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Abstract

Pile foundations have been utilized for centuries to support large structures in soft soils. Pile
installation plays a critical role in foundation engineering, and historically, empirical formulas were
employed to predict pile driving outcomes and bearing capacity. However, these formulas exhibited
considerable variability in their predictions. In the 1960s, the application of stress wave theory gained
popularity, accompanied by the introduction of stress wave measurement equipment and software.
This theory provided a better understanding of the dynamic and static behaviour of the hammer-pile-
soil system, enabling the development of reliable soil reaction models to estimate the mobilized pile
capacity.

Within this context, the aim of this master's thesis is to investigate the accuracy and applicability of
cone penetration test (CPT)-based axial pile capacity design methods for the static component of the
mechanical system, as described by the TNO soil model. The TNO soil model aims to model the
dynamic soil response during a dynamic load test after pile installation. In this mechanical system, the
springs at the shaft and base represent the soil stiffness during dynamic loading, while the plastic
sliders correspond to the local ultimate shaft friction and ultimate base stress, referred to as yield
stresses in the TNO soil model. The objective is to verify whether design methods for static pile
capacity can be applied to the static portion of the dynamic soil model through signal matching
analysis.

The dynamic component, represented by a dashpot, is associated with theoretical solutions for shaft
and base radiation damping. In the TNO model, damping is independent of static resistance, and
viscous damping, which is part of the mobilized static friction, is neglected. The design methods
utilized in this study are the unified methods for driven piles in sand and clay, which are employed to
determine the local ultimate shaft friction and end bearing resistance, incorporating setup factors
based on the time elapsed between the end of installation and pile testing.

The calculated local ultimate shaft friction obtained from the design methods serves as the starting
point for the signal matching analysis, which is conducted after dynamic load testing to establish the
mobilized pile resistance during a hammer impact. The mobilized end bearing resistance is derived
through signal matching after a high quality match on the the shaft friction has been established. The
obtained base stress is correlated with the ultimate base stress provided by the design methods to
determine the degree of stress mobilization at the base in a dynamic load test. The ultimate base
stress is typically established at a pile base displacement of 10% of the pile diameter, this amount of
base displacement is often not reached after a single hammer blow.

The signal matching analysis aims to align the signals acquired from dynamic measurements (force
and velocity) with a simulated signal generated by a user-dependent specific soil model that most
likely represents the in-situ soil conditions based on the solution of the one-dimensional wave theory.
AllWave-DLT is employed to conduct the signal matching analysis, where force and velocity
measurements collected by a Pile Driving Analyzer (PDA) are utilized to derive the deep foundation
forces, encompassing displacement-dependent static resistance and velocity-dependent dynamic
resistance.

Overall, this thesis explores the application of CPT-based axial pile capacity design methods in the TNO
soil model and at the same time the obtained radiation damping constants are correlated to
geotechnical soil parameters derived from soil investigation.
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1. Introduction

The determination of axial bearing capacity of driven piles in soft soils is still an issue in geotechnical
engineering practice. In the past decades, several dynamic soil reaction models have been proposed
by researchers to approach the problem of soil resistance during driving and static loading. In early
times, estimating the pile bearing capacity was heavily based on empirical correlation and many
formulas were proposed for different types of piles and soils. The first work on incorporating the stress
wave theory into pile driveability was by E.A.L. Smith in the 1960’s. The so-called discretized lumped
mass model was the first mechanical model that was used to describe shaft and base friction in
numerical wave equation programs developed by Smith. In this model, the pile was modelled as
connected point masses with weightless springs and the soil friction through a series of springs with
dashpots connecting the point masses. Until 1974, when friction was introduced, the solution to the
partial differential stress wave equation could only be solved analytically if the soil friction was
represented as an analytically function. To obtain the theoretical solutions for the wave equation in
case soil friction is given as a numerical value instead of analytical form, the method of characteristics
was usable and extended to analyse the stress wave propagation in piles with friction. The friction was
concentrated at the interfaces of adjacent pile elements along the pile axis and the parts of the pile
between these interfaces are not subjected to friction while the method of characteristics is still valid.
Wave propagation within the pile is modelled exactly in which the time increment is directly
proportional to the length of a pile element for an accurate solution. This development was part of
the Hydroblok impact hammer and was later on the incorporated into TNOWAVE software. Several
soil models based on mechanical models were proposed by researches to model soil response under
dynamic loading and were implemented in wave equation application software. At the end of pile
driving, different classes of test methods have been used by engineers to establish the pile capacity,
through static, StatRapid and dynamic testing. The focus in this research is on dynamic load testing
whereby the main objective of this testing method is to derive the mobilized static bearing capacity
from the dynamic soil response after a hammer impact. Dynamic load testing includes the application
of the one-dimensional wave theory in piles, pile dynamic test measurements/analyser (AllWave-PDA)
and signal matching analysis software (AllWave-DLT). Signal matching analysis is performed in order
to reproduce the reflected or upward travelling stress wave generated by soil friction with the
measured stress wave in the field. Reproduction of the reflected signals are done by calculating the
dynamic soil response of a user-defined soil model in the Wave Equation Analysis Program (WEAP)
with as input into the model the measured downward travelling stress wave back-calculated from
force and velocity measurements. The reflected stress waves are indirectly measured by strain sensors
(force) and accelerometer (velocity) attached at the pile head. The reflected wave contains
information about the soil friction that the downward travelling wave encounters while travelling
downwards in the pile. The TNO soil model is used in the analysis as mechanical soil model, which
consist of a linear spring with a plastic slider in combination with a radiation dashpot. The spring
represent the static resistance of the soil and the dashpot the dynamic resistance to driving and
together they form the total mobilized resistance that the hammer impact induces in the pile-soil
system. The spring and dashpot are decoupled and the dynamic resistance is independent of the static
resistance and vice-versa. The plastic slider maximizes the shaft friction and is based on values
calculated from the new unified CPT-based axial pile capacity design methods for driven piles in sand
and clay. In the TNO model the local ultimate shaft friction is denoted as the yield stress and limits the
static resistance. Once the plastic slider is active, the pile-soil interface has exceed its elastic regime
and plastic deformation occurs and the pile penetrates into the soil with permanent set. The purpose
of this research is to validate the applicability of the CPT-based axial pile capacity design methods
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derived from static loading conditions in describing the yield stresses in the static part of the TNO soil
under dynamic loading conditions. Besides the main objective related to mobilized static pile
resistance, the second objective is to correlate the generated dynamic pile resistance, by means of
radiation damping constants, to geotechnical site investigation data from different case studies both
onshore and offshore with pile foundations related to windfarms. The onshore foundations consists
of prefab concrete piles and offshore foundations are made up of large diameter monopiles.

1.2 Research questions

The main objective of this research is to validate how applicable CPT-based axial pile capacity design
methods for driven piles in sand and clay are in predicting the yield stresses for the static part of the
mechanical systems in the TNO soil model based on the results from signal matching analysis. The
mechanical system, consisting of springs and dampers, models the total soil resistance to dynamic
loading. The design methods provide estimates for local ultimate shaft friction and end bearing. An
important assumptions in this research is that the maximum static resistance by means of a plastic
slider strength in the static part of the mechanical system behaves similar under static and dynamic
conditions. The static part, consisting of an elastic-plastic spring with a plastic slider, represent the
generated static resistance to pile displacement. On top of that static resistance, dynamic resistance
is proportion to pile velocity and is represented by a linear damper. The magnitude of the damping
constants play a key role in the generation of dynamic forces.

Therefore the research question can be divided into the following main questions.

1. How applicable are the new Unified CPT-based axial pile capacity design methods for driven
piles in sand and clay in predicting the local ultimate shaft friction and end bearing stresses
compared to the derived yield stresses in the TNO soil model after signal matching analysis?

2. What is the strength of the correlations between the obtained shaft radiation damping
constants in the TNO soil model based on the results from signal matching analysis with
geotechnical soil parameters derived from site investigation data?

1.3 Approach to research
In order to answer the main research questions, the following method of working can be dedicated to
each research question.

1. The input parameters used in the CPT-based design methods must be derived from site
investigation. CPT-based correlations functions for geotechnical soil parameters are needed
to calculate the local ultimate shaft friction and end bearing calculations. The focus of Chapter
4 is on the derivations of all the relevant geotechnical soil parameters. The soil layers are
subdivided into sublayers based on CPT profile and each sublayer has a unique set of input
parameters describing the static and dynamic part of the mechanical soil. Once the soil model
parameters are quantified based on empirical correlation functions, the model parameters
are refined for each individual sublayer by signal matching analysis in order to match the
measured signals from a dynamic load test with the simulated stress wave signals by the user-
defined TNO soil model in Allwave-DLT. After appropriate signal matching on pile head forces,
displacement and velocity, the refined model parameters for each sublayer are compared
with the initial calculated model parameters with the main focus is on the derived yield
stresses. Quantification of the deviations between the obtained values and the theoretically
calculated values is visualized in the first sections of Chapter 7.
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Signal matching analysis built on finding the best soil model parameters that matches the
dynamic soil response during an hammer impact with a simulated soil response by a user
defined soil model in AllWave-DLT. The magnitude of yield stresses and radiation damping
constants in the TNO soil model determines the shape of the simulated signal in terms of
reflected stress wave, pile displacement and pile velocity. The matching quality on the shaft
response mainly depends on the shaft yield stress and radiation damping constants, while the
matching quality at the base depends mainly on the base yield stress and spring stiffness
(quake value). The middle section of Chapter 7 deals with the derived radiation damping
constants and pile-soil stiffness. The last section of Chapter 7 deals with the derived mobilized
end-bearing and base stiffness. The radiation damping constants and pile-soil stiffness are
compared with site investigation data and theoretical values based on analytically derived
dynamic soil reaction models proposed by Simons and Randolph (1985) for dynamic shaft
behaviour and Deeks and Randolph (1995) for dynamic pile base behaviour.



2. Pile driveability

2.1 Early empirical models

Pile driving formulas date back to the 1800’s. Before computers were introduced in the field of pile
driveability, empirical methods were developed to measure pile resistances during driving. The pile
driving formulas were dependent on pile type and valid over certain range limits. At that time all
impact hammers were actually free fall hammers with a fall height of about 1 m and the falling weight
was related to the weight of the pile. The pile was regarded as a rigid body. For concrete and steel
piles the weight of the block (W},10cx) Was respectively calculated as follows

(1)
0.5 Wpite < Whiock < 1.0Wppe

0.25 Wpile < Wblock < 0-5Wpile (2)

These empirical methods were mostly based on the principle that the energy that is needed to drive
a pile over a certain distance is equal to the energy delivered by the impact hammer.

Ehammer = Whlock "h-H =Ry s (3)

The relation between static pile bearing capacity R, pile settlement s and driving resistance t; was
elaborated by T.K. Huizinga (1969) using several driveability formulas (Figure 1). Huizinga calculated
the relation between pile bearing capacity and driving resistance expressed as pile settlement after
the last hammer blow for a certain timber pile and falling weight. All the formulas were based on the
simple energy concept in which the net energy transferred to the pile head should be equal to the
work done by the total pile resistance on the measured pile displacement i.e. pile set.
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Figure 1: Calculated relation between pile bearing capacity and driving resistance as function of pile settlement at final
blow (Huizinga, 1969).

The results in Figure 1 show that there is a large variability in outcomes and that without calibration
for a certain type of soil, hammer and pile the formulas are not that reliable.
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2.2 One dimensional wave theory

The basic problem in dynamic load testing is to divide the total measured dynamic resistance in a
contribution of mobilized static resistance and dynamic damping resistances. In the 1850’s, the wave
equation that was developed by A.J.C. Barre de Saint Venant and J.V. Boussinesq was able to indirectly
assist in this problem, but the theory was based on longitudinal impact on long elastic rods, i.e. axial
compressional waves (Middendorp & Verbreek, 2006). In 1931 and 1938 respectively, D.V. Isaacs
suggested and the British Building Research Board demonstrated in a full scale test that the stress
wave action was also applicable in pile driving and that pile driving did not follow the simple
Newtonian impact that was assumed in traditional pile driving formulas (Isaacs, 1931). In 1938, E.N.
Fox experimentally proved the existence of stress waves and published a simplified solution to the
wave equation that was applicable to pile driving (Fox et al., 1938). No computers were available at
that time so a number of assumptions had to be made. The simplifications did not give satisfactory
accuracy so consequently the stress wave approach did not find widespread acceptance. In 1940 and
1941 A.E. Cummings discussed and provided a brief description of the wave theory approach of is
foregoing researchers (Cummings, 1940). In the 1960’s, when computers were introduced in the field
engineering, it opened up new avenues for solving the complex mathematical wave equation
problems. The wave equation was again proposed as being applicable to pile driving analysis by E.A.L.
Smith. Smith created an algorithm that was able to make pile driving analysis suitable by solving the
wave equation by numerical integration by a defining the pile and soil as a series of lumped masses.
The wave theory did not involve dynamic pile driving formulas anymore, but the basis was the one-
dimensional wave equation (Lowery et al., 1968). Smith adapted the wave theory of Cummings in a
more realistic manner to meet actual conditions in pile driving. In the 1970’s more wave equation
computer programs were developed by researchers and companies to simulate the hammer impact
force and the induced stress wave in piles during driving. The theoretical derivation of the one-
dimensional wave equations was based on Newton’s second law and Hooke’s law.

Mewton's Law ] T Ac
5%u X

2z 5%u
ot T dm

. dx
du l

a=Fg=EFE — do
6x Ao+ A—dx
dx

F=ma=dm

Hooke's Law

E = Modulus of elasticity
£ = Strain Free Pile A =Cross section
O = Stress

dm =Mass=pAdx

Figure 2: One-dimensional wave equation

The derivation of the wave equation can be demonstrated by drawing up the force balance of a small
pile element as shown in Figure 2.

8o §%u (4)
Ac+A—dx = Ao+ dm—
85x 5t2

. - . 5
In which stresses (o), variation of stress along a pile element (5—;:) and the mass of an element (dm)

can be rewritten as:



1)
0=E£=E—u (5)

ox
80_ §8%u (6)
&x  6x?
dm = pAdx (7)

Substitution of equation 5, 6 and 7 into equation 4 gives

8%u 8%u (8)
EA@ dx = QAF dx
The stress wave velocity (c) can be derived from the elasticity and density of a pile element.
E
2 E (9)
p

Substitution of equation 9 into equation 8 gives the general differential form of the one-dimensional
wave equation without friction.

2 2
d“u ,d°t 0 (10)

dx?2 ¢ F:

The first driveability studies were made by using the solution of the one-dimensional stress wave
theory, a second order partial differential equation, to predict impact stresses in a pile during driving
and to estimate static and dynamic soil resistance on a pile. Due to embedment of the pile, the soil
surrounding the pile generates resistance R due to pile motion during passage of the stress wave, in
which the wave equation can be extended with a friction term.

du  ,d% (12)

m —C P +R=0
Solving this differential equations analytically is only possible when friction R depends on x,t and u.
For the purpose of analysing the pile behaviour during an hammer impact, solving the differential
equation analytically is not that usable in complex situations. The main problem is that the generated
push of the ram is not defined beforehand and depends on the interaction between ram, hammer
setup, dimensions and properties (i.e. cushion, helmet and striker plate), pile dimensions and friction.
Another problem is that the boundary conditions at the pile base can’t be defined analytically (Voites
van Hamme, 1981). The most important boundary conditions at the pile base can be formulated as
follows

“as long as the downward travelling stress wave is greater or equal to half of the base resistance, the
magnitude of the generated upward travelling stress wave is the difference between the base
resistance and downward travelling stress wave. If the downward travelling stress wave is smaller
than half of the base resistance, an upward travelling stress is generated according to a fixed- or free-
end condition if the downward travelling stress wave is respectively a compressive or tensional wave”

To solve the wave equation numerically and to find a solution to incorporate soil friction, the method
of characteristics was applied to solve the stress wave propagation in piles. From experience, the
method of characteristics proved to be a powerful method to solve the force interactions at different
pile levels due to stress wave propagation when a pile is subjected to a dynamic load.



2.3 Method of Characteristics

The soil resistance during pile driving is modelled with a mechanical system consisting of static part
and a dynamic part. The behaviour of the static part depends on pile-soil stiffness and yield stress and
is represented by springs and plastic sliders. The dynamic part consist of dashpots with a damping
constant and the dynamic force is a function of pile velocity. The dashpots can representing viscous,
hysteretic and radiation damping. In the TNO model only radiation damping is considered and viscous
damping is only considered at the pile base in the form of an exponent alpha to the pile velocity. The
TNO soil model consists of linear springs whereby hysteric damping is neglected and thus soil
nonlinearity due to gradual shear modulus reduction is not considered in the formulation. In Chapter
6.5 the formulation of the TNO model is discussed in more detail.

As mentioned before, the first wave equation software program was made by American engineer E.A.L
Smith in the 1960’s. Smith developed a mathematical model in which the effect of one hammer
impact is calculated throughout the pile in very small timesteps. The idealized pile system by Smith is
composed of a ram, cap block, pile cap, cushion block, pile and supporting soil (Smith, 1960). The pile
is built up of a series of point masses and springs, in which the point masses are used to calculate the
displacements and accelerations and the springs are used to calculate the forces inside the pile. In this
approach the pile and soil are regarded as a lumped mass model. In this model the soil resistances are
coupled to the point masses and the static and dynamic soil behaviour is simulated by elastic-plastic
springs and dashpots, respectively. Smith used numerical integration to approach the wave equation,
because no theoretical solution was possible due to the fact that soil friction was velocity and
displacement dependent.

Characteristic Lumped
model model

Pile in soil

K Ex
Ex

At Bea

Figure 3: Pile-soil modelling: continuous (left) and lumped mass (right)

A comparable computer program was developed in the early 1970’s to overcome instabilities in the
lumped mass model and to generate a theoretical solution for the wave equation. This approach made
use of the already existing theoretical solution for the one-dimensional wave equation, found by a
French mathematician A.J.C. Barre de Saint Venant in the 1860’s. The solution from Saint Venant
resulted in two quasi-linear differential equation, the so-called Method of Characteristics. The
theoretical solution produces a downward travelling wave and an upward travelling stress wave. The
total displacement is a superposition of two mathematical disturbances in position and time.

u(x,t) = fr(x—ct) + fT(x + ct) (12)

In which the total displacement at a specific pile level and time is a combination or superposition of
two mathematic disturbances f* and f" related to the upward and downward travelling stress waves.
In case of no soil friction, the value for f* in the solution does not change over time and position where
X — ct = constant, the so called positive characteristic line. For example, f¥ can be considered as an
undamped wave that travels along the x — ct = constant line. Similarly fT can be considered as the
undamped stress wave that travels along the negative characteristic line x + ct = constant. Figure 4
shows the propagation of the undamped stress wave along the positive characteristic line. The PDE of
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the wave equation is rewritten in equation 13. Verifying that u = f(x + ct) is a solution for the PDE
is given in the derivation scheme below and is confirmed in equation 17. The same holds for u =

flx—ct)

Ut = Czuxx (13)
u(x, t) = f(x + ct) (14)
fee = 2 f"(x + ct) = ug (15)
frx = (x4 ct) = uxy (16)
c2f"(x + ct) = c2f"(x + ct) (17)
u(x,t) = F(x-ct) = constant
i slope =c
i g u(x,0) = F(x)
t=0 ‘ (x-ct,0) *

Figure 4: Visualization of positive characteristic line

Imagine an hammer impact on a pile head at time zero giving a disturbance with the shape of u =
f(x,0). At first instance, when no friction acts on the pile, only the downward travelling wave has a
value (Figure 5) and maintains that initial shape and the solution to the PDE is only u = f(x — ct).

» time

—® time

time

Figure 5: Initial disturbance travelling down the pile with no friction

Once soil friction acts on the pile and time passes (t > 0), waves are reflected at different pile levels
and reduced in amplitude of the disturbance and the other solution u = f(x + ct) becomes nonzero
and both f(x — ct) and f(x + ct) are solutions for the wave equation (Figure 6).



Ax

characteristics

L J

Figure 6: Zooming in on one pile element in which the total disturbance or displacement is made up of two functions

2.3.1 Main variables
The first main variable for setting up the solution for the one-dimensional wave equations is force and
can be calculated at a pile level using Hooke’s Law.

du
F=—-EAe = -EA— (18)
dx
The solution to the wave equation (6) can be differentiated with respect to x to obtain strains (%).
df* df’ (19)

F= —EA —EA
d(x —ct) d(x + ct)

Adding the downward and upward travelling stress wave together, the force at a certain level in the
pile and at a certain moment in time F(x, t) becomes

F= F' +F' (20)
The second main variable is pile velocity and can be obtained by differentiating the solution of the
wave equation with respect to time (%)
df* N df’ (21)
—C C
d(x —ct) d(x + ct)
The first part is the downward travelling velocity wave. The second part is the upward travelling

velocity wave. Adding them together gives the pile velocity at a certain level in the pile and at a certain
moment in time v(x, t)

VvV =

v=vi+v' (22)
The downward and upward travelling stress wave can also be written in terms of the corresponding
downward and upward travelling velocity wave. Combining (19), (20) and (21) gives
EA 2
Fl = TVl = ZVl ( 3)

EA
FT = TVT = —ZVT

(24)

In which Z is the impedance of the pile and is related to the physical properties of the pile in terms of
pile cross section area, elasticity and stress wave speed. Typical values for stress wave speed are 5100
m/s for steel and 3300 to 4100 m/s for concrete.

In a dynamic load test (DLT), the total force (F) and total pile velocity (v) are measured as function of
time at the pile head by means of a strain sensor and accelerometer. By rewriting the equations (23)
and (24) the measured total stress wave and pile velocity can be distinguished in a contribution from
the upward and downward travelling stress wave. The upward travelling stress wave is relevant in
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signal matching analysis because it contains information about the wave reflection generated by soil
friction.

Fl(t) — F(t) zzv(t) (25)
FT(t) — F(t) _ZZV(t) (26)

2.3.2 Pile-soil friction
In pile driving prediction (PDP) the force (F,) and velocity (vy) are defined by the hammer
specifications (rated impact energy) and on the basis of these initial boundary conditions at the pile
head, the stress waves are simulated throughout the pile given a specific soil model acting along the
shaft and base. Once there is soil friction along the pile, the partial differential equation in (11) must
be expanded by a resistance term. The magnitude of soil resistance depends on the pile displacement
and velocity. A method to implement friction is proposed by Voitus van Hamme (1981). In this method
the continuous soil friction is discretised and only acts at the interface of two pile elements as shown
in Figure 7. Between two interfaces the soil resistance is zero. At the interface between two elements
the influence of soil resistance on the propagating stress wave can be calculated by using the
equilibrium conditions and continuity conditions at the element interfaces.

F=Fl+F =F+W (27)

v=vi+vl=vi+v] (28)

L 4

Figure 7: Stress wave interaction with local shaft friction

Assuming that Fi (incident downward travelling stress wave) and F; (incident upward travelling stress
wave) are known, solving both equations for reflected stress wave FI and transmitted downward
stress wave F% gives

Fl =F} + 0.5W (29)

F; = F{ — 0.5W (30)
It can be observed that for the downward transmitted stress wave (F%), the incident downward
travelling stress wave (Fi) is reduced by half of the soil friction (W). For the reflected stress wave (FI),
the incident upward travelling stress wave (F;) is increased by half of the soil friction (W). After
calculation of the reflected and transmitted stress wave at interface i at time t, the same procedure
applies for the subsequent pile elements in which the reflected stress wave from element i becomes
the incident upward travelling stress wave for element i — 1 and the transmitted stress wave becomes
the incident downward travelling stress wave for element i + 1 at time t + 1. In practice, large
offshore piles have changing wall thickness due to economical and structural reasons. A change in
wall thickness and thus pile cross sectional area results in changes in the pile impedance and affects
the reflected and transmitted stress waves in additional to friction at the element interfaces.
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Figure 8: Stress wave interaction with local shaft friction and pile discontinuities

Using force equilibrium and continuity conditions, the reflected and transmitted stress wave for both
pile discontinuity and friction can be calculated with the following algorithm.

Zn—Zny Zn (31)
Fli=—F,_1i_ ($)+ 2F] 1 io1 + Wy (—)
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Figure 9: Discretization of the stress wave propagation in pile level and time

From the calculated downward and upward travelling stress wave, the corresponding downward and
upward travelling velocity wave can be calculated by

l
1 _ Fn—l,i—l (33)
A
T
T l:‘n+1,i—1 (34)
Vni= T ——
n+1

For driven piles, a complex interaction exists between the pile and the soil. First, the problem is three
dimensional (or two dimensional if axial symmetry is used). Secondly, soil is a complicated material,
with cohesion, friction, damping, elasticity, water pressures and complex stress state. In most dynamic
soil reaction models, the pile-soil interaction is modelled by springs and dashpots, and if plugging
occurs an additional mass is added to the mechanical system to account for inertia effects. The general
formula for calculating the friction force W(u, v) at a specific pile level and time in equation (31) and
(32) at pile-soil interface is given by combining the static and dynamic resistance

35
Whi =K f (Vrlm + VrTl,i) dt+ C(Vﬁ,i + VrTl,i)a (35)

The scope of this thesis is to dive into the TNO soil model to find the best model parameters that

matches with measured signal and thus resistances at different pile-soil elements in time and space
(Wn,i)-
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2.3.3 Reflections at the pile base

As mentioned before, the upward travelling stress wave contains information about the mobilized soil
resistance along the pile shaft and at the pile base. The soil conditions at the pile base have a major
effect on the sign and magnitude of the upward travelling stress wave measured at the pile head.

Three pile base conditions can be distinguished; free-end, fixed-end and base resistance.

2.3.3.1 Free-end condition

A pile with a free-end conditions reflects the stress wave with an opposite sign and the total fore at
the pile base is zero (F = F' + F' = 0). The pile velocity becomes twice the magnitude as the
downward travelling stress wave (Fyqy)- In a free-end conditions the measured upward travelling

stress wave at sensor level shows a large negative force due to a tensional wave.
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Force

(0,0) XF = Fppa
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F=F'4+F'=0
F* = Fnax
F'= —Fpa:

Velocity

Lo

v Vmax

FY/Z = Frnax/Z = Vmax
pvl = 2Vnax

Figure 10: Free-end condition

2.3.3.2 Fixed-end condition

A fixed-end conditions reflects the downward travelling or incoming stress wave (Fy,,) with equal
sign and a compressive wave is reflected. The pile base is not able to move and the pile velocity is
zero. The reflected compressional stress wave at the pile top might damage pile head and equipment.
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Figure 11: Fixed-end condition
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2.3.3.4 Pile base resistance

For a pile with base resistance, it is assumed that the pile base can mobilized a maximum resistance
of F,. In case the downward travelling stress wave F*' arrives at the pile base (F;,4y), @an upward
travelling stress wave must be generated, FT, such that FT + F' = £ (Newtons third law: action-
reaction). As long as v = 0 at the pile base (Fl = 0.5F;), the characteristics of the stress waves are
valid as shown in Figure 12. If F* < 0.5F,, the pile velocity at the base is negative and the pile should
move up. This is restricted and in this case the pile base will not move. As long as F*' < 0.5F; is positive
(compressional stress wave from hammer impact) the pile will not move and the pile base velocity
should become zero, such that F' = F'. The total force balance at the pile base becomes F = F'+
F'=2F'< F,. The base reaction is then equal to twice the downward traveling stress wave. In case
F' is negative (tensional stress wave), the pile base displaces such that FT = —F' and the pile base

. 2F I . .
velocity becomes 5 which is positive what means that the pile base moves upwards and bounce
back from the base.

