1[10-6]
test/group phase1 | phase2 | phase3 | phase4 | phase5
701 16.9 20.4 12.0 9.4 14.1
702 14.7 15.6 10.5 10.0 --
703 12.8 11.3 8.6 8.0 10.0
704 11.8 12.7 8.7 7.9 9.5
Z05 19.4 21.3 11.3 10.0 --
706 15.2 16.4 10.0 10.0 12.0
207 11.4 13.9 8.9 10.0 =
708 13.1 16.0 10.0 8.7 --
Z09 14.5 17.9 11.2 10.0 12.7
710 12.0 11.8 9.4 8.8 --
711 18.3 22.4 13.4 10.2 --
712 18.5 23.4 13.0 10.7 16.8
713 18.8 22.8 12.9 10.0 --
714 111 15.0 9.0 9.5 --
715 16.7 17.8 10.2 10.0 12.6
716 16.2 15.1 13.6 10.1 12.3
mean values
impact 12.2 11.9 8.9 8.2 9.8
vibro (free-hi-aggr) 13.0 15.9 10.0 9.6 12.7
vibro (free-lo) 11.1 15.0 9.0 9.5 --
vibro (guided-hi-fix) 16.5 16.5 11.9 10.0 12.5
vibro (guided-lo-fix) 18.5 22.9 13.1 10.3 16.8
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Comparative diagrams of the accumulation behaviour for all tests and test groups and each

phase are given in the following figures.
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Figure F-34: Comparison of accumulation behaviour of tests and tests groups during phase 1
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Figure F-35: Comparison of accumulation behaviour of tests and tests groups during phase 2
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Figure F-36: Comparison of accumulation behaviour of tests and tests groups during phase 3
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COMP - CLLT - Phase 4
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Figure F-37: Comparison of accumulation behaviour of tests and tests groups during phase 4
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Figure F-38: Comparison of accumulation behaviour of tests and tests groups during phase 5
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The following figures show the 'biased' accumulation parameter Cn1 versus the first cycles
permanent fictional strain upermnN=1/Lpile for all tests and test phases. Accmulation parameters

Cnz = 0,65 and Cn3 = 10-* according to Equation (6-13) were used in all cases.
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Figure F-39: Biased accumulation parameter over permanent fictional strain

of first cycle of phase 1
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24 HCA model - CLLT - Phase 2
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Figure F-40: Biased accumulation parameter over permanent fictional strain

of first cycle of phase 2
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Figure F-41: Biased accumulation parameter over permanent fictional strain

of first cycle of phase 3
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Figure F-42: Biased accumulation parameter over permanent fictional strain

of first cycle of phase 4
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Figure F-43: Biased accumulation parameter over permanent fictional strain

of first cycle of phase 5
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Back-accumulation

The following figures show detailed plots of the load displacement behaviour in loading

direction and in transverse direction for specific cycles of phases 2, 3, and 5 of all tests.
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Figure F-44: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z01
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Figure F-45: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2 and 3 of test Z02
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Figure F-46: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z03
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Figure F-47: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2 and 3 of test Z04
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Figure F-48: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2 and 3 of test Z05
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Figure F-49: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z06
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Figure F-50: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2 and 3 of test Z07
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Figure F-51: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z08
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Figure F-52: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z09
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Figure F-53: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2 and 3 of test Z10
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Figure F-54: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2 and 3 of test Z11
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Figure F-55: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z12
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CLLT - Z13 - phase 2 - OH =90°
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Figure F-56: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2 and 3 of test Z13
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Figure F-57: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2 and 3 of test Z14
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Figure F-58: Hysteresis loops (top) and pile head movement on cycle level
in horizontal plane (bottom) for phases 2, 3 and 5 of test Z15
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Figure F-59: Hysteresis loops (top) and pile head movement on cycle level

in horizontal plane (bottom) for phases 2, 3 and 5 of test Z16
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Mudline subsidence

The following figures show the soil subsidence measured around the pile (cf. Figure 5-19) after

each loading phase for different tests.
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Figure F-60: Soil subsidence around pile Z04 after end of each loading phase
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Figure F-61: Soil subsidence around pile Z05 after end of each loading phase
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Figure F-62: Soil subsidence around pile Z06 after end of each loading phase
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Z09 - CLLT - soil subsidence
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Figure F-63: Soil subsidence around pile Z09 after end of each loading phase
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Figure F-64: Soil subsidence around pile Z11 after end of each loading phase
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Figure F-65: Soil subsidence around pile Z12 after end of each loading phase

Z13 - CLLT - soil subsidence

Az, 0
[em] 8
Phase 1
315 6 45
Phase 2
=== Phase 3
o1 270 ¢
\
\
\
225

180

Figure F-66: Soil subsidence around pile Z13 after end of each loading phase
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Z14 - CLLT - soil subsidence
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Figure F-67: Soil subsidence around pile Z14 after end of each loading phase
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Figure F-68: Soil subsidence around pile Z15 after end of each loading phase
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Z16 - CLLT - soil subsidence
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Figure F-69: Soil subsidence around pile Z16 after end of each loading phase
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Pile head displacement accumulation (‘classical’ formulation)

