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Bucket foundations have proven to be an efficient cost-effective option for a wide range of 

offshore applications. Motivated by the strong growth in offshore wind energy, this dissertation 

aims to investigate the seismic response of bucket foundations. A scaled soil-structure model of a 

3.45 Megawatt (MW) utility-scale Offshore Wind Turbine (OWT) was tested on medium-size 1-

g shake table. A preliminary testing phase resulted in developing new approaches for: i) tracking 

shear wave velocity variation within the ground during seismic excitation, and ii) generating 

accumulated ground deformation via asymmetric base shaking. Thereafter, the OWT model was 
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subjected to a series of harmonic and earthquake-like excitations. From the collected data, key 

features of the overall system response were gleaned. Utilizing the experimental data, a nonlinear 

finite element (FE) model was calibrated to simulate the observed seismic response. The developed 

FE model was then extended to investigate the seismic behavior of a representative utility-scale 

OWT in sands under earthquake motions, combined with operational wind load effects. A 

parametric study is conducted to investigate influence of: i) soil stiffness and strength, ii) ground 

motion characteristics, iii) soil permeability, iv) bucket size, and v) damping on the OWT seismic 

response. The results suggest that: i) the near field pore water pressure build-up and bucket rotation 

are correlated, ii) ground motion characteristics have direct impact on the permanent bucket 

rotation, iii) lower soil permeability results in larger rotation due to the higher near field pore water 

pressure build-up, iv) permanent bucket rotation tends to reach a maximum and a minimum at the 

lower and upper bounds of soil permeability, respectively, reflecting the fully drained and 

undrained conditions, v) the difference in permanent bucket rotation between undrained and 

drained conditions tends to decrease with increasing soil stiffness, vi) Within the range of 

investigated scenarios, an essentially linear correlation was noted between the OWT fundamental 

frequency and the permanent bucket rotation, and vii) viscous damping at higher frequencies might 

have a significant effect on the bucket moment rotation response. As such, the gained insights 

provide guidance for seismic design of bucket foundation offshore wind turbines. 



 

1 

Chapter 1  

Introduction 

 Success is not final. Failure is not fatal. It is the courage 

to continue that counts. 

 – Winston Churchill 

 

1.1 Extended abstract 

Bucket foundations have proven to be an efficient cost-effective option for a wide range of 

offshore applications. Motivated by the strong growth in offshore wind energy, this dissertation 

aims to investigate the seismic response of bucket foundations. In order to generate quantitative 

response data sets, a scaled soil-structure model of a 3.45-Megawatt (MW) utility-scale Offshore 

Wind Turbine (OWT) was tested on medium-size 1-g shake table. Harmonic and earthquake-like 

excitations were imparted, and different types of model response were recorded. The model was 

subjected to a total of 18 shaking events, and the response was observed and documented. From 

this data, key characteristics of the system bucket foundation and the overall wind turbine system 

response were gleaned. Utilizing the experimental data, a nonlinear finite element (FE) model was 

calibrated to simulate the observed seismic response. The developed FE model was then extended 

to investigate the seismic behavior of a representative utility-scale OWT in sands under different 

earthquake motions, combined with operational wind load effects. A parametric study is conducted 

to investigate influence of: i) soil stiffness and strength, ii) ground motion characteristics, iii) soil 
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permeability, iv) bucket size, and v) damping on the OWT seismic response. The results suggest 

that: i) the near field pore water pressure build-up and bucket rotation are correlated, ii) ground 

motion characteristics have direct impact on the permanent bucket rotation with the latter mainly 

depending on the resulting near field pore water pressure response, iii) lower soil permeability 

results in larger rotation due to the higher near field pore water pressure build-up, iv) permanent 

bucket rotation tends to reach a maximum and a minimum at the lower and upper bounds of soil 

permeability, respectively, reflecting the fully drained and undrained conditions, v) the difference 

in permanent bucket rotation between undrained and drained conditions tends to decrease with 

increasing soil stiffness, vi) a linear correlation can be expressed between the OWT fundamental 

frequency and the permanent bucket rotation, and vii) viscous damping at higher frequencies might 

have a significant effect on the bucket moment rotation response. As such, the gained insights 

provide guidance for seismic design of bucket foundation offshore wind turbines. 

As a main element of preparation for the OWT testing scope, preliminary efforts included 

the investigation of data collected from shake table tests to develop a technique for estimating 

changes in soil shear wave velocity (Vs) during seismic excitation. Since the change in soil stiffness 

is related to Vs, the developed technique can be used to monitor changes in soil stiffness and soil 

shear modulus during seismic excitation. Supported by pore water pressure measurements, data 

sets from different medium and large-scale 1-g shake table tests were used to develop and verify 

the technique. Using the developed technique, evolution of Vs with time can be observed at 

different depths within the tested soil model. Results from this technique are found to capture loss 

of soil stiffness and strength due to liquefaction, which is reflected by the drop in Vs as it 

approaches zero. Such evidence of liquefaction was confirmed by the corresponding records of 

excess pore water pressure. The results showed that soil liquefaction starts at the top part of loose 
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sand layers, and then propagates downwards. An isolation mechanism above the liquefiable layer 

was observed using the developed technique, where the top crust stratum moves essentially as a 

rigid block following the underlying liquefiable layer. 

Furthermore, a novel approach for generating accumulated ground deformations in shake 

table testing was developed. This approach employs asymmetric inertial loading that results in a 

biased dynamic one-dimensional shear state of stress. As such, the proposed approach allows for 

further insights into the soil cyclic response and pore water pressure build-up, with deformations 

accumulating in a preferred direction. In order to permit a virtually unlimited number of such 

loading cycles, focus is placed on motions that do not cause the shake-table actuator to accumulate 

displacement, in view of its possible limited stroke. Using this approach, representative 

experimental response is outlined and discussed. In addition to liquefaction-induced lateral 

spreading, this asymmetric shaking approach might be beneficial for a wide class of earthquake 

engineering shake table testing applications. 

1.2 Motivation 

Offshore wind industry started in 1990s and has been growing in scale ever since 

(Rodrigues et al. 2015, Ogden 2021). However, in recent years, growth has accelerated. From 

being 1% of global installations by capacity in 2009, offshore wind has grown to over 10% in 

2019. The global offshore wind market grew on average by 24% each year since 2013, bringing 

the total installations to 29.1 Gigawatt (GW), which accounted for 5% of total global wind capacity 

as the end of 2019. The top five offshore wind markets in total installations are: the UK, Germany, 

China, Denmark and Belgium. Expectations are set for the global offshore wind market to reach a 

70 GW milestone by 2030 (Gordon 2020). 
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North America has a 30 Megawatt (MW) offshore wind capacity currently (early 2021) in 

operation in the US, making it the only region with commercial offshore wind outside Europe and 

Asia. However, the US offshore wind sector made significant progress to accelerate deployment 

and construction of new offshore wind projects (AWEA 2020) . The total offshore wind 

procurement targets increased from 9.1 GW in 2018 to 25.4 GW in 2019, after New York and New 

Jersey upgraded their offshore targets. More states are deciding on their offshore wind targets, 

which will eventually increase the national US offshore wind target for 2020. According to the 

Global Wind Energy Council (GWEC), a total of 23 GW of offshore wind is predicted to be built 

in the East Coast region of the US by 2026. The U.S. National Renewable Energy Lab (NREL) 

revealed that offshore wind resources in 26 states would have the wind resources to meet at least 

20% of their electricity needs, with many states having sufficient offshore wind resources to meet 

100% of their needs. 

