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Abstract: Some large capacity offshore wind turbines are constructed in seismically active areas.
The occurrence of soil liquefaction during an earthquake can result in severe failures of the
offshore wind turbine. The seismic response of the structure and the failure mechanism of the
soil-structure interactions are necessary to investigate. In this study, the seismic response of an
innovative hybrid monopile foundation is investigated through a series of centrifuge tests. The
seismic performance of the combined system of the superstructure, foundation, and soil are
demonstrated. Five hybrid foundation models are tested by considering the influence of the
foundation thicknesses and diameters, and a monopile foundation is tested for comparison.
Centrifuge test results reveal that the hybrid monopile foundation is effective in reducing the
lateral displacement during the shaking. In the saturated condition, soil keeps its strength and
stiffness beneath and adjacent to the foundation. The hybrid foundation system tends to settle
more due to the larger shear stress caused by the soil structure interactions. Influences of the
wheel specifications are illustrated. The foundations with larger thicknesses lead to smaller
lateral displacements and lower tendencies of liquefaction, but the settlements are intensified.
The larger diameter foundation provides a longer drainage path for the excess pore water
pressure. With a similar weight, the structure settles less during the earthquake.

Keywords: Centrifuge modelling; earthquake loading; hybrid monopile foundation; lateral
failure; optimized design; settlement.

1. Introduction

The offshore wind industry experiences rapid growth in recent years [1]. Normally, wind
resources in offshore areas are stronger and more uniform. The electrical output is about 1.7
times compared to the onshore wind turbine with the same capacity [2, 3]. The onshore wind
farms are required to locate at the sites with high wind speeds, but the appropriate locations are
scarce due to the limitation of available lands and disturbances to human lives [4, 5]; on the
contrary, the offshore wind resource is plentiful, and the available construction sites are abundant
[6, 7]. In order to get better energy production and lower the capital cost, the size of a wind
turbine is growing continuously [8, 9]. Meanwhile, there is a tendency that the offshore wind

farm is built at locations with deeper water depths and further distances to shorelines [10]. In
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Europe, the average water depth for newly install&d farms is 27.5m, and the average
distance to the land is 41km, which is 1.5 timeg artimes of those in 2009, respectively [11].
The environmental conditions at offshore wind si@e more complex considering combined
loadings; thereby, the design criteria for onshatiad turbines cannot be applied directly.
Currently, the evolution of the site selection lfiett complicates the design and construction of
the offshore wind turbines (OWTs). The unprediatableather conditions lead to more
challenges to ensure the in-situ structural stgbilTherefore, investigations of the bearing
behavior of OWTs under complex environmental coodg are necessary for the offshore wind
industry.

The OWT is a slender structure with a large heigywidth (W) ratio. Besides the
self-weight, the structure should sustain ultin@teyclic lateral loadings caused by wind, wave,
and ice. These lateral loadings are applied atupper structure and transmitted to the
foundation, leading to large total overturning maiseto the support structure [12, 13]. The
tilting is the predominant failure of an OWT [14h an offshore wind project, the fabrication,
transportation, and installation of the foundatmart account for 30% to 50% of the total cost
[15]. Therefore, bearing behavior of the supporucture for OWT requires thorough and
innovative investigations by considering the vaealading conditions. To date, the most
widely used support structure for OWTs is the mdleofpundation, accounting for 87% of the
installed wind farms in Europe with a total numio€r3720. The total number of gravity base
supported OWT is 283, which contributes 6% of therkat share [11]. A significant number of
investigations have been conducted to study thargeanechanism of these two substructures,
and the design standards have been put forward Y¥éh the development of larger capacity
wind turbines and the more unpredictable envirortaleconditions, traditional substructures
start to show their limitations. The diameter of thonopile foundation becomes much larger in
deeper water, which significantly increases theeni@tcost and the installation cost. The gravity
base will turn to be excessively large, which maynd challenges for the construction and
installation [17]. Therefore, studies of innovatiwibstructures are necessary for future
development.

The concept of the hybrid monopile foundation isopmsed to fulfill the current
requirements of OWTs (Figure 1). It is a combinatad the traditional monopile foundation and
the gravity base, which is more suitable for suppgrthe combined lateral and vertical loadings
associated with the OWT while maintaining the sigify of the design by adopting established
design methods. The monopile is reinforced by &idm wheel located at the soil surface. The
interactions between the two components provideositige effect on the overall bearing
capacity of the innovative foundation. This concispinitiated by the concept of pile caps and
embedded retaining wall with stabilizing platforf@8, 19]. The ultimate bearing behavior of the
hybrid monopile foundation has been investigatedun laboratory through a set of centrifuge
tests, and three analytical methods are put forwraebstimating its bearing capacity, including
the “add-up method”, the “equivalent moment methaulid “direct calculation method” [20, 21];
the response in service conditions have been stuglierward, and the accumulated lateral
displacement is predicted [22]. A similar concgpled footing, has been investigated through
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tests and numerical analysis; it is demonstratad ttie footing effectively reduces the moment
applied on the monopile [23]. Arshi [24] studieg thearing behavior of the monopiled footing
foundation under lateral loadings and summarizeesign chart according to analytical and
numerical results. It is illustrated that the fogtisize has a significant influence on the overall
bearing capacity. For a given pile diameter angtlenincreasing the footing diameter tends to
increase the lateral bearing capacity.

Figure 1. Schematic of OWT with hybrid monopile rfolation

Some of the offshore wind farms are built in setsattive areas. To ensure the stability of
wind turbines in service conditions, investigatiamighe seismic response are necessary, which
reveals the failure mode of OWTs under the eartkguzondition and provides an effective
method in the remediation. At offshore areas whbeesoil deposits are saturated, the strong
shaking may result in soil liquefactions. The gatien of the excess pore water pressure softens
the soil, leading to the reduction of soil bearoagacity. As a consequence, significant structural
settlements and tilts are observed during the gtemrthquake [25]. The OWTs are sensitive to
tilting failures due to the earthquake caused latgeamic overturning moments. The DNV
standard for designing the OWT determines thatdlezance for the total rotation at seabed for
pile foundation is 0.5° [16]. Currently, there i3 well-calibrated design method for assessing the
seismic performance of the combined OWT system vsitiperstructure, foundation, and
surrounding soil. The seismic stability design rhairefers to the standard for onshore wind
turbines and local buildings [26, 27]. However, @&/Ts are light-weight structure and installed
in saturated soil, which has a significant differerfrom the onshore structure. The current
design procedure may misrepresent the soil strectimteractions (SSIs) and largely
underestimate the consequence of an earthquakedhd#zerefore, investigations of seismic
response of OWTs by considering the ground motlwaracteristics, free-field responses, local
soil conditions, and SSls are important.