The following diagrams show the displacement accumulation function fx for all pile groups.
Markers indicate measured values, lines indicate fits according to Equation (2-31). The
increasing courses in the positive domain show the accumulation in loading direction (ll). The
decreasing courses in the negative domain show back-accumulation in direction transverse to
the loading direction (1). For accumulation in loading direction, the accumulation function is
defined as fN = uperm,i(N) /uperm,i(1), for back-accumulation, the accumulation function is defined
as N =uperm,1(N)/uperm,i(1). For test phases 1, 2, 3 and 5, the log-linear accumulation

formulation was fitted to the measured data, for phase 4 a power law was used.
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Figure F-70: Pile head displacement accumulation of impact driven piles

during phase 1 after 'classical’ formulation
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Figure F-71: Pile head displacement accumulation of impact driven piles

during phase 2 after 'classical’ formulation
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Figure F-72: Pile head displacement accumulation of impact driven piles

during phase 3 after 'classical’ formulation
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Figure F-73: Pile head displacement accumulation of impact driven piles

during phase 4 after 'classical’ formulation
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Figure F-74: Pile head displacement accumulation of impact driven piles

during phase 5 after 'classical’ formulation
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Figure F-75: Pile head displacement accumulation of free vibratory driven piles
with high eccentric moment and 'aggressive' frequency control

during phase 1 after 'classical’ formulation
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Figure F-76: Pile head displacement accumulation of free vibratory driven piles
with high eccentric moment and 'aggressive' frequency control

during phase 1 after 'classical’ formulation
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Figure F-77: Pile head displacement accumulation of free vibratory driven piles
with high eccentric moment and 'aggressive' frequency control

during phase 1 after 'classical’ formulation
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Figure F-78: Pile head displacement accumulation of free vibratory driven piles
with high eccentric moment and 'aggressive' frequency control

during phase 1 after 'classical’ formulation

-334-



Cyclic lateral pile behaviour

[

free-hi-mod - CLLT - Phase 5
T

8
701
7 702 7
705 |
6 706
5 l—||H: 1+0.38-[In(1+1.00-(N-1))+1.00E-04-N]

---- LH: -0.49-0.38-In(N)

-4
10° 10! 10? 103 10*
N[-]

Figure F-79: Pile head displacement accumulation of free vibratory driven piles

with high eccentric moment and 'aggressive' frequency control

during phase 1 after 'classical’ formulation
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Figure F-80: Pile head displacement accumulation of free vibratory driven piles

with high eccentric moment and 'aggressive' frequency control

during phase 1 after 'classical’ formulation
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Figure F-81: Pile head displacement accumulation of free vibratory driven piles
with high eccentric moment and 'aggressive' frequency control

during phase 2 after 'classical’ formulation
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Figure F-82: Pile head displacement accumulation of free vibratory driven piles
with high eccentric moment and 'aggressive' frequency control

during phase 3 after 'classical’ formulation
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Figure F-83: Pile head displacement accumulation of free vibratory driven piles
with high eccentric moment and 'aggressive' frequency control

during phase 4 after 'classical’ formulation
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Figure F-84: Pile head displacement accumulation of free vibratory driven piles
with high eccentric moment and 'aggressive' frequency control

during phase 5 after 'classical’ formulation
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Figure F-85: Pile head displacement accumulation of free vibratory driven piles

with low eccentric moment during phase 1 after 'classical’ formulation
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Figure F-86: Pile head displacement accumulation of free vibratory driven piles

with low eccentric moment during phase 2 after 'classical’ formulation
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Figure F-87: Pile head displacement accumulation of free vibratory driven piles

with low eccentric moment during phase 3 after 'classical’ formulation
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Figure F-88: Pile head displacement accumulation of free vibratory driven piles

with low eccentric moment during phase 4 after 'classical’ formulation
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Figure F-89: Pile head displacement accumulation of crane-guided vibratory driven piles

with high eccentric moment during phase 1 after 'classical' formulation
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Figure F-90: Pile head displacement accumulation of crane-guided vibratory driven piles

with high eccentric moment during phase 2 after 'classical’ formulation
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Figure F-91: Pile head displacement accumulation of crane-guided vibratory driven piles

with high eccentric moment during phase 3 after 'classical’ formulation
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Figure F-92: Pile head displacement accumulation of crane-guided vibratory driven piles

with high eccentric moment during phase 4 after 'classical’ formulation
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Figure F-93: Pile head displacement accumulation of crane-guided vibratory driven piles

with high eccentric moment during phase 5 after 'classical’ formulation
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Figure F-94: Pile head displacement accumulation of crane-guided vibratory driven piles