Conditionat (x,t) = (0,0) Y F=F,,. Conditionat (x,t) = (0,2L/c) YF=10
F=F'4+F =Fn.
E F! = Fyas

Force

Velocity U

Vmax 7=

F

X (Pile Level)

Conditionat (x,¢) = (L, L/c) F=F,
F=F'+F'=F

v
Force

Velocity

Figure 12: Intermediate pile base resistance

2.4 Wave Equation Analysis Programs (WEAP)

Starting in the 1930’s, several scientist used a graphical approach of the method of characteristics in
early pile driving analysis. The original method of characteristics was applicable to a rod with no
interaction with shaft friction and base resistance. In 1956, the Dutch scientist G. de Josseling de Jong
proposed a model to incorporate base resistance into the method of characteristics and in 1974 the
Dutch company HBG (Hollandse Beton Groep) extended the method of characteristics by also
incorporating the theoretical solution for piles with shaft friction. The approach by HBG enables to
generate a valid theoretical solution when friction was concentrated at element interfaces of the pile.
The parts of the pile in between two interfaces are not subjected to friction (Middendorp & Verbeek,
2006). The HBG computer program PILEWAVE was released a few years before the WEAP program
was released in the USA and TNOWAVE was released in The Netherlands. Late 1970’s the Dutch
Organization of Applies Scientific Research (TNO), HBG and Heerema intensified the research in stress
wave application to piles because of increasing pile driving activities in the North Sea oil fields. After
the PILEWAVE release, TNO developed its own wave equation software program based on the method
of characteristics in 1978. The TNOWAVE software program was extended to perform signal matching
techniques, similar to CAPWAP. In the 1980’s TNO extended the TNOWAVE with vibratory pile driving
predictions, VDPWAVE in 1988 and later on with pile integrity tests in SITWAVE. VDPWAVE proved
that not only relative short piles could be installed with vibro-hammers, but also long offshore piles.
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Stress wave software programs are versatile and widely applicable in the field of pile testing and
driveability studies, but the weakest link, soil modelling, can never be overlooked.
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3. Soil resistance to driving

3.1 Mechanical soil model

The soil resistance during driving is made up of shaft resistance and base resistance. The total soil
resistance during driving (R ) is divided into a static part (Rga¢) and a dynamic part (Rgyy,) and is
defined as

Riot = Rstat + Rdyn (36)
In case of plugging of an open ended pile, the mass of the soil plug causes an additional inertia force
that increases the total soil resistance by

Rinertia = Mplug * Ap (37)
The inertia force is calculated by using the mass of the soil plug and the acceleration of the pile. During
pile driving and during dynamic load testing, plugging is not likely and for large offshore monopiles
the inertia force is neglected and the soil reaction model is simplified to a spring and dashpot system
without a mass. The setup of the first and simplest mechanical soil reaction model to pile driving is
visualized in Figure 13 which has similarities with the TNO soil model.

m

AN

Figure 13: Visualisation of the static resistance (spring and plastic slider) and dynamic resistance (dashpot)

During pile driving, the ram of the hammer impacts the pile head and induces stress waves which
travels throughout the pile and interacts with the soil around the pile shaft and base. The soil around
the pile can store the energy by elastic deformation and absorb the energy by plastic deformation and
hysteretic damping due to nonlinear soil behaviour from small to large shear strains. Part of the driving
energy is radiated outwards into the surrounding soil in the form of waves and vibrations which carry
away energy from the pile-soil system, contributing to energy dissipation. This specific mechanism is
referred to as radiation damping and it’s the form of damping that is present in the TNO soil model.
Plasticity occurs at the highly deformed zone adjacent to the pile shaft and base. During pile driving,
the pile penetrates into the soil and induces shear stresses along the pile shaft. In static load tests the
maximum or ultimate shaft resistance is reached within relative small pile shaft displacement of about
10 mm for a driven soil displacement pile (Figure 14). The ultimate base resistance is fully mobilized
at a pile base displacement of about 10% of the equivalent pile diameter.
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Figure 14: Displacement of the pile head due to force on the pile base (left) and shear force on the pile shaft (right) in %
of the maximum force for ground displacement piles (1), auger piles and piles with little soil disturbance (2) and bored
piles (3) (NEN 9997-1, 2012)

In AllWave-DLT software the maximum achievable static shaft friction is denoted as the shaft yield
stress. The pile shaft displacement to reach the maximum shaft friction during dynamic loading is even
smaller compared to static loading. Pile shaft displacement of less than 1% (~2.5 mm) of the equivalent
pile diameter is usually needed to fully mobilise the ultimate shaft friction and up to 2% (>2.5 mm) for
pile base displacement to reach maximum pile base resistance, because of short stress wave lengths
occurring at the pile-soil interface (Loukidis et al., 2008). A thin shear band is formed around the pile
shaft during pile driving when the maximum shaft resistance is reached. The thickness of the shear
band depends on the mean particle diameter of the soil and the roughness of the pile material. In a
couple of soil reaction models, the shear band is represented mechanically by springs with a plastic
slider in combination with a viscous dashpot. The soil outside the thin shear band, so-called near field
undergoes vertical cyclic shearing. The magnitude of the cyclic shear stress and angular distortion of
the soil reduces in radial distance from the pile axis and can be expressed in hyperbolic form in the
more advanced nonlinear soil models including hysteric damping. In some soil reaction models the
near field is mostly represented by a linear or nonlinear spring. The remaining driving energy is
dissipated into the far field, represented with a dashpot. Depending on the complexity of the soil
models, all the types of damping could be defined by individual dashpots or included into one lumped
dashpot (Chapter 5) which combines viscous and radiation damping or only radiation damping.

The static part of the soil resistance is built-up according to an elastoplastic soil model, in which the
soil is regarded as a spring. The simplest soil model is the linear elastic perfectly plastic soil model
(Figure 15). The linear elastic part is limited by the quake value (ugy) and the maximum shear stress
that can appear between pile and soil is the yield stress (F, ). With the yield stress and pile dimension
the maximum static resistance (Rgsiat) Can be obtained. A plastic slider in series with the spring
represents the yield stress and limits the generated shear stress during static loading. Once the plastic
slider is active, plasticity causes slippages and relative displacement between pile and soil. The quake
value determines the pile displacement (u) to which the soil behavior remains elastic and what the
maximum mobilizable soil resistance can become at the end of that elastic limit once plasticity starts.
As long as the pile displacement does not exceed the quake value, the pile will not penetrate the soil
and rebounds to its original position.
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Rstat = K- u (38)

stat

q2

ql

Rstat

Figure 15: Linear elastic perfectly plastic soil model

After reaching the yield stress and exceeding the quake value the soil behaves perfectly plastic. The
static soil resistance remains constant over increasing pile displacement while dynamic forces can still
generate a higher total resistance due to velocity dependent damping. In the unloading phase the soil
can have a different quake value and unloading stiffness than in the loading phase. When driving
continues and the number of blows increases over time for a specific soil horizon, the yield stress
decreased due to friction fatigue which is incorporated in the CPT-based axial pile capacity design
methods and implemented in the TNO soil model for the situation end-of-driving (EOID) when the
dynamic load test is performed. The dynamic part of the soil resistance (Rdyn) depends on the
damping characteristics of the soil. Several methods have been developed to describe the generated
damping forces as function of pile velocity. There are two ways in which the damping is modelled in
the soil models. An empirical global damping factor (]) in which the dynamic resistance is linked to the
static resistance and an analytical derived damping constant (C) based on mechanical soil properties
(stiffness) and independent on mobilized static resistance. In stiffer soils, stress waves tend to travel
faster, and less energy is absorbed by the soil, resulting in lower radiation damping. In contrast, in
softer soils, stress waves travel more slowly, and more energy is absorbed, leading to higher radiation

damping.An exponent (o) can be added to the velocity to make the damping force nonlinear.

Rayn =J - Rgtar " vOr]- Rgeat - v (39)

Rgyn =C-vor C-v® (40)

R dyn R dyn

" !

Figure 16: Soil damping models with linear (left) and exponential (right) relation to pile velocity

Simons and Randolph (1985), stated that the spring component of static soil resistance contributes
typically only 20 - 40 % of the total resistance during the passage of a stress wave and the remaining
resistance can be attributed to dynamic resistances. In the Smith model (1960), the damping
resistance is also a function of the static soil resistance. An empirical damping parameter, ], is
multiplied to the yield stress used in the Smith model to define a sort of lumped damping resistance
(equation 34). In the analytical soil models a damping constant C is used at which the damping
constant is derived from geotechnical soil parameters describing theoretical solutions (equation 29).
An exponent a determines if the dynamic resistance is linear or exponential with pile velocity. The pile
velocity in exponential form was introduced in soils models because it was observed that soil in rapid
motion generated more resistance than in slow motion (Coyle & Gibson, 1970). In the years after the
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publication of Smith’s method, more research was done to improve the velocity dependent damping
model. Smith model parameters are essentially empirical and not based on conventional soil
characteristics that could be measured in the laboratory or evaluated theoretically. Scattered values
for quake and damping constants were reported and by calibration with dynamic field tests various
values were proposed for different soil types with large variability. All the energy lost in Smith’s model
is included in a lumped viscous dashpot and neglects hysteric and radiation damping. In the analytical
soil models the shaft model is essentially based on theoretical studies by Novak et al. (1978) and later
improved by Deeks and Randolph (1995). The first analytic base model was proposed Lysmer and
Richart (1966) and later on improved by Deeks and Randolph (1995).
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Figure 17: Variety of Smith shaft damping values per soil type (Paikowsky et al., 1994)

3.2 Soil damping

Soils exhibit strong time-dependent behaviour, which can be translated in terms of strain-rate effects.
The degree of this behaviour varies with soil type, stress history and soil structure. During pile driving
and dynamic load testing, high impact velocities on the pile head causes loading rate effects leading
to significant increase of pile resistance. Kraft et al. (1981) reported that the ultimate bearing capacity
of piles in clay can increase between 40% and 75% when the loading rate is increased by a factor 3.
Figure 18 shows the experimental results of a Constant Rate of Penetration test (CRP) on model piles
in sand (Fleming, 1958) and Smith (1965) developed the first practical soil-pile model that could be
used for numerical analysis of pile driving and pile bearing capacity predictions of driven piles. Smith
introduced a lumped or generalized viscous damping factor ] included all the types of damping:
viscous, radiation and hysteretic damping. Other researchers quantified each damping term with their
individual contributions to the total dynamic resistance. In dynamic loading, all the damping forces
adds to the static forces and increases the total soil resistance during pile motion.
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Figure 18: CRP test (left) and pile resistance vs penetration rate (right) (Fleming, 1958)
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3.2.1 Hysteretic damping

In hysteretic damping or material damping, energy in the system is dissipated due to friction by
repetitive deformation and restoration of the soil to its original shape during pile driving (Ilwasaki et
al., 1978). Pile-soil interaction is governed by a stress-strain relationship and soil does not follow the
same stress path for loading and unloading process, because of nonlinear soil response at small to
pre-failure strain levels. This results in gradual plastic deformation and energy loss. Hysteretic
damping is related to cyclic stress-strain behaviour and not to the rate of loading and pile velocity. The
energy dissipation is equal to the enclosed area of the hysteresis loop. The damping ratio is the ratio
of the area enclosed by the secant or average shear modulus Gge. (W) divided by the area enclosed
by the hysteresis loop (AW) and resembles the percentage of input energy absorbed in the soil every
full stress cycle. The area beneath the secant modulus curve represent the theoretical energy from a
single loading cycle. The area within the hysteresis loop represent the energy loss in the soil by friction
and particle interaction. At small strains the operational shear modulus is equal to the maximum shear
modulus Gp.x or Gg. When the cyclic strain amplitude increases along the shaft due to pile
penetration, the stiffness of the soil fabric decreases and the damping ratio increases. The shear
modulus reduction curve is shown in Figure 19 and this can be used to estimate the soil stiffness
degradation along the pile axis as function of relative depth.
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Figure 19: Stress-strain hysteresis (left), modulus reduction curve and damping curve (right) (Kavazanjian et al., 1997)

3.2.2 Viscous damping

Viscous damping is dependent on the rate of loading and unloading. In saturated soils, water is
captured in the pores of the soil skeleton and induce a viscous damping force during dynamic loading.
The magnitude of the viscous damping force is related to the pile velocity, but also on soil properties.
The viscous damping in sand is lower than for clays because of well drainage conditions. In sands,
viscous damping is generally lower compared to clays due to the coarser particle size and the generally
lower water content. Sands exhibit more elastic behaviour and lower energy dissipation under cyclic
loading. In clays, especially highly plastic and sensitive clays, viscous damping can play a more
significant role due to their fine particles and ability to retain water. The water content and pore water
pressures in clays contribute to increased viscous interactions between particles. In the context of pile
driving, viscous damping refers to the dissipation of energy that occurs as a pile is driven into the
ground. When a pile is subjected to dynamic loading, such as the impact from a pile hammer, it
undergoes cyclic vibrations and deformations. These vibrations cause the soil particles around the pile
to move relative to each other, generating internal friction and interactions with the pore present in
the soil pores. This interaction between soil particles and pore fluid creates resistance to the motion
of the pile and results in the conversion of mechanical energy into heat energy. This energy dissipation
due to the internal friction and viscous interactions is referred to as viscous damping. In other words,
as the pile moves up and down during pile driving, the energy of these motions is gradually
transformed into heat within the soil. Viscous damping in pile driving can significantly influence the
behaviour of the pile-soil system during dynamic loading. It affects the rate at which energy is
transferred to the soil and the rate at which vibrations attenuate over time. The presence of viscous
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damping tends to reduce the amplitudes of pile vibrations and can also lead to a phase shift between
the applied forces and the resulting pile displacements. In some soil models the viscous damping force
is neglected or generalized into a lumped damping mechanism (Smith, 1960), because of the relative
small contribution to the total energy loss, but other soil model incorporate the viscous damping term
individually, such as Nguyen et al. (1988) and Simons and Randolph (1985). In the TNO soil model the
viscous effect is decoupled from the static resistance. Unlike hysteretic damping, viscous damping is
velocity and frequency dependant but does not depend on the strain level and loading history (Aasen
etal., 2017).

V =0 (static test)
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Figure 20: Increase of soil resistance due to viscous damping with increasing pile velocity

3.2.3 Radiation damping

Radiation damping or geometric damping is energy dissipation by stress waves spreading out in the
surroundings from the pile-soil interface. Radiation damping is frequency dependent. Radiation
damping is an important factor in dynamic loading and is responsible for most energy loss during pile
driving. Radiation damping has a larger effect on the pile shaft than on the pile base resistance
(Nguyen, 1987). The impact of the hammer generates a downward travelling stress wave in the pile
and the soil reacts against the pile motion. In hysteretic and viscous damping the energy dissipation
occurs at the interface or shear band between the pile and soil, but also energy radiates outwards in
the surrounding soil by inducing soil motion in the form of radiation damping what can be experience
on the job site. The magnitude of soil motion depends on soil type, pile diameter, pile volume, pile
shaft roughness and soil stiffness.
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Figure 21: Radiation damping during pile driving (Gazetas et al., 1985)
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The relationship between radiation damping and soil stiffness can be counterintuitive, especially
when comparing different soil types like soft clay and sand. The radiation damping can be higher in
soft clay, even though its soil stiffness is lower than that of sand, the following reasons can explain
this

1. Propagation Speed of Stress Waves: In dynamic loading scenarios such as pile driving, stress
waves are generated and propagate through the soil. The speed at which these stress waves
travel is related to the square root of the ratio of the soil's elastic modulus (a measure of
stiffness) to its density. Soft clay typically has a lower elastic modulus (stiffness) compared
to sand, making the stress waves travel more slowly in clay.

2. Energy Absorption: Radiation damping is essentially the dissipation of energy as stress
waves propagate through the soil. Softer soils like clay, while having lower stiffness, tend
to dissipate more energy because the slower-moving stress waves result in more significant
wave dispersion and scattering. This leads to a higher degree of energy absorption in clay.

3. Effective Mass: The density of the soil also plays a role. Softer soils often have a lower
density than denser soils like sand. This lower density effectively increases the "mass" that
the stress waves encounter as they propagate through the soil. This increased effective
mass contributes to greater energy dissipation, thus higher radiation damping.

4. Damping Mechanisms: Different soil types have different mechanisms for energy
dissipation. Soft clays may contain water, organic matter, or other materials that can lead
to additional damping effects. Sand, being denser and composed of larger grains, may have
fewer mechanisms for energy dissipation.

In summary, while soft clay has a lower soil stiffness than sand, its higher radiation damping can be
attributed to the slower propagation of stress waves, the characteristics of the soil matrix, and the
effective mass encountered by the waves. These factors collectively contribute to the higher energy
dissipation observed in soft clay during dynamic loading, leading to higher radiation damping.
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4. CPT based soil model parameters

The relationships between the pile motion and the soil reactions are not based on rigorous analysis of
dynamic soil behavior. Smith soil model parameters, quake and damping are not fundamental soil
properties and cannot be measured directly by standard geotechnical investigation techniques in the
field. A stiffness based quake value and damping constants suggested by the analytical models
attempting to relate them to fundamental soil properties. Shear modulus (G), Poisson’s ratio (v), soil
density (p) and yield stress (t4) are the most common fundamental soil properties that are used in
the analytical soil reaction models to quantify static and dynamic components. Usually the Smith
model parameters are based on experience from signal matching analysis for different types of soils.
On the basis of cone penetration tests (CPT), standard penetration tests (SPT) and laboratory tests it
is possible to link the Smith’s approach in a comprehensive manner to improved realistic fundamental
values what can be used in the analytical models. In the Netherlands, CPT is a commonly used soil
investigation test to obtain engineering parameters and based on CPT data various correlation
between cone resistance and sleeve friction can be made to derive the fundamental geotechnical soil
parameters that functions as input for the analytical soil models.

4.1 Soil density

Cohesionless soils
In a couple of analytical models, the soil density is used to quantify soil damping constant. An estimate
of the overburden pressure at depth can be made from (Robertson & Cabal, 2010) which uses the
saturated unit weight as approach.

Ysat _ 4236+ 0.27 - log(Ry) + 0.36 - 10g< A ) (41)

P,
w atm
The function is based on the sleeve friction (fs) and the net cone resistance (q;) and is limited to clays

and sands with a saturated unit weight above 15 kN/m?* and with a specific gravity (Gs) between 2.6
to 2.7. Soils with different specific gravity can be multiplied by G5 /2.65. The corrected cone resistance
(q¢) for pore pressure effects is set equal to the measured cone resistance (q.) in case of insufficient
data. Alternatively, Mayne (2014) proposed two equations for a wider range of soil types, including
silts and soft clays. The calculated saturated densities have a minimum density of 12 kN/m3. The
equations are solely based on sleeve friction.

100f

Ysat = [1.22 +0.153 - ln( S+ 0.01)] Ve (42)
atm

14 (43)

Vsat [ 1+ (0.5 - log(f, + D)2l ™
Organic peats are largely overestimated and fall not within the desired ranges (Mayne, 2014). The
total vertical stress is calculated by summation of the saturated unit weight yg,+ and layer thickness

(AHg) over depth profile.
44
Oyo = ZYsat - AHg (44)

In fine grained soils pore pressure effects has its influence on the measured cone resistance. After
correction for pore pressure the corrected cone resistance becomes:

qr = qc + ux(1 —a) (45)
In sandy soils and for simplicity q; = q.. The correction factor a is the net area ratio and typically
between 0.7 and 0.85 and is related to the dimension of the cone.
_ Ax (46)

a—AT
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In which Ay is the load transfer are behind the cone tip and At is the cross sectional area a the base
of the cone tip.
Dimensionless

Soil Unit Weights, y/y,,
(Y = unit weight of water)

1000

Cone Resistance (q,/p,)

Friction Ratio, R¢= (f/q,) x 100(%)
Figure 22: Relationship between CPT results and soil unit weight (Robertson & Cabal, 2010)

Cohesive soils
For soft to firm clays, the cone resistance q; shows a linear trend with depth. The resistance to depth
ratio can be represented by the parameter mq

Aqy  qt (47)

mq =

Az v/
From observations the resistance-depth ratio is limit to 80 kN/m3 for soft to firm clays. In order to
capture variations in unit weight with depth a more sophisticated method uses q; and mg (Mayne &

Peuchen, 2012)
0.072 m 48
@=0.886-( qt) -[1+0.1zsy—q] (48)
w

Yw atm
In clays, (partially) undrained conditions are present and can influence the CPT measurements. In

normal and lightly over-consolidated clays, a simplified conversion can be applied to the cone
resistance to get a corrected cone resistance (Schnaid et al., 2004).

qc = 1.14q, q,c <6 (49)
Ovo

qce = qc de 6 (50)
Ovo

The corrected cone resistance is based on a pore pressure ratio (Bq) of 0.6 and a cone area ratio (a)
of 0.8. For stiff clays (q. > 1 MPa), q; = q. (Lehane et al., 2020).

4.2 CPT Material Index

The CPT material index (I.) is useful to screen for soil types in the Robertson chart. The index separates
the zones 2 to 7 in the SBTn chart (Soil Behaviour Type) in which I is. The type of soil is necessary to
choose which design method must be used to do the calculations for shaft and base friction.

I. = /(3.47 —10g Q)2 + (log F, + 1.22)2 (51)
In which the normalized cone resistance in non-dimensional form Q, and friction ratio F,. respectively
are
dt — Ovo 52
Q¢ = <—, - ) (52)
O'vo

(53)

fs
F, = (—) -100%
qt — Ovo
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A rough estimate of exponent n is normally n=1 for clay, n=0.75 for silt and 0.5 for sand. The value of
n can also be calculated as follows:

o 54
n=0.381-IC+0.05-< "°>—0.15 54)

atm

1000
Very stiff |

OCsand
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Figure 23: Soil behaviour index chart (Robertson, 2009)

Inzone 2 to 7 the boundaries of the soil behaviour type in Figure 23 can be approximated by concentric
circles. The radius of every circle represent the a soil behaviour type index (Jefferies & Davies, 1993).

4.3 Local ultimate shaft friction

In the pile design process, there is a distinction between ultimate and limit soil resistance. Upon pile
loading the soil resistance increases with increasing pile displacement, but the increment of this rate
decreases once the pile displacement continues. The soil resistance remains at a maximum value once
the pile has displaced beyond a certain level of pile displacement. In order to mobilize the maximum
shaft friction (tgs) a relatively small pile displacement is required and therefore the maximum shaft
friction is equal to the ultimate shaft friction in the design methods (st = Tsf). A pile displacement
of about 10 mm or 1% of the pile diameter is often sufficient under static conditions to reach the
ultimate limit state for the pile shaft (ULS). Base stress mobilization up to the limit pile base resistance
(qpL) needs much more pile displacement than the resistance that is obtained by a 10% pile base
displacement according to ULS design methods (qy, yit = qpo.1)- In order to design a pile in ULS with
ultimate capacity, the ultimate shaft resistance will be quickly mobilized, but the limit base resistance
will not always be reached at 0.1D and base resistance increases with additional settlement.

load Q

base resistance

~0.018 0.18 pile displacement

Figure 24: Definition of 7y, qp;, and qp ;¢ on the load-displacement curve

Predicting the ultimate shaft friction that can be mobilised along the shaft of a driven pile is subjected
to changes due to installation effects, equilibrium of excess pore pressure and loading rate of the pile.
During installation the surrounding soil undergoes distortion and changes to the soil fabric (Bond &
Jardine, 1991). The soil ahead of the pile base will move outwards with a strain field that resembles
spherical cavity expansion theory. Soil adjacent to the pile shaft resembles cylindrical cavity expansion.

24



The design methods for shaft friction given in section 4.3.1 and 4.3.2 are based on the stress state at
2 weeks after pile installation in which also friction fatigue and soil relaxation is included. The time
duration between installation and dynamic load test is relevant for the calculated shaft friction
because a setup factor is necessary to correct for the setup effects. Pile capacity is after all also a
function of time.

4.3.1 Cohesive soils
The shaft resistance of a driven pile in clay depends on the in situ conditions and the complex changes
that take place during installation, excess pore pressure dissipation and subsequent loading. The
ultimate shear strength sets the maximum shear stress that the soil can provide against the pile shaft.
For determining the shear strength, the intact and remoulded shear strength of soils can be used.
During pile driving the soil around the pile is remoulded and the sleeve friction of a CPT measurement
is a quick approach for determination of the ultimate shear strength. Lunne et al. (1997) have shown
that the sleeve friction values are often similar to the remoulded undrained shear strength of fine
grained soils. The sleeve friction is in general less accurate than the cone tip resistance. Lack of
accuracy is mostly due to pore pressure effects on the end of the sleeve, surface roughness of the
sleeve and load cell design and calibration (Lunne & Andersen, 2007). A rough estimate of the ultimate
shaft resistance is based on the sleeve friction.

Tgr = f (55)
Early works on estimating the ultimate shaft resistance was made by using the cone resistance in
combination with a correction factor (cg) as shown in Table 1 (Aoki & Velleso, 1975).

Tsf = Cs " (¢ (56)
Pile type Cg Cp
Displacement piles Pure clay 0.017 Soft to lightly 0.9-1.0
OC clays

Silty clay 0.011 Stiff OC clays 0.35

Silty clay with 0.0086

sand

Sandy clay with 0.008

silt

Sandy clay 0.0069

Table 1: Summary of recommended values for ¢g and ¢y, for calculating base resistance and shaft resistance from cone
resistance in clayey soils (Aoki & Velleso, 1975)

Based on CPTu data Eslami and Fellenius (1997) correlated the shaft resistance to effective cone
resistance (q; or qg) by using a correlation coefficient (Cg) and varies per soil type. The effective cone
resistance includes the effect of pore pressure generation on the measured cone resistance during
cone penetration.

Tsf = Cse " Q¢ (57)
The approximation of the shaft resistance based on direct sleeve and cone measurements do not
include the effects from installation, friction fatigue, equalisation and loading.
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Zone Soil Type Cse (%)
No. Range Approximation @
1 Softsensitive clay 7.37-8.64 3.0
2 Softclayand silt  4.62-5.56 5.0
s 3 Stiff clay and silt ~ 2.06-2.80 25
[-] 4 Silty sandy mix 0.87-1.34 1.0 @
o 10 45 sand 0.34-0.60 0.4
S
> ®
=
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fo= Cee Qe
where C, = shaft correlation coefficient
0.1 + +

1 10 100 1000
Sleeve friction, f; (kPa)
Figure 25: Chart for soil type and shaft coefficient (Eslami & Fellenius, 1997)

Randolph (2003) noted that a scientific approach to determine the local shaft resistance of a driven
pile should consider the complex stress-strain history. The complex stress-strain history includes 1)
initial in situ soil conditions, 2) pile installation, 3) equalisation and 4) loading. Field testing was done
on instrumented piles (ICP) which was installed in a wide range of clay types. Chow (1997) proposed
a conventional earth pressure approach to calculate the equalised radial effective stress along the pile
shaft by

ore = Keoyo (58)
In which K. is

h™°? (59)

K. = (2.2 + 0.016YSR — 0.87log;,S;) YSR%#2 =

The radial effective stress accounts for the effect of friction fatigue along the pile. The yield stress ratio
(YSR) relaced the over consolidation ratio (OCR). The yield stress ratio is calculated by

o, 60
YSR = -2 (60)

Ovo
In which oy, is calculated by equation (44). The local ultimate shaft friction at failure is then calculated

by
Tsf = fLKCO-(IOtan (6¢) (61)
The loading factor fy, is 0.8 for loading and &5 is the interface friction angle at failure. For open ended

piles the radius R can be adapted to R* = /R% — R?. The sensitivity (S) is the ratio of the undisturbed

undrained shear strength over the remoulded undrained shear strength and are accurately obtained
by lab testing. A CPT based estimate is given by (Mayne, 2007).
_0.073(q¢ — 0vo) (62)
t= f,

The most recent development of an empirical method for pile shaft capacity in clay is given by Lehane
et al. (2020) as the unified method for piles in clay. The method was established after a Joint Industry
Project (JIP) under the management of the Norwegian Geotechnical Institute to create a unified
database for driven piles in sand and clay (Lehane et al., 2017, Liu et al., 2019). The method defines
the dependence of the equalised shaft friction (t¢q) on the corrected cone resistance (qy), relative pile
depth (h), friction fatigue (h/D). This method is applicable for clays in the SBT Zones 2,3 and 4 (Lehane

et al., 2022).
h (% (63)
Teq = 0.07q¢ (max (E' 1))
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Depending if it is an open or closed ended pile, for open-ended piles the radius R must be changed by
R*. The factor 0.07 in the equation is an average value to incorporate important features such as over-
consolidation ratio and clay sensitivity. The equalised shaft friction for piles in clay calculated by the
unified method is based on a database of instrumented piles with aging period ranging from 21 to 130
days with an average of 60 days. Only piles which has undergone a degree of excess pore pressure
dissipation of about 80% were included in the database. A setup factor must be applied to calculate
the shaft friction at a specific time after installation (Chapter 4.6).

4.3.2 Cohesionless soils

In the past, several methods were proposed to calculate the local ultimate shaft friction based on CPT
measurements for piles in cohesionless soils. Aoki and Velleso (1975) proposed a correction factor (cg)
for ultimate shaft friction in sandy soils. In a similar equation as (56) and Table 3 the ultimate shaft
friction for sandy soils is estimated. A more extensive CPT based method was developed by Jardine et
al. (1998). This method is part of the Imperial College Project (ICP-05) method and calculates the local
shaft friction of driven piles in sand. The method incorporates complex stress-strain history which
includes, initial in-situ conditions, friction fatigue, equalisation and loading. The local ultimate shaft
friction obeys Coulomb’s law.

