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1. INTRODUCTION

Offshore wind farms are becoming more and more popular as a source for producing more
renewable energy. The offshore wind energy industry is gaining increased momentum as
many countries such as The Netherlands, Denmark and UK ate considered to be the lead in
terms of technology used for the design, construction and maintenance of wind turbines.
(EWEA, 2004). It is thought that the potential for the offshore production of electricity in

Europe is considered to be more than it consumption. (Beurskens and Jensen, 2005)

During the recent years in the UK alone, the number of wind turbines designed and installed
per year has increase and this rate is to grow to an impressive number of 2.5 new turbines
installed per day by the year 2020, as shown in Figure 1. This is based on the current
government plans for the next round of wind farms (round 2 and 3) to be constructed 65 km

from shore, illustrated in Figure 1.1. (Carbon trust analysis, 2010)

One new turbine One new turbine 2.5 new turbines
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installed over 10 years

Figure 1.1 Dramatic increase on the number of wind turbines installed (Carbon trust analysis, 2010)
The types for foundations used for offshore structures are divided into four categories

(Mustrated in Figure 1.3);

e  Pile foundations used to the water depths ranging from 5m to over 120 m (Westage

and DeJong, 2005)
e  Gravity base foundations used to the depth of up to 25 m
e  Suction caissons used for the depth of up to 20 m (Houlsby and Byrne, 2000)

e  Floating foundations usually used for depth of greater than 50 m (DNV-OS-J101,
2004)



PhD Dissertation H Arshi

Average distance to shore (km)
0 10 20 30 40 50 60 70

8

Round 1

‘Round 2 25
N ‘Round 3 65
Dogsg_:é 28 ;;;:,Gw : : ,- Dogger Bank stretches
Statoil 2.256W 2 o] 285km offshore

RWE 2.25GW
Statkraft 2.25GW

Hornsea 4GW
Mainstream 2GW,
. Siemens 2GW
Irish Sea

4.2GW Centrica

Norfolk 7.26W
SPR 3.6GW,
Vattenfall 3.6GW |

Bristol Channel
1.5GW RWE
[ west 1ste of Wight | | 0.7GW EC
0.9GW Eneco -

Figure 1.2 Next round of wind farms to be constructed (Carbon trust analysis, 2009)

Pile foundations transferred both compressive and tensile forces to from the structure and
water above to the seabed and are the most common and preferred design solution.
Operational wind turbines in the UK have monopile foundations and this popularity is due to
the fact that they are simple to construct (using large steel tubing) and economical to
manufacture compared to the other type of foundations available (Westage and DeJong,
2005).
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Design

Examples
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built at any dock steel
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* Diameter * Seabed * More ¢ Cost * Cost * Cost
increases preparation complex
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with depth

Drilling difficulties

Used in increasing water depths

Figure 1.3 Some examples of offshore foundation design

Monopile foundations, however, cannot currently be used for depths of beyond 30m with
3MW or heavier turbines. Moreover monopile diameters are limited to 5-6m and so are not
economical for larger SMW turbines for depth of over 20ms. The only feasible way for the
monopile foundations to achieve the economical standards in deep water is by reducing their
mass/MW ratio. Furhtermore, the feasibility of using monopile foundations in deep water is
further compromised by (i) the cost of installing piles in significant water depths, and (ii) the
compliant nature of the structure. With regard to the latter issue much promise had been
shown by theoretical studies of a guyed monopile system (Bunce and Carey, 2001a and 2001b)
however such an approach remains to be fully exploited. An alternative to the guyed system
is to incorporate a bearing plate at the mudline such a degree of restraint is added to resist
lateral loads. As a consequence the penetration depth of the monopile may also be reduced
but the performance of the foundation system is maintained. The performance of a ‘hybrid’
foundation system comprising a monopiled-footing is the subject of the research presented in

this thesis.
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11

Aims and Obijectives

The aim of this research is to achieve a good understanding of the complex phenomena

behind soil-structure interaction of the hybrid monopile-footing foundation system under

static loading. Specifically the research aims to answer the following series of questions.

Does the addition of a bearing plate improve the lateral capacity of a monopile
Does the addition of a skirt to the footing improve the capacity of the hybrid
system

What is the relationship between the footing diameter, skirted footing diameter,
skirt length, pile diameter and pile length with the lateral capacity of the hybrid
foundation system

Is the connection between the footing and the monopile play any part in improving
the lateral capacity of the hybrid system

What is the most efficient way of designing the connection between the footing and
the monopile

Does the distribution of vertical load (dead loads) effect the performance of the
hybrid system

What is the relationship between loading (vertical and horizontal) and the elements

comprising the hybrid foundation

The answers to the above will be achieved via modelling, both experimentally and

numerically, the behaviour of the foundation system under static loading,

The objectives of the research are as follows:

To conduct 1g model tests on the hybrid foundation system and its comprising
clements (i.e. pile, footing and skirted footing) under combined axial and lateral
static loading

To obtain 1g data on the performance of the foundation system under combined

axial and lateral static loading

To conduct centrifuge model tests on the hybrid foundation system and its
comprising elements (i.e. pile, footing and skirted footing) under combined axial

and lateral static loading
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e To obtain centrifuge data on the performance of the foundation system under

combined axial and lateral static loading

e To carry out a comprehensive series of analytical as well as numerical (2D) model
tests on the foundation system under different geometries under combined axial

and lateral static loading

e To carry out a series of 3D numerical analysis, on a selected number of models,

under combined axial and lateral static loading

e  To use the results if the physical and numerical model tests to formulate a design

guidelines/methodology for the foundation system
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2.11

LITERATURE REVIEW

21

Introduction

This chapter covers principles of offshore pile foundations from the prospective of hybrid
monopile-footing foundation systems. As previously described in chapter 1, the hybrid
monopile-footing foundation system comprises of two main elements; the monopile and the
footing. Hence, it is essential to have an understanding of the principles and mechanics of

these two foundation elements individually.

Offshore Pile Foundations

Offshore pile foundations are usually hollow tubular steel sections and typically vary in
diameter from about 0.75m to over 4m for large monopile foundations. Generally the
diameter to wall thickness ratio varies from 25 to 100 (Randolph and Gourvenec 2011). Deep
pile foundations are normally preferred over shallow foundations in situations where very
high lateral loads are present, or when the sea bed upper layer soil lacks the required stiffness.
The type of pile foundation used at a particular site solely depends on the geotechnical

characteristic of the soil.

Offshore piles foundations are either driven to the ground, or drilled and grouted. Driven
steel piles are the most common method for supporting offshore oil platforms and offshore
wind turbines. The smaller size offshore jackets usually have one pile at each corner of the
structure and the offshore wind turbines have one monopile to support the structure.
Moreover, monopiles can be used to anchor offshore floating structures (usually a preferred

type of structure for deep water conditions) such as tension-leg platforms.

The two main types of pile foundations used offshore are driven piles, and drilled and grouted
piles. The preferred and most commonly used type is the driven steel piles, which is due to its
cost and ease of installation. The drilled and grouted piles are usually used in cemented

sediment and rock ground conditions.
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2.1.1.1

2.1.1.2

Driven Piles

This type of pile foundation is usually a hollow and open ended tubular steel section which is
the most preferred types of pile foundation used for offshore platform and offshore wind

turbines.

The method of installation is via driving the section into the seabed using a hydraulic hammer.
This is done with above-water hydraulic hammers in shallow water and underwater hydraulic
hammers. The length of the piles could be up to 100 m. Due to the nature of open ended pile,
soil could flow through the pile and form a ‘plug’ during driving. In order to minimise and
prevent this, a thickened wall is often used at the bottom of the pile. In some case, a steel
plate could be welled to the bottom of the pile and consequently prevent the flow of soil
through the pile (De Mello et al. 1989, De Mello and Galgoul 1992). Once pile is driven to the

required depth, the pile head is then welded or grouted to the structure above.

Issues such as tip damage and refusal could limit or slow down the process of driving the pile.
Sometimes the required penetration cannot be reached due to the damage sustained to the

pile head which results in the buckling of the tip of the pile (Barbour and Erbrich 1995). The

damage caused as a result of buckling could then lead to pile driving refusal.

Drilled and Grouted Piles

These types of piles are a hybrid of steel tubular piles and grouted pile, where the steel section
is inserted to a drilled hole and then filled with grout (Rickman and Barthelemy 1988). Drilled
and grouted piles are used as an alternative to driven piles in situations where pile driving is
not an option, for instance when the ground where the foundation needs to be installed is
hard rock or calcareous sediments. The process of installation is as follows:

A primary pile is first driven into the ground.

A drilling rig is then sent down to the excavated hole in order to create the required

depth for the pile.

The main pile is then inserted into the hole and then filled with grout.

The design of drilled and grouted piles must consider issues such as hole stability, the

necessity for using primary piles and grouting process. Due to the long construction

process and delays that may occur, these types of foundations are more expensive.
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2.1.2.1

2.1.2.2

2.1.2.3

2.1.24

2.1.2.5

Parametric Definitions of the Structural System

Throughout this chapter the following components will be used in describing the pile load,

pile resistance and pile geometry:

Applied Loads

The load acting on the head of the pile (at mudline) comes from three different sources:
Self weight of the structure:

The weight of the structure above the water surface (i.e. platform or wind turbine) as well as
the weight of the structure between the water surface and seabed (i.e. jacket supporting a

platform, or column supporting a wind turbine).
Working loads:

The loads created as a result of working dynamic and cyclic loading. This is created by the
operational activities in the case of a platform and rotation of the pillar in the case of a wind

turbine.
Environmental loads:

This is created by the loads exerted to the structure above the water as a result of wind or
storms as well as the loads acting on the structure between the water surface and seabed as a
result of wave and current loading. Moreover if the structure is located in an active
earthquake zone, earthquake induced loads will also be applied to the structure in form of

dynamic psudostatic accelerations.

All of the loads stated above will eventually be transferred to the foundations. The resultant
components will act at the pile head if form of bending moments (denoted M), vertical loads
(denoted V) and lateral loads (denoted H). The vertical and lateral loads could be applied in

monotonic (static), cyclic and/or dynamic forms.
Displacements and Rotations

The response of the foundation to the applied loads will be in form of displacements (or
translations) which could take place along the length of the pile (denoted 8) and/or rotations

at the pile head (denoted 0).
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2.1.2.6

2.1.2.7

2.1.2.8

2.2

2.2.1

2.2.1.1

Axial Resistance

This if a form of resistance (denoted Q,) that pile shows to axial load which is generated
through the generation of frictional resistance (shear stress) between the surrounding soil and

pile (denoted 1) and resistance at the base of the pile (denoted qp).
Lateral Resistance

The lateral resistance of the pile (denoted Puy) is generated though the normal and shear
stresses acting laterally on the pile. This is, in other words, the lateral resistance of the soil to
the lateral loads induced to the pile. The stresses around the circumference of the pile are not
uniform and vary in a very complex manner. In practice, this is treated at disturbed load

varying along the length of the pile which is a force per unit length of the pile.
Bending Strength / Plastic Moment Capacity

This is the capacity of the pile to induced loads and is denoted as M,. This is purely a measure

of the properties of the structural materials used to fabricate the pile.

Pile Foundations

Axial Pile Capacity
Governing Equation
There are two components that contribute to the axial strength, or capacity of a pile; the
friction at the soil/pile interface or the ultimate shaft resistance, and the resistance at the base

of the pile or the ultimate base resistance. The total pile capacity is then calculated through the

following equation:

Q: =0Qs+Qp 2.1

Where Q is the total pile capacity, Q; is the total shaft capacity and Qp is the total base
capacity.

In cohesionless soils, the shaft capacity is the product of the resistance at the soil-pile
interface 7. This is produced as a result of the horizontal effective stress acting at the pile
shaft at failure o and the mobilised coefficient of friction Z# ¢ (Randolph and Gourvenec

2011). This resistance at the soil-pile interface is acting along the length of the pile and

9
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calculating the total shaft capacity needs to include the integration over the surface area of the

pile. Hence:
Qs = 7D fOL 73 dz = 1D fOL of tand dz 2.2

Where D is the pile diameter, L is the total pile length, 7, is the resistance at soil-pile interface
and o’is the horizontal effective stress acting at pile shaft at failure.
In cohesive soils, the general approach is to correlate the shaft capacity to the in situ

undrained strength. This is defined by:
Tg = Sy 2.3

Where a is the friction factor and s, is the in situ undrained strength. It is important to note
that there is no direct relationship 7 between s,. This is due to the fact that the ratio between
these two parameters are affected by the angle of friction at the soil-pile interface as well as
the changes of soil strength and stress caused by loading, remoulding and consolidation of the
soil. The friction factor takes this into account and has been adapted into design via

introducing empirical relationship (Tomlinson 1957).

The total base capacity is the maximum stress that can be mobilised at the pile base in contact

with soil, i.e. the pile area. Hence:

nD?

Q=" 2.4

Where qp is the base resistance of the pile and needs to be multiplied by the pile area at the
base. In the case of an open ended or tubular pile, as the axial load is mobilised. Hence, the
soil within the pile the base resistance is calculated from the two components acting on the

pile wall as well as on the soil plug.

There are different methods that could be employed for designing the piles of which five are
widely accepted and used in the industry. The bases for design are the equations presented
above (2.1 to 2.4) however each method suggests a different method for introducing the
variables, mainly .. The primary input parameter employed by all methods is the Cone

Penetration Test (CPT) end resistance (g.).

10
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2.2.2

2.2.2.1

It is not necessary here to present in detail axial design methods, but the reader is referred to

the following methodologies currently used in practice.

Method Main reference

2.2.1.2 American Petroleum |Institute AP 2006

Method

Kolk et al. 2005; Fugro 2004;

2.2.1.3 Fugro Method Bustamante and Gianeselli 1982

i tal. 2
2.2.14 Imperial College Pile Design Jardine et al. 2005a

Method

1 . 2005; A )
2.2.1.5 Norwegian Geotechnical Clausen e af. 2005; Aas ef al. 2004

Institute Method (NGI-05)

Lehane e a/. 2005c; Lehane ef al.

2.2.1.6 University of Western Australia 20054

Method (UWA-05) method

Laterally Loaded Pile Foundations

Of more significance in this study is the lateral response of single piles. The response of the
single free headed pile forms the main foundation system for a conventional monopiled wind
turbine. The development of a head moment through partial of full fixity is also of interest in
this study and as a consequence the design of free and fixed headed piles under lateral loading

is reviewed in the following sections.

Response to Lateral Loads

As discussed previously, lateral loads on piles could come from different sources. The effect

of the loads on piles could be characterised into two different groups (De Beer 1977):

Active loading: May come from wind, waves, ice, current, ship impact, traffic and
mooring forces which are all live and time dependent.
Passive loading: Derived from earth pressures and moving soil which are all dead or

time independent.

Assuming that a laterally loaded pile is infinitely rigid, the response of the pile is solely
dependent on the nature of the loading and the properties of the surrounding soil. Four

different types of active loading can occur at the pile head area which are static or monotonic

11
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2.2.3

(short term), cyclic, sustained and dynamic. Passive loading takes place along the length of the

pile.

Due to the nature of offshore conditions, static and dynamic loading are the most common
types of lading that piles experience. Monotonic loading, on the other hand, which the gradual
increase of the lateral loads until the piles or the soil reach the ultimate capacity, rarely takes
place in practice. However, monotonic curves are extremely important they are the baseline

demonstrating the nature and effect of other types of loading (Reese and Van Impe 2011).

A typical p-y curve for a particular case of a monotonic is illustrated in Figure 2.1, where a
monotonically increasing load is applied to the pile head. From the investigation’s point of
view, a typical load versus lateral deflection of a pile head forms the basis for the analysis
where these curves may be utilised to find the initial stiffness, the ultimate lateral resistance,

and errors that may have been taken place in the process of conducting the tests.

Soil resistance, p (F/L)
o
Soil modulus, E,, (F/L?)

(a) Pile deflection, y (L) (b) Pile deflection, y (L)

Figure 2.1. Typical p-y curve and resisting soil modulus (Reese and Van Impe 2011)

Failure under Lateral Loads

When a pile fails under lateral loads, two different scenarios are possible namely (i) the
ultimate lateral soil resistance has been exceeded in which case the pile fails as a rigid body
(this 1s also referred to as geotechnical failure) or (i) the plastic moment capacity of the pile is
exceeded which results in the failure of the pile in bending (this is also referred to as structural

failure).

12
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2.2.3.1

2.2.3.2

Failure Modes

The head restraint conditions as well as the length of the piles have a dominant influence on
the way piles behave and fail under lateral loads. Hence, the failure modes tend to be divided

into two different categories as follows:
Fully Free Head Condition

When the lateral load is increased to failure, the net lateral force acts against the load
direction. For short piles the failure mode involves failure for the soil only and takes place by
rigid rotation of the whole pile about the point of rotation at a particular point along the
length of the pile (Z.; which is at 70% to 80% of the pile length from the top of the pile)
(Randolph and Gourvenec 2011). This is further illustrated in Figure 2.2.

Soil resistance
Hue

S 4 Actual Idealised
e I A Forceflength Forcellength
>

! "' Las
L| Zew !

| | Pap e Lo,

L'__.Roiah'an B

o] point

R L Vo P

—}ep Ve v
Depth, z Depth, z

Figure 2.2 Failure mechanism for free headed short piles under lateral loads
(Randolph and Gourvenec 2011)

The first step in calculating the lateral pile capacity H,» at an eccentricity ¢, is to determine the
profile of limiting soil resistance along the length of the pile. Then assuming a value for the
Z.i the values of positive and negative soil resistances P, and Py, (positive above the rotation
centre and negative below it) as well as the lengths of the lines of action L, and L, may be
calculated. The lateral pile capacity then could be obtained using the following equilibrium
equation:

Hyie = Py + Py 25

Hyire = —PgpLap + PpcLpc 2.5

Furthermore, by expressing the above equations by recalling P, Py, L and Ly, in terms of

Z 1t is possible to solve the above equations simultaneously in order to calculate H,x

In the case of a long pile (as shown in Figure 2.3), the failure mode involves the formation of
a plastic hinge at one or two points along the length of the pile. The location of the plastic

hinge is at the distance Z, from the free surface. The location where the plastic hinge is

13
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2.2.3.3

forms is at the point where the maximum bending moment takes place (i.c. zero shear force).

This implies that the lateral forces above and below the plastic hinge are in horizontal

equilibrium.
H Soil resistance
m> Ir Actual Idealised
e, J A Forceflength Forcellength
z3
i/ -
L| Zew I
| | P i
Plastic B
o hinge
\'""Mp '
D 2 Depth, z
—| e
/
Depth, z

Figure 2.2 Failure mechanism for free headed long piles under lateral loads
(Randolph and Gourvenec 2011)

Since the soil below the point where the plastic hinge forms are in self equilibrium, only the
positive soil resistance above the location of the plastic hinge needs to be taken into account
for the calculation of the lateral capacity H,. In order to satisfy the equilibrium conditions,
above the location of the plastic hinge the maximum soil resistance must equal the lateral

capacity, hence by taking a moment about the top of the pile:

Hult = Pab 2.7
Mp = Pab(Lab + e) 2.8

Similar to the equilibrium equations for short piles, equations 2.7 and 2.8 could be expressed
in terms of Z.; Once, using this iterative process the value of Zerit and P, are found, H

could be calculated using equation 2.7.

Fully Fixed Head Condition

For both short and long piles, in the presence of a fully fixed head condition where the pile
head is restraint against lateral translations and rotation, three different possible failure modes

could take place.

Failure of the pile due to lateral translation and in the absence of any rotations at pile head or

along the length of the pile. In this condition no hinges form.

14
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2.2.3.4
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Figure 2.3a Failure mechanism for fixed headed piles with lateral translation, b) with the
formation of one hinge and c) Failure mechanism for fixed headed piles with the formation of
two hinges

(Randolph and Gourvenec 2011)

Failure of the pile by formation of a hinge at the pile head and rotation of the pile about the
point of rotation at Z,; and as well as the plastic hinge at the pile head. Analysis such piles are
exactly in the same manner as fully free short pile with an additional Mp term in the moment

equilibrium equation (equation 2.8).

Failure of the pile by formation of a hinge at the pile head as well at the point of maximum
bending moment (Figure 2.3), and rotation of the pile about the plastic hinge at Z, and as
well as the plastic hinge at the pile head. Analysis of such piles is exactly in the same manner
as fully free short pile with an additional Mp term in the moment equilibrium equation

(equation 2.8).

Limiting Lateral Resistance

For cohesive soils, the lateral resistance is related to the undrained shear strength. This is done
through failure mechanisms that are related to the behaviour of the soil around the pile. Close
to the surface the failure mechanism takes place via failure of a wedge of soil in front of the
pile. This leads to a lower limiting resistance compared to at depth. Generally, for cohesive
soils, the value of limiting lateral resistance has been taken as Py = 2DS,, which is the lower
bound limit (passive failure in front of the pile, Figure 2.4) that takes place near the surface.
This value increases with depth to an upper bound value of P = 9DS,, at depths larger than
3 times the pile diameter (Broms 1964a). For longer piles the nature of flow around the piles
changes and less resistance is provided by the flow at the horizontal plane. This leads to the
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creation of concentric shells immediately adjacent to the direction of the flow where the soil
flows in a circular manner in the fan zone (Figure 2.5). The design value of Pr = 9DS,, is
believed to be conservative for this type of failure mechanisms (Broms 1964a).

Shaft resistance ~ Deformation
and self-weight

Centre of
rotation

Concentric shells

Figure 2.5 Flow around mechanism for laterally loaded piles cohesive soils

Since the plasticity mechanisms cannot be constructed in cohesionless soils, methods for
estimating the variation of Py with depth are empirical (where the estimations are checked
against field data). These imperial relationships tend have a dimensionless factor N (by
dividing the lateral resistance by the in situ vertical effective stress) that depends on the angle

of friction ¢, where:

P P
N=-"1L=_ 2.9
Doy, Dy'z

Since the pile wall will behave similatly to a retaining wall at shallow depths. The value of N is
very likely to be close to the value of the coefficient of the earth pressure, K, at the soil surface
(Barton 1982). Propose by Reese et al. (1974), at shallow depths some kind of wedge failure
mechanics will take place (similar to wedge failure mechanism for cohesive soils shown in

Figure 2.4). Hansen (1961) and Mayerhof (1995) have developed charts showing the variations
16
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of N with depth, illustrated in Figure 2.6. These graphs also compare the proposed value with

the pervious findings of Broms (1964b) and Barton (1982). Prasad and Chari (1999)

developed the relationship which shows a good agreement between the pervious findings

where Pf is increasing linearly with depth (variation further illustrated in Figure 2.7).