with low eccentric moment during phase 1 after 'classical’ formulation
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Figure F-95: Pile head displacement accumulation of crane-guided vibratory driven piles

with low eccentric moment during phase 2 after 'classical’ formulation
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Figure F-96: Pile head displacement accumulation of crane-guided vibratory driven piles

with low eccentric moment during phase 3 after 'classical’ formulation
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Figure F-97: Pile head displacement accumulation of crane-guided vibratory driven piles

with low eccentric moment during phase 4 after 'classical’ formulation
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Figure F-98: Pile head displacement accumulation of crane-guided vibratory driven piles

with low eccentric moment during phase 5 after 'classical’ formulation
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Cyclic secant stiffness

The following diagrams show the measured pile head secant stiffness during loading cycles
Elatsecload related to the secant loading stiffness of the first 'regular’ cycle (N = 2) for all pile

groups and test phases. Markers indicate measured values, lines indicate logarithmic fits.
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Figure F-99: Development of pile head secant stiffness

of impact driven piles during phase 1
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Figure F-100: Development of pile head secant stiffness
of impact driven piles during phase 2
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Figure F-101: Development of pile head secant stiffness

of impact driven piles during phase 3
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Figure F-102: Development of pile head secant stiffness
of impact driven piles during phase 4
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Figure F-103: Development of pile head secant stiffness

of impact driven piles during phase 5

-347 -



Appendix F

free-hi-mod - CLLT - Phase 1
T

13
121 1
_1af ]
)
k]
s 1.0r B
z
i
09 1
Z01
702
0.8 705 M
706
| —mean fit (load): 1+0.030-In(N-1)
07 L L T T
10° 10 10? 103 10*

N[

Figure F-104: Development of pile head secant stiffness of free vibratory driven piles

with high eccentric moment and 'moderate’ frequency control during phase 1
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Figure F-105: Development of pile head secant stiffness of free vibratory driven piles

with high eccentric moment and 'moderate’ frequency control during phase 2
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Figure F-106: Development of pile head secant stiffness of free vibratory driven piles

with high eccentric moment and 'moderate’ frequency control during phase 3
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Figure F-107: Development of pile head secant stiffness of free vibratory driven piles

with high eccentric moment and 'moderate’ frequency control during phase 4
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Figure F-108: Development of pile head secant stiffness of free vibratory driven piles

with high eccentric moment and 'moderate’ frequency control during phase 5
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Figure F-109: Development of pile head secant stiffness of free vibratory driven piles

with high eccentric moment and 'aggressive' frequency control during phase 1
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Figure F-110: Development of pile head secant stiffness of free vibratory driven piles

with high eccentric moment and 'aggressive' frequency control during phase 2
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Figure F-111: Development of pile head secant stiffness of free vibratory driven piles

with high eccentric moment and 'aggressive' frequency control during phase 3
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Figure F-112: Development of pile head secant stiffness of free vibratory driven piles

with high eccentric moment and 'aggressive' frequency control during phase 4
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Figure F-113: Development of pile head secant stiffness of free vibratory driven piles

with high eccentric moment and 'aggressive' frequency control during phase 5
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Figure F-114: Development of pile head secant stiffness

of free vibratory driven pile with low eccentric moment during phase 1
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Figure F-115: Development of pile head secant stiffness

of free vibratory driven pile with low eccentric moment during phase 2
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Figure F-116: Development of pile head secant stiffness

of free vibratory driven pile with low eccentric moment during phase 3

13 free-lo - CLLT - Phase 4
. T

1.2

11

E, (N)/E, (2) []

09

0.8

——714
—mean fit (load): 1+0.010-In(N-1)
I I

0.7 : :
10 10! 10° 103 10*
N[-]

Figure F-117: Development of pile head secant stiffness

of free vibratory driven pile with low eccentric moment during phase 4
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Figure F-118: Development of pile head secant stiffness

of crane-guided vibratory driven piles with high eccentric moment during phase 1
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Figure F-119: Development of pile head secant stiffness

of crane-guided vibratory driven piles with high eccentric moment during phase 2
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Figure F-120: Development of pile head secant stiffness

of crane-guided vibratory driven piles with high eccentric moment during phase 3
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Figure F-121: Development of pile head secant stiffness

of crane-guided vibratory driven piles with high eccentric moment during phase 4
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Figure F-122: Development of pile head secant stiffness

of crane-guided vibratory driven piles with high eccentric moment during phase 5
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Figure F-123: Development of pile head secant stiffness

of crane-guided vibratory driven piles with low eccentric moment during phase 1
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Figure F-124: Development of pile head secant stiffness

of crane-guided vibratory driven piles with low eccentric moment during phase 2
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Figure F-125: Development of pile head secant stiffness

of crane-guided vibratory driven piles with low eccentric moment during phase 3
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Figure F-126: Development of pile head secant stiffness

of crane-guided vibratory driven piles with low eccentric moment during phase 4
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Figure F-127: Development of pile head secant stiffness

of crane-guided vibratory driven piles with low eccentric moment during phase 5
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Dynamic stiffness