The 12 MW Dominion Virginia demonstration project was successfully installed in June 

2020 as the first offshore wind project to be approved by the Bureau of Ocean Energy Management 

(BOEM) and installed in U.S. federal waters (Musial et al. 2019). On the state level, the East Coast 

cluster consisting of Maine, Connecticut, Massachusetts, New York, New Jersey, Delaware, 

Maryland, Virginia and North Carolina is driving strong demand for offshore wind energy with 

the total announced offshore procurement targets reaching 28 GW as of 2019 (AWEA 2020). As 

for the West coast, California passed Senate Bill 100 (i.e., The 100 Percent Clean Energy Act of 

2018), making it the largest state to establish a 100% electrical renewable energy goal, and setting 

a carbon-free target year of 2045 (Musial et al. 2019). In 2019, BOEM received 14 nominations 

from companies interested in commercial wind energy leases in three proposed call areas off 
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central and northern California. Musial et al. (2019) pointed out these three call areas altogether 

could support an offshore wind generating capacity of up to 8.4 GW. 

Thanks to recent developments and expansion in offshore wind, the cost of electricity 

generated by offshore wind has dropped from about 255 United States Dollar (USD) per 

Megawatt-hour (MWh) in 2012 to about 85 USD per MWh in early 2021, and it is expected to 

reach 58 USD per MWh by 2025 (AWEA 2020). Among the expenses comes the costs of support 

structure. For offshore wind plants in shallow water (up to 30-meter water depth), cost of support 

structures represents about 20-30% of the capital cost and 12-25% of the life-cycle cost (Musial 

and Ram 2010, Versteijlen et al. 2011). Furthermore, the foundation construction costs about 60% 

of the total installation expenses for offshore wind plants (Wang et al. 2018). Types of support 

structure for an Offshore Wind Turbine (OWT) depends mainly on water depth, turbine size and 

the soil conditions. Monopiles and gravity foundations are the most used type of support structures 

for the majority of wind turbines in shallow water (Houlsby and Byrne 2000). 

Bucket foundation is a relatively new type of foundation that has been used for offshore 

structures for about 30 years (Houlsby et al. 2005). The latter study revealed that bucket foundation 

was initially introduced as anchors, mainly in clays, and has been used as foundations for offshore 

platforms. Past research revealed that bucket foundation is an economically attractive alternative 

for offshore wind farms (Jalbi et al. 2018). 

Earlier experimental and numerical research has been conducted to investigate the 

performance and capacity of bucket foundation. However, most of the focus in the existing 

research was placed on the performance of the bucket foundation in terms of rotation and 

settlement under the prevalent wind and wave lateral cyclic loading (Zhang et al. 2007, Foglia and 
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Ibsen 2014b, Nielsen 2016, Zhu et al. 2019, Fugro 2020, Yin et al. 2020, Barari et al. 2021, 

Stapelfeldt et al. 2021). 

1.3 Research goals 

Motivated by the potential growth in the U.S. offshore wind market, the research presented 

in this dissertation aims to address the seismic response of bucket foundations for offshore wind 

applications. As such, a scaled model of a wind turbine with bucket foundation was tested in a 

saturated medium dense sand stratum on a 1-g shaking table. The shake table was used to generate 

cyclic and earthquake-like excitations and the corresponding model responses were recorded. 

Different harmonic excitations and scaled earthquake records were used to conduct a total of 18 

shake table tests. Results of these tests were useful to shed highlight on a number of main response 

characteristics of the bucket foundation-supported wind turbine model. In addition, the collected 

data were used to calibrate a three-dimensional finite element model with soil-structure interaction 

effects that was further used to investigate seismic response of a utility scale 3.45 MW OWT. 

Moreover, testing approaches and data collected as part of the overall shake table 

investigation framework were used to develop: 

i) A new technique for estimating changes in shear wave velocity (Vs) during seismic 

excitation. Since any change in soil stiffness is associated with changes in soil Vs, the developed 

technique can be used to monitor changes in soil stiffness and soil shear modulus during seismic 

excitation. Supported by pore water pressure measurements, data sets from different large-scale 1-

g shake table tests were used to develop and verify the technique. Using the developed technique, 

evolution of Vs with time can be displayed at different depths within the tested soil model. Results 

from the developed technique are found to capture loss of soil strength and stiffness due to 
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liquefaction, which is reflected as a dramatic drop in Vs towards zero. This liquefaction is further 

confirmed by the corresponding records of excess pore water pressure. Results showed that soil 

liquefaction starts at the top part of loose sand layers, and thereafter the layer liquefies from the 

top to downwards. As such, soil liquefaction has been noted to highly interrupt shear wave 

propagation while traveling through the liquefied layer. An isolation mechanism above the 

liquefiable layer can be observed using the developed technique, where the top crust layer behaves 

essentially as a rigid block above the underlying liquefiable layer. 

ii) A new approach for generating accumulated ground deformations. The latter approach 

uses asymmetric inertial loading that results in a biased dynamic one-dimensional shear state of 

stress. As such, the proposed approach allows for further insights into the soil cyclic response and 

pore pressure build-up, with deformations accumulating in a preferred direction. In order to permit 

a virtually unlimited number of such loading cycles, focus is placed on motions that do not cause 

the shake-table actuator to accumulate displacement, in view of its possible limited stroke. Using 

this approach, representative experimental response is outlined and discussed. This experimental 

response can be used for calibration of numerical models to emulate the observed permanent strain 

accumulation profile and associated mechanisms. In addition to liquefaction-induced lateral 

spreading, this asymmetric shaking approach might be beneficial for a wide class of earthquake 

engineering one-dimensional and multi-dimensional shake table testing applications. 

1.4 Dissertation outline 

The dissertation contains a total of 10 chapters and two appendices, related to the topics 

described in Section 1.3. A brief description for each chapter is provided below. 
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Chapter 2 presents a literature review about OWT foundations and use of bucket foundation 

for offshore wind applications. It also contains a review of earlier and current research related to 

bucket supported OWTs. 

Chapter 3 presents a detailed description of model preparation for shake table testing and 

includes a comprehensive description of the bucket foundation wind turbine model from CAD 

modeling to manufacturing. This chapter also includes a description and results of modal testing 

that was conducted to verify the fundamental frequency of the bucket foundation-supported wind 

turbine model. Further details about the employed sand and the testing facility are also 

incorporated. In addition, special data processing approaches are described.  

Chapter 4 presents the shake table testing observations regarding excess pore water 

pressure response of the bucket foundation wind turbine model. Records of pore pressure 

transducers around the bucket are discussed. In the context of the collected data, the relations 

between generation of negative excess pore pressure (i.e., suction) and bucket moment and rotation 

are investigated. In addition, the main response characteristics of the test model in terms of lateral 

accelerations, vertical displacements, overturning moments, and rotations are presented. The 

content of chapters 3 and 4 is currently being prepared to be published as a journal paper tentatively 

in the ASTM Geotechnical Testing Journal or the ASCE Journal of Geotechnical and 

Geoenvironmental Engineering. The proposed title of this paper is “Shake table testing of bucket 

foundation for offshore wind applications”. 