Tsf = OJrftan (8cv) (64)

Where oy is the effective radial stress at peak friction and 8y is the ultimate constant volume
interface friction angle. The effective radial stress is a combination of the stationary radial effective
stress (oyc) and an increase of radial effective stress due to dilatancy during pile loading (Acrq). The
ICP-05 method is given as

0.13 —-0.38

o, h 4G At (65)

T =a <0.029qu (p vo ) - max (E' 8) + %) tan (8y)
atm

Jardine et al. (2015) stated that the ICP-05 method predicts the axial pile capacity more or less after
100 days after installation. In equation (65), h is the distance of a certain horizon above the pile tip at
the end of driving. The last term inside the brackets is the post horizontal effective stress change
denoted as Aoy 4. The horizontal effective stress on the shaft at the end of pile installation is given in
the first term. During pile loading in dense sand, the soil tends to dilate and this is shear band
thickening At and is equal to 0.02 millimetres. D is the diameter of the pile and the shear modulus
Gmax is given in Section 4.5.1. The parameter a is 0.9 for open-ended piles in tension and 1.0 for all
other cases. The parameter b is 0.8 for piles in tension and 1.0 for piles in compression. R* is the
equivalent radius, which is R for circular closed ended piles and for a non-circular closed ended pile it
has a pile radius equivalent to circular pile with same end area. For an open ended pile the equivalent

radius is R* = /R% —R%.

Another CPT-based method was developed by Lehane et al. (2005) from pile load tests and centrifuge
test to obtain ¢ for displacement piles in sand. This method, so-called University of Western Australia
(UWA-05) has similarities to the IC method. The ultimate shaft friction is given by

(66)
ft O'O3qCA?‘;gff + 4GaxAt

E max (%, 2) b

The ratio ;—t is 1.0 for piles in compression and 0.75 for piles in tension, due to Poisson effect (Lehane
C

Tsr = tan (8¢y)

et al., 2020). Both equations (65) and (66) are valid for unplugged piles in which the effective pile area
2
becomes Ap g =1 — PLR%. A o is 1 for closed ended pile. The penetration of an open ended,

compared to a closed-ended pile, leads to less soil volume displacement and therefore lower stress
level. It is assumed that the short duration of the stress wave generated by a hammer impact will not
induce plugging in an open ended pile.
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A new unified CPT based method for axial pile capacity for driven piles in siliceous sands was
developed to improve all the key features of the previous proposed CPT based methods (Lehane et
al., 2020). The method provides more reliable predictions of the capacities than the methods in the
APl and ISO guidelines. The JIP database of pile load tests has a typical set-up time of between 1 week
and 2 months with a median of 14 days. The proposed Unified CPT-based method is intended to
provide an estimate of shaft friction available at around a setup time of 14 days after driving. The
method is likely to under-estimate the capacities in very silty sands and over-estimate the capacities
in gravelly sands. The operational shear modulus was updated in the method and became less than
the small strain stiffness because of non-linear relationship with strain increments. The increase in
radial stress during pile loading becomes

. . —-0.33 d (67)
o= (1)) (5

ovo
In which d¢pr is the diameter of a standard CPT probe (d¢cpr = 35.7mm). Different formulations were
made for estimating the stationary radial effective stress (o}.c). The best fit to data from instrumented
piles gave the following formulation (Lehane et al., 2020).

—0.4
, q h (68)
ol = (ﬁ) A(r’;gff (max (1, B))

The interface friction angle (8) can be obtained by laboratory tests. In absence of ring shear interface
tests a mean value of 29 degrees is reasonable for steel piles. The local ultimate shaft friction becomes

fey ) 69
Tsf = (f_t) (orc + AO-rd)tan (6cv) (69)
c

The effective piles radius A, ¢ in the unified method is slightly different than in the ICP-05 and
UWA-05 method for open ended piles, due to a change in formulation for the plug filling ratio
(70)

i

PLR = tanh|( 0.3

CPT

For full scale offshore open ended piles (D < 3m) with full coring (PLR = 1) the dilatancy effect in
effective radial stress can be ignored. The equation for local ultimate shaft friction becomes:

w@@E03) (-6)

For the shaft resistance, the friction angle 6.y is related to critical state friction angle ¢. mobilized
along the shaft. The shear modulus is calculated by equations in Section 4.5.1. In Table 2 an estimate
is given for different pile types.

Pile type 8¢y
Steel 0.85- .
Precast concrete 0.95- @,

Table 2: Different pile types and values for 8 (Salgado, 2008)

In absence of testing, the interface friction angle can be estimated by using CPT based correlations.
The interface friction angle, as stated in Table 2, uses the critical state friction angle. The critical state
friction angle @ can be calculated by an empirical equation that relates the mobilized friction angle
@' with the dilation angle (s by

oc =¢' — 0.8y Pc
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The mobilized friction angle is given by Uzielli et al. (2013) with an R? = 0.92
0.10 (72)

dt

P atm

¢ =25
Oyo
Patm

The dilatancy angle can estimated by using the relative density (D) of the soil
12.5D, (73)
=-2
¥ + 100
In which the relative density can be roughly approximated by (Jamiolkowski et al., 2001).
(74)

dt
P
D,(%) = 100| 0.268In| -2 | — 0.675

!
Ovo

P atm

The empirical equation is proposed for clean sands with less than 15% fines and at medium
compressibility. For pre-consolidated sands, Mayne (2009) suggest to multiply the 0.675 by OCR?-2°

in equation (74).

In general it is assumed that the ultimate shaft resistance is identical under both dynamic compressive
and tensile loading. Experimental research (De' Nicola & Randolph, 1993) has shown that the ultimate
shaft resistance is significantly lower for tensile loading compared to compressive loading. The main
cause of lower tensile ultimate shaft resistance is due a Poisson’s ratio effect leading to changes in
radial effective stress in the soil around the pile. From full scale test the ratio between the ultimate
tensile and compressive shaft resistance varies between 0.44 and 0.85 with an average of 0.65. In the

unified methods for piles in sand and clay an average ratio of 0.75 is sufficient.
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4.4 Ultimate base stress

In simple methods for end bearing capacity determination, it is assumed that the cone tip resistance
(q.) gives a good estimate of the limit base resistance of a deep circular foundation. In design methods
such as UWA-05, IC-05 and unified method-20, the ultimate base resistance is defined at a base
settlement of 10% of the pile outer diameter. These methods give values to base resistances that are
lower than the cone resistance during steady penetration. Values of dbo1 1 can be attributed to

qc

partial mobilisation of base resistance. During pile driving, often the pile mobilises a fraction of the
ultimate base capacity linked to a settlement of 0.1D according to the failure criteria for static loading.
A pile base stress which has a fraction of the ultimate base stress is still able to penetrate the soil (qp¢)-
When exceeding the failure settlement criterion of 0.1D, penetration increases and the base
resistance qy increases and ultimately it reaches the cone resistance which is roughly equal to the
limit or plunging failure base resistance for driven piles. The main difference between a large diameter
pile and cone penetrometer is the effect of a larger influence zone around the pile base and stress
changes due to pile penetration. From instrumented piles in sand, data show that the maximum or
limit base resistance at plunging, q;,, of open ended and close ended piles are close to the measured
cone resistance (75). For piles in clays, piles a similar relationship between cone resistance was
observed an no distinction was made between end bearing resistance of open or closed ended piles.
The direct relation between q. and qp, was based on the LCPC method in which q. was averaged over
1.5D above and below the pile base.

dbL ~ dc > qbf (75)
dbo.1 = CbYc,1.5D (76)
In which q 1 5p is calculated by
L+1.5D
s 9c(2)dz (77)
dc1.5D = ~ 3p

The gc15p is used as qcayg in determination of end bearing. The value of ¢y, is 0.45 or 0.65 for
undrained or drained loading of plugged piles and 1.0 or 1.6 for undrained or drained loading of
unplugged piles. In Figure 27, a value ¢, of 0.5 is reasonable for closed ended piles in sand using LCPC
method (Figure 27). The LCPC method shows a clear trend as pile diameter increases. In the Dutch
averaging method, q¢pytch, used in UWA-05 method, a value of ¢, = 0.6 is proposed. The Dutch
averaging method shows no clear trend as pile diameter increases. Measured pile base capacity

contains uncertainties related to residual loads (Lehane et al., 2020).
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Figure 27: qp0.1 values compared with 3 g, averaging techniques of end bearing measurements (Lehane et al., 2020)

Figure 28 shows the ratio between the average cone resistance and ultimate base capacity in relation
to the effective area ratio for piles in sand. For large offshore monopiles the effective area ratio is
close to zero resulting and a ratio of qp.1/qcavg Of about 0.15 can be taken (Lehane et al., 2020).

dbo.1 = qc,avg(o-12 + 0-?’8Are) (78)
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Figure 28: Ratio oqul’%lg as function of the effective area ratio for open-ended piles (Lehane et al., 2020)

A distinction between soil displacement and soil removal piles is necessary because driven piles induce
larger stresses in the surrounding soil during installation than bored in cast in situ piles. Loading a
closed-ended pile resembles the expansion of a spherical cavity in an infinite medium. Open-ended
piles experience higher compression of soil in the core and plug and below the pile tip. Both
phenomena increases the mean stresses around the pile tip and could lead to higher base resistance
than expected from measured cone resistances. Early correction factors for a direct relation between
the cone resistance q. and ultimate pile base and shaft friction by means of ¢4 and ¢y, are given in
Table 3 for different types of soils.

Pile type Cg Cp
Displacement piles Clean sand (Aoki & | 0.004 0.35-0.5 (Chow, 1997)
Velleso, 1975)
Silty sand 0.0057 0.4 (Randolph, 2003)
Silty sand with clay 0.0069
Clayey sand with silt 0.008 (1.02-0.0051)D; (Foye et
Clayey sand 0.0086 al., 2006)
Silty clay 0.011
Pure clay 0.017
Open-ended pipe piles IFR £ 60% (Lee et al., | 0.0015-0.003
2003)
60% < IFR £ 100% 0.0015 -0.004
Closed-ended pipe piles | D £ 50% (Lee et al., | 0.004 —0.006
2003)
50% <D, < 70% 0.004 - 0.007
50% <D, < 90% 0.004 - 0.009

Table 3: Summary of recommended values for ¢g and ¢y, for calculating base resistance and shaft resistance from cone
resistance in sandy soils (Aoki & Velleso, 1975)

Regarding a pile base in clay, the formulation for the ultimate base resistance changes to (Lehane et
al., 2022).

Jbo.1 = qt,avg(o-2 + 0-6Are) (79)

Equation (79) implies that in case of undrained end bearing capacity the ultimate base resistance of a
large offshore pile (Aye = 0) is approximately 0.2qy avg, in Which the cone resistance is corrected for
pore pressure effects. The end-bearing for a closed-ended pile in clay with A, equal to 1 becomes

0.89¢avg-
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4.5 Elastic stiffness parameters

4.5.1 Shear modulus

The shear modulus is a recurring soil properties that is used in the calculation of the quake and
damping parameters in pile driving analysis. During pile driving and dynamic load tests, the pile
displaces with reference to the surrounding soil and a shearing zone is formed. The shear modulus is
not a constant soil property but strongly dependents on the amount of shear strain and shearing cycles
the soil has experienced during driving (Figure 29). The impact of the hammer and with that the shear
strain amplitude is the highest near the pile head and decreases over depth because of decreasing
stress wave amplitude due to pile friction.

Y
Figure 29: Degradation of shear modulus under cyclic loading

Eslaamizaad and Robertson (1997) showed that an accurate prediction of the soil shear wave velocity
V; could be obtained from the load displacement curves of both shallow and deep foundations. Direct
measurements of the shear wave velocity are preferred above correlations, however direct shear
wave velocity measurements are not often performed in low-risk geotechnical projects. Throughout
the years, many correlations were made between q. and Vg because of the similarities in cone
resistance and shear wave velocity. The shear wave velocity depends strongly on the area and number
of the grain-to-grain contacts and therefore cementation, aging, relative density, effective stress state
and arrangement of the particles have a large impact. The value for q. strongly depends on relative
density and stress state, but less dependent on amount of cementation and degree of aging of the
soil. A good correlation between q. and Vs is possible with some variability. Subsequently Vg has a
direct relationship with the small strain shear modulus G,;,,x and therefore q. can also be used in the
determination of the soil stiffness parameters. A correlation between the normalized cone resistance
and the normalized shear wave velocity for drained cohesionless soils is given by (Robertson, 2009).

V. = avs(qt - GVO) 0 (80)
® Patm

2
Where ays is the shear wave velocity cone factor. The value for ay (in (?) ) can be estimated by
using the soil behaviour index type, I

ays = 100-551c+1.68 (81)
At low shear strain levels, less than 107%%, the shear modulus is denoted as the small strain shear
modulus G, and has a maximum and constant value in the elastic zone. The G54 can be calculated
by using the stress wave velocity Vg and the soil density pg

Gmax = psvs2 (82)
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Robertson (2009) was able to correlate cone resistance with the small strain shear modulus (G, ,«) for
drained coarse-grained soils. The equation is less reliability for fine grained soils and cemented soils.
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Figure 30: Contours of small strain shear modulus for uncemented Holocene and Pleistocene aged soils (Robertson,
2009)

0

Figure 30 provides an estimate for the small strain shear modulus. Equation (83) provides an simplified
estimate for G,,,x over a wide range of soils. The equation is less reliable for fine-grained soils (I. >

2.6), because sleeve friction is strongly influenced by soil sensitivity.

P .
Gy = > - [(100.55 IC+1.68) (e — 0v0)] (83)

Patm

With pg in £ _and P,tm is atmospheric pressure (100 kPa). Kawaguchi and Tanaka (2008) proposed a

cm3
formulation of the elastic shear modulus for natural sedimentary clay soils. Existing formulations were

mainly based on void ratio but difficult to apply for reconstituted soils and in the field. The new
formulation consist of three other parameters: liquid limit wy, current mean effective stress p’ and
maximum mean consolidation pressure ppax. In order to apply this to the field, the equation is

adapted for using the in-situ effective overburden pressure oy,; and OCR.

Gmax = 20000 - wy, "8 - f(OCR) - 0’y *® (84)

f(OCR) is a function that converts p’ into oy, and is expresses by

0.2 0.5\ 0-6 (85)
f(OCR)=(§OCR) -<$)

Liquid limit and plasticity index increases with an increase in sleeve friction and at the same time cone
resistance decreases. In the case no values are given for the liquid limit a comprehensive method is
proposed by Cetin and Ozan (2009). The liquid limit can be calculated by using the following formulas:

= 101506 + 0.31-1og(Fy) —% (86)

w
The normalized net cone resistance (q;y) is calculated
_ Gt —Ovo (87)
Qin = — ¢
(72)
Patm
The exponent c can be calculated in an iterative procedure. The starting value of c is 1.0 and can be

repeated until a difference of Ac is 0.01. The final value for c can be implemented in (87).
2 (88)

=90 _ 23352 | + (log (F,) + 55.42)? — 272.38

!
( Oyo
Patrn

275.19 — 272.38
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For alluvial site characterized by clay layers, which are weakly organic alternating with silt and sands
the elastic shear modulus can be calculated from q. and o7, (Togliani et al., 2015).

Gmax = ps[(277q2'13(0-(/)a]2 (89)

In which a is 0.22 for o;, < 100 kPa and otherwise 0.17.

4.5.2 Poisson ratio

The Poisson’s ratio is a common soil property that appears in the equations for spring and dashpot

constants. A rule of thumb is that for most soils v = 0.3 is a good value and for saturated clays vy =

0.48 can be considered. For drained loading the Poisson’s ratio of the soil v can be approximated by
ve = 0.1+ 0.3(¢p" — 25) (90)

The formula is applicable for soil with friction angles ¢’ between 25 and 45 degrees. More refined

values are given in Table 4 for both quick loading during pile driving and static loading (Poulos et al.,

2000)

Soil type Quick loading Slow loading
Gravel 0.30 0.30
Sand 0.35 0.30
Silt and silty clay 0.45 0.35
Stiff clay 0.45 0.25
Plastic clay 0.50 0.40
Compacted clay 0.45 0.30

Table 4: Poisson's ratio for different types of soil

In a couple of soil models, like the hardening soil model, also a unloading/reloading Poisson’s ratio
appears. For most soils a characteristic value for the elastic unloading/reloading ranges between

Vvyr = 0.1 and vy, = 0.2 (Figure 31) at low mobilization ratio’s (qi). A consequence of a lower

max

Poisson’s ratio during unloading/reloading is that the shear modulus is higher and the soils acts stiffer
according to

E (91)
2(1 + vyyp)

Gyr =

05 T
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Figure 31: Poisson's ratio vs mobilized stress level for sand, clay and soft rock (Mayne et al., 2009)
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4.6 Pile setup effect

The pile capacity of a driven pile changes with time after installation. A process of equalisation starts
in which excess pore pressure generated during pile driving dissipates and consolidation starts in the
pile-soil interface zone accompanied by an increase in pile capacity. The magnitude of positive or
negative excess pore pressure depends on the contractive or dilative behaviour of the soil. The excess
pore pressure is mainly positive in normal consolidated soils, but can be negative in dilative and over-
consolidated stiff clays. The setup effect is due to changes in the effective stress acting on the pile and
therefore it changes the stress conditions around the shaft. In less permeable soils like clays the
equalisation process can take months. In silts and sands the changes can be significant in the first
minutes after end of initial pile driving (Randolph & Gourvenec, 2011). The CPT based design methods
in Chapter 4.3 and 4.4 are calibrated to approach pile capacity calculations for piles in sand after 2
weeks of driving and for clays with a minimum of 80% of consolidation. The set up effects is mainly
affected by 1) the time required to achieve equilibrium conditions depend on soil properties 2) type
of soil and 3) slenderness ratio. Despite the uncertainties of the magnitude of the setup effect and
lack of insightful understanding of the mechanismes, a first correlation was proposed to quantify the
set up effect based on the elapse time in the form of (Svinkin & Skov, 2000)
Tref _ Alog (t;—ef) +1 (92)
1 1

Often a dynamic load or restrike test is performed one day after installation. The time for restrike is
taken as 1 (24 hours) to use the logarithmic time scale. The shaft friction at restrike is unknown, but
the calculated shaft friction at 14 days (t.ef) is equal to the values (t.ef = Tsf) Obtained by the design
methods. The objective is to back-calculate the shaft resistance at a specific time (t) using equation .
Values for factor A are given in Table and varies per soil type and obtained from 2219 datapoints from
different sites in the world (Lee et al., 2019).

Type of soil Factor A

Fine-grained soil Upper bound 0.990
Best fit 0.404
Lower bound 0.104
Coarse-grained soil Upper bound 0.691
Best fit 0.365
Lower bound 0.207

Table 5: Summary of proposed empirical factor A for correlations

Any restrike can be calculated by changing tto t = 14 — trgg in days. The setup effect can be divided
into three main parts, a nonlinear rate of excess pore pressure dissipation, a linear rate of excess pore
pressure dissipation and aging effect. In the first and second phase the effective horizontal stress
increases. The third phase is independent of effective stress and has a more frictional and mechanical
cause, resulting in an increase in soil stiffness (van Komurka et al., 2003). Setup effect primarily takes
place along the pile shaft while the pile base capacity remains relatively constant after driving
(Herrington, 2018).
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Figure 32: Idealized setup phases after pile installation

The pile capacity is not only based on stresses and soil characteristics, it’s also a function of time. None
of the proposed design methods contains the variable time to account for time setup effects on pile
capacity in sand and clay. Time correction factor must be applied to calculate shaft capacity at a
specific target pile age after installation. Based on observations of aging effects, a more sophisticated
and improved best fit trendline was proposed for different design methods for piles in sand for the
time correction factor Fi;me (Lehane et al., 2017) which is

(93)

Ftime = e-0.1t0%8 | g 4r + doffset

The dygfset differs per design method and is -0.1 for ICP-05 and -0.2 for UWA-05 and zero for the
unified method for driven piles in sand.
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Figure 33: Observations of pile ageing in sand at three sites and best fitting curve for UWA-05 design method

A median ageing period for piles in the database was about 14 days and the CPT based methods for
piles in sand were calibrated such that F;;,e was equal to 1 at 14 days after installation. The offset in
equation (93) was set to zero. The shaft friction, corrected for setup effects at a specific time (Tgf), can
be calculated as follows

— 1 (94)

Tsf = ( ) " Tsf

e 01t 4 0,45
In which t is the number of days after installation. At t = 14, T is equal to t4r obtained from the

design methods UWA-05 and ICP-05. In UWA-13 and later on the unified method for piles in clay was
used to estimate the fully equalised shaft friction (teq). Lim & Lehane (2017) proposed a formula to
estimate the shaft friction for partially equalised conditions after certain days after installation.

— t (95)
Tsr = max (0.4T¢q, 0.327¢q log Rz
eff

In which the equalised shaft friction Teq is obtained from the design method for piles in clay in
equation (63). It can be seen that when t = 1350R§ff, Tst is equal to Teq. The minimum value for pile
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shaft friction in clay is 40% of the equalised shaft friction. The effective pile radius Ree can be
calculated with the pile dimensions as follows

96
Do? — PLR - D;? (6]

4

Refr =

The plug length ratio PLR is calculate by

PLR = min <(%)0.2 , 1> ©7)

Usually plugging does not occur in large diameter piles during a dynamic load test and a full coring pile
has a PLR equal to 1.

4.7 Friction fatigue

Friction fatigue, the progressive reduction in shaft resistance at a certain soil horizon upon penetration
of the pile, for sandy soils is related to the relative penetration and the cyclic nature of pile driving. As
for sand and clay, the shaft resistance of a driven pile depends on the in-situ soil conditions and
complex stress changes that take place around the pile during driving and loading. Installation and
loading of a driven pile can be divided into a number of different stages. Normally in sands, drainage
is sufficient such that excess pore pressure generated during driving dissipates rather quickly. In
contrast to piles in clay, an equalisation period is negligible and removes the need to wait for a period
of set-up before piles can be loaded. As mentioned in Chapter 4.3 shaft friction is governed by
Coulomb’s law in which T4 is estimated from the horizontal effective stress at failure, o},¢ and the pile-
soil interface friction angle, 6§ (Randolph & Gourvenec, 2011). The horizontal effective stress at rest
changes due to pile installation effects, friction fatigue and reloading to a horizontal effective stress
at failure. The framework of the pile-soil behaviour at each stage is used in the unified method (Lehane
et al., 2020).

Contracting interface shear zone
Confinement
from far field soil
Tst /
o — [ 7 |
Pile
T T Stiffness, k = 4G/D
Tma:
i |
Soil flow

Figure 34: Friction fatigue mechanism (White & Bolton, 2002)

During installation the pile tip moves downwards and the stress level around a soil element rises
significantly to push the soil radially outwards from the pile tip. As the soil passes the pile tip and reach
the pile shaft the stress reduces behind the tip. The degree of radial displacement depends on the soil
volume that has to displaced which is related to the pile diameter. In that way an open-ended pipe
pile creates a smaller amount of radial displacement than a closed-ended pile. Large diameter pipe
piles displace a minimal volume of soil compared to their gross area, leading to only a small increase
of stress in the surrounding soil. An open-ended pile penetrating the soil in a plugged manner show
similarities with a closed-ended pile. The pile effective area ratio takes into account the influence of
the displaced soil for both shaft and end bearing capacity.
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Figure 35: Streamlines of soil flow and radial stress development around the tip and shaft of a closed- and open-ended
pile (White et al., 2005)

The more hammer blows, the more the soil is cyclically sheared back and forth. Cyclic shearing leads
to a contraction of soil particles. Volume change causes relaxation in the surrounding soil cylinder
causing unloading of the normal stress on the pile shaft. Relaxations leads a reduction in horizontal
stress acting on the pile shaft. In Figure 36 this process of friction fatigue is shown. Friction fatigue
leads to a reduction in unit shaft resistance once the distance between a certain soil horizon and pile

tip increases.
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Figure 36: Friction fatigue modelled in a shear box test (de Jong et al., 2003)

In linear-elastic perfectly plastic modelling of the pile-soil interaction, the effective horizontal stress
at failure divided by the spring stiffness results in the quake value. A quake value of 2.5mm is usually
applied. This value is reasonable because a quick hammer blow must force the surrounding soil at the
pile-soil interface to move under the effect of friction forces. The unit shaft friction at the interface
between the contracting interface shear zone and the pile has to exceed to effective horizontal stress
at failure, obtained from calculations by the unified methods in order to displace the pile permanently.
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4.8 Residual loads

Residual loads can remain at the pile base after the complete removal of the installation load after
reaching target penetration. Following a hammer blow the pile moving downwards and penetrates
the soil. Subsequently the pile recovers partly in an upward movement with a rebound. A compression
wave travels from the hammer along the pile shaft to the pile base. After reflection of the compression
wave at the pile base, the pile tends to recover to its original length. The soil decompresses and the
pile rebounds till it reach its final position (Lopes et al., 2011). An incomplete rebound from the soil at
the pile base causes residual stresses and can lead to inaccurate interpretation of dynamic test results.
Elastic soil behaviour at the pile base causing a rebound which adversely affects pile driveability and
compilates bearing capacity assessment. The rebound induces a ‘locked-in” compressive stress at the
pile base which is balanced by negative skin friction at the upper pile of the pile shaft. The compressive
stress generated by rebounding due to decompression of the soil beneath the pile base after
unloading is the so-called residual loads (qy, res). Residual loads can lead to a underestimation of the
base resistance and an over-estimation of the shaft resistance in a compressive load test. Residual
loads a typically in the range of 5% - 25% of the average cone resistance, q ayg for closed-ended piles
(Xu et al., 2008).
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Figure 37: Idealized base load transfer curve (Gavin & Lehane, 2007)

Residual loads can be measured by reading off the strain values from strains gauges after removal of
driving force. Test results in Figure 38 show the relevance of different pile cross sectional area on soil
compaction around pile base, therefore residual loads for closed-ended piles are greater than for

open-ended piles.
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Figure 38: Load distribution curves for residual loads (Paik et al., 2004)

Residual loads do not affect the total bearing capacity of piles. The summation of residual forces must
equal zero, but ignoring the effect of residual loads can lead to mispredictions of the contribution of
shaft and base resistance on the total bearing capacity. In the TNO soil model the soil is modelled with
linear elastic springs in which plastic deformation starts after the quake value has been reached. Figure
39 illustrates the case of no residual stress present at the pile base. The plastic deformation or final
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set at a certain pile level is the maximum displacement minus the quake value. During unloading, the
elastic displacement reduces and becomes zero when the pile base is fully unloaded.

o Load at pile toe Time

plastic displacements
Pk

q(\

Toe displacement

_ total
displacements

Toe displacement

—

Figure 39: Load-displacement diagram at the pile base without residual stress (Lopes et al., 2011)

In case of residual stresses (Figure 40), the final base displacement is higher than the maximum
displacement subtracted with the elastic displacement i.e. quake value. The reason for this difference
is that a residual stress, locked in a compressive stress at the pile base during unloading at the pile
base. During unloading the elastic displacement at the base reduces but does not reach a zero value
after complete unloading of the pile after a hammer blow. In this situation, the plastic deformation is
a sum of the plastic deformation that would occur in case of no residual stress and an elastic residual
displacement. The elastic residual displacement can be calculated by dividing the residual stress by
the unloading stiffness.
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Figure 40: Load-displacement diagram at the pile base with residual stress (Lopes et al., 2011)

In reality one hammer blow produces successive loading and unloading cycles at the pile base. In
Figure 41 a series of peaks and stress wave reflections at the pile base are shown. In signal matching
the first loading and unloading cycle is most important in the analysis. If residual stresses are present
at the pile base, a hammer blow what is in essence a reloading of the pile, does not change the yield
stress of the soil at the pile base. Residual stresses influence the elastic displacement and reduces the
retrieved quake value. In a dynamic load test it is difficult the determine the residual stress present
at the pile base.
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Figure 41: Pile base displacement over time during and after a hammer blow (Lopes et al., 2011)

In dynamic load testing and afterwards signal matching analysis, the magnitude of the residual
stress not known beforehand and can only be deducted by outcomes of signal matching analysis.
In case of negative shaft friction in the lower pile parts, the springs around the shaft are in tension.
The relative high elastic displacement that the pile has to overcome to move from a state of tension
to a state of compression to reach the compressive yield stress during reloading of the pile might
indicate the presence of residual forces that leads to a higher loading quakes in the lower parts of
the pile. A direct lock-in of residual stresses after a hammer blow, might be deduced if the unloading
guakes are very low, meaning that the unloading phase cannot be fulfilled resulting in an
incomplete rebound of the pile. Residual stress specifically at the pile base might be indicated be a
relative low loading quake, because the pile base is already in a state of compression and needs a
fraction of the default loading quake value to reach the yield stress, but a default loading quake
value for the pile base is difficult to determine and the pile base quake varies per soil type and pile
diameter. In equation (97) a quick approach is given to derive a compressive residual force F.
concentrated at the pile base, in which the difference between a default unloading quake value
(Uyni) is subtracted with the derived unloading quake value (U, p; ger) from signal matching analysis
is multiplied with the unloading stiffness of the soil. In case the derived unloading quake is equal to
the default unloading quake the residual stress is zero.