P; = DKjo, = DKZy'z 2.10
1+sin
Where Kp=—"222 211
1-sing
Ultimate lateral pressure, P¢/D: kPa Ultimate lateral pressure, P¢/D: kPa
0 400 800 00 800 1600 2400
c T ) T T T
2 2 ¢ =40°
¥'= 9 kN/m®
% 4 D=05m
6 61
S e S o
2 10 g 10f
3 a
a 12 12F
14 14r &
16 16
18 18}
20 20t 30 (K,)

Figure 2.6. Lateral resistance variation with depth using different approaches (Randolph and Gourvenec

2011)
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Figure 2.7 Lateral resistance variation with depth after Prasad and Chari (1999)
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2.2.4

2.24.1

2.24.2

Ultimate Lateral Resistance & Lateral Deflection
Introduction

Generally the ultimate lateral resistance of a pile is calculated by assuming a distribution of
maximum lateral resistance in the pile and treating the pile as a beam under the distributed
load along the length of the pile and a point load at the pile head. The magnitude of the
maximum load that could be applied at the pile head could then be found via solving for
equilibrium. This will be followed by checking that the deflections are within the acceptable
limits and that the plastic moment capacity of the pile has not been exceeded (Poulos and

Davis 1980). This is all done with an expectable applied factor of safety.

Analysing the ultimate lateral resistance of a pile is a complicated in that the behaviour of the
pile under load and its relative lateral defection involves the interaction between the pile and

the soil.

Static Approach

The starting point in estimating the ultimate lateral resistance of a pile is to consider the statics
of the pile. For the case of a pile where there is no head restraints (i.e. free headed pile), under
the normal offshore loading conditions, the forces exerted on the pile are the lateral load H,

the moment M and the ultimate soil resistance P, (illustrated in Figure 2.8.).

__.H
e
_I;\M=HQ

Pile diameter=d Zr

P
Figure 2.8. Free headed laterally-loaded pile
Assuming that the pile is rigid (i.e. the soil will reach its ultimate capacity before the pile) the

limiting combination of the forces, i.e. M, and H, which will lead to the failure of the pile,

may be obtained by applying the equilibrium of horizontal forces. Solving the resultant
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equilibrium equations for the unknown depth of rotation Z,, and the ultimate lateral load H,
will give the equation of the ultimate bending moment Mu (Poulos and Davis 1980). Taking
M, as He, where ¢ is the eccentricity of loading, and solving the equilibrium equations leads to

the following equations.

_ 1 Hy

2Goa

For the case of a uniform distribution of soil resistance with depth:

Hy, 2e\o _ 2e
il = /(1+ 2+1-(1+7) 2.13

And for the case of a linear variation of soil resistance with depth:

- (-B O EDE-jash 2

The variation of

-+ L) 2.12

HuL against % are shown the Figures 2.9 and 2.10 for both case under
u

different failure load and moment combinations.

0-6

05

Uniform p
Distribution
pu= pu

buT 0-3 \
0-2 \

\\
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|'varying p,
Distribution- zefro at
surface, P ctql tip
Py=PL / 2
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Figure 2.9. Ultimate lateral resistance of free headed rigid piles based on factor %
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Figure 2.10. Ultimate lateral resistance of free headed rigid piles based on factor 72
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An alternative method was also proposed by Hansen (1961) where a trial an error method is
suggested for the calculation of the depth of rotation such that the resultant moment taken
about the centre of location equals to zero. Once the depth of ration is calculated, the ultimate

lateral resistance may be calculated using the horizontal equilibrium equations.

Generally, for the case of a purely cohesive soil, it is suggested (Poulos and Davis 1980) that
the ultimate lateral resistance of soil increases from the surface down to the depth of about
three times the pile diameter and remains constant below that (llustrated in Figure 2.11).
Lateral failure involved the plastic flow of the soil at the horizontal plane the pile around the
pile below this depth and the value of P, may be calculated using plastic theory. The value of

lateral resistance factor K. depends on the pile adhesion ¢, to cohesion ¢, and shape of the pile
. a . . . . .
or the aspect ratio 7 The relationship between aspect ratio and lateral resistance factor is

illustrated in Figure 2.12.

Lateral
load P ‘1

r2Cu

Approximately
3D

g

1012 ¢, D

Figure 2.11 Lateral resistance distribution in cohesive soils

18 T T T =T T T T

4

12} p,d2bc]

Rough (cq=c)

2t ¢,
.
Value generally Q*0)
8| assumed

Ke

Figure 2.12 Effect of adhesion and aspect ratio on lateral resistance in cohesive soils
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In the case of a ¢ - ¢ soils, Hansen (1961) suggested an alternative detivation of the ultimate
lateral resistance of soil that was based on the earth pressure theory. He also considered the

variation of the soil resistance with depth which may be calculated by:
pu = qK4 + cK, 2.15

where ¢ is the vertical overburden pressure, ¢ is cohesion and K. and K, are the factors that are

a function of ¢ and g. The value of these factors may be obtained from Figures 2.13 and 2.14.

Figure 2.13. Lateral resistance factors Kq and Kc

1 I A} T

(o) 10° 20° 30° 40

Figure 2.14. Lateral resistance factors at ground surface (0) and infinite depth (°2)
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2.2.4.3

Broms’s Method

Broms’s theory is essentially based on the static approach with the difference that some
simplifications have been applied to the load distribution profiles along the length of the pile.
Moreover this approach studies the behaviour of the pile in cohesive and cohesionless soils
with different head restrained conditions separately. This method was published in two
separate papers (Broms 1964a and b) for cohesive and cohesionless soils respectively. A brief

review of the method for cohesionless soils is presented below.

Broms analysis for laterally loaded piles in cohesionless soils (Broms 1964b) were carried out
assuming that the active earth pressure acting at the back of the pile is neglected, the
distribution of passive pressure along the front of the pile is equal to three times Rankine
passive pressure and that the shape of the pile section has no influence on the distribution of

ultimate soil pressure or the ultimate lateral resistance.

Broms’s assumption on the value of ultimate lateral resistance, P, being three times Rankine
passive pressure was based on limited empirical evidence on the comparison between
predicted and observed values. Further comparisons suggest that the factor 3 is rather
conservative in some case. Moreover, the average ratio of predicted to observed ultimate
lateral loads was found to be about two thirds (Poulos and Davis 1974) which leads to the

distribution of soil resistance being as:

—_ !
B, = 30,K, 2.16
where
0y, is the effective vertical overburden pressure
_ 1+sing’

K

P = Tosing’ 2.17

¢ ‘is the angle of internal friction

The two possible failure modes for the case of free-headed piles are shown in Figure 2.15.
Similatly to free headed piles in cohesive soils, the pile is classified as short if the maximum
moment acting on the pile is less than its yield moment. As illustrated in Figure 2.15(a),
assuming that the point of rotation is very close to the tip of the pile, the high pressures are

replaced by a single point load acting at the pile tip. Taking moments about the toe and
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resolving it for Hu results in the equation below, further illustrated graphically in Figure

. . . L H,
2.16(a) in terms of dimensionless parameters — and ——.
d Kpyd?3

_ 0.5ydL3Ky
T e+l

H, 2.18

The maximum moment takes place at a distance fbelow the surface where:

H, = >ydK,f? 2.19
Hu
f =082 /(dK_,,y)
Munax = Hy(e +=f) 2.20

If Mmax exceeds My the pile will act as a long pile and the Hu may be obtained by replacing
Mmax by My in the above, the results of which have been illustrated graphically in Figure

H M.
Y —and — 2.
Kpyd a*yKp

2.16(b) in terms of dimensionless parameters

Detlection Soll Reaction Bending Moment

H é”y-m
Deflection Soil Reaction Bending Moment

(b)

Figure 2.15 Failure mode and behaviour of free headed piles in cohesionless soils for (a) short (b) long piles
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Figure 2.16 Ultimate lateral resistance in cohesionless soils for (a) short piles (b) long piles

For fixed headed condition, it is assumed that the moment resistance M, is present at the pile

cap. The failure modes are categorised as short, intermediate and long, illustrated in Figure
2.17.
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Figure 2.17 Failure mode and behaviour of fixed headed piles in cohesionless soils for (a) short (b)
intermediate and (c) long piles

For short piles, applying the horizontal equilibrium, resolving it for H, and M, leads to:

H, = 1.5yL*dK, 2.21

Minqx = 5 HyL 2.22

In the case of M. exceeding M, the pile is classified as intermediate, and applying the
horizontal equilibrium, resolving it for IF and taking moments about the top of the pile leads
to where H, may be calculated.
= (3,12
F = (3y17K,) - H, 223

M, = (0.5ydL*K,) — H,,L 2.24
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2.2.4.4

2.2.4.5

Moreover, if the maximum bending moment reaches M, at two locations leads to the equation

below from which H, may be calculated (Figure 2.17(c)).

2
Hy(e+2f)=2M, 225
Dimensionless solutions are all illustrated in Figure 2.16.
Laterally loaded Plates: Plain Strain Solution

Assuming that the pile rotates about an arbitrary point along the length of the pile, Tomlinson
and Woodward (2008) suggest the following equations as a simple method of calculating the
lateral deflections. The equations could be applied to both free headed and fixed headed pile

head conditions (illustrated in Figure 2.18).

H(e+zf)®? ..
= % (free head condition) 2.26
H(e+zf)®? .
= By (fixed head condition) 2.27
12E1
H
L
— ®=0
= ¥=0
L e
-6
i I
c

Figure 2.18 Pile under horizontal load simplified as a cantilever (Tomlinson and Woodward 2008)

Elastic Continuum Theory

This theory is based on the continuum model for soil which has been generated using finite
element and boundary element analysis. The results for this solution were analysed and
normalised where simple relationships were fitted by Randolph (1981). The notations for his

analysis are illustrated in Figure 2.19.
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Figure 2.19 Notations for elastic continuum analysis

Based on this approach, the critical pile length, L. is expressed in terms of pile-soil stiffness
E

ratio, G—p where E, is Young’s modulus of a solid pile of equivalent bending rigidity, G. is the
c

characteristic shear modulus, G* is the modified shear modulus used to normalise the results
for different values of poisons ratio » and g, is a parameter introduced to quantify the degree

of non-homogeneity. So for a circular pile:

__(EDp _ (EDp
Ep=2="7 2.28
64
G'=G(1+2) 2.29
Giop .
pe = —erl 2.30
Ep 2
Lerie = D(G_C)7 2.31

The following equations were then suggested to be used in order to calculate the lateral
deflections and rotation at pile head. These equations are based on the foregoing parameters

above as well as the applied load H and M.

1
(Ep/Gc)7 H M
=——=10.2 B3 2.32
PcGe [0 7 Lerit/2 +0.3 (Lcrit/z)z] 3
1
_ (Ep/Gr:)7 H M
e N PcGc [030 (Lr:rit'/z)2 + 080 pc (Lcrit/2)3] 2.33

The above expressions represent the lateral response at the pile head when the pile is free at

the surface. In the case of a fixed headed pile, the following equations may be use:
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0.375HLcrit

Minax = =277 234
1
(Ep/Ge)7  H [ 0.11]
=———10.27 — 2.
0 pcGe  Lerit/2 0 VPc 33

Furthermore, the displacement and bending moment expressions can be normalised in order
to extend this to any depth along the pile. Hence, the normalised displacement at any given

depth along the pile length is:

= _ YDGe [E_p];

2.36
H ‘G,

The results are graphically illustrated in Figures 2.20 for free headed piles and in Figure 2.21
for fixed headed piles. The results are presenting three different soil modulus and the bending

moments are normalised by HI ;.
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Figure 2.20 Normalised lateral displacement and bending moment profiles for free headed piles using
elastic continuum theory
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Figure 2.21 Normalised lateral displacement and bending moment profiles for fixed headed piles using
elastic continuum theory

28



PhD Dissertation H Arshi

2.2.4.6

For free headed piles, the maximum bending moment occurs at a depth of about 30% to 40%
of L. which is where the plastic hinge would be expected to occur for long piles. For fixed
piles, however, this would occur at the point if fixity or the piles head. Generally, the values
of maximum bending moments are about 30% to 80% greater, and the maximum lateral
displacement reduces by a factor of 2, for fixed headed piles. Also the maximum bending

moment are for soil stiffness proportional to depth (p. = 0.5).

Subgrade Reaction Method (Elastic Pile - Elastic Soil)

This method, which is also known as Winkler idealisation, models the response of pile to
lateral loads by treating the soil as a seties of springs along the length of the piles, where the

springs behave linearly (schematically illustrated in Figure 2.22) .

M, 8
7~ 4 Hy Lateral spring
stiffness
Uniform soil
Lot | P
N
)
g
a Linear soil

Figure 2.22 Winkler idealisation of laterally loaded piles

Initially this model was used to analyse the behaviour of thin vertical elastic strips where

Terzaghi (Elson: 1955) defined the stiffness of the springs as:

k== (kN/m?) 2.37
Where £ is the modulus of subgrade reaction, p is the vertical load and # is the vertical
deflection. For piles this relationship is expressed to:

_ _DP_ Z\n
K =kyB = " nhB(B) 2.38
Where £, is the horizontal coefficient of subgrade reaction, B is the breadth of the pile, 7, is
the rate of increase or gradient of subgrade reaction with depth (which commonly varies from

0 to 2) and zis depth. The differential equation governing the behaviour of a pile subjected to

axial, lateral and moment is governed by:

4 2
Eplp i+ P g+ Ku=0 2.39
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I=[y?dA 2.40

Where I, is the moment of inertia of the pile section and Eplp represents the bending rigidity

of the pile. Since for laterally loaded pile the axial load has a negligible effect on its lateral

behaviour, term containing P may be taken out, so for the moment, rotation and stiffness

along the length of the piles may be calculated using:

4

Eplp oy + Ku =0 2.41
3

Eplp 5 +6=0 2.42
2

Eplp Sy + M =0 2.43

For both cases of stiffness of the springs being constant or linearly increasing with depth,

Matlock and Reese (1960) have developed closed form solutions for the calculation of

deflection and rotation at pile head u and 0 induced by the applied lateral load H and moment

M.

The relationship between kh or nh with depth z has been reported (Randolph and Gourvenec

2011) as kp~4G or ”h~4(z_z)’ where G is the operative shear modulus of the soil. It has also

been proven that the exact link between kh and G is also influenced by stiffness and

deformed shape of the pile (Baguelin et al. 1977).

For the case of the stiffness remaining a constant along the pile length (Randolph and

Gourvenec 2011), the critical length beyond which the pile acts as infinitely long which is also

the depth to which the lateral load is transferred is given by:

(ED, L
Leyie = 4(k_p)4 244
h

Where the subgrade reaction solution gives:

=22 (Lerity-1 4 M Lerity—2

y=V2 G+ (2 2.45
_i Lerity—2 ﬂ Lerity—3

0= (99 +\/2kh(4) 2.46
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2.2.4.7

For the case of stiffness linearly increasing with depth, from zero at the ground surface (Reese
and Matlock 1950), the critical length as well as the deflection and rotation at pile head are
given by:

1
Lerie = 4((51);7)3 2.47
h

n

M
Nh

y =2432L tainy-2 4 162

H Lerity -3
o Ce ) 2.48

H

0 =1.62- (terity-3 4 1732
np - 4

T 249

In all cases the above derivations are valid when L > L.;¢. Based on this theory, since there is
no transfer of shear stress, the model does not represent a continuum, which is indicative of
the fact that the springs are discrete. This as a result, leads to an overestimation of the
deformations (Elson 1984). The main difficulty with this method is choosing an appropriate
value for k. The difficulty arises as it is unknown whether or not the pile diameter has any
influence on the value of k (Elson 1984). The limitation of this method is in cases where soil
at ground surface goes through the cycle of overstressing which results in yielding. When this
happens the load per unit length of pile is not proportional to deflection, hence the Winkler
analysis is no longer accurate. It is suggested (Elson 1984) that the Winkler analysis should be
limited to cases where the maximum reaction on the pile does not exceed one half the passive

resistance of the soil.

Nonlinear p-y Method

Methods presented earlier are based on the theory of elasticity which results in having a
constant value of soil-pile stiffness. This is not the most accurate way of representing the
actual interaction between the soil and the pile. In practice as the lateral resistance approaches
the failure load Pj strain levels increase and leads to degradation of the initial stiffness. The
nonlinear p-y method is an extension to the subgrade reaction approach where the laterally
loaded pile is treated as a beam with a series of discrete springs whereby including these
nonlinear springs, the response of the deforming soil around the pile is also taken into

account. This is shown schematically in Figure 2.23.
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Figure 2.23 lllustration of non-linear p-y curves for laterally loaded piles

2.3 Hybrid Monopile-Footing Foundation Systems

The hybrid monopiled-footing concept is not dissimilar to that of a retaining wall with a
stabilising base, in that the stabilising base acts to generate a resisting moment from the
underlying soil enhancing the lateral stiffness of the retaining wall. This problem has been
studied in detail and is well reported, see for example Carder (1993) and Carder et. al. (1999),
Powrie and Daly (2007).

Single gravity tests on a monopiled-footing (Chalkdis 2005, Ward 2006, Stone et al 2007) have
been widely reported. Figure 2.24 shows a typical set up for a single gravity model test with a

monopiled circular foundation plate rigidly connected to the pile.

Vertical load V
V)

pile-footing connection

(i.e. grouted) l Lateral ] — H

TR a5 N

F
P : |
|

a b

skirted footing

g

Figure 2.24: Schematic representation of a) hybrid foundation system consisting of a mono-piled
footing and b) schematic representation of induced soil stressed.

32



PhD Dissertation H Arshi

A typical set of single model test data is shown in Figure 2.25 where it is apparent that the

bearing plate significantly enhances the lateral capacity of the monopile for these tests

conducted in dense dry sand.

70

Piled footing
60 N

Applied lateral load (N)

Lateral displacement (mm)

Figure 2.25a: Typical set of single gravity test data (after Stone et al 2007) and
b) instrumented model pile and footing after (Stone et al 2010)

A series of centrifuge model tests were also reported by Stone et al 2010a, 2010b, where an
instrumented monopile (refer to Figure 2.25b), and more recently by Lehane et al (2014). All
these test concerned a hybrid system where the bearing plate was rigidly fixed to the pile.

From the single gravity and centrifuge tests reported to date the following summary of

findings can be made;

i) the vertical capacity of the hybrid system is essentially the sum, or slightly

greater than the sum, of the individual components (pile and footing)

ii) the lateral stiffness and load capacity of the hybrid foundation is improved

over that of the pile alone and,

i) that the initial contact stress between the footing and the soil has a

significant influence on the lateral stiffness of the system response.
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More recent single gravity tests have been reported by Arshi (2011), and Arshi and Stone
(2011, 2012a, 2012b) where further investigations on the influence of the footing size and in
particular the connection between the footing and the pile have been investigated. As
identified in the eatly studies referred to above (e.g Stone et al 2007) the requitement for the
plate to exert a positive contact with the soil at the onset of loading significantly enhances the
initial lateral response of the system. This can be achieved in one of two ways. In the first
approach the plate and pile are fixed together and sufficient vertical load is applied such that
the axial capacity of the pile is exceeded and the remaining applied vertical load provides a
positive pre-stress bearing pressure with the soil. The other approach is to allow vertical
movement of the plate to occur such that the footing may act independently from the pile.
The positive contact between the footing and the soil underneath is solely controlled by the

vertical load acting on the footing.

There are thus two different arrangements that can be configured for the hybrid system. The
first relates to the system where the bearing plate or footing is rigidly attached to the pile, and
the second to the case where the bearing plate is uncoupled from the pile and free to slide
relative to the pile shaft. The two configurations are referred to as ‘coupled’ and ‘decoupled’

hybrid systems respectively and shown schematically in Figures 2.26a to 2.26c.

In the coupled system all the vertical loading is shared between the pile and the bearing plate,
and in order to achieve a contact pre-stress between the plate and the ground the loads
applied to the system must be such that the axial capacity of the pile is exceeded such that
settlement and contact of the plate with the undetlying soil will be maintained. This
arrangement would appear to offer significant savings in the size and/or length of the

monopile and is essentially analogous to a pile raft with a single pile.

In the decoupled configuration vertical loads applied to pile are carried independently from
the plate and vice versa, with the only vertical load transfer occurring as the result of frictional
contact at the plate / pile connection. The bearing plate is capable of supporting significant
vertical loads, for example the entire superstructure weight of a wind turbine and tower may

be supported by the bearing plate with little or no vertical load acting on the pile (Ashri 2012).
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a b c

Figure 2.26 a) Typical arrangement for coupled system, b) decoupled system with ballast
loading applied to bearing plate and, c) decoupled arrangement with superstructure load
carried by bearing plate..

Only a single set of centrifuge tests performed on clay samples is currently reported in the
literature (Lehane et al 2010). These tests did not indicate much improvement in the lateral
performance of a coupled monopole due to the presence of the bearing plate. However, this
was a limited study and thus it is difficult to draw conclusions. It is suggested here that the
rather poor performance of the system tested was due to the system geometry in that length
of the pile was long and the diameter of the plate relatively small, and hence little vertical load
was applied to the soil such that it is likely that there was little positive bearing stress between
the plate and the pile since all the vertical load was being taken by the pile. However, further

testing is required to investigate the performance of hybrid foundations on clay soils.

The study reported in this thesis is a continuation and expansion of the single gravity and
centrifuge tests referenced in this section. In particular the centrifuge test data is somewhat
limited and this research is undertaken to considerably enhance the test database of hybrid

foundation systems.
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3.