Chapter 5 presents development and calibration procedures of a three-dimensional 

numerical model, where the data collected from 1-g shake table testing were used to calibrate and 

the numerical model. Full description of the numerical model and the computational platform are 

provided in detail.  
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Chapter 6 presents seismic response of an idealized 3.45 MW utility scale OWT founded 

on bucket foundation, in which the numerical model calibrated in Chapter 6 is employed and 

extended. Results from numerical analysis show various response types of the utility scale wind 

turbine and the supported bucket foundation under various earthquake excitations. The content of 

chapters 5 and 6 is currently being prepared to be published as a journal paper tentatively in the 

ASCE Journal of Geotechnical and Geoenvironmental Engineering or the Soil Dynamics and 

Earthquake Engineering Journal. The proposed title of this paper is “Computational modeling of 

bucket foundation seismic response for utility-scale offshore wind turbine using experimental 

data”. 

Chapter 7 presents results of a parametric study conducted to investigate effects of bucket 

size, soil stiffness, soil permeability, damping parameters, as well as earthquake excitation on 

seismic response of the soil-bucket-structure system. This chapter is currently being prepared to 

be published as a journal paper tentatively in the ASCE Journal of Geotechnical and 

Geoenvironmental Engineering or the Soil Dynamics and Earthquake Engineering Journal. The 

proposed title of this paper is “Seismic response of bucket foundation utility-scale wind turbine: 

Effects of bucket size, soil stiffness and permeability”. 

Chapter 8 describes a new technique that was developed to track changes in soil shear wave 

velocity (Vs) during seismic excitation. The developed technique can be used to monitor changes 

in soil stiffness and soil shear modulus during seismic excitation. Supported by pore water pressure 

measurements, data sets from different large-scale 1-g shake table tests were used to verify the 

developed technique. Evolution of Vs with time can be displayed at different depths within the 

tested soil model. Contents of this chapter are published as a journal paper in the ASTM 
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Geotechnical Testing Journal, Volume 44, Issue number 4, with a publication date 28th of July 

2020. 

Chapter 9 presents a new approach for generating accumulated lateral ground deformations 

in shake table testing. The latter approach uses asymmetric inertial loading that results in a biased 

dynamic one-dimensional shear state of stress. As such, the proposed approach allows for 

accumulation of lateral deformations in a preferred direction, with further insights into the soil 

cyclic response and pore pressure build-up. Using this approach, representative experimental 

responses are outlined and discussed. Contents of this chapter are published as a journal paper in 

the Canadian Geotechnical Journal, Volume 58, Issue number 2, with a publication date 14th of 

April 2020. 

Chapter 10 includes a summary of the dissertation as well as conclusions drawn from the 

conducted research, and recommendations for future research. 

Appendix A and Appendix B include plots of different mode responses measured from the 

shake table tests. Content of the appendices is directly related to Chapter 3 and Chapter 4. 
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Chapter 2  

Literature review on bucket foundation for offshore 

wind applications 

 In the middle of each difficulty lies an opportunity. 

 – Albert Einstein 

 

2.1 Introduction 

Use of wind energy is increasing rapidly worldwide, with, exceeding the 650 Gigawatt 

(GW) mile stone in 2019 with an increase of about 10% compared to 2018 (REN21 2019, AWEA 

2020). China and the U.S. remain the world’s largest onshore wind markets, together accounting 

for more than 60% of new installed capacities in 2019. The United States (U.S.) Department of 

Energy set a goal to have 20% of the national end-use electricity demand generated by wind energy 

in 2030, and 35% by 2050 (Wiser et al. 2015).With over 60,000 wind turbines operating across 41 

states and two territories in 2019, there are about 110 GW of operating wind capacity in the U.S. 

representing about a 7.3% share of the total utility-scale electricity generation facilities (AWEA 

2020). 
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2.2 Offshore wind 

The offshore wind industry started in the 1990s and has been growing in scale ever since 

(Rodrigues et al. 2015, Ogden 2021) . In recent years, however, growth has accelerated. From 

being 1% of global wind installations by capacity in 2009, offshore wind has grown to over 10% 

in 2019. A record 6.1 GW new capacity of offshore wind was added globally in 2019 accounting 

for a share of about 10% of new wind installations (AWEA 2020). The global offshore wind 

market grew on average by 24% each year since 2013, bringing the total installations to 29.1 GW, 

which accounted for 5% of total global wind capacity by end of 2019 (IRENA 2019). Europe 

remains the largest offshore market as end of 2019, making up 75% of total global offshore wind 

installation (Lee and Zhao 2020). However, Asia showed significant increase in the offshore wind 

market with China taking the lead followed by Taiwan, Vietnam, Japan and South Korea. 

Currently, the top five offshore wind markets in total installations are: the UK, Germany, China, 

Denmark and Belgium (Cozzi and Wanner 2019). Expectations are set for the global offshore wind 

market to reach 70 GW milestones by 2030 (Gordon 2020). 

The United States has set a target to deploy 30 GW of offshore wind by 2030 (Pryor et al. 

2021). U.S. data showed that 28 states with a coastal boundary use 78% of the nation’s electricity. 

Out of these 28 states, only 6 have a sufficient land-based wind energy resource to meet more than 

20% of their electricity requirements through wind power (Lindenberg et al. 2009). Musial (2007) 

revealed that: i) shallow water offshore potential (less than 30 m in depth) is included in the wind 

resource mix, ii) 26 of the 28 states would have the wind resources to meet at least 20% of their 

electricity needs, and iii) many states have sufficient offshore wind resources to meet 100% of 

their electricity needs. 
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Musial and Ram (2010) indicated that the U.S. offshore wind energy resources can 

significantly increase the wind industry’s contribution to the nation’s clean energy portfolio. The 

United States is fortunate to have large and accessible offshore wind energy resources. Figure 2-1 

shows the average wind speed on the coastal zones of the United States. This figure indicates that 

wind speeds tend to increase significantly with distance from land-based sites. The National 

Renewable Energy Laboratory estimates that U.S. offshore winds have a gross potential generation 

capacity four times greater than the nation’s present electricity capacity (Jonkman et al. 2009). 

In North America, the first test OWT that was a 1/8 geometric scale of a 6-Megawatt (MW) 

wind turbine was installed off the coast of Maine in 2013. The first commercial wind project was 

connected to the grid in Rhode Island in 2016 (PowerTechnologies 2021). As of the end of 2019, 

North America has 30 MW offshore wind currently in operation in the US, making it the only 

region with commercial offshore wind outside Europe and Asia (Lee and Zhao 2020). However, 

the latter study indicated that the US offshore wind sector made significant progress to accelerate 

deployment and construction of new offshore wind projects.  

The total offshore wind procurement in the U.S. targets increase from 9.1 GW in 2018 to 

25.4 GW in 2019 after New York and New Jersey upgraded their offshore targets (AWEA 2020). 

More states are deciding on their offshore wind target estimates which will eventually increase the 

national US offshore wind capacity for 2020. So far, a total of six states have selected locations 

for more than 6 GW of offshore wind plants through state-issued solicitations as of end of 2020 

(Lee and Zhao 2020). The US offshore industry is now moving on a phase of project construction 

planning and execution as more than 15 offshore wind plants are expected to be built by 2030 

(Musial et al. 2020). According to the Global Wind Energy Council (GWEC, 2020), a total of 23 

GW of offshore wind is predicted to be built in the East Coast region of the US by 2026.  
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The 12 MW Dominion Virginia demonstration project was successfully installed in June 

2020 as the first offshore wind project to be approved by the Bureau of Ocean Energy Management 

(BOEM) and installed in federal U.S. waters (Musial et al. 2019). Lee and Zhao (2020) revealed 

that the level of offshore wind development activity in the US market remains impressively high. 

