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Summary

Although wind energy capacity has increased significantly in the last few decades, the installed
capacity of offshore wind turbine still lags far behind that of onshore wind turbines due to the
installation and foundation cost. The aim of this research project has been to clarify the
influence of combined vertical and lateral loads, lateral cyclic load, and scour erosion on
monopile foundations, in order to achieve more realistic and cost beneficial solutions for
offshore wind turbine foundations and thereby increase its competitiveness when compared

with other energy sources.

Monopiles are the most popular foundation system today for offshore wind turbines installed
in shallow to medium water depths. These relatively light structures (low vertical load), need
to resist substantial lateral and moment loads. There have been a dearth of studies conducted to
investigate the influence of vertical load on the lateral response of these rigid monopiles and
the few available have drawn contradictory conclusions. In addition the lateral and moment
loading exerted on monopiles due to wind, wave, and water currents is cyclic in nature. This
type of loading can lead to the accumulation of lateral displacement/rotation and possible
degradation of soil resistance over time. This evolution of pile head displacement and the
change in soil stiffness with increasing cycles of load is poorly understood. Cylindrical
structures, like monopiles, founded in offshore regions are commonly subjected to scour
erosion caused by flowing water and currents, which induces loss of soil support around the
pile, reducing the lateral load capacity and causing increased pile displacement. As a result, the
system dynamics of the structure might be adversely affected. The results of numerical models
suggest that the shape of the scour hole affects the loss of pile lateral capacity, however, there
is a shortage of experimental test data that measure this effect.

More than 60 centrifuge tests which are categorized into three groups are presented in this thesis,
which consider the interaction of combined vertical and lateral loads, lateral cyclic load and
scour erosion on the behaviour of rigid monopiles. The tests have been performed in

homogeneous dry Geba sand in order to mimic simplified drained offshore soil conditions.

In chapter 3, the results of 20 of centrifuge tests are reported and analysed. These tests have
been carried out to investigate and compare the effect of combined vertical and lateral loads on



X Summary

pile lateral response in terms of initial stiffness of load-displacement curves and lateral capacity.
The effect of various levels of vertical load, pile installation stress level and pile slenderness,
or L/D ratio, on the observed lateral response of the piles were systematically studied. The
results show that for piles with L/D = 5, higher vertical load improves the pile initial stiffness
and lateral capacity. The vertical load was shown to enhance the soil reaction near to the pile
and therefore the pile load-displacement behaviour. However, as the slenderness ratio of the
piles decreased to 3, it was shown that for small applied vertical loads, V, less than 44% of the
ultimate vertical load capacity, V., the pile's lateral resistance increased dramatically with an
increase of vertical load. Whereas, for higher vertical loads considered, the beneficial effects of
vertical load reduced in a manner similar to the behaviour observed for shallow footings.

In chapter 4, 23 tests were performed in both dense sand and medium dense sand. Influence of
cyclic load directional characteristic and amplitude on pile lateral behaviour, and the behaviour
of the monopile subjected to storm loading has been investigated. The experimental set up, the
loading scheme and the data processing techniques were described and cyclic p-y (p signifies
lateral soil reaction, y signifies lateral displacement) curves were generated. It was found that,
compared with one-way loading, two-way asymmetric loading is a more damaging cyclic load
directional characteristic. Within the imposed cycle number, the pile secant stiffness always
increases with loading cycles. The pile displacement accumulation rate was found to be not
sensitive to the cyclic load magnitude and sand relative density. Application of lower amplitude
of cyclic loading after storm loading cycles led to reduction in the rate of accumulation of pile
head displacements. At different soil depths, the p-y curves showed different evolution trends
with the increase of cycle number. Equations for prediction of evolution of pile head
displacement and secant stiffness were formulated based on centrifuge test results. Performance

of the model was demonstrated and predicted results were compared with a field test data.

Chapters 5 and 6 of this thesis present 20 centrifuge model tests that evaluate the effect of scour
erosion on the response of a laterally loaded pile with various scour profiles, by varying the
scour type and scour depth. p-y curves were derived based on the measured pile moment
distributions and the load-displacement data at the pile head. Design equations were obtained
to evaluate the beneficial effect of local scour types compared with global scour, and to assess
the detrimental effect scour on pile moment capacity.

Altogether, the research outcomes in this thesis provide useful suggestions in the design of

offshore wind turbine monopile foundations.



1 Introduction

1.1 Current status of wind energy

For thousands of years, humans have used wind as an energy source for their daily life.
Windmills were invented to grind grain and pump water. The onshore deployment of wind
energy for generating electrical power has a long history which can date back to the 1880s,
while the first offshore wind turbine (OWT) was installed only a few decades ago-in 1991 [1].
Generally, onshore wind turbines are easier to build than offshore wind turbines. In 2019, the
International Renewable Energy Agency (IRENA) highlighted that: Onshore wind power is
now, frequently, less expensive than any fossil-fuel option, without financial assistance and are
today competitive with fossil energy production [2]. From the aspect of investment per
megawatt (MW), offshore wind is still about 50% more expensive than onshore wind [3]. This
might lay obstacles for the development of offshore wind turbine compared with onshore wind

turbine.

However, onshore wind turbine developments can encounter local resistance due to
environmental concerns, including adverse visual impact, noise-related trauma to humans,
image flicker and electromagnetic interference [4]. In comparison to onshore, offshore sites
offer favourable wind conditions, less land requirements as well as limited regulations. The bar
chart in Figure 1.1 illustrates the ongoing and forecast of offshore and onshore wind energy
installations all over the world from 2011 to 2026 (modified after Perveen et al. [5]). Although
offshore wind still lags behind onshore wind, it can be seen that offshore wind energy
production has started to boom. As offshore wind energy technology is getting mature one day

by another, offshore wind farms are gradually beginning to prosper.
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Figure 1.1 Offshore and onshore wind energy installations from 2011 to 2026 (modified after
Perveen et al. [5])

1.2 Wind turbine foundations

Wind turbines can be constructed using several foundation types. Onshore wind turbine towers
are usually bolted to concrete slab near the soil surface. In soft soil region, slender piles are
commonly adopted under the slab [6]. OWT structures maybe founded on gravity base, suction
caisson, monopile, tripod or braced frame (jacket) foundations or, more recently, floating
platforms tethered to the seabed (Figure 1.2). The foundation choice is largely determined by
the water depth, seabed characteristics, loading characteristics, and available construction

technologies [7, 8].

Jacket or tripod foundations can be built with specific wall thickness at different parts of the
structure, therefore optimal design can be achieved considering stress, strain and material usage
compared with monopile. Monopile requires large pile diameter and wall thickness to resist the
bending moment which means a larger amount of material usage, but is relatively easy in

fabrication, transportation and construction.

Generally, monopile foundation is designed for water depths up to 30 m. Water depth of 30 —
40 m is considered as transition depth. For water depth larger than 40 m, jacket foundation

shows more economical advantage [6].
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Figure 1.2 Support structure options for offshore wind turbines with range of applicable water
depth (modified after Arshad and O’Kelly [8])

1.3 Monopile foundations

Monopile foundations are the most widely-used support structure for OWTSs, due to relative
simplicity in fabrication and installation [9]. Recent available figures state that monopiles have
increased their market share from approximately 75% of offshore wind turbine foundations in
2012 [10] to more than 87% in 2019 [11]. The monopile foundation concept consists of an
open-ended steel cylinder driven into the seabed. As the size of wind turbines is increasing, the
size of the monopiles increases as well. Although diameters of monopiles used by OWTs are
in a wide range from 4 to 10 m depending on the power capacity of the turbine, the embedded
pile length-diameter (L-D) ratio keeps in a narrow range typically from 3 to 6 [12]. These
structures are particularly adept at resisting large vertical load due to self-weight of the top
structure, lateral load and moment from wind and wave actions, and are economically efficient.
When unprotected, cylindrical structures (like offshore monopiles) can be prone to scour
erosion due to current, tides and waves, which results in a loss of soil support around the piles
[13]. The typical loads on an OWT and the marine hydraulic forces induced scour erosion

around a monopile foundation are depicted in Figure 1.3.
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For an OWT, the foundation costs account for around 25% to 34% of the total cost [14]. It
means that reducing the cost of OWT support structure could significantly drive down the cost
of energy and make offshore wind energy as a more competitive renewable energy source.
Establishing a more accurate load and structural response prediction would increase the
reliability in the design process, thereby over-conservative design can be avoided while an
adequate factor of safety can still be maintained [6].

Wind . / | \

J— I-::l ‘ : /\ Rotor (diameter)
- Tower \ \
g - 1

-—

Weight

Water level L-{ Transition piece
N %

Wi d t
. — ave and curren
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I - -

cour

Monopile foundation

Figure 1.3 Loads on an offshore wind turbine and scour erosion around the monopile

1.3.1 Pile under combined vertical and lateral loads

Lesny and Wiemann [15] stated that the typical loads at seabed level for a 5 MW wind turbine
supported by monopile foundation is approximately 35 MN of vertical load, 16 MN of lateral
load, and 562 MNm of overturning moment. The vertical load is considered as static load
originating from the self-weight of the wind turbine and the foundation, while the lateral load
in contrast is cyclic. Interaction between the vertical load and the lateral load was recognized
[16, 17]. However, according to current practices (i.e., API [18], DNV [19]), monopiles are
designed separately for the vertical load and the lateral load based on the assumption that the

effect of vertical load and lateral load is independent of each other [20].
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Extensive research has been performed over the past century on piles subjected to a combination
of vertical and lateral loads, the conclusions on the influence of vertical load on the lateral
behaviour of piles are not consistent. Karasev et al. [21], Mu et al. [20] and Lu and Zhang [22]
suggest that the presence of vertical loading improves the pile performance (defined as the
lateral displacement measured at a given lateral load). In contrast Jain et al. [23] and Lee [24]
report the opposite effect. Detailed information on the introduction and comparison of the above
mentioned researches can be found in Chapter 3. If the presence of vertical load improves the
pile lateral performance, it means the current design methodology which ignores this effect
leads to over-conservative design. Additional cost savings can be achieved from pile fabrication
and installation if a realistic pile design considering effect of vertical load on pile lateral
response can be taken. Therefore, studying the interaction effects between vertical and lateral
loads is essential for identifying key factors influencing pile response and for developing

optimal pile foundation design.

1.3.2 Pile under lateral cyclic load

The lateral loading condition for offshore wind turbine monopiles is dominated by
environmental loads from wave and wind. These loads act on the monopile in a cyclic manner
with a variation in directional characteristic as well as amplitude. Long-term lateral cyclic load
on the foundation changes the stiffness of the surrounding soil and therefore the interaction of
the foundation and the soil and pose problems for the top structure through serviceability limit
state (SLS) failure, owing to the accumulation of irreversible deformations. Any significant
change in stiffness may further result in change of the system frequency, which would be highly
problematic. For the design of a monopile foundation for offshore wind turbines, accumulation
of rotation and the change in secant stiffness are two important issues. However, upon the most
damaging load cyclic directional characteristic and evolution of pile head displacement and

secant stiffness with cycle number, there are still some divergences in opinion.

Through literature study [25-50], several discrepancies are seen: (i) from the 1g experiment
LeBlanc et al. [41] the most damaging load situation was for two-way loading, more specifically
{e = -0.6 (& = Hmin/Hmax, Where Hmin is the minimum load in a load cyclic, and Hmax is the
maximum load in a load cyclic), while centrifuge test series [43] did not show this trend, instead
it indicated that one-way and two-way loading, {c = 0 and -0.4, both could be the most damaging
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ones; (ii) from the tests by LeBlanc et al. [41] accumulation of rotation was seen regardless of
the directional characteristic of the loading. This is in contrast to the observation from
centrifuge tests [43], where it was observed that the pile starts to move back against its initial
position in some kind of two-way loading ({c < -0.63); (iii) from the test by LeBlanc et al. [41]
pile stiffness was found to always increase regardless of cyclic directional characteristic, while
it was shown that secant stiffness would decrease in one-way cyclic loading ({c = 0) in Klinkvort
[43].

p-y curves commonly used now in the designing of laterally loaded monopiles are presented in
API [18]. However, because these were formulated based on results from experiments on
relatively long piles with diameters smaller than 1 m, i.e. slender piles, their ability to predict
the response of rigid (large diameter) monopiles is questionable. Few consistent results
regarding p-y curves of rigid monopiles exposed to lateral cyclic loading could be seen, and the
most relevant researches [37, 43, 49, 59, 87] are summarized and compared in Chapter 4.

1.3.3 Pile under scour erosion

Monopiles have strict serviceability requirements, e.g. pile rotation at sea bed level typically
must remain less than 0.25°[12]. Scour erosion reduces the pile lateral load capacity and
increases pile head displacement and rotation. This can pose problems for the top structure
through serviceability limit state (SLS) failure, or the generation of excessive fatigue stresses
potentially leading to negative operational issues with a turbine. It is therefore of critical
importance to consider the effect of scour on the bearing behaviour of unprotected monopiles

subjected to lateral load.

Considerable research [50-61] has been undertaken on the effect of scour on the lateral response
characteristics of piles using numerical modelling or scaled laboratory testing; however, limited
experimental studies have evaluated the effect of scour-hole shape on the responses of piles.
Interested readers are referred to the introduction section of Chapter 5 for the state-of-the-art
research on scour-hole shape effect on monopiles. In current practice, when pile foundations
under scour conditions are analysed, soils around the pile foundations are totally removed to

the scour depth [19]. The effect of scour-hole shape is not fully addressed in the current
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monopile design methodology, which is considered to lead to over-conservative design and

extra foundation cost.

1.3.4 Summary

In summary, monopile foundation for offshore wind turbines resists complicated vertical and
lateral loading conditions and often faces scour erosion problems when the seabed is without
protection. Physical modelling of large diameter monopile is still few. Conflicting results
concerning the effect of combined vertical and lateral loads and lateral cyclic load on the lateral
response of piles are produced. Insufficient research upon scour erosion on pile lateral response
considering the scour-hole shape effect can be seen. Therefore, limited guidance on how to

achieve optimal pile design in these cases in order to reduce the foundation cost can be found.

1.4 Research objectives

The main goal of this study is to identify the influence of combined vertical and lateral loads,
lateral cyclic load and scour erosion on the lateral response of monopiles in sands through
physical modelling. Model pile tests were performed in a geotechnical centrifuge at an
enhanced gravitational acceleration level of 100g. Open-ended piles with prototype diameter of
1.8 m were examined. The selected pile embedment ratios mimic the ratio of typical rigid

monopiles used as offshore wind turbine foundations. The scope of the research work includes:

1. Studying the lateral response of rigid monopiles in sand subjected to combined vertical and
lateral loads through a series of model pile load tests. Evaluating the influence of vertical load
on the lateral response of model piles in sand by considering the influence of pile installation

stress level and pile embedment ratio (L/D).

2. Identifying the most damaging lateral cyclic load directional characteristic, making clear the
influence of cyclic type and cyclic magnitude on the pile lateral loading behaviour, generating
experimental cyclic p-y reaction curves, and investigating how the storm loading can affect the

pile long-term loading behaviour.
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3. Assessing the effect of scour depth and type on laterally loaded piles considering combined
lateral and moment loads at the seabed level. Generating equations to help to reflect the scour-
hole shape in the evaluation of scour effect on the pile moment capacity, with the aim to
improve the traditional pile design method which does not properly reflect the effect of the

scour-hole shape.

1.5 Structure of this thesis

This thesis consists of seven chapters and is mainly a collection of papers published by the
author. Therefore, some repetition can be seen on the introduction and specification of the

details of physical modelling in each group of tests. The outline of each chapter is as follows:

Chapter 2, as an initial chapter, discusses general remarks about physical modelling: i.e. (i)
geotechnical centrifuge; (ii) scaling laws; (iii) test set-up; (iv) pile instrumentation; (v) Geba
sand properties and (vi) p-y reaction curve construction.

Chapter 3 presents test equipment, research methodology and test results on the study of effect
of vertical load on the lateral response of monopiles. A total number of 20 centrifuge monotonic
load tests were carried out. The influence of pile L/D ratio and pile installation stress level on
the lateral load-displacement response, initial stiffness and lateral capacity were evaluated.

Chapter 4 describes the experimental set up, the loading scheme, the data acquisition and the
processing techniques in the investigation of monopile under cyclic lateral loads. A total
number of 23 centrifuge tests were carried out. The methodology to identify the most critical
(damaging) load directional characteristic, and the influence of load directional characteristic
and load magnitude on the accumulation of the pile head displacement and secant stiffness was
summarized. The influence of storm loading on the pile long-term lateral loading behaviour
was presented. Evolution of bending moment and cyclic p-y curves considering cyclic loading
effect were studied.

In chapters 5 and 6, impact of scour erosion on the monotonic lateral response of a monopile in
sand is presented. A total number of 20 centrifuge tests were carried out. Chapter 5 provides
details of the equipment designed and fabricated to perform the model pile load tests

considering scour effects. Three scour types (local narrow scour, local wide scour and global
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scour) and three scour depths (1D, 1.5D and 2D) were considered in this investigation, which
represents the typical scour shapes and depths as suggested in real engineering projects. Test
results were briefly shown from the aspects of lateral load-displacement relationship and

bending moment distribution.

Chapter 6 compares the pile moment capacity, bending moment distribution and p-y curves
from monotonic lateral load tests, considering the influence of scour type and scour depth.
Simple empirical relations were proposed to evaluate the beneficial effect of local scour types
compared with global scour, and to quantify the detrimental influence of scour on the pile

moment capacity.

Chapter 7 contains the summary of the research work performed and the conclusions from this
thesis. Some remaining knowledge gaps to quantify the influence of interactive effect of
combined vertical and lateral loads, lateral cyclic load and scour erosion on the monopile

response and suggestions how to investigate them are indicated.






2 Physical modelling

2.1 Geotechnical centrifuge

The TU Delft centrifuge, see Figure 2.1, is a beam-type apparatus [62]. Centrifuge tests are
performed at enhanced acceleration field (Ag) on models that are geometrically A-times smaller
than the prototype. The geo-centrifuge provides a unique environment of acceleration field,
where the expected behaviour of a full-scale geotechnical structure can be observed, with high
precision, using small scale models. The centrifuge at TU Delft enables models with dimensions
up to 500 mm <240 mm =380 mm be tested up to a maximum of 300 times the gravitational

acceleration (300g), see Table 2.1.

Data Acquisition System

On-Board Computer am\ D Wireless Router for Data Transfer

Sample”
Carrier

“Balancing
Carrier

(b)
Figure 2.1 TU Delft beam centrifuge: (a) Photo; (b) Schematic layout (modified after Alderlieste [6])

11
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2 Physical modelling

Table 2.1 TU Delft centrifuge characteristics

Property Value Dimension
Radius of the centrifuge arm 1195 mm
Maximum design acceleration 300>9.81 m/s?
Maximum design pay load (at 300g) 40 kg
Carrier dimensions Height 500 mm
Width 240 mm
Length 380 mm

2.2 Scaling laws

For simulating geotechnical structures using a centrifuge, scaling laws must be considered.

Table 2.2 provides a summary of typical scaling laws for modelling of pile structures in the

centrifuge. In this table, A refers to the gravitational acceleration field adopted in a given test.

Table 2.2 Basic scaling laws for centrifuge modelling of monopiles

Term Prototype Model
Length 1 1/A
Area 1 1/A?
Second moment of area 1 1/A%
Flexural stiffness 1 1/A%
Mass 1 1/A3
Force 1 1/A?
Stress 1 1
Strain 1 1
Density 1 1

2.3 Test set-up

A two-dimensional servo actuator applies loading to the pile, as schematically shown in Figure

2.2. The loading system is capable of applying vertical and lateral loads under either load or

displacement controlled conditions. The lateral load (H) is applied at the pile head by lateral

movement of the actuator, and is monitored by strain gauges located on the loading arm or

parallel beam load cells depending on the characteristics of tests. The lateral displacements of

the pile at the loading position (pile head) can be monitored by the lateral motor encoders, the

accuracy of which are of the order of approximately 3 x10° mm.
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Figure 2.2 The two-dimensional loading actuator and typical monopile arrangement in centrifuge tests:
(a) Photo; (b) Schematic layout

2.4 Pile instrumentation

The model piles used in this research are open-ended cylindrical tubes with an outer diameter
(D) of 18 mm. Model piles are constructed using aluminium with an elasticity modulus of 70
GPa which is about a third of that of steel (210 GPa), which means the pile wall thickness when
using aluminium can be increased to 3 times of the pile wall thickness when using steel. Pile
diameter is selected so as to minimise boundary effects associated with the strong box, which
houses the pile, and also to satisfy constraints associated with the mean grain particle size. The
wall thickness of the model pile is derived based on the calculation for minimum wall thickness
for monopiles [12, 18]. Using the similitude between the flexural rigidity (EI) of the prototype
and the model (Table 2.3), the wall thickness is calculated to be 1 mm. Byrne et al. [25] has
produced a database of piles, and present the results of the pile diameters normalised by pile
wall thickness. For monopiles, the value of D/t varied from 39 to 80. In the present analysis,

the D/t value for the steel prototype pile is 60.
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All tests were performed at 100g; therefore, the model pile properties correspond to a 1.8 m
diameter rigid structure, with a wall thickness of 100 mm at the prototype scale. Certainly, this
is a small pile with respect to those typically used in the offshore environment [12]. However,
the pile slenderness ratio (L/D) was selected within the range of popular values in application.