Several studies have been conducted to investthatseismic response of the OWT. De
Risi and Bhattacharya [28] build a set of finiteeraent models to evaluate the seismic
assessment of OWTs with steel monopile foundatioodmsidering several important influence
factors. Dong [29] records the long-term in-sitwadaf an OWT in order to study the structural
vibration characteristics and operational modallymi® Hanler [30] presents a simulation
method in analyzing the dynamic vibration of winghines by considering the ground motion.
Zhang [31] performed a series of numerical analisistudy the dynamic response of an OWT
as well as the liquefaction of the surrounding.sdiset of centrifuge tests have been performed
in our laboratory to study the seismic behaviorQWTs with monopile foundation, gravity
foundation, group pile foundation, and suction kaickoundation [32-35]. The monopile
foundation without fixity illustrates large tiltingluring the earthquake, and the gravity
foundation experiences the largest settlements; stireounding soil is reinforced by the
group-pile and the suction bucket foundation, dmliquefaction tendency is milder under and
adjacent to the foundations. However, few opemditees describe the interaction mechanism
of the seismic response. The SSlIs induce cycliciaidorces acting on the foundation, leading
to structural settlements and lateral displacem@ats36]. The foundation characteristic brings
great influence on the overall dynamic response.

The friction wheel is similar to the individual sleav footings for buildings. The field
investigations in the Dagupan City area after tB80LLuzon earthquake revealed that severe
settlements occurred in corner buildings withoygaeent structures and in the areas that were
separated from other buildings [37]. The confingiffigcts of the structure and adjacent buildings
were effective in reducing the settlement. As afoecing measure, the sheet pile was installed
under the shallow foundation, and the method wasladd by a series of shaking table tests [38].
The reinforced foundation performed well in redggithe structural settlements and lateral
displacements. Therefore, the innovative hybrid opdle foundation has a great potential in
enhancing the seismic stability of the OWT. Thetion wheel is added at the mudline in order
to provide an additional restoring moment, and betie foundation stability is enhanced.
Comparing to the single pile, the addition of thieewl increases the effective earth pressure in
the underlying soil, leading to a lower tendencysofl liquefaction. During the shaking, the
interactions between the pile and the wheel mayaedhe shear force being transmitted to the
beneath soil, and the lateral inertial forces ef fitundation and the soil are different due to the
structural rocking. The seismic response of the hglwid monopile foundation is studied in this
article. Moreover, the dimension of the hybrid fdation system is proved to be significant to
their behaviors, and hence influences of the whpetification are considered.

In this study, a series of centrifuge tests aréopered to study the seismic response of the
innovative hybrid monopile foundation under eartikpiloading. The bearing mechanism of the
foundation system is demonstrated by theoreticalyais. Two key parameters are studied in the
tests: the wheel thickness and the wheel diametdiowing the introduction of the centrifuge
test setup, the test results are presented; aftéywee influences of critical parameters and their
mechanisms are discussed. The study aims to genepatesentative test results of the OWT
with hybrid monopile foundation in earthquake egeand provide design references for future

4



projects.
2. Application of the Hybrid Monopile Foundation

The hybrid monopile foundation is designed with therpose of having the wider
adaptability to the new generation of OWTs. Theowative foundation has features of the
traditional monopile foundation and the gravity ddagnd hence certain existing methodologies
of manufacturing, transportation, and installatzan be used in the application of the hybrid
monopile foundation. The monopile foundation usadtfie OWT is usually constructed by pipe
piles with the diameter ranging from 3m to 4m ahed kength ranging from 20m to 35m [39].
The monopile is constructed onshore and transpdotedfshore sites on barges. In some cases,
the large diameter monopiles are floated to the bif capping and sealing the ends. The
monopile is installed by drilling and grouting, \wirg, and combinations of drilling and driving
[40]. The jack-up rig is a fairly stable platforrarfinstalling the monopile, and the ship-shaped
vessels with rotating cranes are the optimal selech carrying out the construction [41]. The
gravity base is constructed onshore and transptotéite offshore site by the heavy lift vessel.
During the installation, the gravity base is filledth ballast, and the positioning system is
necessary to keep the stability [42]. The graviageéis cost-efficient when the dead load is high
and the environmental loads are relatively low, #imel seabed preparation is necessary. For
larger capacity OWTs being installed in locationghwlarger water depths, the traditional
foundations expose limitations. The diameter ofrtfemopile may become excessively large, and
the gravity base tends to reach a quite large sitte a diameter of 10-20m and weight up to
2000tons [21]. In this situation, the material castreases significantly; moreover, the
substantial equipment is required for the manufagtiransportation, and installation, including
jack-up barges, ship hires, and drilling equipmett,

The hybrid monopile foundation has shown a largeémate bearing capacity compared to
the monopile foundation from previous researchelsichv can provide twice of the lateral
capacity with a similar vertical load [22, 43]. Theteral resistance is the governing factor in
designing the foundation supporting earth retainstguctures. Therefore, the innovative
foundation is promising for applications in moreves® environmental conditions instead of
continuously increasing the size of the traditiof@indation. The pile and the wheel are
expected to maintain the reasonable size. The twmagponents can be fabricated and deployed
from the existing shipyards and facilities, and theginal transportation and installation
equipment can be employed, which is beneficialeducing the initial cost and realizing the
innovative concept.

The installation of the hybrid monopile foundatineeds investigation before applying in
practicality. The hybrid monopile foundation is nmly an innovative support structure for
OWTs, but it is also a reinforcement of the tratial monopile with the purpose of extending its
service life. In this case, the stabilizing frictiovheel can be installed at the soil surface and
fitted with the existing monopile or the newly iakéd monopile [44]. In contrast, it is suggested
by researchers that for installed hybrid monopdandation, the friction wheel may be firstly

installed, which will become a guideline for locagithe monopile [45]. However, this method
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needs further investigations before engineerindiegdmn. Besides the solid wheel, the gravel
friction wheel has been proposed in our laboraf@g]. It is consist of a confining frame that
filled with gravels. The frame is installed firatreound the monopile, after which the gravels are
filled. The filling materials are not limited todhgravel, and they can be obtained from nearby
offshore locations, transported from onshore s#ées, collected from proper construction wastes.
The initial cost is expected to reduce significankirough this method. However, it is worth to
mention that the connection method of the monoaiid the friction wheel in the water is a
concern during the practical installation, whichllvwgreatly influence the behavior of the
foundation. The study of the hybrid monopile fouthola is in the concept proof and model test
stage, and thorough investigations are necessdoyebtne practical application. Efforts should
be continuously made to verify the manufacturimgnsportation, and installation processes in
order to provide basic data of analysis and desigthe hybrid monopile foundation in the
future.