Fr = Kunl (Uunl - Uunl,der) (98)

Figure 42 shows two examples in which there are indications if residual loads are present. In case
no residual loads are present, the assumptions is that the pile will rebound to its original shape after
the hammer blow has dissipates and the final displacement of the pile head should be equal to the
pile base. The upper chart in Figure 42 shows no deviation between the final pile head and base
displacement. For comparison, the lower chart shows a difference in final pile head and base
displacement indicating that residual loads might be present close to the pile base. Quantifying the
residual loads present at the pile base is difficult in signal matching analysis, but it does not change
the overall bearing capacity of the pile.
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Figure 42: Examples of no indication (top) and a possible Indication of residual loads (bottom) present at the pile
base
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5. Analytical soil reaction models

The rapidly increase of stress wave measurements on pile foundations or deep foundations have led
to many analytical soil reaction models for driveability studies in order to study the mobilized shaft
and end-bearing resistance since the 1960’s. Several wave equation analysis programs were
developed (WEAP) and made use of the Smith soil model. The Smith model is simple and
mathematically well founded. The input parameters for the model are straightforward and intensively
ground investigation is not necessarily needed to establish these parameters. However the soil
parameters in this model are empirical derived and not theoretically defined. Efforts to overcome this
weakness of the Smith soil model are proposed by several researchers and based on better rheological
soil models and appropriate soil parameters. Improved analytical soil reaction models make use of
conventional geotechnical soil parameters for determining damping and stiffness. Chapter 5 outlines
existing mechanical soil models that describes the dynamic behaviour for the soil-structure interface.

5.1 Shaft and base model by Smith (1960)

The first soil model that was used in numerical simulation of pile driving was the model proposed by
Smith (1960). The soil resistance model is based on pile displacement (u) and pile velocity (v). The
classic Smith model consist of a spring with a plastic slider in parallel with a dashpot (Figure 44). In the
classic model the damping force depends on the static force. In general the soil shaft friction and total
soil shaft resistance in the Smith model can be written as follows
T = min(Kg - u, tgp) + min(Ks  u, tgp) Js - v (99)
R =R+ RgJs-v (100)

The magnitude for base friction and total base resistance occur in a similar manner by replacing the
local ultimate shaft friction (tg¢) to the limit bases stress (qyy,) and the Smith shaft damping factor (J)
to a base damping factor (J;,) which varies per soil type. In the Smith model it is possible that the
sustained shaft and base force is well above the static failure load due to the fact that the plastic slider
is in series with the spring. This phenomena is often observed during pile driving because loading rates
effects generates an addition force in the viscous dashpot. The Smith model give rise to some
fundamental concern regarding to total soil resistance. The model calls into question if the damping
force is linear proportional to static force, but investigation has shown that viscous damping is more
a power function of pile velocity. The ultimate shaft friction (tgf) is determined from soil investigation.
The soil stiffness K and global soil damping factor | are empirically determined parameters and are
not based on fundamental soil properties, but obtained from experience and back-analysis for driven
piles in different types of soils. This back-analysis is done by signal matching analysis. The soil stiffness,
represented by the spring, can be calculated after the quake value (Uq) per soil layer is defined. The
guake (in millimetres) is the pile displacement at which elastic limit is reached and perfectly plasticity
starts, what occurs at the defined yield stresses in the TNO model. Once the plastic slider is active the
spring force does not increase any further. The pile shaft soil stiffness (kN/m3) is calculated by the
shaft quake (Ugs)

Ky = 5 (101)
Ugs
The dashpot, representing the viscous damping force for the pile shaft is calculated by using an
empirical damping parameter (J)
Cs = JsTst (102)
The soil resistance at the pile base (qy) is written in a similar manner as for the shaft (qpr = qpL)-

qp = min(Kyp, - u, qpe) + min(Ky - W, qpe) Jp - v (103)
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The soil base stiffness and base damping coefficient are respectively

Abf (104)
Ky = —
U
q,b
Cb = Jpbrt (105)

The soil quake and damping coefficient are not fundamental soil parameters. In general a shaft quake
of 2.5mm is often proposed, but the base quake can vary widely. Damping factors for clays and silts
are generally higher than for sandy soils. Values for the dynamic soil parameters in the Smith model
do not rely on strong correlation and show large scattering. Furthermore, Aoki and de Mello (1992)
noticed that values for quake and damping also related to the hammer energy. Hanning et al. (1998)
also stated that the damping factor can vary with time and higher dynamic parameters are appropriate
for analysis in End of Initial Driving (EOD) to Beginning of Restrike (BOR). Advantages of the Smith soil
model is that is simple and straightforward but has some limitations. In the soil model there is one
lumped viscous soil damping coefficient and no distinction is made between viscous, radiation and
hysteretic damping. In laboratory tests it has been shown that viscous soil damping is a power function
of the static soil resistance and is not linear proportional as in the Smith soil model. However, due to
increasing amount of dynamic pile measurements and quantitative analysis Weng and Sritharan
(2013) concluded that:

1. Dynamicsoil parameters are not constant along the pile depth, but vary for different soil types
and properties. In cohesive soils at EOD, | increases with SPT N-values as Qg decreases with
SPT N-values. Empirical equations were developed to establish to quantify the dynamic soil
parameters with SPT N-values (Figure 43).

2. In cohesionless soils at EOD, ] decreases with SPT N-values, while Qg increases with SPT-
values.

3. Higher dynamic soil parameters for cohesive soils over time (EOD vs BOR) due to pile setup.

4. No clear relationship observed between CPT friction ratio and shaft quake.

5. No clear relationship was established between both SPT N-value or CPT values and dynamic
soil parameters for the pile base.

14 - - 1.40

q,= -5.261In(N)+17.943 = « = Smith [3] and Hannigan et al. [6] =+ = Smith [3] _ e arl 1T
" R?=0.80 ®  Cohesive-EOD = — - Hamnigan etal. [§] )= ULOUJE,\]' o
’:‘l- (Cohesiopless-EOD) : g“:‘c-‘?"cinoig[)‘“ 10 days) % 1.20 o Cohesive-EOD c E’ = 0-3;00 \ 4
= o ohesioness- ~ ¢ Cohesive-BOR (8 to 10 days) | (Lohesive- O
=10 \&4 \ 4 ~1.00 A Cohesionless-EOD
= \ =-6.944In(N)+24.177 E ) /
g =0.69 (( ohesive-BOR) 5 : 'y
=R \ 2080 o /
S : J@}szgg?lﬂ RS SR -
6 \ £0.60 s Jin -
E )\ \ ) =().84 (Cohesionless- EOJ’) /
& o N 3
4 A 040 1,=0.016N1 18
2 1254 (see Table | & =
a , FULE b g = = = 2020 40,16 (e Table 2% R 0_83(_C"h_““e_EOP)
R2=0.90 P A
0 (Cohesive-EOD) 0.00
0 2 4 6 8 10 12 14 16 18 20 22 24 26 002 4 6 8 10 12 14 16 18 20 22 24 26
Uncorrected SPT N-value Uncorrected SPT N-value

Figure 43: SPT N-value correlations for quake and damping (Weng & Sritharan, 2018)

A summary of empirical relationships for shaft dynamic soil parameters based on SPT and CPT results
and the associated coefficient of determination (R?) is given in Table 6. A high degree of scatter is
observed at BOR probably due to complexity of pile setup. Uncorrected SPT N-values include the effect
of overburden soil in the correlation analysis (Weng & Sritharan, 2018).

44



In-situ Soil type EOD/ Parameter Unit Relationship R?
Soil Test BOR
SPT Cohesive EOD Js s/m J¢ = 0.16N11838 0.83
Cohesive EOD Qs mm Qs = 9.1664e11838N 0.90
Cohesive BOR Js s/m Js = 0.0052N17327 0.80
Cohesive BOR Qs mm Qs = —6.944In(N) + 24.177 | 0.69
Cohesionless | EOD Is s/m Js = —0.213In(N) + 0.7262 0.84
Cohesionless | EOD Qs mm Qs = —5.261In(N) + 17.943 | 0.80
CPT Dense clay EOD Js s/m Js = —0.2861In(F,) + 0.8426 | 0.64
(N>9)
Soft clay EOD Is s/m Js = 0.08 -
(N<9)
Dense silt EOD Is s/m J]s = —0.286In(F;) + 0.8426 | 0.64
(N>9)
Soft silt EOD Is s/m J]s = 0.08— 0.30 -
(N<9)
Sand EOD Is s/m Js = 0.10 — 0.30 -
All soils EOD Qs mm Q;=02- 84 -

Table 6: Suggested empirical relationships between SPT/CPT and shaft dynamic soil parameters
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Figure 44: Smith soil model for shaft (left) and base (right)

Suggested and commonly used dynamic soil properties proposed by Coyle et al. (1973) and Hannigan
et al. (1998) are listed in Table 7.

Reference Soil type Damping factors [s/m] Quake values [mm]
Shaft (J) Base (J;,) Shaft (Qy) Base (Qp)
Smith (1960) All 0.16 0.49 2.54 2.54
Coyle et al. | Clay 0.66 0.03 2.54 2.54
(1973) Sand 0.16 0.49 2.54 2.54
Silt 0.33 0.49 2.54 2.54
Hannigan et al. | Cohesive soil 0.66 0.49 2.54 D/120
(1998) (dense and
hard soil)
Cohesionless soil 0.16 0.49 2.54 D/60
(soft sail)

Table 7: Dynamic soil properties
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Liang (2000) conducted a statistic analysis with CAPWAP signal matching results on 611 driven piles.
The analysis resulted in values for EOD and BOR for both sand and clay soils. Results show that quakes
varies minimally with soil type and timeframe within the dynamic test compared to soil damping.

Soil type Parameter Statistical summary
Sand Is Mean 0.53 0.67
Standard Deviation 0.53 0.53
Qs Mean 3.0 3.0
Standard Deviation 4.6 3.8
Clay Ib Mean 0.43 0.73
Standard Deviation 0.40 0.53
Qp Mean 2.8 3.0
Standard Deviation 1.3 1.5

Table 8: Statistically obtained values (Liang, 2000)

Fellenius and Massarsch (2008) argued that the damping factor at the pile base is not solely related to
soil properties, but also on dynamic properties of both the soil and the pile.

Zp __ Afcpps (106)

o= 27p = 23pcP P
In which A is the contact cross sectional area of the pile base, cp the P-wave velocity in the soil, pg
the soil density, AP pile cross sectional area above the pile base, c® P-wave velocity in the pile and p?
the density of the pile. In case of an open-ended pipe pile AY = AP, however for and closed-ended
pipe pile this is not the case, because the area of the shaft closely to the base is lower.

5.2 Base model by Lysmer (1965)

Lysmer (1965) investigated the dynamic behaviour of a rigid circular footing resting on a homogeneous
linear elastic half-space which is subjected to a steady-state vertical oscillation. The steady-state
solution can be used to describe the response of the pile base to a transient pulse-type vertical loading
i.e. impact force (Lysmer, 1965). The model stated that a single degree of freedom system (one spring
and one damper) can reproduce the harmonic behaviour of a rigid footing subjected to vertical time
dependent force. In the new analogy the spring and dashpot are independent of the frequency of the
vibration. The spring stiffness of a rigid circular foundations is written as:
4'Gmaxro (107)

1—vq
Lysmer’s base model uses the Boussinesq’s theory for the spring stiffness. In Figure 47 a linear
approach of the load-pile base displacement envelop is shown with the initial slope equal to the spring
stiffness given by Lysmer (1965).

sz

In case of a non-circular footing, the equivalent pile radius is used (ro = ’A/T[>' The radiation

damping constant is given by:

_ 3.412./psGmax (108)

1— vy

The dashpot represents radiation or geometric damping in Lysmer’s model. Due to wave propagation
of shear, Rayleigh and compressive waves into the elastic subsoil, all footings-soil systems are strongly
damped and radiation damping gives a higher loss of energy out of the mechanical system than
damping by material damping or viscous damping. Lysmer reduced the problem of determining the
vertical motion of a footing-soil system into a problem of determining the motion of a simple damped
oscillator defined by the following equation of motion:

b
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3.4-['5\/ psGmax 4'Gmaxro (109)
+————— v+———u=Q(t)
1—vq 1—vq

Soils are elastic in the small strain domain and therefore the small strain shear modulus (Gy,,x) is used,
although cyclic loading and strain amplitude varies with distance from the pile head to the pile base
due to energy loss along the pile shaft by friction and damping thus changing shear modulus. In order
to set a limit to the elastic deformation a plastic slider represent the pile displacement at which
plasticity starts. The static force exerted by the spring does not increase any further and has reached
the limit base friction of the soil and only damping forces can increase the soil resistance. Figure 46
visualizes Lysmer’s model in which the radiation dashpot is always active. The equations for spring
stiffness and damping at the pile base proposed by Lysmer (1965) are mainly applicable for closed-
ended pipe piles or solid concrete piles. In the offshore industry open-ended pie piles are mainly used.
For simplicity the radius r, can be changed into the equivalent radius R*. A similar equation for spring
stiffness is given by Egorov (1965)

m-a

2Gmaxro (110)

~ @ -voam) )
In which (1) is a function of the ratio of the inner to outer radius of the pile, defined asn = r—‘ with
0

Kp

values given in Figure 45, reaching a value for 1 close to 0.65 for large diameter offshore piles. The
damping coefficient for a pipe pile is approximated by Gazetas and Dobry (1984) and is given by

— 3.4(1‘% B riz)\/ PsGmax (111)
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Figure 45: Variation of function Q(n) with the ratio of inner to outer pile radius (Gazetas et al., 1985)
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Figure 46: Base model from Lysmer's analogy

From the static stiffness by Lysmer (1965) there can be made a simple analogy with the base quake in
millimetres, in which the mobilized base resistance is used (qpy)

Uor = dbr _ _ Gbf (112)
ab Ky  4Gpaxlo
1—vg
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Due to its simplicity Lysmer’s analogy and the use of G« the base stiffness is often overestimated.
Furthermore it is not directly suitable for heterogeneous and non-linear soils, only if secant shear
modulus Gge is applied in combination with a certain strain amplitude.
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Figure 47: Pile base stiffness based on Lysmer's approach

5.3 Shaft model by Holeyman (1985, 1988)

The soil reaction model by Holeyman (1985, 1988) is based on the linear elastic behaviour of the shaft
friction and rest on the fundament analysis of an embedded cylinder in a semi-infinite medium
(Randolph & Wroth, 1978). The static model by Holeyman was improved by making use of a hyperbolic
non-linear stress-strain relation for the static case (Randolph & Wroth, 1978). Randolph and Wroth
(1978) assumed that the pile is rigid and shaft displacement is the integral of angular distortions of
concentric cylinders surrounding the pile. The soil elastic medium was divided into a half space taking
care of the pile base resistance and one layer taking care of the pile shaft friction (Figure 48). Holeyman
(1985) extended the model for de dynamic case by proposing shaft friction that consist of a non-linear
spring (hysteretic damping), a viscous dashpot and a radiation dashpot all connected in parallel (Figure
51). When the sum of all the forces has reached the slider strength (), which is equal to the ultimate
shaft friction in static loading (tgf) plus viscous damping, the slider becomes active what results in

slippage between the pile shaft and soil.
P
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Figure 48: Uncoupled model Randolph and Wroth (1978)

The displacement of the pile as function of the shear stress (1) in the static case is written by Randolph
and Wroth (1978) as follows:

T = Gmax " u (113)
s r
roln (ﬁ)
The obtained soil secant stiffness along the shaft becomes then:
K, = 5o Gmax (114)
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In which rp, is the empirical pile influence radius. Beyond ry, it is assumed that the shear stress

becomes negligible (Cooke, 1974). When variation of r,, with depth is ignored (Figure 49) and an
averaged value is taken, r,, becomes

ry = 2.5L(1 —vy) (115)
In case of heterogeneous soil profile the equation of ry, can be extended by (Fleming et al. 1992):
G G 116
I, = (0.25 + (2.5(1 — vy ) —maxl/z _ 0.25)£"’L> L (116)
Gmax,L max,b

In which Gray 1./2) Gmax 1. @nd Gmay 1, are respectively the shear modulus halfway the pile, immediately

above the bearing layer and of the bearing layer. The parameter r,, can be considered as a sort of pile
movement to strain ratio.

B 2 —— w
|
Figure 49: Hypothetical variation of ry, in the influence zone of the pile shaft (Randolph, 1977)
Figure 50 shows the linear elastic perfectly plastic t-z curve according to Randolph and Wroth (1978).

The equation can be extend for the dynamic case by including viscous damping (Cgy) and radiation
damping (Cgr). According to Holeyman (1988) the total soil resistance becomes

Tg =

G
1+Jg-v™)-u+ $ax-v < 14, (117)

The values for | and n are similar input parameters as used respectively in Smith (1960) and Simons
and Randolph (1985).
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Figure 50: Soil stiffness static case (Randolph and Wroth, 1978)

Kondner (1963) proposed a functional form based on hyperbolic law to describe the stress-strain

characteristics of soils, which was further improved by Duncan & Chang (1970) for static and quasi-
static behavior of soil.
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The stress-strain curves approximated in the hyperbolic form for soil during shear is given in equation
(117).
u (118)
1 u
_ + —_
Gmax Ts1

Tg =

Holeyman (1988) adapted the hyperbolic function for the shaft displacement by a iterative process.

G G (119)
T = ﬁax_h (1+]S-v“)-u+—\n;:x-v
roln ro—;:f
Ts

Holeyman (1988) stated that hysteretic damping depends on the stress path and is therefore not
associated with pile velocity. Nonlinear springs represent the nonlinear soil model in which a
hyperbolic function relates the shaft shear stress to the pile displacement.

o~ Ty

C
K s.R
: Cs."n.'

s~ S
Figure 51: Shaft model (Holeyman, 1985)

The strength of the plastic slider depends on both a static component and a viscous component based
on the rate of loading as in Randolph and Simons (1986). A value of n = 0.2 is commonly used. The
strength of the plastic slider is the sum of the static resistance and the viscous damping using Smith
empirical damping factor J. Pile penetration occurs when T3 > T4, with an active plastic slider.

TsL = Tsr(1 + s - V1) (120)

Faley and Carter (1993) and Faley et al. (1994) observed a much faster rate of shear modulus
degradation for normally and over consolidated sands than suggested by the hyperbolic model of
Kondner (1963). Randolph (1994) pointed out that the secant shear modulus of soils rapidly decays
with increasing shear stress. To capture this faster degradation of the secant shear modulus with
respect to the initial shear modulus (G,,,x), Faley and Carter (1993) proposed a modified hyperbolic

model. (I‘m)g f(rs)g (121)
o () ~fay
sf

In which f and g are empirical curve fitting parameters. The same modified hyperbolic model could be
applied at the pile base. The hyperbolic model is expressed as (Chow, 1986)
qp(1 —vs) (122)
g
4Gpmaxt (1 - f(%) )

Values for f ranges from 0.9 to 1 and g can be taken 0.25 for natural soils and 0.7 to 1 for remoulded
soils (Fahey & Carter, 1993) . Comparing a non-linear hyperbolic analysis with an equivalent linear
analysis the secant shear modulus at one-third of the maximum shear strength can be used (Randolph
& Wroth, 1978).

u=

R¢ (123)
G1/3 = Gmax(1 — ?)

In which R¢ is an empirical constant which is the ratio between the failure shear stress and the
asymptotic shear strength. Values for R¢ ranges from 0.5 and 1.0.
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Figure 52: Hyperbolic shear stress-strain curves with different R
As shown in Figure 53, the linear elastic perfectly plastic model, conventional hyperbolic model and

modified hyperbolic model have the same initial stiffness, but the proposed model by Fahey and
Carter (1993) degrades at a much faster rate than the conventional hyperbolic model (Pando et al.,

2006).
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Figure 53: Theoretically derived T-Z curve using concentric cylinders, and the modified hyperbola from Fahey and Carter
(1993)

5.4 Shaft model by Simons and Randolph (1985)

The proposed model by Simons and Randolph (1985) can be divided into two parts connected in series
(Figure 54). The first part represent a narrow zone in which slippage, plasticity and large deformation
occurs and representing the ultimate shaft resistance and viscous damping with a non-linear
relationship with pile velocity (Gibson & Coyle, 1968). The second part is beyond the narrow zone and
behaves elastically representing radiation damping in outer field. The first part consist of a plastic
slider and a viscous dashpot in parallel. The dashpot represent viscous damping and considers the
loading rate effect and is related to the mobilized static resistance. The plastic slider has a strength
equal to the local ultimate shaft friction (124) and only slippage occurs when the mobilized static shear
stress in the system is larger than the local ultimate shaft friction (tg = T¢¢). The viscous dashpot is
only activated when the strength of the plastic slider has been exceeded and pile displacement and
thus a velocity dependent force is generated by the viscous dashpot. The stress development in the
upper system (t4q) is given by equation (126) in which the total shaft resistance is sum of static
resistance (tgr) and a strength gain due to viscous rate effects (Tyisc)-

Tsp, = Tsf (124)
Tyisc = Mg " V'S (125)
Tg1 = Tgr + MgTgp - VTS (126)

In which mg and ng are input parameters for the viscous dashpot and representing the rate effect. A
value for the exponent ng ranges from 0.2 to 0.5 for all soils and m ranges from 0.3 to 0.5 for sands
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and 2.0-3.0 for clays. Several researchers came up with values for m and n after laboratory
experiments for both shaft and base for piles in clay and sand. Dayal and Allen (1975) and Heerema
(1979) did not observe any rate effects on the interface between steel and sand.

Reference Soil type \ mg my, ng n;,
Flemming Sand 0.25 0.12
(1958)
Coyle & Gibson | Sand 0.34-0.56 0.34-0.56 0.18-0.26 0.18-0.26
(1970)

Clay 0.95-1.55 0.95-1.55 0.11-0.25 0.11-0.25
Dayal & Allen | Sand 1 1 1 1
(1975)

Clay 0.93 0.49 0.34 0.23
Heerema Sand 1 1 1 1
(1979)

Clay 0.6-1.9 0.2
Litkouhi & | Clay 0.78-2.1 0.44-1.0 0.16-0.57 0.17-0.37
Poskitt (1980)
Randolph All soil types 0.2 0.2
(2003)
Brown (2004) Clay 1.26 0.34

Table 9: Proposed values for m and n after several experiments

Values for my, and ny, are applicable to the Deeks and Randolph (1995) soil base model in Chapter 5.7.
Lee et al. (1988) collected all the experimental data from previous researchers and found relatively
good correlation between the shear strength of the soil and the parameters mg and my,. The empirical
parameters mg and my, are lower for stiff and high strength soils. Lee et al. (1988) proposed a value
for both ng and ny, of 0.2 and independently of soil type. Values for mg and my, can be calculated by
the following correlation for clays

T
mg = 1.65 — 0.75(==) (127)
Tatm
my, = 1.2 — 0.63(=—=1) (128)
Patm

And for sands the following correlation
mp = 1.5 - 0.083(¢p — 30°) (129)

In which @ is the peak friction angle of sand. The multiplier mg could be ignored according to Lee et
al. (1988) and set to 1. In general, my, is lower than mg for piles in clay, indicating that the pile shaft is
more subjected to rate effects than the pile base. Furthermore, both values are higher in clays than in
sands because of the higher viscosity and plasticity of clays compared to sands. The parameters mq
and my, are similar to the Smith global damping factors ] and J;,, with the difference that loading rate
is highly nonlinear and better fits with measured soil stresses in the field during driving using a power
law on the pile velocity. On top of that, most research propose values for ng and ny, of 0.2 for all soil

types.

The second part consist of a spring and a dashpot in parallel. The spring is related to the purely elastic
behaviour and the dashpot represent radiation damping. The second part represent the soil outside
the shearing zone which has not reached a fully plastic state and remains elastic. Novak et al. (1978)
derived an analytical solution for the soil reaction on the shaft of a vertical vibrating rigid pile assuming
a thin elastic soil disk acting on a harmonically oscillating pile shaft.

(130)

. G .
Ts2 = (Ks + lcs) u= %:Z(Sml +iS42) U
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The terms S,; and S,,; are functions of a dimensionless frequency a, = % with angular frequency
S

w of a vibrating pile. Simons and Randolph (1985) found that S,; and S,,; can be approximated by
respectively T and 2ma,. The simplified spring constant k¢ and dashpot constant cg can be written as

TGy (131)
S 2mr,
_ Gimax (132)
o=
Vs
. TG max - Gmax v (133)

Ts2 = 21, " \'A
In the case that the sum of the resistances in the second part of the mechanical system do not exceed
the local ultimate shaft friction, represented by the plastic slider, the soil and pile move together.
However, when the mobilized resistance is larger than the local ultimate shaft friction, slippage occurs
between the thin interface shear band around the pile shaft and the outer field. Slippage is controlled
by the plastic slider and the viscous dashpot. A disadvantage of this model is that hysteretic damping
is not considered into the formulation.

. viscous dashpot
T = m,(v)"s

'
VIsC

plastic slider ~ '
T = Ty

j B radiation damping
linear spring =~ Gnax
_ HG]]'I".‘IK

, ==y,
* 2,

Figure 54: Shaft model proposed by Randolph and Simons (1986)

In 1985, Randolph and Simons used the soil reaction model at the pile base proposed by Lysmer
(1965).

10 4 [ -
_l"-r
-
4 El -"‘-_’.
ﬁ?i -~
= - -5l
-
@ 6 - s
-
L
-
4 -
pr
SUPPE IR S S S L e b
2 — 1 - |
= -
-
Lar
0+ 1
o 0.3 0.6 0.8 13 i 8 18 .

Figure 55: Parameters S,); and S,,; of a homogenous elastic soil medium under plane strain conditions (Novak et al.,
1978)
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5.5 Shaft and base model by Nguyen et al. (1988)

Nguyen et al. (1988) proposed a similar set up for a soil model in terms of springs and dashpots for
the shaft resistance as in the soil model by Holeyman (1985). The shaft model has one adaptation
compared to Holeyman (1985), whereby the plastic slider is not connected in series with the spring
and all the dashpots, but only connected with the spring (T, = T4¢). The setup of the base model is
identical to the shaft model. The shaft stiffness and radiation damping (Csr) are the same as in
Randolph and Simons (1986) in equation (131) and (132). The radiation damping at the base (Cy, g) is
equal to Lysmer’s analogy and disjoints from the system when 14 or qyy is reached. In addition to all,
a second dashpot is added and combines the hysteretic damping and viscous damping in the soil and
regroups it into one hysteretic dashpot (Cg i and Cy, ). The hysteretic dashpot considers energy loss
due to interparticle shearing (hysteresis) and the viscous dashpot the loading rate effects. Only pile
velocity is used in the model and does not take the relative velocity between pile and soil into account.
Hysteretic damping in the model is derived from the radiation damping constant multiplied with a
relevant damping ratio.

G (134)
CS,H = (s $ax = ZSCS,R
S
TG L 135
Cons = 4oty (22 )

In which (g and {, are the damping ratios for the shaft and base (Hardin & Drnevich, 1972). In the soil
model the soil shear modulus varies with shear strain amplitude, using a relationship derived by Hardin
and Drnevich (1972). L is the pile length, Gge( is the shear modulus for a certain strain amplitude and
Pp is the pile material density. The radiation damping for the pile shaft and base are given by

o Gmax (136)
S,R VS
. 3.413./0sGmax (137)
bR— — +_
’ 1—vg

Viscous damping is merely based on the empirical parameter and can be written in terms of Smith
damping factor, spring stiffness and quake values as (Table 6 & Table 7) and adds up to the plastic
slider strength.