The primary dimensions and material properties of the pile are provided in Table 2.3.

Strain gauges were installed and calibrated for measuring bending moment (see Figure 2.3).
Because of constraints regarding the loading mechanism, such pile was jacked into the sand
sample prior to spinning up the sample (i.e. installation at 1g) with the result that installation
effects were not fully modelled. However, the same preparation method and testing procedure

was followed for all of the tests.

Table 2.3 Model and corresponding prototype pile dimensions and properties

Property Model pile Prototype pile*
Length (embedded + loading eccentricity) 90 + 144 mm 9+14.4m
Diameter, outer 18 mm 1.8m
Wall thickness 1 mm 30 mm
Elasticity modulus (E) 70 GPa 210 GPa
Moment of inertia (1) 1936 mm* 0.065 m*
Flexural stiffness (EI) 0.136 kPa.m* 13.7 GPa.m*

*Assuming prototype pile is fabricated from steel; tests were performed at 100g

Lateral load direction

Sand surface Strain gauges

90
1_15_110(1071071010110 (1010,

Holes for collecting
leading wires

5

Unit: mm

Open end

(a) (b)
Figure 2.3 Model pile with strain gauge layout: (a) Photo; (b) Schematic diagram
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2.5 Geba sand properties

Fine, uniform Geba sand [63] was used in this study. It is mainly comprised of silica (99% SiO>)
and 84.2% of the grains have a diameter between 0.1 mm and 0.2 mm. The mechanical
parameter for Geba sand has been determined by Charles University (CU) in Prague as a request
from Royal IHC [64], through experimental tests in laboratory (triaxial, simple shear, and

oedometer tests). The main properties are summarised in Table 2.4.

The ratio of pile diameter to average grain size of the sands (D/Dsg) for the tests is
approximately 164, which is larger than the value of 20 and 60 suggested by Gui et al. [65] and
Remaud [66], where grain size effects become negligible for laterally loaded piles [67]. Dry
sand specimens were prepared with air pluviation method to relative density (Dr) of 50% to

80%. The influence of water is excluded in this series of tests.

The inner plan dimensions of the sand container are 410 mm by 150 mm, with a specimen depth
of 155 mm. The ratio of the smallest size of the sand box to the outer pile diameter is 8.3, which
is larger than the limitation of 4 as suggested by Prakasha et al. [68]. For the largest pile
embedment ratio (L/D = 5), the distance from the pile tip to the bottom of the strong box is 3.6D

which is larger than the minimum value of 3 required to avoid boundary effects [68].

Table 2.4 Basic soil properties of Geba sand [69, 70]

Property Sand
Median Particle Size, Dso (mm) 0.11
Curvature Coefficient, Cc 1.24
Uniformity Coefficient, Cy 1.55
Specific Gravity, Gs 2.67
Maximum Void Ratio, emax 1.07
Minimum Void Ratio, emin 0.64

Critical friction angle, ¢cr (9 35
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2.6 p-y reaction curve construction

The bending moment on pile can be calculated from discrete strain gauge data using Equation
(2.1).

M(z) = Elp(2) (2.1)

Where: El is the flexural rigidity of the pile (Nm?) and p(z) is the curvature corresponding to a
given applied load. Curvature is obtained as the ratio of the difference in measured compressive

and tensile strains to the gauge lever arm (pile diameter) at each depth z, see Li et al. [71].

Lateral soil reaction-displacement (p-y) curves can be derived from bending moment profiles,
with the soil reaction p being derived by double differentiation of the bending moment profile
and the pile lateral displacement y at discrete locations obtained by double integration of the

bending moment profile, see Equations (2.2) and (2.3).

d*M(2)
p(z) =— (2.2)

(@) = [| “2dzdz (2.3)
where M(z) is the bending moment at soil depth z.

Given the double differentiation propagates measurement errors it is common to apply curve
fitting techniques to minimise these errors, see Xue et al. [72]. Polynomial curve-fitting method
[73] is adopted herein for curve-fitting the moment data. The choice of the order of the fitted
curve is important to minimise errors between the discrete moment points and the values from
the continuous curve at these locations. A 5" order polynomial is used for the moment data to
generate soil reaction (by differentiation). Boundary conditions of: 1) soil pressure at sand
surface is assumed to be zero and 2) soil pressure at the pile pivot point (0.7L beneath the sand

surface) is assumed to be zero were used to adjust the fitted bending moment function.

A 7" order polynomial is used to obtain soil displacements (by integration). When determining
displacement at any depth, y(z), two integration constants C, and C, were determined from: 1)
the measured displacement at the loading position and 2) an assumed zero deflection condition

at the point with zero lateral soil resistance [74].



3 Effect of vertical loading on the
lateral behaviour of monopiles in
sand

Influence of combined vertical and lateral loading on the response of monopiles used to support
offshore wind turbines (OWTS) is investigated. In current practice, resistance of monopiles to
vertical (self-weight) and lateral (wind and wave) loading are considered separately. As the
size of OWTs has increased, the slenderness ratio (pile embedment length L normalised by
diameter D) has decreased. Although referred to as monopiles, the foundations used for current
OWTs are in fact intermediate footings with geometries between those of pile and shallow
foundation systems. Whilst load interaction effects are usually not significant for slender piles,
they are critical for shallow footings. Previous research on load interaction effects for piles has
resulted in conflicting findings. This potentially arises from variations in the nature of boundary
conditions and pile slenderness considered. In this study, monotonic lateral load tests were
carried out in a geotechnical centrifuge on vertically loaded monopiles in dense sand. The
influence of vertical loading is quantified in terms of how it impacts on the overall lateral load-
displacement behaviour and soil reaction-displacement (p-y) curves along the embedded
monopile. The influence of installation-related stresses are studied by installing the monopiles
at both 1g and in-flight. Pile slenderness effect is considered by varying the pile slenderness
(L/D) ratio over the range typically used in practice. Results indicate that for piles with L/D =
5, increasing vertical loading improved both the pile initial stiffness and lateral capacity. A
similar trend was observed for piles with L/D = 3, when the vertical loading was below 44% of
the pile’s ultimate vertical capacity. For higher vertical loading considered, the beneficial
effects reduced in a manner similar to the behaviour observed for shallow footings.

This chapter is submitted for publication (Q. Li, A. Askarinejad, L. J. Prendergast, and K. Gavin,
Experimental investigation of the effect of vertical loading on the lateral behaviour of monopiles in sand,
Ocean Engineering, 2020, under review)
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3.1 Introduction

The development of offshore wind resources has experienced rapid growth in recent years due
to its position as the most mature technology to facilitate the energy transition. Monopiles are
by far the most commonly used foundation for supporting offshore wind turbines (OWTS)
maintaining a 87% market share for structures installed in 2019 [11, 75]. Monopiles comprise
a single open-ended steel tube that is usually driven into the seabed. The typical pile sizes used
to support early OWTs had diameter, D, in the range 4 to 6 m and embedded length, L, in the
range 20 to 30 m, with L/D between 5 and 6 [76]. As turbine sizes grew to 10 MW the pile
diameter required to limit turbine rotations increased to between 8 m and 10 m [25]. The
combination of the relatively low turbine weight and large pile diameter means the embedded
length of these monopiles has not increased significantly and the L/D ratios are reducing
towards values in the range 2 to 3. Although known as monopiles, these foundations are more
correctly termed intermediate foundation classified in ISO 1990-1-4 as having L/D in the range
1to 10.

A number of researchers have studied the combined loading problem for shallow and skirted
foundations. It has been identified that interaction effects such that the lateral load, H, and
moment, M, capacity of footings depend on the current vertical load level, V [77-79]. Whilst a
number of studies have considered load-interaction effects on piles, in much of this work the
focus was not on monopile behaviour. Karasev et al. [21] conducted full-scale combined load
tests on cast-in place concrete piles (D = 600 mm, L =3 m and L/D =5) in sandy loam. The test
results indicate that the vertical load has a favourable effect on the lateral response of the piles
(i.e. the lateral displacement of piles decreases considerably with increasing vertical load). Jain
et al. [23] performed laboratory combined load tests on fully and partially embedded long
flexible open-ended piles (D = 32 mm, L = 1000 mm and L/D = 31.25) in sand with a relative
density Dr of 78%. In this case they reported that application of a vertical load increases the
lateral displacement of the pile. Lee [24] performed laboratory model pile load tests to assess
the influence of vertical loading on the lateral response of piles in sand. The effect of installation
was considered by testing driven and non-displacement piles. The tests were performed in sand
samples prepared in a pile testing chamber with investigated Dy in the range from 38% to 91%.
The model closed-ended steel piles had D = 30 mm, L = 1100 mm and L/D of 37. In keeping
with the results of Jain et al. [23], the authors found that lateral displacement of the model pile

head increases with increasing vertical load. Mu et al. [20] performed combined load tests in a
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centrifuge. The monopile had D =6 m, L =50 m and L/D = 8.3. Strain gauges were installed
on the pile to study the influence of vertical loading on the bending moment and lateral soil
resistance-displacement (p-y) curves. It was found that the presence of vertical loading
decreases the lateral displacement of the monopile. Lu and Zhang [22] reported centrifuge tests
where combined loading was applied to a pile with D =1 m, L =16.5 m and L/D = 16.5. They
also found that lateral displacement measured at a given applied lateral load decreases as the

vertical load increases.

In summary, Karasev et al. [21], Mu et al. [20] and Lu and Zhang [22] suggest that the presence
of vertical loading improves the pile performance (defined as the lateral displacement measured
at a given lateral load). In contrast Jain et al. [23] and Lee [24] report the opposite effect. At
least part of the reason for this discrepancy might be related to variations in the pile top fixity
applied in the experiments and the range of L/D ratios considered. Notwithstanding this
contradiction there is a dearth of data which considers the pile performance under a range of
vertical loads, L/D ratios and installation methods under controlled loading conditions and soil

conditions.

In this paper, the effect of vertical loading on the lateral loading response of monopiles used
for offshore wind turbines is examined using centrifuge testing. The contributions of the present
study relate to investigate the effect of slenderness ratios typically adopted for OWTs on the
lateral load capacity and p-y curves for monopiles in dense sand. Given the challenge of pile
installation in the centrifuge a number of studies report tests on pre-installed piles. In order to
check the impact of installation technique on the pile response, a series of tests are compared
where the piles were installed in-flight and pre-installed. The centrifuge testing program is
summarised in the next section. Section 2.3 presents an investigation of the influence of vertical
loading on the lateral load-displacement behaviour. A comparison of the p-y curves derived
experimentally in this research and those prescribed in literature is also presented. Finally, in
section 2.4, conclusions of this work are provided.

This research aims at investigating monopile behaviour in dense sand condition, therefore the
influence of sand relative density was excluded from this test program. Lateral load was applied
under displacement controlled mode, the loading rate was low and the loading process can be
deemed as quasi-static. Fully drainage condition can be expected even when carrying out tests
in saturated sand specimen. Therefore, dry sand was used to form the foundation in order to

decrease the difficulties in specimen preparation and save time.
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3.2 Experimental procedure

The experiments presented in this paper were undertaken using the beam centrifuge at Delft
University of Technology described by Allersma [62] and Zhang and Askarinejad [80]. A brief
summary of the main test elements relevant for this paper are provided herein. Three aluminium
tubular model piles used in the tests have an outer diameter D = 18 mm and wall thickness t =
1 mm. The properties of these piles are provided in Table 3.1, at both model and prototype
scales. One pile (P1) was instrumented with ten strain gauges and the remaining two were
uninstrumented. A photograph of the instrumented pile (P1) and one uninstrumented pile (P2)
Is shown in Figure 3.1.

Table 3.1. Model and corresponding prototype pile dimensions and properties of test piles

Pile | Strain Model Prototype”
ID | gauge Lt E D t L/D E D L/D
(mm) | (GPa) | (mm) | (mm) | (1) |[(GPa)|(m)| ()
P1 | 10 pairs | 240 70 18 1 5 210 | 1.8 5
P2 None 240 70 18 1 5 210 | 1.8 5
P3 None 204 70 18 1 3 210 | 1.8 3

*Assuming prototype pile is fabricated from steel and g-level = 100.

Cable and connectors
204

Pile

Srtain gauges
(& protective
shielding)

a) (b)

R .

Figure 3.1 Photograph of model monopiles: (a) P1 and (b) P3 (unit: mm)
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The tested piles simulate a 1.8 m diameter steel pipe pile with wall thickness of 30 mm at
prototype scale. The piles were installed by jacking to L/D ratios of 3 or 5. The terminology
adopted to describe the pile response is summarized in Figure 3.2. Here L is pile embedded
length, e is the loading eccentricity, D is the pile outer diameter. Ry is the distance from the pile
pivot point to the pile toe. H is the applied lateral load, y is the pile lateral displacement, and

Is the pile rotation angle. The loading eccentricity, e, was constant in all tests at 8D.

y

/

| gl

o]

Figure 3.2 Sketch of pile

The piles were installed in dense Geba sand with D, = 80% formed using the air pluviation
technique. The geotechnical parameters of Geba sand are shown in Table 3.2, for detailed
information see Maghsoudloo et al. [69]. The ratio of the outer pile diameter to average grain
size of the sand (D/Dso) for the tests conducted is approximately 164, which is sufficient to
avoid particle size effects [81-83]. The plan dimensions of the sand sample are 410 mm by 150
mm, with a sample depth of 155 mm. The ratio of the smallest size of the sand box to the outer
pile diameter is 8.3, which is larger than the limitation of 4 as suggested by Prakasha et al. [68].
For the largest pile embedment ratio (L/D = 5), the distance from the pile tip to the bottom of
the strong box is 3.6D which is larger than the minimum value of 3 required to avoid boundary
effects [68].

Table 3.2. Geotechnical properties of Geba sand [69, 70]

€min €max Gs Dso (mm) Cc Cu Qcr
0.64 1.07 2.67 0.11 1.24 1.55 35@e
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Figure 3.3 Schematic showing in-flight pile installation procedures: (a) Initial installation of the pile to
2D embedment depth at 1g; (b) Pile in-flight installation (5D embedment depth shown as an example);
(c) Raising of actuator to accommodate subsequent lateral load test

Pile installation was achieved using a displacement controlled actuator at a rate of 0.05 mm/s.
The instrumented pile, P1 was jacked to its final penetration depth 5D at 1g. The un-
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instrumented piles were jacked to an initial depth of 2D at 1g to maintain vertical stability at
elevated g-levels, see Figure 3.3(a). Following this the centrifuge was spun-up to 100g and the
piles were jacked to their final embedment depth 5D (P2) and 3D (P3), see Figure 3.3(b).

A friction-reducing ball connection [71] was used to transfer the lateral load produced by
actuator to the pile head, see Figure 3.4. The ball was placed vertically into the open-end of the
pile head, where it rested in contact with the internal wall of the pile. Between the pile inner

surface and the ball, a Teflon collar was used to minimize interface friction.

Loading bar

Ball

ot abababadad edebaadan g bbb g

Teflon collar

Pile

3

Figure 3.4 Ball connection for reducing pile-head constraint (all dimensions in mm)

During combined loading tests the vertical load (V) was applied using dead weights. The lateral
load (H) for the pile installed at 1g was monitored at the pile head by parallel beam load cells
(HTC-SENSORS; TAL220) with a measuring range of 100 N and sensitivity 0.05%, see
Figure 3.5.

In order to perform lateral tests following in-flight installation without stopping the centrifuge,
a 200 N load cell (SIMBATOUCH; SBT620 with a sensitivity 0.2%) was placed in between
the lateral motor and the vertical loading tower, see Figure 3.3. The parallel beam load cell
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cannot be used in this test program, due to the potential high bending moment caused by the
pile vertical installation.

The vertical and lateral displacements of the pile at the loading position (pile head) can be
monitored by the vertical and lateral motor encoders, the accuracy of which are of the order of

approximately 3 x10° mm.

The experimental programme comprises a total of 14 centrifuge tests, summarised in Table 3.3.
The tests are described using pile number, acceleration level during installation and test type.
Therefore P1-1g-L1 refers to the 1% lateral load test performed on Pile P1, which was installed

at 1g. Each test was conducted twice to ensure repeatability.

Parallel beam
load cell

Figure 3.5 Picture of arrangement of testing components on the instrumented pile (pile P1)
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Table 3.3. Summary of pile test programme

Test number  Pile L/D Test nature Vertical load Kini
(MN/m)

Obtain vertical -

P2-100g-V 2" capacity (Vy) 0to V, -
P1-1g-L1 5 Assess influence 0 9.2
P1-1g-L2 5 of vertical loading 0.15V, 10.2
P1-1g-L3 5 on lateral capacity 0.225Vy 11.5
P1-1g-L4 5 0.3Vu 12.2
P2-100g-L1 5 0 11.5
P2-100g-L2 5 0.225V, 13.1
P2-100g-L3 5 Assess influence 0.45V, 15.3
P2-100g-L4 5 of vertical loading 0.675Vy 16.7
P2-100g-L5 5 on lateral capacity 0.9V, 20.4
P3-100g-L6 3 0 1.8
P3-100g-L7 3 0.27Vy 3.6
P3-100g-L8 3 0.55Vy 4.9
P3-100g-L9 3 0.82V, 7.6

*Pile has 2D initial embedment before the vertical load test begins

3.3 Experimental results
3.3.1 Vertical load-displacement response

As a first-step in the experimental procedure the vertical capacity, Vy, of each pile was
determined. For the piles installed in flight, Vu was defined as the vertical load (jacking force)
required to achieve the target penetration depth. Considering Figure 3.6, it can be seen that the
results from repeat tests are extremely consistent, this was seen throughout the test programme.
The vertical capacity for Pile P3, with L/D = 3, is 12 MN; whilst Pile P2, with L/D =5, has a
vertical capacity of 20 MN. The effect of installation method, i.e. installed at 1g rather than
100g is evident from the initial stiffness of Pile P1. For consistency, V, of P1 is assumed to be
equal to P2 in the following.
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Figure 3.6 Determination of vertical capacity of the tested piles

3.3.2 Lateral load-displacement response

In this section, the lateral load-displacement behaviour of each pile for each of the cases detailed
in Table 3.3 is reported.

Influence of the installation stress level on the pile lateral response

The lateral load-displacement response curves for the pile installed at L/D = 5 are shown in
Figure 3.7. The pile installed in-flight (P2-100g-L1) exhibits both larger initial stiffness (Kini)
and lateral resistance than that of the pile pre-installed at 1g (P1-1g-L1). This suggests retention
of high mean stresses caused by the installation process affect the lateral load-displacement
response even at very large lateral displacements. When the pile was in-flight installed, the
inner filling ratio (plug length of the sand divided by the pile embedment length) is 54.7%.
While when pile was pre-installed, fully coring was observed. Definitely, when plugging
appears, the volume of sand inside the pile is smaller than that without plugging (fully coring).
Therefore, under the plugging condition, the density of the sand around the pile can be larger
than without plugging, which helped to explain the increased pile lateral resistance. The same
trend is evident in Figure 3.7 for combined loading tests where the vertical load was fixed at
0.225V,.

In this paper the lateral capacity, Hy is defined as the lateral resistance developed when the pile
head displacement at the mudline level reaches 10% of the pile diameter (D) in keeping with
recommendations by Lee [24]. Although both piles in Figure 3.7 are seen to develop lateral
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resistance that increase with displacement, Hy is defined as 0.64 MN and 0.93 MN for piles P1
and P2, respectively.

20
P2 jacked at 100g
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Figure 3.7 Influence of pile installation stress level on the lateral load-displacement curves (L/D = 5)

Effect of vertical loading on the pile lateral response

The influence of vertical loading on the lateral load-displacement response for the piles installed
to L/D =5 are compared in Figure 3.8. It is apparent that an increase in vertical load resulted in
an increase in both the initial stiffness and lateral capacity of the piles. This trend is broadly
similar for piles pre-installed at 1g and jacked at 100g within the mudline lateral pile

displacement of 0.1D.