MATERIALS AND EXPERIMENTAL METHODOLOGY
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3.2

Introduction

The single gravity and centrifuge model tests used essentially the same materials and as such
that the centrifuge tests can almost be considered as a repeat of the single gravity tests.
However in the centrifuge the response of the soil to perturbation (strength and stiffness) is
more correctly modelled and can be more directly related to a prototype response. There is
thus much commonality between the single gravity and centrifuge models with regard to

materials and test methodology.
Materials

All the single gravity and centrifuge tests were conducted in samples prepared from medium
dense dry sand. The sand used was a David Ball fraction C with dso of 0.5 mm The sand is
generally classified as a fine grained, rounded to sub-rounded, uniformly graded quartz sand.
The maximum and minimum void ratios were 1.1 and 0.68 respectively, corresponding to dry

unit weights of 12.9 and 17.0 kN/m?.

Direct shear box tests were conducted to establish the critical state friction angle of 32
degrees. It was also of interest to establish the interface friction between the sand and the
aluminium used for the pile and plate. A simple modification to the direct shear box test was
made by placing an aluminium plate in the lower half of the direct shear box. Interface

friction values are tabulated below.

Table 3.1. Interface friction from direct shear box tests

Normal stress Interface Mobilisation
(kPA) friction displacement
(degrees) (mm)
49 20 ~1.75
98 15 ~1
147 15 ~1

The model piles, footings and skirted footings used were all fabricated from aluminium with
density of 2,700 kg/ m’and Young’s modulus of 70,000 MPa. The pile was threaded through

the bearing plate which in turn was clamped to the pile. Thus the location of the bearing plate
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on the pile shaft could be adjusted for the ease of installation. Tables 3.1 to 3.3 and Figure 3.1

show details of the model foundation system and all of its comprising elements.

Figure 3.1. Model hybrid foundation system; (a) Pile (b) F40 footing and skirts (c) F60
footing and skirts (d) F80 footing and skirts.

3.3 Experimental methodology

3.3.1 Introduction

In this section the apparatus used to conduct both the single gravity and centrifuge tests is
presented together with descriptions of the test procedures. It is noted that there is much
similarity in the method of preparation and testing since the centrifuge tests are essentially a
replication of the single gravity testing methodology only the tests are undertaken in the

enhanced acceleration field induced by the centrifuge.
3.4 Single gravity testing apparatus

A single gravity tests were conducted in a sandbox with internal cross sectional dimensions of
310 mm by 220 mm and a depth of 240 mm. All tests were carried out in a Wykeham-
Farrance 1D testing rig, as shown in Figure 3.2. The rig comprised of a 1D actuator located at

the top of the rig, with the capability of being able to driving the shaft up or down. The loads
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260 mm

Figure 3.

3.5

were measured in two different ways; for loads with a relatively low range a digital load cell
was used where it could read loads of up to 250 N. For higher magnitudes, a proving ring was

used with a capacity of reading loads of up to 700 N.

230 mm

a b

2 a) Schematic diagram and b) photograph of single gravity test arrangement

Deflections were measured using LVDTs (linear variable differential transformers) attached to
the piles at two points above the soil surface, at a distance of 20 mm vertically apart (Figure
3.2b). All load and displacement data was continuously monitored and logged throughout the

duration of each test using an instruNet data acquisition system.
Model preparation

Sand was poured into the sandbox in three different stages. First a third of the sandbox was
filled by sand by pulvation, the sandbox was then placed on the vibrating table for 20 seconds
and then removed. This process was repeated three times until sand reached the sandbox

surface. The surface was then scraped carefully tin order to get a levelled surface.

The installation process began with pile driving. The tip of the model pile was positioned in
the desired location and was hammered in at a rate of 2 mm/s until the pile reached the
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desired penetration depth. The footing was then lowered to the soil surface. In the case of
skirted footing, the skirted footing was first lowered thought until the bottom of the skirts
reached soil surface. Then the skirted footing was hammered in at the same rate as the pile (2
mm/s) until the footing reached a soil surface. Once a good contact between the soil and the
footing/skirted footing was made, the clamp was secured (fully coupled/fixed pile-footing
connection) or was left unsecured (decoupled/slipping pile-footing connection). Figure 3.6

shows a typical foundation installation process.

Figure 3.6. Installation of skirted footings following the completion of pile driving

3.5.1 Single gravity models

Several combinations of pile diameter and embedment length, together with combinations of
footing diameter and plate length were used in the single gravity test programme. The tables

below summarise the component elements used in forming the test combinations.

Table 3.2. Summary of model pile geometries

Pile length, L

ID (mm)
P1 40

P2 60

P3 80

P4 120

P5 160

Po 180

p7 200
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3.6.1

Table 3.3. Summary of model footings

Footing thickness, t Footing diameter, d
D (mm) (mm)
F1 5 40
F2 5 60
F3 5 80

Table 3.4. Summary of model skirted footings

Skirt Footing Skirt length (L) /

ID thickness, | Skirt length, diameter, D footing diameter
ts (mm) L (mm) (mm) (D)
S1.F1 1 12 40 0.3
S2.F1 1 24 40 0.6
S3.F1 1 36 40 0.9
S1.F2 1 18 60 0.3
S2.F2 1 36 60 0.6
S3.F2 1 54 60 0.9
S1.F3 1 24 80 0.3
S2.F3 1 48 80 0.6
S3.F3 1 72 80 0.9

3.6

Centrifuge tests

Introduction

It is well known that the behaviour of most geomechanical materials, such as soil and rock, is
very dependent on stress level. In conventional small scale model tests, performed in the
Earth's gravitational field, it is not always possible to maintain similarity with prototype
situations, and to ensure that stress levels in areas of interest reach prototype values. A
geotechnical centrifuge can subject small models to centripetal accelerations which are many
times the earth's gravitational acceleration. By selecting a suitable acceleration level the unit
weight of the soil being tested can be increased by the same proportion by which the model

dimensions have been reduced. Thus stresses at geometrically similar points in the model and
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prototype will be the same. In other words, if a 1/N scale model of a prototype is spun at N x
g on the centrifuge, then the model's behaviour is thought to be similar to the prototype's
behaviour. For this to hold true three assumptions must be satisfied. Namely: 1) that the
model is a cortrectly scaled version of the prototype: 2) that the 1/N scaled model when
subjected to an ideal gravity field behaves like the prototype at 1g; and 3) that the centrifuge

produces this ideal gravitational field. These assumptions are briefly examined below.

To satisfy this first assumption, that the model is an exactly scaled version of the prototype,
requires that the scaling relationships between the model and prototype are met. The
establishment of correct scaling relationships is crucial if the prototype response is to be
correctly modelled and specific problem may have a unique set of scaling relationships which
may be derived by either of the two methods outlined above. Some of the more common

relationships are given below in Table 3.5.

Table 3.5: Useful scaling relationships

Parameter Scaling factor
Acceleration N

Seepage velocity N

Length 1/N

Stress 1

Strain 1

Force 1/N2

Time (diffusion) 1/N2

Time (creep) 1

The second assumption that the 1/N scale model under an ideal Ng gravity field will behave
like a prototype at 1g is satisfied if the material properties of the model and prototype are the
same. Consequently, the use of in-situ materials is often preferred where difficulty in
producing an equivalent material with the same prototype properties occurs. However, care
must be employed to ensure that grain size effects will not be important when using prototype

material.

Finally, the third assumption, that the centrifuge can supply an ideal Ng gravity field, cannot

be completely satisfied. This condition would require that the acceleration at any point
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throughout the model would not change in magnitude or direction. However, since the
acceleration at a point in the model is directly proportional to the radius of that point from
the centre of rotation, there must be a variation in imposed acceleration from the surface to
the base of the model. This variation in acceleration level also leads to a non-linear stress
gradient through the model. This stress level error can be quantified and is deemed a
minimum when the gravity scaling factor linking the model with the equivalent prototype
corresponds to the gravitational acceleration generated at a depth one third the depth below

the model surface (Taylor, 1984).

3.6.2 University of Brighton Geotechnical Centrifuge Testing Facility

Figure 3.7a and 3.7b shows the University of Brighton’s Geotechnical Centrifuge. The
centrifuge was designed and constructed by Broadbent and Sons Ltd and is a 7g/tonne

centrifuge capable of reaching 300g.

2 Channel Fluid
Rotary Union

Actuatgr—‘
Servodrive | 16 Way
. : " Slip Rings
Casing Hinged Lid— /—— Cradlein
Top with Window —Beam | ear / ppin Strain
/ Actuator /| pode In Flight
) ¥/ — Motor —— prj
Cradle in . i
Plain Strain l‘ St | Motor
Mode in ‘ Plate '
Loading
Position

' Wedge ~ Driving

Belt
Sensors Guard Belts Pulley

Figure 3.7a - University of Brighton’s geotechnical centrifuge
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Figure 3.7b - University of Brighton geotechnical centrifuge

The Centrifuge is a balanced beam configuration (Figure 3.7b) and the model, complete with
instrumentation are placed in the two swinging cradles suspended on pivots from the ends of
a beam rotor. As the speed increases, the cradles swing from the honing position towards

horizontal, subjection the models to a centrifugal acceleration.

The experimental procedure for the centrifuge tests is virtually identical to that presented for
the single gravity tests. The only difference being that the model once prepared is then placed
on the centrifuge and the test performed at an enhanced acceleration of 50 gravities.
Continuous recording of load and displacement data is undertaken for the duration of the

test.
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4. SINGLE GRAVITY TESTS

41

4.2

Introduction

As mentioned previously the single gravity tests were conducted to obtain a significant
database of behavioural response of the hybrid system and to investigate the many variables in
a relatively rapid manner. The results of this extensive test programme were then used to
design a centrifuge test programme to investigate the more important factors which influence

the response of the hybrid system.
Single gravity test programme

The testing programme was divided into four distinct series. Each series focussed on a
different element that contributes or affects the overall behaviour of the foundation system.

The sections below present the programme of tests undertaken in each series.

Series 1: Lateral load bearing capacity of monopiles

This series investigates how single monopiles behave under lateral loads to derive a basis for
comparison to the response of the hybrid foundation system. The following parameters are

investigated:

e The effect of vertical load on the lateral load beating capacity of the monopile.

e The effect of pile embedment depth on the lateral load bearing capacity of the
monopile.

e The effect of the location of point of applied load on the lateral load bearing capacity

of the monopile.

A summary of the series 1 tests are presented in Table 4.1.

Series 2: Vertical load bearing capacity of footings

The development of the bearing capacity under the footing is essential in understanding and
analysing the behaviour of hybrid foundation system. For the purpose of this investigation

and analysis, the following will be looked at:
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e The effect of footing size on the vertical load beating capacity
e The vertical load bearing capacity of centrically loaded footings

e The vertical load bearing capacity of eccentrically loaded footings

A summary of the single gravity footing tests is presented in Table 4.2.

Series 3: Vertical load bearing capacity of skirted footings

The addition of skirts provides a potential beneficial impact to further enhance the bearing
capacity of soil under the footing. Hence the development of the bearing capacity under the
skirted footings is of interest. For the purpose of this investigation and analysis, the following

will be investigated:

e The effect of skirt length on the vertical load bearing capacity of the skirted footings

e The vertical load bearing capacity of centrically loaded skirted footings

The series 3 skirted footing tests undertaken is summarised in Table 4.3

Series 4: Lateral load bearing capacity of monopiled-footings

The investigation of the constituent element of the hybrid system in the previous test series
are brought together when the behaviour of the hybrid monopile-footing, both skirted and
unskirted, is investigated in detail. This study will investigate the following:

e The effect of footing size

e The effect of connectivity between the bearing plate and the pile

e The effect of vertical load applied by the bearing plate

e The effect of pile embedment depth

e The effect of the point of applied lateral load

e The effect of skirt length

A summary of the unskirted monopile-footing tests is presented in Table 4.2 and the skirted

monopile-footing tests in Table 4.3.
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4.3

4.3.1

4.3.1.1

Results

As is evident from Tables 4.1 to 4.4 that a considerable number of single gravity test were
undertaken as part of this study. However, these tests are considered as a thorough
preliminary assessment of the monopiled-footing system and are essentially a precutsor to the
centrifuge tests reported later in Chapter 5. Consequently, a limited presentation of the single

gravity tests is presented here to illustrate the more significant findings.

The data are generally presented through plots of applied lateral load, H (N) versus measured
lateral deflection at the mudline, 8 (mm). This graph represents the lateral response of the
foundation system from which the lateral stiffness and ultimate lateral capacity can be derived.
The pile is assumed to rotate as a rigid body and the horizontal displacement at the mudline is
derived from the following expressions where ¢ is the tilt of the pile as derived from the

LVDT readings.

SLvpT1—0LVYDT2 ) 31
Distance between the two LVDTs ’

@ = Tan™1(

_ Distance from LVDT1 or 2 to the pile tip

Monopile Tests

The lateral response of the monopile is of interest since it forms the baseline for comparing
the performance of the hybrid system. The single gravity tests were principally designed to
investigate the effect of applied vertical load and pile embedment depth on the lateral capacity

of the pile although the effect of the point of load application was also investigated.

The Effect of Vertical Load

The effect of the vertical load on the lateral response of the pile was investigated for axial
loads of 0, 10 and 50N. The pile embedment depth was constant at 150 mm for all the tests.
Figure 4.1 summarises the results through plots of lateral load (H) versus horizontal mudline
displacement (). It is apparent from this plot that the lateral response is significantly
enhanced by the magnitude of the vertical load. It is noted that this response is consistent

with other studies (see for example Karthigeyan et al 2007). The increase in lateral stiffness
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4.3.1.2

and capacity is significant for the 10N increment in vertical load but less so for the following

increment from 10 to 50N.

The results suggest that for the given pile geometry, there may be a critical vertical load after

which the lateral load capacity and its stiffness remains relatively invariant to further vertical

loading,.
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Figure 4.1. H vs. & graph for the monopile under different vertical loads

The Effect of Pile Embedment Depth

As would be expected the lateral capacity and lateral stiffness of the model piles increased as

the embedment depth increased, refer to Figure 4.2. In these tests all the piles responded as

‘rigid’ piles and as such the increase in

embedment depth.

H(N)

lateral capacity is seen to be proportional to the

- P.WO0.L80
- P.W0O.L120
- P.WO0.L160

0 2 4 6 8 10 12 14 16 18 20

& (mm)

22 24 26 28 30

Figure 4.2 H vs. 6 graph for the monopile with different embedment depths, L, of 80, 120 and 160mm.
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4.3.1.3

4.3.2

The Effect of the Location of the Point of Applied Lateral Load

For this set of tests, the pile geometry was kept constant together with penetration depth of
150 mm and vertical load of 50 N. The lateral load was then applied at heights of 18 mm, 68
mm and 118 mm above the mudline. Only a single LVDT was used and the horizontal

displacement is that recorded by this instrument and not the displacement at the mudline.

As would be expected the higher the point of application of the load, the greater is the
moment at the mudline, and hence the lateral force required to achieve a particular

displacement reduces.

120
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60 F

H{N)
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20 F
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& (mm)

Figure 4.3. H vs. & graph for the monopile with H applied at different heights above the soil surface.

Footing Tests

A circular footing or bearing plate is the second component of the hybrid system and as such
single gravity tests were conducted to establish the behaviour of 40, 60 and 80mm footings
used in the experimental tests. A typical set of centrally loaded footings are presented in
Figure 4.4. A set of eccentrically loaded tests conducted on the 60mm diameter footing are

shown in Figure 4.5.
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Figure 3.4 Vertical load vs. Vertical displacement (6v ) graph for centrally loaded footings with 40, 60 and
80mm diameters.
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Figure 4.5. Vertical load (V) vs. 8, for the eccentrically loaded footing 60mm diameter
footing. Load eccentricities as quarter radius points shown on key

The main observations from the eccentrically loaded tests are that the footing capacity is
reduced as the eccentricity increases and the overall response becomes much more strain-
softening with an unstable peak strength (i.e. significant post peak capacity reduction). Itis of
interest to note that in the hybrid system the eccentrically loaded footing capacity would be
responsible for generating the restoring moment at the pile head due to the soil pressure

acting on the underside of the footing. As high footing rotations it is evident that the
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4.3.3

restoring moment would reduce as the bearing capacity reduced. For completeness skirted
footing tests were also undertaken from which the general response was similar to the
unskirted tests, only the footing capacities were increased due to the shear strength mobilised

on the skirt.
Hybrid Monopile-Footing Tests

The single gravity test programme is considered as precursor to the centrifuge study and was
designed to investigate the effect of several parameters on the general response of the system.
Due to the large number of permutations the majority of the tests were conducted with a
single pile embedment depth (150mm) and a constant pile diameter (10mm). Footing sizes of
40 mm (F40), 60 mm (F60) and 80 mm (F80) were used with varying magnitudes of dead load
(10 N and 50 N), and different pile-footing connectivity arrangements (coupled/fixed or
decoupled/free). A considerable amount of test data was generated from the full programme
of single gravity tests and all these data are reported in detail in Arshi (2013 -PhD Transfer

report). In the following section the most significant observations are reported by way of

plots of lateral load (H) versus lateral displacement at the mudline &.

Figures 4.6a to 4.6b show a set of lateral load versus displacement plots for the three plate

diameters (40, 60 and 80mm) with a vertical load of 50N for both the coupled and decoupled

arrangements .
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Figure 4.6 Lateral load versus displacement plots for the three plate diameters (40, 60 and 80mm) with a
vertical load of 50N for (a) coupled and (b) decoupled arrangements
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Figure 4.7 Lateral load versus displacement plots for the three plate diameters (40, 60 and
80mm) with a vertical load of 10N for (a) coupled and (b) decoupled arrangements

The behaviour of the hybrid system with the F40 footing, under 10 N vertical load and a fully

fixed P-F (pile-footing) connection is shown in Figure 4.7. These data indicate that the

addition of the footing seems to improve the response of the foundation as a stiffer response

is exhibited by the hybrid system and the ultimate lateral capacity is significantly improved.

100 [

90

70

Laeral capacity, H (N)

30

20

s0 b

60 |
so [

a0 |

[ =——PFOWLFX
[ ——PF40WL.FR
PFE0.WL.FX
PFE0.WL.FR
——PF8OWL.FX
F—— —PFSOWLFR

0 2

Horozontal displacementat mudline, & (mm)

4

a

Laeral capacity, H (N)

100

920

80

70

60

50

40

30 F

20

10

P .F40.W5.FX
=P.F40.W5.FR
=== P.F60.W5.FX
“===P.F60.W5.FR
P F80.W5.FX
o P F80.W5.FR

2 4 6
Horozontal displacement at mudline, § (mm)

b

Figure 4.8 Initial lateral load versus displacement plots for the three plate diameters (40, 60
and 80mm) with a vertical load of 10N for (a) coupled and (b) decoupled arrangements
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A comparison between the coupled and decoupled response is presented in Figures 4.8a and
4.8b. In general the response between the coupled and decoupled systems is similar for the

50N applied load but less so for the 10N applied load.

The pre- and post test photographs for a 10N and 50N decoupled tests for the 80mm pile and
80mm decoupled hybrid are presented below in Figure 4.9 and 4.10. For the 10N vertical
load the footing does not appear to move vertically on the pile during the test. However for
the 50N test it is clearly apparent that the plate has slid upwards relative to the pile shaft by
some 5-6mm. This is an interesting observation and suggests that unless the plate is locked to
the pile, then the bearing pressure that can be generated will be directly related to the initial
contact stress created by vertical loads acting on the plate at the start of the test. This is in
contrast to the coupled case where high bearing pressures can develop as the plate rotates into

the soil.

Figure 4.9a. Pre- and post test (b) photos for decoupled hybrid 10N load and 80 mm plate

a b

Figure 4.10a. Pre- and post test (b) photos for decoupled hybrid 10N load and 80 mm plate
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4.3.4

4.3.4.1

Skirted Hybrid Monopile-Footing Test

The behaviour of the hybrid monopile-footing system under lateral loads was investigated in
the previous section. The focus of this section is to investigate whether or not the addition of
skirts improves the lateral performance of the foundation system, and if so, how does the
geometry of the skirt affect this improvement. The tests were performed with skirts added to
the 40, 60 and 80mm footing. Three skirt lengths of S1=1/d=0.3 (30% of the footing
diameter), S2=1/d=0.6 (60% of the footing diameter), and a long skirt S3=1/d=0.9 (90% of
the footing diameter) were used . For each footing, the hybrid system was tested with varying
magnitude of dead load (set at 10 N and 50 N), and different pile-footing connectivity
(coupled and decoupled).

Overview of results

As for the unskirted tests the performance of the system is illustrated through plots of the
lateral load versus lateral displacement derived at the mudline. The effect of the skirts is
demonstrated here with reference to the 60mm diameter footing. Figure 4.11 below shows
the lateral response of the coupled (FX) and decoupled (FR) 60mm skirted footing for an
applied load of 50N. Also shown on these plots are the force vs displacement plots for the

unskirted hybrid system for comparison.
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Figure 4.11, Overview of results of skirted monopiled systems and comparison to unskirted tests
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H(N)

4.4

It is apparent from these data that the addition of skirts has a marginal effect on both the
coupled and decoupled systems, with a more marked improvement being observed for the

decoupled system.

Figure 4.12 below compares the response for both a skirted and unskirted 80mm footing,
coupled and decoupled system in a single plot with three skirt lengths. It is interesting to note
that the response of skirted monopiled-footing systems is relatively similar, especially for the
coupled system which also shows a very similar response to the unskirted coupled system.
For the decoupled system there is some influence of the skirt length and the skirted systems

yield a higher ultimate capacity and stiffer lateral response than the unskirted system.
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Figure 4.12. Comparision of skirt length on lateral capacity

Discussion and analysis of single gravity tests

The single gravity model study investigated the elements of the hybrid system individually and
then together. Several parameters were investigated, including pile and footing geometries,
vertical loading arrangements, skirted and unskirted footings and the connection between the
pile and the footing. It is noted however that the vertical loads used in the tests were not

selected based on a particular rationale but more for convenience of the size of the dead
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weights available (1 and 5kg). It is noted that for the decoupled arrangement the dead weight

would induce a bearing stress on the soil associated with the weight and plate area as follows:

Footing diameter
40(mm) 60(mm) 80(mm)
Vertical Load Bering stress under footing
(N) kPa
10 8 3.5 2
50 40 17.5 10

For the coupled arrangement where the footing and pile are rigidly connected then the pile

capacity is not exceeded for either the 1kg (10N) or 5kg (50N) applied vertical loads and as a

consequence the initial contact stress at the plate soil interface would be established on

installation. It is thus not possible to establish what the initial contact stress is and

consequently what relative proportion of the load is carried by the pile and plate. It is

generally assumed that for the coupled case all the vertical load is carried by the pile.