Csy = Tor) - V" (138)

Cpv = qpe) - V"
The effect of viscous damping is sometimes also incorporated in the hysteretic dashpot by increasing

the damping ratio ¢ (Poulos et al., 2000). In the hysteretic dashpot at the pile base the maximum shear
modulus is replaced by the secant shear modulus. The secant shear modulus can be calculated by

Gsec _ 1 (139)
Gmax 1+ Yh
With yy, representing the hyperbolic strain
_p(X
Yh = l(1 + ae b(Yr)> (140)
Yr
In which y, is the reference strain,
_ Tmax (141)
yr Gmax
and y the strain amplitude:
B W% (142)
VS (Gmax)O'5
p

A simplified approach of the strain amplitude is based on the average velocity V}, of a pile element and
the shear wave velocity Vg in the soil (Nguyen et al., 1988). The pile velocity is obtained from the
numerical solution of the one dimensional stress wave in piles (Chapter 2) and shear wave velocity is
based on soil stiffness properties (Chapter 4).
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The two curve fitting parameters a and b are soil type dependent and varies with blow count number
(N) during pile driving.

Soil type Value of a Value of b
Clean dry sand —-0.5 0.16
Clean saturated sands —0.2log(N) 0.16
Saturated cohesive soils 1 + 0.25log(N) 1.3
Table 10: Values of soil constant a and b for hyperbolic shear strain yy, related to shear modulus (Hardin & Drnevich,
1972b)

The damping ratio { used in the formulation of the hysteretic damping is related to the shear modulus
by
4 Yh (143)

Zmax 1+ Yh
The values a and b in y, in the damping ratio formulation are calculated as follows:

Soil type Valueof a Value of b
1

1
Clean dry sand 0.6N"s — 1 1-N12
1 1
Clean saturated sands 054N"6- 09 0.65 - 0.65N"12
Saturated cohesive soils 14+ 0.2Vf olzf[e—c_n’)] + 2.256, + 0.3log (N)
Table 11: values of soil constant a and b for hyperbolic shear strain y}, related to damping ratio (Hardin & Drnevich,

1972b)

In which fis the frequency of the blow counts and & is the mean effective stress. The mean effective
stress can be calculated by using the coefficient of lateral earth pressure K.

' Vs )¢’ 144
:0(,+20{1:0(,+2K00(;:0V+2(1—VS)GV (144)

—r
%0 3 3 3

The maximum damping ratio (. is soil and stress state dependent and decreases with increasing
blow count number.

Soil type Value of (.« \
Clean dry sand 33 — 1.5log(N)
Clean saturated sands 28 — 1.5log(N)

Saturated cohesive soil
aturated conesive sots 31 — (0.3 + 0.003f) |5, + 1.5VF— 1.5log(N)

Table 12: Maximum damping ratio for different types of soils (Hardin & Drnevich, 1972b)

The shear strain during pile driving exceeds the limits of the small strain domain and therefore the
damping ratio increases significantly by a rapidly decreasing shear modulus. To incorporate the
damping ratio into hysteretic damping, the initial maximum damping ratio is used as shown in Table
12. The damping ratio for cohesionless and cohesive soils are taken respectively as {;,2x = 28% and
Cmax = 31%.
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Figure 56 shows that the damping ratio as function of the normalized shear modulus. As tends to

max

zero, the hysteretic damping ratio increases. A relative stiff soil will exhibits very low damping or
energy dissipation when subjected to dynamic loads.
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Figure 57: Damping ratio versus shear strain for NC clays and sand (Brennan et al., 2005)

The spring stiffness for the shaft is the same as in the model of Simons and Randolph (1985), but the
secant shear modulus is considered to account for soil non linearity

_ TiGsec (145)
S 2mr,
The spring stiffness for the base is the same as in the model of Lysmer (1965)
_ 41 Ggec (146)
b= — Vg

The generalized total soil resistance during dynamic loading for the shaft and base are respectively:
For T4 < g (OT qpy)

Ts =min (Kg-u,tg¢) + (Cy + Cy+ Cr) - v (147)
and for tg = T4 (Or qpf)

Ts = min (K¢ -u,tg) + (Cy + Cy) - v (148)

Once the ultimate shaft friction has been reached in plastic slider, slippage occurs and the radiation
damping dashpot disjoints from the system.
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Figure 58: Shaft and base soil reaction model by Nguyen et al. (1988)

5.6 Shaft and base model by Liang and Sheng (1992)

Liang and Sheng (1992) developed a theoretical expression for Smith quake and damping at the pile
base based on dynamical spherical cavity expansion theory and punching failure. The Smith shaft
guake was derived from the concentric cylinder model what was developed for static loading of piles.
Shaft damping was derived by using a semi empirical rate effect law. The damping and quake at the
pile base per unit pile length are respectively

_ 2r9ps Vpd (149)
Jo = g——=37— 1 Vpd
3QpLTrg Vpd
1+v (150)

Qp = >p 9bLTo
In which pg is the soil density, Tsf and qps are the ultimate shaft friction and limit base resistance in
static conditions, vpq and vpq are the pile penetration acceleration and velocity under dynamic
conditions. Young’s modulus is related to the shear modulus by E = 2G(1 + v). The base damping
coefficient increases when the pile penetration rate (velocity) and pile diameter increases. The
damping coefficient decreases when the static soil resistance increases. The shaft damping and quake
are respectively

KL Vpd (151)
Js = —logio [L]
pd ps
Tsflo . ['m (152)
Q= 2 12
® Gmax 18]

In which t¢¢ is the soil shear strength, G the soil shear modulus, 1y is the radius of the pile-soil interface
and ry, is the radius of influence. K{, is the soil viscosity coefficient, vpq and vy is the pile penetration
rate under dynamic and quasi static conditions. The quasi-static penetration rate, vy, can be
determined by using results from static load tests in which the Davisson’s failure criterion is used for
a pile with a diameter less than 600 mm

D (153)
X 3.81+ 120
Vps Ty T t
For a pile with a greater diameter than 600 mm the equation can be written as
x 0.033D (154)
VpS = - =
t t

The pile diameter D and the pile displacement x are in millimetres. The Davisson failure criterion
defines to the ultimate pile capacity by using the Offset Limit Method. The method defines the
ultimate load that corresponds with a displacement that exceeds the elastic compression line of the
pile. The ultimate load is regarded as the point in where the pile load-displacement curve meets the
elastic compression line of the pile.
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5.7 Base model by Deeks and Randolph (1995)

Deeks and Randolph (1995) improved the elastic base model proposed by Lysmer (1965) for plasticity
mechanism using a finite element analysis (FEA). Soil nonlinearity and hysteresis are not incorporated
in the soil model. The FEA was used to improve the rheological model. The base model is shown in
Figure 59. The base model is subdivided into three parts. The first and second part has similarities with
the shaft model of Simons and Randolph (1985). The base model also contains two masses what
represent soil mass inertia effects during failure mechanism.

The spring constant is the same as in Lysmer’s model
_ 4roGmax (155)
b= - Vg

The radiation dashpot constants C, and C; are respectively

4rg psGmax (156)
= g,

41‘% PsGmax (157)
= g,
With B, ranging from 0.75 to 0.87 and [3; ranging from 0.3 (for vg = 0) to 0.83 (for vg = 0.45). The
masses (mg) and (m,) are respectively

0

1

o Andes (158)
U v, 0
4rgps (159)
my = 1—v. Ve 51

Values for ag and oy ranging from 0.16 to 0.25. The masses never co-exist at the same time and
depends on the Poisson ratio vg. In case of undrained conditions (v¢ = 0.5) in saturated clays, m; = 0
and in drained or partially undrained situation (vg < 0.5) my = 0. In this elastic-perfectly plastic soil
model once perfect plasticity starts, the radiation dashpot C, diminishes to zero, but C; remains active
after the static base capacity has been reached (qp.1)- In part 2, a viscous dashpot is placed parallel
with a plastic slider representing the loading rate effect. The viscous part is equal as in the shaft model
from Simons and Randolph (1985).

dbf = 9bo.1 (160)

Qb2 = qbf + Mpqps - V"> (161)
The parameters m and n are similar as in Randolph and Simons (1986). Once the sum of radiation
damping and static resistance are larger than the ultimate base stress, slippage occurs. During slippage
the behaviour of the soil is controlled by the plastic slider and the viscous dashpot with an additional
inertial effect in part 3.

Part1

Figure 59: Base model by Deeks and Randolph (1995)
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5.8 Shaft model by El Naggar and Novak (1994)

To overcome the limitations of the soil model by Simons and Randolph (1985) regarding linear soil
behaviour, El Naggar and Novak (1994) added soil nonlinearity and hysteresis to the model. The shaft
model is divided into 3 influence zones: a thin shear band, inner zone, and outer field. The thin shear
band and linear outer zone are similar as in Simons and Randolph (1985). The inner zone is similar to
the stress-strain behaviour described by Kondner (1963). In the thin shear band, loading rate effects
(tyisc) are present and slippage can occur between pile and soil. Slippage occurs when the ultimate
shaft friction is reached t5;, = Tgs. Viscous damping is similar to Randolph and Simons (1986). The
total mobilized resistance in the shear band can be written as
Ts1 = Tsf + Tsf)s * V'S (162)

The inner zone is the zone where nonlinear soil behaviour by means of hysteretic damping occurs and
is represented by a nonlinear spring and additional dashpot (C). The additional dashpot is not further
specified by El Naggar and Novak (Poulos et al,. 2000), but can be taken as equal to the radiation
dashpot in the outer field (EI Naggar & Novak, 1994).

Gmax u (163)
. — C-
Tinner 1) 1.1[‘0 _ Tinner * v
To Tsf
In 1— Tinner
Tsf
During unloading the spring acts linear with a constant spring stiffness of
_ Gpax (164)
Ks = 1.1r,
roln (=
0 ( I, )
The spring stiffness in the linear outer zone is similar to Simons and Randolph soil model (1985).
_ TMGmax (165)
S 2mr,
The total resistance, including radiation damping in the outer field can be formulated as
- _ TMGmax - Gmax v (166)
outer ano VS
shan B
T'L"i!\'.'
|
— N7 7 N
T fon-livear fner one &\\\\é é&\\\\
Elasto-Plastic Outer Zone
Slip Zone Weak Zone
TLH.I'.I:‘:I'

inear outer feld

Figure 60: Shaft model by El Naggar and Novak (1994)
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5.9 Shaft model by Michaelides et al. (1998)

The proposed shaft model by Michaelides et al. (1998) is an extension to the shaft model proposed by
Novak et al. (1978) and more focused on vibratory driving. The model by Novak et al (1978) assumed
constant shear modulus and Michaelides et al. (1998) improved this by implementing the secant shear
modulus and a hysteretic damping ratio in the model due to shear modulus degradation during cyclic
loading of the soil. The cyclic strain amplitude decreases with radial distance from the pile and
therefore shear modulus and hysteretic damping is a function of radial distance from the pile. The
spring stiffness and one dashpot including both radiation and hysteretic damping. The spring stiffness
becomes (Michaelides et al., 1998).

1— 0.6A (wro)‘o-s (167)
K = 1.8Gpax L+ 05 wry 1—A\V;
s\ 2mr, A 1—1.2A

The parameter A represents the effect of the amplitude of the shear stress on the soil damping and
stiffness and w is the angular frequency of the vibratory hammer. The total damping constants

becomes
®r, (168)
/ 12y, minlBGmax (1+0.5 T )\
Cs = or oz5 T
wry WTIr
\(5%) )
wry

1—-0.84A[ 1+ 0.66log A

S

In which the first terms between brackets in equation (157) represents radiation damping and the
second term hysteretic damping. i is usually between 0.5% and 1%. A depends on the plasticity
index PI, ultimate shaft friction and initial shear modulus (Figure 61)

PI
A= 600 Tsf e(_1'39ﬁ) (169)

max

|:||:|I — M —— S— —
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Figure 61: Effect of plasticity on shear modulus degradation with strain amplitude
The soil model is complex and the plastic slider is limited to the ultimate shear strength at the pile soil
interface, tgf . In first instance, Michaelides et al. (1998) proposed that the plastic slider strength is

independent of pile velocity (only static resistance (tgf), but this can be changed to make it a function
of pile velocity as done by Simons and Randolph (1985) as in equation (126).
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Figure 62: Shaft model by Michaelides et al. (1998) (left) and shear modulus and damping ratio as function of radial
distance (right)
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5.10 Analytically derived quake values

The quake values are related to the linear elastic part of the elastic perfectly plastic soil models. Once
the quake value is exceed, plasticity starts. The spring stiffness is the yield stress divided by the quake
values. In the equations obtained by several researchers the following quake values were obtained.
The quake can only be related to the linear perfectly plastic soil models. In the analytically derived soil
models the quake value is also depended on pile dimensions.

5.10.1 Smith (1960) shaft and base quake

According to Smith the quake values is determined based on the maximum static soil resistance and
the stiffness of the soil. The quake is an empirically value and is differs per soil type. The stiffness of
the soil K is not based on geotechnical properties. The quake values were states as 2 to 2.5 mm for
both pile shaft and base quake in sandy soil, but with large variation to these values for piles in clay.

5.10.2 Randolph and Wroth (1978) shaft quake
Randolph and Worth (1978) proposed for the calculation of the shaft quake.

roT r
Ugs = —In (_m> (170)
’ Gmax Iy

The radius of influence ry, is calculated according to equation (116).

5.10.3 Simons and Randolph (1985) shaft quake
The proposed shaft quake according to Randolph and Simons (1986) can be evaluated as follows

U= 2rgTse (171)

Qs
Gmax

The quake value is not dependent of a pile influence radius.

5.10.4 Nguyen et al. (1988) shaft and base quake
The shaft and base quake according to Nguyen et al. (1988) becomes

FoTsf ( ) ] (172)
= In 2
Uas 2Gyax [ a *
_ 9oL (173)
Uap =%

In which Ky, is the stiffness at the pile base according to Lysmer (1965).

5.10.5 Deeks and Randolph (1995) base quake

The elastic limit of the base spring in the Deeks and Randolph base model (1995) is similar to
Lysmer’s spring model (1965) and the quake value can be written as

Apr(1 —vs) (174)

U b=
@ 4'Gmaxro
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6. Signal matching analysis

6.1 Signal matching procedure

When a hammer strikes on the top of a foundation pile, a compressive stress wave is induced and
travels down along the pile shaft to the pile base. As mentioned in Chapter 2, a displacing pile induces
friction at the pile-soil interface and the downward travelling stress wave is partly reflected. The
magnitude of the reflected upward travelling stress wave depends on the mobilized resistance. In
dynamic load testing, the upward travelling stress waves are indirectly measured at the pile head by
strain transducers and accelerometers. Based on the stress wave theory and method of
characteristics, the time at which the upward travelling stress wave arrives at the pile head can be
related to the location of the soil resistance and its distribution along the shaft and pile base based on
the solution of the one-dimensional wave theory and characteristic lines (Figure 4) based on stress
wave velocity and travel time in the pile. In signal matching analysis, the reflected upward travelling
wave is derived from the total measured force at the pile head according to equation (26). Signal
matching analysis is performed between the measured and simulated upward travelling stress wave
generated by the response of the TNO soil model and the match must be underpinned by a proper
match on both upward stress wave, pile displacement and pile velocity. To mimic the blow of the
hammer, the force in the downward travelling stress wave is used as signal input for the simulated
hammer blow in the signal matching software, AllWave-DLT, according to equation (20), (25) and (26).
Different soil models and input parameters generate varying mobilized soil friction and the objective
is to choose the best soil model parameters for the analytical TNO soil model that matches field
measurements with WEAP simulations. In signal matching the soil is modelled as a dynamic system
with springs and dashpots and in case of pile plugging an additional soil mass. By an iterative process
the software calculates the dynamic response of the soil by changing the soil model parameters and
calculates the signal matching quality between the measured and generated upward travelling stress
wave. The point of focus in this research is on the TNO soil model and its parameters (Chapter 6.5)
which has several parallels with the shaft model from Simons and Randolph (1985) and the base model
from Deeks and Randolph (1995) in which viscous damping is neglected. The procedure of signal
matching analysis is given in Figure 63.

Allnamics PDA-DLT AllWave-DLT
Lt e
:} Reality : measurements on building sitel Simulation : Computer model AllWave-DLT
I «~ I

1
I Measured Measured strain

]
:} acce\eration¢ 1 / )
| /‘Tl/ Pile model
] “Measured” velocity | “Measured” force I *

I 1 Soil model €—
I }: v

i I Run Allwave-DLT

I H *
]
Iff 1sitagood
| “Measured” upward wave —*l match? [ Calculated upward wave

Update soil models

yes no

Static shaft friction and toe resistance,
Static load displacement diagram

Figure 63: Overview of the DLT and signal matching procedure

The fundamental reason why a downward travelling stress wave is reflected is because of impedance
changes. Impedance changes can be caused by changing soil friction, pile dimensions or
discontinuities. To get a clear picture about real soil behaviour, the upward travelling stress wave
must be analysed with knowledge of the pile dimensions to extract the influence of the impedance
change by soil friction from impedance change from changing pile dimensions.
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6.2 Automatic signal matching theory

In signal matching analysis, relevant soil model parameters are changed iteratively until the simulated
soil response matches the measured response in the field during a dynamic load test. Automatic
matching is often used to obtain satisfied results in a much faster way than manual matching, but a
requirement is that the starting points of the soil model parameters in the TNO soil model are realistic
to soil investigation data. Automatic signal matching has three requisites. The first premise is that a
mathematic soil model must describe the pile-soil interaction with appropriate parameterization such
as a mechanical model consisting of springs, dashpots and masses. In AllWave-DLT and other WEAP
the method of characteristics and several analytical soil reaction models can be used. In this research,
the TNO soil model is chosen because of the mechanical model is based on theoretical formulations
for springs and dashpots in an linear elastic medium, compared to the empirical Smith soil model
parameters. Secondly an accurate and efficient computation algorithm must solve the boundary value
problems in the mathematical model whereby the model parameters are not allowed to deviate more
than the initial maximum and minimum value for a soil model parameter. In Allwave-DLT this is the so
called “forward” model (Esposito et al., 1998). At last realistic parametric values from site investigation
must be available, such as CPT(u) or SPT data, to start the automatic signal matching in a proper
direction. Given these conditions, a method was developed that would determine unknown or
uncertain soil parameter values in the model giving a good agreement between the forward model
and the measured signal. One of the premises of automatic signal matching theory is that it needs a
priori knowledge about the probable soil parametric values and predefined variability of those in a
specific soil layer. The starting values for soil model parameters for each layer can be estimated from
soil investigation data in combination with reasonable values for local shaft and base friction. One of
the objectives in this research is to verify if CPT-based axial pile capacity design methods (Chapter 4)
give realistic values for the initial starting values for local shaft and base friction in the TNO soil model
for signal matching analysis. A Kalman filtering is an optimal estimation algorithm which is used to
update the soil parametric values and their reliability each iteration. The method is schematically
shown in Figure 64. With the known downward travelling stress wave from the measured total force
by the sensors and initial soil parameters given by the user, AllWave-DLT calculates a simulated
upward travelling stress wave via a forward model. The derived upward travelling stress wave from
measurements and the simulated upward travelling wave are feed in the Kalman filter and based on
their difference, partial derivatives of the responses with respect to the soil parameters and
covariances concerning measurement errors and parametric values, a proper gain is calculated to
update the initial soil parameter values (Bielefeld & Courage, 1992). The procedure is repeated until
a predefined convergence criteria is met. This criterion can be a maximum amount of iterations, a
specific difference between measured and simulated upward response or small update of soil

parametric values.
| measurement forward model L — initlad parameters

estimated measured calculated partial

ermors siglna.l signal derivatives
v v Y _ v
Initial errors

‘: KALMAN FILTER < o parameters
’ updated errors 4 I

on parameters
-
updated parameters

Figure 64: Schematic flow chart for automatic signal matching

|

There is not a unique solution in signal matching analysis (Figure 65), but the goal is to obtain from a
range of solutions the best model parameters that matches the response of the soil model with field
measurements in terms of upward travelling stress wave in which both have the same downward
travelling stress wave as input into the soil model.
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Figure 65: Finding the best optimum in range of several solutions

6.3 Data acquisition PDA

Dynamic load testing is extensively performed throughout the world and embedded in Eurocode 7.
The method is recognized as a cost-effective and quick test for assessing pile capacity and load-
displacement behaviour. The reliability is lower compared to static and rapid loading, but ideal for
bulk testing and offshore monopiles. In DLT, the standard set-up is an instrumented pile head with
two strain transducers and two accelerometer at opposing sides of the pile. Caution is needed in data
acquisition to obtained workable data in which no eccentricity of the impact force is desired. Different
type of strain transducers and accelerometer are used, depending on the site conditions (Figure 66).
The impact on the pile head is provided by a drop weight or pile driving hammer. A downward
travelling stress wave is induced in the pile and sensors measure indirectly the upward and downward
travelling stress waves over time from the total stress recorded at the pile head. In case of very low
mobilized shaft friction in the upper part of the pile, the downward travelling stress wave is almost
equal to the total stress wave generated by the impact shown in second diagram in Figure 69.

Figure 66: Test set-up dynamic load test onshore (left) and offshore (right)

From the sensor recordings (Figure 67), strain and acceleration, the force and pile displacement can
be calculated by the equations (175) to (177).
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Figure 67: From sensor recording to stress wave analysis in AllWave-DLT
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F(O =E-A-e(t) (175)
v(t) = f a(t) dt (176)

u(t) = fv(t) dt = ﬂ a(t) dt (177)

The stress wave velocity and force in a pile are related to pile characteristics by means of so-called the
impedance, which is a function of pile dimensions and material properties of the pile. Variation in pile
shape can have a large effect on stress wave propagation throughout the pile (178) and thus on quality
of the reflected stress waves for signal matching analysis. Figure 68 shows an example of a pile with
changing impedance due to varying diameter and wall thickness over its length. Once the pile has been
installed and a dynamic load test is performed on the pile, not only reflected due to soil friction are
measured, but also reflections generated by impedance variations due to changing pile dimensions.

E-A
7 = =

E A A (178)

Figure 68: Pile impedance changes over its length

From the recorded stress wave, the upward and downward travelling stress wave are separated from
the measured signal according by equation (20), (25) and (26). In Figure 69 the result of separating the
downward travelling stress wave and the upward travelling wave from the total measured stress wave
over time is shown. Pile displacements are calculated by double integration of the measured
accelerations at pile head level. The blue line in the top figure is the total force measured at the pile
head according equation (175). The red line is the measured velocity multiplied with the known
impedance of the pile at sensor level. The velocity is obtained by single integration of the acceleration
according to equation (176). As long as there is no friction or impedance changes along the pile, the
downward travelling stress wave is not hindered and no reflections are generated. The total force lies
on top of the impedance times velocity line (Z - v) because the upward travelling stress wave is zero.
Once the two lines diverge it’s a sign of change in impedance due to soil friction or pile shape.
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Figure 69: Retrieving relevant graphs from signal data for signal matching analysis
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6.4 Pile modelling

Strain transducers are mounted to the pile head and converts the measured strains to stresses and
forces. The characteristics of the pile are important to related strains to forces and therefore the
modulus of elasticity is needed. The modulus of elasticity is mostly given by pile manufacturers.
Concrete behaves in a linear manner up to 40% of its ultimate strength. During static loading, the static
modulus of elasticity is slightly lower than the dynamic modulus of elasticity during dynamic loading.
Piled foundations are mostly made of prestressed concrete in which the pile is a combination of steel
and concrete. A typical stress-strain curve for concrete is shown in Figure 70. For steel piles the
modulus of elasticity is close to 210 GPa, but for pre-cast concrete piles it can vary around 40 GPa,
depending on several factors. The modulus of elasticity depends on the quality of the concrete, age of
the concrete, loading rate and temperature. The modulus of elasticity can be estimated by back-
calculating the stress wave velocity from the time elapse between the impact and a clear base
reflection and pile length.

o= 2L (179)
At
E=c?%p (180)

Calculation of the modulus of elasticity depends strongly on the determination of the stress wave
velocity and material density. Table 13 shows the commonly used moduli for different types of
foundation piles.

Material Modulus of elasticity Density
MPa Kg/m3

Steel 210.000 7.850

Old pre-cast concrete 40.000 > 2.500

(prestressed)

New pre-cast concrete 40.000 2.500

(prestressed)

Compacted cast-in-situ  35.000 2.500

concrete

Uncompacted concrete 30.000 2.300

Poor quality concrete 20.000 <2.300

Table 13: List of pile materials and elastic moduli

To prevent pile fatigue risk, the induced stress wave by the hammer blow must be within the elastic
range and below the yielding point in the stress-strain curve for steel and (prestressed) pre-cast
concrete, as shown in Figure 70.
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Figure 70: Stress-strain diagrams for concrete and steel
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The procedure to model the pile in AllWave-DLT is shown in Figure 71. The length of the pile in
AllWave-DLT is the length between the sensors at the pile head and the pile base.

foir. Pile Parts Data Input X
Derived Data
File ID IP"E— Total Mass of 1 Parts W [ka]
Tatal Mumber of Parts |1— Mass of this part W [ka]
Part Mumber |1— Total Length of 1 Parts ’W [m]
Start of this part from pile top W [mi]
Cross section type Square [solid) = Average cross section [D2m25  [m2]
“Wave speed ,W [mis]
Side Top W [m] Impedance W [tMs/m]
Side Bottam ’W [m] Stiffrness of this part ’W [tMAm]
Stiffness of this object ’W [tAM /]
[~ Toe different cross-section olume of this part ’W [md]
“olume of this object [5gz1a [m3]
Lenath of Part 25750 [ml Perimeter outside ’W [mi]
HMateril Conerete :|v Shaft area outside [51.7500  [m2]
Modulusz of Elasticity ,W [MPa]
Density ’W [ka/m3]
Far Allw'ave_DLT the tatal length of all pile parts should
corresponds with the measuring length by PDA or DLT. The
meazuring length equals the distance between the transducers
level and the pile toe.
ok Cancel

Figure 71: Input parameters for a (prestressed) pre-cast concrete pile modelling in AllWave-DLT

6.5 Soil modelling: TNO soil model
The TNO soil model is able to simulate the soil behaviour during dynamic loading in which the input
parameters in the soil model are based on mechanical parameters that can be related to geotechnical
soil properties. The general form the total resistance is a combination of the shaft and base resistance
and can simply be simply as

Ri=K-u+C-v® (181)
In the TNO model, the spring and dashpot are decoupled and damping resistance solely depends on
the pile velocity. The TNO model written in a more comprehensive manner to indicate the
geotechnical model parameters, gives for the total shaft resistance for both closed- and open-ended
piles
o~ e Gmax (182)

S 2mr, LA

The spring stiffness and plastic slider strength is similar to the spring model in Simons and Randolph
(1985). The exact formulation for the base resistance in the TNO model depends on the type of pile.
In generalized form, the total base resistance is given by

4Gpa<R 3.4R? (183)
‘u+

PGz * VE
1_VS 1_VS pmaXV

In which for the open-ended piles, the radius R or diameter D changes to equivalent values R* and D*.
For the static resistance, calculated by the linear spring by means of stiffness (K) and pile displacement
(u), the shaft friction is limited to the local ultimate shaft friction calculated by the design methods
and is denoted as yield stress in the TNO model. The dynamic part is described by radiation damping
constant (Cg and Cp). A specific formulation for viscous damping related to static resistance is
neglected in the TNO soil model and is replaced by only a decoupled radiation damping constant with
power alpha. The spring in the TNO model is linear, what means that hysteric or material damping is
also missing in the formulation and nonlinear soil behavior is excluded. In general « is set to 1 for the

69

dv =



shaft because of its minor impact on the damping resistance. No signal matching is performed on the
radiation damping constant at the base (Cy) and is fixed to the theoretical value by Deeks and
Randolph (1995) as mentioned in Chapter 5.7. The exponent a is set to 0.2 for the base radiation
damping constant according Deeks and Randolph (1995). The TNO soil model is a linear model in
which the model parameters can be quantified by geotechnical soil parameters. Geotechnical
properties of the soil can be obtained from relevant soil investigation data such as cone penetration
tests (CPT). The soil investigation data from CPT’s is converted into basic soil model parameters
(Chapter 4). In all the soil models in Chapter 5, the soil is represented by a mechanical system of springs
and dashpots and in case of a plugged pile an additional mass. The relevant parameters that define
the behaviour at pile-soil interface in the TNO model are the yield stress, loading/unloading quakes,
yield factor and a dashpots with a radiation damping constant combined with exponent a. The
objective is to relate the obtained quake and damping in the soil model after signal matching analysis
to soil stiffness parameters and radiation damping parameters related to geotechnical soil parameters
derived from CPT based correlation functions. Based on obtained quake values, back-analysis is done
on the soil stiffness degradation (Gg/Gax) during dynamic loading based on initial spring stiffness
formulation by Simons and Randolph (1985) for the shaft (Chapter 5.10.3) and for the base (Chapter
5.10.5) by Deeks and Randolph (1995). The obtained radiation damping constant is a dynamic property
of the soil and is related to its initial theoretical value (Gy,.x/Vs) based on site investigation data. After
pile driving and during loading the stress state in the soil has changed. A difference is expected to be
observed between the initial theoretical values based on CPT data prior to installation and the back-
calculated values for the geotechnical soil parameters quantifying the stiffness and damping in the
mechanical soil model. For the stiffness in the spring model, the initial shear modulus G, based on
CPT based correlations is expected to reduce to a secant or operational shear modulus Gg. The yield
stresses along the pile shaft and pile base, as described in Chapter 4, are in first instance respectively
similar to the calculated local ultimate shaft friction and ultimate base stress from the unified method
for driven piles in sand and clay, but refined during signal matching analysis. A yield factor specifies
the relation between the yield stress in compressional and tensional loading. The design methods
propose values around 0.75 for sand and clay, but this value is refined during signal matching analysis
and can slightly differ from values obtained from statically loaded piles. In Allwave-DLT the soil
surrounding the pile is subdivided into individual layers and for each layer soil model parameters can
be assigned based on geotechnical soil properties described in Chapter 4.