3. Centrifuge Tests
Test facility

The centrifuge testing program was carried outgitiie 20 g-ton geotechnical centrifuge at
Case Western Reserve University [46]. The effeatadius of the centrifuge arm is 1.37m, and
the maximum acceleration is 200g for static testsl @00g for dynamic tests. An
electro-hydraulic shake table is equipped at ond ehthe rotation arm to generate the
earthquake loading during the spin. A rigid congaiis fixed on the top of the shake table to hold
the experimental soil and models. The maximum acagbn used in this study is 50g,
representing a scaling factor of 50 for data inetgtions. All the data presented in the following
sections are in prototype scale using the cengiggling law (Table 1) [47].

Table 1 Centrifuge Scaling Law

Parameters Scale Factor (Model/ Prototype)
Stress 1
Strain 1
Length 1/N
Acceleration N
Frequency N
Time (Dynamic) 1/N
Time (Seepage) 1/N?
Force 1/N?
Moment of Inertia 1/N*

Centrifuge modelling is an effective method to stuthe seismic performance of
foundations in dry or saturated sands. The cegiftealizes testing small-scale models under
large gravitational acceleration, and the streswd®n soil particles are assumed according to
the scaling law. The soil behavior greatly depemshe stress state so that the 1g laboratory test
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may not accurately replicate the real behavior.eEsly for the OWTs, due to lacking

well-documented field tests or case studies abbeir tseismic behavior, reliably performed
physical tests are necessary. Several researchees used centrifuge modelling to study the
seismic response of foundations. Liu [25] conducatgght centrifuge tests to study the seismic
performance of shallow foundations during the eptke, and the mechanism of
liquefaction-induced settlement was investigatedlakingam [48] conducted twelve dynamic
centrifuge model tests to investigate the liquefectbehavior of saturated sand slope by
considering a range of initial relative densities éhree ground motions.

The rigid container fixed inside the centrifuge bhasnternal dimension of 26.7m (length) x
12m (width) x 8.9m (depth). The testing soil isgaeed in the container, after which the models
are installed. The ground motion is applied byghake table fixed under the container when the
centrifuge spins up to 50g. The rigid walls of tuatainer allow the shear wave to transmit from
the bottom of the container as well as from theaurding sidewalls; thereby, parts of the shear
wave are likely to impart back to the testing medahd intensify the applied dynamic loading.
To minimize the side effect, the models are insthih the middle of the container in order to
leave sufficient distances to the boundaries, hadrtfluence is weakened in dense sand [49, 50].
The rigid container has been widely used in theadyio centrifuge tests due to its advantages of
easy construction and installation. Due to thensifeed dynamic loadings, the results are more
conservative and regarded as the upper bond wheg tigid containers [49].

Centrifuge model

The centrifuge models are constructed with sixedéht foundations, including a traditional
single pile and five hybrid monopile foundationstiwvariable thicknesses and diameters. The
models share the same upper structure that israbigccording to a 3MW OWT located at
Jiangsu, China [51], and the scaling ratio betwtberprototype model in the centrifuge tests and
the real wind turbine is 1:6. The wind tower is glated by an aluminum rod with a length of
13m. The main purpose of this study is to investighe soil liquefaction and SSI mechanisms
during the earthquake, and hence the tower hesich@ified by a lumped mass fixed on top of
the wind tower. The single pile is fabricated wathh aluminum rod with a diameter (d) of 1.1m
and total length (I) of 7m. The hybrid monopile faations are consist of the single pile and the
friction wheel. Five hybrid monopile foundationsaiabricated by considering the effects of
wheel thicknesses and diameters. The detail infbomaf the testing models is listed in Table 2.
The model identification system includes: 1) fourmlatype (M: monopile, H: hybrid monopile
foundation); 2) wheel diameter (D); 3) wheel thieka (t = 0.475m). For example, “H-D5-2t"
represents the hybrid monopile foundation with iatibn wheel of a diameter of 5m and a
thickness of 0.95m. The testing models are depict€digure 2. The first group of wheels shares
the same diameter of 5m but with thicknesses ranfyom t to 3t; these wheels have the same
contacting area with the soil, but the self-weighdifferent. The second group of wheels has the
same thickness but different diameters, contrilgudiffiferent drainage lengths during the shaking.
The six test models are tested in both dry and'a@t conditions, and a total number of twelve
centrifuge tests are performed to investigate thisnsc response of the hybrid monopile
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foundation.

Table 2. Detail of test models

Centrifuge model Foundation Type Pile dimension (m) Wheel dimension (m)  Foundation weight (ton)
M Monopile d=1.1, I=7 NA 22
H-D5-3t Hybrid monopile d=1.1, I=7 D=5, 3t=1.425 105
H-D5-2t Hybrid monopile d=1.1, =7 D=5, 2t=0.95 71
H-D5-t Hybrid monopile d=1.1, =7 D=5, t=0.475 47
H-D7-2t Hybrid monopile d=1.1, I=7 D=7, 2t=0.95 117
H-D3-2t Hybrid monopile d=1.1, I=7 D=3, 2t=0.95 40
Groupl:
- Wheels with different thicknesses ‘

o
g .
=

4 + = i
' Group2: ey SN
E Wheels with different diameters o

| -

Monopile Hybrid Monopile Foundation

Figure 2. Test Models

Test Setup

The soll layer is constructed with Toyoura sandictwhs widely used in the geotechnical
investigations [32, 35, 52]. Toyoura sand is a amif sand with angular particles, and the
mechanical properties are listed in Table 3. Dutimgysoil preparations, the Toyoura sand is dry
pluviated into the rigid container with a constaetght, after which additional compactions are
applied to obtain the desired relative density @0722]. The influence of boundary conditions
is less significant in dense sand. The dry testigparformed firstly to provide comparative data
for the saturated condition. For the saturated sdachired water was instilled slowly from the
bottom of the rigid container under vacuum afteeparing the dry sand, and the saturation
process lasts for 24 hours. According to the clrge scaling law, there is a bias between the
seepage time (quadratic to the scaling factor)thadest time (linear to the scaling factor) [47].
The viscous fluid is suggested by some researt¢barsmke up this deviation [36, 53]. However,
saturation is hard to attain by using the viscduglf This study aims to investigate the seismic
performance of hybrid monopile foundations and #fiects of different influence factors;
thereby, for mechanism studies and model validatitre de-aired water is suggested as the pore

fluid [54]. To make effective comparisons and asalythe soil layer is newly prepared for each
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centrifuge tests with the same procedures. Thé thimekness of the soil layer for each test is 6m,
and the water elevation is 1m above the soil sarflac saturated tests. After installing the
centrifuge models, the monopile is fully drivenarthe soil layer and stands on the container
bottom, simulating the pile reached bedrock in affehore area [35, 55]; the wheels got fully
contacted with the soil surface.