The likely mechanism controlling the increase in initial stiffness and the lateral capacity in the
presence of vertical loading is the increased mean stress level in the sand caused by the pre-
application of the vertical load. This causes an increase in the sand stiffness and strength thereby
increasing the lateral resistance [22, 84]. The experimental results presented in Figure 3.8 are

consistent with the centrifuge study of Mu et al. [20] and Lu and Zhang [22].
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The influence of vertical loading on the lateral load-displacement response for the piles installed
to L/D = 3 are shown in Figure 3.9 (see Table 3.3). The data shows that the initial stiffness of
the curves increased with the application of vertical load. The pile lateral resistance also
increased up to a lateral mudline displacement of approximately 0.05D. For tests with applied
vertical loads of 0, 0.27V, and 0.55V,, the lateral resistance continued to increase with increasing
lateral displacement. However, the rate of increase for the pile with a vertical load of 0.27Vy is
higher than the pile with 0.55V,, such that at y/D = 0.1, the lateral capacity measured in both
tests was approximately equal. In the test where the applied vertical load is 0.82V,, the

resistance reduces for displacements larger than 0.05D and the Hy value at y/D = 0.1 is only
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slightly higher than the pile with no vertical load. From the data it is clear that the pile
slenderness ratio (L/D) and the vertical load level (V/Vy) has an influence on the load-interaction
response of monopiles, see Lu and Zhang [22].

Effect of vertical loading on the pile lateral capacity

The influence of vertical loading on the pile lateral capacity (Hy) can be expressed by the

following equation [20, 84]:
U = Hyyso/Hyy=0 (3.1)

where § is defined as the normalized pile lateral capacity; H, y~, is defined as the pile lateral
capacity under combined vertical and lateral loads; and H, -, is defined as the pile lateral
capacity under pure lateral load. It should be noted that the data in Figure 3.9 makes it clear that

Jis very sensitive to the definition of the y/D value at which the pile lateral capacity is defined.
A summary of the & values from all tests is shown in Figure 3.10, which reveals the following:

1. The data shows that for the range of parameters considered in the test programme 9 is
always greater than unity, meaning the application of vertical loading is always
beneficial to the lateral capacity of piles.

2. For piles with L/D = 3 the lateral capacity increases initially as the vertical load increases.
The normalized pile lateral capacity reaches a peak value when the vertical load is
between 0.4V, and 0.5V,. When vertical load surpasses a certain value early failure in
the sand might happen, therefore the beneficial effect of vertical loading on the pile
lateral capacity reduces. A parabolic failure locus similar in shape to those reported for
shallow foundations by Nova and Montrasio [77] appears to match this pile response
well.

3. For piles with L/D of 5, the pile lateral capacity increases non-linearly with increasing
vertical load, the benefit increases as vertical load level increases. At a given V/Vy value
the beneficial effect is smaller than that seen on the pile with L/D = 3 for V/V, below
0.8.

4. Comparing the data for pile with L/D =5, i.e. P1 and P2 we note that the results are

very sensitive to the Vy value chosen for the normalisation. Whilst Vy was measured
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directly for the P2 and P3 as the jacking force required for installation, see Figure 3.6,
pile P1 was jacked at 1g and thus the Vy value that should be adopted in the
normalisation is not straight-forward. A vertical load test performed in-flight from an
initial embedment depth of 5D on this pile is shown in Figure 3.11. It is clear that a very
large pile displacement of 0.9D was required to mobilise the V, value of 20 MN adopted
for consistency with P2 (thus the pile embedment is 5.9D). An alternative definition of
Vy that might be more in keeping with the stress state effective at the time of the lateral
load test is to define Vy at the point at which the pile stiffness decreases significantly in
the vertical load test. From Figure 3.11 an alternative definition of Vy pre for P1 is 6.5
MN. Replotting the data in Figure 3.10 with this lower Vy value for pile P1 shows

comparable behaviour with pile P2.
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3.3.3 Influence of vertical loading on p-y curves for monopiles

In the previous section, it was observed that the application of vertical loading is beneficial for
the lateral load-displacement behaviour of a pile. In this section, the impact of vertical loading

on the p-y curves mobilised along the depth of pile P1 is discussed.
Bending moment distribution

The bending moment on pile P1 can be calculated from discrete strain gauge data using
Equation (3.2).

M(z) = Elp(2) (3.2)

Where: El is the flexural rigidity of the pile (Nm?) and p(z) is the curvature corresponding to a
given applied load. Curvature is obtained as the ratio of the difference in measured compressive

and tensile strains to the gauge lever arm (pile diameter) at each depth z, see Li et al. [71].

The evolution of bending moment for a pile with V =0 (Test P1-1g-L1) is shown in Figure 3.12.
As the lateral load increases to 0.393 MN, the bending moment increases uniformly with the
maximum bending moment occurring at a depth, z, of between 2 and 3 m at each loading stage.

Note, the strain gauge at the depth z = 6 m was damaged, therefore the data was missing.
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Figure 3.12 Pile bending moment distribution (V = 0)
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Derivation of p-y curves from strain gauges

Lateral soil reaction-displacement (p-y) curves can be derived from bending moment profiles,
with the soil reaction p being derived by double differentiation of the bending moment profile
and the pile lateral displacement y at discrete locations obtained by double integration of the

bending moment profile, see Equations (3.3) and (3.4).

p(z) = L2 (3.3)
y(z) = ff%dzdz (3.4)

Where: M(z) is the bending moment at depth z, and EI denotes the pile flexural rigidity. Given
the double differentiation propagates measurement errors it is common to apply curve fitting
techniques to minimise these errors, see Xue et al. [72]. Polynomial curve-fitting method [73]
is adopted herein for curve-fitting the moment data. The choice of the order of the fitted curve
is important to minimise errors between the discrete moment points and the values from the
continuous curve at these locations. A 5™ order polynomial is used for the moment data to
generate soil reaction (by differentiation) and a 7" order polynomial is used to obtain soil

displacements (by integration).

Using this approach, p-y curves derived from the bending moment profile for test pile P1-1g-
L1 (V =0)are shown in Figure 3.13. The normalised lateral displacement profiles seen in Figure
3.13(a) show that the pile lateral displacement (y) is almost linearly distributed demonstrating
rigid pile behaviour, with ‘toe-kick’ [85, 86] evident at pile penetrations below 6.3 m. The
corresponding normalised soil reaction profiles along the pile are shown in Figure 3.13(b) with
large soil resistance mobilised at the pile toe. The data can be combined in the form of p-y
curves in Figure 3.13(c), which shows the lateral soil resistance and stiffness increase with

depth as expected.
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Effect of vertical loading on p-y curves

In this section, the influence of applied vertical loading on the derived p-y curves is studied.
The curves are derived using the procedure detailed in the previous section. Figure 3.14(a-d)
show the influence of vertical load level on the p-y curves derived at increasing depths, from z
= 2 m to 5 m respectively on the active side of the pile. It is evident that the stiffness and

normalised resistance (p/D) generally increase as the vertical load level increases from 0 to

0.3V.
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Figure 3.14 Influence of vertical loading on p-y curves at various depths (a, b, ¢, d: z=2-5m)

Mu et al. [20] suggests the influence of applied vertical loading on the soil resistance can be
quantified using the following equation:
¥ = Py—Po (3.5)
Po
where y is defined as the improvement in lateral soil resistance at some reference displacement

level due to the application of vertical loading. po is the lateral soil resistance for zero vertical

load and py is the lateral soil resistance when the applied vertical load is non-zero.

Considering Figure 3.14(a) and taking y/D = 0.01 as the reference displacement level, the
normalised soil reaction p./D increases by 10%, 23% and 46% over the po/D value as the
vertical load increases to 0.15Vy, 0.225V, and 0.3V respectively. Similar data from all soil
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depths is summarised in Figure 3.15, which shows an approximate linear increase of y as the

vertical load level increases.

o | T
i i s

xR Depthz | [
8 ® z=2m| * 7‘
& A z=3m|| = K
g o2p 7 Zf‘s‘m R oo D
g z=om, P ;
= | 7/ @ |
3 ! * - A
3= b
E oA |

DAt g e
§ v |
3 7
g <
E s

s
00 j i j
Q.0 0.1 0.2 03 04
ViV,

Figure 3.15 Improvement in soil resistance under applied vertical load (at y = 0.01D)

Comparison with experimental and API p-y curves

The p-y curves implemented in the offshore design codes, such as the American Petroleum
Institute [API, 18] edition, were adapted from load tests on relatively slender piles. Recognising
the limitations of the approach for rigid monopiles, several authors have derived p-y curves for
piles of varying geometries. Choo and Kim [87] proposed experimental p-y curves based on
centrifuge tests of 6 m diameter (at prototype scale) monopiles installed in dense sand. Qi et al.
[88] conducted a series of centrifuge tests at a scale of 1:250 to investigate the influence of
scour erosion on the lateral behaviour of piles. The model pile used has an equivalent prototype
diameter of 2.75 m and an embedded length of 31.25 m.

The p-y curves derived experimentally in this paper were compared with those from API [18],
Choo and Kim [87] and Qi et al. [88]. To facilitate comparison across scales, p-y curves were
normalized (presented in dimensionless form). These curves at a normalized soil depth of z =
2D are shown in Figure 3.16. The p-y curves from this paper correspond well to the p-y curve
from the pile with L/D = 7.1 from Choo and Kim [87], which was installed in a single layer of
dense sand with D, = 82-86%. The p-y curve derived by Qi et al. [88] on the other hand exhibits
very soft behaviour, though the pile tested has a larger L/D (11.4).

For the p-y curve derived using the API method, “failure” is reached at a relatively small lateral

displacement (e.g. 0.008D). The initial stiffness in the API p-y relationship is much greater than
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those determined from the centrifuge experiments. The API method is otherwise considered to
be conservative, however, in this case the initial stiffness and strength are over-predicted

significantly.
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Figure 3.16 Comparison of normalized p-y relationships obtained in this study with those from previous
literature at a normalized depth z = 2D

The experimental data in Figure 3.16 suggests that the p-y response is very sensitive to pile L/D
ratio. This is in keeping with the results of major experimental and numerical test programmes
such as the recently completed PISA project [89, 90]. Considering the significant difference
between the p-y curves determined from the centrifuge experiments and the API
recommendations, further large-diameter rigid pile tests should to be carried out to formulate
the database for establishing design criteria. This is especially urgent given the lateral bearing

behaviour of large diameter monopiles are still designed based on p-y relationships.

3.4 Conclusions

In this study, an experimental investigation into the influence of vertical loading on the lateral
response features of monopiles is conducted using physical (centrifuge) modelling. A series of
vertical, lateral and combined loading tests were performed on both piles installed at 1g and
100g (in-flight) in dry dense sand (Dr = 80%). Two different L/D ratios were considered to
investigate the effect of pile slenderness ratio. The conclusions drawn from this study can be

summarized as follows:
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1. The application of vertical loading is beneficial to the lateral capacity and stiffness of
piles with L/D in the range 3 to 5.

2. For piles with an L/D ratio of 5, the beneficial effect of vertical loading increases as the
ratio of V/Vy increases.

3. For pileswith L/D = 3 the lateral capacity increases initially as the vertical load increases.
The normalized pile lateral capacity reaches a peak value when the vertical load is
between 0.4V, and 0.5V,. For higher vertical loads early failure in the sand might happen,
therefore the beneficial effect of vertical loading reduces.

4. Notwithstanding this the net benefit to the lateral capacity on piles with L/D = 3 is higher
than for a pile with L/D = 5 when the ratio V/V, is below 0.8.

5. For a pile with L/D = 5, the normalised lateral soil resistance p/D measured at a
normalised lateral displacement of 0.01D increases approximately linearly as the V/V,
increases.

6. The data shows that the method of pile installation has a clear influence on the stiffness
and lateral bearing resistance of the piles tested in this study. The plugging behaviour
for the in-flight installed pile may have caused a denser sand condition around the pile.
Installing the piles in-flight leads to a higher retention of lateral stress, which manifest
as a larger initial stiffness and higher lateral resistance at corresponding displacements
than for piles pre-installed at 1g.

The test results show that the influence of vertical loading on the pile lateral capacity are
dependent on the pile L/D ratio. A comparison of the experimental p-y curves reveals that
application of vertical loading increases both the stiffness of the p-y curves and the soil
resistance. Future work will focus on quantifying the benefits obtained under combined loading
conditions in a design framework. The results in this paper will be on interest for the offshore

geotechnical design of large-diameter monopiles.






4 Lateral response of rigid monopiles
subjected to cyclic loading: centrifuge
modelling

In this study, a total number of 21 centrifuge tests were carried out to investigate monopile
behaviour under lateral cyclic loading. The instrumented model pile simulates an offshore wind
turbine foundation with an embedment ratio of 5 installed in sand layers with two relative
densities of 80% and 50%. Influence of cyclic load directional characteristic and amplitude on
pile lateral behaviour was studied. Moreover, the behaviour of the monopile subjected to storm
loading has been investigated. Reaction curves were generated based on the measured bending
moment distribution along the depth and the load-displacement data near the pile head. The
data analysis focused on the influence of cyclic load on the accumulation of lateral
displacement, evolution of secant stiffness, the changing of bending moment and the alternation
of the p-y reaction curves. The most damaging cyclic loading type (the cyclic type which can
cause the most accumulated pile displacement) is identified as two-way loading, and cyclic
loading always increases the pile secant stiffness. Cyclic p-y curves show different evolution
trends according to soil depths. A new model for the prediction of evolution of pile head
accumulated displacement and change in secant stiffness has been formulated. An example of
the developed procedure is presented for a typical field monopile subjected to a cyclic loading.
Lastly, the performance of the new model is demonstrated and predicted results are compared

with a field test data.

This chapter is submitted for publication (Q. Li, A. Askarinejad, and K. Gavin, Lateral response of rigid
monopiles subjected to cyclic loading: centrifuge modelling, ICE - Geotechnical Engineering, 2020,
under review)
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4.1 Introduction

The current design codes of monopiles for offshore wind turbine (OWT) foundations are largely
based on the application from oil and gas industry. The fundamental difference between
monopiles used as OWT foundations and those in the oil and gas industry is the lower
embedment ratio (L/D) generally used for OWT foundations, ranging between 3 and 6 [3].
These foundations are subjected to a large number of loading cycles, and strict permanent
rotational limits are imposed. Moreover, OWT are dynamically sensitive structures and slight
changes in stiffness of the foundation might result in an undesirable shift in the natural
frequency of the whole structure. Therefore, understanding the influence of cyclic load on the
accumulation of lateral displacements, change in secant stiffness, bending moment, and soil

reaction is of great importance for a safe design of these structures.

Two non-dimensional parameters are widely used to describe the applied cyclic load:

Hmax

(p = _Hu (4.1)
Hmin

(c= Homax (4-2)

where, Hy is defined as pile lateral capacity determined from a monotonic test, Hmin is the
minimum load in the loading cycle, and Hmax is the maximum load in the same cycle. The
value of ¢, can be used to define the load amplitude for the cyclic loading, while {: can be used
to describe the directional characteristic of the cyclic loading. A visual interpretation of these

two parameters is given in Figure 4.1.

e Oo\v/\\\/\

Figure 4.1 Characteristics of cyclic loading defined in terms of {, and
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A number of experimental studies have been conducted to investigate the response of monopiles
under lateral cyclic load [25-49]. LeBlanc et al. [41] carried out 1g experiment on a pile with
L/D ratio of 4.5 embedded in a dry loose sand (Dr = 4-38%) layer. It was found that the most
damaging loading type (the cyclic type which can cause the most accumulated pile
displacement) is two-way loading with (¢ = -0.6. Moreover, they reported that the secant
stiffness increased with the number of cycles. Klinkvort et al. [91] carried out a centrifuge test
series simulating cyclic load on a monopile with L/D of 6 in dense sand (Dr = 79-96%). It was
indicated that two-way loading (£ = -0.4) is the most damaging load situation. However, they
observed that secant stiffness for each cycle tended to decrease when (¢ > 0.1. Based on the
results of a second series of centrifuge tests using similar pile (L/D = 6) and sand (Dr = 90%)
Klinkvort and Hededal [92] showed that one-way loading ({c = 0) is the most damaging loading
type. Although LeBlanc et al. [41] reported accumulation of rotation was observed regardless
of the characteristics of the loading from the 1g experiments, it was in contrast to the
observation done in centrifuge test by Klinkvort and Hededal [92], where it was seen that the
pile starts to move back towards its initial position in two-way loading where {: <-0.63.

Monopiles for offshore wind turbines are typically designed to withstand the lateral loads and
overturning moments due to wind and wave effects, based on the Winkler model and is
commonly referred to as the p-y approach [18, 19]. In this method, p is the soil reaction imposed
on the pile and y is the corresponding lateral pile displacement. However, this approach is
formulated using results obtained from experiments on piles with small diameters (usually
smaller than 1 m) and with large embedment ratios (for example, L/D = 34 in Mustang Island
tests by Cox et al. [34]). Recent experimental data indicates some uncertainty on the reliability
of the existing p-y approach to predict the lateral behaviour of offshore monopiles [10]. Choo
and Kim [87] carried out centrifuge tests on prototype piles with 6 m diameter and L/D ratios
of 5.2 and 7.1 in dense sand layers. It was found that the experimental p-y relationships for

large-diameter monopiles exhibit a softer behaviour than those proposed by the API [18].

The research on the evaluation of cyclic p-y curves of large diameter monopiles is rather limited
and the slenderness of the monopiles (L/D) has a large variety, therefore, few consistent results
regarding p-y curves of rigid monopiles exposed to lateral cyclic loading can be seen. Verdure
etal. [37] presented a centrifuge programme carried out on a slender pile (L/D = 17) under one-
way lateral cyclic loading for as much as 50 load cycles. Two different zones were observed
when looking at the effect of cyclic load on soil reaction mobilization. At small soil depths, the



42 4 Lateral response of rigid monopiles subjected to cyclic loading: centrifuge modelling

soil reaction at maximum load decreases with the number of cycle while the pile displacement
increases; at larger depths, on the contrary, both the soil reaction and the pile displacement
increases with the number of cycles. Klinkvort [43] performed multiple centrifuge tests on rigid
monopiles (L/D = 6) to simulate a 1-m-diameter monopile at the prototype scale with up to 500
load cycles. An elasto-plastic spring element using the p-y curve concept is applied allowing
definition of unloading-reloading branches, hence enabling modelling of pile cyclic response.
Lee et al. [49] performed centrifuge model tests on a pile with diameter of 3.3 m and L/D of
12 to examine the lateral behaviour of a monopile embedded in dry sand under cyclic loading.
The experimental cyclic p-y curve was obtained through the tests, and the maximum soil
resistance points that were found for each load cycle were used to find the cyclic p-y backbone
curve for each depth. The two variables which are needed to define the cyclic p-y backbone
curve, i.e. the initial modulus of subgrade reaction and ultimate soil resistance, were suggested
as functions of the physical properties of the soil and the pile. The cyclic p-y curve of the first
cycle and the 100" cycle were formulated to present the upper limit and lower limit.

In the framework of this study, a series of centrifuge model tests has been conducted to simulate
open-ended monopiles with an embedment ratio of 5 subjected to both significant lateral load
and overturning moments. Given the contrasting findings from previous studies, this work
focuses on two important issues for the design of monopile foundations for offshore wind
turbines, namely: (i) the accumulation of the lateral displacement; (ii) the evolution of the secant
stiffness per loading cycle. The bending moment profiles have been obtained from strain
measurements along the pile and the experimental p-y curves are developed. Comparison has
been made between the p-y curves obtained from this study and from API [18]. Influence of
storm loading on the cyclic p-y reaction curves has also been investigated. The impact of
number of cycles, load magnitude and the directional characteristic of loading on these
properties were captured by a model framework featured with both non-dimensional and

dimensional functions.
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Figure 4.2 Schematic diagram of the two dimensional loading actuator

4.2 Centrifuge model test
4.2.1 Test facility

The tests were performed using the beam centrifuge of the Geo-Engineering Section at TU Delft
[93]. These tests were conducted at 100 times the gravitational acceleration (100g). A two
dimensional actuator (Figure 4.2) was used to impose lateral load (H) at the pile head. The
applied lateral load was measured by parallel beam load cell (HTC-SENSORS; TAL220;
measuring range 100 N; sensitivity 0.05%). Lateral displacements at pile head was measured
by the signal encoder of the actuator, the accuracy of which is of the order of approximately 3
x10° mm. A specially-designed friction-reducing ball connection was constructed to enable
the application of lateral load without inducing any rotational fixity at the pile head. The
detailed information on the actuator and the friction-reducing ball connection can be found in
Lietal. [71].
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4.2.2 Model pile characteristics and installation

An open-ended aluminium tubular pile was used, with an outer diameter (D) of 18 mm and a
wall thickness (t) of 1 mm. The load eccentricity e and the embedment depth L of the pile were
kept constant at e = 8D and L = 5D, respectively. The primary dimensions and material

properties of the pile are provided in Table 4.1.