Shaft Model l Toe Model] Toe Layer Only ]
Shaft Model D ata
Layer Depth Thick “ield GQuake GQuake “ield D amping Power Added Outzside
Paint hesss Stress Walue 1 ‘Walue 2 Factor | Constant 1 Alpha Mazs Factaor
[ ] [m] [KPa] [mm] [mm] [ [kM=/m3] [ [kg/m2] [
Constant O O O O O O O O
Factor 1 1 1 1 1 1 1 1
1 Top 1.500 0720 1.0 20 20 0.741 1.0 1.000 0o 1.000
Bottom 0.780 9.6 20 20 0.746 28 1.000 oo 1.000
2 Top 0.720 1.950 9.6 20 20 0715 28 1.000 oo 1.000
Bottom 1170 a1 20 20 0.491 20 1.000 oo 1.000
3 Top 1170 2800 31 20 20 0.483 20 1.000 oo 1.000
Buottom 3670 4.1 20 20 0.430 25 1.000 oo 1.000
4 Top 3670 2140 41 20 20 0.487 28 1.000 oo 1.000
Bottom -5.860 5.1 20 20 0.488 22 1.000 0o 1.000
5 Top -5.860 2330 8.1 20 20 0.484 22 1.000 oo 1.000
Bottom -8.190 8.8 20 20 0.485 45 1.000 oo 1.000
5 Top -8.190 3.080 8.8 20 20 0.471 45 1.000 oo 1.000
Bottom -11.270 10.6 20 20 0671 w7 1.000 oo 1.000
7 Top -11.270 0140 10.6 20 21 0.742 w7 1.000 0o 1.000
Bottom -11.410 17.4 20 21 0.744 26.0 1.000 oo 1.000
g Top -11.410 0.730 17.4 20 20 0.703 26.0 1.000 0o 1.000
Bottom -12.200 120 20 20 0722 26.0 1.000 oo 1.000
9 Top -12.200 0.270 120 20 20 0.734 26.0 1.000 oo 1.000
Bottom -12.470 200 20 20 0.738 26.0 1.000 oo 1.000
10 Top -12.470 0.730 200 20 20 0.692 26.0 1.000 oo 1.000
Buottom -13.260 223 20 20 0702 a0.3 1.000 oo 1.000
1 Top -13.260 0.340 228 20 20 0.726 303 1.000 oo 1.000
Bottom -13.600 211 20 20 073 39.0 1.000 0o 1.000
12 Top -13.600 1.300 211 20 20 0.696 39.0 1.000 oo 1.000

Figure 72: An example of initial soil model parameters in the TNO soil model for the pile shaft in Allwave-DLT
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6.6 Limitations TNO soil model

The one-dimensional mass-spring-damper system, often used in stress wave analysis for pile
drivability studies, has several limitations. These limitations stem from its simplified approach to
modeling the complex phenomena involved in pile driving. Key limitations are:

Simplification of pile-soil interaction

The model typically assumes a linear, elastic interaction between the pile and the soil. However, in
reality, pile-soil interaction is highly non-linear and depends on various factors like soil type, pile
material, and driving method. The TNO model may not accurately capture complex behaviors such as
soil yielding, plastic deformation, or changes in soil properties due to repeated loading. Although,
experience shows that the simplified models, such as Smith and TNO, are capable of describing the
complex soil behavior during dynamic loading in a simple way.

Oversimplified damping representation

The damping in the model is typically represented by a single value, which is an oversimplification. A
physical parameter based on the shear modulus and wave velocity of the surrounding soil. In reality,
damping is a complex phenomenon influenced by factors like soil type, moisture content, and
frequency of the applied load. In elastic perfectly plastic soils, energy dissipation in the form of
damping occurs, but the mechanism and efficiency of this dissipation can be quite different compared
to other soil types The efficiency of the damping is discussed in Chapter 7.6.

Three-dimensional wave propagation

The TNO model typically considers only one-dimensional wave propagation along the pile's axis.
However, in reality, for large offshore monopiles and prefab concrete piles, wave propagation is a
three-dimensional phenomenon, with energy radiating outward from the pile in all directions.
Radiation damping is just one of several damping mechanisms in soils (others include material or
hysteresis damping, viscous damping, etc.). The interaction and coupling between these different
types of damping are not typically considered in the (mass)-spring-damper model. In the TNO model,
radiation damping is represented as a type of lumped damping constant, where the viscous effects
are characterized through an exponent that is related to the velocity of the pile.

Assumption of linear material behavior
The model typically assumes that both the pile and the soil behave linearly and elastically, which is

not always the case, especially under high strain rates during pile driving. Next to that, in case of high
internal damping of the stress waves in the pile, wave analysis based on method of characteristics
should be adapted for that. But in general, the time duration in which the signal matching analysis is
performed, mainly 2L/c, is that short than internal damping has a very minor effect on the stress
wave propagation and therefore wave analysis by means of method of characteristics.

6.7 Upward travelling stress wave

In signal matching analysis, the upward travelling stress wave is the underlying fundamental for pile
capacity estimations. The upward travelling stress wave contains the reflections from both shaft
friction and base resistance. In general the shape of the upward travelling stress wave, measured at
the pile head over time, can be divided into 5 relevant intervals as shown in Figure 73. In each interval
a specific part of the pile has its dominance in the signal.
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Figure 73: Effect of soil characteristics changes on upward travelling waves

Interval 1
In the first interval, no shaft friction acts on the pile and no reflections are generated. The first interval
represent the part of the pile above ground level or a very loose soil stratum.

Interval 2

The second interval reflections are visible due downward pile movement and increasing shaft
resistance. The stiffer and stronger the soil layer, the steeper the upward travelling wave. The shaft
resistance can be calculated by using information from the upward travelling wave. The derivation of
shaft friction (t5) at a specific time (t) and soil layer (x, — X;) along the pile measured at the pile head
can be calculated as follows:

F'(t,) = F'(t;) + AF' (184)
AF' = 14 2mR " (% — X4) (185)
_F(t) —F'(t) (186)

s = 2mR - (x5 — Xq)

Since

= 2x4 (187)

L =—

C

2X, (188)

TS

c
(2 =x1) =35 19l
2 1
T = 2(t, —t) " F'(t) — F'(ty) (190)
s 2mR ¢

In which F'(t,) is the force of the upward travelling stress wave at the end of change in slope, F'(t;)
is the force of the upward travelling stress wave at the start of a change in slope. AF" is the force
change in upward travelling stress wave between time of start t; and end t, of the slope. The starting
depth of a specific layer is x; and the layer ends at a depth of x,. The stress wave velocity is c and can
be back-calculated or estimated by using Table 13.
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Figure 74: Relationship between mobilized resistance and force of the upward travelling stress wave

Interval 3

In the third interval, the shaft friction causes also and upward movement of the pile because of
reflections generated along the pile shaft. The start of the upward movement of the pile head is
determined when the velocity changes sign.

Interval 4

In the fourth interval the base resistance starts to contribute to the upward travelling stress wave. A
reflection in the form of a tension wave can be seen as a dip in the upward travelling stress wave,
while a compressional stress wave gives a peak.

Interval 5
The last interval is a combination of reflections from the shaft friction and base resistance. The
influence of the damping constant and unloading quake in the soil models are relevant in this interval.

. 2L .
Ininterval1,2and3(t=0tot = 7) for most cases a more or less perfect match can be obtained. In
interval 4 is a good match more difficult because the base reflection are also present in the upward

. e . 3L .
travelling stress wave and some deviation is acceptable. From interval 5 (t = T) the calculated signal

should generally follow the measured signal, but more deviations are acceptable. In case the shaft and
base damping are too low, less energy is dissipated and strong reflections are still visible in the
beginning of interval 5. Increasing the radiation damping constants will results in more energy
dissipation and less strong stress wave reflections.

6.8 Validation of signal matching results

In a dynamic load test it is important that at least the soil resistance along the pile shaft has been fully
mobilized during the hammer blow. In general, the elastic limit or quake value of the soil around the
pile shaft is easily exceeded during an impact because of its relative low value and therefore small pile
displacements are needed to exceed that quake value. The quake value at the pile base can be much
higher and has to be exceeded to get permanent pile displacement. The criterium in signal matching
analysis is that the permanent pile displacement measured at the pile head must be underpinned by
a pile base displacement that exceeds the pile base quake, otherwise no permanent pile displacement
is possible. When the lower parts of the shaft springs are in tension and residual loads might be
present at the base, once the hammer blow has fade away the pile does not rebound to its original
shape and can lead to uncertainty in signal matching analysis. Residual loads are difficult to detect and
quantify by signal matching analysis and often a complete rebound is assumed. AllWave-DLT is able
to calculate the pile displacement at any pile level over time. The pile displacement at the pile base is
lower than at pile head, what is reasonable because the energy of the downward travelling stress
wave reduces due to soil friction and damping.
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7. Results and analysis

The purpose of signal matching analysis is to determine the bearing capacity of piles during a dynamic
load test and separate the mobilized capacity into contribution of shaft resistance and base resistance.
The hammer blow induces a downward travelling stress wave in the pile that travels along the pile
shaft to the pile base and once the stress wave experience static friction, damping or pile impedance
changes stress wave reflection occurs and an upward travelling stress wave is generated which travels
to the pile head again. Strain and accelerometers at the pile head measures indirectly the total force
via summation of the downward and upward travelling stress wave and the pile displacement over
time. Because stress wave reflection is caused when pile displacement dependent static soil friction
and pile velocity dependent damping acts along the pile-soil interface. The reflected stress wave
contains information about total generated resistance distributed along the shaft and base. As
described in Chapter 6, signal matching analysis attempts to match a simulated soil response by means
of a upward travelling stress wave with user depended soil model parameters with the back-calculated
upward travelling stress wave obtained from a PDA measurement. In this chapter, the results of signal
matching analysis are compared with CPT-based axial pile capacity design method calculations and
soil investigation data which form the basis how the main research questions are addresses. Chapter
7.1 and 7.2 describe the case studies used in this research and the signal matching results on the
closed-ended prefab concrete piles and the open-ended offshore monopiles. The focus in the first part
of the results from Chapter 7.3 to 7.5 is on the accuracy of the yield stress in the static part of the TNO
model in comparison to the calculated local ultimate shaft friction defined by the unified method for
driven piles in sand and clay with consideration of the setup effect. Subsequently, the spring model is
reviewed in terms of shear modulus reduction (G5 /Gp,ax) along the shaft which is back-calculated from
the initial soil stiffness based on CPT correlations for G,,,, and initial pile-soil interface stiffness
approach according to Randolph and Simons (1985) to derive the reduced operational shear modulus
and pile-soil interface stiffness based on obtained quake values (Uq,s)- In the second part of the results
in Chapter 7.6, shaft damping is considered in terms of the obtained radiation damping constant (Cs)
from signal matching analysis and is related to cone resistance value (qy), initial theoretical radiation
damping values calculated by using mechanical soil properties based on soil investigation data (C;)
and relative pile depth (h) and vertical effective stress (oy,). Finally in Chapter 7.7 and 7.8, the base
resistance is discusses in which the mobilized static base resistance derived from signal matching
analysis is compared to the calculated ultimate base resistance from the design methods.
Subsequently the base loading stiffness is defined by considering the obtained pile base loading quake
in the TNO soil model (Ug ;,) which is compared to its initial pile base-soil stiffness based on the pile
base model by Deeks and Randolph (1995). The loading quake at the base is compared with the failure
criterion defined for a pile base displacement of 0.1D (U 1). which is needed to achieve the ultimate
base capacity (qpo.1)- The main focus of the last part of Chapter 7 is to verify how applicable and till
what extend the linear spring model approach in TNO soil model is for dynamic pile loading is in order
to match a by nature nonlinear pile base behaviour in static loading.

7.1 Case studies

Signal matching analysis is performed on both dynamic load tests on closed- and open-ended piles.
The dynamic load tests are performed on 8 closed-ended prefab concrete onshore piles and 10 open-
ended steel offshore monopiles. The prefab concrete closed-ended piles are located at the
Nieuwesluisweg in Rotterdam and are part of the foundation for a series of onshore wind turbines.
The open-ended piles are located on three locations in the North Sea; one monopile in the German
territory, one monopile in the Dutch and eight monopiles in the United Kingdom part of the North
Sea. The tested piles are all part of major offshore windfarms. The pile in the German territory is part
of the DolWin wind farm, the Dutch one is part of Hollandse Kust Noord (HKN) and the monopiles in
the UK territory are part of the East Anglia One offshore wind farm.
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7.1.1 Site description
From site investigation a general soil profile for the closed-ended piles in Rotterdam is given in Table
14.

Level Description Consistency/Compactness
+2.0to -2.0 Backfill, heterogenous, mainly Loose to dense
SAND
-2t0-10.5 CLAY and PEAT, with sandy Very softto loose
interlayers
-10.5to -25.5 Clayey SAND with local peat or Loose to dense
clay layers
-25.5 to -40 SAND with local silt or clay layer Medium dense to very dense

Table 14: General soil stratification closed-ended piles in Rotterdam.

The open-ended monopiles in the Dutch and German territory of the North sea are largely located in
dense sands over the entire installation length. The soil profiles in the UK part of the North sea have
a larger variety with alternating sand and (stiff) clay layers. An approximate soil profile for the
monopiles located in the UK territory is described in Table 15. The deepest layers on the project site,
from -39 to 60 meters, can differ per location in which sand or clay is the dominant soil type. The
installation depth of the monopile varies per location and the pile base can be situated in the deepest
sand or stiff clay layer.

Level Description Consistency/Compactness
mudline to -11 SAND Dense to very dense sand
-11to -30 SAND with closely spaced beds Loose to medium dense sand
of clay and silt with very high strength to
extremely high strength clays
-30 to -39 SAND Very dense sand
-39 to -47 SAND with beds of clay / CLAY  Medium dense to dense sand

with very high strength to
extremely high strength clay

-47 to -60 CLAY with thin to medium beds Extremely high strength to
of sand / SAND with medium ultra-high strength clay.
beds of clay

Table 15: General soil stratification for open-ended piles in UK territory.
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Figure 75: Onshore wind turbine foundations at Nieuwesluisweg in Rotterdam (M1P25, M1P7, M3P23, M4P2, M4P13,
M5P19, M8P17 and M8P24)

Figure 76: Wind turbine location NZ NL part of OWF HKW
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Figure 78: Offshore wind turbine foundations part of East Anglia One OWF (NZ UK B04, C01, C11, D11, D14, D15, F23
and F24)
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7.1.2 Soil investigation data

Figure 79 shows the CPT based soil profiles for the prefab concrete closed-ended piles. Based on the
cone resistance and sleeve friction, the soil behavior type index I.. is defined. An I value below 2.95
simplifies the soil type to sand for which the unified method for driven piles in sand is used (SBTn zone
4-7). An I value between 2.95 and 3.6 indicates a clay soil and the unified method for driven piles in
clay is considered (SBTn zone 1-3). Values of I. above 3.6 indicates organic soils and values for local
ultimate shaft friction are estimated based by signal matching procedure. Appendix A shows the soil
classification over depth for all the piles.
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Figure 79: CPT profiles for closed- and open-ended piles
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The soil profiles based on CPT data related to the 10 offshore steel open-ended monopiles are shown
in Figure 80. The location NZ NL refers to monopile in the Dutch territory of the North Sea. NZ GE
refers to the monopile in the German territory and NZ UK B04, C01, C11, D11, D14, D15, F23 and F24
refers to the monopiles in UK territory of the North Sea.
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Figure 80: CPT profiles for open-ended piles

7.1.3 Pile dimensions and test dates

The closed-ended piles are prefab concrete piles vary in length from 23.25 to 29.25 meter with a
constant diameter of 450x450 mm. The elastic stiffness of the piles vary from 42 MPa to 43.5 MPa,
back-calculated from stress wave velocity and the duration of the stress wave for a clear pile base
reflection. Table 16 summarizes all the pile information, installation depth and measurement dates
for each pile. The restrike date for the majority of the piles is after 1 day of installation, but for a few
piles the setup times are 4, 5 or 57 days. The tested piles are part of onshore wind turbine foundations
and each wind turbine is supported by around 36 piles.

Pile name Base level [m N.A.P.] Penetration below Setup time [days]
ground level [m]

M1P25 -25.5 27.8 1

M1P7 -22.5 24.8 1

M3P23 -27.0 29.3 1

M4P2 -20.5 22.3 57

M4P13 -25.5 27.8 1

M5P19 -26.0 28.5 1

M8P17 -26.0 28.3 5

M8P24 -26.6 27.8 4

Table 16: Pile dimension for closed-ended piles in Rotterdam

82



The pile dimensions of the open-ended monopiles vary per project and location due to design
optimization. The variety can be assigned to outer diameter, number of steel sections and wall
thicknesses. At target depth, a dynamic load test is performed directly after end of initial driving (EOID)
and the restrike (RS) after a couple of hours. A summary of all the tested piles are shown in Table 17.

Pile name Base Outer Steel sections  Steel sections

level diameter 2 Top to bottom  wall thickness

below [m] [m] Top to Bottom

mudline [mm]

[m]
NZ NL -38.80 2.438 17.1/33 65/55 0.01 1.0
NZ GE -57.25 2.5 49.332/3/20 80/75/70 0.01 1.0
NZ UKB04 -43.22 2.5 8.775/6/29.225 54/44.5/38 0.01 0.17
NZUKCO01 -43.06 2.5 8.775/6/30.225 54/45/40.5 0.01 0.25
NZUKC11 -46.93 2.5 8.775/6/32.725 54/44.5/38 0.01 0.22
NZ UK D11 -49.25 2.5 8.775/6/34.725 54/45/40.5 0.01 0.37
NZUKD14 -36.12 2.5 7.775/6/21.725 54/45/40.5 0.01 0.33
NZ UKD15 -50.93 2.5 8.775/6/35.725 54/45/40.5 0.01 0.47
NZUKF23 -41.59 2.5 8.775/6/27.725 54/44.5/38 0.01 0.42
NZUKF24 -41.90 2.5 8.775/6/28.225 54/44.5/38 0.01 0.23

Table 17: Pile dimension for open-ended piles in North Sea sectors

In the design methods, the diameter of an open-ended monopile is converted to an equivalent
diameter in which an open-ended monopile has the same soil displacement during installation as an
equivalent closed-ended pile. For large offshore monopiles, in which full coring occurs, the equivalent

dia“leter beCOlIles
D = ’Dzo - DZO

For a squared prefab concrete closed-ended pile the outer diameter is set equal to a circular pile with
equal pile toe area as a squared pile.

LxB (192)

D*=D0=2* T

7.2 Signal matching analysis

In the TNO soil model the most important soil model parameters are the yield stress, quake value and
damping constant. For shaft radiation damping, the exponent of the velocity is set to unity for the pile
shaft and 0.2 at the pile base for both piles in sand and clay as proposed by Deeks and Randolph
(1995). Unity for the shaft velocity exponent has been chosen from experience and to reduce the
number of parameters in the signal matching process. In addition, the radiation damping constant at
the pile base is also fixed to the theoretical value according to Deeks and Randolph (1994) and because
of that merely the shaft radiation damping constant is varied in the signal matching procedure. In the
TNO soil model, the yield stress at the pile shaft is set equal to the local ultimate shaft friction obtained
from CPT-based design methods at the start of matching. The objective is to match the parameters of
the TNO model with the yield stresses as close as possible to calculations from the design methods
and with realistic values for the loading and unloading quake, yield ratio and damping such that a good
match is achieved between the simulated and measured upward travelling stress wave supported with
a fairly accurate match on velocity and displacement at pile head level. A relative small deviation
between the simulated and measured pile displacement is allowable because of integration errors
with double integration of measured accelerations.
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7.2.1 Signal matching results of closed-ended piles

In Figure 82 the best obtained signal matches are shown for each location. The first column shows the
force of the upward travelling stress wave which contains information about the mobilized soil
resistances and the second column shows the pile head displacements. The displacements are
calculated by double integration of the accelerometer mounted at the pile head. The pile head
displacement diagram plays a key role in determining a reasonable quake value for the pile base
model. A nonzero permanent pile displacement is only reached if the displacement at the pile base
has exceed the elastic limit or quake value at the pile base, when assuming complete rebound of the
pile at rest when the impact force has fully dissipated after hammer blow.
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Figure 81: Signal matching results for upward wave (left) and displacement (right) for closed-ended piles

7.2.2 Signal matching results of open-ended monopiles

In addition to the results in Figure 81, a similar matching procedure has been performed on the
offshore open-ended monopiles shown in Figure 82. In contrast with the closed-ended piles, each
monopile has been tested two times, at end of initial driving and a couple of hours later at restrike.
Figure 82 shows the best obtained signal match for each monopile on the force of the upward
travelling stress wave and pile head displacement. After some filtering, the signals for monopiles are
slightly more noisy because of higher degree of impedance changes along the pile due to changing
wall thickness and long cable lengths between sensors and pile driving recorder (PDR) affecting
electronical signal quality. A well observed soil strength gain between EOID and RS at the lower pile
sections and pile base can be observed for example at pile NZ UK D15. At end of driving the upward
travelling stress wave goes from a tensional stress wave to a compressional stress wave in a couple of
hours after installation. The increase in shaft resistance can be partly explained by setup effects, but
also caused by increased damping or higher soil stiffness when the results of the design methods are
adhered to.
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Figure 82: Signal matching results for upward wave (left) and displacement (right) for open-ended piles in the North Sea, NL, GE
and UK.
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7.3 Local ultimate shaft friction calculations by the unified method

As mentioned in Section 4.3, the unified method for driven piles in sand gives values for local ultimate
shaft friction for setup periods of 14 days. The set-up of shaft friction is not considered explicitly in the
method and the method is intended to provide an estimate of medium-term static capacity
corresponding to a set-up period of 2 weeks (median set-up time for the pile load tests in the unified
database). For driven piles in clay the unified method provides the local ultimate shaft friction for
piles with at least 80% of consolidation. During dynamic loading of the pile, it is assumed that the yield
stress by means of a plastic slider in the mechanical TNO soil model (Chapter 2 and 5) represents the
calculated local ultimate shaft friction obtained from the unified CPT based axial pile capacity design
methods with corrections for setup periods for sand and clay (Section 4.6). Soil investigation data for
the offshore windfarms in the Dutch and German territory of the North Sea indicates merely sandy
subsoils, but in the UK sector of the North Sea the presence of some very stiff clay layers are observed.
Soil investigation data from the UK territory also provide information about the undrained shear
strength of these clay layers. In case a plausible signal match was only possible if very high local shaft
friction had to be applied and high damping constants were not sufficient to explain the high shaft
resistance a decision was made to take the yield stress in the TNO soil model close to the undrained
shear strength from the provided lab test results. It was observed that for the deep stiff clay layers
near the pile base, local ultimate shaft friction close to the undrained shear strength increased the
matching quality significantly rather than increasing the damping constant in order to increase the
shaft resistance. The distribution of local ultimate shaft friction for all the piles in Figure 83 are with
predefined setup periods as formulated by the authors of the unified CPT based axial pile capacity
design methods for piles in sand (2 weeks) and clay (80% consolidation). In order to start the signal
matching procedure in Allwave-DLT after a dynamic load test is performed at end-of-initial-driving
(EOID) or restrike (RS), a setup factor is applied to correct the initially calculated local ultimate shaft
friction for EOID and RS to represent the estimated in-situ soil friction properly in the TNO soil model
for that short setup period. The setup factor for piles in sand at EOID (t = 0.01) is about 0.69 and at
restrike at 1 day after driving (t = 1) is 0.74 in accordance with equation (93). The setup factor for the
clay layers is not only a function of time but also depends on pile dimensions and plug length ratio as
formulated in equation (95).
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7.4 Shaft yield stress deviation from local ultimate shaft friction

As starting point for the yield stress in the TNO soil model, the local ultimate shaft friction calculated
by the unified methods for piles in sand and clay has been considered. The unified methods are the
latest developed CPT-based bearing capacity methods in industry in 2022. The coefficient of variation
for total capacity based on the unified method is in the order of 20% to 25% (ASCE, 2020). Figure 84
shows the statistics of commonly used empirical methods for total pile capacity calculations and the
recently improved unified method. The calculated values for pile capacity by the unified method is
based on (average) cone resistance values q., interface friction angle between pile and soil @y,
degree of soil displacement or plugging PLR, influence of relative pile base depth h, changes in radial
stress during loading Ao.q4, initial radial stresses o,.. and pile dimension D/t (Section 4.3). Pile
dimensions, relative pile depth and cone resistance are fixed values, while the other parameters
depends on correlation functions in relation to the cone resistance and pile dimensions. In particular,
the interface friction angle between pile and soil must be estimated by correlation functions between
the cone resistance. Due to method uncertainty in estimating the pile axial capacity, the applied yield
stresses in the TNO soil model are allowed to vary within an acceptable range from the calculated local
ultimate shaft friction obtained from the design method. The soil around the pile is subdivided into
sand and clay layers and the number of layers i.e. datapoints in this research are respectively for sand
and clay 486 and 92 for the closed-ended piles and for the open-ended monopiles respectively 852
and 76. The number of datapoints for clay layers are relative limited compared to the set of datapoints
related to the sand layers, because monopiles are preferably constructed in stable and predictable
soils in the North Sea. On top of that, the relative constant cone resistance for the clay layers resulted
in thicker layers whereby the number of distinguished clay layers reduces.