Table 3. Mechanical properties of Toyoura sand

Parameter Value
Cy 1.59

C. 0.96
Specific Gravity 2.65
Dso 0.17

Dy 0.16

Max. Void Ratio 0.98
Min. Void Ratio 0.6
Friction anglegp 31°

A synthetic earthquake loading is applied by thakshtable fixed under the rigid container,
and the shear wave is transmitted along the lodg. Sihe input ground motion is a relatively
simple and strong seismic wave with one dominagquency of 2Hz as depicted in Figure 3.
This study aims to investigate the seismic perforeeaof the innovative hybrid monopile
foundation and clarify the influence factors, amth¢e no specific earthquake event is replicated.
This input ground motion has been used in the VEBA®oject to study the response of a
variety of models under the earthquake loading lsaslbeen used by several researchers as the

“baseline” type of seismic wave [35, 56].
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Figure 3. Input Ground Motion

The diameter of the center hole on the wheel issme with the pile diameter. During the
tests, the monopile is push-fitted through the eetible with a secure connection, and the
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vertical movement between these two parts is altbafter installation. It is suggested that the
hybrid foundation system is to be more effectivslight sliding is allowed between the pile and
the wheel [24]. It has been proved by a seriesuofierical simulation that the loading capacity
of the hybrid monopile foundation is not a simplgedraic summation of the capacities of a
single pile and a single wheel [43]. During thestat force, the wheel resists most of the lateral
load while the pile does not play a major rolehia initial stage; in the subsequent ultimate stage,
the lateral resistance of the pile increases saarifly and exceeds the portion of the wheel [57].
The wheel tends to rotate during the lateral |@ad] the bearing stress develops under the front
side of the wheel reduces the bending moment inptlee The rotation center of the wheel
almost remains at the center of the wheel duriegdteral load in the hybrid foundation system.
The wheel is not likely to slide, and the later@pthcement is mainly caused by the pile rotation
and the soil deformation. Meanwhile, the hybrid wyite foundation with a greased joint is also
tested, and no big difference in the bearing capaciobserved between the smoothened and the
original interface. It is assumed the change dfingss of the joint between the pile and wheel is
not considered in this study due to the limitatidrthe scale model. However, the connection of
the two components is greatly influenced by theedl loadings in a real site. The detailed
analysis of the connection is necessary in thedustudy.

The centrifuge models are instrumented with theel@rometers (ACCs), three pore water
pressure transducers (PPTs), and a linear vardibpacement transducer (LVDT) to monitor
the seismic performance of the soil as well asthecture. The settlements of the foundation and
the soil are monitored by calipers before and aftercentrifuge tests. The arrangement of the
transducers is depicted in Figure 4 together whih schematic plot of the test package. The
ACCs and PPTs are installed in the pair at the sdemh of 1.25m but different horizontal
distances to the monopile. The ACC1&PPT1 are plaeed to the pile and under the wheel; the
ACC2&PPT2 are installed 2.5m away from the mongpikpresenting the edge of the 5m
diameter wheel; the ACC3&PPT3 are placed 8m awam fthe pile center, which monitors the
seismic behavior of the free field. The measuredtion of the free field has sufficient distances
to the container sidewall and the wheel edge irerotd minimize the boundary or structural
influences. The OWTs are sensitive to the tiltiaguires. Therefore, the LVDT is fixed at 4m
above the soil surface to monitor the lateral dispiment during the shaking. The ACCs are used
to record the seismic response of the soil sineestiear wave velocity is directly related to the
soil shear modulus [58]. When the recorded acdasbers maintain their shapes with the input
motion during the shaking, it is demonstrated thiekeeps its strength and stiffness to allow the
shear wave to be transmitted effectively. It is tvdo mention that the ACCs are placed along
the transmission direction of the shear wave ireotd record the reliable data. In the saturated
tests, the PPTs are used to monitor the soil lapiein along with the ACCs. During the
earthquake, the soil is softened due to the buitdfygore water pressure. The soil liquefies when
the pore water pressure ratio (PPT ratio, defireetha ratio of excess pore water pressure to the
initial effective stresau/c") reaches 1, at which points the soil loss itsrgjth and stiffness. The
PPT ratio decreases with the dissipation of expess water pressure, after which the water is

squeezed out between the soil particles, and htecsoil regain its strength and stiffness. In this
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case, the recorded accelerations are likely to ssigwificant reduction since the shear wave
cannot be transmitted in liquefied soil [59]. Traekal displacement and the settlement are
recorded to demonstrate the seismic response osttheture. The offshore wind turbine is
sensitive to the lateral failure, and the settlemsdould be considered by adding the friction
wheel. They are important parameters in the safs$gssment. As shown in Figure 3, the input
ground motion lasts for 12.5s. To monitor the whptecess of the seismic response, the data
acquisition system starts recording 2.5s aheati@&eismic wave and keeps recording for 10s
after the earthquake. In the data interpretatios time history describes seismic the response for
a total period of 25s. Detail parameters of theddaicers are described by Qin [60], and the
sensors are calibrated before the tests.

- ACC
e DPPT
- LVDT
——— Caliper

4m

- i b —

1.25m

PPT3 PPT2 PPT1 6m

5.5m 2.5mr

Figure 4. Test package and layout of transducers

4. Experimental Results and Findings
Results of Dry Tests

The time histories of the six models recorded dutime earthquake event are plotted in
Figure 5. For each model, the accelerations a@ded at three locations: near the pile (ACC1),
near the edge of the wheel (ACC2), and the frdd {lRCC3). The acceleration time histories
illustrate the similar shape and peak value of mdo.3g at three horizontal measuring locations
for each model, and there are no obvious differearaong the six models. During the shaking,
the shear wave is transmitted effectively in thi lsger regardless of the structural influence.
The accelerations do not show a severe reductiopesk values compared to the input
earthquake wave. The soil maintains its strength sdiffness. The hybrid monopile foundation
does not show obvious differences compared to ifeidh foundations, and different wheel
dimensions are not likely to influence the seisresponse of soil in the dry condition.
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Figure 5. Time history of acceleration for dry test