The model pile was instrumented with ten pairs of strain gauges, calibrated for measuring
bending moments. The strain gauges are type of FLA-3-11 fabricated by Tokyo Sokki
Kenkyujo. The strain gauges were spaced evenly (10 mm) except for the lowest one (15 mm).

The pile was coated with a thin layer of epoxy to protect the strain gauges.

The model piles were installed at 1g by jacking at a constant rate. The 1g installation was
conducted due to a risk of damage to the strain gauges, if the installation was done at 100g due
to the higher shear stresses. However, 1g installation does not represent the prototype installing
technique and might results in some discrepancies in the lateral stiffness and capacity of the
pile [37].

Table 4.1 Characteristics of the model and prototype piles (adapted from Li et al. [71])

Property Model value Prototype value*
Length (embedded + additional) 90 + 150 mm 9+15m
External diameter 18 mm 1.8m
Wall thickness 1 mm (aluminium) 30 mm (steel)
Young’s modulus (E) 70 GPa (aluminium) 210 GPa (steel)
Stiffness (EI) 0.136 kPa.m* 13.7 GPa.m*
Load eccentricity above sand surface 144 mm 144 m

*Assume the prototype pile is made in steel.

4.2.3 Soil characteristics and sample preparation technique

The sand used in this series of centrifuge tests is called Geba sand which is commonly used for
mortar and concrete mixes [63]. Its main component is silica (99% SiO2). The geotechnical
properties of the sand are summarised in Table 4.2. The ratio of pile diameter to average grain
size of the sands (D/Dso) is 164, which is larger than the value of 20 and 60 suggested by Gui
et al. [65] and Remaud [66], respectively, where grain size effect becomes negligible for both

vertically and laterally loaded piles [81, 82].
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Table 4.2 Basic properties of Geba sand [69, 70]

Property Sand
Average grain size, Dsg (mm) 0.11
Curvature coefficient, Cc 1.24
Uniformity coefficient, Cu 1.55
Specific gravity, Gs 2.67
Maximum void ratio, emax 1.07
Minimum void ratio, emin 0.64
Critical friction angle, ¢cr (9 35

Dry sand was pluviated into a rectangular model container (centrifuge strongbox) with inner
dimensions of 410 (length) =150 (width) %165 (height) mm?®. Two series of homogeneous sand

specimens with relative densities (Dr) of 80% and 50% were prepared.

4.2.4 Loading test programme

Two monotonic and nineteen cyclic tests have been performed, see Table 4.3. The effect of
load amplitude was investigated by changing ¢ (&b € [0.2, 0.3, 0.4, 0.5]) while keeping  at 0,
in both dense sand and medium dense sand. To check the effect of loading characteristic, several
values of ¢ with intervals of A{c = 0.25 in dense sand (Dr = 80%) and Ac = 0.33 in medium
dense sand (Dr = 50%) were tested. In the simulation of storm loading, test was carried out in
dense sand (Dr = 80%), where {c was kept at 0, while 40 cycles was firstly applied at p = 0.17
to simulate the operational loading, followed by 20 cycles of storm loading with {, = 0.5, then

40 cycles applied at b = 0.17 again.
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Table 4.3 List of centrifuge tests

Test Type Dr (%0) & ¢b No. of a B
no. cycles

1 Monotonic 80 - - - - -

2 Monotonic 50 - - - - -
3 Cyclic 80 -0.75 0.2 153 0.0448  0.0217
4 Cyclic 80 -0.5 0.2 143 0.0668  0.0233
5 Cyclic 80 -0.25 0.2 142 0.0674  0.0264
6 Cyclic 80 0 0.2 42 0.0581  0.0122
7 Cyclic 80 0.25 0.2 150 0.0640  0.0032
8 Cyclic 80 0.5 0.2 141 0.0610  0.0051
9 Cyclic 80 0.75 0.2 151 0.0592  0.0079
10 Cyclic 80 0 0.3 152 0.0791  0.0143
11 Cyclic 80 0 0.4 62 0.0611  0.0178
12 Cyclic 80 0 0.5 102 0.0652  0.0317

Cyclic 0 0.17 40 0.0570 -

13 (storm 80 0 0.51 20 0.2687 -

loading) 0 0.17 40 -0.004 -
14 Cyclic 50 -0.67 0.2 61 0.0838  0.0280
15 Cyclic 50 -0.33 0.2 50 0.0888  0.0146
16 Cyclic 50 0 0.2 151 0.0878  0.0087
17 Cyclic 50 0.33 0.2 67 0.0557  0.0167
18 Cyclic 50 0.67 0.2 152 0.0549  0.0115
19 Cyclic 50 0 0.3 122 0.0816  0.0148
20 Cyclic 50 0 0.4 83 0.0840  0.0210
21 Cyclic 50 0 0.5 151 0.0708  0.0374

4.3 Centrifuge model test results
4.3.1 Monotonic tests

In order to find the pile lateral capacity in dense sand and medium dense sand respectively, two
monotonic load tests were performed under displacement controlled mode, where the pile was
loaded at a constant displacement rate of 0.02 mm/s. Each test was conducted two times to
ensure repeatability. Test repeatability check was done and test results are shown in Figure 4.3.

All the data presented is in prototype scale in this paper, unless otherwise noted.

As e = 8D, L = 5D, pile pivot point is usually assumed to be located at 0.7L (Haiderali et al.,
2014; Chortis et al., 2020). Therefore, the lateral displacement at sand surface equals to 0.3
times the lateral displacement at pile head. From Figure 4.3, the load-displacement curves did
not reach a peak, i.e. maximum pile lateral resistance, in any of the tests. Therefore, a lateral
reference capacity, Hy, was defined at a lateral displacement of 0.135 m (0.075D) at sand
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surface. Therefore, the pile lateral capacities were determined to be 600 kN and 440 kN in dense

and medium dense sand layers, respectively.
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Figure 4.3 Monotonic test results

4.3.2 Cyclic tests

The range of amplitudes of cyclic loads has been selected based on the pile lateral capacity (Hu).
The cyclic loading tests were carried out under load controlled mode. Examples of the
performed cyclic test series are shown in Figure 4.4. The first loading phase of the cyclic loads
fit the monotonic loading curves quite well, which is an indication of the repeatability of the

tests.

A power law is used to relate the accumulation rate of pile head displacement to the number of
loading cycles:
Ymax,N — Na (43)
Ymax,S
where, ymax is the lateral displacement corresponding to Hmax at the N cycle and ymaxs is the
lateral displacement corresponding to Hmax at the end of monotonic loading phase, respectively.
A schematic illustration of these two parameters is shown in Figure 4.5. Figure 4.6 shows an

example of the normalised maximum pile head displacement (Ymaxn /ymaxs) for a one-way

loading test (test no. 10 in Table 4.3). The values of « for all tests are listed in Table 4.3.
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Influence of load directional characteristic ratio () on the accumulated pile head displacement

Twelve cyclic tests were performed in both dense and medium dense sand specimens to identify
the most damaging load type in terms of accumulated pile head displacement. Parameter o from
Equation (4.3) is used as an indication and is shown in Figure 4.7 as a function of {¢ for both
dense and medium dense sand specimens. In this series of tests, (b is kept constant at 0.2 and
the value of (¢ is changing. According to LeBlanc et al. [41] when {c = -1, it is expected that «
would be zero, since the load applied is equal in both directions. The two dashed lines in Figure
4.7 are the best fits of the two series of test data.

It can be observed that sand relative density has an influence on the value of ¢, i.e. in general «
is higher for the pile installed in the sand layer with lower relative density. This observation is
more pronounced in cases of two-way loading conditions ({t < 0) and for larger values of (¢ the
effect of relative density is minor. Moreover, it can be observed that the values of « do not vary

much as a function of {; for medium dense sand with D, = 50% in the range of {; € (-0.67, 0).

From the data presented, the maximum value of « was found to lie in the range between (¢ = -
0.25 and -0.5. The peak value of « is not that obvious, but perhaps could be located at (¢ = -0.4.
The positive value of « for all of the tests indicates that under all of the loading types the pile
always accumulates displacement in one direction (the direction of the first monotonic loading).
The phenomenon that pile starts to move back towards its initial position in some two-way
loading conditions ({c < -0.63) as reported by Klinkvort and Hededal [92] was not observed in
this research.
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Figure 4.7 Load characteristic effects from cyclic tests
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Influence of load amplitude ratio (¢b) on the accumulated pile head displacement

The effects of cyclic load amplitude on the accumulated pile lateral displacement regime were
investigated by keeping (¢ = 0 (one-way loading) while changing ¢, from 0.2 to 0.5. Eight cyclic
tests were performed in dense and medium dense sand layers. The value of a derived from the
results of these tests is plotted in Figure 4.8. It can be seen that, « is not sensitive to the sand
relative density under this specific loading case. Moreover, o is barely influenced by the load
amplitude ratio {b. These observations fit well with the results reported by Truong et al. [46], in
which the accumulation coefficient of pile head displacement was found to be not sensitive to

the cyclic magnitude ratio () but varied with the cyclic directional characteristic ratio ({c).
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Figure 4.8 Load amplitude effects from cyclic tests

4.3.3 Effect of loading cycles on the pile secant stiffness

The secant stiffness (K) is defined here as the ratio between load increment and displacement

increment during a loading phase (either monotonic or cyclic), as illustrated in Figure 4.5.

The secant stiffness in the monotonic loading phase, Ks is calculated based on the first

monotonic loading according to Equation (4.4):

Kg = —max. (4.4)

Ymax,S

where Hmax is the maximum load applied in the monotonic loading phase, ymaxs is the lateral

displacement corresponding to Hmax at the end of the monotonic loading phase .
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While secant stiffness under cyclic loading, Ky (for cycle N), is calculated based on the

following equation:

KN _ Hmax—Hmin (45)

Ymax,N~YminN

where Hmax and Hmin are the maximum and minimum loads applied in the cyclic load test, Ymaxn

and ymin,n are the lateral displacements corresponding to Hmax and Hmin for cycle N, respectively.

In Figure 4.9, the relative secant stiffness Ky /K1 is plotted against the number of cycles on a
logarithmic scale. It is evident that secant stiffness increases with the number of cycles in all
the investigated loading cases.

In a similar fashion to the evolution of relative maximum pile head displacement (YmaxN /Ymax.s),

the evolution of secant stiffness can also be approximated by a power function:

Knv _ N8B (4.6)

K1

The results of the fitted power function are summarised for each test in Table 4.3.
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The values of g from Table 4.3 are plotted in Figure 4.10(a) and Figure 4.10(b) as functions of
{c and ¢, respectively in both dense sand and medium dense sand.
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Figure 4.10 Cyclic dimensionless functions for changing in secant stiffness

From Figure 4.10(a), a linear dependency of 8 on cyclic characteristic ratio {c can be found:
B =0.015—-0.013¢, 4.7)

All the £ values are positive, which means the secant stiffness keeps increasing as a function of
the number of cycles under all of the investigated cyclic directional characteristic ratio (). It
should also be noticed that a gradual transition from one-way to two-way loading (i.e. traveling

from right to left along the x-axis of Figure 4.10(a) leads to an increase of .

From Figure 4.10(b), an increasing cyclic load magnitude leads to an increase in the relative
secant stiffness accumulation rate, 5. A second order polynomial fit seems to capture the trend
well, see Equation (4.8).

B = 0.023 — 0.111¢, + 0.266,* (4.8)

From Figure 4.10, it is not possible to make a clear distinction between the results for Dr = 80%

and Dr = 50%. This indicates that 5 is somewhat independent of sand relative density.
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4.3.4 Effect of loading cycles on the pile bending moment

The evolution of pile bending moment with the increase of cycle numbers needs to be evaluated
for the design of laterally loaded monopiles. An example of the recorded bending moment (M)
along the pile embedment depth (z) at the Hmax of each cycle is shown in Figure 4.11(a) (test
no. 12 in Table 4.3). Figure 4.11(b) shows the bending moment according to number of cycles
at soil depths of z/D = 0 to 2.78. The results indicate that:

1) Atdepths from z/D =0 to 2.78, bending moment at the Hmax shows very limited increase
(~4%) with the increase of number of cycles within the first 20 cycles. Afterwards the

bending moment keeps constant.

2) The maximum bending moment in a certain cycle (the so called “peak maximum
bending moment”) appears at the soil depth of z/D = 1.67, which is upper one-third of
the whole pile embedment length. With the increase of cycle number, the depth of “peak
maximum bending moment” is observed to be not influenced. Similar observations have
been reported on rigid pile (L/D = 6.5) [44], semi-rigid pile (L/D ~9.3) [48] and flexible
pile (L/D =~ 15.6) [94].
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Figure 4.11 (a) Bending moment profiles at Hmax versus depth; (b) Evolution of bending moment
according to the number of cycles (test no. 12)



4.3 Centrifuge model test results 55

4.3.5 Effect of loading cycles on p-y curves
p-y curves construction

The bending moment at any depth was calculated from the average measured values of the
strain from each pair of strain gauges attached on both side of the pile. By fitting a polynomial
to the bending moment (M) at multiple soil depths (z), a distribution curve M(z) can be obtained.
The soil reaction p and the pile displacement y can be derived according to the beam theory

equations:

d*m M
p=""2,y=J "Pdzdz (4.9)

E

where, p is the soil resistance; y is the pile displacement; El is the pile flexural rigidity; and M(z)

is the moment distribution curve according to depth.

In the derivation of y, the bending moment data M(z) was firstly fitted by a 7% order polynomial
function that was then integrated twice. The two required constants C; and C> were the known
displacement at the loading position and an assumed zero displacement condition at the point
with zero lateral resistance (0.7L). A 5" order polynomial function was used to fit the bending

moment data M(z) for the calculation of soil reaction p.

Test results

The p-y curve derived from test no. 13 under operational loading at soil depth z/D = 1.11 is
shown in Figure 4.12 for illustration purpose. As shown in Figure 4.12, the point with the
coordinates of p and y values under the peak load value (Hmax) for each cycle is named A,
where N denotes the corresponding cycle number. In the following analysis, full hysteresis
loops of the p-y curves in the cyclic loading periods will not be shown. For clarity of illustration,
the evolution of the An points influenced by cycles will be focused on. This methodology is
adopted by Verdure et al. [37] and Lee et al. [49].
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Figure 4.12 Hysteresis loops of cyclic p-y curve (test no. 13)

Figure 4.13 shows the p-y curves along the whole pile embedment length derived from test no.
12 ({b = 0.5). The p-y curves from the monotonic loading periods were marked by symbol,
while the An points were shown without symbol. The p-y curves in the monotonic loading
periods show a rapid increase of the stiffness over the soil depths, due to the increase of soil
stiffness. Similar observation can be found in Verdure et al. [37], Qi et al. [59], Choo and Kim
[87] and Lee et al. [49].

From Figure 4.13, it can be observed that the pile displacement keeps increasing with cycle
number at all the soil depths during the whole loading process. The evolution of An points shows
different trends along the pile embedment depth. The p-y relationship in the cycle loading

period reflects that:

1) Above the pile pivot point (z/D = 0.56 to 2.78), the soil reaction p shows a very tiny

decrease trend when the cycle number increases.

2) Below the pile pivot point (z/D = 3.89 to 5), the soil reaction p is barely influenced by

the cycle number.
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Figure 4.13 Monotonic p-y curve and the evolution of Ay points (test no. 12)

Comparison of cyclic p-y curves from this study with API

The p-y reaction curves at depths z/D = 0.56, 1.11, 1.67 and 2.22 were compared between test
no. 12 and API [18], as shown in Figure 4.14. It can be seen that the initial stiffness (ki) increases
with increasing depth obtained both from this study and API [18]. In general, the API [18]
method predicts both higher initial stiffness (ki) and ultimate soil reaction (py) for each depth.
At depth z/D = 0.56, with the increase of cycle number the soil reaction keeps increasing, and
achieved higher soil reaction than the predicted py from API [18]. According to API [18]
ultimate soil reaction (pu) can be reached within a relatively small displacement (0.008-0.012
m), whereas from centrifuge test in this study the peak soil reaction appears at displacements
much larger than API [18].

Choo and Kim [87] stated that the significantly higher k; values obtained from API compared
with those from centrifuge experiments may be explained as an effect of pile diameter,
considering that the API [18] database is formulated based on field load tests with small
diameter piles (D < 1 m). It implies that design rigid monopiles based on the traditional theory
(i.e. API [18]) might place the pile into a dangerous situation considering the unrealistic high k;

values predicted, especially when carry out dynamic analysis of pile within small strain range.
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Considering the significant difference between the p-y curves determined from the centrifuge
experiments and the API [18] recommendation, further large-diameter rigid pile test is
suggested to be carried out to formulate the database for the establishing of design criteria,
especially when the lateral bearing behaviour of large diameter monopiles is designed based on

p-y relationships.
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Figure 4.14 Comparison of cyclic p-y relationships obtained in this study with API [18] (API inputs: y
=15.16 kN/m*® and ¢ = 359

4.3.6 Storm loading test
Lateral load-displacement response

The load-displacement response of pile subjected to storm loading scenario (test no. 13) is
shown in Figure 4.15. During the first 40 cycles of “operational one-way loading” ({ph = 0.17)
and during the following 20 cycles of storm loading (¢b = 0.5), similar trends in the accumulated
pile displacement can be observed. The minimum and the maximum displacements increase as
a function of the number of cycles. However, in the last 40 cycles (% = 0.17), opposite
behaviour has been observed (i.e. both minimum and the maximum displacements of the pile

decrease with the increasing number of loading cycle).
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Figure 4.16(a) shows the maximum and minimum accumulated lateral displacements in storm
loading test. Figure 4.16(b) shows the maximum and minimum accumulated lateral
displacements under the first series of operational load cycles ({b = 0.17). Figure 4.16(c) shows
the maximum and minimum accumulated lateral displacements under storm load cycles (¢ =
0.5), where much larger accumulated displacements are seen compared with that under normal
load cycles ({» = 0.17). Figure 4.16(d) shows the maximum and minimum accumulated
displacements in the operational load cycles after storm (¢, = 0.17). It can be seen that the
minimum and maximum pile lateral displacements in each cycle decrease approximately
linearly with the increasing number of loading cycles on a logarithmic scale. The corresponding
a values are also listed in Table 4.3. The test result of storm loading case confirms the finding
of Truong et al. [46] that application of lower levels cycling after higher level cycling leads to

reduced pile head displacement (or rotation).

Influence of storm loading on p-y reaction curves

Figure 4.17 shows the experimental cyclic p-y curve loops at soil depths z/D = 1.11 during the
storm loading. Figure 4.17(a) shows the cyclic load test result from cycle no. N =1 to N = 101,
while Figure 4.17(b) shows the cyclic load test result from cycle no. N =61 to N = 101 with an

enlarged scale compared with Figure 4.17 (a). The results show that:

1. Soil resistance was kept almost constant with the increase of cycle number, under

both operational amplitude cyclic loading and storm loading.

2. The storm loading leads to significant increase in both the pile displacement and soil
reaction. In the loading period, with the increase of pile displacement (or applied

load), the stiffness of p-y curve of the 41% cycle decreases dramatically.

3. Inthe operational load cycles after the storm loading (from the 61% cycle to the 101
cycle), with the increase of cycle number, pile displacement shows tiny decrease
while the soil reaction gets stabilized. Large residual pile lateral displacement is
induced by the storm load cycles; however, the soil resistance is still at similar level

compared with that in the operational load cycles before the storm loading.