[Method |, | o, | CoV, | Rangeofvaliity |

1.48

1

024 0.23 All
Figure 84: Method uncertainty for total capacity calculations for several empirical methods (ASCE, 2020)

In Figure 85, the deviations between the calculated values for local ultimate shaft friction from the
unified methods (tsf) are compared with the obtained yield stresses (F, in Chapter 3.1) after signal
matching analysis with the highest matching quality for both closed- and open-ended piles for each
pile-soil element. The local ultimate shaft friction is corrected by a setup factor for each pile depending
on duration between installation and testing and soil type. Figure 85 shows the deviations plotted
against relative pile depth h/R* to compare the results at similar friction fatigue levels. The top scatter
plot in Figure 85 shows the deviations for the closed-ended piles and the lower scatter plot the
deviations for the open-ended piles. Figure 85 shows that for almost all closed-ended piles, the
obtained yield stresses are within a range of -15% to +15% from the calculated local ultimate shaft
friction regardless relative pile depth. The positive deviation for restrike at 1 day after installation for
sandy layers show that the yield stress appeared to be higher than the calculated local ultimate shaft
friction. After pile driving, the soil around the pile may be compacted and densified due to the dynamic
loading from the hammer blows. This densification can result in increased shaft friction and end
bearing capacity of the pile, leading to higher initial pile capacity than what would be predicted based
on initial soil conditions. Over time, as the soil around the pile gradually returns to its natural state,
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the stresses and pore pressures may readjust. Opposite to that, mainly negative deviations are
observed for all other restrikes days (4,5 and 57) regardless soil type. The yield stress of the clay layers
mainly vary between -5% and -20% from the calculated values, but do not show any switch of sign in
deviation after longer setup periods as can be seen for the sand layers at 1 day after installation. It
seems that the clay layers do not recover some of their shear strength at the same pace as the setup
correction suggests after installation effects diminish. In general for the pile shaft in sand, the
calculated local ultimate shaft friction underestimates the yield stress at 1 day after installation, but
overestimates the yield stress once the setup period is longer. Increasing or decreasing the shaft
friction and decreasing or increasing the shaft radiation damping constants did not overcome the
under- or overestimation of the local ultimate shaft friction and reduced the matching quality
significantly once pile base reflection should be dominant (signal period 4 & 5 in Chapter 6.6).
Increasing the radiation damping constants along the shaft causes a higher dissipation of stress wave
energy in the surrounding. As a consequence, the energy of the downward travelling stress wave
reduces significantly and mobilize less shear friction near the pile base resulting in lower permanent
pile displacement. The lower scatter plot in Figure 85 shows the deviations between the TNO soil
model and design method calculations for the open-ended piles in the three different regions in the
North Sea. The yield stress deviations are equally distributed within a range of -10% to +10% from the
calculated local ultimate shaft friction regardless soil type and time of restrike. There are a few
extreme deviations visible in the scatter plot, but these outlier are mainly caused by lack of continuous
CPT data over depth for the monopile in the Dutch Nort Sea. Summarized, the deviation between the
yield stress in the TNO soil model and the calculated local ultimate shaft friction by the unified method
are within an acceptable range of uncertainty as mentioned by the authors of unified CPT-based axial
pile capacity design method for driven piles in sand and clay (Figure 84).
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Figure 85: Local shaft friction deviations between unified method and signal matching for closed-ended (upper) and
open-ended piles (lower)

7.5 Shaft quake values and shear modulus reduction

The quake value determines the elastic range of the elastoplastic springs in the TNO soil model. When
the displacement between the pile and soil is larger than the quake value, all the available static
resistance is activated and the yield stress in the TNO soil model has reached the maximum value. The
soil changes from elastic to plastic behaviour and slippage between pile and soil results in a permanent
pile displacement. In the asymmetric elastoplastic model, a loading and unloading quake must be
defined. From experience a loading and unloading quake around 2 to 2.5mm is commonly used in
practise for the shaft spring. In Figure 86 the obtained loading quakes after signal matching analysis
are shown for the closed- and open-ended piles at end of driving and restrike. All the restrikes on the
open-ended piles are performed within a couple of hours after driving and therefore clustered. The
scatter plot shows that the loading quakes for both closed- and open-ended piles are close to the
proposed range of 2 to 2.5mm for impact driving and are soil type independent. Slightly more
spreading is observed for the open-ended piles, but still in a range from 2 to 3 mm for the pile shaft
and closer to the pile base the scatter becomes larger. An explanation for the larger deviation for the
open-ended piles might be caused by the high embedment of the monopiles with significant stresses
acting on the lower pile shaft and base which could result in the presence of post-driving residual
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stresses or not a full mobilization of lower shaft resistance. Relative low quake values could be due to
locking in of residual stresses after driving, where the soil close to the pile base did not fully rebound
and remained in a state of incomplete unloading with compressive stresses and negative skin friction
in the upper parts of the pile. Reloading a soil in compressional state during dynamic loading reduces
the pile displacement that is needed to reach the yielding point and the obtained yield stress and
loading quake seems to be reasonable lower for the bottom parts of the shaft. On the other hand,
the soil that experience negative skin friction (upper pile shaft) needs more pile displacement to fully
activate the shaft friction during a restrike and to reach the yielding point whereby a higher loading
quake is expected and could be higher than usually values about 2.5 mm in the upper parts of the pile.
In Section 4.8 the relation between residual stresses and the spring model are discussed in more detail.
The variability of the quake values can also be the result of different soil conditions. Factors that affect
the quake values are soil stiffness and density; stiff and dense soils like dense sands tend to provide
more resistance to driving, resulting in reduced pile displacement or quake value. Softer soils like
normal consolidated clays allow more pile displacement to achieve full resistance.
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Figure 86: Loading quake values obtained after signal matching analysis for closed- (left) and open-ended piles (right)

In Figure 87, the unloading quakes for the shaft are given for the closed- and open-ended piles. The
unloading quakes for the closed-ended piles show similar values as for the loading quake and remain
around 2.5mm. Unloading quakes close or equal to 2.5mm could be an indication of absence of
residual stresses in the soil. After each hammer blow the soil is expected to rebound completely from
its elastic regime and allows the pile to recover to its original shape if no residual loads are active. In
the scatter plot of the unloading quakes for the open-ended piles a large scatter is visible with most
of the unloading quakes distributed between 0.1 and 3 mm. An explanation for a very low unloading
qguake value could be that the unloading stiffness of that particular dense soil layer is very high and
the pile displacement needed to go from a state of compression to a state of tension is very small.
Another explanation could be that very low values for unloading quakes at high values for h/R* can
indicate the presence of negative skin friction in the upper part of the pile shaft where a relative small
pile displacement is needed to reach fully negative yield stress i.e. unloading branch in the tensional
phase of the spring model. In general the closed-ended piles show quake values close to commonly
used values, but for open-ended piles the quake values can vary widely and might indicate the
presence of residual stresses or very stiff and dense sandy soils with complex stress distribution
directly after driving.
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Figure 87: Unloading quake values obtained after signal matching analysis for closed- (left) and open-ended piles (right)

Simons and Randolph (1985) defined the spring parameters in the mechanical model with clear
physical meaning in which the soil shear stiffness is a function of the operational shear modulus and
the pile radius as mentioned in Section 5.4 by equation (131). Dividing the yield stress over the loading
qguake gives the local operational soil shear stiffness from the spring model and enables to back-
calculate the operational shear modulus (Gg) at time of end of driving and restrike. Due to cyclic
loading and installation effects on the soil during pile driving, the initial soil shear stiffness is expected
to reduce and shear modulus reduction occurs. In Figure 88, shear modulus reduction is plotted
against relative pile depth. The initial shear modulus, Gy,.x, is calculated by CPT-based correlation
functions for sand and clay (Chapter 4.5.1). The operational soil shear stiffness must be scaled with
the equivalent pile diameter in order to get the derived operational shear modulus. The equivalent
diameter for the closed- and open-ended piles are respectively 510mm (450x450) and around 620-
720 mm, depending on wall thickness and diameter of each section of the monopile. The shear
modulus reduction curve for the closed-ended piles (Figure 88, top) shows that closer to the pile base,
the normalized shear modulus is higher. This in line with expectation that the soil closer to the pile
base has experienced less cyclic shearing and material damping and therefore the reduction of the
initial shear modulus is relatively lower than soil closer to ground level. Furthermore the restrike on
the closed-ended pile with a setup time of 57 days (red triangles) show even less shear modulus
reduction than the piles with lower setup period. This might indicate some soil stiffness recovery
resulting in a higher operational shear modulus in the setup period after driving. A clear degradation
pattern for the shear modulus for the open-ended piles is not observed (Figure 88, bottom). A few
outliers show a very high operational shear modulus for the middle clay layers and the sand layers
close to the pile base, but this might be respectively the consequence of undrained loading in which
the yield stress is close to a very high value for the undrained shear strength of the soil or of residual
stresses. In general, the normalized shear modulus reduction for the closed-ended pile is about 5% to
10% for the upper and middle part of the shaft and reaches values up to 40% very close to the pile
base. The shear modulus reduction for the open-ended piles do not show any relation with relative
pile depth and ranges between 5% and 15% for the entire shaft regardless soil type.
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Figure 88: Back-calculated operational shear modulus for closed- (top) and open-ended piles (bottom) for during loading
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7.6 Shaft radiation damping constant with geotechnical correlations

In the TNO soil model, shaft damping is defined as the shaft radiation damping in the shaft model
proposed by Simons and Randolph (1985). All the damping is combined into one radiation damping
constant and a contribution of viscous damping is neglected, because radiation damping is the
dominant factor in controlling the dynamic resistance (Fakharian et al., 2013). The input for the shaft
radiation damping constant is the shear modulus Gp,,x and the shear wave velocity Vs. Due to
installation effects, equalisation and reloading, the actual shaft radiation damping at the pile-soil
interface in the TNO soil model is different compared to the initial shaft radiation damping assumed
in the outer field of the pile-soil system proposed by Simons and Randolph (1985) in a perfect elastic
medium. In the TNO soil model the shaft radiation damping is a sort of lumped damping term
combining the damping in all zones in the pile-soil interface. The radiation damping term in the soil
model accounts for radial stress wave propagating in the soil surrounding the pile. The exponent a
linked to the pile velocity in the radiation damping constant is set to 1 for both sand and clay what
makes it a linear damper. Besides that, it reduces the number of variables in the signal matching
analysis. The exponent had no meaningful effect on the dynamic resistance if a is between 0.6 and
1.0. Furthermore the pile velocity decreases at higher penetration depths because of energy loss by
friction and damping whereby the effect of exponent on the magnitude of the damping force also
reduces.

7.6.1 Shaft radiation damping and relative pile depth

On the basis of signal matching analysis, the shaft radiation damping constants for all soil sublayers
along the shaft are determined by an interactive process to define the parameter in the TNO soil model
such that the highest matching quality is achieved with field measurements. In general, as the pile
depth increases, the shaft radiation damping constants tends to increase as well. The obtained shaft
radiation damping constant (C5) and the normalized radiation damping constant (Cs/C;) plotted
against relative pile depth are shown in Figure 89, respectively left and right. The shaft radiation
damping constants for the closed-ended pile show a tendency to increase with depth with a clear
linear trend, if the upper layers are not taken into consideration. The clay and peat layers at the upper
part of the pile do not show meaningful damping and almost no driving energy is dissipated by these
upper layers. The Figure show that a relative short setup period of a couple of days seems to have a
limited effect on the shaft radiation damping constant at similar relative pile depth. On the other hand,
a relative long setup period with a restrike at 57 days after installing show higher radiation damping
constants for the sand layers surrounding the closed-ended piles closer to higher end of the range
around the linear proportional trendline with damping versus depth. The clay layers do not deviate
significantly from the overall trend in which the sand layers are dominant because of the number of
datapoints. An slight increasing linear trend between the shaft radiation damping constant and
relative pile depth can also be observed for the open-ended piles but with larger scattering at
increased penetration. A large difference in magnitude of the radiation damping constants between
the closed- and open-ended piles at equal levels of relative pile depth can’t be concluded based on
the results. A main reason for this could be that the radiation damping constants for the open-ended
piles are slightly lower because of a lower setup period in comparison to the closed-ended piles. The
right charts in Figure 89 show that the initial calculated radiation damping constants by equation (132)
are too high when taken directly into the signal matching analysis resulting in extreme overestimation
of the dynamic pile resistance. Therefore the magnitude of the initial shaft radiation damping
constants have to be reduced significantly to obtain reliable matching results. The normalized
damping constants have some in common with the damping ratio related to an underdamped system.
Underdamping because of the fact that the actual damping of the soil is much smaller than the initial
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damping proposed in the Simons and Randolph (1985) shaft model. The proposed initial shaft
radiation damping constant from equation (132) leads to an extremely overdamped system that is not
in line with obtained field measurements i.e. upward travelling stress wave. Regarding the closed-
ended piles, a linear trend between the normalized radiation damping constants and relative pile
depth is also present, but for the open-ended piles this trend does not remain in place. The increase
in actual radiation damping for the open-ended piles does not follow the increase in initial calculated
radiation damping, probably due to the greater influence of installation effects present at moment of
testing. The actual radiation damping over the initial radiation damping varies within a bandwidth over
relative pile depth, without a clear linear proportional trend as observed for the closed-ended piles.
The ratio of the normalized shaft radiation damping constants in relation to relative pile depth are for
most sublayers within a range of 1% to 20% of the initial calculated radiation damping constants. The
large scatter without a clear trend between relative pile depth and normalized radiation damping
constants might also be caused by changing wall thicknesses of the steel sections what might affect
the radial stress wave propagation. In absolute terms, for both types of piles, the shaft radiation
damping constants shows an increase in magnitude with increasing depth, but with larger scattering
for the open-ended piles. On top of that the setup periods also seems to be an important factor on
the magnitude of the shaft damping constants.
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Radiation damping C, [kNs/m?3] Normalized radiation damping constant
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Figure 89: Shaft radiation damping constant (left) and normalized shaft radiation damping constant (right) for closed-
(top) and open-ended piles (bottom) against relative pile depth
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7.6.2 Shaft radiation damping and vertical effective stress

Another approach to relate the shaft radiation damping to relative pile depth is by looking at the
correlation between vertical effective stress and shaft radiation damping constants. As vertical
effective stresses increases, the horizontal effective stress acting on the pile shaft should increases
and the soil tends to become stiffer, resulting in higher shear wave velocity and higher energy
dissipation outwards from the foundation pile. The vertical effective stress influences the contact
between soil particles and affects the effectiveness of energy dissipation, thus impacting the damping
characteristics. Figure 90 shows the relation between vertical effective stress of the soil surrounding
the pile and shaft radiation damping constants for both closed- and open-ended piles. The upper plot
shows a clear trend for the closed-ended piles in which increasing vertical effective stress results in
higher radiation damping constants for both sand and clay layers. The best fitted trendline between
the vertical effective stress and radiation damping constants are given by a power function (Table 18).

Pile Type Formula Reliability
Closed-ended sand Cs = 0.022(o),)6* 2=10.75
Closed-ended clay Cs = 0.0001(c})?° 2=095

Table 18: Equations and reliability for shaft damping for closed-ended piles in sand and clay as function of vertical
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The equation which relates the radiation damping constants for the clay layers with the vertical
effective stress for closed-ended piles show a relative high R-squared of 0.95, suggesting a strong
correlation between those two variables. The goodness-of-fit of the power trendline for the sand
layers surrounding the closed-ended piles is lower, but the quality of the trendline gives a R-squared
value of 0.75, indicating that the higher the vertical effective stress, the higher the radiation damping
constants along the shaft, but with a bit more variability. An increasing trendline between vertical
effective stress and shaft radiation damping constants for open-ended piles are not visible at all in
which the damping constants remain in a bandwidth independent of vertical effective stress.
Comparing the radiation damping constants for closed- and open-ended piles at similar vertical
effective stresses levels do not show equal magnitudes of radiation damping, indicating that the stress
state after installation plays an important role. In general, the shaft radiation damping constants for
the monopiles remain close to a range of about 0 to 100 kNs/m? from mudline up to 500 kPa vertical
effective stress. When the vertical effective stress is higher than 500 kPa the damping constants also
increases. The increase in radiation damping constants in relation to vertical effectives stress appears
to start at relative lower vertical effective stress for closed-ended piles than for open-ended piles. An
explanation for this might be that soil layers at equal vertical effective stress have experienced more
cyclic shearing and distortion for open-ended piles than for closed-ended piles. An explanation for the
relative higher damping constants for the closed-ended concrete piles compared to the open-ended
steel piles could also be due to the pile material whereby surface roughness is an important factor.
The higher surface roughness for the prefab concrete piles could increase the resistance to pile motion
and promoting the transmissibility of the stress wave energy into the surrounding soil. A kind of
roughness factor can be incapsulated in the obtained shaft radiation damping constants in the TNO
soil model after signal matching analysis. In addition, the dynamic load tests on the open-ended piles
were directly performed after initial driving and a restrike after a couple of hours, whereby the soil
damping characteristics could be much more affected by installation effects including pore pressure
dissipation and soil relaxation. The closed-ended piles have larger time period between installation
and testing and gradual recovery of the damping properties have led to an increase of radiation
damping constants.

7.6.3 Shaft radiation damping and yield stress

As mentioned in Chapter 3.2 radiation damping in the soil models is part of the outer field of the pile-
soil system. The correlation between yield stress and radiation damping is not a direct relationship.
Yield stress is a mechanical property of a material that represents the stress at which it undergoes
permanent deformation or yielding. On the other hand, radiation damping is a damping characteristic
related to the dissipation of energy in the soil during pile driving. As mentioned in Chapter 6.5, viscous
damping is decoupled from the static resistance in the TNO model, while in the shaft model proposed
by Simons and Randolph (1985) viscous damping is certainly correlated with the static resistance i.e.
yield stress. To examine if the derived shaft radiation damping constants show any correlation with
the yield stresses, the two variables are plotted against each other in Figure 91. It seems that the best-
fitted trendline between radiation damping constants and yield stresses for the sand layers around
the closed-ended piles fit with a logarithmic function, while as the setup period increases, this fit to a
logarithmic trendline diminished for 4 and 57 days and the damping constants show no increase as
yield stress increases. A logarithmic trendline is a best-fit curved line that is most useful when the rate
of change in the data decreases quickly and then levels out, what is well observed for the sand layers
with a restrike of 1 day. The plot also shows that on average the setup period has an positive effect
on the magnitude of the radiation damping constant at similar yield stresses and suggest some time
effect on soil radiation damping properties. The clay layers show also a logarithmic trend with similar
reliability as for the sand layers, but it must be noted that the number of data points for the clay layers
are limited. Regarding the open-ended piles, the correlation between yield stress and shaft radiation
damping constant show a more linear trend, but also with a moderate reliability as for the closed-
ended piles. The clay layers around the monopile show the highest reliability and fit to the linear
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trendline with a R-squared of 0.75 slightly higher than the rest. As described in the soil model by
Simons and Randolph (1985) in Chapter 5.4, viscous damping is the only type of damping that is
coupled with the static soil resistance. Figure 91 shows a small prove of viscous damping in case the
yield stresses are linked with the shaft radiation damping constants, but a moderate R-squared does
not automatically mean causality. In general, the yield stress is related to the strength of the soil and
not directly linked to radiation damping, but Figure 91 show some positive correlation between these
two variables whereby the correlation for the closed-ended piles fits the best to a logarithmic
trendline, whereas the open-ended piles fits the best to a linear trendline. In addition, setup seems to
have also its influence on the damping constants, because at similar yield stress the magnitude of the
shaft radiation damping constant is higher with a longer setup period.

Yield stress [kPa]

0 100 200 300 400 500 600
500
RS day 1 sand
° RS day 1 clay
400 A
A A RS day 4 sand
A o RS day 4 clay

300

>

RS day 5 sand

® RS day 5 clay

>

RS day 57 sanc

© RSday57clay

Radiaton damping C, [kNs/m3]

......... Log. (Clay)

Log. (Sand)

Yield stress [kPa]
0 100 200 300 400 500 600
500

400 R2=0.64 EOID Sand
® EOID Clay
. A RS Sand

< RS Clay
o e e Linear (Clay)

e | inear (Sand)

100

Radiation damping C, [kNs/m3]

Figure 91: Shaft damping constant as function of the yield stress for closed- (top) and open-ended piles (bottom)
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7.6.4 Shaft radiation damping and cone resistance

In order to improve the initial soil model parameters in the TNO soil model which are used as the
starting points for performing a signal matching analysis, it makes sense to find initial model
parameters that show reliable correlation with soil investigation data. The cone resistance is an
important value that provides valuable information about geotechnical properties of the soil. Key
insight are soil type and classification, but also soil strength. In granular soils such as sand, the cone
resistance generally increases with increasing soil stiffness. Higher cone resistance values are typically
associated with stiffer soils, indicating a greater resistance to deformation. Damping refers to the
ability of a soil or material to dissipate energy during cyclic loading or vibration. When a soil undergoes
cyclic loading, such as during an earthquake or dynamic loading from impact hammer, it experiences
deformation due to the applied forces. Soil damping plays a crucial role in controlling the magnitude
and rate of this deformation. A direct correlation between shaft damping by means of shaft radiation
damping constants and cone resistance values is shown in Figure 92. Coloured trendlines are added
for each soil type and setup period. Respectively, the black solid line and dotted line are the best-fitted
trendlines for the combined datapoints of the sand and clay layers. The reliability for each soil type
and setup period differs significantly, also because the number of datapoints per individual series
varies. Figure 92 shows a few important things. At first, regarding the closed-ended piles in the upper
chart, it appears that a longer setup period generally gives a higher shaft radiation damping constant
at same cone resistance value for the sand layers, while this is not clearly visible for the clay layers.
Secondly, relatively low cone resistance values resulted in a bit higher damping constants for the clay
layers than for the sand layers. The steepness of all the trendlines indicate that the rate of change in
damping with respect to the cone resistance is higher for the clay layers than for the sand layers.
Thirdly, it is difficult to make conclusion related to the damping characteristics for very stiff over-
consolidated clays with high cone resistance, because the absence of these type of clay layers. The
observations in Figure 92 tend to show that soil type, sand or clay, plays a crucial role in the rate at
which the shaft radiation damping constants changes in comparison to the cone resistance values and
that a direct correlation between q; and Cg is difficult to draw and only provides a reasonable
direction. The lower scatter plot in Figure 92 shows the results of the shaft radiation damping
constants and cone resistance for the open-ended pile at EOID and RS. The best-fitted lines are linear
trendlines, but still with a low reliability regardless setup period for both sand and clay layers. The
radiation damping constants show a poor correlation with CPT data and vary widely at same values
for cone resistance. The scattered data shows that defining a radiation damping constant for a specific
soil layers only based on the cone resistance values gives an unreliable value if testing is performed
directly and after a couple of hours of monopile installation. It can be noted that defining a starting
point regarding the magnitude of the radiation damping constant for the clay layers before signal
matching analysis is performed is even more difficult, because of the large scatter at similar cone
resistance. Similar to the sand layers surrounding the closed-ended piles, the setup period also has its
effect on the magnitude of the shaft radiation damping constants for the open-ended pile considering
the two linear trendlines for EOID and RS. Different setup periods ranging from a couple of hours for
the open-ended piles to several days for the closed-ended piles have a meaningful effect on the
magnitude of shaft radiation damping constant in relation to the cone resistance. A direct comparison
between soil type and evolving radiation damping with equal setup periods for the closed- and open-
ended piles was not possible due to the difference in duration time between pile installation and
testing of both pile types (hours vs days). In general, a direct correlation between cone resistance and
shaft radiation damping constants for both closed- and open-ended is difficult to make, because of
the large difference in reliability of the trendlines within each pile type and soil type. An explanation
might be that the pile shaft roughness and pile diameter have can affect the shaft damping
characteristics regarding the transfer of the stress waves at the pile-soil interface. The surface
roughness of a concrete pile is higher compared to a steel monopile and can affect the transferability
of energy to the surrounding soil. Regardless of the weight of the number of datapoints for each soil
type and setup period, rough correlation functions between the corrected cone resistance and shaft
radiation damping constant are given in Table 23.
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Closed-ended sand Cs = 0.0103q; R? =0.72
Closed-ended clay Cs = 0.0458q; R? =0.72
Open-ended sand Cs = 0.0017q; R? = 0.61
Open-ended clay Cs = 0.0182q; R? = 0.56

Table 19: Equations and reliability for shaft damping for closed-ended piles in sand and clay as function of vertical
effective stress

Overall, the difference in radiation damping between clay and sand is mainly influenced by their
respective particle sizes, cohesion, water content, internal friction characteristics and stiffness. Clay
tends to exhibit higher radiation damping due to its finer particles, higher water content, and greater
energy dissipation capabilities, while sand generally exhibits lower radiation damping due to its larger
particles and lower energy dissipation characteristics.
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Figure 92: Relation between Cs and qt for sand and clay in case of closed- (top) and open-ended piles (bottom)
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The effect of relative pile depth (h) and the degradation effect on stress wave transferability on shaft
dampingisignored in Figure 92. It is expected that dissipation of driving energy into radiation damping
is affected by the number of loading cycles and distortion the soil has experienced at the pile-soil
interface as pile penetration proceeds. In a few soil models in Chapter 5, hysteresis damping or
material damping is incorporated in the mechanical soil model by means of nonlinear springs. Actually
hysteresis damping is primarily associated with dynamic soil behaviour rather than static soil
properties. In Figure 93, hysteresis damping is roughly estimated by the relative pile depth and related
to ratio of the obtained shaft radiation damping constants over the corrected cone resistance, Cs/qy.
The focus in Figure 93 is to find whether soil layers with the same cone resistance, generate different
shaft radiation damping constants due to a difference in relative pile depth. Figure 93 has similarities
to Figure 89, but the actual shaft radiation damping constants are normalized by the cone resistance
to related it to CPT data and thus to initial geotechnical engineering properties of the soil layers. The
relative pile depth includes till some extend also the increase in vertical stress and therefore an
increase in soil density, horizontal effective stress on the pile shaft and stiffness. In Figure 93 the
relative pile depth is divided by the equivalent pile diameter to compare the effect of embedment for
piles with different dimensions at similar levels. The upper chart in Figure 93, showing the results for
the closed-ended piles, indicate an increasing Cg/q, ratio with very large unequal variability as relative
pile depth increases depth h/R*. Regarding the sand layers, the ratio C5/q; starts below 1% close
ground level with very low damping and ranges from 1% up to 6% of the cone resistance value close
to the pile base with increased scatter from ground level to pile base. The ratio C5/q; for the clay
layers show less variability and more trending over relative depth and start from below 1% at ground
level up to 6% to 10% at pile base with a few outliers. A more reciprocal function can be drawn through
the scattered datapoints of the clay layers. In general, the results show that the ratio of shaft radiation
damping constants over cone resistance for the clay and sand layers do not show a well observed
setup effect in the results. On the other hand, the ratio C5/q, remains quite constant over relative pile
depth for the open-ended piles. At mudline, the ratio in the sand layers is relatively higher with more
scattering than closer to the pile base and the ratio C;/q; does exceed 2% along the entire shaft at
EOID and RS. The clay layers show a bit higher ratio C;/q; between 1% and 4% along the entire pile
shaft, but with higher variability at EOID and RS along entire shaft. The clay layers can be well
distinguished from the sand layers. In general, the open-ended piles in Figure 93 shows a relative
constant ratio of C5/q; on relative pile depth which could indicate that the obtained radiation damping
constants and cone resistance are proportional to each other at low relative pile depth due to less soil
distortion to driving.
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Figure 93: Shaft radiation damping constant normalized with cone resistance plotted against relative pile h/R* for
closed- (top) and open-ended piles (bottom)

The shaft radiation damping constants plotted against cone resistance divided by the vertical effective
stress is shown in Figure 94. Similar to the previous charts, the clay layers show neither a correlation
with solely the corrected cone resistance nor q. /oy, for both closed- and open-ended piles. The vertical
effective stress always increases with depth, but soil strength measured by cone resistance can
obvious vary over depth. Regarding the open-ended piles, a correlation with a linear trendline with
moderate R-squared of 0.63 and 0.57 can be assigned to the sand layers, while the clay layers show
no correlation at all. The equations in Table 20 give a rough estimate of the shaft radiation damping
constant in relation to q./oy, .

Pile Type Formula Reliability
= dt 2 =
Closed-ended sand Co = 1.77 R* =0.63
v
Open-ended sand e Z=0.
pen-ended san Cs =047 R* =0.57
A%

Table 20: Equations and reliability for shaft damping for closed- and open-ended piles in sand as function of /o’y
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7.7 Pile base capacity

In the unified methods for driven piles in sand and clay, the pile end bearing capacity or ultimate base
resistance is defined as the maximum mobilized resistance reached at large pile base displacements.
Research has shown that the bearing stress acting at the base of a closed- and open-ended driven pile
is defined at ultimate conditions at a displacement of 10% of the pile (equivalent) diameter (qg 1) and
varies in direct proportion to the average cone resistance g in the vicinity of the pile tip (qc avg)- The
average cone resistance is calculated by averaging the cone resistance over a distance of +1.5D above
and -1.5D below the pile base, following the LCPC approach . For the closed-ended piles, the ultimate
base capacity is approximated by taking 50% of the average cone resistance. All the end bearing of the
closed-ended piles in Rotterdam comes from deep stiff sand layers. For the ultimate base capacity for
the large offshore open-ended piles in sand, 15% of the averaging cone resistance could be taken to
estimate the ultimate base capacity assuming full coring during driving. A number of piles have a target
depth in stiff clay layers and the ultimate base capacity is estimated by taking 20% of the average net
cone resistance based on the analysis of driven piles in clay from the Unified database. After every
hammer blow during pile driving, the pile must overcome all the friction in order to penetrate into the
soil. From driving recordings such as blow count numbers, it is not customary that pile penetration
occurs at increments of 10% of the pile diameter as the design methods demand to define the
ultimate base capacity. In the following sections the quake values with corresponding base resistance
obtained after signal matching analysis is compared with the displacement criterium (0.1D¢4) and
calculated end bearing capacity according to the unified methods. In reality the pile displacement
before failure is nonlinear and a hyperbolic function fits well through the measurement points in a
load-displacement diagram. The initial stiffness of the hyperbolic load-settlement curve at the pile
base is compared with the back-calculated operational stiffness from the obtained base loading quake
values according to Deeks and Randolph pile base model (1995) in Chapter 5.7. The TNO soil model
aims to replicate the nonlinear load-settlement behaviour of the pile base into a simplified
elastoplastic spring model with stepwise elastoplastic behaviour in which the magnitude of the pile
base displacement and achieved base resistance depending on the actual stiffness at the base.