The following figures show the pile's bending mode eigenfrequency determined by lateral
frequency response tests (LFRT) after pile installation and after each phase of cyclic lateral
loading. The horizontal axis indicates the test phase (0 indicates undisturbed system before
start of lateral loading) and also gives the corresponding loading direction. For each test cluster
(grouped according to installation parameters) two diagram are given for eigenfrequencies

determined in directions of 0° and 90°.
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Figure F-128: Measured bending mode eigenfrequencies of impact driven piles

over test phases in direction of 0°
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Figure F-129: Measured bending mode eigenfrequencies of impact driven piles

over test phases in direction of 90°
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LFRT (end of phase, 0°)
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Figure F-130: Measured bending mode eigenfrequencies
of free vibratory driven piles with high eccentric moment and 'aggressive’' frequency control

over test phases in direction of 0°
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Figure F-131: Measured bending mode eigenfrequencies
of free vibratory driven piles with high eccentric moment and 'aggressive' frequency control

over test phases in direction of 90°
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Figure F-132: Measured bending mode eigenfrequencies

of free vibratory driven piles with high eccentric moment and 'moderate’ frequency control
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Figure F-133: Measured bending mode eigenfrequencies

of free vibratory driven piles with high eccentric moment and 'moderate’ frequency control

over test phases in direction of 0°
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Figure F-134: Measured bending mode eigenfrequencies
of free vibratory driven pile with low eccentric moment (blue)
and crane-guided vibratory driven piles with high eccentric moment (magenta)

over test phases in direction of 0°
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Figure F-135: Measured bending mode eigenfrequencies
of free vibratory driven pile with low eccentric moment (blue)
and crane-guided vibratory driven piles with high eccentric moment (magenta)

over test phases in direction of 90°
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Figure F-136: Measured bending mode eigenfrequencies
of crane-guided vibratory driven piles with low eccentric moment
over test phases in direction of 0°
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Figure F-137: Measured bending mode eigenfrequencies
of crane-guided vibratory driven piles with low eccentric moment

over test phases in direction of 90°
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Soil stress developments

The following figures show the development of radial effective soil stress profiles over several

phases of cyclic lateral loading from changing directions for all tests.
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Figure F-138: Development of radial effective soil stress profiles over tests phases for pile Z01
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Figure F-139: Development of radial effective soil stress profiles over tests phases for pile Z02
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Figure F-140: Development of radial effective soil stress profiles over tests phases for pile Z03
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Figure F-141: Development of radial effective soil stress profiles over tests phases for pile Z04
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Figure F-142: Development of radial effective soil stress profiles over tests phases for pile Z05
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Figure F-143: Development of radial effective soil stress profiles over tests phases for pile Z06
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Figure F-144: Development of radial effective soil stress profiles over tests phases for pile Z07
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Figure F-145: Development of radial effective soil stress profiles over tests phases for pile Z08
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Figure F-146: Development of radial effective soil stress profiles over tests phases for pile Z09
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Z10 (impact)
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Figure F-147: Development of radial effective soil stress profiles over tests phases for pile Z10
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Figure F-148: Development of radial effective soil stress profiles over tests phases for pile Z11
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Figure F-149: Development of radial effective soil stress profiles over tests phases for pile Z12
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Figure F-150: Development of radial effective soil stress profiles over tests phases for pile Z013
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Z14 (free-lo)
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Figure F-151: Development of radial effective soil stress profiles over tests phases for pile Z14
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Figure F-152: Development of radial effective soil stress profiles over tests phases for pile Z15
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716 (guided-hi-fix)
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Figure F-153: Development of radial effective soil stress profiles over tests phases for pile Z16
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Appendix G HCA model formulation and parameters

The accumulated strain yacc (after the first, irregular cycle, see Figure 2-15) is described by the
flow rule m multiplied with a number of empirical functions fj whose coefficients Cj may be
calibrated by cyclic laboratory tests or taken from empirical correlations with the grain

distribution (WICHTMANN & TRIANTAFYLLIDIS 2011):
YaCC(Nreg) =m-fopp - fp - fy-fe - fy (G-1)

The function for the mean strain amplitude yampl,mean yields

y 1, Campl
fap = (7222522 (6-2)

with the reference strain yref = 10-4 and the constant Campi = 1.7.