4.4 New design approach 61

200

—N=1 ----N=11

------ N=21 -—= N=31 N

~a-N=41  -=+-N=5 Nas oo i
o 180Fr—nN=61 —N=71 5 o =
a —N=81 N=91 - A - o
5 N=101 I z
TN - e ’ /' 4
& 120 P i 3
c - " i &
S = o S
® % s B

80 |- A " “ ©
2 v P ®
e) M - =
@ e o ./, N61cyde to Nvmm (?)
40 |- e I - .
L]
0 1 Il Il 40 i i
0.00 0.02 0.04 0.06 0.08 0.045 0.050 0.055 0.060
Pile displacement y: m Pile displacement y: m
(@) (b)

Figure 4.17 Cyclic p-y curve loops in the storm loading test (test no. 13): (test no. 7, z/D = 1.11): (a)
from cycle no. N =1 to N =101 and (b) from cycle no. N = 61 to N = 101 with enlarged scale

4.4 New design approach

The centrifuge test results show that the accumulated pile lateral displacement and evolution of
secant stiffness depends on: (i) the number of cycles; (ii) the magnitude and the characteristic
of the load; (iii) the relative density of the sand. Therefore, these two design parameters (i.e.
accumulated lateral pile displacement and change in the foundation stiffness) can be predicted
from the results of a monotonic test combined with a series of functions determined from results
presented in the previous sections. Accordingly, a new design approach is developed in this
section, an example of the application is presented and the performance is compared with the

data from a field test on a laterally loaded monopile.
4.4.1 Functions to describe the evolution of accumulated pile head displacement

The results indicate that the displacement accumulation rate « is a function of load amplitude
(¢b) and load directional characteristic ({c). Assuming independence between these two
parameters, a can be written as a superposition of two non-dimensional functions each

depending on only one of these two variables as described in Equation (4.10).

a(le, $») =Tc(6e) - T (Sp) (4.10)

For pure one-way loading, i.e. {c =0, Tc can be normalised as 1. Therefore the non-dimensional

function Ty, can be found from a series of tests where (y is changed while (¢ is maintained at 0,
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which is shown in Figure 4.18(a). It can be observed that the function T}, ({p) is a constant

function:

The function T¢ therefore, can be found by performing a series of tests with a constant ¢, and
then dividing the results of a with previously determined function T, ({}):

() = 75 (4.12)

The result from Figure 4.18(a) indicate that for (¢ > 0.2 the value of « = 0.058 for piles installed
in either dense or medium dense sand layers. However, for {c < 0.2, the value of « as a function
of the relative density of the sand layer can be describe using two individual functions (as shown
in Figure 4.18b):

T.({.) = —1.707({, + 0.31)% + 0.949 (Dr = 80%) (4.13)
T.({.) = —1.14({, + 0.323)% + 1.263 (Dr = 50%) (4.14)

Therefore, provided that the value of ymaxs i determined from a monotonic test and relative
density of the sand layer is known, the accumulated lateral displacement of the pile head could
be predicted for various combinations of amplitude and directional characteristic of loading for

a certain number of cycles.
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Figure 4.18 Cyclic dimensionless functions for accumulation of maximum pile head displacement: (a)
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4.4.2 Functions to describe the evolution of secant stiffness

Similar to the approach described for the prediction of the accumulated lateral displacement,
the secant stiffness increment rate f can be written as a superposition of two non-dimensional

functions as shown in Equation (4.15).

B Sp) = Rc(4e) - Rp($p) (4.15)

For pure one-way loading, i.e. {¢ = 0, the value of Rc can be normalised as 1. Therefore the
relationship of non-dimensional functions Ry and ¢, (as shown in Figure 4.19a) can be expressed

by the following equation:
Rp(¢,) = 0.023 — 0.111¢,, + 0.266(,> (4.16)

Figure 4.19(b) shows results for the cyclic load directional characteristic function Rc. The
results seem to follow a linear relationship, see Equation (4.17):

R.(Z.) =131 - 1.1, (4.17)

Therefore, provided that the value of K is known, the secant stiffness of the pile could be
predicted for various combinations of amplitude and directional characteristic of loading for a

certain number of cycles. The next section describes an empirical procedure to determine the

value of Kj.
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Figure 4.19 Cyclic dimensionless functions for evolution of secant stiffness: (a) Ro - ¢b; (b) Re - &
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4.4.3 Functions to describe the initial cyclic secant stiffness (K1)

The cyclic secant stiffness at the first loading cycle K1(, ¢b) can be written as a superposition

of two functions as shown in Equation (4.18).

K1 (e, $p) = Kc(Se) - Ks(Sp) (4.18)

The value of Ky can be found from the results of a set of monotonic test and cyclic tests with
varying directional characteristics. The function Ks((b) can be established directly from one
monotonic load-displacement curve, or from the monotonic loading phase of a cyclic load test.
The results are shown in Figure 4.20(a), and it can be seen that a linear-fit captures well the

variation of Ks(¢b):
K(Cy) = 21.8 — 17, x 100 (kN/m) (4.19)

Kc(e) is then evaluated from the cyclic tests, and the test results from this study are shown in

Figure 4.20(b). It can be seen that a linear fit also captures the trend of K¢({):

K.(¢.) = 0.057¢, + 1.25 (4.20)
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Figure 4.20 Cyclic dimensionless functions for initial cyclic secant stiffness: (a) Ks - ¢b; (b) Ke - ¢

Results shown in Figure 4.20 indicate that the secant stiffness functions of K¢ and Ks are not

sensitive to sand relative density.
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As all the non-dimensional functions (Tc(Cc), To(lb), Re(ée), Ro(éb), Ke(le)) along with
dimensional function Ks({b) are established, accumulation of maximum pile head displacements
and change in secant stiffness depending on the number of cycles can be predicted by the

proposed design procedure.

Although the design procedure was formulated based on tests with limited number of load
cycles (maximum number of 153 cycles each test), it can be seen from the study of VVerdure et
al. [37], LeBlanc et al. [41], Li et al. [42] and Klinkvort and Hededal [43] that the overall pile
displacement accumulation rate and change in secant stiffness at large load cycles (for example,
cycle number N > 1000) follows the same trend captured within about 50 cycles. In agreement
with the method proposed by Little and Briaud [95] and Long and Vanneste [35], the
exponential behaviour of accumulated rotation vs. cycle number appears as straight lines in
double logarithmic axes for up to 105 cycles. Therefore, in the following as an attempt pile
behaviour under large number of load cycles is predicted by extrapolating data measured in
tests with small number of load cycles.

4.4.4 Example
Demonstration of the proposed design procedure

To demonstrate the use of the proposed design procedure, an example is given here. A rigid
pile with D = 1.8 m, embedded length of L = 5D and load eccentricity of e = 8D is considered
in this example. The sand is assumed to be dry, with a friction angle of 35°. The goal is to
predict the increase in secant stiffness and accumulated pile head displacement when the pile is
subjected to 107 loading cycles with ¢, = 0.3 and (¢ = -0.2.

The dimensions of the pile in this example are selected to be similar to those of the prototype
pile of this study as the monotonic loading data, as the only required input for this model, is
available (Figure 4.3). The results depicted in Figure 4.3 show that {, = 0.3 is equivalent to a
maximum lateral load of Hmax = 0.3>600 kN = 180 KN and Hmax = 0.3>440 kN = 132 kN in
dense and medium dense sand layers, respectively. The corresponding displacement Ymax,s IS
determined from Figure 4.3 to be 0.067 m in dense sand and medium dense sand conditions.
The secant stiffness for the first cycle of cyclic loading Ki(, ¢b) can be determined from
Equation (4.18) and Figure 4.20 to be 2068 kKN/m.
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Therefore, the accumulation rate of pile head displacement o can be calculated according to
Equation (4.12) and Figure 4.18. The values of « are calculated to be 0.068 and 0.091 for the
cases of dense and medium dense sand layers, respectively. Hence, using Equation (4.3) the
accumulated pile head displacements after 107 cycles can be calculated as 2.99 and 4.34 times
of ymax,s (Equation 4.21 and 4.22), which are 0.2 m and 0.29 m in dense and medium dense sand,

respectively.

J:;max,N — Na=(107)0.068 ~ 2.99 (DI’ = 80%) (421)

max,S

J;max,N — Na=(107)0-091 ~ 4.34 (Dr = 50%) (422)
max,S

By using Ki(¢, ¢b), the accumulation rate of secant stiffness follows Equation (4.15). g is
calculated to be 0.02 in both dense sand and medium dense sand without difference. Then
according to Equation (4.6),
’;_N = NP = (107)%°2 = 1.38 (4.23)
1
This result indicates that the secant stiffness is estimated to increase by approximately 38%

during the lifespan of the wind turbine.

Comparison with field test data and other prediction models

Li et al. [44] conducted a field test on a rigid pile with a diameter of D = 0.34 m and an
embedded length of L = 6.5D. The pile was installed in a dense sand layer and loaded with an
eccentricity e = 1.2D. More than 1000 one-way lateral load cycles were applied to the pile head
with ¢» = 0.3 and (¢ = 0. The monotonic load-displacement curve of this test indicates a Ymax,s =
0.0042 m and according to the loading features and using Equation (4.12) and Figure 4.18, the
accumulation rate of pile head displacement « can be calculated to be 0.07335. Therefore, the
following equation can describe the pile accumulated displacement:

Ymax,N _ Na=(103)0.07335 (424)

Ymax,S
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The pile rotation can be calculated by assuming the pile as a rigid body and the pile rotation
point to be located at 0.7L beneath the sand surface. Based on these assumptions, the
relationship between the pile rotation at sand surface and cycle number can be established.

The comparison between predicted results by Little and Briaud [95], LeBlanc et al. [41],
Klinkvort and Hededal [43] and this study and the field test data reported by Li et al. [41] is
shown in Figure 4.21. The model from this study provides a better prediction of the measured
response. The prediction model developed by Little and Briaud [95] slightly under estimates
the pile accumulated rotation (with an average error of -19%), while prediction model
developed by LeBlanc et al. [41] slightly over estimates the pile accumulated rotation (with an
average error of 8%). The model developed by Klinkvort and Hededal [43] over estimates the
pile accumulated rotation for up to 91%. As mentioned by Li et al. [44], the variation in the

prediction models partly results from soil variability and experimental measurement errors.
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Figure 4.21 Comparison on the pile accumulated rotation between model predictions and field test data

4.5 Conclusions

Centrifuge tests were carried out on an open-ended monopile with L/D ratio of 5 in dry sand
with two relative densities of 50% and 80%, to evaluate cyclic load induced accumulation of
pile head displacement and evolution of secant stiffness. Two key parameters were focused on:
cyclic directional characteristic ratio ({c) and cyclic magnitude ratio ({b). Using the measured
bending moment at various depths along the pile shaft and the load-displacement data at pile
head, cyclic p-y reaction curves were constructed. Equations were formulated based on the test
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data for the prediction of accumulated pile head displacement and change in secant stiffness.

The following conclusions can be drawn:

1.

The most damaging cyclic load type is two-way loading, with (¢ =~ -0.4, regardless of
the sand relative densities. When (¢ < 0.2, pile has faster rate in generating accumulated
maximum displacement in medium dense sand compared with that in dense sand. When
{c > 0.2 (one way cyclic loading), pile maximum displacement accumulation rate was
found to be not sensitive to the sand relative density. The pile displacement
accumulation coefficient (o) was found to be not sensitive to the cyclic magnitude ratio
(Cb)-

Cyclic loading results in an increase in the secant stiffness per cycle irrespective of the
sand relative density. When the applied load was changed from one-way to two-way,
an increasing rate on accumulation of secant stiffness was observed. An increase in the
cyclic load magnitude ratio ¢, led to an increase in the relative secant stiffness
accumulation rate (5).

The pile maximum bending moment was found to be not sensitive to the change of
cyclic magnitude ratio (¢b) and cyclic characteristic ratio ({t), and the increase of cycle
numbers.

Above the pile pivot point, the soil reaction p shows a very tiny decrease trend when the
cycle number increases, while below the pile pivot point the soil reaction p keeps
constant with the increase of cycle number. Compared with the p-y reaction curves on
rigid monopile derived from centrifuge tests, the API [18] method overestimated the
stiffness of the p-y reaction curves, which is supposed to be less conservative.

Large amplitude loading cycles simulating a storm condition dramatically increased the
accumulation rate of pile head displacement. However, application of lower amplitude
of cyclic loading after storm loading cycles led to a reduction of the pile displacements.
In the operational loading cycles both prior to and after the storm loading, the soil
reaction keeps constant with the increase of cycle number.

The design procedure which can be applied for any load amplitude, load directional
characteristic and cycle numbers to predict pile lateral loading behaviour (originally
established by Klinkvort and Hededal [43]) was re-evaluated in this study. The related
three sets of functions (T¢({c), To(¢b), Re(Le), Ro(b), Ke(le), Ks(¢b)) were reformulated
based on the centrifuge test results from this research. The accumulation of pile head

displacement and the evolution of secant stiffness can therefore be predicted by a
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monotonic response together with the aforementioned functions. A power law function
along with the parameters determined from this study was found to predict the pile
response tested in field by Li et al. [44] with less than 5% average error.

The proposed prediction model is formulated based on certain kinds of pile and sand, and pile
installation method. If prediction is going to be made on other types of piles only the prediction
procedure can be referred to. The non-dimensional and dimensional functions should be
determined on the targeted pile and sand under designed pile installation method. Moreover, it
should be noted that the number of cycles applied to the piles tested in the centrifuge is several
orders of magnitude smaller than those that monopiles experience in their lifetime.






5 Centrifuge modelling of the impact
of local and global scour erosion on
the monotonic lateral response of a

monopile in sand

The majority of offshore wind turbines are founded on large-diameter, open-ended steel
monopile foundations. These structures must resist large lateral loads and overturning
moments due to environmental (wind and wave) actions, while vertical loads tend to be small
in comparison. Recent developments in the size of turbines and increases in hub heights have
resulted in pile diameter sizes increasing rapidly, whilst the embedment length to diameter ratio
(L/D) ratio is reducing. The erosion of soil from around piles, termed scour, changes the
strength and stiffness properties of the soil and affects the system’s load resistance responses.
In practice, design scour depths of up to 1.3D are routinely assumed during the lifetime of a
turbine, however the impact on monopiles with low L/D ratios is not yet fully understood. In
this paper, centrifuge tests are performed to assess the effect of scour on the performance of
piles with low L/D ratios. In particular, the effect of combined loads, scour type (shape) and
scour depth are considered. A loading system is developed that allows for the application of
realistic load eccentricity and consideration of combined vertical, horizontal and moment
loading at the seabed level. An instrumented 1.8 m diameter pile with L/D = 5 is used. A
friction-reducing ball-type connection is designed to transfer the lateral load to the pile without
inducing any rotational pile-head constraint, associated with loading rigs in tests of this nature.
Results suggest that interaction effects between vertical and lateral loads are minimal. Scour
has a significant impact on the lateral load-capacity and stiffness of the pile, leads to increases
in the magnitude of bending moments along the pile shaft, and lowers the location of peak
bending moment along the pile. The response varies with scour type, with global scour resulting
in larger moments than local scour. The shape of the local scour hole is found to have a
significant impact on the pile response, suggesting that shape effects should be explicitly

considered in design.

This chapter has been published in Geotechnical Testing Journal 43(5) (2020) [71]

71
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5.1 Introduction

The majority of offshore wind turbines (OWTS) constructed to date are founded on monopile
foundations. Developments in construction methods and improved design procedures [25, 90]
has resulted in a gain in market share for monopiles from approximately 75% of offshore wind
turbine foundations in 2011 [10] to more than 87% in 2017 [75]. Monopiles are an efficient,
cost effective, and proven technology to resist the large lateral loads and moments due to wind
and wave actions, and thus provide a low-risk solution for offshore developers. Whilst all limit
states are important, monopiles have strict serviceability requirements, e.g. total rotation at

seabed level typically must remain less than 0.5°[12, 96].

Local narrow scour

Seabed before scour

Ds

Seabed after scour

Ws Local wide scour

Global scour Local scour

Figure 5.1 Schematic of local and global scour (W, = bottom width of scour hole; W; = top width of
scour hole; w = scour slope angle; L = pile embedment length; D = diameter; Ds = scour depth)

When structures are founded in water, there is potential for erosion of the supporting soils, a
mechanism known as scour. Interested readers are referred to Wang et al. [97] for a
comprehensive review on scour in the context of bridges. For the present application, scour
erosion around unprotected offshore piles changes the support conditions and can pose a
significant problem [55, 56]. Scour increases the free cantilevered length of monopiles, leads
to a reduction in the soil’s effective stress, reducing the strength and stiffness of the remaining
soil, and can thus compromise the serviceability and safety of structures [98, 99]. There are two
main types of scour relevant to offshore structures, see Figure 5.1: (i) ‘global scour’, where the
elevation of the soil surface is reduced globally due to natural sea bed migration or the presence
of a whole wind farm interfering with the global flow regime, and (ii) ‘local scour’, where the

disturbed flow directly local to a pile structure leads to the formation of a conical scour pit
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around the foundation [54]. Global scour due to storm surge events has been reported in the
literature [100], with resulting scour depths of the order of 1D. The typical magnitude for local
scour depth, Ds, considered in design is 1.3D. It is noteworthy that in the marine environment,
scour occurs due to the combination of tides, currents and waves, which can make the
estimation of scour depths very difficult [56, 101]. Since monopiles have slenderness ratios
(pile penetration normalised by pile diameter, L/D) of < 6, scour can have a major impact on
the stiffness and capacity of these systems. Some previous works that have investigated the

effect of scour on the lateral resistance characteristics of piles are discussed herein.

Bennett et al. [52] examined the effect of scour and pile head boundary conditions on the lateral
deflections of a pile group, used as the foundation for a bridge pier. The lateral behaviour was
examined using the Group Equivalent Pile (GEP) method. Results showed that scour reduces
the lateral capacity, which is especially significant when the scour depth exceeded the depth of
the pile cap. Moreover, scour altered the influence depths of deflection, bending moment and
shear, by lowering the point where the maximum value of these parameters occurred. Lin et al.
[53] investigated the influence of the change in stress history of the soil due to scour on the
lateral behaviour of piles. By comparing calculated results from the modified sand p-y curves
against a referenced field test, they concluded that the change in the over-consolidation ratio
due to scour had the most significant influence on the sand lateral resistance properties, and
leads to higher resistance in the remaining sand. Ignoring this additional effect is conservative.
A subsequent study by the same authors in Lin et al. [102] presents a simplified method for the
analysis of laterally loaded piles in soft clay using modified p-y curves to account for scour hole
dimensions (scour depth, scour width, scour-hole slope angle). By comparing the results of their
model with a 3D finite difference model (developed using FLAC3D), it was observed that
ignoring the scour hole dimensions could result in 10-19% larger lateral displacement at the
pile head with bending moments being 6-8% larger, as compared to the case where these are
explicitly considered. Zhang et al. [60] also recognised that soil stress history changes are
typically ignored along with whole scour-hole geometry. They examined the behaviour of
laterally loaded long-slender piles (L/D = 40) in soft clay under scoured conditions by using
modified p-y curves to reflect the effects of three-dimensional scour-hole geometry (depth,
width, and slope angle) as well as the stress history of the soil. The results indicated that
neglecting the effect of soil stress history can be unconservative for pile foundations in soft clay
affected by scour. Furthermore, neglecting the scour-hole geometry is over-conservative for

design of laterally loaded piles under scour. For the purpose of design, the scour effect on the
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pile lateral behaviour may be characterised in terms of scour depth and the stress history of the
soil. Further work by the same authors extended this approach to investigate the influence of
vertical loads on the lateral responses of scoured piles, taking soil stress history and scour hole
geometry into consideration [61]. Mostafa [54] investigated the influence of scour type (local
and global) on the lateral response of piles in cohesive and cohesionless soils using numerical
modelling. The study concluded that scour had a more deleterious effect on piles installed in
sand than in clay. In sand, scour depths ranging between 1D and 3D resulted in lateral pile head
displacement increases of 37% to 155%, as compared to the no scour condition. Moreover,
global scour caused large increases in bending moments with the result that scour had a more
significant impact for piles subjected to large lateral loads due to nonlinear pile-soil interaction
effects. Qi et al. [88] investigated the effect of scour type (local and global) on load-
displacement p-y curves of piles for OWTs in sand using centrifuge testing. They found that,
under global scour, the p-y curves in the remaining over-consolidated soil showed no obvious
difference to those in the original normally consolidated soil. This finding is contradictory to
the hypothesis in Lin et al. [53]. Furthermore, under local scour, they found that the remaining
overburden provided a beneficial response in that the lateral soil stiffness at a given depth below
the scour-hole base was greater than at the same relative depth below the original mudline. The

tests were performed using relatively flexible pile with a slenderness ratio between 9.5 and 12.5.