From the results of the single gravity tests the following observations can be made.

The results are consistent with previous single gravity modelling of a hybrid
monopile-footing system in that (i) the ultimate lateral resistance is increased and (ii)
the lateral stiffness is enhanced.

The lateral capacity of the monopile increases with applied vertical load. This
increase in capacity is significant for up to 10N applied load but little variation is
observe for 10-50N.

The response of the coupled system was relatively unaffected by the footing diameter
for the 10N tests but for the 50N loading the ultimate capacity increased as the
footing diameter increased.

The bearing stress induced between the plate and soil in the decoupled arrangement
is potentially limited by the tendency of the plate to slide up the pile.

For the decoupled arrangement the bearing plate improved the lateral response of the
system as the plate size increased, for both the coupled and uncoupled arrangements.

The 60mm footing response was similar for both the coupled and decoupled
arrangements for both the 10 and 50N loads.
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e The addition of skirts has a marginal effect (slight improvement) for the decoupled
monopiled-footings but a minimum effect on the coupled systems. It is noted that
the presence of skirts will increase the axial capacity of the system. This may result in
a lower contact stress between the footing and the soil for the decoupled system.
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5.

CENTRIFUGE MODEL RESULTS

5.1

5.2

Introduction

The centrifuge model test programme was essentially conducted in two main series of tests.
All the tests used a 10mm diameter pile with the first series using an embedment depth of
40mm, and for the second series an embedment depth of 80mm. The footing diameters were
40, 60 and 80mm as for the single gravity tests, and both coupled and decoupled systems were
tested. Importantly, axial loading for the centrifuge tests were selected to provide bearing
pressures at the soil/plate interface that would be 5, 10 and 25% of the ultimate bearing
capacity. It is also noted that when no load is applied, the self-weight of the plate provides
some nominal bearing in the decoupled arrangement. For the 40mm footing, which was
20mm thick, the self-weight bearing pressure at a test acceleration of 50g is approximately 3%
of the ultimate bearing capacity. As for the single gravity tests the individual components of
the system are tested (pile and footing), as well as the hybrid system for both coupled and
decoupled pile-plate connections. A summary of the centrifuge tests undertaken is presented
Table 5.1 and 5.2. This latter table also presents the derived values for the plate-soil bearing
pressure present at the start of each hybrid system test. It is noted that for the coupled system
the initial bearing pressure is estimated by assuming that the pile is yielding and that the load
carried by the plate is the difference between the total load and the ultimate axial capacity of

the pile.
Vertical load response

It is of interest to investigate the vertical response of the hybrid system and the component
elements (i.e. the pile and bearing plate) to establish the relative contributions of the pile and
plate to the ultimate vertical capacity. In particular it is required to determine suitable values
for initial vertical loading of the coupled and decoupled systems to ensure a degree of pre-
stress of the underlying soil is achieved. Vertical testing of the hybrid system is only relevant
for the coupled arrangement where the vertical capacity of the pile is required to be exceeded
before any pre-stress can be developed between the bearing plate and the soil. In these tests
the bearing plate was clamped to the pile shaft and the pile embedded such that the plate was

initially clear of the soil surface at the start of loading.

Plots of vertical load versus vertical displacement for a coupled hybrid system comprising of a

40mm diameter plate and 10mm diameter pile, with an 80mm pile embedment depth, are
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shown in Figures 5.1a and 5.1b for tests conducted at 20 and 40g respectively. Also shown on
these plots is the vertical load response for the pile alone at the respective g-level. For both
tests it is observed that for the initial portion of the plot the vertical capacity for the hybrid
system is coincident with that observed for the pile.  As the pile penetrates the soil the
bearing plate comes into contact with the soil surface and an increase in vertical load is
recorded. For the 20g test an ultimate vertical capacity of approximately 1200N is achieved.
For the test conducted at 50g the capacity of the loading actuator is exceeded before the

ultimate vertical capacity of the hybrid system is reached.
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Figure 5.1a Plots vertical load versus vertical settlement for 40mm bearing plate (F40), 10mm diameter pile
with 80mm penetration (L80) and coupled hybrid (L80 F40) at 20g and b) at 50g.

Vertical loading tests were also conducted to establish the ultimate bearing capacity of the
footings. Figure 5.2 shows the load displacement plots for a 40mm diameter plate tested at 20
and 40g. The ultimate capacity of the footings alone is estimated at 450N and 1000N for the
20 and 50g tests respectively. It is of interest to note that for the tests conducted at 20g the
ultimate capacity of the hybrid system is greater than the sum of the individual components,
namely the pile and the footing. This can be attributed to (i) the increase shaft resistance
generated at the pile soil interface due to the increased vertical effective stress generated by
the plate bearing pressure, and (ii) the presence of the pile protruding below the footing which

tends to stabilise the footing and reduce the effect of eccentric loading during the test.
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5.3

It is also noted that the form of the load displacement plots for the pile and plate are
significantly different. For the footing tests a relatively distinct ultimate capacity is observed,
whereas for the pile tests no ultimate vertical capacity can be readily defined since the capacity

continues to increase as the pile is driven into the soil.

1100

1000 A

900

800

/ e F40 508 test 2
700 —
/ e F40 50g test 1
600 —
/ ——F4020g

500

/ Wit b
400 / /-rv
300 /

200 /
100

0 1 2 3 4
Vertical settlement (mm)

Vertical Load (N)

Figure 5.2. Plot of vertical load versus vertical settlement for 40mm bearing plate at
20 and 50 gravities.

Lateral response

The results of the centrifuge tests are best presented through plots of lateral load versus lateral
displacement. Two test series are reported here, in the first Series 1 tests the pile embedment
depth of 40mm is used together with a 60 and 80mm bearing plate. In the second test Series
2 the pile embedment length of 80mm is used together with 40, 60 and 80 mm diameter
bearing plates. In all the tests the pile diameter was 10mm and initial pre-stress loading

ranged from 0% to 25% of the estimated ultimate bearing capacity of the soil.

An overview of the Series I tests is presented as follows. Figure 5.3 shows the lateral response
of the coupled hybrid system with a 10mm diameter pile with 40mm embedment depth, and
60 and 80mm diameter bearing plates. Figure 5.3 shows the response for the corresponding

decoupled arrangement.
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The Series I tests are further presented in Figures 5.5 which plot the response of the hybrid

system for each level of applied bearing stress (applied vertical load).
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Referring to Figures 5.5a and 5.6a for the 40mm long pile (Series 1) with 60 and 80mm
diameter bearing plates, for the case where the pre-stress is derived from the self-weight of
the bearing plate, it is apparent that even at this low pre-stress the bearing plate enhances the
lateral capacity of the monopile with very similar response being observed for the coupled and
decoupled systems. For the higher 5 and 10% pre-stress tests the results of the coupled and
decoupled systems are again broadly similar, refer to Figures 5.5b, 5.5¢ and 5.5d, and Figures
5.6b,5.6¢ and 5.6d, however it is noted that the relative increase in the lateral capacity is much

more significant.
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The Series 2 results, with the 80mm long pile, are presented in Figures 5.5 and 5.6. Figures
5.5a and 5.6a show the results for the 40mm bearing plate. It is interesting to note that for
the coupled system (refer to 5.5a), there is an increase in lateral resistance as the result of the
presence of the plate with its nominal pre-stress due to self-weight, but on further addition of
load, the lateral response at the higher pre-stress levels of 5, 10 and 25% does not appear to
influence the lateral capacity of the system. To a certain extent a similar trend is observed
for the 60mm diameter plate (figure 5.5b). In this case there are significant increases in lateral
capacity associated with the low pre-stress levels associated with the plate self-weight and 5%

pre-stress case, but little variation in lateral capacity is observed for increases in pre-stress

from 5 to 25 %.
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Figure 5.5a. Overview of coupled hybrid system with 10mm diameter pile, 80mm embedment depth (L80), with 40mm
diameter bearing plate (F40), (b) 60mm diameter bearing plate (F60) and (c) 80mm diameter bearing plate (F80) and applied
vertical stress as percentage of ultimate bearing stress.
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Comparison between coupled and decoupled systems is best achieve by plotting the lateral
load versus displacement response for the coupled and decoupled systems together for each
applied vertical load (initial bearing stress). These plots are shown in Figures 5.7, 5.8 and 5.9
for the 40, 60 and 80mm diameter footings respectively. From these figures some interesting
observations are made. For example at low initial bearing stress the response of the coupled
and decoupled arrangements are very similar (refer to Figures 5.7a, 5.8a and 5.9a) , in fact for
the 40 and 60mm bearing plates the lateral response is almost the same with only a slightly
increased ultimate lateral capacity shown for the coupled 80mm footing system (over the

decoupled system), refer to Figure 5.9a.

For all the 5 and 10% loadings the ultimate lateral capacity of the coupled arrangement is
significantly greater than that observed for the corresponding decoupled arrangement, refer to
Figures 5.7b, 5.7¢, 5.8b, 5.8¢c, 5.9b and 5.9c. However for the 25% pre-stress loading the
lateral response of the coupled and decoupled systems tend to converge, refer to Figures 5.7d,
5.8dc and 5.9d. In particular the response for the 25% loading for the 40mm plate is very
similar for the coupled and decoupled arrangement (refer to Figure 5.7d). It is also noted that
at the high loads required to achieve a pre-stress of 25% there would invariably be a p-delta
effect due to the stack of weights placed on the foundation system, the result of this is not

readily quantified by may have an impact on the quality of the load-displacement plots.
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Figure 5.7. Comparison of coupled and decoupled lateral response for 10mm diameter pile
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5.4 Discussion of centrifuge model tests

The centrifuge model tests provide a more complete picture of the response of the hybrid
monopiled-footing foundation system than that obtained from the single gravity tests. From

the tests reported here the following key observations can be made.

e As for the single gravity tests the presence of a bearing plate is seen to provide a
significant enhancement to the lateral capacity of the monopile.
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e The effect of the initial bearing stress applied to the soil by the plate has a significant
effect on the ultimate lateral resistance of the hybrid system.

e  For the decoupled arrangement there appears to be a linear relationship between the
applied initial bearing stress and the ultimate lateral resistance of the hybrid system.

e For the coupled hybrid system the effect of the initial bearing stress is more complex.

e Atlow pre-stress levels the ultimate lateral response of the coupled and decoupled
hybrid systems are generally similar.
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6.

NUMERICAL MODELLING

6.1

Introduction

The hybrid foundation system is relatively well suited to numerical analysis since it involves a
complex soil-structure interaction. This is particularly true for the coupled hybrid system
which is essentially analogous to a piled-raft foundation, albeit with a single pile. The
decoupled system is perhaps more readily analysed through a simple addition of the
contributions of the constituent elements but is also suitable for numerical analysis. However
it is noted that in order to carry out a realistic numerical analysis the programme must have as
a minimum the following capabilities together with an appropriate model for the soil
response.

e 3-D geometry modelling

e The ability to model separation (or zero tension) between the footing and the

soil
e Interface properties between structural and soil elements

e Tull decoupling between the structural elements (pile and footing) and the
ability for slippage between the plate and pile
Full 3D finite element analysis that is reported in this chapter was carried out using the
Imperial College Finite Element Program (ICFEP), (Potts and Zdravkovic, 1999) and was
undertaken at the Geotechnics Section of Imperial College London, UK over a course of
about a year. The development of ICFEP started in the 1970s by Prof. David Potts and has
continued to evolve through to the present day. The program has been specifically written for
analysing geotechnical problems where geometries of plane stress, plane strain, axi-symmetric
and full 3-D may be analysed with linear and non-linear material constitutive models. The
program also has large strain formulation allowing geometric nonlinearity to be catered for.
The program utilised a sophisticated nonlinear solver to deal with rapid changes in stiffness
and to solve non-symmetric stiffness matrices. Reliable failure conditions are predicted due to
the ability of the program to maintain a high degree of accuracy during the solution stage of
the analysis, (Potts & Zdravkovic, 1999; Ganendra (1995).). The post processor provides
facilities for plotting various stress, strain and displacement parameters in tabular, graphical

and contoured format.
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6.2

6.3

Aims and objectives

The main aim of the 3D numerical modelling is to replicate the results of the centrifuge tests
to develop numerical model which captures the response of the hybrid monopiled-plate
foundation systems. Furthermore since the physical model in the centrifuge did not use strain
gauges, the 3D finite element modelling will be able produce information on the soil-structure
interaction through information on bending moments, shear forces, soil reactions induced in

the foundation systems
The ICFEP model

The 3D finite element analyses involved scaling up the centrifuge tests and modelling the
equivalent prototype. The aim was to replicate the centrifuge tests in prototype dimensions
and compare the load versus deflection response of the 3D FE results with the centrifuge
tests (scaled to prototype). The foundation system was modelled as a prototype installed in the
middle of a 30m diameter and 30m long soil model. The construction sequence followed
exactly the same steps as the centrifuge tests. Lateral loading was applied incrementally in

order to produce the load versus deflection response.

The constitutive model used for modelling all soil units was the nonlinear elasto-plastic Mohr-
Coulomb model (Potts & Zdravkovic, 1999). The small strain stiffness model of Jardine et al.
(1986) was utilised for taking into account nonlinearity below yield. This model takes into
account the variation of normalised shear and bulk stiffnesses, with deviatroic and volumetric
strains, refer to Figures 6.1a and 6.1b below. The input parameters including the small strain
stiffness model parameters those presented by Zdravkovic et al. (2005) for Thanet sand which
was deemed to be similar in characteristics to the uniformly graded Fraction C sand used in

the centrifuge tests.
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Figure 6.1a) normalised shear stiffness vs deviatoric strain and b) bulk stiffness vs volumetric strain.
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6.4

A critical state friction value of 32 degrees was adopted for the soil model with a maximum
dilation value of 20 degrees yielding a peak value of 52 degrees. The relatively high value of
dilation is associated with the relatively low stress level and unconfined surface boundary in of
the centrifuge model. Similar high dilation values have been reported by Stone (1988) and
Stone and Wood (1992) and are considered a scale effect due to the relatively large particle

size in relation to the model scale.

6.3.1 Constitutive Model Calibration

The result of the direct shear tests carried out on the sand used for the physical model tests
showed that during normal laboratory conditions the critical state angle of friction for the
sand used for the experiments is 27.5° with the soil dilating at 7° taking the peak angle of

friction to 34.5°.

Investigations carried out by Bolton (1986) and Houlsby (1991) have provided in depth
insight into how dilatancy effects the soil behaviour, and have related stress state and relative
density of sand to it dilation. Increasing the stress levels leads to the suppression of the
dilation of dense sand when it is sheared, as reported by Stone (1988) when investigating the
modelling of rupture developments in soils. The relative density of above 63% has been
reported to push dilation to its peak and for the sand used (David Ball Ltd, Fraction D) the
recommended maximum dilation angle is 25° as reported by White et al (2000). For the

purpose of analysis the angle of dilation (recommended) is around 20°.

One of the downsides of using a centrifuge is that the g levels vary along the strongbox. This
means that the stress stage of the soil along the pile length varies, however this variation was
estimated to be rather small (see Taylor, 2003). Moreover, pervious research has shown that
the dilation angle of sand has a partial dependency on the stress stage of the soil (Bolton 1986,
Houlsby 1991, Stone 1988). This implies that the dilation angle may vary (although this
variation is thought to be small). So a calibration process was undertaken whereby the single

pile model was run with 3 different dilation angles to see how this variation effect the results.

ICFEP Results

The following sections present the results from the ICFEP analysis. Only selected plots are

presented which illustrate the main findings of the numerical modelling and demonstrate the
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-0.1

response of the hybrid foundation systems. As stated earlier the results ate presented at
prototype scale, and where applicable the centrifuge model test data is also presented at

prototype scale using the scaling relationships presented earlier in Chapter 3.

6.4.1

Displacements

Displacement profiles of the pile for the case of (i) pile only, (ii) pile with coupled bearing
plate and (iii) pile and decoupled bearing plate are presented below in Figure 4.2.
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Figure 6.2. Lateral displacement profiles for (a) pile only, (b) pile and coupled bearing plate and (c) pile and decoupled

bearing plate.

From Figure 6.2 it is apparent that the pile displacement profiles are very similar for the pile
only and the decoupled hybrid system. The presence of the bearing plate does not appear to
influence the point of rotation of the pile which appears to be at a depth of approximately
2.75m below ground level which is about 70% of the embedment depth. However for the
coupled arrangement the point of rotation is seen to be at a depth of about 1.7m below
ground level or at about 40-45% of the embedment depth. Figure 6.3 shows total
displacement contours for the coupled and decoupled hybrid foundations. Both plots show
that the soil deformation is offset in the direction of loading. For the coupled hybrid there is a
definite slope to the bearing plate as evidenced by the graded contours, however this slope is

not so evident for the decoupled arrangement were a more uniform settlement of the plate

appears to be present.
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Figure 6.3. Contours of absolute total displacement for (a) coupled and (b) decoupled hybrid systems

The interaction of the plate with the underlying soil is evaluated more closely by considering
the settlement profile of the plate throughout the loading process. Figures 6.4 below shows

the plate rotation plotted either side of the pile for the coupled hybrid system.
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Figure 6.4. Bearing plate rotation during loading for coupled hybrid

It is evident from this plot that for the coupled system the dominant movement of the
bearing plate is one of rigid body rotation with the rotation centered on the pile axis. The

rotation is symmetric with the leading edge penetrating some 70mm into the soil and a
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corresponding uplift to the trailing edge. Figure 6.5 shows the distribution of normal stress at

the plate soil interface.
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Figure 6.5 shows the distribution of normal stress at the plate soil interface for coupled hybrid system

For the decoupled system the plate rotation and the bearing stress are shown in Figures 6.6

and 6.7 respectively.
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Figure 6.6. Bearing plate rotation during loading for decoupled hybrid
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Figure 6.7 shows the distribution of normal stress at the plate soil interface for decoupled hybrid system

Comparision of Figures 6.4 and 6.5 and 6.6 and 6.7 cleatly illustrate that the behaviour of the
coupled and decoupled arrangements are fundamentally different through the way the plate
interacts with the underlying soil. For the coupled system the rigid body plate rotation
develops bearing stresses up to twice those observed for the decoupled system. But this is to
be expected because the decoupled plate will tend to slide up the pile as evidenced by the
plate movements shown in Figure 6.6. This observation is in agreement with experimental
observations where the plate was noted to have slid up the pile during the test, refer to

chapter 5.
Lateral capacity

Ultimately it is of interest to develop full load-displacement curves for the hybrid systems to
demonstrate an applicable method for design and further analysis. A summary of the load-
displacement plots for all the ICFEP runs is shown in Figure 6.7a with a detail of the initial

portion of the plot in 6.7b.

From Figure 6.7 it is apparent that, for both pile only and hybrid cases, the numerical results
show a very good match between the centrifuge and 3D-FE model tests. The match is not so
satisfactory for the coupled system where the experimental results are seen to present a stiffer

response and an overestimate of the ultimate capacity.
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7. DISCUSSION AND CONCLUSIONS

This section is address through a presentation of publications presenting the work undertaken
to national and international audiences. Some of the publication were originally in poster

format and are reproduced here at reduced scale.

(2011) BGA Annual Research Conference (poster)

(2011) European Conference on Soil Mechanics and Geotechnical Engineering
(2012) 3t International Annual EPPM Conference

(2012) BGA Annual Research Conference (poster)

(2012) International Symposium on Offshore Site Investigation and Geotechnics
(2013) International Conference on Soil Mechanics and Geotechnical Engineering
(2015) European Conference on Soil Mechanics and Geotechnical Engineering

(2015) International Symposium on Foundation in Offshore Geotechnics
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Hybrid Monopile-Footing Foundation System

mono-piled footing

construction of offshore wind turbine foundations. The surface or near surface foundation
solutions (Gravity base, suction caisson systems including tripods), deep foundation solutions

(Large diameter piles) or through a combination of foundation elements constituting ‘hybrid’
systems.

S Skirted footing
connection (i.e \
The existing oil and gas Industry can provide well developed technologies for the design and grouted) —

For example a piled footing/bucket or piled/GBS combination Pile

Such an arrangement consisting of a combination of foundation elements may have advantages
where complex loading and/or soil conditions occur.

Here the performance of a model hybrid foundation system, which combines a monopile and

circular footing or foundation plate Is investigated. Figure 1. Structural arrangement of the hybrid monopile-footing foundation
system

 The performance of such foundation systems has been under investigation and is » Assuming that the response of the hybrid system Is similar to that of a fixed head
an ongoing research project. pile (i.e. with moment restraint). Based on Brom’s method, for an L/D (150/11) ratio

of 13.6 a fixed head pile would have a lateral capacity of at least twice that
obtained for the free headed case. The foundation plate provides partial moment or
rotational restraint at the pile. Degree of restraint will depend on the size of plate
and stiffness of the soil beneath the plate (subgrade reaction).

So far comprehensive single gravity (1g) physical model tests have demonstrated
that the lateral stability of a single monopile is significantly improved by adding a
bearing plate to the monopile at the mudline.

The single gravity tests were conducted in a loading rig (Figure 2). The model _ _ _ o
tests presented here were performed in a sand box where the vertical loads were * Assuming that as the footing rotates, contact with the soll Is lost and a reduced

applied via dead weights and the lateral loads via a pulley and displacement contact area develops (shaded region), the reduced area of the foundation plate is
controlled loading arrangement . used to compute the total reaction force from the soll, the soil pressure is assumed

uniform under the contacting plate and equal to the ultimate bearing capacity and
the resultant force acts through the centroid of the reduced footing.

Vertical load (V)
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Figure 5. Demonstration of the development of resistance under the footing for sand with
different bearing capacities
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The foundation systems was modelled in LPILE for both fully free and fully fixed
case.

Figure 3. An example of a test setup Figure 4. An example of the results of
tests with monopiled footings and single
piles

Since its not possible to add partial restraint at the pile head (footings) in LPILE,
the effect was through bending moments acting at the pile head which develop

as the bearing plate reacts against the soll.
* The experimental data indicates that the lateral capacity of the free headed pile Is

_ 1 by th  the foundati ate b ‘0 BO-65% A series of tests were carried out for different footing sizes, and the results are
iIncreased by the presence of the foundation plate by up to 60-65%.

llustrated in Figure 6 above.