As of the end of 2019, BOEM has auctioned 16 active commercial leases for offshore wind 

development that are expected to produce about 23 GW of generating capacity (AWEA 2020). On 

the state level, Figure 2-2 shows locations of U.S. offshore wind pipeline activity and call areas as 

of March 2019. Musial et al. (2019) revealed that the East Coast cluster consisting of Maine, 

Connecticut, Massachusetts, New York, New Jersey, Delaware, Maryland, Virginia, and North 

Carolina is driving strong demand for offshore wind energy with the total announced offshore 

procurement targets reaching 28 GW as of 2019. As for the West coast, California passed Senate 

Bill 100 (i.e., The 100 Percent Clean Energy Act of 2018), making it the largest state to establish 

a 100% electrical renewable energy goal, and setting a carbon-free target year of 2045 (Musial et 

al. 2019). In 2019, BOEM received 14 nominations from companies interested in commercial wind 

energy leases within three proposed call areas off central and northern California (BOEM 2021b). 

Altogether, these three call areas could support an offshore wind generating capacity of up to 8.4 

GW (AWEA 2020). Full details about the current and future potential growth of offshore wind in 

the U.S. market are provided by (Musial et al. 2019). 

Thanks to recent developments and expansion in offshore wind industry, the cost of 

electricity generated by offshore wind has experienced a rapid decline. IRENA (2019) and Musial 

et al. (2019) showed that the average cost of electricity generated from offshore wind dropped 

from about 255 USD per Megawatt-hour (MWh) in 2012 to about 85 USD per MWh in 2021, and 

it is expected to reach about 58 USD per MWh by 2025. 
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2.3 Foundations for offshore wind turbines 

Among the expenses comes cost of the support structure. For offshore wind plants in 

shallow water (up to 30-meter water depth), support structures represent about 20-30% of the 

capital and 12-25% of the life-cycle expenses (Musial and Ram 2010, Versteijlen et al. 2011) . 

Wang et al. (2018) revealed that the foundation installation costs about 60% of the total for 

offshore wind plants. Therefore, an easy to install support system that is also cost-efficient is 

preferred by the offshore wind industry. 

Type of support structure for an OWT depends mainly on water depth, soil stratigraphy, 

wind turbine size, and economic, environmental, and sometimes political policies (Houlsby and 

Byrne 2000) . The main types of foundations used with OWTs installed in relatively shallow waters 

(water depth between 0 to 50 m) are sketched in Figure 2-3. Monopiles and gravity foundations 

are the most used type of support structures for the majority of wind turbines in shallow water. A 

brief description of each type follows: 

• Gravity-based foundations are designed to have sufficient dead load (i.e., weight) to 

prevent the foundation from potential uplift, excessive tilting and sliding, while ensuring 

that the total vertical stresses are within the allowable soil bearing capacity. The gravity 

dead load is typically provided by a large mass of reinforced concrete. 

• Monopiles are the second most widely used foundation type for OWTs after gravity base. 

A monopile typically is a large diameter hollow steel pile installed in the seabed. The 

monopile diameter varies depending on soil type and stiffness requirements of the wind 

turbine. However, it is usually equal to or slightly larger than the lowermost diameter of 

the wind turbine tower (Liingaard 2006). Lateral inertial and external forces resulting from 
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a wind turbine and its tower are resisted by lateral soil earth pressure on the monopile, 

while vertical load components are mainly resisted by side friction along the monopile 

embedment depth. Depending on water depth, local soil conditions, and rated capacity of 

the OWT, design length of the monopile can range between 20 and 60 m, with about 50% 

of the length embedded in the seabed (Liingaard 2006). Monopiles are manufactured 

onshore then transported to their designated locations where they are usually installed as 

driven piles via hydraulic or vibratory hammers (Leite 2015).  

• Tripod foundation can be considered as the extension of monopiles, where three monopiles 

are driven in the seabed instead of one. The main design criterion for pile of tripod 

foundations is usually axial bearing capacity rather than lateral resistance (Liingaard 2006). 

• Bucket foundation has been recently used for offshore wind applications, mainly adopted 

from the offshore oil and gas industry (Houlsby et al. 2005). Description and use of bucket 

foundation for OWTs are detailed in the following section. 

As the rated capacity and size of OWTs rapidly increase, the demand for more economic, 

reliable, and robust supporting structures increases. The next generation of turbines promises 

larger rotors and lower specific power ratings suited for U.S. offshore markets. Specific examples 

of next generation turbines (Jiang 2021) include the 14 MW Siemens Gamesa SG 14-222 DD, the 

Vestas V236-15 MW and the GE Haliade-X 14 MW turbines.  

2.4 Use of Bucket foundation for offshore wind applications 

Bucket foundation is a hollow cylindrical shaped structure that is closed from the top by a 

flat lid and open from the bottom. Figure 2-4.a shows schematic of an offshore bucket foundation-
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supported wind turbine with the main components illustrated. Bucket foundation can have 

compartments inside formed by a honeycomb shape (Wang et al. 2017a) as shown in Figure 2-4.b.  

Houlsby et al. (2005) considered the bucket foundation, being a relatively new type of 

foundation used for offshore structures for about 30 years. It was initially introduced as anchors, 

mainly in clay, and has been used as foundations for offshore platforms. Houlsby and Byrne (2000) 

revealed that bucket foundation is an economically attractive alternative for offshore wind farms. 

Moreover, Byrne et al. (2002) reported that loading regimes for OWTs are different in several 

aspects from those of offshore platforms for the oil and gas industry. As such, the existing design 

criteria for offshore platforms cannot be used directly for OWTs. Foglia and Ibsen (2014a) 

emphasized that more research should be directed to the behavior of mono bucket foundations 

under predominant overturning loads and dynamic soil structure interaction.  

Currently, bucket foundation is considered to be an efficient alternative for OWTs, which 

can conceptually cover ranges of water depths of up to 30 m (Houlsby et al. 2005, Byrne and 

Houlsby 2006, Zhang et al. 2015). The latter studies pointed out that bucket foundation is 

preferable for installation in medium stiff clays and fine to medium sands. Moreover, it is not 

suitable for subsurface conditions with cobbles, boulders, coarse gravel layers or soft soils. Finally, 

bucket foundations have less negative acoustic effects than monopiles due to the lower noise 

inducing activities during installation (BOEM 2021a). 

The first bucket foundation was installed in Frederikshavn, Denmark in late 2003, with a 

3 MW wind turbine prototype in normal operation (Ibsen and Brincker 2004). Furthermore, In 

March 2009, DONG Energy successfully installed a prototype of a monopod bucket foundation at 

the Horns Rev 2 Offshore Wind Farm, Denmark (Bakmar et al. 2009). Ding et al. (2011) reported 
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that the first OWT with large-scale top-bearing bucket foundation has been installed in China in 

2010. Table 2-1 summarizes some information about offshore wind projects that utilize bucket 

foundations. Few offshore wind farms employed multiple buckets (i.e., bucket jacket foundations) 

with diameters and lengths between 7 m and 11 m in water depths between 19 m and 45 m (BOEM 

2021a). 