To date, there has been considerable research undertaken on the effect of scour on the lateral
response characteristics of piles using numerical modelling or scaled laboratory testing. Limited
research has been undertaken, however, on the effect of scour depth and type on laterally loaded
piles considering combined vertical, lateral and moment loading at the seabed level using
centrifuge testing, particularly for the piles with low slenderness ratios typically used for
offshore wind developments. Moreover, the influence of local scour hole size has not received
significant attention in physical modelling. This paper presents the development of a centrifuge-
based model specially designed to study the effect of scour on laterally loaded monopiles with
low slenderness ratios. The challenge lies with the application of lateral loads and moments in
a centrifuge while minimizing the constraint on the pile head fixity (i.e. the pile head should be
free to rotate as per an offshore monopile). Moreover, the presence of vertical dead loading
representing the self-weight of an OWT should be considered. This paper details the
development of the testing arrangement in the Geo-Engineering laboratory at Delft University
of Technology (TU Delft) and investigates lateral load-displacement responses and derived

bending moment distributions of an instrumented pile under global scour, and two types of local
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scour. The two types of local scour, termed narrow and wide in this paper, refer to the bottom

width of the scour hole, where Wy = 0 for narrow scour, and Wy, = D for wide scour (see Figure
5.1).

5.2 Centrifuge modelling
5.2.1 Centrifuge facility

The TU Delft centrifuge, see Figure 5.2, is a 2 m diameter beam-type apparatus [62]. Centrifuge
tests are performed on models that are geometrically A-times smaller than a prototype. The geo-
centrifuge provides a unique environment of enhanced gravitational acceleration, where the
expected behaviour of a full-scale geotechnical structure can be observed, with high precision,
using small scale models. The centrifuge at TU Delft enables models with dimensions up to
500 mm > 240 mm > 380 mm be tested up to a maximum of 300 times the gravitational
acceleration (300g). While this is possible, for practical reasons related to the operation of the

data logging equipment, samples are typically tested at a limiting gravitation acceleration of
100g.
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Figure 5.2 Schematic layout of the geo-centrifuge (modified after Alderlieste [6])

For simulating geotechnical structures using a centrifuge, scaling laws must be considered.
Table 5.1 provides a summary of typical scaling laws for modelling of pile-type structures. In

this table, A refers to the gravitational acceleration field adopted in a given test.
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Table 5.2 Basic scaling laws for centrifuge modelling of monopiles

Term Prototype Model
Length 1 /A
Second moment of area 1 1/A%
Flexural stiffness 1 1/A%
Mass 1 1/A3
Force 1 1/A?
Stress 1 1
Strain 1 1

5.2.2 Loading system

The tests in this study were performed at 100g to model a rigid monopile with a diameter of 1.8
m (at prototype scale) and L/D of 5. A two-dimensional servo actuator applies loading to the
pile head, as shown in Figure 5.3. Figure 5.3 is previously shown in Chapter 2, it is reproduced
herein for convenience. The loading system is capable of applying lateral loads under either
load or displacement controlled conditions. The vertical dead load (V) at the pile head can be
imposed by means of attaching steel blocks with different masses, to model the presence of a
superstructure (details of the dead load are described in section 5.2.3). The lateral load (H) is
applied at the pile head by lateral movement of the actuator, and is monitored by strain gauges
located on the loading arm. The lateral displacements of the pile at the loading position (pile
head) can be monitored by the lateral motor encoders, the accuracy of which are of the order of
approximately 3 <10 mm. For all tests performed in this study, lateral loads are applied at a

height of 15 m above the seabed at prototype scale.
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Han and Frost [103] recognized that the load-deflection response of a laterally loaded pile is
highly dependent on the boundary conditions of the pile in the ground. Various boundary
conditions for piles are encountered in practice, and four typical scenarios are shown in Figure
5.4. Monopiles for offshore wind turbines will typically behave similarly to BC-4 (with some
additional pile tip sway). Achieving the free head boundary condition in centrifuge tests is
difficult, therefore most previous research tends to only consider lateral movement of the pile
head (by implementing roller-type connection) while ignoring any pile head rotation (BC-1 and
BC-2). To enable the application of a lateral load without inducing any rotational fixity
associated with the loading arm, a specially-designed friction-reducing ball connection (shown
in Figure 5.5) was constructed to transfer the lateral load produced by the linear actuator to the
pile head. The ball is placed vertically into the open-end of the pile head, where it rests in
contact with the internal shaft of the pile. A Teflon sleeve is used to minimize the interface
friction between the ball and the pile internal surface. Figure 5.5(a) shows a photograph of the
ball connection used in this study and Figure 5.5(b) shows the instrumented model pile with
Teflon interior at the top, and the shielded strain gauges along the shaft.
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~| STRAIN GAUGES
| (& PROTECTIVE
SHIELDING)

BALL |
CONNECTION

(@) (b)

Figure 5.5 (a) Ball connection for reduced friction application of lateral load; (b) Pile with inner Teflon
material for reduced friction
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5.2.3 Model pile

The model pile is an open-ended cylindrical aluminium tube with an outer diameter (D) of 18
mm (see Figure 5.6). The pile diameter is selected so as to minimise boundary effects associated
with the strong box, which houses the pile, and also to satisfy constraints associated with the
mean grain particle size (see section 5.2.4). The strong box is fabricated from bolted plexiglas
with dimensions 410 (length) <150 (width) %180 (height) mm?, see Figure 5.3(b). The pile has
a total length of 240 mm and is embedded 90 mm into the sand. The embedded depth is chosen
so as to model a pile with slenderness ratios (L/D) between 4-6 [10, 41, 55], within the typical
range for offshore monopiles. A pile with embedded length of 90 mm equates to the slenderness
ratio of 5. The wall thickness of the model pile is derived based on the calculation for minimum
wall thickness for monopiles [12, 18]. Using the similitude between the flexural rigidity (EI) of
the prototype and the model (Table 5.1), the wall thickness is calculated to be 1 mm. Byrne et
al. [25] has produced a database of piles, and present the results of the pile diameters normalised
by pile wall thickness. For monopiles with L/D = 5, the value of D/t varied from 39 to 80. In

the present analysis, the D/t value for the steel prototype pile is 60.

The pile was installed for each test by jacking in place at 1g prior to initiating the centrifuge. It
should be noted that installing the model pile at 1g equates to an idealised ‘wished-in-place’
treatment, and does not consider the potential residual base stresses that might be developed if
driven while the centrifuge is in flight. This residual stress may lead to additional base moments
on the piles [104], which may alter the response characteristics. Driving the pile in-flight would
require stopping of the centrifuge to adjust the loading rig for the subsequent lateral load
application, which would add uncertainty surrounding the influence of the sample stress history
on the results obtained. The present paper ignores the influence of installation effects.

All tests were performed at 100g, therefore, the model pile properties correspond to a 1.8 m
diameter rigid structure, with a wall thickness of 100 mm, an embedment of 9 m and a total
length of 24 m at the prototype scale. The primary dimensions and material properties of the
pile are provided in Table 5.2.

Ten strain-gauge pairs are installed along the pile shaft to enable the distribution of bending
moments due to the applied loading be derived. The strain gauges used are FLA-3-11 fabricated
by Tokyo Sokki Kenkyujo [105]. The load from the superstructure is incorporated by way of
adding steel blocks with equivalent (prototype) weight of 3 MN, to the pile top. The masses
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were fabricated from quadrate steel with an outer length of dimension 50 mm and a thickness
of 12 mm. In the centre of each mass is a circular hole with a diameter of 18 mm to allow the

masses be fixed on the pile body (see Figure 5.6).

Table 5.3 Model and corresponding prototype pile dimensions and properties

Property Model pile Unit
Length (embedded + additional) 90 + 150 mm
Diameter, internal 16 mm
Diameter, outside 18 mm
Wall thickness 1 mm
Young’s modulus (E) 70 GPa
Moment of inertia (1) 1936 mm?*
Flexural stiffness (EI) 13.6x10’ Nmm?
18
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Figure 5.6 Model pile schematic diagram with strain gauge layout (dimensions in mm)

5.2.4 Soil preparation and characterisation

Fine, uniform Geba sand [63] was used in this study. It is mainly comprised of silica (99% SiO3)

and 84.2% of the grains have a diameter between 0.1 mm and 0.2 mm. The ratio of pile diameter
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to average grain size of the sands (D/Dsp) for the tests is approximately 164, which is larger
than the value of 20 and 60 suggested by Gui et al. [65] and Remaud [66], where grain size
effects become negligible for laterally loaded piles [81]. A relative density (Dr) of 53% was
adopted for the prepared sand used in the experiments conducted in this paper. The main

properties are summarised in Table 5.3.

Table 5.4 Basic soil properties of Geba sand [69, 70]

Property Sand
Median Particle Size, Dso (mm) 0.11
Curvature Coefficient, Cc 1.24
Uniformity Coefficient, Cy 1.55
Specific Gravity, Gs 2.67
Maximum Void Ratio, emax 1.07
Minimum Void Ratio, emin 0.64

5.2.5 Scour hole excavation

In order to study the effect of shape and type of scour erosion, it is necessary to develop a
method to model scour-hole geometries in the centrifuge. To cover the main range of expected
scour hole geometries, three different scour hole shapes (one for global scour and two for local
scour) were considered, see Figure 5.1. Figure 5.1 shows a schematic of simplified global and
local scour. In the models, D denotes pile diameter, W; denotes top width of scour hole, Wy
denotes bottom width of scour hole, Ds denotes scour depth and « denotes slope angle of the
scour hole. A range of scour depths of 1D, 1.5D and 2D were implemented in this study to
cover the ranges normally considered [19, 51, 106, 107]. Global scour was modelled through
the complete removal of a given soil layer, see Figure 5.1, and typically occurs due to natural
seabed migration. Local scour represents the case of a scour hole forming in the direct vicinity
of a pile. To model local scour, a scour hole was created in the shape of an inverted frustum.
To investigate the influence of scour-hole shape, the scour-hole base extends around the pile at
a distance (W) varying between 0 and D. A scour hole with a base width W, = 0 is termed local
narrow scour while a scour hole with a base width W, = D is termed local wide scour in
subsequent analyses. A scour hole side slope of 30wvas adopted for all cases, which is in line
with previous experiments [97, 108]. Note, the scour side slope angle is the least important
factor among the three scour hole dimensions (scour depth, scour width, scour-hole slope angle)
influencing the responses of laterally loaded piles [60, 109]. For this reason, it is kept constant

in the present study.
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To excavate sand to form the scour-hole shapes described, rigid moulds were fabricated, as
shown schematically in Figure 5.7. These moulds, with varying depths and base widths were
used to ensure the shape of the scour holes adhered to the required dimensions for each test.
Each scour hole was created immediately prior to jacking the model pile at 1g and just before

spinning the centrifuge up to 100g.
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Figure 5.7 Schematics of: (a) Scour-hole moulds of local narrow scour; (b) Scour hole moulds of local
wide scour

5.2.6 Testing program

Displacement controlled lateral loading is applied to the pile head by the lateral movement of
the actuator at a constant displacement rate of 0.01 mm/s. Each test continues until the loading
arm reaches the target displacement. The testing program comprised investigating the effect of
scour depth and scour type on the lateral behaviour of the pile (capacity and bending moment).
No scour, and three scour depths equating to 1D, 1.5D and 2D were studied. Moreover, three
scour types, namely local narrow scour, local wide scour and global scour were also
investigated to ascertain the influence of scour-hole shape (overburden dependency) on the pile
lateral behaviour. Each test was undertaken twice to ensure repeatability. A constant vertical
load of 3 MN was applied to represent the weight of a superstructure. The testing program is

summarised in Table 5.4.
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Table 5.5 Programme of centrifuge test

Test Scour type Scour  Vertical dead Description
number depth load at prototype
scale (MN)
1 No scour - 0,1.5and 3 Zero scour lateral load test
2 Global scour 1D 3 Scour test
3 Global scour 15D 3 Scour test
4 Global scour 2D 3 Scour test
5 Local wide scour 1D 3 Scour test
6 Local wide scour 15D 3 Scour test
7 Local wide scour 2D 3 Scour test
8 Local narrow scour 1D 3 Scour test
9 Local narrow scour 15D 3 Scour test
10 Local narrow scour 2D 3 Scour test

5.3 Results and discussion

The load-displacement response and bending moment profiles over the entire displacement

range of the piles are reported in this section.
5.3.1 Lateral load-displacement and bending moments under zero scour condition

The pile head load-displacement response measured for the no-scour base-case condition is
shown in Figure 5.8 (Test number 1). The ultimate resistance, Hy, of a pile is usually defined at
a displacement equal to 10% of the pile diameter at the seabed (mudline) level. In the present
study, the pile head displacement (as opposed to the seabed displacement), which is 15 m above
the seabed level (at the prototype scale), is the measured parameter. For the purpose of
comparison of the cases considered in this paper, Hy is defined as a pile head displacement of
one pile diameter, in this case 1.8 m. In Figure 5.8, the pile is loaded up to and beyond the
specified ultimate resistance, and it can be seen that the lateral resistance continues to increase
to a value of 970 kN at a lateral pile-head displacement of 3 m (Figure 5.8a). The presence of a
vertical load (superstructure weight) had a minimal effect on the lateral response for this pile
geometry with the Hy capacity changing by approximately 1% as the vertical applied load
increased from 0 to 3 MN. As a result, all remaining tests were performed with a 3 MN vertical

load to represent the superstructure weight.

Figure 5.8(b) shows the bending moments derived from the strain gauge readings using 7 of the

10 strain gauge pairs for the applied loading in Figure 5.8(a). Note, because of limitations with
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the data logger, only seven strain gauge pairs could be analysed at any one time. Bending
moments are derived from bending strain measurements using Equation (5.1).

M(z) = Elp(2) (5.1)

where El is the flexural rigidity of the pile and p(z) is the curvature at a given applied load,
obtained as the ratio between the difference in measured compressive and tensile strains to the
gauge lever arm (pile diameter) at a given depth z. Figure 5.8(c) shows the evolution in bending

moment profiles along the pile as the lateral pile head displacement increased from 0.5 m to 3
m.
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Figure 5.8 Zero scour response features from centrifuge testing at prototype scale: (a) Pile head lateral
load-displacement response; (b) Bending moment measurements along the pile; (c) Bending moment
profiles for different levels of pile head displacement (y)
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5.3.2 Effect of scour depth on the lateral pile response

The impact of four different local scour depths are investigated in this section, namely zero
scour, and scour with depths 1D, 1.5D and 2D. Only the results for a single scour shape, namely
local wide scour, is considered. For this scour-hole shape, sand is removed up to a distance of

1D from around the pile. The influence of scour shape is investigated in a subsequent section.

The impact of increasing scour depth on the lateral load-displacement responses is shown in
Figure 5.9(a). For the cases considered, the Hy value reduces from 831 kN to 234 kN as the

scour depth increases to 2D, a reduction of almost 72%.

The bending moment distributions under 0, 1D, 1.5D and 2D scour are reported in Figure 5.9(b).
As the scour depth increases, the peak bending moment Mmax increases from 1.527 MNm to
1.86 MNm. Furthermore, the location of the maximum bending moment also moves
progressively down the pile as scour depth increases. These findings are in line with previous

research [52], where the influence depth is observed to increase.
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Figure 5.9 Effect of scour depth on pile response characteristics at prototype scale: (a) Lateral load-
displacement response under increasing local wide scour; (b) Bending moment derived from strains for
increasing scour

5.3.3 Effect of scour type on the lateral pile response

In this section, the effect of scour type on the bending moment distribution along the pile under

scour is investigated. Local narrow, local wide and global scour types are compared with a view
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to ascertaining if the scour hole shape and associated overburden influence has an effect on the
resulting bending moment distribution. Figure 5.10(a) shows the bending moment distribution
measured along the pile under a scour depth of 1D, for the three scour types, due to an applied
lateral load of 100 kN. Similar to previously, the bending moment increases between zero scour
and 1D scour. Evidently, there is a difference between the local scour and global scour, in that
the global scour results in a larger bending moment under the applied load than the local scour.
For the scour depth of 1D, both local narrow and local wide scour exhibit similar bending
moment profiles, suggesting that for this scour depth, there is negligible difference due to the
variation in overburden pressure between both local scour types. The maximum bending
moment Mmax increases 5.7% from the no scour case to the local scour case, and 10.7% from
the no scour case to the global scour case. The location of the point of maximum moment

increases from 3 m to 4 m below seabed level.
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Figure 5.10 Effect of scour type on bending moments measured along pile for applied lateral load = 100
kN: (a) Bending moments for local narrow, local wide and global scour to depth 1D; (b) Bending
moments for local narrow, local wide and global scour to depth 2D

Figure 5.10(b) shows the same information as Figure 5.10(a), but for a scour depth of 2D. In
this case, there is a clear increase in the bending moment measured between no scour and the
three scour types. This suggests that soil close to the pile in the local narrow scour case provides
enhanced effective confining stiffness, due to the presence of the remaining overburden.
Moreover, the sand slope in the local narrow scour case provides extra lateral resistance
compared with that of local wide scour case lacking sand slope effect. Mmax increases 12.5%
from the no scour to local narrow scour case, 21.7% to the local wide scour case, and 34.4% to
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the global scour case. The location of the point of maximum moment increases from 3 mto 5
m below seabed level. The influence of scour hole shape is a significant finding as many
previous researchers completely ignored this effect, and simplify scour as the increase in free
length of a structural element, without due attention to the properties of the remaining soil [57,
110]. The physical modelling results in this article highlight that this influence should not be
discounted

5.4 Conclusions

This paper presents the development of a specially designed pile lateral loading system for
centrifuge model tests that minimises the pile-head rotational constraint associated with tests of
this nature. A modelling scheme to evaluate lateral pile behaviour under combined lateral and
moment loading at the seabed level, under various scour conditions, is undertaken using this

ball-type loading system. The study has several conclusions:

1. The friction-reducing ball connection with Teflon interface is adept at providing a lateral
monotonic load, with significantly reduced pile-head rotational fixity. This is useful for
research on offshore monopile models, which have a free head condition. Other types
of loading rigs, which use pin-type connections, have a tendency to apply a component
of vertical loading to pile models as lateral displacements become large. The ball-type
connection adopted in this study mitigates this issue.

2. Scour reduces the lateral capacity and stiffness of pile foundations and leads to increased
bending moments along the pile under similar lateral loads applied at the pile head.
Moreover, the location of the maximum bending moment occurs lower along the pile
for increased scour, which may have implications for the design of monopiles with
variable wall thickness. Increased pile wall thickness may be adopted in the region near
surface soils to increase bending resistance locally, therefore changes in the response
regime due to scour has potential design ramifications, and should be considered.

3. Inaddition to scour reducing lateral capacity, the shape of the scour hole has a noticeable
effect on the measured bending moments. For a scour depth of 1D, there is a distinct
increase in the bending moments for the case of global scour compared to local scour.
However, little difference is observed between local narrow and local wide scour at this

scour depth. For the case of scour up to a depth of 2D, however, there is a significant
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difference between the bending moments measured for each scour type, with the
bending moment consistently increasing from the no scour case to local narrow scour,
to local wide scour and on to global scour. This finding suggests that designers should
explicitly consider scour hole geometry in design (at least in a preliminary capacity), as
it is conservative to assume the entire soil layer is removed during scour. For local scour,
the overburden and sand slope close to the pile provides additional resistance to the

remaining soil, reducing the bending moments relative to global scour.

This paper presented the background to the centrifuge-based analysis regime for a pile under
various scour conditions. It should be noted that installation effects were not considered since
the model piles were jacked into the soil at 1g prior to testing. If the piles were driven while in-
flight, this would lead to the generation of residual base stresses, and potential moments at the
pile base. While the analysis in this paper does not consider the presence of these additional
base moments, the behavioural trends identified in this paper should be not affected. Further

studies will expand the investigation to the influence of scour on p-y reaction curves.



6 The impact of scour on the lateral
response of wind turbine monopiles:
an experimental study

The majority of offshore wind structures are supported on large-diameter, rigid monopile
foundations. These piles may be subjected to scour due to the waves and currents that cause a
loss of soil support and consequently decrease the pile capacity and system stiffness. The results
of numerical models suggest that the shape of the scour-hole affects the loss of pile capacity,
however, there is a dearth of experimental test data that measure the effect. This paper presents
a series of centrifuge model tests on an instrumented model pile that investigates the effects of
scour-hole geometry on the response of a laterally loaded pile embedded in sand. The pile
instrumentation allowed load-displacement and p-y (soil reaction-displacement) curves to be
derived. Three scour geometries (global, local wide and local narrow) and three scour depths
(1D, 1.5D and 2D; D, pile diameter) were modelled. Global scour was identified as the most
damaging scour type, followed by local wide scour, and local narrow scour. For all the three
scour types, pile moment bearing decreased almost linearly with an increase of scour depth.
Simple empirical relations were proposed to evaluate the detrimental influence of scour on the
pile moment capacity. A new method has been developed to allow designers to quantify the
effect of scour-hole shape and severity of scour on the pile response.