The function for the mean stress state pav [kN/m?] is described by

£, = exp [—cp : (gr:f - 1)] (G-3)

with the atmospheric pressure pref = 100 kPa and

Cp = 0.41-[1— 034" (dso — 0.6)] (G-4)
with the mean grain size dso [mm].
The function for the void ratio e [-] is described by

(Ce — e)? 1+ emax

fe = T+e (Co— emm)? (6-5)
with the min and max void ratios emin and emax [-] and
Ce = 095 emin (G-6)
The function for the stress ratio is described by
fy = exp[Cy - Y] (G-7)
with
Cy =2.60[1+0.12 - In(d50/0.6)] (G-8)
v = ;{C__Z (G-9)
with

-375-



Appendix G

27 (3 + Nay)
= > 9 G-10
(3 + Znav)(3 - nav) ( ]
Nav = Yav/Pav (G-11)
9 — sin? @,
Y, =—"C G-12
¢ 1-—sin2 @, ( )
The function for the number of cycles is described by
fy = Cn1 - [ln(CNZ : (Nreg) + 1) + Cnz - Nreg] (G-13)

WICHTMANN & TRIANTAFYLLIDIS (2011) suggest to calibrate at least the parameters Cn1, Cnz and
Cns on cyclic tests. The following table gives coefficients for the HCA model based on empirical
correlations with emin, dso, and Cu (WICHTMANN & TRIANTAFYLLIDIS 2011) as well as coefficients

calibrated on cyclic triaxial tests by NAwABI (2021).

Table G-1: Coefficients for HCA model

coefficient empirical correlation calibration on laboratory tests
(WICHTMANN & TRIANTAFYLLIDIS 2011) (NAawaB12021)

Campl 1.70 1.68
Ce 0.452 0.45
Cp 0.439 0.50
Cy 2.47 3.34
Cn1 1.95-10-3 2.55-10
Cnz 0.041 0.35
Cn3 7.28:10°5 1.2:10¢

The HCA model uses a soil state parameter g4 to describe the soil's loading history based on
the function famp considering the amplitude of cyclic loading, the number of cycles Nreg and the

(cyclic) soil constants Cn1 and Cnz:
gA = fa\mpl : fl{? = fampl *Cnr - ln(l +Cnz- Nreg) (G-14)

For an incremental procedure to calculate g4 for load packages with different amplitudes see

WICHTMANN & TRIANTAFYLLIDIS (2011).
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AppendixH  Numerical calculations

Numerical model
The lateral pile behaviour is described by a one-dimensional bedded beam model. The general
formulation is

P(t) =K-y() + C-y(t) + M- §(t) (H-1)

for the dynamic case (cf. Sections 2.3.2 and 7.3.1). For the static case (cf. Sections 2.3.1 and
7.2.1), time-dependent effects (damping and inertia) can be ignored and Equation (H-1)

simplifies to
P=K-y (H-2)

The load vector P consists of the lateral load H and bending moment M applied at the top node:

H
M
P=|0 (H-3)
0
The deformation vector y consists of the local lateral displacements yi and local inclinations i
Y1
Wy
y= | (H-4)
YHel+1/
llJnel+1

Stiffness, damping and mass matrices K, C and M are composed of pile and soil parts, e.g.:

at node i:

K = Kpite + Ksoir (H-5)

Pile and soil matrices are assembled of element matrices. For the pile, the formulation of the

Euler-Bernoulli beam is used:

12 6-dL  —12  6-dL
_ El l6.dL 4-dl2 —6-dL 2-dL?
Kpiei = 937|212 —6-dL. 12 —6-dL (H-6)

6-dL. 2-dl? —6-dL 4-dL?
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A -p-dL
Mpile,i = %
156 22 -dL 54 —13-dL (H-7)
22 -dL 4 -dL? 13-dL  —3-dL2?
54 13-dL 156 —22-dL

—13-dL -3-dL? —-22-dL 4-dL?
dL is the pile element length. Pile damping is neglected (Cpile = 0). The soil springs only apply

shear forces on the nodes:

05 0 0 O
0 0 0 O

Ksoil,i = Epy dL- 0 0 05 0 (H-8)
0 0 0 O

with Epy depending on the formulation of the lateral bedding (e.g. p-y curves, cf. Sections 2.3.1,
2.3.3,7.2.2,and 7.3.1).

The damping matrix is equivalent to the stiffness matrix with the damping coefficient Cpy used

instead of the spring stiffness Epy. Damping is assumed to act on the full circumference of the

pile T:Dpile:
05 0 0 O
0 0 0 O
Csuil,i = pr ~dL-T- Dpile ' 0 0 05 0 (H—9)
0 0 0 O
with
pr =+ Gg * Psoil (H-10)

The mass matrix of the soil is equivalent to that of the pile but with the soil unit weight psoil

applied to the volume of the soil plug Aplug-dL:

Aplug " Psoil - dL
420
156 22 -dL 54 —13-dL
22-dL 4-dl*? 13-dL —3-dL?
54 13-dL 156 —22-dL
—-13-dL —-3-dL? -22-dL 4-dL?