7.7.1 Pile base stress and shear modulus reduction

In Figure 95, the mobilized pile base stress (q},) divided by the calculated ultimate base capacity (qpg.1)
is plotted against the shear modulus reduction derived by using Deeks and Randolph model (1995).
On the basis of the obtained loading quake value and pile base stress after signal matching analysis,
the relevant operational shear modulus (G) is back-calculated. Figure 95 shows that for piles in clay,
the obtained mobilized pile base stress during the dynamic load test is relatively close to the calculated
ultimate base capacity and varies within a range of -20% to +20% from the initially calculated value
for end-bearing capacity. The results show that piles with their base located in clay layers, the ultimate
base capacity is almost fully mobilized and with a few cases in which the mobilized base stress is
exceeding the calculated ultimate base capacity probably due to higher stresses at the pile base
generated by installation effects. Figure 95 also shows that when the operational shear modulus (G)
approaches the initial shear modulus (Gy;,,%), resulting in a stiffer soil response at the base, the degree
of mobilized base capacity (qp/dqpo.1) also increases and less softening has taken place. Regarding the
datapoints for pile bases in clay, a logarithmic trendline fits best and gives an equation that relates the
two ratio’s, without providing an explicit estimated value for q,, or G beforehand. The trendline
equation does not estimate an value for the mobilized base resistance or quake value before signal
matching analysis starts. The clay layers show, independent of pile type, that the ratio of mobilized
pile base stress over the ultimate base stress show a logarithmic trend in relation to the shear modulus
reduction with a R? = 0.96 for pile base in clay, but for limited cases. For piles in sand, at similar shear
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modulus reduction, the ratio of mobilized pile base stress over the ultimate shear stress is significantly
lower than for piles base in clays. This suggest that when the operational stiffness at the base is equal
to the initial stiffness based on G4, (100% horizontal axis), no stiffness reduction has occurred and
the mobilized base stress approaches the ultimate base stress (100% vertical axis). A linear trendline
with intercept between the points for the pile base in sandy soils fits the best and with high reliability
of R? = 0.84, including some outliers with a shear modulus reduction above 100%. Figure 95 shows
that the back-calculated value for operational shear modulus and achieved base resistance can be
respectively larger the initial calculated shear modulus and ultimate shear stress. Stronger and stiffer
soil behaviour at the pile base could be attributed to ignored viscous effects or very dense (dilative)
sands at the pile base with strength increase due to negative pore pressure effects.
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Figure 95: Ratio of the mobilized pile base stress over the calculated ultimate pile base stress in relation to stiffness
reduction at the base for both the closed- and open-ended pile

Situation Formula ‘ Reliability
: : 2 _
Pile base in clay b _ 0.3ln( ) + 136 R“ = 0.96
dbo.1 max
. . G 2 —
Pile base in sand 9 _ 086 ( ) R =0.84
Jbo.1 Gmax

Table 21: Equations relating the ratio of the mobilized base stress and ultimate base stress and shear modulus reduction
at the pile base
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7.7.2 Pile base stress and quake value

As mentioned in Chapter 7.5 the nonlinear load-displacement behaviour at the pile base is approached
by linear elastic perfectly plastic springs in the TNO soil model. In the design methods, the ultimate
base resistance is reached at a pile displacement of 10% of the equivalent pile diameter. During
dynamic loading, the impact force has a short wavelength and travels via a stress wave along the pile
shaft to the pile base. In comparison to static loading, the smaller duration of impact force is not able
to deform the soil surrounding the pile at a similar magnitude as in static loading and therefore the
pile influence radius and spherical zone is smaller during dynamic loading for respectively the pile
shaft and pile base. During dynamic loading, such as pile driving, the applied load is transient and
applied over a shorter duration compared to static loading. As a result, the stress distribution around
the pile is more localized, with the highest stresses occurring near the pile-soil interface. In contrast,
during static loading, the load is applied gradually and maintained over an extended period. This allows
for stress dissipation and redistribution within the surrounding soil. The stresses spread out over a
larger area, resulting in a broader and more diffuse stress distribution around the pile base. In Figure
96 the ratio of mobilized base stress obtained from signal matching analysis and calculated ultimate
base stress in relation to the ratio of the permanent base displacement (U,) over the ultimate base
displacement criterium (Upg 1) for static loading. In dynamic load testing, it is usual that the permanent
pile displacement is relatively low because of the short duration of the impact force, resulting in a
smaller spherical zone of mobilized stresses around the pile base. Therefore the elastoplastic
behaviour in terms of pile displacement and mobilized base stress varies between dynamic and static
loading. Figure 96 shows a moderate correlation between the two ratio’s for a closed-ended pile base
situated in sand and open-ended pile bases in sand or clay. The degree increment of mobilized base
resistance in relation to ‘mobilized’ ultimate base displacement is lower for open-ended piles in sand
and clay than for closed-ended piles. A possible explanation is that less driving energy reaches the pile
base of the monopiles and therefore the mobilized base resistance and permanent pile base
displacement is also lower compared to closed-ended prefab piles.
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Figure 96: Ratio of the mobilized base stress and calculated ultimate base stress in relation to the derived permanent
base displacement divided by the ultimate base displacement criterium
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Situation Reliability

Open-ended pile base B _sc, Uy, R? = 0.73
in sand dbo.1 Upo.1
Open-ended pile base B _ -y Uy R?Z =0.76
in clay dbo.1 Upo.1
Closed-ended pile base B _ 449 Uy, R%Z =0.70
in sand dbo.1 Upo.1

Table 22: Equations relating ratio of mobilized base resistance and ultimate base capacity to ratio of permanent pile
base displacement and ultimate pile base displacement of 0.1D after a hammer blow

From comparisons between the load-displacement curves of static loads tests and dynamic load tests,
it is not always guaranteed that the pile base capacity will be completely mobilized. Although the shaft
resistance is often completely mobilized due to the relative low pile shaft displacement that is needed
to fully mobilized the ultimate shaft friction. In the TNO model with elastic-plastic springs at the pile
base, the quake value and yield stress are not equal to the elastic regime and ultimate base stress
defined in the CPT-based axial pile capacity design methods. Regarding the actual nonlinear behaviour
of the load-displacement curve at the pile base, the elastic-plastic approach in the TNO model
attempts to simulate the nonlinearity in a stepwise matter. In case of very soft soils and short
monopiles a dynamic load test is able to fully mobilize the axial capacity , it is expected that the yield
stress in the TNO model is in line with the calculated ultimate base stress. On the other hand, when
piles are located in soils with relative high strength and high shaft friction, it is likely that the mobilized
pile base stress obtained from signal matching analysis strongly deviates from the calculated ultimate
base stress. Figure 97 shows the analysis of the quake value (Ugy) and mobilized base resistance (qp,)
in comparison with the ultimate pile displacement (Uyq 1) and ultimate base stress (qpg.1)- It can be
observed that for an open-ended pile with a pile base in a clay layer, the ultimate base stress in a
dynamic load test is easily achieved. In addition, the pile base displacement needed to reach the state
of ultimate base capacity is with a quake value of about 3% to 7% of the ultimate pile displacement.
As the quake value is relative large compared to the ultimate pile displacement, it seems that the
mobilized pile base stress becomes lower. This might be an indication of large shear modulus
reduction at the pile base making it more difficult to get a higher degree of mobilized base stress at a
certain pile base displacement. On the other hand, none of the open-ended piles with a pile base in
(dense) sand show a fully mobilized pile base resistance during dynamic loading. Regarding the closed-
ended prefab concrete piles, there are some outliers that show a mobilized base stress based on
signal matching analysis that is higher than the calculated ultimate base stress. This large deviation
might be caused by averaging the cone resistance (qc,avg) or a higher than assumed damping at the
pile base. On average, a rough estimate of the mobilized base stress for both closed- and open-ended
piles with the pile base in sand, is about 55% of the calculated ultimate base stress and for clays it can
reach values up to 80% to 120%. The horizontal trendline indicates that there is no direct correlation
between relative value of the quake compared to the ultimate pile base displacement and the ratio of
the mobilized base stress over the ultimate base stress. The loading quake value relative to the
ultimate base displacement varies in range of about 8% to 13% for the closed-ended piles in sand and
2% to 5% for the open-ended piles in sand and clay.
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Figure 97: Ratio of mobilized pile base stress and ultimate base stress versus loading quake value divided by 0.1D pile
displacement

7.8 Total pile capacity

The total pile capacity can be divided into a contribution of the shaft and base resistance. Signal
matching analysis is a quick procedure to verify the total (static) pile capacity and behaviour of piles
under dynamic loading conditions. It allows engineers to assess whether the actual pile capacity meets
the design requirements and to validate the assumptions made during the design phase. In the design
phase, the total axial bearing capacity could be calculated by using the new Unified CPT-based axial
pile capacity design method for driven piles in sand and clay (2020) as described in Chapter 4.3 and
4.4. To verify the design calculations, it is possible to check the total bearing capacity with field
measurements by means of a dynamic load test. In Table 23 the results for shaft and base resistance
obtained from signal matching analysis on dynamically tested piles are listed and compared with
outcomes from calculations from the design methods. Table 23 shows that the deviation between the
calculated shaft resistance and obtained shaft resistance after signal matching analysis are relatively
small. Comparable results for shaft resistance could be caused by the relative small pile displacement
that is needed to mobilize the available shaft friction. The dynamic load tests were able to generate
sufficient pile movement to reach the local ultimate shaft friction. Furthermore, as mentioned in
Chapter 7.3, the yield stresses in the TNO soil model derived after signal matching analysis appeared
to show a high degree of similarity to the calculated local ultimate shaft friction from the design
methods. A noteworthy outlier is pile NZ UK D11 which has a significant part of the lower pile shaft
located in an relatively thick extremely stiff clay layer with high shear strength, whereby the undrained
shear strength had to be taken to increase the matching quality instead of the calculated local ultimate
shaft friction from the design method for driven piles in clay. The ultimate base stress in the design
methods is the base stress reached at a pile base displacement of 10% of the (equivalent) pile
diameter. From driving recordings, none of the piles met this state of ultimate base capacity based on
the derived pile base displacements in AllWave-DLT (Figure 42). Therefore the mobilized pile base
stress during the dynamic load test had to be analysed by varying the loading quake and yield stress
in the signal matching procedure.
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Pile type Pile (setup time) Shaft % Base % Total %

[MN] [MN] [MN]
Closed-ended piles | M1P25 (1) 1.93 1% 1.11 | -41% | 3.04 | -21%
M1P7 (1) 1.51 -12% 091 | -62% | 2.42 | -36%
M3P23 (1) 1.40 -7% 1.62 28% 3.02 13%
M4P2 (57) 2.22 26% 085 | -46% | 3.07 | -33%
M4P13 (1) 1.35 -12% 1.38 46% 2.72 27%
M5P19 (1) 191 -18% 1.96 13% 3.88 15%
M8P17 (5) 1.69 -6% 1.22 | -26% | 290 | -11%
M8P24 (4) 1.69 1% 1.05 | -51% | 2.74 | -28%
Open-ended piles NZ NL (EOID) 16.72 18% 1.85 -32% | 18.57 | -20%
NZ NL (RS) 18.76 14% 1.98 -28% | 20.74 | -16%
NZ GE (EOID) 69.12 2% 3.21 -45% | 72.32 -5%
NZ GE (RS) 73.33 2% 3.21 | -45% | 76.54 | -5%
NZ UK B04 (EOQID) 16.72 -2% 1.18 -31% | 17.89 -1%
NZ UK B04 (RS) 16.81 -2% 1.18 -31% | 17.99 -1%
NZ UK C01 (EOID) 15.81 5% 0.25 -22% 16.0 -5%
NZ UK C01 (RS) 21.38 -28% 0.38 17% 21.76 27%
NZ UK C11 (EOID) 18.08 5% 0.27 -4% 18.35 -5%
NZ UK C11 (RS) 18.13 6% 0.29 7% 18.43 -6%
NZ UK D11 (EOID) 30.85 -55% 0.38 13% 31.22 55%
NZ UK D11 (RS) 32.36 -60% 0.41 23% 32.77 59%
NZ UK D14 (EOID) 16.73 -1% 1.25 -57% | 17.98 -7%
NZ UK D14 (RS) 16.63 2% 1.40 -52% | 18.02 -9%
NZ UK D15 (EOID) 19.69 4% 0.38 0% 20.07 | -4%
NZ UK D15 (RS) 21.40 1% 0.38 0% 21.77 | -1%
NZ UK F23 (EOID) 22.84 -33% 0.29 | -85% | 23.13 | -21%
NZ UK F23 (RS) 16.84 5% 0.59 | -69% | 17.43 | -11%
NZ UK F24 (EOID) 15.57 8% 0.32 | -66% | 15.89 | -11%
NZ UK F24 (RS) 16.80 2% 0.38 | -60% | 17.19 | -5%
Table 23: Comparison between obtained shaft and base resistance compared to calculated resistances by design
methods

In Figure 98 the obtained total mobilized resistance (Q.pyr) generated by shaft resistance (Qgppr)
and base resistance (Qp, pL1) from the dynamic load test are set out against the calculated shaft, base
and total pile capacity (Qsc, Qpcand Q) derived from the unified methods. The upper chart in
Figure 98 shows that on average the obtained mobilized shaft resistance of both closed- and open-
ended piles based on signal matching analysis are almost equal with the calculated shaft capacity, with
a trendline following the line of equality. The magnitude of mobilized shaft resistance for the closed-
ended piles are much lower than for the open-ended piles, but the trendlines are in line with each
other and underpinned with a high reliability to the datapoints. Using the unified method as starting
point for the local ultimate shaft friction as yield stress in the TNO soil model in signal matching
analysis seems to be a good approach. Regarding the correlation between the calculated and obtained
values for the pile base resistance, the mobilized base resistance is about 54% of the calculated end-
bearing resistance for open-ended piles and about 67% for the closed-ended piles. The two trendlines
from the closed- and open-ended piles deviate slightly from each other. Also the reliability of the
trendline for the closed-ended piles has slightly a lower reliability compared to the open-ended piles.
It can be concluded that in most cases the hammer impact was not able to fully mobilized the
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calculated end-bearing capacity. Comparing the total mobilized pile resistance based on signal
matching analysis with the calculated pile capacity shows that for the open-ended piles a good match
can be achieved. Despite the deviation in degree of mobilisation in pile base resistance, for an open-
ended pile, the majority of the shaft resistance typically comes from the side friction along the shaft
rather than the base. The open-ended pile does not have a closed or pointed base to develop
significant end-bearing capacity. Therefore the base resistance has a less significant effect on the total
mobilized resistance than the shaft resistance. In general the mobilized total pile resistance is about
98% of the calculated total pile bearing capacity for open-ended piles. The deviation between total
calculated pile capacity and the obtained mobilized pile resistance for the closed-ended piles are more
significant. The deviation can be mainly explained by the difference in mobilized end-bearing
resistance to the calculated end-bearing capacity. End bearing is a critical component of load-carrying
capacity for closed-ended piles. Closed-ended piles, also known as bearing piles or end-bearing piles,
are designed to transfer significant vertical loads to the underlying stratum through the base of the
pile. Unlike open-ended piles, closed-ended piles have a solid base that can develop substantial end-
bearing capacity. In general the mobilized total pile resistance is about 83% of the calculated total pile
bearing capacity for closed-ended piles. The equations relating the signal matching analysis results
and design method calculations are given in Table 24.
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Figure 98: Obtained mobilized shaft (top), base (middle) and total resistance (bottom) based on signal matching analysis
in comparison to calculated capacities by the design methods

Pile type Formula \ Reliability
Closed-ended piles QspLt = 0.95 % Qg R? = 0.97
Qb,DLT = 0.67 * lec Rz = 0.82
Qupur = 083 Qu R* =094
Open-ended piles Qsprt = 1.00 * Qg R? =0.98
Qport = 0.54 * Qp R? = 0.95
Qupur = 0.98 * Q R* = 0.98

Table 24: Equations relating ratio of mobilized base resistance and ultimate base capacity to ratio of permanent pile
base set after hammer impact and ultimate pile base displacement of 0.1D
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8. Conclusions

The objectives of this research can be divided into two main aspects, one section focussing on the
static part of the mechanical system and the other part on the dynamic component of the mechanical
model under dynamic loading. The first main objective was to validate if the new Unified CPT-based
axial pile capacity design methods for piles in sand and clay are applicable as the yield stresses in TNO
soil model to describe the local ultimate shaft friction and end-bearing stress at ultimate conditions.
The pile displacement dependent static part of the mechanical system consisting of springs and plastic
sliders representing the generated static soil resistance under dynamic loading. Secondly, if the
velocity dependent dynamic part of the mechanical system consisting of a linear dashpot could be
related to geotechnical soil parameters obtained from site investigation data.

1. How applicable are the new Unified CPT-based axial pile capacity desigh methods for driven
piles in sand and clay in predicting the local ultimate shaft friction and end bearing stresses in
the TNO soil model in signal matching analysis?

In the analysis of a dynamic load test, the starting values from where signal matching analysis is
performed can be very subjective. The distribution of shaft friction and damping can be unrealistic and
arbitrary chosen even if the signal match between the measured and the generated signals seems to
be in line with each other. The first objective of this research was to validate if the local ultimate shaft
friction calculated from the CPT-based axial pile capacity design methods including setup effects could
serve as reasonable initial values for yield stresses in the TNO soil model for signal matching analysis
to make it more in line with axial pile capacity estimations from CPT-based methods. At first glance,
Chapter 7.2 shows that it is feasible to obtain high quality matches if the design methods are taken
into consideration in the signal matching analysis. From the results of the signal matching analysis
regarding the obtained yield stresses in the TNO soil model, Chapter 7.4 shows that the deviation
between the calculated local ultimate shaft friction and yield stress are within a range of -15% and
+15% for closed-ended piles and -10% to +10% for the open-ended piles for the sand layers. The
deviations regarding the clay layers are sometimes significant what might indicate an apparent
increased undrained shear strength in the stiff clay layers due to installation effects and rate of
loading. It should be noted that the calculations from the design methods also have some uncertainty
due to CPT based correlation function for the input parameters (soil density and interface friction
angle) in the formulations for shaft friction and end bearing as mentioned in Chapter 4. The obtained
quake values for the TNO soil model presented in Chapter 7.5 show the loading quakes for closed- and
open-ended piles are close to the commonly used value of about 2mm to 3mm. The unloading quakes
for closed-ended piles are similar to the loading quakes, but the open-ended piles show a large
spreading of the unloading quake. The unloading quake or rebound settlement of open-ended piles
are more complex after unloading of the pile what might indicate the appearance of residual stresses,
in which incomplete rebound leads to lower unloading quakes. Quantifying the residual stresses acting
at the pile base is difficult and beyond the scope of this research. Other factors leading to large
spreading of the quake values for the open-ended piles could be caused by incomplete mobilization
of the local ultimate shaft friction at the lower pile parts. The loading quake values also indicate that
shear modulus reduction occurs, due to cyclic loading of the soil along the pile shaft. Chapter 7.5
shows that based on the loading quake values and formulation of the shaft stiffness according to
Simons and Randolph (1985) the operational shear modulus reduces to 5% to 10% of the initial shear
modulus, Gy,.x, for the largest portion of the shaft and closer to the pile base the operational shear
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modulus reduces up to 40% of its initial value for the closed-ended piles. Setup effects tend to increase
the soil stiffness along the pile shaft for longer setup periods after installation which are that is closer
to the higher end of this range. Regarding the open-ended piles, the shear modulus reduction is
relative uniform along the pile shaft and varies within a range of 5% to 15%. The limited setup time
between end of driving (EOID) and restrike (RS) do not show any signs of stiffness increase. Both for
the closed- and open-ended piles, the clay layers do not show a meaningful difference in shear
modulus reduction compared to the sand layers. The results from Chapter 7.7 show that the ultimate
base stress at 10% (equivalent) pile diameter displacement in not often achieved, whereby the
mobilized base resistance is lower than the calculated end bearing capacity. In chart show that the
mobilization of the base stress tends to increase faster for the closed-ended piles than the open-ended
piles. Following the trendline between the ratio of the permanent set after a hammer impact over the
ultimate base displacement of 0.1D, with the degree of pile base stress mobilization, the closed-ended
piles appears to reach 100% mobilization of end bearing capacity at around 11% of 0.1D, or about 1%
of the equivalent diameter. The full mobilization of the end bearing resistance related to pile base
displacement after a hammer impact is about 16% of 0.1D or 1.6% of equivalent diameter for the
open-ended piles with a base in clay and even up to 50% of 0.1D or 5% for the a pile base in sand. An
answer to the first main question comes together in Chapter 7.8, in which the total pile bearing
capacities are compared between the results from the signal matching analysis and from the design
methods. The deviation between the mobilized shaft resistance and calculated shaft capacity are
generally in line with each other with the exceptions of piles with an large portion of the pile shaft in
a thick extremely stiff clay layers. The outcomes of the signal matching analysis show that the yield
stress are almost equal to the local ultimate shaft friction because the dynamic load test is able to
generate sufficient pile shaft displacement to fully mobilize the shaft capacity. Regarding the pile base
resistance, most of the dynamic load tests were unable to fully mobilize the end bearing capacity
because the pile base displacements were not sufficient. Table 24 and Figure 98 in Chapter 7.8 shows
that in general, the closed- and open-ended piles were respectively able to mobilize 95% and 100% of
the total shaft capacity. The mobilized base resistance was about 67% and 54% of the calculated end
bearing capacity for respectively the closed- and open- ended piles. Overall, combing the contribution
of the mobilized shaft resistance and base resistance into the total mobilized pile resistance it can be
concluded that during the dynamic load tests, the closed-ended piles were able to mobilize 83% of the
total pile bearing capacity and the open-ended piles 98%. It must be noticed that the effect of end
bearing on the closed-ended piles has a considerable effect on the total mobilized pile resistance
compared to the open-ended piles in which shaft resistance is the dominant factor in the total pile
resistance.
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2. What is the strength of the correlations between the obtained shaft radiation damping
constants in the TNO soil model based on the results from signal matching analysis with
geotechnical soil parameters obtained from site investigation data?

In Chapter 7.6 the focus in on the correlations between obtained shaft radiation damping constants
and geotechnical soil parameters obtained from site investigation. It is assumed that the base
radiation damping constant is equal to calculated base radiation damping constant proposed by Deeks
and Randolph (1995). Signal matching analysis is an iterative process in which the yield stress and
damping constant in the TNO soil model are varied to obtain the optimum solution for the model
parameters that gives the highest match quality compared to the measured signals during the dynamic
load test. Radiation damping in soil refers to the dissipation of energy due to the radiation of elastic
waves during dynamic loading or vibration. When a soil mass is subjected to dynamic forces or
vibrations, it generates elastic waves that propagate through the soil medium. These waves carry
energy, and as they propagate away from the source, they gradually lose energy due to various
damping mechanisms. The damping mechanism considered in this research is radiation damping.
Viscous and hysteric damping are neglected. The generated damping force in the TNO model is only
pile velocity dependent and is decoupled from the static resistance. Chapter 7.6.1 and 7.6.2 show that
the shaft radiation damping constants tend to increase with depth and vertical effective stress for the
closed-ended piles with a good fit to a power trendline. Setup time has a limited effect on the strength
of the correlation. The correlation between the damping constants with depth and vertical effective
stress is less observed for the open-ended piles and the radiation damping constants remain in
constant range along the pile shaft. An explanation for this lack of trending might be partly found in
the difference in transferability of stress waves to the surrounding soil due to a difference in surface
roughness between concrete and steel. Another explanation could be that the soil around the pile
shaft becomes more stable over time after installation which affect the radiation damping
characteristics. The dynamic load tests on the open-ended piles were performed within a couple of
hours after pile installation. In Chapter 7.6 the shaft radiation damping constants some correlation
with the obtained yield stresses, with a logarithmic trendline for the closed-ended piles and a linear
tend for the open-ended piles, but both correlation show a high variance. In Chapter 7.6.4 the shaft
radiation damping constants are compared with the measured cone resistance values for each soil
layer. A direct correlation between cone resistance and shaft radiation damping constant gives a weak
trend and therefore the cone resistance is not able to give a good estimate for the shaft radiation
damping constant. When the cone obtained shaft radiation damping constants is normalized with the
cone resistance and plotted against relative pile depth, it appears that the spreading is very large
starting from 0% to 8% closer to the pile base for the closed-ended piles and this is independent of
soil type. The results also show that regarding the open-ended piles the shaft radiation damping
constant normalized with the cone resistance remains between 0% and 1% along the entire shaft at
end of driving and restrike. The ratio varies between 1% and 4% for the clay layers. Any clear
correlation between the cone resistance normalized with the vertical effective stress and shaft
radiation damping constants neither visible in the charts. Based on all the signal matching analysis
results for the shaft radiation damping constants in the TNO soil model, it is recommend to use the
equation which relates the shaft radiation damping constants with vertical effective stress as starting
point for signal matching analysis in case of closed-ended piles. Regarding signal matching analysis on
open-ended piles within a couple of hours after installation, it is recommend to take the shaft radiation
damping constant in the sand layers up to 1% of the cone resistance value and for clay layers a value
between 1% and 4% of the cone resistance is a good first approach.
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9. Discussion and recommendations

The findings from this research provide significant insights into the applicability of new Unified CPT-
based axial pile capacity design methods in signal matching analysis for driven piles in sand and clay.
The integration of these methods into signal matching analysis, particularly in the context of dynamic
load testing, represents a notable advancement in geotechnical engineering.

Initially, this research underscores the importance of addressing the subjectivity in selecting initial
values for signal matching analysis.. This research highlights the advantage of using calculated values
for yields stresses in the static part of TNO soil model from the design methods as initial values for
performing the signal matching analysis on the results of a dynamic load test. Using directly the raw
CPT data by means of cone resistance and sleeve friction for respectively pile base and shaft values as
yield stresses in the TNO models results in low quality signal matching results. This approach can lead
to unrealistic distributions of shaft friction and damping and an imbalance in resistance that has been
assigned to generated static resistance in comparison to the dynamic resistance The unified methods
formulates a correction on the cone resistance and in combination with a correction on the theoretical
damping constant the matching quality significantly increases. The use of CPT-based methods as
starting points introduces a more objective and data-driven approach, enhancing the accuracy of
signal matching analysis. The uncertainties inherent in the CPT-based correlation functions, used in
design methods to define all the geotechnical soil parameters, must be acknowledged. The significant
deviations observed in clay layers warrant further investigation. Understanding the role of undrained
shear strength and loading rate effects and other (dynamic) soil properties in these layers is crucial for
improving the starting points for yield stresses in the TNO model for subsequent signal matching
analysis. The design method calculations for piles in clay, originally devised for piles under static
loading, may vyield unrealistic values for static shaft and base friction when applied to dynamically
loaded piles. To more effectively validate and reinforce the application of these design methods for
estimating axial pile capacity from dynamic load tests, it is essential to conduct a greater number of
pile tests where both static and dynamic load tests are comprehensively performed on the same piles.

Finally, this research brings into focus the concept of radiation damping, which pertains to the loss of
energy via elastic waves during dynamic loading or vibrations. This damping mechanism is unique as
it solely depends on the velocity of the pile and remains unaffected i.e. decoupled by the generated
static resistance in the TNO soil model. For closed-ended piles, the study identified a notable
correlation between the shaft radiation damping constants and variables such as depth and vertical
effective stress. Conversely, in the case of open-ended piles, the research found that the radiation
damping constants were largely uniform along the length of the pile shaft, showing no significant
variation with depth or stress, what might be caused by the short duration between installation and
testing. This observation points to an intrinsic difference in how closed-ended and open-ended piles
interact with the dynamic properties of soil. Moreover, the limited correlation observed between cone
resistance and shaft radiation damping constants implies that relying on cone resistance as a sole
indicator for damping behavior may be inadequate. This underscores the importance of adopting a
comprehensive approach when analyzing soil parameters for their impact on pile dynamics.
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