This chapter is submitted for publication (Q. Li, A. Askarinejad, and K. Gavin, The impact of scour on
the lateral response of wind turbine monopiles: an experimental study, Canadian Geotechnical Journal,
2020, under review)
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6.1 Introduction

Monopiles are the most economical foundation system for Offshore Wind Turbines (OWTSs)
installed in shallow coastal waters [90]. The typical slenderness ratio (L/D: L, pile embedded
length; D, pile diameter) for OWT monopiles is between 3 and 6 [3, 10]. Cylindrical structures
such as OWT monopiles are prone to loss of soil support due to sand erosion, i.e. scour. As a
consequence, the pile lateral load capacity and stiffness could be decreased, potentially resulting
in large lateral displacement and rotation. Such effects can put the superstructure at risk through
the generation of excessive fatigue loading as well as operational issues [111]. The shapes of
various types of scour holes are illustrated in Figure 6.1. Typically, scour holes are formed in a
shape approximating an inverted frustum. The slope angle () is roughly equal to the angle of
repose of sand, generally in the range 30 to 44<[112] and the top scour width (W) is often
assumed to be twice the scour depth [58, 112]. Based on several experimental studies, it has
been shown that the scour depth (Ds) depended on the diameter of the pile (D), Froude number
of the water flow, shear stress applied to the sand surface due to the flow and soil strength [55,
113]. DNV [114] suggested the adoption of an extreme scour depth of 2D in offshore structure
design. However, Serensen and Ibsen [55] illustrated that this assumption (Ds = 2D) might be

too conservative for wave induced scour holes.

Local narrow scour

Original mudline
AKX

Mudline after scour

Local wide scour

Global scour Local scour

Figure 6.1 Symbols and definitions of scour-hole (modified after Li et al. [71])

One approach, and perhaps the simplest one, to model the effect of scour on the lateral monopile
behaviour is to remove the affected soil layer completely. This approach simulates a so-called
global scour condition (schematised on the left-hand side of Figure 6.1). The other approach is

to consider three-dimensional shape of scour holes. Based on various numerical analyses, Li et
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al. [109], Lin et al. [53], Mostafa [54], Qi et al. [59] and Zhang et al. [60] suggested that the
assumption of a global scour can be highly conservative. Similarly, centrifuge tests on piles
with L/D = 12.7 conducted by Qi et al. [59] indicated that removing the entire soil layer to the
scour depth can result in a 49-68% increase in lateral displacement of the pile at a fixed load,
when compared to a model that three dimensional scour-hole dimensions were incorporated. In
an attempt to follow the second modelling approach, Lin et al. [13] developed simplified
stiffness models for soil reaction based on Winkler model (p-y curves) assuming a wedge failure
mechanism for a slender laterally loaded pile (L/D = 35) subjected to scour. Their model was
verified with a three dimensional finite element model. The pile response accounted both the
scour-hole geometry and the over-consolidation effect of the removed soil on the remaining
soil. It was found that for global scour, the p-y curves at given depths were essentially identical
when compared between those below the post-scour surface and those at the same depths
without scour. In contrast, for local scour, the p-y response at a given depth was found to be
much stiffer below the scour-hole base than at the same depth below the original soil surface.
The authors concluded that the difference in the effects of global and local scour is attributed
to the beneficial influence of the remaining overburden soil surrounding the pile in the latter

case.

To address the dearth in experimental data concerning the impact of scour-hole geometry on
the response of rigid monopiles, this paper presents the results of a series of centrifuge model
tests conducted considering different parameters, such as scour depth and scour hole dimension
as well as the magnitude of applied lateral and moment loading. Based on the measured bending
moment distributions, p-y curves were derived and analysed to evaluate the impact of scour
type on the tested piles. Based on the analysis of experimental data, a new design method has
been developed to take the three-dimensional shape of the scour hole into account. An example

of the design method is presented in the last section of the paper.

6.2 Experimental set-up

6.2.1 Model pile and soil characterisation

The model pile was open-ended and fabricated from a hollow, circular, aluminium tube with an
outer diameter (D) of 18 mm and a wall thickness (t) of 1 mm. The primary dimensions and

material properties of the pile can be found in Table 6.1. The pile was instrumented with ten



92 6 The impact of scour on the lateral response of wind turbine monopiles: an experimental study

levels of strain gauges calibrated for measuring bending moment (see Figure 6.2). Because of
constraints regarding the loading mechanism, the pile was jacked into the sand sample prior to
spinning up the sample (i.e. installation at 1g) with the result that installation effects were not
fully modelled. However, the same preparation method and testing procedure was followed for

all of the tests.

The experiments were conducted using dry Geba silica sand. The geotechnical characteristics
of the sand are summarised in Table 6.2. The relative density (Dr) of the prepared sand specimen

was 80%.

Table 6.1. Model and corresponding prototype pile dimensions and properties (centrifuge tests were
performed at 1009)

Property Model pile Prototype pile*
Length (embedded + loading eccentricity) 90 + 144 mm 9+14.4m
Diameter, outer 18 mm 1.8m
Wall thickness 1 mm 30 mm
Elasticity modulus (E) 70 GPa 210 GPa
Moment of inertia (1) 1936 mm* 0.065 m*
Flexural stiffness (El) 0.136 kPa.m* 13.7 GPa.m*
*Assuming prototype pile is fabricated from steel; tests were performed at 100g
Sy

Height of loading

Height of potentiometer >

30

Qriginal mudline
PN

90
51 15 11011011011011010110]10

Holes for collecting
leading wires
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Figure 6.2 Model pile schematic diagram with strain gauge layout (dimensions in mm)
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Table 6.2. Soil properties of Geba sand [69, 70]

€min €max Gs Dso (mm) Cu QPcr
0.64 1.07 2.67 0.11 1.55 35°

Centrifuge basket

Ball connection

Lateral motor

:‘

- Potentiometer &
Frame for 1.7D o
lateral actuator

. Sand . -.38D . .

‘A‘ii*ii'i ﬁin: =

(@) (b)

Figure 6.3 Two dimensional loading actuator and pile testing setup: (a) Schematic diagram; (b) Photo

6.2.2 Centrifuge loading actuator

The experiments were performed using the beam centrifuge in the Geo-Engineering Section of
TU Delft [62, 71, 80]. A two-dimensional actuator (Figure 6.3) was used to impose lateral load
(H) at the pile head. Applied lateral load was measured by parallel beam load cell (HTC-
SENSORS; TAL220; measuring range 100 N; sensitivity 0.05%). Pile lateral displacements
were measured at two locations: pile top using the signal encoder of the actuator; and 1.7D
above the sand surface using a potentiometer (ET1 SYSTEMS; LCP8S-10; measuring range 0-
14 mm; sensitivity 2%). These two measurements facilitate the calculation of both lateral
translation and rotation of the model pile. A specially-designed friction-reducing ball
connection was constructed to transfer the lateral loading with application of minimal rotational
constraint at the pile top. Details of this ball connection are described by Li et al. [71] and
Chortis et al. [85].
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In the following, the experimental data is expressed in prototype scale. For all of the centrifuge
tests performed in this study, the centrifuge acceleration level was 100g. Lateral loading was
applied at a predetermined height e = 8D above the original mudline, to mimic the lateral
loading and significant overturning moment resulting from combinations of wind, wave, current
and other lateral load actions. The pile diameter was 1.8 m and original embedment depth was
9m (L/D =5).

6.2.3 Scour-hole formation

Three scour depths, 1.8 m (1D), 2.7 m (1.5D) and 3.6 m (2D), and three scour shapes, local
narrow scour, local wide scour and global scour, were modelled (schematically shown in Figure
6.4). Global scour was modelled by removing the soil layer of thickness equal to different scour
depths. For the tests with local scour, scour holes were created in the shape of inverted circular
cones. To compare the influence of scour-hole shape, the scour-hole base extended around the
pile at a distance varying between 0 and D (shown as Wy in Figure 6.1). Local narrow scour was
defined when the scour-hole base has a dimension W, = 0. When the scour-hole base has a
dimension W, = D, this was named local wide scour. The scour-hole slope angle was kept
constant at 30 which is in line with experimental investigation of Roulund et al. [108] and
recommendation of Hoffmans and Verheij [98]. The scour-holes were formed after sand
specimen preparation using a grab bucket and each hole was checked using specifically

fabricated aluminium moulds.

6.2.4 Testing programme

Following creation of a scour-hole (when relevant), each pile was pushed into the given soil
location at 1g using the vertical actuator operating at a rate of 0.1 mm/s to the target depth of L
= 5D. Subsequently, the model was subjected to an enhanced acceleration field of 100g. The
lateral load was applied to the pile head by the lateral movement of actuator at a constant rate
of 0.02 mm/s.

The testing programme comprises 10 tests: one monotonic load test with no scour (reference
test) and nine monotonic load tests with three scour types and three scour depths, see Table 6.3.
The effects of global scour, local narrow scour and local wide scour were assessed at scour
depths of 1D, 1.5D and 2D.
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Figure 6.4 Schematic illustration of: (a) Local narrow scour; (b) Local wide scour; (c) Global scour
(dimensions in m)
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Table 6.3. Programme of centrifuge test

Test name Dr (%) Scour type Scour depth
S-NS 80 No Scour (NS) -
S-LN-1D 80 Local Narrow (LN) 1D
S-LN-1.5D 80 Local Narrow (LN) 1.5D
S-LN-2D 80 Local Narrow (LN) 2D
S-LW-1D 80 Local Wide (LW) 1D
S-LW-1.5D 80 Local Wide (LW) 1.5D
S-LW-2D 80 Local Wide (LW) 2D
S-GL-1D 80 Global (GL) 1D
S-GL-1.5D 80 Global (GL) 1.5D
S-GL-2D 80 Global (GL) 2D

6.3 Centrifuge test results

The results of the laboratory tests were investigated by plotting the angular rotation of the pile
6 in response to the applied bending moment M, all measured at sand surface. Normalising
these parameters enables comparison of results across scales. In this study, M and & were
normalized according to the equations suggested by LeBlanc et al. [41]:

M

M= (6.1)
6=06 ’L’—y (6.2)

The method for data extraction is outlined in Figure 6.5 based on the test data of no scour case
(S-NS). The results indicate that the pile rotation increases continuously as the applied moment
increases, thus there is no distinct point which can be used to define failure. Following the
recommendation of LeBlanc et al. [41], failure is defined by 6 = 42=0.0698 rad. The moment

capacity (M) for the pile under no scour case is 0.84.
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Figure 6.5 Determine of moment capacity (test S-NS)

6.3.1 p-y reaction curve construction

Using the strain gauge data, the measured distribution of bending moment M(z), with depth z,
was used to derive the soil reaction p(z), by double differentiation, and the displacement profile

y(z), by double integration, according to the following equations:

p(z) = "ZZEZ) (6.3)
y(z) = [f %Iz)dzdz (6.4)

where M(z) is the bending moment at soil depth z, EI denotes the pile bending stiffness.

Fifth-order polynomial curve-fitting method was adopted to fit the moment data points. It was

then differentiated twice and the soil response p(z) was evaluated at the central data point.

When determining displacement at any depth, y(z), two integration constants C; and C, were
determined from: 1) the measured displacement at the loading position and 2) an assumed zero

deflection condition at the point with zero lateral soil resistance [74].

The measured bending moment (M) distributions, corresponding deduced distributions of soil
resistance (p) and lateral pile displacement (y) for test S-NS are shown in Figure 6.6. It can be
seen that, with the increase of lateral load, the bending moment, soil resistance and pile lateral
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displacement all increase. The results generally suggest rigid pile behaviour, with significant
displacement of the pile tip developed opposite to the loading direction.
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Figure 6.6 Distributions of: (a) Measured bending moment; (b) Lateral soil resistance; (c) Lateral pile
deflection under different values of applied bending moment (test S-NS)

The p-y curves were obtained by combining the soil resistance (p) and lateral displacement (y)
at discrete intervals to produce curves at each depth, as shown in Figure 6.7. Absolute values
are plotted, noting that the curves at depths of 7, 8.5 and 9 m correspond to passive soil pressures
(negative values of displacement). The stiffness of the p-y curves increases rapidly with soil
depths for z <4 m, whereas the difference between the p-y curves on the passive displacement

side also appears quite significant (z> 7 m).
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Figure 6.7 Experimental p-y curves at different soil depths (test S-NS)

6.3.2 Effect of scour type

The effect of the scour type, i.e. global, local wide and local narrow scour around the monopile,
on the lateral behaviour of the foundation are discussed from three aspects of: (i) Moment-
rotation at the sand surface, (ii) Distribution of bending moment along the pile, and (iii) Soil

reaction-lateral displacement curves (p-y curves).
Moment-rotation relationships

Figure 6.8 shows the moment-rotation curves from centrifuge tests considering different scour
types and scour depths. In all figures, the pile with no scour shows the highest initial stiffness
and capacity, followed by local narrow scour, then local wide scour, and with global scour
showing the lowest results. Comparing the measurements from the local narrow and local wide
scour cases, results suggest that the remaining soil post scour can have considerable effect on
the confining stresses and hence on the lateral stiffness of the foundation system.

As suggested by DNV [19], the typical limiting rotation is 0.5%at the soil surface, whereas a
0.25%9construction tolerance should be taken into account. Therefore it gives an allowable
accumulated rotation of 0.25%due to various kinds of loadings during the life time of OWTs
[46], which corresponds to 84,z = 0.00375 rad (in 844z, the subscript “AAR” stands for
“Allowable Accumulated Rotation”). From Figure 6.8 it can be seen that, at scour depths of 1D
and 1.5D, scour type has minimal effect on the initial stiffness of pile moment bearing
behaviour. It suggests that when carrying out pile dynamic analysis within small strain range,

scour type can be regarded as no effect especially at shallow scour depth (Ds < 1.5D). While at
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very large scour depth (2D for example), effect of scour type should certainly be taken into
consideration, as the initial stiffness of pile is significantly influenced by scour type.
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Figure 6.8 Influence of scour type on the moment-rotation response of piles: (a) Scour depth 1D; (b)
Scour depth 1.5D; (¢) Scour depth 2D

Moment reduction factor, Mg requction, 1S Us€d to describe the reduction of moment as a result

of scour, which is defined in the following equation:

MR, reduction —

MR no scour_MR, with scour (65)
MR,noscour

where Mg requction denotes the reduction of My as a result of scour, My 5,0 scour IS the moment

capacity under no scour condition, and Mg \ith scour 1S the moment capacity under scour

condition. The reduction of moment capacity compared with the reference case, increased with
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scour depth, can be seen in Table 6.4, which shows reduction of 13-39% for a scour depth of
1D, increasing to 46-69% for a scour depth of 2D.

Table 6.4. Reduction of moment (Mg requction) as @ result of scour

Scour type s=1D Ds = 15D Ds =2D
Local narrow scour 0.13 0.30 0.46
Local wide scour 0.20 0.45 0.58
Global scour 0.39 0.56 0.69

Bending moment distributions

The normalised bending moment profiles of piles subjected to an external normalised bending
moment of M = 0.2 under various types and depths of scour are shown in Figure 6.9. For all
scour types and depths considered, bending moment increased significantly compared to the
non-scour case. This would suggest in practice that an increase of pile diameter and/or wall
thickness may be required during design of a monopile installed in an area with potential of
scour [12]. For scour depths of 1D and 1.5D, the moment profiles developed for the local wide
scour and global scour are very similar, and those for the case of local narrow scour are slightly
smaller. Therefore, it can be concluded that scour shape has a very small effect on the bending
moment profile along the embedded length of pile. However, there is a clear distinction between
results of different scour types as the scour depth increased to 2D.

p-y reaction curves

The p-y curves at a soil depth of z=3 m are compared for different shapes of scour with depth
of 1D in Figure 6.10. The results indicate that, the no-scour case shows the highest amount of
soil reaction at this depth for any level of pile lateral displacement. Moreover, it can be observed
that the soil elements around the piles suffering from a 1D scour condition show much lower
stiffness comparing to the intact soil surface situation. The difference in the p-y curves between
the cases of local narrow and local wide scour conditions is non-significant, compared with no

scour and global scour.
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Figure 6.9 Profiles of bending moment along the pile at various scour types (M = 0.2): (a) Scour depth
1D; (b) Scour depth 1.5D; (c) Scour depth 2D
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Figure 6.10 p-y curves at z = 3 m in the cases of no scour, 1D local narrow scour, 1D local wide scour

and 1D global scour



6.3 Centrifuge test results 103

The effects of scour shape and depth on the p-y curves are illustrated in Figure 6.11. It can be
concluded that at small strains the p-y curves are less sensitive to the scour shape. For example,
for a scour depth of 1.5D the initial response (y/D < 0.005) of p-y curves is not significantly
affected. This observation implies that the dynamic behaviour of the pile at small strains might
not be affected by the scour shape. However, at larger strains the pile under local narrow scour
mobilizes the highest amount of soil resistance, followed by local wide scour, then global scour.
This observation might be due to the fact that the major consequential difference between local
narrow scour and local wide scour is the amount of overburden pressure and resistance provided
by the sand slope near to the pile. While the difference between local wide scour and global

scour lies in the overburden pressure provided by the soil above the scour base mudline.
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Figure 6.11 p-y curves for different scour types: (a) Scour depth 1D; (b) Scour depth 1.5D; (c) Scour
depth 2D
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6.3.3 Effect of scour depth

Moment-rotation relationships

Figure 6.12 shows the moment-rotation relationships at three scour types of local narrow scour
(@), local wide scour (b) and global scour (c) with varying scour depths. Four different scour
depths were investigated: zero scour (no scour), 1D, 1.5D, and 2D. Figure 6.12 shows the same
information with that shown in Figure 6.8, however, the order of the lines were rearranged, for
the convenience of comparing the influence of scour depth on the pile moment-rotation
behaviour. Evidently, scour has deleterious effect on both the pile moment capacity and the
initial stiffness of the moment-rotation curves. With the increase of scour depth, increased
reduction in moment capacity was seen. Similar trends can be found for all the three scour types
in Figure 6.8(a)-(c). Reduction of moment capacity (Mg requction) DY Scour was shown

previously in Table 6.4.
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Figure 6.12 Influence of scour depth on the moment-rotation response of piles: (a) Local narrow scour;
(b) Local wide scour; (c) Global scour
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The influence of scour depth on the rotation of laterally loaded piles subjected to a certain
moment is of great interest for industry, and the results from this study are shown in Figure
6.13. The results indicate that for all three scour types, 8 increases dramatically with the
increase of scour depth (with the numbers listed in Figure 6.13). It is also shown in Figure 6.13
that the increasing influence of scour on the normalized rotation of the pile can be up to 348%

(2D global scour case).
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Figure 6.13 Influence of scour depth on the normalized pile rotation (M = 0.2)

The effects of scour depth on the moment resistance of laterally loaded piles subjected to

various types of scour are shown in Figure 6.14. The results indicate that for all three scour
types, M decreases almost linearly with the increase of scour depth. The rate of this decrease

has a direct relationship with the amount of pile normalized rotation, 6.
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Figure 6.14 Influence of scour depth on the moment bearing resistance: (a) Local narrow scour; (b)
Local wide scour; (c) Global scour

Bending moment distributions

The effects of scour depth on the bending moment profiles along the pile for various types of
scour are plotted in Figure 6.15. From Figure 6.15(a), for a given applied moment, increasing
scour depth causes an increase in the bending moment acting along the pile. Increasing scour
depth leads to an increase in the peak bending moment, and also moves the location of the peak
moment into larger soil depth. These findings are in line with previous publication of Bennett
et al. [52]. As mentioned in section 6.3.2, the pile wall thickness and the pile diameter might
need to be increased in order to resist the increased amount of bending moment caused by scour,

according to Arany et al. [12]. Same trends can also be found in Figure 6.15(b)-(c).
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Figure 6.15 Profiles of bending moment along the pile at various scour depths (M = 0.2): (a) Local
narrow scour; (b) Local wide scour; (¢) Global scour

p-y reaction curves

Figure 6.16 shows the p-y curves under different scour depths, for local narrow scour (a), local
wide scour (b) and global scour (c), separately. Generally, at a certain scour type and soil depth
z, with the increase of scour depth the p-y curves become less and less stiff. This is because,
with the increase of scour depth, the thickness of the over-lying soil layer above the evaluated
point is decreased. The decreased overburden pressure would induce decrease in the soil

resistance under it.
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Figure 6.16 p-y curves at different scour depths: (a) Local narrow scour; (b) Local wide scour; (c) Global
scour

6.4 New design method

Based on the centrifuge tests results a new design method is developed to consider the three-
dimensional shape of the local scour holes around the monopile. The first part of this section
will discuss the basics of the method by introduction of an equivalent scour depth according to

the shape of the local scour. The steps of the proposed method are presented for a case study in

the second part.
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6.4.1 Equivalent scour depth zequ

The results from the centrifuge tests indicate that the detrimental effects of scour are generally
less in case of local scour compared with those of global scour. Therefore, as a practical
approach to account for the effects of local scour types compared with global scour on the pile
moment capacity, the term “additional soil depth (Zadd)” is introduced and is defined in Equation
(6.6). In this approach, the beneficial effect of local scour types is deemed as an additional soil
layer lying above assumed global scour, which leads to a larger pile embedment length (L) after
local scour and a smaller loading eccentricity (e), as illustrated in Figure 6.17. In this figure,
the terms Zada, Ln and zadg, Lw denote additional soil depth to account for local narrow scour (LN)
and local wide scour (LW), respectively. Another term “equivalent scour depth (Zequ)” is
introduced hereafter, which signifies the effective scour depth after taking into account the
compensation effect by local scour types compared with global scour, which is defined by
Equation (6.7).