The OWT is sensitive to lateral failures during tsarthquake event. Time histories of
lateral displacements of the six models are recbiilean LVDT fixed on the wind tower. To
clearly present the seismic response of differendlets, the recorded lateral displacements are
plotted together in Figure 6a; Figure 6b is therzed version of the same test data, but with

focuses on the early stage of the ground motioteraadisplacements of the six models begin to
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accumulate right after the first loading cycle, ahd increasing rates are roughly linear with
time. After reaching the plateau, the lateral dispments rock in small amplitudes. To be more
specific, the monopile foundation experiences #rgdst accumulation rate during the shaking,
whose lateral displacement quickly surpasses thmsasured from the hybrid monopile
foundations. Finally, the monopile presents thegdat lateral displacement. In contrast,
displacements of the hybrid monopile foundationsuawlate in much milder rates than the
single pile, and the total deformations are smalldre friction wheel introduces additional
restoring moment to resist the static and dynaméasstress induced by the superstructure, and
the passive earth pressure acting on the embeddedfghe wheel contributes more resistances
to the lateral failure [43]. The hybrid monopileufwdations demonstrate better lateral stabilities
during the earthquake event.

The seismic response of the OWT is greatly infleehioy the foundation characteristics. In
the zoomed time histories of lateral displacem#, five hybrid foundations present similar
oscillations with small deformations initially, atidey demonstrate different increasing rates and
peak values afterward. The H-D7-2t model, havirg ldrgest diameter and weight, attains the
smallest final displacement with a fast stabilizirage. Meanwhile, lateral displacement of the
H-D3-2t model accumulates throughout the whole stiplevent, and the displacement rate
reduces significantly after the end of strong shgkfinally, this model reaches the largest lateral
deformation. In general, the hybrid monopile fourmawith larger weight and diameter is less
likely to reach lateral failure during the earthi@aSpecifically, model H-D5-3t, model H-D5-2t,
and model H-D5-t share the same diameter of Smthaythave a range of thicknesses of t to 3t.
These three models have the same contacting atbaswil, and the weight is the dominant
control factor to influence their lateral defornoats. As expected, the thicker plate leads to
smaller lateral displacement, and it reaches theeal faster. The model H-D7-2t, H-D5-2t, and
H-D3-2t having the same thickness but differentraiters, demonstrate more obvious gaps of
their final lateral displacements. Besides the Wegjfect, the influence of diameter is involved.
The increased contacting area leads to largerriegtonoments provided by the soil bearing
stress.
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Figure 6. Time history of lateral displacementdoy tests

Settlements of the six models are measured athtiee focations mentioned above before
and after the tests as listed in Table 4. Withtwat friction wheel, the measurement of the
monopile at location 1 is the settlement of the swoiface. In the free field where the structural
influence and boundary effects are minimized, #tesments are similar for all the test models.
In the dry condition that no drainage occurs, te¢lement mainly attributes to the soil
densification and rearrangement of soil particksthe other two locations, settlements of the
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hybrid foundations are obviously larger than thenomle due to the SSl-induced static and
cyclic loading of the foundation. As a result, degtlement measured around the monopile is less
than half of the hybrid foundations. The soil untter static shear stress imposed by the wheel as
well as the superstructure is likely to deform hontally away from the underneath the
foundation. Meanwhile, the cyclic shear stress magothe foundation results in the cumulative
settlements. As demonstrated in the acceleratistories, the soil maintains its strength during
the shaking, and hence the settlements are rdiatbreall. By comparing the settlement of
different hybrid foundation models, there is a tmgy that the heavier hybrid foundation
produces a larger settlement. The heavier struatMperiences larger static or cyclic shear
stresses and moments, which intensify the defoomator similar weights, the larger diameter
wheel tends to reduce the SSl-induced settlemest tduthe less rocking; however, this
phenomenon is not obvious in the dry tests, anavisight is the dominant influence factor.

Table 4. Settlements of dry tests

Foundation Soil Surface 2.5m From Foundation Free Field
Model ID. Location 1 (m) Location 2 (m) Location 3 (m)

M 0.070 0.070 0.050
H-D5-3t 0.190 0.175 0.070
H-D5-2t 0.175 0.150 0.065
H-D5-t 0.155 0.135 0.040
H-D7-2t 0.205 0.210 0.055
H-D3-2t 0.145 0.140 0.045

Results of Saturated Tests

In the saturated tests, generation of excess pa@terwpressures complicates the soil
response and the SSI. The ground, as well as thetwial performance, are closely monitored
by ACCs, PPTs, and the LVDT, thereby giving insigtb the ground failure mechanism and the
impacts on the structures. The results for dry aaturated tests are plotted together to
demonstrate the effect of fluid. The monopile am& dybrid model (H-D5-3t) are selected as
representatives. In the plot of acceleration timgtolny, there is a tendency that the peak
accelerations of the saturated tests are much emidan the dry tests, especially for the
monopile foundation. In the saturated tests, thepsoticles try to squeeze the water between
them, leading in an increase of the pore waterspres As a result, the effective stress in soil
decreases, and the strength and stiffness of theedaces due to the excess pore water pressure.
The softened soil is not a good media for the trassion of cyclic shear waves since the shear
modulus is much smaller. Therefore, the recordecklacations are significantly weakened
compared in the saturated tests compared to thé gneund motion as well as the dry tests.
Meanwhile, the recorded lateral displacements tfarated tests are significantly larger than the
dry tests. The lateral supports provided by theesefd soil decreases. The generation of the
excess pore water pressure also intensifies thiersents as shown in Table 5. Consequently,
with the introduction of the pore fluid, the sodinds to loss its strength and stiffness, and the

damages caused by the earthquake are intensifidabfb of the monopile foundation and the
hybrid monopile.
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Table 5. Comparison of settlement between dry atarated test

Monopile Hybrid Monopile (H-D5-3t)

Measuring location
Dry test (m) Saturated test (m) Drytest (m) Saadaest (m)

Foundation (location 1) 0.070 0.105 0.190 0.265
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Soil Surface 2.5m From Foundation (Location 2) 0.07 0.120 0.175 0.235

Free Field (Location 3) 0.050 0.115 0.070 0.110

Figure 9 describes the time histories of the expess water pressure ratio recorded for the
six models during the earthquake event, demonsgratie generation and dissipation of excess
pore water pressures under the foundation, nedothwlation, and in the free field. The excess
pore water pressures increase fast after the esitegexcitation and maintain their peak values
to the end of the strong shaking; afterward, thees pore water pressures reduce at different
rates due to the influences of the wheel specitinafThe soil does liquefy when the pore water
pressure ratio reaches 1, at which moment thetatailly loses its bearing capacity. Figure 10
shows the time histories recorded by the ACCsahainstalled in pair with the PPTs. The ACCs
help monitor the soil response corresponded weHRRTS.