* For the specified pile geometry a qualitative analysis using the simplified method It is apparent that a relationship exists between the diameter of the footing and
of Brom’s can be performed to illustrate the role of the foundation plate on the the ultimate moment of resistance of the hybrid system.

lateral response of the hybrid system. Further numerical and physical modelling will allow the development of pile

 For the hybrid system the ultimate lateral capacity measured for all the tests (Case head restraint by the bearing plate or footing to be related to the development of

A and B, refer to Figure 3) are tightly grouped between 60-65N with the exception the lateral load-displacement response of the hybrid system.
of test HB6 (Case B, 6.2 kg vertical load) where P-¢ effects are thought to be more

apparent.
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of a fixed head pile (i.e. with moment restraint).
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An investigation of a rock socketed pile with an
Integral bearing plate founded over weak rock

Etude d'une pile avec une plaque encastrée dans une roche
molle

S. Arshi' & K.J.L. Stone
University of Brighton, Brighton, United Kingdom

ABSTRACT

Current offshore technology is being transferred successfully to the renewable energy sector but there is clearly scope to develop
foundation systems which are more efficient, economic and satisfactory for the particular case of a wind turbine. One such ap-
proach is that foundation systems are developed which combine several foundation elements to create a ‘hybrid’ system. In this
way it may be possible to develop a foundation system which is more efficient for the combination of vertical and lateral loads
associated with wind turbines. In many of the proposed offshore European wind farms sites, it is often the case that the surficial
seabed deposits are underlain by a weak rock. This paper presents the results of a series of small scale single gravity tests to in-
vestigate the performance of a monopile and combined monopiled and bearing plate foundation where the pile is socketed into a
weak rock. In the model studies the weak rock layer is modelled by a weak sand and gypsum mix. The results of the study pro-
vide an insight into the effect of the various foundation elements (i.e. pile, plate and rock socket) and their contribution to the
overall performance of the foundation system.

RESUME

La technologie actuelle utilisée en offshore est reutilisée avec succés dans le secteur de ’énergie renouvelable, cependant il est
possible de développer des systemes de fondations plus efficaces, économiques et statisfaisants dans le cas des éoliennes. Une
approche du probléme consiste a développer un systéme de fondation qui combine plusieurs éléments de fondation pour créer un
systéme hybride. De cette facon, il peut étre possible de développer un systéme de fondation qui soit plus efficace pour des eoli-
ennes qui subissent une charge laterale et verticale. La plupart des parcs éoliens Européens proposés se trouvent dans le cas ou
les dépdts des fonds marins reposent sur une roche molle. Cet article présent les résultats d'une série de tests a petite échelle et de
méme gravité. Ce document a pour but d’étudier la performance d'une pile et le cas d’une pile combinée avec une plaque, ou la
pile est encastrée dans une roche tendre. Dans cette étude, la roche molle est réalisée par le mélange de gypse et de sable faible.
Les résultats donnent un apergu de effet des différents éléments de fondation et leur contribution a la performance globale du
systéme de fondation.

Keywords: Offshore turbine, weak rock, monopile, rock socket, laterally loads.
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1 INTRODUCTION

The design of offshore foundation systems is
constantly evolving. The target for this change is
meeting the needs of on-going developments in
the oil and energy sector. In the hydrocarbon ex-
traction sector, exploration and development is
moving in to ever deeper water resulting in ever
more challenging geotechnical conditions. Simi-
larly, the development of sites for offshore wind-
farms is also extending into deeper water as the
supply of shallow near shore sites is exhausted.
Similarly the capacity of wind turbine generators
is also increasing requiring significant develop-
ment in foundation approaches to generate eco-
nomic and practical solutions to the installation
of these deep water wind farms.

The loadings associated with wind turbines
consist of relatively low vertical loadings but
high lateral loads resulting in very large over-
turning moments. The preferred foundation sys-
tem to date has been the monopile which has
been successfully employed for the majority of
the offshore wind farms installed to date. The
popularity of this type of foundation is due to its
employability in a variety of different soil condi-
tions.

In many of the proposed offshore wind farm
locations, it is often the case that the surficial
seabed deposits are underlain by rock, generally
weak rocks such as mudstones and chalk. Con-
sequently it becomes necessary to install the
monopiles, generally by driving, to significant
depth into the rock to achieve adequate lateral
stiffness and moment resistance to carry the ap-
plied loads.

This paper presents the results of a series of
small scale single gravity tests to investigate the
performance of a rock socketed pile installed in a
weak rock and fitted with an integral bearing
plate, schematically shown in Figure 1. The ob-
jective is to investigate the effect of the bearing
plate on the lateral response of the monopile. It
is hoped that the results of the study will provide
some insights into the effect of the various foun-
dation elements (i.e. pile, plate and rock socket)
and their contribution to the overall performance
of the foundation system.

In the monopile plate foundation a circular
plate is rigidly attached to the monopile at the
mudline. The 2-D analogy of this system is that
of a retaining wall with a stabilising base [1].
Where the plate diameter is relatively small then
the system is similar to a single capped pile, for
which methods have been developed for analys-
ing the influence of the pile and pile cap under
axial loading [2], and the effect of the pile cap on
the lateral performance of single piles has also
been investigated by others [3], [4], [5], [6].

The effect of the pile cap or bearing plate is to
provide a degree of rotational restraint at the pile
head, leading to an improvement in the lateral re-
sistance of the pile. It has also been shown that
the use of a relatively thick pile cap leads to an
increase in the lateral resistance through the de-
velopment of passive soil wedges [7], in a simi-
lar way to the behaviour of skirted foundations
[8].

The lateral response of piles is well reported
in the literature, and various methods of analysis
have been proposed by numerous researchers,
[9],[10],[11],[12],[13],[14],[15]. The bearing ca-
pacity problem has also been investigated under
different loading conditions relevant to offshore
foundations, see for example refs [16],[17].

‘7

Sand

Bearing plate

Monopile

Soft rock

Figure 1. Schematic arrangement of monopile-footing with
rock socketed pile.



Pervious investigations carried out at one
gravity in ‘sand box’ tests [18], [19], [20] has
shown that the lateral stiffness and ultimate ca-
pacity of the monopole is enhanced by the addi-
tion of the bearing plate. Centrifuge model tests
have also indicated that for cohesionless soils the
ultimate lateral capacity of a monopole is en-
hanced by the presence of a bearing plate [20].
However, centrifuge tests performed on clay
samples did not indicate much improvement in
the lateral performance of the monopole due to
the presence of the bearing plate [21]. It should
be noted that these centrifuge tests are not direct-
ly comparable since the relative geometries of
the pile and bearing plates were significantly dif-
ferent in both studies.

Loading rig ———= | |

Proving ring

Pulley J

Dead weights

-b-

Figure 2. a) Photograph of model container showing socketed
piles cast into rock prior to pluviation of overlying sand layer
and b) schematic diagram of testing rig.

In the study reported here the influence of the
bearing plate on the monopile response is inves-
tigated for the case of a rock socketed monopile
with an overlying layer of cohesionless soil. This
ground model is felt to be of particular relevance
for offshore wind farm development since the
potential economical benefits of reducing the pile
penetration into the underlying rock layer are
significant.

2 EXPERIMENTAL PREOCEDURE

2.1  Materials and model preparation

All the model tests were conducted in a ‘sand
box’ of internal dimensions 363 mm x 244 mm x
203 mm deep. The stratigrahpical profile con-
sisted of a layer of cohesionless material overly-
ing a layer of weak rock. The cohesionless mate-
rial consisted of a fine grained (ds;=0.25mm)
rounded to sub-rounded uniformly graded quartz
sand. The maximum and minimum void ratios
were 1.1 and 0.68 respectively, corresponding to
dry unit weights of 12.9 and 17.0 kN/m®. A crit-
ical state angle of friction of 32 degrees was de-
termined from direct shear tests.

The weak rock layer was modelled using a
sand and gypsum mix. The mix proportions of
70% sand and 30% gypsum by dry weight was
used. The wet mixture was poured into the mod-
el container and the piles installed to their em-
bedment depth in the still wet mix. Once the
gypsum mix had set the sand layer was placed by
dry pluviation to the desired height. The bearing
plate was then threaded along the pile and was
clamped to the pile once it was firmly resting on
the sand surface.

The model pile was fabricated from a 10 mm
diameter solid aluminium rod, the bearing plate
consisted of a 40 mm diameter 5 mm thick alu-
minium plate. The pile was threaded through the
bearing plate which in turn was clamped to the
pile. Thus the location of the bearing plate on
the pile shaft could be adjusted.



2.2 Test setup and procedure

The completed model was placed in a loading
frame and lateral loading to the pile was applied
via a wire and pulley arrangement connected to a
vertical actuator, refer to Figure 2b. Vertical
loads were applied by dead weights (10N) placed
on the bearing plate. For the pile only tests the
bearing plate supporting the dead weights was
raised clear of the soil surface. Two LVDT
transducers were located to record the lateral
displacement of the pile at two locations, one at
the line of action of the lateral load, 52mm above
the soil surface, and the other at a higher loca-
tion.

The model test program comprised of a total
of three pairs of tests. Each test pair consisted of
a single monopile and a monopiled-footing foun-
dation, and were performed in the same prepared
soil model. In order to assess the influence of
the rock socket, three socket depths were tested
corresponding to 0%, 5%, and 20% of the total
embedment length of the pile. Table 1 shows a
summary of the model tests performed.

Table 1. Summary of model tests

Foundation type Embedment depth (mm)

Monopile (P 0%)
Monopile (P 5%)
Monopile (P20%)
Monopile-footing (H 0%)
Monopile-footing (H 5%)
Monopile-footing (H 20%)

0.0 mm (Sand only)
7.5 mm (5% of pile length)
30 mm (20% of pile length)
0.0 mm (Sand only)
7.5 mm (5% of pile length)
30 mm (20% of pile length)

3 TEST RESULTS AND ANALYSIS

The results obtained from the tests are best pre-
sented through plots of the applied pile head
moment against the pile head rotation. Figure 3
summarises the response of both the monopiles
and the monopiled-footings for the different rock
socket depths of 0%, 5% and 20% respectively.
From this figure it is apparent that the ulti-
mate moment capacity of the monopile is en-
hanced by the presence of the bearing plate. For
the unsocketed monopile (0%) and the 5% sock-
eted pile ultimate capacity is approximately dou-

bled when the bearing plate is present; for the
20% socketed pile the ultimate capacity is only
marginally increased. It is however apparent that
for all cases the lateral stiffness of the monopile
is enhanced by the presence of the bearing plate.
This is particularly evident for the deep rock
socketed pile (20%) where a significant im-
provement in the initial lateral stiffness is ob-
served. It is also apparent that the form of the
monopiled-footing response for the deep rock
socket suggests that a passive failure of the soft
rock occurs. This is inferred by the plastic type
response of the foundation suggesting a yielding
of the soft rock.
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Figure 4. Moment capacity versus rotation at pile head for
monopiles and monopile-footings with 0%, 5% and 20% em-
bedment on soft rock

4  DISCUSSION AND CONCLUSIONS

From the limited study reported here it is appar-
ent that the depth of the rock socket has an im-
portant influence on the behaviour of the founda-
tion systems.

Figure 6 shows a schematic representation of
the soil stresses developed by the rotating mono-
piled-footing foundation. It is apparent that the



response of the system is the result of a complex
ground-structure interaction problem. For the
basic one gravity tests conducted in this study the
piles were extremely stiff and excavation after
the tests indicated that rotation had occurred
about the pile toe. Clearly the point of rotation
of the piles would be influenced by the relative
pile/soil stiffness and further study is required to
investigate the performance of more flexible
piles.
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Figure 6. Schematic representation of soil stresses on a rock
socketed monopile-footing foundation with rotation about the
pile toe.

The study presented here is very much a fea-
sibility study investigating the potential of en-
hancing the lateral performance of monopiles
through the use of a bearing plate. The study
has considered the case of a rock socketed
monopile to supplement other studies carried out
in uniform soils, both cohesionless and cohesive.
The results are consistent with the previous stud-
ies undertaken in cohesionless soils, with similar
pile and plate geometries, and confirm that the
bearing plate appears to provide a method of en-
hancing the lateral capacity of monopile founda-
tions. It is also apparent that the use of a bearing
plate with a well socketed pile can considerably
improve the initial lateral stiffness of the mono-
pile.

Whilst the study reported here is limited, the
results are encouraging, and it is hoped that fu-
ture studies, including geotechnical centrifuge
modelling, will provide a clearer picture of the
complex response of rock socketed monopiled-
footings.
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Abstract

Due to the limitations of locations some of the recently found offshore oil and gas
reservoirs, or the proposed locations for some of the offshore wind farms, there is clearly
scope for developing foundations that are more efficient. One approach in increasing the
lateral load bearing capacity of monopile foundations is the ‘hybrid’ monopile-footing
foundation system with a proven record of improving the ultimate lateral resistance,
particularly in cohesionless soils. This work builds on to the previous studies by
investigating the behaviour of the hybrid system further. The effect of footing size, the
magnitude of pre-loading and its significance in developing sufficient contact pressure
beneath the footing, and the importance of the degree of rigidity is reported in this paper.

Introduction

Due to the needs of on-going developments in the oil and energy sector, the design of
offshore foundations is constantly evolving. In the hydrocarbon extraction sector,
exploration and development is moving in to ever deeper water resulting in ever more
challenging geotechnical conditions. The development of sites for offshore wind farms
(such as round 2 and 3 in the UK) is also extending into deeper water. The capacity of
wind turbine generators is also increasing requiring significant development in foundation
design to generate economic and practical solutions to the installation of these deep water
wind farms.

The main challenge for deep-water foundations is the loading conditions. Offshore
foundations are generally subject to combined loading conditions consisting of self-weight
of the structure (V), relatively high horizontal loads (H) and large bending moments (M).
The preferred foundation system to date has been the monopile that has been successfully
employed for the majority of the offshore wind turbines installed. The advantage of the
monopile is that it can be employed in a variety of different soil conditions even when
loading conditions are very high. For instance in many of the proposed offshore wind farm
locations it is often the case that the surficial seabed deposits are underlain by rock,
generally weak rocks such as mudstones and chalk. Consequently it becomes necessary to
install the monopiles, generally by driving, through the soil and into the rock, in order to
achieve adequate lateral stiffness and moment resistance in order to carry the applied loads.
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One of the recently developed solutions for increasing the lateral resistance of deep-
water monopiles is the hybrid monopile-footing system. The role of the footing is to
provide a degree of rotational restraint at the pile head, leading to an improvement in the
lateral resistance of the pile. It has also been shown that the use of a relatively thick pile
cap leads to an increase in the lateral resistance through the development of passive soil
wedges (Mokwa, 1999), in a similar way to the behaviour of skirted foundations (Bransby
and Randolph, 1998).

Figure 1. Schematic illustration of the prototype hybrid system

As schematically represented in Figure 1, this foundation system comprises of a
circular footing is attached to the monopile at mudline. The 2D analogy of this system is
that of a retaining wall with a stabilising base (Powrie and Daly, 2007). Where the plate
diameter is relatively small, the system is similar to a single capped pile, for which
methods have been developed for analysing the influence of the pile and pile cap under
axial loading (Poulos and Randolph, 2008), and the effect of the pile cap on the lateral
performance of single piles has also been investigated by others (Kim et al 1979), (Mokwa
and Duncan, 2001; 2003), (Maharaj, 2003).

The lateral response of piles is well reported in the literature and various methods of
analysis have been proposed by numerous researchers, such as Matlock and Reese (1960),
Broms (1954), Poulos (1974), Reese et al (1974), Randolph (1981), Duncan et al (1994)
and Zhang et al (2005). The bearing capacity problem has also been investigated under
different loading conditions relevant to offshore foundations, see for example references
Houlsby and Puzrin (1999), and Gourvenec and Randolph (2003).

Pervious investigations carried out at one gravity in ‘sand box’ tests (Stone et al, 2007;
2010), (Arshi 2011; 2012), (Arshi and Stone, 2011) together with 2D numerical modelling
(El-Marassi, et al 2008), (Arshi et al, 2011) have shown that the lateral stiffness and
ultimate capacity of the monopile is enhanced by the addition of the footing. Preliminary
centrifuge model tests have also indicated that for cohesionless soils the ultimate lateral
capacity of a monopile is enhanced by the presence of a footing (Stone et al, 2011).
However, centrifuge tests performed on clay samples did not indicate much improvement
in the lateral performance of the monopile (Lehane et al, 2010). It should be noted that



these centrifuge tests are not directly comparable since the relative geometries of the pile
and bearing plates were significantly different in both studies.

Figure 2. Model foundation system

This paper focuses on analysing the load transfer mechanism within the system. It is
the subject of this study to investigate how loads are transferred through different elements
within the foundation system. The influence of the degree of rigidity at pile head
(boundary condition in the connection between pile and footing) on the lateral resistance is
also looked at. Moreover the relationship the ratio between the diameter of footing to pile
and its effect on the lateral resistance of the pile is reported. This ground model is felt to be
of particular relevance for offshore wind farm development duo to the potential
economical benefits.

Experimental Procedure
Materials and model prepration

Medium dense sand models were prepreated by pulvation sand into a box measuring 310
mm x 210 mm x 240 mm. Rounded to sub-rounded, uniformly graded quartez sand with an
average particle size of 0.25 mm (Fraction D from David Ball Ltd) was used for the
experiments. The maximum and minimum void ratios were 1.04 and 0.59 respectively with
a correnpondant dry unit weights of 12.6 and 16.1 kN/m®. The ciritical state angle of
friction was meassured using direct shear box test and was found to be 32 degrees.

WEF loading rig\
[

1

Pulley arrangement

Model foundation system

Figure 3. Test arranment for the model foundation system under lateral loading




The model foundation system comprised of a 10 mm thick 150 mm long steel rod
together with 5mm thick steel plates with three different diameters of 40 mm, 60 mm and
80 mm, corresponding to pile to footing ratios of 0.4, 0.6 and 0.8 (Shown in Figure 2). The
footings were fabricated in such a manner to give the option of having one directional
vertical translations of the pile about the footing (i.e. translations along the y axis).

The installation of the model piles consisted of pushing the pile to about 70 % of the
desired depth by hand followed by driving the rest of the pile via light tapping using a
hammer until the required penetration depth was achived.

Test procedure

All experiments took place in a single gravity Wykeham-Farrance loading rig at the
University of Brighton, designed to load piles both horizontally and vertically. For tests
involving only vertical loading, the load was applied directly to the top of the footings
and/or piles, whereas for the tests involving lateral loading a wire and pulley arrangment
was utlised (Illustrated in Figure 3).

Table 1. Summary of single gravity model tests

ID Type Connection  Vetr. Load* (N)
F40 Footing - -
F60 Footing - -
F80 Footing - -
PW1 Pile - 10
PW2 Pile - 50
H40W2A1 Hybrid Rigid 50
H40W2A2 Hybrid Free 50
H60W2A1 Hybrid Rigid 50
H8OW1A1l  Hybrid Rigid 10
H80W2A1 Hybrid Rigid 50

* self weigh of foundation neglected

A summary of the programme is presented in Table 1. The footing only tests were
carried out to determine the bearing capacity of footings with three different diameters and
free from dead loads. This involoved loading the footings vertically at the middle and
measuring the relative vertical deflections. The defelctions were measured using two
LDVTs, attached to the far corners of the footings. For the pile only as well as hybrid
system tests, dead loads were inserted on top of the pile, the piles were then pulled laterally
and relative lateral deflections were measured using the LVDTs.

Results and Analysis

In order to be able to differentiate the contribution of different elements comprising the
hybrid system, the indivial performance of each element was investigated seperately.
Figure 4 show the plot of applied moment against relative rotation for individual footing
tests. This plot shows the behaviour of footings with three diamaters of 40 mm, 60 mm and
80 mm corresponding to ultimate bearing capacities of 65 Nmm, 240 Nmm and 490 Nmm



respectively. The performance of the pile-only tests, represented in terms of moment and
pile head rotation, have been shown in three differents graphs shown in Fugure 5, 6 and 7.
The performance of the pil-only tests have been used as a benchmark for analysing the
behaviour of the hybrid foundation system.
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Figure 4. Moment-rotaion plot for vertical footing-only tests

A total number of 5 tests were carried out on the hybrid system and the results have
been presented in Figures 5, 6 and 7. All tets had a dead load of 50 N (with the exception
of PF3W1A1) and the degree of rigidity between at the pile-footing connection was set at
fully fixed for all tests expect for PFIW2A2. All tests follow the same moment-rotation
pattern with differences in the values of initial stiffness as well as the ultimate lateral

resistance.
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Figure 5. Moment-rotation plot for hybrid foundation system with varying footing size

Looking at the plot presented in Figure 4, it is apaprent that the bearing capacity of
circular footings increase with an incease in the diamater. The contribution from the
addition of the footings to the pile is illustrated in Figure 5, where the initial stiffness and



the ultimate lateral resistance are significantly higher for the hybrid system. The hybrid
system with the smallest footing had a 67% increase in value of the ultimate lateral
resistance where the aditional 50% and 100% increase in the diameter of the footings only
boosted the ultimate resistance by an additional 20% and 50%.
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Figure 6. Moment-rotation plot for pile and hybrid foundation system test with varying
dead loads

Dead loads play a major role in advancing the lateral resistance of the hybrid system.
This is best illustrated in Figure 6 where pile-only as well as the hybrid system have to
sustain dead loads of 10 N and 50 N. Clearly, the increase in the performance is
signifitably higher for the hybrid (27% increase) compared to the pile-only (12%).
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Figure 7. Moment-rotation plot for hybrid foundation system test with different degrees of
rigidity at pile head

Futhermore, Figure 7 show two tests carried out in the same hybrid system but with
different degrees of rigidity. For the systems under experiment, it was observed that having
the pile free (in translation along the y axis) from the footing seem to have an advantage in



improving the performance of the system, where the ultimate lateral reistance was about
40% higher when the pile was free. In a free system, dead loads are carried fully but the
footings where magnitude of dead load is directly proportional to the bearing capacity of
the footings.
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Figure 8. Moment-rotation plot for hybrid foundation system obtined using LPILE

The behaviour of the hybrid system was numerically analysed using the computer
program LPILE and the results are illustrated in Figure 8. This program does not have an
option for adding the footing to the pile and creating a hybrid system, however it does
allow the user to introduce bending moments to the pile head in all directions. In order to
illustrate the behaviour of the system, the resistance of the footings was calculated
analytically and was added to the ultimate resistance of the fully free pile. This is shown as
dashed red lines in Figure 8 for different pile to footing diameter ratios. Furthermore it is
shown how the resistance of the hybrid system compares to piles with different degrees of
rigidity.