Zgga = 6 * Ds (6.6)
Zequ = Ds — Zgaqq = Ds - 1-46) (6.7)
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Figure 6.17 Illustration of the additional soil depth (zadd)

Compared with global scour, the improvement in moment capacity by local scour types is

quantified by “additional soil depth factor” . Therefore, the condition of global scour is set as
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the base level for ¢, i.e. no compensation effect is introduced which corresponds to 6 = 0.
Consequently, the condition of no scour can be set as the upper boundary for ¢ and it can be
considered as “full compensation”, which corresponds to 6 = 1. Thus, o for the local scour types

ranges between 0 and 1.

Figure 6.18 shows influence of scour type on the moment bearing resistance at various scour
depths, along with the strategy to determine the “additional soil depth factor” ¢ experimentally.
For example, for 1D local narrow and 2D local wide scour conditions, ¢ would be equal to 0.66
and 0.17, respectively. This means that the equivalent scour depths for these two cases are
0.34D and 1.66D, respectively. The equivalent scour depths for various conditions are

summarised in Table 6.5.
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Figure 6.18 Determination of the additional soil depth factor (0): (a) Scour depth 1D; (b) Scour depth

1.5D; (c) Scour depth 2D
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Table 6.5. Equivalent scour depth (zequ)

Scour type Ds=1D Ds=1.5D Ds=2D
Local narrow scour 0.33D 0.87D 1.3D
Local wide scour 0.66D 1.245D 1.7D
Global scour (= Ds) 1D 1.5D 2D

As a practical approach to incorporate effects of scour type on equivalent scour depth (z.,,),
the data from Table 6.5 was used to plot the relationship between z,,, /D and Ds/D considering
different scour types, which is shown in Figure 6.19. Linear fits between z,4,,/D and Ds/D were

found and the following empirical equation was generated:

Zequ _Ds_ ¢

D D

(6.8)

in this equation: f = 0, for global scour; f = 0.4, for local wide scour; f = 0.7, for local narrow

scour.

In this way, the beneficial effect of local scour shapes can be practically considered as shallower
global scours, when design pile foundation from moment capacity perspective. The derived

empirical equation offers a straightforward approach to calculate the equivalent scour depth
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Figure 6.19 Influence of scour type on the equivalent scour depth (z¢g.,)
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6.4.2 Reduction of pile moment capacity caused by scour

The data from Table 6.4 was used to plot the relationship between Mg ,egyction @nd scour depth
(Ds) considering different scour types, which is shown in Figure 6.20. Linear equations have

been used to fit the data, resulting in the following general equation:
Ds
Mg, requction = 0.35 Y +r (6.9)

in this equation, r is a fitting parameter and is equal to 0.05, -0.16 and -0.2 for global scour,

local wide scour and local narrow scour, respectively.

Using this method, the detrimental influence of scour on the moment capacity can be directly
related to the scour depth and scour type. In the practical application, depending on the
formation of the scour-hole, as long as the scour type and scour depth are primarily estimated,
the moment capacity reduction factor My ,equction Can be estimated from Figure 6.20, and then
be employed by the following equation to determine the “design pile moment capacity under

scour condition (Mg witn scour)”:

MR, with scour — MR, no scour X (1 - MR, reduction) (6-10)

in this equation, Mg itn scour 1S the designed pile moment capacity considering the influence
of scour, and Mg no scour 1S the design pile moment capacity when no scour erosion is

considered.
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Figure 6.20 Mg requction VS- Ds/D
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6.4.3 Example

An example is given to demonstrate the use of the proposed equivalent scour depth method in
this part. Consider a rigid monopile, with L/D =5, driven into sand with a relative density of
80%. The task is to determine the equivalent scour depth (z.4,) and the design pile moment
capacity under scour condition (Mg vitn scour) from the equivalent moment capacity point of
view, when a pile is subjected to local wide scour with a scour depth of 1.2D. The design pile

moment capacity when there is no scour erosion is signified by Mg 115 scour-

According to Figure 6.19, the non-dimensional coefficient f under local wide scour condition

is 0.4. Therefore, z.4,, can be calculated using Equation (6.8):

Zow B _ =122 _0pa=08 (6.11)

D D D

This result indicates that local wide scour with a scour depth of 1.2D equivalents to global scour
with a scour depth of 0.8D.

According to Figure 6.20, the non-dimensional coefficient r under local wide scour condition
is -0.16. Therefore, the moment capacity reduction factor (Mg requction) €an be calculated from

Equation (6.9):
Mg, reauction = 0352 +7 = 0.35 X 1.2 — 0.16 = 0.26 (6.12)

Accordingly, the design pile moment capacity under this specific scour condition (Mg vith scour)

can be calculated according to Equation 6.10:

MR, with scour = MR, no scour X (1 - MR, reduction) = 0-74MR, no scour (613)

In summary, the equivalent scour depth is 0.8D and the moment capacity of the pile would
decrease by 26% in case of a local wide scour to a depth of 1.2D.
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6.5 Conclusions

As a process of soil erosion, scour broadly occurs around offshore wind turbine monopiles,
which decreases the pile capacity and might potentially lead to failure of the structure. A series
of centrifuge tests was carried out at 100g on a model monopile installed in dense sand with
embedment ratio of 5 to investigate the effect of scour on the foundation lateral response. Three
scour types (local narrow scour, local wide scour and global scour) and three scour depths (1D,
1.5D and 2D) were considered in this investigation, which represent a range of common scour
shapes in real engineering applications. Empirical equations were derived to evaluate the
beneficial effect of local scour types compared with the assumption of a global scour condition,
and to assess the detrimental effect of increased scour depth on pile moment capacity. The

following conclusions can be drawn from this study:

1. Scour type has significant influence on the pile moment-rotation behaviour. Piles under

local narrow scour show the highest moment capacity, followed by local wide scour,
and then by global scour condition. At scour depths of 1D and 1.5D, scour type has
minimal effect on the stiffness of the pile at small rotations, which signifies that in pile
dynamic analysis within small strain range the effect of scour type could be ignored.
However, the results indicate that in case of a global scour condition to a depth of 2D,
negative effect of scour on the stiffness of pile should certainly be taken into
consideration.
At the same soil depth (z) and lateral displacement (y), pile under local narrow scour
mobilizes the highest amount of soil resistance (p), followed by local wide scour, then
global scour. The major consequential difference between local narrow scour and local
wide scour was speculated as the amount of overburden pressure and resistance
provided by the sand slope near to the pile. While the difference between local wide
scour and global scour was suspected to be due to the overburden pressure provided by
the soil above the scour base. According on this hypothesis, the beneficial effect of local
scour types could be regarded as additional soil layers lying above global scour.
Empirical equations were derived to calculate the equivalent scour depth (z.4,,), which
can be implemented in the current monopile foundation design methodology.

2. The pile moment capacity was found to decrease almost linearly with the increase of
scour depth, in all the three scour types (local narrow scour, local wide scour and global

scour). The pile initial stiffness decreases with increasing scour depth as well.
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Increasing scour depth leads to increase in the peak bending moment and moves the
location of the peak moment into deeper soil.

When the scour depth Ds is in the range of [1D, 2D], the detrimental effect of scour on
the moment capacity considering influence of scour depth and scour type was described
by empirical equations for a monopile with L/D = 5 installed in dense sand. In the
practical application, depending on the marine hydraulic environment, as long as the
type and depth of the scour-hole are estimated, the moment capacity reduction factor
Mg reduction could be calculated and employed to determine the “design pile moment
capacity under scour condition (Mg yitp scour)”- In this way, the traditional design
method which neither fully considers the effect of scour shape nor properly addresses

the effect of scour depth could be improved.
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Monopile foundations used to support offshore wind turbines (OWTSs) resist large lateral and
moment loads from wind and waves and can be affected, by scour erosion, when the seabed is
unprotected. Monopiles used for OWTs are open-ended steel tubes with low L/D (L, pile
embedded length; D, pile diameter) ratios. Limited experimental studies have been conducted
to investigate the lateral behaviour of rigid monopiles subjected to combined vertical and lateral
loads, and inconsistent conclusions are often seen. The lateral cyclic load exerted on the
monopile has sophisticated combination of different directional characteristics and amplitudes.
Discrepancy is seen regarding to influence of cyclic load on the accumulation of the pile head
displacement, evolution of pile secant stiffness, change of bending moment, and alternation of

the p-y reaction curves.

Scour erosion can be detrimental to the pile serviceability during its whole life span, however,
in the current design code the scour-hole geometry is ignored and removal of the soil to the
scour depth is accepted as a general case, which is considered to lead to over-conservative
design. Therefore, the main objective of this research was to clarify the influence of combined
vertical and lateral loads, lateral cyclic load and scour erosion on the lateral response of
monopile in sand by experimental investigation. For the purpose of achieving optimal monopile
design, reducing the foundation cost for offshore wind turbines and increasing their

competitiveness as an energy source.

7.1 Concluding remarks

7.1.1 Influence of vertical load on the pile lateral response

Various loading methods and pile properties were involved in the experiments in literature,
which leads to inconsistent conclusions upon the effect of vertical load on pile lateral response.
In centrifuge combined loading test, the most challenging part exists in applying vertical load
and lateral load simultaneously on the pile, while keeping the pile top similar freedoms as in
real application. The novelty of the current research lies in: (i) the specially designed ball

connection along with the Teflon collar, which allows the pile top to move and rotate freely; (ii)

117
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applying vertical load by fixing dead weight directly on the pile body, which helped
successfully apply vertical load and lateral load at the same time while avoiding causing any
pile-head constraint. A series of vertical, lateral, and combined loading tests were performed
on both pre-installed model piles at 1g condition, and in-flight jacked piles with different L/D

ratios. In all the combined load tests, the vertical load was applied prior to lateral load.

On the pile with L/D ratio of 5, the increase of vertical load increases both the pile initial
stiffness and lateral capacity. The p-y curves derived in the absence of applied vertical load
subsequently increased in stiffness and resistance (at corresponding displacements) when
vertical load was applied, which leads to increase in the stiffness of monopile lateral load-
displacement behaviour. This trend is the same for the p-y curves at each soil depth. Installing
the piles in-flight leads to a higher retention of lateral stresses, which manifest as a larger initial
stiffness and higher resistance at corresponding displacements than for piles pre-installed at 1g.
Therefore modelling the correct pile installation stress level is very important to reflect realistic
pile load-displacement behaviour.

On the pile with L/D ratio of 3, the pile lateral capacity was found to increase dramatically
under smaller amount of vertical load (V < 0.44Vy,); while for higher vertical load considered,
early failure in the sand might happen, therefore the beneficial effects reduced in a manner
similar to the behaviour observed for shallow footings. It means when design monopiles under
combined vertical and lateral loads, attention should be paid not only to pile L/D ratio, but also
the applied vertical load level. Considering the complexity in the evaluation of effect of vertical
load on pile lateral response, a general conclusion regardless of pile L/D ratio and applied

vertical load level is not possible to be achieved.

7.1.2 Influence of lateral cyclic load on the pile lateral response

The cyclic load test results demonstrated that the force-controlled one-way and two-way lateral
cyclic loading induce increasing accumulated permanent pile lateral displacement. The
accumulation rates are different according to load characteristics. Compared with one-way
loading, cyclic characteristic of two-way asymmetric loading is a more serious cyclic
characteristic when evaluating the pile accumulated displacement. In real application if two-
way asymmetric loading plays the dominate role on an offshore wind turbine which is designed
base on the assumption of one-way loading, the turbine might fail after smaller number of load
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cycles than designed. In the storm load test, the accumulated displacement in the normal load
cycles just following the storm load cycles appeared to be in a decreasing trend, until reached

constant in the last few cycles.

Within the tested sand condition (dry sand, with relative densities of 80% and 50%) and limited
number of load cycles applied (maximum number of load cycles in a test is 153) in this
experimental program, cyclic loading was found to always increase the pile secant stiffness,
and the increase rate was found to be independent of sand relative density. When the applied
load changed from one-way to two-way, an increasing rate on accumulation of pile secant
stiffness was observed. An increase in the cyclic load magnitude leaded to an increase in the
secant stiffness accumulation rate. The pile maximum bending moment was found to be not

sensitive to the change of cycle number.

Above the pile pivot point (z/D = 0.56 to 2.78), the soil reaction p shows a very tiny decrease
trend when the cycle number increases. While below the pile pivot point (z/D = 3.89 to 5), the
soil reaction p is barely influenced by the cycle number. In general, the API [18] method
predicts much higher initial stiffness and ultimate soil reaction for each depth.

7.1.3 Influence of scour erosion on the pile lateral response

Scour reduces the lateral capacity of pile foundations and increases bending moments along the
pile (under the same lateral load). Moreover, the location of the peak bending moment occurs
lower along the pile for increased scour depth, which may have ramifications for the design of
monopiles unprotected against scour. In addition to scour reducing lateral capacity, the shape

of the scour-hole has a noticeable effect on the bending moment measured.

Scour type has significant influence on the pile moment-rotation behavior. Pile under local
narrow scour shows the highest moment capacity, followed by local wide scour, then global
scour. At the same soil depth (z), pile under local narrow scour mobilizes the highest amount
of soil resistance, followed by local wide scour, then global scour. The major consequential
difference between local narrow scour and local wide scour was speculated as the amount of
overburden pressure and resistance provided by the sand slope near to the pile. While the
difference between local wide scour and global scour lies in the overburden pressure provided

by the soil above the scour base line. The beneficial effect of local scour types could be regarded
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as additional soil layers laying above global scour. Empirical equations were derived to
calculate the equivalent scour depth, which can be coded into the current monopile foundation

design methodology.

The pile moment capacity and initial stiffness were found to decrease almost linearly with the
increase of scour depth, in all the three scour types (local narrow scour, local wide scour, and
global scour). With the increase of scour depth, the p-y curves become less and less stiff, in all
the three scour types. At shallow depths, the influence of scour type is more evident on the
derived p-y curves, but becomes less significant as the depth increases. This indicates
significant overburden dependency on the resistance properties of the soil, an effect which
becomes lower for deeper depths. The detrimental effect of scour on the moment capacity
considering influence of scour depth and scour type were described by empirical equations. The
traditional design method which does not fully consider the effect of scour shape and does not

properly address the effect of scour depth could be improved.

7.2 Recommendations for future research

This dissertation investigated experimentally the lateral response of monopiles under combined
vertical and lateral loads, lateral cyclic load, and scour erosion. Based on the findings from this
study, some recommendations for further research are suggested below:

1. The effect of pile installation method on the response of monopiles under combined loading
is worthy of further investigation. In this study, pre-installed model piles and in-flight jacked
piles were considered. A pile driving system may be employed with the present experimental
equipment to drive model piles in-flight. Results from combined loading tests among pre-

installed, jacked, and driven piles could then be compared.

2. Considering the effect of cyclic load on the pile lateral response, further research is advised
to be extended to take pile installation stress level and pile installation method into
consideration. The number of exerted load cycles in a single test could be increased, to more

than 10 000, in order to reflect the pile long term loading behaviour.

3. For simplification, only certain kinds of scour shapes (local narrow scour, local wide scour

and global scour) and scour depths (1D, 1.5D and 2D) were studied in this research, and the
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scour slope angle was modelled as a constant value. In future work, using a wider range of scour
slope angle, scour base width, and scour depth could be a future topic, better capturing the scour

shapes as faced in the real conditions.

4. The same experimental work of this dissertation may be carried out for different soil
conditions (i.e. clay, multi-layered soil samples prepared by alternating layers of sand with
different properties) in order to simulate closer field conditions. This research could be
continued by employing different model piles, i.e. piles with different shapes, L/D ratios,
materials, or top fixity conditions. The behaviour of tripod pile or suction pile subjected to
combined vertical and lateral loads, lateral cyclic load, and/or scour erosion could be
investigated with the same procedure proposed in this study.
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Acronyms
AAR
API
GEP
GL
LN
LW
NS
OWT
SLS

ULS

Latin Symbols
A

An

Ci, C

Cc

€min

emax

Allowable Accumulated Rotation
American Petroleum Institute
Group Equivalent Pile

global scour

local narrow scour

local wide scour

no scour

offshore wind turbines
serviceability limit state

ultimate limit state

centrifuge acceleration rate
peak point of cyclic p-y curve
integration constants for deriving pile displacement
curvature coefficient of sand
uniformity coefficient of sand
pile outer diameter

average grain size of sand
relative density of sand

scour depth

load eccentricity

minimum void ratio of sand
maximum void ratio of sand

elasticity modulus
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f non-dimensional fitting parameters for evaluating scour effect
g gravitational acceleration

Gs specific gravity of sand

H lateral load

Hmax maximum load in a cycle

Hmin minimum load in a cycle

Hu pile lateral capacity

Huv=0 pile lateral capacity under pure lateral load

Huvso pile lateral capacity under combined vertical and lateral load

| moment of inertia

Ki initial stiffness of soil reaction-displacement curve

Kini initial stiffness of load-displacement curve

K secant stiffness

K1 secant stiffness in the first cycle

Kc non-dimensional functions for the prediction of initial secant stiffness under cyclic
loading

Ks non-dimensional functions for the prediction of initial secant stiffness under cyclic
loading

Ks secant stiffness in monotonic loading

Kn secant stiffness in the N™ cycle

L pile embedded length

Lt total length of pile

M bending moment

Mimax maximum bending moment along the pile

Mg moment capacity

MR no scour moment capacity under no scour condition

MR reduction moment reduction factor

MR, with scour moment capacity under scour condition

M normalized moment
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Po
Pa
Pu
Pv
P1
P2

P3

Ro

Rb

Re

To

Tc

W

Wi

Vy

Vu_pre

Ymax,1

Ymax,N

Zadd

cycle number

lateral soil reaction

lateral soil reaction when the applied vertical load is zero

atmospheric pressure

ultimate soil reaction

lateral soil reaction when the applied vertical load is a non-zero value

pile 1

pile 2

pile 3

non-dimensional fitting parameters for evaluating scour effect

distance from pile pivot point to pile toe

non-dimensional functions for the prediction of secant stiffness under cyclic loading
non-dimensional functions for the prediction of secant stiffness under cyclic loading
pile wall thickness

non-dimensional functions for the prediction of pile displacement under cyclic
loading

non-dimensional functions for the prediction of pile displacement under cyclic
loading

scour base width

top scour width

vertical load

pile vertical capacity

pile vertical capacity on pre-installed pile

lateral displacement

maximum pile lateral displacement in the 1% cycle
maximum pile lateral displacement in the N cycle
depth under mudline

additional soil depth
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Zadd, LN additional soil depth to account for local narrow scour
Zadd, LW additional soil depth to account for local wide scour
Zequ equivalent scour depth

Greek Symbols

o displacement accumulation rate
B stiffness accumulation rate

y unit weight of sand

0 pile rotation

On pile rotation in the N

7] normalized pile rotation

0 44r normalized allowable accumulated rotation
Qcr critical friction angle of sand

(e cyclic characteristics ratio

&b cyclic amplitude ratio

9 normalized pile lateral capacity
p pile curvature

x improvement in soil resistance
) scour slope angle

0 additional soil depth factor
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