In the free field, the pore water pressure ratioalbthe models reach 1 during the shaking,
representing the soil liquefaction occurs at theation 3 without disturbances of the structure.
The records of ACC3 in the tests reinforce the phsnon; the time histories of accelerations
reduce obviously compared to the ground motion &itimuch smaller peak value of less than
0.1g. In contrast, the soil response monitorethi@other two locations demonstrate significantly
different tendencies. The degree of excess porerywatssure generation is greatly influenced by
the confining pressure and the superstructure eulistatic and dynamic shear stresses. The
level of soil softening and the direction of flowssipation are affected by the foundation
characteristics. For the monopile foundation, PRhl PPT2 show similar shapes and peak
values with PPT3, demonstrating the occurrencéjakfaction around the pile. Meanwhile, the
acceleration histories at three locations showauals shapes with significant reduction. The
single pile has little influence on its surroundsull so that the ground failure mode is similar to
the free field. For the hybrid monopile foundatiptise pore water pressure ratios around the
foundations are much smaller than the free fieldggscted in Figure 9b-9f, and the liquefaction
tendency is even lower near the pile (locationhBntthe edge of the foundation (locations 2).
The wheel introduces higher confining pressurent doil layer, and hence the sand’s strength
and its resistance to pore water pressure generati® enhanced. The shaking is not strong
enough to overcome this higher resistance. Therdeays of ACC1 and ACC2 for the hybrid
foundations agree with the conclusion from the mgicg of PPTs. The reductions in
accelerations are much less intense than thateirirée field, especially the ACC1 with a leak
value of 0.15g. The soil does not liquefy undernear the hybrid foundations during the
earthquake. Consequently, the hybrid monopile fatiod is beneficial in reducing the
liquefaction of the underneath soil, demonstratindgpetter seismic stability compared to the
original monopile.

The pore water pressure ratio and liquefaction éang are lower around the foundation,
but the dissipation rate of excess pore water press slower at these locations compared to the
free field. It is assumed the seismic responseatiirated sand is fully undrained during the

earthquake, however, this design procedure ignsigrgficant mechanisms and misrepresents
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the consequence of liquefaction [61]. The partrairthge is proved to occur at the same time as
the generation of excess pore water pressure,hendissipation took place in a 3-D manner in
response to the transient hydraulic gradient [Biting the shaking, large hydraulic gradients
form vertically upwards to the ground surface amdizontally away from the foundation.
However, upwards vertical pore water pressure hssin is slower due to the confinement of
the wheel, and hence the pore pressure tendshitizgahorizontally. After the strong shaking,
the PPT ratio reduces since no significant excess water pressures are generated and the 3-D
hydraulic gradient is near the peak value. A ldegeral water flow is formed under the wheel
towards to free field, but the vertical dissipatistiess intense. Therefore, it takes longer tiare f
the excess pore water pressure to dissipate unaerao the foundation. Moreover, it is observed
that the PPT1 dissipates faster than the PPT2hande the soil under the wheel regain its
strength faster than the adjacent soil. The potempmessure ratio is smaller under the wheel but
the absolute value of the excess pore water pmressuhigher due to the higher confining
pressure, and hence the horizontal water flonosfPPT1 to PPT2, which leads to more excess
pore water pressures are retained at the location 2

The characteristics of hybrid foundations have giffuences on the seismic response of
soil under and around the structures. For model3-BD) model H-D5-2t, and model H-D5-t, the
recorded ratios of PPT1 and PPT2 tend to decredébethve increase of wheel thickness. The
models share the same diameter, and the dominflunoe factor is weight. A growth of the
foundation weight is synonymous to an increasenefdontact pressure acting on the soil layer
for the same contacting area. The solil is reinfbrbg the foundation. For the same ground
motion, the soil has better ability to keep themsgth and stiffness in response to the increasing
confining pressure. By comparing the model H-D7F2D5-2t, and H-D3-2t, the weight is not
the only consideration, and the wheel diameterlss @nfluential. The large diameter hybrid
foundation is likely to attain a smaller pore wapeessure ratio but slower dissipation rate. The
larger wheel reduces the ability for the seismitdited pore water pressure to dissipate rapidly
from underneath the foundation. The lateral flonnfs under the foundation and moves towards
the free field; thereby, the larger diameter wheatls to longer drainage path for the dissipation,
and more excess pore water pressures are sustaided the structure. The larger wheel has a
larger contacting area with the soil layer. It &dhto push soil outwards of the longer path to
accommodate the horizontal stability. Therefora, flle model H-D3-2t with the smallest
diameter (Figure 9f), the excess pore water pressiissipate at similar rates.
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Figure 10. Time history of acceleration for satedatests

Figure 1la depicts the time histories of the latdrsplacement recorded in the saturated
tests. The results of the six models are plottegktteer, and the zoomed time histories are
presented in Figure 11b with the focus of the eatigge of the excitation. The lateral
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displacements accumulate in linear relationshipsh wime but with obviously different
increasing rates. The monopile foundation readmesecording limitation quickly, indicating the
happening of tilt failure. For the hybrid monopfieundations, the model H-D5-3t and model
H-D7-2t attain much smaller lateral deformationntithe other models, and the accumulation
rates reduce dramatically at the end of the shaliiighe lateral displacements are much larger
than their corresponded dry tests. In the saturtdets, the generation of pore water pressure
softens the soil with or without the liquefactiand hence the lateral support provided by the
soil beneath the foundation is smaller. The zootime histories of the lateral displacement
demonstrate that the displacements are simildreainitial stage before 4.5s for the six models.
Referring to Figure 9, the excess pore water presswave not reached their peak values, and the
soil is strong enough to support the structurehia early stage. Afterward, the soil loses more
bearing capacity, and the influence of foundatibaracteristics turns to be more intense. The
monopile foundation reaches lateral failure atldrgest accumulation rate, which is obviously
faster than the hybrid monopile foundations. Withitne reinforcement of the friction wheel, the
soil around pile loses its strength quickly durthg earthquake. In contrast, the accumulation
rate for the hybrid foundations is much milder. Mieeel provides extra restoring moments to
the monopile foundation and reinforces the soildagh the wheel. For the hybrid foundation, the
heavier and larger diameter wheels leads to smalleumulated lateral displacements. The
larger contacting area is expected to increasee$tering moments and reduce the SSI induced
deviatoric deformations, and the larger confinimgssure provided by the heavier wheel is
beneficial for reinforcing the soil.
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Figure 11. Time history of lateral displacementdaturated tests