Discussion and Conclusion

It was demostrated that the additon of the footing to the pile, which creates the ‘hybrid’
system, increases the initial stiffness as well as the ultimate lateral restsiance of individual
monopiles. Individual tests were carried out to establish the ultimate bearing capacity that
would be mobilised on the underside of the footings of the hybrid system. Clearly, the
actual degree of rigidity provided at the pile head depends on several factors such as (i)
size of the footing (ii) the initial contact ot bedding with soil surface (iii) the stiffness of
the soil beneath the footing.

If the actual capacity of the pile is very high, it is difficualt to get a good positive
contact between the footing and the soil until the system starts to rotate and that means that
the stiffness does not increase significantly. It is apparent that a more efficient system
would require a good contact between the footing and the soil and that the contact remains



present during the loading cycle. In a fully rigid system, the drawback is that the pile needs
to be rather short in order to let the working loads generate the contact pressure undernearh
the footing. However, the results here show that it is possible to overcome this by
designing the system with a sliding connection where vertical translations of the pile is
permitted.

The resutls of this investigation is limited to 19 tests. A comprehensive sereis of centrifuge
tests are currently undertaking. The results of the tests together with a series of 3D
numerical model study will be reproted in the near future.
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Pervious research has shown a promising increase of the lateral resistance of offshore
monopiles by adding a circular footing to the pile at mudline. However an obvious disadvantage
of this system is that when the footing is rigidly fixed to the pile, the magnitude of vertical load
required to provide sufficient positive contact between the footing and the pile is impractically

large.

Researchers at the University of Brighton (together with associates form industry) have come up
with a novel solution to make the hybrid system more efficient where the magnitude of vertical
load could be reduced while sufficient contact between he footing and pile is maintained.

In this design, denote as the ‘decoupled’ hybrid system, the connection between footing and pile
is decoupled. This means that the pile is free to move in the vertical direction but still provides
the lateral support to the pile through its collar’s fight connection (the biue section in Figure 1).

The decoupled hybrid system comprises of 2 monopile and a footing.

The pile is free to move in the vertical direction but any lateral movement will
naturally be restrained by the present of the fooling and its collar section (see
Figure 2).

The decoupled system will allow the fooling fo reposition Hself when soil
undergoes settlement overs time and so the positive contact between the footing
and soil is constantly maintained.

The footing is circular and is flat at its base.

The footing is fabricated from steel and is typically 0.4m-0.65m thick at its base.
This value is not fixed and could be adjusted depending on how stiff the footing is
required to be (based on loading criteria). The simplicity of this footing design itself
is an advantage for reducing material and fabrication costs.

The footing comprises of two sections, namely the base and the collar (collar
refers to the side wallring/borefthroat section shown in Figure 2).

The length of the collar section could be adjusted based on the lateral resistance
requirements and piles rotational Emitations. This could sometimes extend fil
above the water surface, if that length provides sufficient lateral support while
allowing sufficient free vertical pile movement.

The structure will then be connected to/mounted on the top of the collar section of
the footing, which will transfer all the vertical load directly to the footing. This way
there is no need for providing other materials to maintain vertical load on the
footing and the required surcharge or effective maintenance of positive contact
pressure between the footing base and seabed will be coming directly from the
self weight of the structure.

The gap between the pile and collar section of the footing is adjustable, but this is
typically small enough to allow vertical translations of the pile while preventing the
pile from large rotations/lateral displacements (large within the means of design’s
rotational resfrictions).

A specific type of rubber with low frictional properties will be placed at the small
gap between the pile and the footing collar. This fype of rubber is currently being
used in marine structures, specifically in floating pontoon technology. This rubber
has proven to be very efficient in maintaining a tight fit between piles and dampers
while allowing the vertical movement and providing effective lateral support.

There is a gap provided between the fop of the pile and the top section of the
collar. This will permit the vertical movement of the pile without touching the top
section of the collar. This is done to avoid the pile from taking vertical load and the
sole duty of the pile is to provide lateral support while interacting with the footing
laterally.

The pile does not take any vertical Gap
load and is free to move in the sllowing
vertical direction along the foofing. . piles

The pile could be of any cross vertical
sectional shape, but hollow steel __r“_?.“"""”*
sectionfiubes are the most common
type used.

The recommended footing shape is
circular steel plate but the aim here
is to provide a rigidistif plate to
support the pile without bending and
so other footing configurations that
provide this rigidity could also be
used.

Structure sitting directly_—
on the collar

Footing collar

Footingbase

Figure 2. Comprising elements of the
decoupled hybrid system

Figure 1. Siructural arrangement of the decoupled hybrid monopile-footing
foundation system

=The first step is lowering the pile, positioning and hammering the pile until desired
penetration depth is achieved.

= The soil around the pile often gets disturbed following the installation of the pile. It is
vital to make sure the soil around the pile is in as good a condition as possible. Using
underwater vehicles the soil around the pile is then smoothened, tapped and prepared
until a smooth and straight surface for the installation of the footing is achieved.

= The footing (both the base and the collar section which are once piece) is then lowered
by sliding the pile through its central hole. Once the foofing is sitfing on the soil, using
underwater monitoring technology, it will be ensured that the footing is in the nght place
and the footing base is in sufficient and satisfactory contact with the soil underneath.

=Once the fooling is in place, the gap between the pile and the collar section of the
footing is placed with damper rubber and the top section (gap above the pile see Figure
2) is then sealed to avoid other marine presence from inhabiting in the gap.

*The lower part of the structure is then positioned and mounted on top of the collar
section and then securedffixed in place.

* The difference between a fixed (footing is rigidly fixed to the pile) and decoupled
pile-footing connection is shown in the Figure 3. For the same pile and footing
geometry and loading condition, the decoupled system shows a 40% increase
compared to the fixed system. Note that the surchargefvertical load applied is only
50 kPa, so rather lightly loaded.

= Based on the experimental data and for the given geometry under study, the lateral
capacity of the free headed pile is increased by the addiion of the decoupled
foundation plate by up to an ouistanding 280%. The magnitude of this increase
depends on the diameter of the footing as well as the magnitude of the applied
vertical load on the footing. An example of this is shown in Figure 4.

= For the specified pile geometry a qualitative analysis using the simplified method of
Brom’s can be performed to illusirate the role of the foundation plate on the lateral
response of the hybrid system.

* Refer to Arshi & Stone 2012(a) and 2012(b) for more information regarding the
performance of the DECOUPLED hybrid system.

= This poster only describes/introduces the decoupled system with a very brief look at
the preliminary results. A comprehensive report on the details and behaviour of the
decoupled hybrid system which analyses the results of 1g and centrifuge tests
together with 3D finite element analysis in in preparation and will be published in a
specialist journal soon.
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Figure 3. Load vs. deflection behaviour for
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Figure 4. Load vs. deflection behaviour for decoupled
hybrid system with varying footing diameter
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Abstract

Current offshore foundation technology is being transferred successfully to the renewable energy sector, but
there is clearly scope for developing foundations that are more tuned to the needs of the renewable power sys-
tems such as wind turbines. One such approach is the ‘hybrid” monopile-footing system with a proven record
of improving the ultimate lateral resistance, particularly in cohesionless soils. This work builds on to the pre-
vious studies by investigating the behaviour of the hybrid system further. The effect of footing size, the mag-
nitude of pre-loading and its significance in developing sufficient contact pressure beneath the footing, and
the importance of the degree of rigidity is reported in this paper.

1. Introduction

Due to the needs of on-going developments in the oil
and energy sector, the design of offshore founda-
tions is constantly evolving. In the hydrocarbon ex-
traction sector, exploration and development is mov-
ing in to ever deeper water resulting in ever more
challenging geotechnical conditions. The develop-
ment of sites for offshore wind farms (such as round
2 and 3 in the UK) is also extending into deeper wa-
ter. The capacity of wind turbine generators is also
increasing requiring significant development in
foundation design to generate economic and practi-
cal solutions to the installation of these deep water
wind farms.

The main challenge for deep-water foundations is
the loading conditions. Offshore foundations are
generally subject to combined loading conditions
consisting of self-weight of the structure (V), rela-
tively high horizontal loads (H) and large bending
moments (M). The preferred foundation system to
date has been the monopile that has been success-
fully employed for the majority of the offshore wind
turbines installed. The advantage of the monopile is
that it can be employed in a variety of different soil
conditions even when loading conditions are very
high. For instance in many of the proposed offshore
wind farm locations it is often the case that the surfi-
cial seabed deposits are underlain by rock, generally
weak rocks such as mudstones and chalk. Conse-
quently it becomes necessary to install the mono-
piles, generally by driving, through the soil and into

the rock, in order to achieve adequate lateral stiff-
ness and moment resistance in order to carry the ap-
plied loads.
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Figure 1: Schematic illustration of the prototype hybrid system

One of the recently developed solutions for increas-
ing the lateral resistance of deep-water monopiles is
the hybrid monopile-footing system. The role of the
footing is to provide a degree of rotational restraint
at the pile head, leading to an improvement in the
lateral resistance of the pile. It has also been shown
that the use of a relatively thick pile cap leads to an
increase in the lateral resistance through the devel-
opment of passive soil wedges (Mokwa, 1999), in a



similar way to the behaviour of skirted foundations
(Bransby and Randolph, 1998).

As schematically represented in Figure 1, this foun-
dation system comprises of a circular footing is at-
tached to the monopile at mudline. The 2D analogy
of this system is that of a retaining wall with a stabi-
lising base (Powrie and Daly, 2007). Where the
plate diameter is relatively small, the system is simi-
lar to a single capped pile, for which methods have
been developed for analysing the influence of the
pile and pile cap under axial loading (Poulos and
Randolph, 2008), and the effect of the pile cap on
the lateral performance of single piles has also been
investigated by others (Kim et al 1979), (Mokwa
and Duncan, 2001; 2003), (Maharaj, 2003).

The lateral response of piles is well reported in the
literature and various methods of analysis have been
proposed by numerous researchers, such as Matlock
and Reese (1960), Broms (1954), Poulos (1974),
Reese et al (1974), Randolph (1981), Duncan et al
(1994) and Zhang et al (2005). The bearing capacity
problem has also been investigated under different
loading conditions relevant to offshore foundations,
see for example references Houlsby and Puzrin
(1999), and Gourvenec and Randolph (2003).

Figure 2: Model foundation system

Pervious investigations carried out at one gravity in
‘sand box’ tests (Stone et al, 2007; 2010), (Arshi
2011; 2012), (Arshi and Stone, 2011) together with
2D numerical modelling (El-Marassi, et al 2008),
(Arshi et al, 2011) have shown that the lateral stiff-
ness and ultimate capacity of the monopile is en-
hanced by the addition of the footing. Preliminary
centrifuge model tests have also indicated that for
cohesionless soils the ultimate lateral capacity of a
monopile is enhanced by the presence of a footing
(Stone et al, 2011). However, centrifuge tests per-
formed on clay samples did not indicate much im-
provement in the lateral performance of the
monopile (Lehane et al, 2010). It should be noted

that these centrifuge tests are not directly compara-
ble since the relative geometries of the pile and bear-
ing plates were significantly different in both stud-
ies.

This paper focuses on analysing the load transfer
mechanism within the system. It is the subject of this
study to investigate how loads are transferred
through different elements within the foundation
system. The influence of the degree of rigidity at
pile head (boundary condition in the connection be-
tween pile and footing) on the lateral resistance is al-
so looked at. Moreover the relationship the ratio be-
tween the diameter of footing to pile and its effect
on the lateral resistance of the pile is reported. This
ground model is felt to be of particular relevance for
offshore wind farm development duo to the potential
economical benefits.

2. Experimental Procedure

2.1 Materials and model prepration

Medium dense sand models were prepreated by
pulvation sand into a box measuring 310 mm x 210
mm x 240 mm. Rounded to sub-rounded, uniformly
graded quartez sand with an average particle size of
0.25 mm (Fraction D from David Ball Ltd) was used
for the experiments. The maximum and minimum
void ratios were 1.04 and 0.59 respectively with a
correnpondant dry unit weights of 12.6 and 16.1
kN/m®. The ciritical state angle of friction was
meassured using direct shear box test and was found
to be 32 degrees.

WF loading rig

Pulley arrangement
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Figure 3: Test arranment for the model foundation system
under lateral loading

The model foundation system comprised of a 10 mm
thick 150 mm long steel rod together with 5mm
thick steel plates with three different diameters of 40
mm, 60 mm and 80 mm, corresponding to pile to
footing ratios of 0.4, 0.6 and 0.8 (Shown in Figure
2). The footings were fabricated in such a manner to



give the option of having one directional vertical
translations of the pile about the footing (i.e.
translations along the y axis).

The installation of the model piles consisted of
pushing the pile to about 70 % of the desired depth
by hand followed by driving the rest of the pile via
light tapping using a hammer until the required
penetration depth was achived.

2.2 Test procedure

All experiments took place in a single gravity
Wykeham-Farrance loading rig at the University of
Brighton, designed to load piles both horizontally
and vertically. For tests involving only vertical
loading, the load was applied directly to the top of
the footings and/or piles, whereas for the tests
involving lateral loading a wire and pulley
arrangment was utlised (lllustrated in Figure 3).

Table 1: Summary of single gravity model tests

ID Type Connection  Vetr. Load* (N)
F40 Footing - -
F60 Footing - -
F80 Footing - -
PW1 Pile - 10
PW?2 Pile - 50
PF1IW2A1 Hybrid Rigid 50
PF1IW2A2 Hybrid Free 50
PF2W2A1 Hybrid Rigid 50
PF3W1A1l Hybrid Rigid 10
PF3W2A1 Hybrid Rigid 50

* self weigh of foundation neglected

A summary of the programme is presented in Table
1. The footing only tests were carried out to
determine the bearing capacity of footings with three
different diameters and free from dead loads. This
involoved loading the footings vertically at the
middle and measuring the relative vertical
deflections. The defelctions were measured using
two LDVTs, attached to the far corners of the
footings. For the pile only as well as hybrid system
tests, dead loads were inserted on top of the pile, the
piles were then pulled laterally and relative lateral
deflections were measured using the LVDTSs.

3. Results and Analysis

In order to be able to differentiate the contribution of
different elements comprising the hybrid system, the
indivial performance of each element was
investigated seperately. Figure 4 show the plot of
applied moment against relative rotation for
individual footing tests. This plot shows the
behaviour of footings with three diamaters of 40

mm, 60 mm and 80 mm corresponding to ultimate
bearing capacities of 65 Nmm, 240 Nmm and 490
Nmm respectively. The performance of the pile-only
tests, represented in terms of moment and pile head
rotation, have been shown in three differents graphs
shown in Fugure 5, 6 and 7. The performance of the
pil-only tests have been used as a benchmark for
analysing the behaviour of the hybrid foundation
system.
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Figure 4: Moment-rotaion plot for vertical footing-only tests

A total number of 5 tests were carried out on the
hybrid system and the results have been presented in
Figures 5, 6 and 7. All tets had a dead load of 50 N
(with the exception of PF3W1A1) and the degree of
rigidity between at the pile-footing connection was
set at fully fixed for all tests expect for PFIW2A2.
All tests follow the same moment-rotation pattern
with differences in the values of initial stiffness as
well as the ultimate lateral resistance.
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Figure 5: Moment-rotation plot for hybrid foundation system
with varying footing size

Looking at the plot presented in Figure 4, it is
apaprent that the bearing capacity of circular
footings increase with an incease in the diamater.
The contribution from the addition of the footings to



the pile is illustrated in Figure 5, where the initial
stiffness and the ultimate lateral resistance are
significantly higher for the hybrid system. The
hybrid system with the smallest footing had a 67%
increase in value of the ultimate lateral resistance
where the aditional 50% and 100% increase in the
diameter of the footings only boosted the ultimate
resistance by an additional 20% and 50%.
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Figure 6: Moment-rotation plot for pile and hybrid foundation
system test with varying dead loads

Dead loads play a major role in advancing the lateral
resistance of the hybrid system. This is best
illustrated in Figure 6 where pile-only as well as the
hybrid system have to sustain dead loads of 10 N
and 50 N. Clearly, the increase in the performance is
signifitably higher for the hybrid (27% increase)
compared to the pile-only (12%).
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Figure 7: Moment-rotation plot for hybrid foundation system
test with different degrees of rigidity at pile head

Futhermore, Figure 7 show two tests carried out in
the same hybrid system but with different degrees of

rigidity. For the systems under experiment, it was
observed that having the pile free (in translation
along the y axis) from the footing seem to have an
advantage in improving the performance of the
system, where the ultimate lateral reistance was
about 40% higher when the pile was free. In a free
system, dead loads are carried fully but the footings
where magnitude of dead load is directly
proportional to the bearing capacity of the footings.
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Figure 8: Moment-rotation plot for hybrid foundation system
obtined using LPILE

The behaviour of the hybrid system was numerically
analysed using the computer program LPILE and the
results are illustrated in Figure 8. This program does
not have an option for adding the footing to the pile
and creating a hybrid system, however it does allow
the user to introduce bending moments to the pile
head in all directions. In order to illustrate the be-
haviour of the system, the resistance of the footings
was calculated analytically and was added to the ul-
timate resistance of the fully free pile. This is shown
as dashed red lines in Figure 8 for different pile to
footing diameter ratios. Furthermore it is shown how
the resistance of the hybrid system compares to piles
with different degrees of rigidity.

5. Discussion and Conclusion

It was demostrated that the additon of the footing to
the pile, which creates the ‘hybrid’ system, increases
the initial stiffness as well as the ultimate lateral
restsiance of individual monopiles. Individual tests
were carried out to establish the ultimate bearing
capacity that would be mobilised on the underside of
the footings of the hybrid system. Clearly, the actual



degree of rigidity provided at the pile head depends
on several factors such as (i) size of the footing (ii)
the initial contact ot bedding with soil surface (iii)
the stiffness of the soil beneath the footing.

If the actual capacity of the pile is very high, it is
difficualt to get a good positive contact between the
footing and the soil until the system starts to rotate
and that means that the stiffness does not increase
significantly. It is apparent that a more efficient
system would require a good contact between the
footing and the soil and that the contact remains
present during the loading cycle. In a fully rigid
system, the drawback is that the pile needs to be
rather short in order to let the working loads
generate the contact pressure undernearh the footing.
However, the results here show that it is possible to
overcome this by designing the system with a sliding
connection where vertical translations of the pile is
permitted.

The resutls of this investigation is limited to 1g tests.
A comprehensive sereis of centrifuge tests are
currently undertaking. The results of the tests
together with a series of 3D numerical model study
will be reproted in the near future.
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ABSTRACT: While monopiles have proven to be an economically sound foundation solution for wind turbines, especially in
relatively shallow water, their installation in deeper water and in hard ground may require a more complex foundation design in order
to satisfy the loading conditions. One approach is that foundation systems are developed which combine several foundation elements
to create a ‘hybrid’ system. In this way it is possible to develop a foundation system which is more efficient for the combination of
vertical and lateral loads associated with wind turbines while maintaining the efficiency and simplicity of the design. Previous studies
have reported the results of single gravity tests of the hybrid system where the benefits of adding the footing to the pile are illustrated.
This paper prevents experimental results on the performance of skirted and unskirted monopile-footings. A simplified design
approach based on conventional lateral pile analysis is presented.

RESUME : Alors que monopiles se sont révélés étre une solution économiquement viable pour les fondations des éoliennes, en
particulier dans les eaux relativement peu profondes, leur installation dans des eaux plus profondes et dans un sol dur peut exiger une
conception des fondations plus complexes afin de satisfaire les conditions de chargement. Une approche possible est que les systémes
de base sont développées qui combinent plusieurs éléments de fondation pour créer un systeme hybride. De cette maniére, il est
possible de développer un systeme de fondation qui est plus efficace pour la combinaison de charges verticales et latérales associées
aux éoliennes, tout en maintenant I'efficacité et la simplicité de la conception. Des études antérieures ont rapporté les résultats d'essais
simples de gravité du systeme hybride ou les avantages de I'ajout du pied a la pile sont illustrés. Cet article empéche résultats
expérimentaux sur la performance des jupes et non jupée semelles monopile. Une approche de conception simplifiée basée sur
I'analyse pile latéral classique est présentée.

KEYWORDS: Hybrid monopile footing, offshore piles, laterally loaded piles, wind turbine foundations

1 INTRODUCTION D

Due to the needs of on-going developments in the oil and
energy sector, the design of offshore foundations is constantly
evolving. In the hydrocarbon extraction sector, exploration and
development is moving in to ever deeper water resulting in ever
more challenging geotechnical conditions. Similarly the
expansion of the offshore wind sector involves the development
of deepwater sites, together with requirements for heavier high
capacity turbines. Conventional offshore foundations are not

always economical or practical for this new generation of o e

turbines, and there remains a requirement to develop foundation Q%%%

solutions which can better satisfy future developments in the

offshore wind sector. C%.)Q%CB%QQ%Q 7
The foundations of a typical offshore wind turbine are OOSS0)

subjected to combined loading conditions consisting of the self- %%%

weight of the structure (V), relatively high horizontal loads (H)

and large bending moments (M). The preferred foundation %Qg%%

system to date has been the monopile, which has the advantage
that it can be employed in a variety of different soil conditions.
However, a disadvantage in the use of monopiles in deep water
sites is that the system can be overly compliant. For sites with
intermediate water depths, it may be possible to stiffen the
lateral response of the monopile at the mudline.