Msoii =

(H-11)
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The full matrices consist of nel element matrices with nei+1 nodes. In the assembly procedure,
the four upper left entries of an element matrix are added to the four lower right entries of the

prior element matrix:

Figure H-1: Matrix assembly
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Prediction of static lateral behaviour of model pile

The following figures show the calculated lateral pile behaviour. Lateral load H and pile head

stiffness Elat are plotted over pile head displacement u. Pile head displacement is extrapolated

to 0.6 m above mudline to allow for comparison with measurements (coloured lines). To

represent the measurements, load-displacement curves according to Equation (6-7) with

parameters from Table 6-3 are plotted. Bending line y, inclination s, bending moment M, shear

force Q, mobilised bedding reaction ppy together with yield bedding resistance ppy.urt (grey), and

underlying stress profile o are plotted over depth z.

The following table gives the resulting pile head displacements at 0.6 m above mudline at

maximum load level and the mobilised shear forces at the pile base.

Table H-1: Pile head displacements and mobilised base shear forces for model pile

variant u [mm] u/maxu [-] Qbase,mob [KN]
with base shear
no installation effect 3.33 1.00 -4.5
installation effect (apen = 1.6) 2.53 0.76 -14.6
without base shear
no installation effect 3.53 1.00 0
installation effect (apen = 1.6) 2.85 0.81 0
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Figure H-2: Pile head results (top) and stress resultants (bottom)

of model pile with base shear and variation of installation effect
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of model pile without base shear and variation of installation effect
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Prediction of static lateral behaviour of generic monopile

The following figures show the calculated lateral pile behaviour. Lateral load H and pile head
stiffness Eiat are plotted over pile head displacement u. Bending line y, inclination {, bending
moment M, shear force Q, mobilised bedding reaction ppy together with yield bedding resistance

Ppy.ult (grey), and underlying stress profile o are plotted over depth z.
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Figure H-4: Pile head results (top) and stress resultants (bottom)

of 7.8 m monopile at different soil friction angles
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Figure H-6: Pile head results (top) and stress resultants (bottom)

of 5 m monopile with base shear and variants of installation effect
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Sensitivity of shape factor according to ALM & HAMRE (2002)

The following figure shows the influence of different CPT profiles (left) on the shape factor apen
according to ALM & HAMRE (2002) (middle) and the decay function of soil stresses fz (right).
Note that low CPT values (thin, grey) lead to low absolute values of the shape factor and thus a

more moderate decay function, resulting in higher overall soil stresses.
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Figure H-8: Typical CPT readings from offshore locations in the German North Sea (left),

resulting shape factors (middle) and soil strength reduction profiles (right)
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- Fachseminar in Braunschweig am 19. u. 20. Marz 1990

Schnellverfahren fur die Guteliberwachung mineralischer
Deponiebasisabdichtungen, Dissertation, 1990

Schadstoffaustrag aus abgebundenen Reststoffen
der Rauchgasreinigung von Kraftwerken
- Entwicklung eines Testverfahrens, Dissertation, 1991

Standsicherheitsberechnungen von Béschungen
Dissertation, 1991

Probenentnahme bei der Erkundung von
Verdachtsflachen (Altlasten)
Fachseminar in Braunschweig am 13. September 1991

Primar- und Sekundarspannungszustande in liber-
konsolidiertem Ton - Am Beispiel eines im Hamburger
Glimmerton aufgefahrenen Tiefdlikers, Diss., 1991

Standsicherheiten im Deponiebau
Fachseminar in Braunschweig am 30. und 31. Marz 1992

Dynamische Pfahltests
Fachseminar in Braunschweig am 21. und 22. Januar 1991

Die Bestimmung der hydraulischen Leitfahigkeit im
Gelande - Entwicklung von MeRsystemen und Vergleich
verschiedener Auswerteverfahren, Dissertation, 1992

Priufung von Schutzlagen fiir Deponieabdichtungen
aus Kunststoff, Dissertation, 1993

Pfahl-Symposium 1993
Fachseminar in Braunschweig am 18. und 19. Marz 1993

IGB-TUBS Lexikon - Sammlung ca. 5500 geotechnischer
Ausdricke in Deutsch, Englisch, Franzdsisch und Spanisch
zusammengestellt in 4 Banden, 4. Gberarbeitete Auflage 2002
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43

44

45

46

47

48

49

50

51

52

53

54

55

56

Rodatz, W.
Hemker, O.
Horst, M.,
Kayser, J.

Rodatz, W.

Gattermann, J.

Wienholz, B.

Hartung, M.

Hemker, O.

Voigt, Th.

Rodatz, W.
Ernst, U.
Wienholz, B.

Kayser, J.

Rodatz, W.

Gattermann, J.

Wienholz, B.
Rodatz, W.
Knoll, A.

Maybaum, G.

Rodatz, W.
Ernst, U.
Wienholz, B.

Horst, M.

Rodatz, W.

Gattermann, J.

Stahlhut, O.
Rodatz, W.