Recent research on bucket foundations showed that it is a promising solution as supporting 

structure for OWTs (Houlsby et al. 2005, Achmus et al. 2013, Foglia and Ibsen 2014a). Byrne et 

al. (2002) claimed that the installation method of bucket foundation (by suction) is cheaper, 

simpler and quicker than other types of foundations. In addition, they illustrated that bucket 

foundations can be removed completely from the seabed by the end of lifetime of the wind turbine. 

As such, the relatively lightweight and easy transportation as well as installation convenience of 

the bucket foundation makes it an economic alternative as support structure for OWTs (Wang et 

al. 2017b). 

Experimental work has been conducted to investigate the vertical, lateral and combined 

loading capacity of bucket foundations (Villalobos et al. 2005, Zhang et al. 2007, El Wakil 2010, 

Villalobos et al. 2010, Hung and Kim 2012, El Wakil 2013, Li et al. 2014, Li et al. 2015, Chen et 

al. 2016, Wang et al. 2017a), and under cyclic loading (Foglia and Ibsen 2014b, Nielsen 2016, 

Fugro 2020). Houlsby et al. (2006) conducted lateral cyclic quasi-static and dynamic loading on a 

bucket foundation installed in sand and reported adequate stiff response under low amplitude 

cycles with gradual loss of stiffness at larger amplitudes. This study showed that bucket 

foundations installed in sand can generate a considerable ultimate tensile resistance. Moreover, it 

revealed that use of bucket foundations in dense sand can result in about 40% cost reduction 

compared to installation in soft clay. 
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Few researchers investigated the performance of bucket foundations under seismic loading 

numerically (Kourkoulis et al. 2014, Zafeirakos and Gerolymos 2014, Athanasiu et al. 2015), and 

experimentally by means of dynamic centrifuge modeling (Yu et al. 2014, Choo et al. 2015, Wang 

et al. 2015, Wang et al. 2017a, b), 1-g shake table testing (Yamazaki et al. 2003) or filed 

investigations (Houlsby and Byrne 2000, Houlsby et al. 2005, Houlsby et al. 2006). A review of 

recent advancements in bucket foundation research was reported by (Wang et al. 2018). Most of 

the focus in the reported studies was placed on performance of the bucket foundation in terms of 

rotation and settlement under lateral and cyclic loading. 

As mentioned earlier, the U.S. offshore wind market is growing rapidly with many plants 

(Figure 2-2) moving from the planning phase to design and construction. Musial et al. (2017) 

reported water depths for various offshore wind projects in the U.S., as illustrated in Figure 2-5. It 

can be noted that majority of the U.S. offshore wind plants are located in zones with water depth 

less than 45 m, especially on the East Coast (Figure 2-6). As such, bucket foundation appears to 

be a promising and competitive, to be used in many of the U.S. offshore wind plants. 

Figure 2-7 presents the 2018 Modified Mercalli Intensity (MMI) hazard map of the U.S. 

showing estimates of earthquake shaking in terms of 50% probability of exceedance in 50 years 

(Petersen et al. 2020). It may be noted that the U.S. East Coast offshore wind cluster lies in a zone 

of moderate to medium hazard, while locations of offshore wind plants off the California coast are 

located in a high hazard zone. Therefore, it is critical to consider seismic hazard in design of all 

offshore wind plants at the United States. 

The research presented in this dissertation aims to investigate the seismic response of 

bucket foundations for offshore wind applications. As such, a scaled model of a wind turbine with 
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bucket foundation was tested in a saturated medium-dense sand stratum. Testing was conducted 

on a 1-g shaking table using a laminar soil container. The shake table was used to generate 

harmonic and earthquake-like excitations and different types of model responses were recorded. 

Harmonic excitations and scaled earthquake records were used to conduct a total of 18 shake table 

tests. Results of shake table tests were used to shed light on a number of main response 

characteristics of the bucket foundation-supported wind turbine model. In addition, the collected 

data were used to calibrate a three-dimensional finite element model with soil-structure interaction 

effects that was further used to investigate seismic response of a utility scale 3.45 MW OWT. 
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Table 2-1: Offshore wind projects with bucket foundations (After BOEM 2021a) 

Project Country 
Water 

Depth(m) 

Bucket 

Diameter(m) 

Skirt 

length(m) 

Qidong City (nearshore test facility) China 15 30 7.2 

Xiangshui China 8-12 30 12 

Frederikshavn Denmark 1-4 12 6 

Horns Rev 2 Denmark 9-17 12 6 

Wilhelmshaven Germany 18 16 15 

Dogger Bank UK 18 14 8 

East Anglia One North (design stage) UK 33-59 25-35 - 
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Figure 2-1: Average wind speed on the coastal zone of the United States (from 

https://www.energy.gov/eere/articles/computing-america-s-offshore-wind-energy-potential) 

  

https://www.energy.gov/eere/articles/computing-america-s-offshore-wind-energy-potential


 

23 

 

 

Figure 2-2: Locations of U.S. offshore wind pipeline activity and call area as of March 2019 

(After Musial et al. 2017) 
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Figure 2-3: Types of OWT foundations at relatively shallow waters (up to 50 m) 
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(a) (b) 

Figure 2-4: Schematic of a) offshore bucket foundation-supported wind turbine and b) bucket 

foundation with inner compartments 
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Figure 2-5: Water depths for various offshore wind plants in the U.S. (After Musial et al. 2019) 
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Figure 2-6: Enlarged view for location and water depth of U.S. East Coast offshore wind pipeline 

activity and call areas as of March 2019 (After Musial et al. 2019) 
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Figure 2-7: The 2018 Modified Mercalli Intensity (MMI) hazard maps of the conterminous 

United States showing estimates of earthquake shaking in terms of 2% probability of exceedance 

in 50 years (After Petersen et al. 2020) 
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Chapter 3  

1-g shake table testing of bucket foundation wind 

turbine: Model preparation, experimental procedures, 

and data processing 

 A problem well-stated is a problem half-solved. 

 – Charles Kettering 

 

3.1 Introduction 

This chapter presents a description of model preparation for shake table testing and 

includes full details about the bucket foundation wind turbine model, from Computer-Aided 

Design (CAD) modeling to manufacturing. Also included, are results of modal testing that was 

conducted to document the fundamental frequency of the bucket foundation-supported wind 

turbine model. Further details about the employed sand and the testing facility are presented as 

well. In addition, the data processing approaches are described. 

3.2 Shake table test facility 

The experimental work in this study was conducted at the Powell Laboratory uniaxial shake 

table facility, located at the University of California San Diego (UCSD). The shake table platform 
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has dimensions of 4.9 m by 3.1 m, with a real-time three-variable digital controller. A maximum 

nominal shaking force of 490 kN (110 kips) can be imparted by the shake table actuator. The table 

platform can hold models that weigh up to 350 kN (80 kips). Maximum table displacement is ±150 

mm with a maximum nominal operating frequency of 20 Hz. Performance and construction of this 

Powell laboratory shake table are detailed in Magenes (1989b), and Trautner et al. (2018). 