Figure 1. Schematic illustration of the prototype hybrid system

One such approach to increase the lateral resistance of a
monopile is the ‘hybrid> monopile-footing system. As
schematically represented in Figure 1, this foundation system
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comprises of a circular footing attached to the monopile at the
mudline. A 2-D analogy of this system is that of a retaining wall
with a stabilising base (Powrie and Daly, 2007). The role of the
footing is to provide a degree of rotational restraint at the pile
head, leading to an improvement in the lateral resistance of the
pile. It has also been shown that the use of a relatively thick pile
cap leads to an increase in the lateral resistance through the
development of passive soil wedges (Mokwa, 1999), in a
similar way to the behaviour of skirted foundations (Bransby
and Randolph, 1998).

Analysis of the hybrid system would involve both lateral pile
analysis and bearing capacity analysis. The lateral response of
piles is well reported in the literature and various methods of
analysis have been proposed by numerous researchers, such as
Matlock and Reese (1960), Broms (1954), Poulos (1971), Reese
et al. (1974), Randolph (1981), Duncan et al (1994) and Zhang
et al. (2005). Where the plate diameter is relatively small, the
system is similar to a single capped pile, for which methods
have been developed for analysing the influence of the pile and
pile cap under axial loading (Poulos and Randolph, 1983), and
the effect of the pile cap on the lateral performance of single
piles has also been investigated by others (Kim et al., 1979),
(Mokwa and Duncan, 2001: 2003), (Maharaj, 2003).

The bearing capacity problem has also been investigated
under different loading conditions relevant to offshore
foundations, see for example references Houlsby and Puzrin
(1999), and Gourvenec and Randolph (2003).

2. EXPERIMENTAL INVESTIGATIONS

The potential performance of the hybrid system was
investigated in single gravity studies (Stone et al. (2007)) and is
illustrated in Figure 2. These studies suggested that the
additional rotation restraint provided by the footing can result in
a stiffer lateral response of the pile and greater ultimate lateral
load. The degree of restraint at the pile head was dependent on
the size of the footing, the initial contact between the soil and
the footing and the stiffness of the soil beneath the footing.
Observations of heaved and displaced soil in front of the edge
of the footing also suggested that a degree of passive soil
resistance is likely to be generated under the lateral movement
and rotation of the footing.
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Figure 2. Lateral load response of the hybrid system (after Stone et al.
2007)

Arshi (2011), and Arshi and Stone (2012) reported the
results of a comprehensive series of single gravity testes carried
out on the foundation system where the elements affecting the
overall performance of the foundation system was investigated

in depth. It was reported that the size for the footing has a direct
effect on the overall lateral load bearing capacity of the
foundation system. Furthermore it was reported that the ratio
between the vertical and horizontal load has a significant effect
on the lateral performance of the foundation system where
larger vertical loads tend to improve the lateral load bearing
capacity of the hybrid system. The connection between the
footing and the pile was also investigated where it was
suggested that the hybrid foundation system tends to be more
effective if vertical movements are allowed at the pile-footing
connection. This movement allows the footing to act
independently from the pile where the positive contact between
the footing and the soil underneath is solely controlled by the
vertical load acting on the footing.

Table 1. Notations for skirted hybrid foundations system

ID Footing  Skirt Dead Footing to

size length load pile

(mm) (mm) (N) connection
P.WO0 - - 0 -
P.F80.W1.FR 80 10 Slipping
P.F80.S1.W1.FR 80 10 Slipping
P.F80.S2.W1.FR 80 10 Slipping
P.F80.S3.W1.FR 80 10 Slipping

More recent single gravity tests are presented in Figure 3
where skirts with different lengths have been added to the
footing. The tests were conducted in sand and the results
indicate that the presence of the skirts has a relatively
significant contribution on the lateral load capacity of the
system. The results show that adding the skirts to the footing
and increasing the skirt length tends to increase the lateral load
bearing capacity of the foundation system by about 50% in
comparison to a non-skirted hybrid system. It is also apparent
that footings with very short skirts do not tend to show any
‘apparent’ additional advantage to that without the skirt. This
could be due to the fact that the stresses around the skirt induced
by the soil are very small at 1g. Further studies in the centrifuge
are in the taking place to investigate the effect of the skirts and
the results will be reported soon.
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Figure 3. Load vs. deflection plot for the hybrid system with skirts

Stone et al (2011) reported the results of a series of
centrifuge tests in sand. The results of the combined vertical
and lateral loading tests are best represented through plots of
lateral load versus lateral displacement. Figure 4 shows a plot of
the lateral load versus lateral displacement for the monopile-
footing (HL 1) and single pile (PL 1) with a vertical load of
600N at 50 g. It is apparent from this plot that the initial lateral
stiffness of the monopile-footing and pile are similar for the first
1-1.5mm of lateral displacement. However the monopile-
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footing continues to exhibit a stiffer response than the single
pile as the lateral displacement increases. Further analyses of
these data provided information on the redistribution of bending
moment in the pile due to the plate.

700
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Figure 4. Load deflection graph for centrifuge tests carried out on the
hybrid system (after Stone et al. 2011)

In Figure 5, the bold lines represent the bending moments at
5% and 20% of the maximum deflection for the pile only case
and the dashed lines show the behaviour of the hybrid system.
The results show that adding the footing to the pile reduces the
bending moment at any given deflection, and as a result
increases the moment capacity of the system at any given
applied lateral load. The results indicate about 25%
improvement in the bending moment for at both deflections.
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Figure 5. Bending moment distribution along the pile length for the
hybrid system

3. ANALYSIS

Whilst some advanced numerical modelling of monopiled
footings has been undertaken (El-Marassi et al. 2008; Stone et
al. 2010; Arshi et al. 2011; Arshi and Stone 2012), the method
presented here utilises conventional lateral pile analysis
methodology where the hybrid system is idealised to a lateral
pile with a resisting moment applied at the mudline. The

resisting moment capacity provided by the footings were
estimated analytically using conventional bearing capacity
theory and applied at the mudline acting in the oposite dirtection
to the loading. This approach only considers the ultimate
condition of the system and does not allow the moment
developed by the footing to be generated as a function of the
footing rotation.

The results generated by this approach are illsutetared in
Figure 6 where it is shown how different pile to footing
diamater increses the moment capacityof the piles, where this
variation lies between a fully free and a fully fixed pile.

The dashed lines in Figure 6 show the ultimate moment
capacities of the hybrid system. Although this method
successfully leads to obtaining the ultimate load bearing
capacity of the hybdegree of rigidity (D.O.R 75%, 50% and
25% showing the the ultimate capacity of the system when
%75, 50% and 25% of the ultimate moment at pile head is
applied to the free headed pile) of the system are shown as a
benchmark for comparing how differenet pile to footing
diameters relate to the fully fixed moment. As apparent in
Figure 6, increasng the sie of the footing tends to increse the
lateral load bearing capacity. As the footing size increases, it
gets close to the fully fixed head condrion. This also indicates
that there for a given pile diamater and length, there ought to be
a footing size afterwhcih increseing the footing size further will
not enhance the lateral load bearing capacity of the foundation
system.
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Figure 6. Moment vs. rotation plot for the hybrid system with different
pile to footing ratios

In addition to this, design charts have been developed which
relate the pile embedment length to pile and footing diameters.
Numerous design charts have been developed covering a wide
range of pile diameters, pile lengths, footing diameters and
normalized moment capacities an example of which is shown in
Figure 8 where the L/D ratios vary from 1 to 10 and the footing
to pile diameter ratios varies from 0 to 1. The moment capacity
of the hybrid system has been normalised and is shown against
footing to pile diameter ratio. The lines in between represent
different pile embedment depth where for a given moment
capacity the designer could utilise this graph to choose the
appropriate pile length as well as pile and footing diameters. It
is also notable that for any given value of normalized moment
capacity the designer has the option of choosing a short pile
relatively large footing diameter, or long pile with relatively
small footing diameter. The flexibility in this design approach is
beneficial in particular designing the hybrid system in difficult
soil conditions.
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Figure 7. Example of a design chart for the hybrid system developed
using analytical and numerical methods

4. DISCUSSION & CONCLUSION

It is apparent that the ultimate lateral response of a single
monopile foundation can be enhanced by the presence of a
footing resulting in a greater ultimate lateral capacity. This
improvement was observed at both load versus deflection as
well as the bending moment versus depth plots. Whilst the
effect on the initial lateral stiffness may not be significant, the
lateral stiffness beyond this initial movement was significantly
enhanced through the presence of the footing.

The effect of adding skirts to the hybrid system has been
shown to further increase the lateral performance of the hybrid
system, and centrifuge tests are planned to investigate the
skirted system in more detail.

A simple analytical approach using conventional lateral pile
analysis methods is presented from which preliminary design
charts can be generated. This approach can be developed to
generate realistic design charts where the lateral capacity of the
hybrid system is related to the development of bearing capacity
coupled to the lateral resistance of the pile shaft.
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ABSTRACT In the case of laterally loaded piles offshore, the addition of a circular bearing plate to the monopile at mudline, known as the
hybrid monopile-foogting foundation system, has proven to increase the lateral laod bearing capacity of the foundation system signifi-
canlty. Perviosuely this was studide in single gravity condtions and some preliminary tests were carrioed out in the centrifuge. This paper
extends this investigations by studying the performance of the foundatuon system at 50g to and reports how different foundation an and

gemoetric componenets effect this increase.

RESUME Dans le cas des pieux chargés latéralement au large des cotes , I'ajout d' une plaque d'appui circulaire pour la monopile au fond
de la mer , appelé systéme de base monopile - foogting hybride , s'est révélé augmenter la capacité latérale d'appui de laod du significanlty
du systéme de base . Perviosuely a été étudiée dans cet unique condtion de gravité et de quelques tests préliminaires ont été effectués dans
la centrifugeuse. Cet article étend cette enquéte par I'étude de la performance du systeme de foundation a 50g de rapports et comment les
différents foundauion un et gemoetric effet de composant graphique de cette augmentation

1 INTRODUCTION

Offshore foundations are constantly evolving in
terms of capability and design which is due to the
needs of on-going developments in the oil and energy
sector. In the oil and gas sector, the geotechnical de-
sign has become ever more challenging which is
mainly to do with exploration and development that
is moving in to ever deeper water. In the offshore
wind sector the development has moved into deep-
water sites ever reached, together with requirements
for heavier high capacity turbines. A good example
of this is the round 2 and 3 of the UK offshore wind
turbine program. The work done in the offshore wind
sector in the UK has shown that the conventional off-

shore foundations are not always economical or prac-
tical for this new generation of turbines, and there
remains a requirement to develop foundation solu-
tions which can better satisfy future developments in
the offshore wind sector.

For the particular case of typical offshore wind
turbines, the foundation(s) are subjected to combined
loading conditions consisting of the self-weight of
the structure (V), relatively high horizontal loads (H)
and resultant large bending moments (M). The pre-
ferred foundation system to date has been the mono-
pile, which has the advantage that it can be employed
in a variety of different soil conditions. A disad-
vantage in the use of monopiles in deep water sites is
that the system can be overly compliant, mainly due



to their required diameter and penetration depth.
However, it may be possible to stiffen the lateral re-
sponse of the monopile at the mudline.

Figure 1. lllustration of the hybrid system

One approach for increase the lateral resistance of a
monopile is the ‘hybrid’ monopile-footing system.
As schematically represented in Figure 1, this foun-
dation system comprises of a circular footing at-
tached to the monopile at the mudline. A 2D analogy
of this system is that of a retaining wall with a stabi-
lising base (Powrie and Daly, 2007). The role of the
footing is to provide a degree of rotational restraint at
the pile head, leading to an improvement in the lat-
eral resistance of the pile. It has also been shown that
the use of a relatively thick pile cap leads to an in-
crease in the lateral resistance through the develop-
ment of passive soil wedges (Mokwa, 1999), in a
similar way to the behaviour of skirted foundations
(Bransby and Randolph, 1998).

Both lateral pile analysis and bearing capacity
analysis is required for analyzing the hybrid system
as an individual foundation unit. The lateral response
of piles is well reported in the literature and various
methods of analysis have been proposed by numer-
ous researchers, such as Matlock and Reese (1960),
Broms (1954), Poulos (1971), Reese et al. (1974),
Randolph (1981), Duncan et al (1994) and Zhang et
al. (2005). Where the plate diameter is relatively
small, the system is similar to a single capped pile,

for which methods have been developed for analys-
ing the influence of the pile and pile cap under axial
loading (Poulos and Randolph, 1983), and the effect
of the pile cap on the lateral performance of single
piles has also been investigated by others (Kim et al.,
1979), (Mokwa and Duncan, 2001: 2003), (Maharaj,
2003).

Also, the bearing capacity problem has been thor-
oughly investigated under different loading condi-
tions relevant to offshore foundations, see for exam-
ple references Houlsby and Puzrin (1999), and
Gourvenec and Randolph (2003).

2 RECENT RESEARCH

A single gravity study carried out on the hybrid sys-
tem (Stone et al., 2007) suggested that the additional
rotation restraint provided by the footing can result in
a stiffer lateral response of the pile and greater ulti-
mate lateral load. The degree of restraint at the pile
head was dependent on the size of the footing, the in-
itial contact between the soil and the footing and the
stiffness of the soil beneath the footing. Observations
of heaved and displaced soil in front of the edge of
the footing also suggested that a degree of passive
soil resistance is likely to be generated under the lat-
eral movement and rotation of the footing.

A comprehensive series of single gravity testes
carried out on the hybrid system where the elements
affecting the overall performance of the foundation
system was investigated in depth was reported by
Arshi (2011), and Arshi and Stone (2011, 20123,
2012b). It was reported that the size for the footing
has a direct effect on the overall lateral load bearing
capacity of the foundation system. Furthermore it
was reported that the ratio between the vertical and
horizontal load has a significant effect on the lateral
performance of the foundation system where larger
vertical loads tend to improve the lateral load bearing
capacity of the hybrid system. The connection be-
tween the footing and the pile was also investigated
where it was suggested that the hybrid foundation
system tends to be more effective if vertical move-
ments are allowed at the pile-footing connection.
This movement allows the footing to act inde-
pendently from the pile where the positive contact
between the footing and the soil underneath is solely
controlled by the vertical load acting on the footing.



The results of a series of more comprehensive sin-
gle gravity tests together with preliminary centrifuge
tests were carried out and the results were reported
by Arshi et al. (2013). In the case of single gravity
tests, skirts with different lengths were added to the
footing. The tests were conducted in sand and the re-
sults indicated that the presence of the skirts has a
relatively significant contribution on the lateral load
capacity of the system. The results show that adding
the skirts to the footing and increasing the skirt
length tends to increase the lateral load bearing ca-
pacity of the foundation system by about 50% in
comparison to a non-skirted hybrid system. It is also
apparent that footings with very short skirts do not
tend to show any ‘apparent’ additional advantage to
that without the skirt. Furthermore, bending moment
versus depth plots were extracted from instrumented
piles tested in centrifuge at 50g, for piles with and
with the footings (see Figure 2) and indicted the addi-
tional capacity enhanced by the addition of the foot-

ing.
3 CENTRIFUGE TESTS & ANALYSIS

A series of preliminary centrifuge tests were carried
out at the Centre for Geotechnical Modelling, City
University, London. The model foundation (see Fig-
ure 2) was fabricated from a 150mm long and 19mm
diameter hollow steel tube with 0.5mm wall thick-
ness together with 4 strain gauges at equal intervals
along the pile. The aluminum bearing plate used was
100mm in diameter and 5mm thick with a clamping
arrangement for adjusting the locations of the plate.

Figure 2. Model hybrid monopile foundation

The centrifuge tests were carried out at 50g which
represents the prototype foundation dimensions of
0.95m diameter 9m long pile with 5m diameter bear-
ing plate. The lateral load versus lateral deflection
tests together with bending moment versus depth pro-
files are shown in Figures 3 and 4 respectively.
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Furthermore, a comprehensive series of detailed
centrifuge tests were carried at the University of
Brighton, Brighton Geotechnical Centrifuge. The re-
sults of a selected series of tests are represented in
this paper. The soil used for the tests was a rounded
to sub-rounded fine grained, uniformly graded,
quartz sand with an average particle size of 0.25mm
(Fraction D from David Ball Ltd.). The maximum
and minimum void ratios were determined to be 1.06
and 0.61 respectively. These correspond to dry unit
weights of 12.6 and 16.5 kN/m3. The critical state
friction angle, determined from direct shear testing,
was 32 degrees. The sample were prepared by dry
pluviation of sand into a 320mm diameter 180mm
deep circular tub, and the tub was then placed
mounted into a square strongbox.

The model foundation system was fabricated from
a 10mm diameter thin-walled, open-ended steel tube
(t=0.5 mm). The bearing plate was 80mm diameter
and formed from a 5mm thick aluminium plate with a
clamping arrangement allowing the location of the
plate to be varied in relation to the pile, i.e. the length
of pile protruding below the plate can be adjusted.

The samples were prepared by air pulvation of
sand with a unit weight of 16.5 kN/m3, void ratio of
0.89 and a relative density of 94%. On completion of
pouring the sand bed, the strongbox was mounted on-
to the centrifuge platform.

The installation method consisted of pushing the
pile by hand to about 40% of its desired penetration
depth and then final driving of the pile by light tap-
ping with a hammer to the desired depth of installa-
tion. The footing was then slid along the pile down to
the soil surface, care was taken to ensure that the
bearing plate was in firm contact with the soil surface
on completion of installation. For tests when only the
vertical capacity of the hybrid system was required,
the bearing plate was fixed to the pile shaft some 5-
10mm clear of the soil surface.

Vertical load of the model foundation was provid-
ed via placing weights right on top of the footing.
Lateral loading was provided using a steel wire
looped around the pile at 80mm from the mudline in
order to create rather high bending moments, and was
connected to a load actuator. A linear variable differ-
ential transformer (LVDT) was used to record the
lateral displacement at the pile head. All the centri-
fuge tests were conducted at 50 gravities.
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The results of the centrifuge tests showing the lat-
eral load deflection response of the pile against hy-
brid system are presented in Figure 4. Here all tests
are carried out with a constant pile length (80mm)
and the results here show the obvious advantage of
the addition of the plate. It is worthwhile noting that
the lateral response of the single piles is almost line-



arly increasing with deflection, and deciding the val-
ue of the ultimate load is often down to interpretation
and deflection based in practice. However, the addi-
tion of the footing to the pile converts this behaviour
at higher loads to the way eccentrically loaded circu-
lar footings response, hence choosing the value of the
ultimate load more obvious.

Comparing the results of the preliminary tests
(Figure 3) with main tests (Figure 5) shows a differ-
ence in the capacity of improvement where the im-
provements in the main tests are significantly higher.
This difference is directly related to the magnitude of
bearing or vertical load provided where this variable
is known to be controlling the provision of positive
contact between the plate and the soil.

Also, the ultimate bearing capacity of the footing
was first estimated experimentally, then 5%, 10%
and 25% of that was applied as a pre loading to the
footing prior to the application the lateral load. The
benefits of the perennial presence as well as the mag-
nitude of pre loading is well illustrated in Figures
5(a) and (b) where the ultimate lateral loads increase
by 136%, 175% and 252% and under working loads
this increase is 92%, 140% and 357%, respectively
for 5%, 10% and 25% bearing loads. This is indica-
tive of the importance of the presence and magnitude
of bearing load
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Figure 6. Axial load tests at 50g

The bending moment profiles presented at 5% and
25% of the maximum deflection is shown in Figure 4

which shown another advantage of the presence of
the footing where the addition of the footing tends to
increase the bending capacity for the foundation sys-
tem by 10 kNm. The magnitude of this increase was
found to be directly proportional to the size of the
footing.

Another significant advantage of the hybrid sys-
tem, as apparent from Figures 5(a) and (b), is the in-
crease in stiffness. This is becomes particularly im-
portant under working load conditions where the
stiffness increases by 100% when the footing is add-
ed to the pile. The results show that this increase is
independent of the magnitude of bearing load under
working load condition (in particular 10% pile diam-
eter defection) and minimum bearing load is required
in order to maintain this stiffness.

In order to examine the relationship between load-
deflection stiffness and the contribution that the addi-
tion of footing makes in terms of stiffness, the hybrid
system was tested under purely axial load and was
compared against the monopile. For the case of the
hybrid test, the footing was set 5mm from mudline in
order to see how the gradient of the settlement graph
changes when the footing starts to have contact with
soil and the results are presented in Figure 4. This
gradient is almost identical up until 0.5mm settle-
ment for both the pile only and hybrid however, after
about 1mm the advantage of the addition of plate is
apparent. This suggests that stiffness here is mainly
dominated by the footing component.

4 CONCLUSION

The benefits of adding a circular bearing plate or a
footing to a monopile for offshore loading conditions
was illustrated. This was done in a series of centri-
fuge tests and the advantages was shown in terms of
load deflection and depth bending moment profiles.
A number of variables were examined and their im-
portance and the role they play were highlighted in
this paper.

It is notable that this paper solely focuses on the
results of a selected number of centrifuge tests. There
are two very detailed papers are in preparation and
will be published in relevant journals soon which will
present design methods and chats for the hybrid
monopile-footing foundation system.
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Improving the lateral resistance of offshore pile foundations for
deepwater application

H.S. Arshi & K.J.L. Stone
University of Brighton, Brighton, UK

ABSTRACT: The monopile has proven to be the preferred foundation solution for offshore wind turbines in
shallow water and this is mainly due to its simplicity of design, fabrication and installation which leads to it
being an economically sound foundation solution. The rounds 2 and 3 of the UK offshore wind farms are lo-
cated at ever deeper water, some at the deepest waters wind turbines have ever been set to be installed. During
the past 5 years several foundation solutions have been proposed for deepwater application and they mainly
comprise of a number of foundation elements such as tripod system and the hybrid monopile-footing founda-
tion system. The hybrid system, which comprises of a monopile and a bearing plate attached to the pile at
mudline, has proven to significantly enhance the lateral capacity of the monopile. This paper reports the re-
sults of a series of centrifuge tests (to recreate prototype stress and load conditions) carried out to investigate
the behavior of the hybrid system in Sand. Furthermore, the results of a series of 3D finite element analyses
(using ICFEP) have been reported.