Bachmann, M.
Rosenberg, M.

Deponieseminar 1994, Geotechnische Probleme
im Deponie- und Dichtwandbau -
Fachseminar in Braunschweig am 17. und 18. Marz 1994

Messen in der Geotechnik 1994
Fachseminar in Braunschweig am 26. und 27. Mai 1994

Einflusse der Herstellung auf die Pfahltragfahigkeit
in Sand, Dissertation, 1994

Zerstorungsfreie MeRverfahren zur Qualitatsprifung
mineralischer Dichtungen, Dissertation, 1994

Frosteinwirkung auf mineralische
Deponieabdichtungen, Dissertation, 1994

Pfahl-Symposium 1995
Fachseminar in Braunschweig am 23. und 24. Februar 1995

Spannungs-Verformungs-Verhalten von Einphasen-
Dichtwandmassen, Dissertation, 1995

Messen in der Geotechnik 1996
Fachseminar in Braunschweig am 22. und 23. Februar 1996

Deponieseminar 1996 - Konstruktion, Bemessung
und Qualitatssicherung bei Abdichtungssystemen -
Fachseminar in Braunschweig am 22. und 23. Marz 1996

Erddruckentwicklung auf eine in Schlitzwandbauweise
hergestellte Kaimauer, Dissertation, 1996

Pfahl-Symposium 1997
Fachseminar in Braunschweig am 20. und 21. Februar 1997

Wasserdurchlassigkeitsbestimmungen zur Qualitéts-
sicherung mineralischer Abdichtungen, Dissertation, 1997

Messen in der Geotechnik 1998
Fachseminar in Braunschweig am 19. und 20. Februar 1998

Deponieseminar 1998
- Entwicklungen im Deponie- und Dichtwandbau
Fachseminar in Braunschweig am 12. und 13. Marz 1998
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71

72

73

74

75

76

7

78

79

80

81

82

83

Stahlmann, J.
Fritsch, M.
Kirsch, F.;
Schallert, M.

Vittinghoff, T.

Witte, M.

Stahlmann, J.

Rosenberg, M.

Nendza, M.
Kirsch, F.

Stahlmann, J.

Gattermann, J.

Fritsch, M.

Stahlmann, J.

Gattermann, J.

Kuhn, C.

Bergs, T.

Scholz, C.

Stahlmann, J.

Gattermann, J.

Fritsch, M.

Nendza, M.

Stahlmann, J.

Gattermann, J.

Kuhn, C.

Stahlmann, J.

Rosenberg, M.

Pfahl-Symposium 2003
Fachseminar in Braunschweig am 20. und 21. Februar 2003

Analyse des Langzeitverhaltens einer Spundwandkon-
struktion in einem uberkonsolidierten Ton, Diss., 2002

Veranderung des Festigkeits- und Verformungs-
verhaltens bei bindigen Béden aufgrund von
Porenwasserspannungen, Dissertation, 2003

11. Braunschweiger Deponie und Dichtwandseminar 2004
Fachseminar in Braunschweig am 11. und 12. Marz 2004

Experimentelle und numerische Untersuchungen zum
Tragverhalten von Riittelstopfsaulengruppen, Diss., 2004

Geotechnik-Kolloquium 30 Jahre IGB-TUBS
Fachseminar in Braunschweig am 25. und 26. Mai 2004

Messen in der Geotechnik 2004
Fachseminar in Braunschweig am 09. und 10. September 2004

Untersuchungen zum Verformungs- und Lastabtragungs-
verhalten einer Kaikonstruktion, Dissertation, 2004

Integritat von Einphasen-Dichtwéanden - Untersuchungen
zum rheologischen und mechanisch-hydraulischen
Verhalten faserbewehrter Einphasen-Dichtwandmassen
Dissertation, 2004

Pfahl-Symposium 2005
Fachseminar in Braunschweig am 24. und 25. Februar 2005

Untersuchungen zu den Mechanismen der
dynamischen Bodenverdichtung bei Anwendung
des Riitteldruckverfahrens, Dissertation, 2006

Messen in der Geotechnik 2006
Fachseminar in Braunschweig am 23. und 24. Februar 2006

geotechnische Aspekte im Umweltschutz
Fachseminar in Braunschweig am 23. und 24. Marz 2006
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84

85

86

87

88

89

90

91

92

93

94

95

96

97

Stahlmann, J.

Gattermann, J.

Fritsch, M.;
Fischer, J.
Kluge, K.

Fritsch, M.

Stahlmann, J.

Gattermann, J.

Bruns, B.

Stahlmann, J.

Gattermann, J.

Fischer, J.

Schmitt, J.

Stahlmann, J.

Rosenberg, M.

Kimme, N.

Stahlmann, J.

Gattermann, J.

Bruns, B.

Schallert, M.

Stahlmann, J.
Fischer, J.
Zahlmann, J.

Stahlmann, J.