The settlement of the six models in the sataraests is listed in Table 6. The settlements
recorded in the saturated tests are about twithaske in the dry tests. The seismically induced
excess pore water pressures result in the strdagshof the soil, and hence the settlement is
intensified. For the monopile foundation, the setibnt measured at the free field is similar to
those measured at location 1 and location 2. Withdlwences of the structure, these settlements
mainly result from the partially drained cyclic thag, and the sedimentation and consolidation
with the dissipation of excess pore water pressufes the hybrid monopile foundations, the
foundation (location 1) settles more than the aa)aground surface (location 2), and the ground
adjacent to the foundation (location 2) settlesertban the free field (location 3). Although the
pore water pressure ratio is lower beneath and theahybrid foundation, the larger confining
pressure leads to a higher potential for the gé¢ioeraf excess pore water pressure, which
intensifies the settlement. The outward flow resuitlarger localized volumetric settlements; the
structure-induced static shear stress drives thle tsodeform horizontally away from the
foundation; the SSI induced cyclic shear stressudis the underneath soil and leads to
cumulative settlements. Moreover, the heavier fatiod tends to cause larger settlements due to
the larger stress transmitted downwards.

Table 6. Settlements of saturated tests

Foundation Soil Surface 3m From Foundation Free Field
TestID. Location 1 (m) Location 2 (m) Location 3 (m)
M 0.105 0.120 0.115
H-D5-3t 0.265 0.235 0.110

H-D5-2t 0.245 0.215 0.130
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H-D5-t 0.220 0.210 0.120
H-D7-2t 0.270 0.230 0.130
H-D3-2t 0.205 0.195 0.100

5. Discussions
Mechanism of the seismic response

The OWT is sensitive to tilting failure during tearthquake events. The innovative design
of the hybrid monopile foundation is proved to e edfective improvement in enhancing the
overall stability of the OWT as well as the surrdimg soil. In the dry condition, the lateral
displacement and the accumulation rate for the idlybsundations are obviously smaller
compared to the traditional monopile. In the sdatddests, the improvement is more significant.
The introduction of the friction wheel reinforceBet surrounding soil, leading to a higher
capacity in resisting the liquefaction during thealeng. The soil beneath the foundation keeps
part of its strength and stiffness to support tihecsure. Meanwhile, the earth pressure acting on
the wheel imparts additional restoring momentsesist the dynamic overturning moment. As
the consequence, the lateral displacement anadicitsasing rate are significantly smaller than the
single pile, and the liquefaction does not occudarnand near the foundation. However, the
settlements of the hybrid monopile foundation amel adjacent soil are larger than that in the
free field. The settlement mechanisms of the OWiinduearthquake events are complex, which
are greatly influenced by the structural charasteri the generation of excess pore water
pressure, and the SSI.

In the saturated condition, the generation of exgese water pressure may produce and
intensify several settlement mechanisms. The s&ttht caused by the earthquake is categorized
into two types: the pore water pressure inducedinaelric strain and the structure shear
stress-induced deviatoric strain. At the beginnofgan earthquake, the excess pore water
pressure is generated with the shaking, and thal Mater starts to migrate as soon as the
development of the 3-D transient hydraulic gradidite water flow tends to move both within
and out of the soil, which causes the localizedinwdtric strain. As the increase of excess pore
water pressure, the soil experiences a signifisarength loss. The upper parts of the sand
particles are dispersed so that these particlesilaly to accumulate at the bottom to form a
solidified zone and consolidate under their own ghts. This is the mechanism of the
sedimentation-induced volumetric strain. It happensmediately after the strength loss and
depends on the breakdown of the soil skeleton. Wheontinuum soil skeleton is re-formed
after the sedimentation, the consolidation-indugetlimetric strain occurs. The excess pore
water pressure dissipates fast and the soil regénsffective stress, which enables larger
contacting forces between the particles. Theseethygpes of volumetric strains occur
continuously with the generation and dissipationegtess pore water pressures during the
shaking, being responsible for the free field setént in the tests. At the locations near the
structure, the deviatoric strain induced settlemisntritical in addition to the volumetric
settlement. The friction wheel imposes extra staiear stress to the beneath ground,
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intensifying the strength loss of the soil, whigdads to the structural settlement and tilting.
Meanwhile, the cyclic shear stress caused by tHer&8lts in the cumulative settlement. The
vibration of the foundation influences the benesih cycle by cycle and displaces the weakest
soil away from the foundation. This is the SSl-ioeld dynamic deviatoric strain. Moreover, the
structural movement may cause larger excess poier \weessure to be generated under higher
confining pressure regardless of the occurrencibiiquefaction, which amplified all kinds of
settlement mechanisms.

To investigate the SSI mechanisms more clearlyfdhees acting on the OWT during the
earthquake are schematically plotted in Figure B2is the inertial force imposed by the
superstructure, Hs the inertial force from the foundation; @ the shear stress sustained by the
friction wheel, and Qis the shear stress transmitted to the pile. ©hadations settle during the
shaking, and hence the earth pressure acting oentbedded part of the wheel is considergd. P
is the passive earth pressure whilésRhe active earth pressure. Therefore, the eguéi

F = Qi+t Q+ By Py (1)

The existing of the wheel introduced additionalahstress to resist the inertial force, and the
earth pressure is in phase with and acts agaiesnhértial force. Therefore, less inertial force is
transmitted to the shear force on the pile, coutiily to less overturning moments. This explains
the phenomenon that the single pile experiencesriauger lateral deformation than the hybrid
foundations. Meanwhile, the differential inertiamrées between the foundation and the ground
produce the SSl-induced cyclic loading, resultimghie larger cumulative settlements. Therefore,
the settlement of the foundation and the surroundmil is larger than the free field as well as
the monopile foundation. In the saturated condjtibe soil losses part of its strength during the
shaking, leading to a reduced earth pressure aagamst the inertial force. Therefore, the shear
stress transmitted downwards turns to be largerhamce the settlement and tilt mechanisms are
amplified.