1 INTRODUCTION

The design of offshore foundations is constantly
evolving which is due to the needs of on-going de-
velopments in the oil and energy sector. In the hy-
drocarbon extraction sector, the geotechnical design
of foundations are ever more challenging, which is
mainly to do with exploration and development that
is moving into ever deeper water. Similarly, in the
offshore wind sector the requirement for having
heavier high capacity turbines has resulted in the de-
velopment of sites located in deepwater. A good ex-
ample of this is the round 2 and 3 of the UK offshore
wind turbine program. The work done in the off-
shore wind sector in the UK has shown that the con-
ventional offshore foundations are not always eco-
nomical or practical for this new generation of
turbines, and there remains a requirement to develop
foundation solutions which can better satisfy future
developments in the offshore wind sector.

For the particular case of typical offshore wind
turbines, foundation(s) are subjected to combined
loading conditions consisting of the self-weight of
the structure (V), relatively high horizontal loads (H)
and resultant large bending moments (M). The pre-
ferred foundation system to date has been the mono-
pile, which has the advantage that it can be em-
ployed in a variety of different soil conditions. A

disadvantage in the use of monopiles in deepwater
sites is that the system can be overly compliant,
mainly due to their required diameter and penetra-
tion depth. However, it may be possible to stiffen the
lateral response of the monopile at the mudline.
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Figure 1. Schematic illustration of the foundation system

One design that helps increase the lateral re-
sistance of a monopile is the use of ‘hybrid’ mono-
pile-footing foundation system. As schematically
represented in Figure 1, this foundation system com-
prises of a circular footing attached to the monopile



at the mudline. A 2D analogy of this system is that
of a retaining wall with a stabilising base (Powrie
and Daly, 2007). The role of the footing is to pro-
vide a degree of rotational restraint at the pile head,
leading to an improvement in the lateral resistance of
the pile. It has also been shown that the use of a rela-
tively thick pile cap leads to an increase in the lateral
resistance through the development of passive soil
wedges (Mokwa, 1999), in a similar way to the be-
haviour of skirted foundations (Bransby and Ran-
dolph, 1998).

Both lateral pile analysis and bearing capacity
analysis is required for analyzing the hybrid system
as an individual foundation unit. The lateral response
of piles is well reported in the literature and various
methods of analysis have been proposed by numer-
ous researchers. Reese et al. (1974), Duncan et al.
(1994) and Zhang et al. (2005) have reported the re-
sults of their investigation for the case of laterally
loaded single piles. Also, Randolph (1971) devel-
oped a very useful method of analysis for analysing
piles and pile groups. The effect of the addition of
pile caps has also been reported by Broms (1954)
and Poulos (1971), as well as Matlcok and Reese
(1960) for the particular case of single piles with
double pinned head condition. Where the plate di-
ameter is relatively small, the system is similar to a
single capped pile, for which methods have been de-
veloped for analysing the influence of the pile and
pile cap under axial loading (Poulos and Randolph,
1983), and the effect of the pile cap on the lateral
performance of single piles has also been investigat-
ed by others (Kim et al., 1979), (Mokwa and Dun-
can, 2001: 2003), (Maharaj, 2003).

Also, the bearing capacity problem has been thor-
oughly investigated under different loading condi-
tions relevant to offshore foundations, see for exam-
ple references Houlsby and Puzrin (1999), and
Gourvenec and Randolph (2003).

2 RECENT RESEARCH

A single gravity study carried out on the hybrid sys-
tem in sand (Stone et al., 2007) suggested that the
additional rotation restraint provided by the footing
can result in a stiffer lateral response of the pile and
greater ultimate lateral load. The degree of restraint
at the pile head was dependent on the size of the
footing, the initial contact between the soil and the
footing and the stiffness of the soil beneath the foot-
ing. Observations of heaved and displaced soil in
front of the edge of the footing also suggested that a
degree of passive soil resistance is likely to be gen-
erated under the lateral movement and rotation of the
footing.

A comprehensive series of single gravity tests
carried out on the hybrid system in sand where the
elements affecting the overall performance of the
foundation system was investigated in depth was re-
ported by Arshi (2011), and Arshi and Stone (2011,
2012a, 2012Db). It was reported that the size for the
footing has a direct effect on the overall lateral bear-
ing capacity of the foundation system. Furthermore it
was reported that the ratio between the vertical and
horizontal load has a significant effect on the lateral
performance of the foundation system where larger
vertical loads tend to improve the lateral bearing ca-
pacity of the hybrid system. The connection between
the footing and the pile was also investigated where
it was suggested that the hybrid foundation system
tends to be more effective if vertical movements are
allowed at the pile-footing connection. This move-
ment allows the footing to act independently from
the pile where the positive contact between the foot-
ing and the soil underneath is solely controlled by
the vertical load acting on the footing.
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Figure 2. Bending moment distribution comparison (Arshi et al.
2013). Note that P, MF and Ymax refer to pile only, monopole-
footing and deflection at 1 pile diameter, respectively.

The results of a series of more comprehensive
single gravity tests together with preliminary centri-
fuge tests in sand were carried out and the results
were reported by Arshi et al. (2013). In the case of
single gravity tests, skirts with different lengths were
added to the footing. The tests were conducted in
sand and the results indicated that the presence of the
skirts has a relatively significant contribution on the
lateral load capacity of the system. The results show
that adding the skirts to the footing and increasing
the skirt length tends to increase the lateral bearing
capacity of the foundation system by about 50% in



comparison to a non-skirted hybrid system. It is also
apparent that footings with very short skirts do not
tend to show any ‘apparent’ additional advantage to
that without the skirt. Furthermore, bending moment
versus depth plots were extracted from instrumented
piles tested in centrifuge at 50g, for piles with and
without the footings (see Figure 2) and indicted the
additional capacity enhanced by the addition of the
footing.

3 CENTRIFUGE TESTS

The soil used for the tests was a rounded to sub-
rounded fine grained, uniformly graded, quartz sand
with an average particle size of 0.25mm (Fraction D
from David Ball Ltd.). The maximum and minimum
void ratios were determined to be 1.06 and 0.61 re-
spectively. These correspond to dry unit weights of
12.6 and 16.5 kKN/m3. The critical state friction an-
gle, determined from direct shear testing, was 32 de-
grees. The sample were prepared by dry pluviation
of sand into a 320mm diameter 180mm deep circular
tub, and the tub was then placed mounted into a
square strongbox.

The model foundation system was fabricated from

a 10mm diameter thin-walled, open-ended steel tube
(t=0.5 mm). The bearing plate was 80mm diameter
(4m prototype) and formed from a 5mm thick alu-
minium plate with a clamping arrangement allowing
the location of the plate to be varied in relation to the
pile, i.e. the length of pile protruding below the plate
can be adjusted. This is equivalent to a 0.5m diame-
ter, 4m long pile with a 4m diameter footing.

=

Figure 3. Loading arrangement for centrifuge tests. The lateral load H
was purely horizontal.

All the centrifuge model tests were conducted on the
GT6/0.75 geotechnical beam centrifuge at the Uni-
versity of Brighton, Brighton.

The samples were prepared by air pulvation of
sand with a unit weight of 16.5 kN/m?®, void ratio of
0.89 and a relative density of 94%. On completion of

pouring the sand bed, the strongbox was mounted
onto the centrifuge platform.

The installation method consisted of pushing the

pile by hand to about 40% of its desired penetration
depth and then final driving of the pile by light tap-
ping with a hammer to the desired depth of installa-
tion. The footing was then slid along the pile down
to the soil surface, care was taken to ensure that the
bearing plate was in firm contact with the soil sur-
face on completion of installation. For tests when
only the vertical capacity of the hybrid system was
required, the bearing plate was fixed to the pile shaft
some 5-10mm clear of the soil surface.
Vertical load of the model foundation was provided
via placing weights right on top of the footing. Lat-
eral loading was provided using a steel wire looped
around the pile at 80mm from the mudline in order
to create rather high bending moments, and was
connected to a load actuator. A linear variable dif-
ferential transformer (LVVDT) was used to record the
lateral displacement at the pile head. All the centri-
fuge tests were conducted at 50 gravities.
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Figure 4. Load vs. deflection test results at 50g

The results of the centrifuge tests showing the lateral
load deflection response of the pile against hybrid
system are presented in Figure 4. Here all tests are
carried out with a constant pile length (80mm) and
the results here show the obvious advantage of the
addition of the plate. It is worthwhile noting that the
lateral response of the single piles is almost linearly
increasing with deflection, and deciding the value of
the ultimate load is often down to interpretation and
deflection based in practice. However, the addition
of the footing to the pile makes this behaviour at
higher loads rather more distinct and similar to the
overall response of an eccentrically loaded circular



footing. This, in return, makes choosing the value of
the ultimate load less of a challenge.

The impact of the lateral bearing capacity of the hy-
brid system, previously reported in single gravity
tests by Arshi and Stone (2012a; 2012b) and Arshi et
al. (2013) was examined here in the centrifuge. In
order to fully assess this, first the ultimate bearing
capacity of the footing was estimated experimental-
ly. Then 5%, 10% and 25% of that capacity was ap-
plied vertically as a dead load to the footing prior to
the application the lateral load. The benefits of the
presence as well as the magnitude of pre loading is
well illustrated in Figure 4 where the ultimate lateral
loads increase by 136%, 175% and 252%. At low
deflections (equivalent to 5% of piles diameter) this
increase is 92%, 140% and 357%, respectively for
5%, 10% and 25% bearing loads. This is indicative
of the importance of the presence and magnitude of
bearing load.
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Figure 5. Response of the hybrid system under axial load at 50g
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Another significant advantage of the hybrid sys-
tem, as apparent from Figure 4, is the increase in se
secant stiffness. This becomes particularly important
at small deflections (less than 5% of piles diameter)
where the initial stiffness increases by 100% when
the footing is added to the pile. The results show that
this increase is independent of the magnitude of
bearing load at deflecting equivalent to 5% of piles
diameter (in particular 10% pile diameter defection)
and minimum bearing load is required in order to
maintain this initial stiffness.

In order to examine the relationship between load-
deflection initial stiffness and the contribution that
the addition of footing makes in terms of initial
stiffness, the hybrid system was tested under purely
axial load and was compared against the monopile.
For the case of the hybrid test, the footing was set
about 3mm from mudline in order to see how the
slope of the gradient of the settlement graph changes
when the footing starts to have contact with soil and

the results are presented in Figure 5. This is almost
identical up until about 3mm settlement for both the
pile only and hybrid however after 3mm the ad-
vantage of the addition of plate is apparent. This
suggests that axial bearing capacity is predominantly
dominated by the footing component.

4 3D FINITE ELEMENT MODELLING

The 3D finite element analyses were performed us-
ing Imperial College Finite Element Program
(ICFEP; Potts and Zdravkovic, 1999) which in-
volved scaling up the centrifuge tests and modelling
the equivalent prototype.

The aim here was to replicate the centrifuge tests
in prototype dimensions and compare the load versus
deflection response of the 3D FE results with the
centrifuge tests (scaled to prototype). The foundation
system was modelled as a prototype installed in the
middle of a 30m diameter and 30m long soil model.
The construction sequence followed exactly the
same steps as the centrifuge tests and lateral load
was applied incrementally in order to produce the
load versus deflection response. The constitutive
model used for modelling all soil units was the non-
linear elasto-plastic Mohr-Coulomb model. Jardine
et al. (1986) small strain stiffness model was utilised
for taking into account nonlinearity below yield.
This model takes into account the variation of nor-
malised shear and bulk stiffnesses, with deviatroic
and volumetric strains. The input parameters includ-
ing the small strain stiffness model parameters used
were the ones recommended by Zdravkovic et al.
(2005) for Thanet sand that was used for the centri-
fuge tests.
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Figure 6. Centrifuge and ICFEP test results

Due to geometric and loading symmetry, only half
of the foundation system was modelled s a 3D prob-



lem, which was done as a means of increasing the ef-
ficiency of the calculation.

The results of the load-deflection test are shown in
Figure 6. As apparent from the figure, for both pile
only and hybrid cases, the results shows a very good
match between the centrifuge and 3D model tests.
The red line on the graph marks deflection at one
pile diameter (0.5m) and up until this point the
match between the centrifuge and numerical tests are
97% for the pile test and 92% for the hybrid test,
both of which show an extremely good match. It is
important to note that 98% match between the cen-
trifuge and numerical models at defections smaller
than 5% of piles diameter.

Furthermore, the deflections along pile length for
the Hybrid test is shown in Figure 7 which shows
2.8m to be the point of rotation. Comparing this with
the point of rotation for the pile only test, for a given
load, the presence of the footing tends to reduce the
movements along the pile and movements associated
with the flow of soil near mudline. This may be con-
sidered an advantage (as less soil movement takes
place for a given load) in cases where minimising
load associated movements has to be kept at mini-
mum. Also, it was observed that increasing the mag-
nitude of vertical load acting on the footing has a
further movement-associated effect where for a giv-
en lateral load, higher dead loads lead to smaller de-
flections long the pile.
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Figure 7. Displacement profile long the pile from ICFEP

Figure 8 shows stress contours for total mean
stress at one pile diameter deflection (0.5m). The re-
sults here illustrate the reduced contact area and the
rotation of the footing about its centroid. This cen-
troid was found to be half of the radius of the footing
which also agrees well with the results reported by
Stone et al. (2007) as well as the empirical relation-
ship developed and used for the 2D analysis and de-

sign charts developed reported by Arshi et al.
(2013).

5 CONCLUSION

Centrifuge tests coupled with 3D finite element
analyses showed that the addition of a circular foot-
ing to the pile leads to a significant improvement in
the lateral bearing capacity of the foundation system.
This is a result of the provision of a high rotational
stiffness that leads to higher bearing pressure under
half of the circular footing. Also the addition of the
footing leads to a reduction of soil and pile move-
ments associated with the lateral loads at mudline.
Another very important factor that controls the mag-
nitude of the lateral bearing capacity is the value of
deadweight and it was illustrated that this value
could be kept at minimum (equivalent to 5% of the
bearing capacity of the footing applied vertically) for
conditions where deflections are up to 5% of pile di-
ameter.

The results presented in this paper further verifies
the huge potential benefit of this system. For typical
offshore piles this design method helps increasing
the lateral capacity of the pile in sand without in-
creasing pile diameter nor its penetration depth.

Figure 8. Stress contour from 3D model tests
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9. TABLES
Table 4.1. Details of 1g monopile tests
Model ID D (mm) Z d D/d | V(N) P-F
(mm) (mm) Connectivity
P.F40.W1.FX 10 150 40 0.25 10 Coupled
P.F40.W1.FR 10 150 40 0.25 10 Decoupled
P.F40.W2.FX 10 150 40 0.25 50 Coupled
P.F40.W2.FR 10 150 40 0.25 50 Decoupled
P.F60.W1.FX 10 150 60 0.17 10 Coupled
P.F60.W1.FR 10 150 60 0.17 10 Decoupled
P.F60.W2.FX 10 150 60 0.17 50 Coupled
P.F60.W2.FR 10 150 60 0.17 50 Decoupled
P.F80.W1.FX 10 150 80 0.125 10 Coupled
P.F80.W1.FR 10 150 80 0.125 10 Decoupled
P.F80.W2.FX 10 150 80 0.125 50 Coupled
P.F80.W2.FR 10 150 80 0.125 50 Decoupled
P.F40.W5.FR.L80 10 80 40 0.25 50 Decoupled
P.F40.W5.FR.LL120 10 120 40 0.25 50 Decoupled
P.F60.W5.FR.L60 10 60 60 0.17 50 Decoupled
P.F60.W5.FR.LL120 10 120 60 0.17 50 Decoupled
P.F60.W5.FR.LL180 10 180 60 0.17 50 Decoupled
P.F80.W5.FR.L80 10 80 80 0.125 50 Decoupled
P.JF80.W5.FR.L160 10 160 80 0.125 50 Decoupled
P.JF80.W5.FR.1.200 10 200 80 0.125 50 Decoupled
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Details of skirted 1g monopile-footing tests

Model ID D Z d D/d ts 1 1/d | V(N) P-F
(mm) | (mm) (mm) (mm) (mm) Connectivity
P.F40.S1.W1.FX 10 150 40 0.25 1 12 0.3 10 Coupled
P.F40.S1.W1.FR 10 150 40 0.25 1 12 0.3 10 Decoupled
P.F40.52.W1.FX 10 150 40 0.25 1 24 0.6 10 Coupled
P.F40.S2.W1.FR 10 150 40 0.25 1 24 0.6 10 Decoupled
P.F40.S3.W1.FX 10 150 40 0.25 1 36 0.9 10 Coupled
P.F40.S3.W1.FR 10 150 40 0.25 1 36 0.9 10 Decoupled
P.F40.S1.W5.FX 10 150 40 0.25 1 12 0.3 50 Coupled
P.F40.S1.W5.FR 10 150 40 0.25 1 12 0.3 50 Decoupled
P.F40.52.W5.FX 10 150 40 0.25 1 24 0.6 50 Coupled
P.F40.S2.W5.FR 10 150 40 0.25 1 24 0.6 50 Decoupled
P.F40.S3.W5.FX 10 150 40 0.25 1 36 0.9 50 Coupled
P.F40.S3.W5.FR 10 150 40 0.25 1 36 0.9 50 Decoupled
P.F60.S1.W1.FX 10 150 60 0.17 1 18 0.3 10 Coupled
P.F60.S1.W1.FR 10 150 60 0.17 1 18 0.3 10 Decoupled
P.F60.S2.W1.FX 10 150 60 0.17 1 36 0.6 10 Coupled
P.F60.S2.W1.FR 10 150 60 0.17 1 36 0.6 10 Decoupled
P.F60.S3.W1.FX 10 150 60 0.17 1 54 0.9 10 Coupled
P.F60.S3.W1.FR 10 150 60 0.17 1 54 0.9 10 Decoupled
P.F60.S1.W5.FX 10 150 60 0.17 1 18 0.3 50 Coupled
P.F60.S1.W5.FR 10 150 60 0.17 1 18 0.3 50 Decoupled
P.F60.S2.W5.FX 10 150 60 0.17 1 36 0.6 50 Coupled
P.F60.S2.W5.FR 10 150 60 0.17 1 36 0.6 50 Decoupled
P.F60.S3.W5.FX 10 150 60 0.17 1 54 0.9 50 Coupled
P.F60.S3.W5.FR 10 150 60 0.17 1 54 0.9 50 Decoupled
P.F80.S1.W1.FX 10 150 80 0.125 1 24 0.3 10 Coupled
P.F80.S1.W1.FR 10 150 80 0.125 1 24 0.3 10 Decoupled
P.F80.S2.W1.FX 10 150 80 0.125 1 48 0.6 10 Coupled
P.F80.S2.W1.FR 10 150 80 0.125 1 48 0.6 10 Decoupled
P.F80.S3.W1.FX 10 150 80 0.125 1 72 0.9 10 Coupled
P.F80.S3.W1.FR 10 150 80 0.125 1 72 0.9 10 Decoupled
P.F80.S1.W5.FX 10 150 80 0.125 1 24 0.3 50 Coupled
P.F80.S1.W5.FR 10 150 80 0.125 1 24 0.3 50 Decoupled
P.F80.S2.W5.FX 10 150 80 0.125 1 48 0.6 50 Coupled
P.F80.S2.W5.FR 10 150 80 0.125 1 48 0.6 50 Decoupled
P.F80.S3.W5.FX 10 150 80 0.125 1 72 0.9 50 Coupled
P.F80.S3.W5.FR 10 150 80 0.125 1 72 0.9 50 Decoupled
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Pile only tests

Model ID Z (mm) D (mm) V (N)
P.WO 150 10 0
P.W1 150 10 10
P.W5 150 10 50
P.W5.1L60 60 10 50
P.W5.1.80 80 10 50
P.W5.1.120 120 10 50
P.W5.1.180 180 10 50
P.W5.1.200 200 10 50
Table 4.2. Details of footing tests
Model ID d (mm) e (mm)
F40.M 40 0
F60.M 60 0
F80.M 80 0
F40.E1 40 9.50
F40.E2 40 16
F60.E1 60 9
F60.E2 60 17
F60.E3 60 26
F80.E1 80 9
F80.E2 80 21
F80.E3 80 33.50
Table 4.3. Skirted footing tests
ID ts (mm) 1 (mm) d (mm) 1/d
F40.S01.M 1 12 40 0.3
F40.502.M 1 24 40 0.6
F40.S03.M 1 36 40 0.9
F60.S01.M 1 18 60 0.3
F60.502.M 1 36 60 0.6
F60.S03.M 1 54 60 0.9
F80.S01.M 1 24 80 0.3
F80.S502.M 1 48 80 0.6
F80.S03.M 1 72 80 0.9
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Table 5.1: Summary of centrifuge tests

Test ID . .
C - coupled Pile embed- Plate diameter Plate/pile fisity
D - decoupled ment (rm)
(mm)
C/40/60/1 40 60 Coupled
C/40/60/5 40 60 Coupled
C/40/60/10 40 60 Coupled
C/40/60/25 40 60 Coupled
C/40/80/0 40 80 Coupled
C/40/80/5 40 80 Coupled
C/40/80/10 40 80 Coupled
C/40/80/25 40 80 Coupled
D/40/60/0 40 60 Decoupled
D/40/60/5 40 60 Decoupled
D/40/60/10 40 60 Decoupled
D/40/60/25 40 60 Decoupled
D/40/80/0 40 80 Decoupled
D/40/80/5 40 80 Decoupled
D/40/80/10 40 80 Decoupled
D/40/80/25 40 80 Decoupled
C/80/40/3 80 40 Coupled
C/80/40/5 80 40 Coupled
C/80/40/10 80 40 Coupled
C/80/40/25 80 40 Coupled
C/80/60/1 80 60 Coupled
C/80/60/5 80 60 Coupled
C/80/60/10 80 60 Coupled
C/80/60/25 80 60 Coupled
C/80/80/1 80 80 Coupled
C/80/80/5 80 80 Coupled
C/80/80/10 80 80 Coupled
C/80/80/25 80 80 Coupled
D/80/40/3 80 40 Decoupled
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D/80/40/5 80 40 Decoupled
D/80/40/10 80 40 Decoupled
D/80/40/25 80 40 Decoupled
D/80/60/1 80 60 Decoupled
C/80/60/5 80 60 Decoupled
C/80/60/10 80 60 Decoupled
C/80/60/25 80 60 Decoupled
C/80/80/1 80 80 Decoupled
C/80/80/5 80 80 Decoupled
C/80/80/10 80 80 Decoupled
C/80/80/25 80 80 Decoupled

Estimated from axial load test
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