A laminar container with internal dimensions of 3.9 m x 1.8 m x 1.8 m (L x W x H) was 

constructed at UCSD using 28 structural steel frames arranged in stacks (Ashford and 

Jakrapiyanun 2001). The laminar container was designed to be used with dry and saturated soil 

models and is built to exhibit minimal lateral boundary effects; simulating a 1D shear stress-strain 

wave propagation state (Chang and Hutchinson 2012, Chang and Hutchinson 2013, Ebeido et al. 

2018b). Figure 3-1 shows the laminar container attached to the shake table, with the bucket 

foundation wind turbine model placed inside. 

3.3 Soil stratum model 

Ottawa F-65 sand (Table 3-1) was used to prepare the soil model. A 60 MIL thick Ethylene 

Propylene Diene Monomer (EPDM) rubber liner was placed to hold soil and water inside the 

laminar container (Figure 3-2-a). The tested soil model consisted of one saturated medium dense 

sand layer. Building the medium dense 1.5 m sand model (Figure 3-7) was accomplished in 6 lifts. 

To ensure uniformity of the soil model, each lift was pluviated inside the container as shown in 

Figure 3-2-b. Thereafter, each lift, of about 0.25 m in thickness, was compacted using a plate 

compactor (Figure 3-2-c). 

By monitoring weight of each sand batch being placed inside the container and knowing 

volume of the sand layer, average relative density (Dr) was estimated to be about 80%. The Dr was 
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later estimated as well via sand cone testing as shown in Figure 3-2-d. After construction, the 

whole sand layer was saturated with water carefully dripped into the container by means of Poly-

Vinyl Chloride (PVC) pipes and hoses. The final water table was at 5 cm above the soil top surface 

(Figure 3-3). Table 3-2 summarizes properties of the sand stratum. 

3.4 Bucket foundation wind turbine model 

The tested model represents a scaled prototype of a 3.5-Megawatt (MW) wind turbine. 

Following type III of similitude for shaking table tests on soil-structure-fluid models in a 1-g 

gravitational field (Iai and Sugano 1999), a scaled model of the wind turbine with bucket 

foundation was designed using a scaling factor of 1:32. Figure 3-4 presents the Computer-Aided 

Design (CAD) drawings used for model manufacturing. A three-dimensional view of the CAD 

model and image of the model after manufacturing are shown in Figure 3-5-a and Figure 3-5-b, 

respectively. 

Table 3-3 presents the main properties of the bucket foundation wind turbine prototype and 

of the corresponding scaled model. The model total tower height is 3.4 m and the top mass is 50 

kg. All the components of the prototype tower head (nacelle, hub, rotor, blades) are simply 

represented by a lumped mass at the model tower top. For the scaled model, the top tower mass 

was back calculated to achieve the target fundamental frequency of the model. Aluminum material 

was used to manufacture the model, while the top lumped mass was made of steel.  

The bucket foundation skirt is designed to be 0.25 m in length L and 0.5 m in diameter d, 

in order to keep the same L/d ratio of 0.5 for both the prototype and the model. Dimensions of the 

laminar soil container were considered while designing the test model to minimize boundary 

effects. The bucket foundation was designed with a total of six inner compartments as shown in 
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Figure 3-5-c (Wang et al. 2017a). For installation purposes, a total of six openings were included 

in the top lid plate, with one opening in each compartment (Figure 3-5). 

To install the model in saturated soil inside the laminar container, the bucket and the 

connected shaft were lifted by means of an overhead crane (Figure 3-6-a). Thereafter, the bucket 

foundation was left to sink in the saturated soil under its own weight until refusal (Figure 3-6-b). 

At this point, hoses were connected to openings in the top lid plate, and suction pressure was 

applied using a vacuum pump to drain the trapped water between the bucket skirt and the topsoil 

surface, until the bucket was fully driven into the saturated sand (Figure 3-6-c). Full contact was 

assured between bucket lid and soil by visually inspecting the suction openings after de-attachment 

of the hoses (Figure 3-6.d). 

3.5 Instrumentation 

Figure 3-7 presents the configuration and dimensions of the tested 1.5 m high soil stratum 

with bucket foundation model installed, as well as instrumentation types and locations. Three 

instrumentation arrays were installed inside the laminar container while building the model. The 

north (i.e., leftmost) and south (i.e., rightmost) arrays represented far field arrays, and each had 4 

pairs of accelerometers (A#) and pore pressure (PP#) transducers, while the middle array, below 

the bucket foundation, had 3 pairs of accelerometers and PP transducers. Just after building the 

model, PP06 malfunctioned, and it did not work in all tests. Special care was exercised in the 

vicinity of the deployed sensors hung inside the soil container by means of geogrid strips (Figure 

3-2-d) to avoid potential damage to the instrumentation and/or the cables. 

In order to monitor pore pressure response around the bucket, fourteen small-size pore 

pressure (PP#) transducers were deployed to measure excess pore water pressure inside and outside 
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the bucket foundation during shaking. Seven PP transducers were installed at the north (i.e., front) 

side of the bucket, and the other seven PP transducers were installed at the south side. Figure 3-8 

demonstrates locations of the deployed pore pressure transducers around the bucket. Installing the 

latter transducers was possible by means of stainless-steel tubes that were fixed from the inside 

and outside of the bucket (Figure 3-5-c and Figure 3-5-d). 

Four linear potentiometers (LP#) were connected to the tower and the top mass to measure 

lateral displacements. In addition to the linear potentiometers, a total of six accelerometers were 

attached to the tower and top mass to monitor lateral vibration. Moreover, six linear variable 

differential transducers (LVDT#) were installed to measure settlement of the soil surface near the 

bucket foundation and in the far field. In addition, two more LVDTs were installed on the bucket 

foundation top lid to record vertical displacement at its two edges (i.e., north edge and south edge) 

as shown in Figure 3-9. 

3.6 Test motions 

Eighteen shake table tests were conducted. The model was excited by two white noise 

motions (i.e., WN1 and WN2) to characterize the system dynamic properties in terms of 

fundamental frequency of the soil model and the soil-foundation-structure system, as well as shear 

wave velocity of the soil stratum. In addition to white noise, two types of motions were used as 

input excitation for the shake table: harmonic motions and scaled earthquake motions. Details of 

excitation frequency and amplitude of harmonic and white noise motions as well as Peak 

acceleration scale factor of earthquake motions are summarized in Table 3-4. 
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3.7 Data processing 

Measured displacements and strains are used to calculate resultant bending moment and 

rotation at top surface center point of the bucket foundation model. Lateral forces acting on the 

bucket foundation model are calculated via summing lateral forces along the tower as follows: 

 i ilateral bucket
i

F a m
−

=   (3.1) 

where 
ia  is acceleration at location i along the tower, and 

im  is lumped mass at location i. 

Lateral displacement of the bucket foundation relative to the surrounding soil is calculated 

by double integrating acceleration records of A07 and A25 to get total displacements at these two 

locations. The integrated displacement from A07 may be considered to represent lateral soil 

displacement while the integrated displacement at A25 (top of the bucket foundation) represents 

lateral displacement of the bucket foundation. Subtracting the two displacements results in lateral 

displacement of the bucket foundation relative to the surrounding soil. Figure 3-10-a shows a 

schematic of this process illustrating the calculation of lateral force and lateral relative 

displacement of the bucket foundation. 

In test H10 (Table 3-4), strain gauges at the tower base (SG005) malfunctioned and did not 

record any data. Thus, bending moment at tower base baseM  (at location of SG005) was calculated 

using acceleration data as follows: 

 
( )base ii i i ilateral

i

dM F a m z= =   (3.2) 

where iz  is the vertical distance between lateral force iF  and location of SG005. 