—_— [l

Figure 12.Schematic plot of forces acting on the OWT
26



Influence of whedl characteristic

The feasibility and ultimate bearing capacity of tiybrid monopile foundation have been
investigated previously through the centrifuge 922, 43, 57]. The addition of the friction
wheel is effective in improving the stability, atiee bearing capacity is obviously larger than the
original monopile foundation. In service conditiprtee accumulated lateral deformation is
smaller with the increasing number of loading cgcland it is greatly influenced by the soil
characteristic and the peak load. The ultimate ibgacapacity of the hybrid monopile
foundation is estimated by using the analyticalhodtfor piles, and the function of the friction
wheel is simplified as an equivalent restoring motracting at the pile head. Parametric studies
have been conducted to investigate the influencehefel thickness and diameter to the bearing
capacity. The bearing capacity increases at ayearstant rate with the increase of the wheel
thickness. By increasing the wheel diameter, tharibg capacity and the initial stiffness are
enhanced at an increasing gradient, and the imprentis more pronounced when the diameter
is larger than 3m. In this study, assessmentseotahdencies of the centrifuge test results enable
a qualitative analysis of the influence of wheeéretteristics on the seismic response of the
hybrid monopile foundation. The assessments inciffdets of wheel thicknesses and diameters
on the soil response, the structural lateral despteent, and the settlement.

Figure 13 depicts the influence of wheel thicknesghe lateral displacement and the
settlement. It is clearly shown that the displacetmend settlement are much larger in the
saturated condition compared to the dry conditioa tb the influence of pore fluid. The lateral
displacement tends to decrease with the increasehekl thickness. They are in a linear
relationship in the dry sand; in the saturatedste$ie hybrid foundation reaches the measuring
limitation when the thickness is smaller than 1mg ahe value drops significantly as the
thickness increases to 3t. In contrast, the setiitrtends to increase with the wheel thickness,
but the changing rate is milder than the laterspldicement.

The wheels with the same diameter but differentkimesses from t to 3t represents an
increase of the foundation self-weight for the sawmikcontacting area. In all the tests, the ldtera
displacement recorded during the shaking reduggsfisantly with the increase of the wheel
weight. The wheel with larger weight is likely toopide larger shear stresses;@nder the
wheel, and earth pressures acting on the wheedpiscéed to be enhanced, which are beneficial
for the structural lateral stability during the thgluake event. The larger soil bearing stress tends
to provide larger restoring moments to resist tiigadhic vibration. In the saturated condition,
the effect of the wheel weight is more significafihe heavier wheel introduces more confining
pressure to the soil layer, and hence the excess \water pressure ratio is smaller with the
increase of self-weight. However, although the eiggtion does not occur under and near the
wheel, the heavier wheel enables a larger porervpagssure to be generated in the underlying
soil, which intensifies several settlement mechasjsespecially the SSI induced deviatoric
strains. Consequently, increasing the weight ofttylerid monopile foundation is beneficial for
the lateral stability and the resistance to liqogda, but the settlement is intensified.
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Besides the influence of the weight, the fouilodadiameter is a major factor to influence
the seismic response. The influence of the wheehedier is presented in Figure 14. The lateral
displacement decreases with the increase of theslwdiameter, and the influence is more
pronounced the diameter exceeds 3m in dry sandshwdgrees with previous observations that
the diameter of a stabilizing base is suggestdxktat least 50% of the wall embedment depth to



reach optimal effects [62]. In the saturated tist, displacement reaches measuring range when
the diameter is small, and it drops to 0.131m wiherdiameter increases to 7m.

The wheel with larger diameter results to smabéeral deformation during the earthquake
event. The larger wheel leads to a higher capatigylarger volume of soil under and around the
foundation, and hence the moment resistance ishighich helps to resist the lateral failures.
In the saturated soil, the larger diameter whesllte in bring longer drainage path. The
dissipation of excess pore water pressure regaitesger pathway, and hence more excess pore
water pressures are sustained under the founddtanefore, it takes longer time for the excess
pore water pressure ratio to decrease for largenelier foundations. The feature of the pore
water pressure influences the main settlement nméming. The initial localized volumetric
strains due to the partial drainage are reduced,thel contribution of sedimentation and
consolidation strains are likely to be amplifiededw the broader impact of soil skeleton and
larger hydraulic gradient. The static deviatori@st increases due to the immediate settlement
procedure. The SSl-induced cyclic deviatoric stiaiexpected to decrease since the foundation
rocks less with a larger diameter. The cyclic ststigass may not be large enough to push soil to
a larger distance. With the same weight, the hybr@hopile foundation settles less with the
increase of wheel diameter, and this result agsgtsthe previous studies [63].
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o
o
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o o o
N w E-

o
=
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a) Influence of wheel diameter to peak lateral ldispment
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0.4
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—e— Saturated test location 1
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—v— Saturated test location 2
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b) Influence of wheel diameter to settlement
Figure 14. Influence of wheel diameter

6. Conclusions

In this study, a series of centrifuge tests ardopered to study the mechanism of seismic
response of OWT with the innovative hybrid monogdandation. Six models are tested in the
sandy soil, including one traditional monopile afide hybrid foundations with variable
diameters and thicknesses. The seismic responsmibfand the structure is monitored by
accelerometers, pore water pressure transducetd \ddiTs during the tests, and the settlement
is measured by the caliper. Dominant mechanismshefground shaking induced seismic
behavior are identified, and the impact of theuefice factors are summarized. The following
conclusions are drawn according to the centrifegéstand the mechanism analysis:

1) The monopile foundation experiences large tilting the earthquake. The hybrid
monopile foundations attain much smaller laterdbdeations as well as the accumulation rate.
The soil bearing capacity is improved by the whedliced higher confining pressure. The
introduction of the wheel provides an additionadtoeing moment to enhance the structural
lateral stability, which is the dominant failure deofor the offshore wind turbine.

2) The settlement of the hybrid monopile foundati®more significant than the free field
due to the SSl-induce static and cyclic shear stlesthe saturated condition, the generation and
dissipation of excess pore water pressures inteisgveral settlement mechanisms, including
both the volumetric strain and the deviatoric sti@iound the structure.

3) Dry sand can provide sufficient bearing during shaking, and the soil keeps its strength
to resist the structural failure.

4) The structural lateral displacements and se#tftemare more intense in the saturated tests
compared to the dry tests. The soil behavior igelgr influenced by the excess pore water
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pressure. The liquefaction does occur around theopite foundation and in the free field. The
pore water pressure ratios are significantly reduagder and adjacent to the hybrid foundation
due to the wheel-induced confining pressure. Theasound the foundation keeps part of its
strength and stiffness during the earthquake event.

5) The hybrid foundation with larger weight tendshiave smaller lateral displacement and
lead to a smaller tendency of liquefaction durihg shaking, but the settlement is larger due to
the more intense soil-structure interactions. Wathsimilar weight, the hybrid monopile
foundation settles less with the increase of wiesheter, and the lateral stability is expected to
be enhanced.

Overall, this study provides well-documented testuits to help expand our understanding
of hybrid monopile foundation in the hazards evend facilitate the application of this
innovative foundation. The hybrid monopile foundatis a new concept, and detail analysis of
the manufacturing and installation will be condddte the future.
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