Rosenberg, M.

Stahlmann, J.
Zahlmann, J.
Sychla, H.

Stahlmann, J.

Rosenberg, M.

Pfahl-Symposium 2007
Fachseminar in Braunschweig
am 22. und 23. Februar 2007

Soil Liquefaction around Offshore Pile Foundations
— Scale Model Investigations, Dissertation, 2007

Zur Modellbildung der Wellenausbreitung in
dynamisch belasteten Pfahlen, Dissertation, 2008

Messen in der Geotechnik 2008
Fachseminar in Braunschweig am 23. und 24. Oktober 2008

Pfahl-Symposium 2009
Fachseminar in Braunschweig am 19. und 20. Februar 2009

Spannungsverformungsverhalten des Gebirges
beim Vortrieb mit Tunnelbohrmaschinen mit Schild
Dissertation, 2009

Stahl im Wasserbau 2009
Fachseminar in Braunschweig am 15. und 16. Oktober 2009

Prefailure Behaviour of Rock at Rockburst Hazard Areas
— Laboratory Investigations on Microacoustic Emissions
Dissertation, 2009

Messen in der Geotechnik 2010
Fachseminar in Braunschweig am 18. und 19. Februar 2010

Faseroptische Mikrodehnungsaufnehmer fiir die
Bewertung der Struktur von Betonpfahlen, Diss., 2010

Pfahl-Symposium 2011
Fachseminar in Braunschweig
am 17. und 18. Februar 2011

Stahl im Wasserbau 2011
Fachseminar in Braunschweig am 29. und 30. September 2011

Pfahl-Symposium 2013
Fachseminar in Braunschweig
am 21. und 22. Februar 2013

Stahl im Wasserbau 2013
Fachseminar in Braunschweig am 26. und 27. September 2013
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98

99

100

101

102

103

104

105

106

107

108

109

Stahlmann, J.

Gattermann, J.

Bruns, B.;
Kuhn, C.

Stahlmann, J.

Gattermann, J.

Stein, P.;
Sychla, H.;
Zahlmann, J.

Stahlmann, J.
Rosenberg, M.

Stahlmann, J.

Gattermann, J.

Stein, P.

Stahlmann, J.
Hinzmann, N.
Stein, P.

Stahlmann, J.
Rosenberg, M.

Stahlmann, J.
Hinzmann, N.
Stein, P.

Gahrken, A.

Stahlmann, J.
Mintzlaff, V.

Ledn Vargas, R.P.

Epkenhans, I.

Stahlmann, J.
Hinzmann, N.
Stein, P.

Missal, C.

Stahlmann, J.
Rosenberg, M.

Daumlechner, E.

Messen in der Geotechnik 2014
Fachseminar in Braunschweig
am 20. und 21. Februar 2014

Pfahl-Symposium 2015
Fachseminar in Braunschweig
am 19. und 20. Februar 2015

Stahl im Wasserbau 2015
Fachseminar in Braunschweig
am 30. September und 1. Oktober 2015

Messen in der Geotechnik 2016
Fachseminar in Braunschweig
am 17. und 18. Marz 2016

Pfahl-Symposium 2017
Fachseminar in Braunschweig am
23. und 24. Februar 2017

Stahl im Wasserbau 2017
Fachseminar in Braunschweig am 28. und 29. September 2017

Messen in der Geotechnik 2018
Fachseminar in Braunschweig
am 22. und 23. Februar 2018

Untersuchungen zum Einfluss der Spannungsgeometrie
auf das Verformungs- und Schadigungsverhalten von
Steinsalz, Dissertation, 2018

Normalszenarien und Monitoringkonzepte
fur Tiefenlager mit der Option Riickholung,
ENTRIA-Arbeitsbericht-15, 2019

Pfahl-Symposium 2019
Fachseminar in Braunschweig
am 21. und 22. Februar 2019

Numerisches Modell zur Entwicklung der Permeabilitat
von Steinsalz in Abhangigkeit von Schadigung,
Fluiddruck und Spannungszustand, Dissertation, 2019

Stahl im Wasserbau 2019
Fachseminar in Braunschweig am 19. und 20. September 2019



Nr.

Nr.

Nr.

Nr.

110

111

112

113

Stahlmann, J.
Hinzmann, N.
Stein, P.

Gattermann, J.

Fischer, J.

Stein, P.

Stahlmann, J.

Gattermann, J.

Messen in der Geotechnik 2020
Fachseminar in Braunschweig
am 20. und 21. Februar 2020

Ramminduzierte Spannungsfeldanderungen
im Nahbereich von Rohrprofilen groBen Durchmessers,
Dissertation, 2021

Stress state developments during the installation of pipe
piles in sand and their influence on the lateral load-bearing
behaviour, Dissertation, 2023

Pfahl-Symposium 2023
Fachseminar in Braunschweig am 16. und 17. Februar 2023
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