 

35 

Moreover, instrumentation LVDT13 and LVDT14 reached their maximum stroke during 

shaking in test T3 (Table 3-4). As a result, rotation of bucket foundation was not possible to be 

inferred from these transducers. Alternatively, rotation was calculated from strain data combined 

with tower lateral displacement data. Figure 3-10-b shows schematic of total lateral displacement 

T  which consists of i) elastic deformation component 
e , and ii) rigid body rotation component 

of tower displacement 
r , such that: 

 T e r  = +  (3.3) 

where 
T  is measured at different location along the tower height via linear potentiometers 

transducers (LP#) previously presented in Figure 3-7. Rearranging (3.3), the rigid body rotation 

deformation component r  can be calculated as: 

 r T e  = −   (3.4) 

with elastic deformation component e  calculated from strain data as follows: 

 2

e

tower

dz
r


 =   (3.5) 

where   is the strain measured along the tower axis (i.e., z direction), and towerr  is radius of tower 

section. Thus, the elastic component e  and subsequently the rigid body rotation component r  

can be calculated at different elevations along the tower. As such, tower rigid body location can 

be calculated using r  at two locations along the height. Rigid body rotation of the tower may be 

assumed equal to bucket foundation rotation, since the connection between bucket foundation and 

wind turbine tower is designed and manufactured to be practically rigid. 
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3.8 Modal testing and system identification 

3.8.1 Fixed base configuration of the test model 

Aiming to confirm the fundamental frequency of bucket foundation wind turbine model 

(with fixed-base configuration) prior to placing it in the laminar soil container, the model was 

rigidly attached to the concrete floor of the testing facility by means of lateral steel beams as shown 

in Figure 3-11. Thereafter, the model was excited by a hammer hit near the base and the recorded 

accelerations were used to estimate the fundamental frequency of this fixed-base model. 

The transfer function ( )H f  between an input signal ( )x t  and an output signal ( )y t  for a 

linear system can be defined as (Lutes and Sarkani 2004):  

 ( )
( )

( )
H

Y f
f

X f
=   (3.6) 

where ( )X f  and ( )Y f  are Fourier transform of the input and output signals, respectively. 

Time histories and Fourier transforms of the recorded tower accelerations are presented in Figure 

3-12. A transfer function between A30 (output) and A25 (input) was estimated as shown in Figure 

3-13. The maximum amplification is observed to occur at a frequency of about 1.57 Hz which is 

in good agreement with the design fundamental frequency for fixed-base model of 1.6 Hz 

(previously summarized in Table 3-3). 

3.8.2 Soil-structure interaction effects 

In order to characterize dynamic properties of the test model in terms of fundamental 

frequencies of soil model and soil-foundation-structure system, as well as shear wave velocity of 
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soil stratum, the test model was excited by two white noise motions (i.e., WN1 and WN2). Test 

WN1 was conducted as the first shake table test after building the test model, while test WN2 was 

conducted after test H8. In both white noise tests, the test model was excited using acceleration 

amplitude of about 0.03g (in RMS sense) with frequency range between 0.1 and 30 Hz. The low 

amplitude of 0.03g (in root mean square sense) was selected to ensure low-strain conditions and 

the system can be assumed to remain essentially in the linear elastic range. 

Using results of white noise shaking, fundamental frequency of soil stratum can be 

estimated using Fourier transform of uppermost and lowermost acceleration records within the soil 

stratum. Knowing fundamental frequency 
sf  of soil stratum, an crude estimate for shear wave 

velocity 
sV  can be calculated using (Dobry et al. 1976): 

 
4

4s
s s s

s

H
V H f

T
= =   (3.7) 

where sH  is height of soil stratum (i.e., distance between two accelerometers) and sT  is 

fundamental period of soil stratum ( 1
s sT f= ). 

The above procedures are implemented in the following chapter using data from different 

shake table tests to evaluate fundamental frequency of the soil stratum, and soil-foundation-

structure model. Moreover, an estimate for average soil Vs is evaluated using (3.7), knowing the 

fundamental frequency of the soil stratum. The following subsections highlight main findings from 

test WN1 and WN2. Full results of both tests are presented in APPENDIX A. 
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3.8.2.1.1 Test WN1 

No appreciable increase in the pore water pressure was observed either in the soil arrays or 

around the bucket foundation, with excess pore pressure (EPP) ratio 
ur  (defined as recorded excess 

pore water pressure 
eu  divided by initial effective vertical stress '

vo ) less than 0.1. The recorded 

lateral displacements along the laminar soil container were found to be quite low as well (i.e., less 

than 1 mm).  

Figure 3-14 shows time histories of the north and south accelerometer arrays during the 

test, while Figure 3-15 shows the corresponding frequency spectra. The two arrays show consistent 

recorded accelerations, except A15 that shows lower amplitude compared to A07. The frequency 

spectra presented in Figure 3-15 show consistent observations with the recorded accelerations. It 

may be noticed that the largest acceleration amplification in the soil model occurs at frequencies 

between 6 and 8 Hz. Figure 3-16 shows a transfer function between the topmost and bottom soil 

accelerations estimated using (3.6). From Figure 3-16, it can be observed that the most significant 

amplification for both arrays occurs at about 8 Hz, which can be considered as the fundamental 

frequency sf  of the soil model. Soil shear wave velocity sV  is then calculated using (3.7) and 

found to be about 48 m/s. 

Zayed et al. (2020) developed a new approach to track the changes in sV  during seismic 

excitation. This approach is implemented with the north array recorded accelerations and the 

evolution of sV  with time during test WN 1 is presented in Figure 3-17. The resulting sV  fluctuates 

between 38 and 52 m/s with an average of about 48 m/s, which is in a good agreement with the 

estimated sV  using (3.7) (i.e., 48 m/s). 



 

39 

Propagation of accelerations along the tower height is presented in Figure 3-18 with the 

corresponding frequency spectra. The tower base acceleration A25 (i.e., bottom plot in Figure 

3-18) shows a consistent frequency spectrum with soil top accelerations A08 and A16. Maximum 

tower acceleration at the tower top was about 0.12g. A change in the frequency content along the 

tower height can be observed where the tower acted as a low-pass filter and the high-frequencies 

were filtered out in the top part of the tower. The fundamental frequency of the soil-foundation-

structure system can be estimated using (3.6) treating A08 (i.e., soil acceleration near the bucket 

foundation) as the system input and A30 (i.e., tower top) as the system output. The normalized 

transfer function of the soil-foundation-structure system is shown in Figure 3-19, where it can be 

noticed that the maximum amplification occurs at about 1.4 Hz. As such, the soil-foundation-

structure system has a fundamental frequency that is 10% less than the frequency of the fixed-base 

configuration for the same structure (1.4 Hz vs. 1.57 Hz), which illustrates how the system 

becomes more flexible when accounting for soil-structure interaction effects. 

3.8.2.1.2 Test WN2 

After conducting tests H1 through H8, a second white noise test was run to assess any 

changes in the dynamic properties of the test model. Test WN2 used the same shake table input 

motion used in test WN1 as a broadband excitation to examine any changes in the fundamental 

frequency of soil stratum and the soil-bucket-wind turbine system, as well as any changes in soil 

sV  that might have occurred after exposing the test model to few shaking events. Figure 3-22 

presents a normalized transfer function between lowermost (as input) and uppermost (as output) 

acceleration records for both far field arrays in the soil stratum. The largest amplitude can be 

observed between 7 and 9 Hz for both arrays, with mean value of about 8 Hz. Comparing the latter 
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plot with the similar plot of test WN1 in Figure 3-16, it can be concluded that the fundamental 

frequency of soil stratum did not experience significant change and it is essentially the same. 

Moreover, 
sV  was tracked during shaking (Zayed et al. 2020) as show in Figure 3-23, 

where 
sV  ranged between 36 and 50 m/s with an average value of about 44 m/s. The latter value 

of 
sV  is still in good agreement with 

sV  measured in test WN1 (Figure 3-17). Figure 3-25 illustrates 

the transfer function between the acceleration record of A08 (i.e., soil acceleration near the bucket 

foundation as an input) and the uppermost acceleration record of the wind turbine tower (A30). 

Response can be noticed to be amplified at a frequency of about 1.4 Hz, which is similar to that of 

test WN01. Thus, fundamental frequency of the soil-bucket-wind turbine system did not change 

after it was exposed to shaking events of tests H1 through H8. 
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Table 3-1: Geotechnical properties of F-65 Ottawa sand (After Bastidas 2016a) 

Property Description 

Mineralogy Quartz, 99.7% 

Grain shape Rounded 

Specific gravity, Gs 2.65 

Coefficient of uniformity (Cu) 1.63 

D30 (mm) 0.17 

D50 (mm) 0.2 

D60 (mm) 0.22 

Coefficient of curvature (Cc) 0.97 

Maximum and minimum voids ratio emax, emin 0.83, 0.51 

Minimum and maximum mass density ρmin, ρmax (kg/m3) 1440, 1760 
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Table 3-2: Properties of sand stratum for the shake table test 

Property Soil model 

Water/soil condition Saturated 

Thickness (m) 1.45 

Bulk unit weight γbulk (kg/m3) 1,780 

Dry unit weight γdry (kg/m3) 1,685 

Overall relative density Dr (%) 80 
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Table 3-3: Properties of the prototype and the scaled model 

Quantity Unit 
Full scale 

(Prototype) 

Scaled model 

(Type III) 

Rotor, Nacelle Assembly mass* (mRNA) kg 195,000 50 

Tower height m 66.5 2.1 

Tower diameter (top/bottom) m 3.26 / 4.5 7.6 

Tower wall thickness (top/bottom) cm 1.6 / 3 0.3 

Tower mass kg 150,000 3.9 

Tower discretization (beam-column elements) - 20 21 

Shaft height m 40 1.3 

Shaft diameter (top/bottom) m 4.5 / 5.5 8.9 

Shaft wall thickness cm 4 / 5.8 0.55 

Shaft mass kg 235,000 4.95 

Shaft discretization (beam-column elements) - 12 13 

Bucket diameter (d) m 12 0.5 

Bucket lid average thickness cm 8 1.3 

Skirt length (L) m 8 0.25 

Skirt wall average thickness cm 8 0.3 

Tower, shaft and bucket material - Steel Aluminum 

Young’s modulus of tower, shaft and bucket GPa 200 72 

Mass density of tower, shaft and bucket kg/m3 7,850 2,650 

Fundamental frequency** Hz 0.29 1.6 

* RNA mass is calculated to have model fundamental frequency of 1.6 Hz 
** Fundamental frequency is for the fixed base condition of the prototype and the scaled model   
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Table 3-4: Description of shake table test motions 

# Event type Test 
Shake table motion description 

Test I.D.*** Frequency (Hz) Amplitude (g) 

1 White noise WN1 0.1-30** 0.03 (RMS*) D1RI 

2 

Harmonic 

H1 4 0.05 D1R02 

3 H2 1.4 0.05 D2R01 

4 H3 4 0.1 D1R03 

5 H4 3 0.1 D1R05 

6 H5 1.2 0.1 D2R02 

7 H6 4 0.2 D1R04 

8 H7 3 0.2 D1R06 

9 H8 1.4 0.2 D2R03 

10 White noise WN2 0.1-30** 0.03 (RMS*) D1RII 

11 
Harmonic 

H9 1 0.3 D2R05 

12 H10 1 0.3 D2R06 

13 Scaled 

earthquake 

record 

T1 1995 Kobi earthquake 

(Takatori station) 

Peak acceleration scaled to: 

25% D1R09 

14 T2 50% D1R12 

15 T3 75% D1R13 

16 Scaled 

earthquake 

record 

N1 1994 Northridge earthquake 

(14145 Mulholland Dr. station)  

Peak acceleration scaled to: 

25% D1R07 

17 N2 50% D1R08 

18 N3 75% D1R10 

* RMS: root mean square 
** Frequency range of the applied white noise 
*** Test I.D. is used for data achieving purposes 
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Figure 3-1: Laminar soil container placed on shake table at the UC San Diego Powell Laboratory 
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(a) (b) 

  

(c) (d) 

Figure 3-2: Illustrative images showing a) placement of the EPDM liner inside the laminar soil 

container, b) dry pluviation of sand inside the laminar container, c) compaction of the soil inside 

the container, d) sand cone test for determination of sand relative density   
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(a) (b) 

Figure 3-3: Top view of the laminar soil container: a) before, and b) after saturating the sand 

stratum  
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Figure 3-4: Bucket foundation wind turbine CAD drawing and details for manufacturing 
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(a) (b) 

  
(c) (d) 

Figure 3-5: Illustrative images showing a) 3-dimensional CAD model of the scaled bucket 

foundation with wind turbine, b) model after fabrication, a) bottom view of bucket foundation 

with honeycomb shaped compartments showing pore pressure transducers installed inside the 

bucket, b) pore pressure transducers installed outside the bucket foundation, b) side view of 

bucket foundation  



 

51 

  

(a) (b) 

  

(c) (d) 

Figure 3-6: Illustrative images showing a) placement of bucket foundation inside the laminar soil 

container by overhead crane, b) installation of bucket foundation into saturated sand stratum 

under its own weight, c) driving bucket foundation into saturated sand by suction, and d) de-

attaching suction hoses from bucket foundation after model installation  
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Figure 3-7: Testing configuration and instrumentation layout (dimensions shown in mm)  
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Figure 3-8: Layout of pore pressure transducers (PP#) around the front and bask sides of the 

bucket foundation  
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Figure 3-9: Bucket foundation after being installed in the saturated sand with instrumentation 

attached to it 
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Figure 3-11: View of bucket foundation wind turbine model with fixed-base configuration before 

performing modal analysis for system identification  
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Figure 3-12: Typical time histories and the corresponding Fourier transforms of tower 

accelerations for hammer excitation of the fixed-base bucket foundation model  
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Figure 3-13: Normalized transfer function for fixed-base model (between A25 as input and A30 

as output)  
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Figure 3-14: Time histories of soil accelerations for test WN1  
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Figure 3-15: Frequency spectrum of the recorder soil accelerations for test WN1  
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Figure 3-16: Normalized transfer function between lowermost and uppermost recorded soil 

accelerations for test WN1  
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Figure 3-17: Evolution of sV  with time for test WN1  
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Figure 3-18: Tower acceleration time histories and the corresponding frequency spectra for test 

WN 1  
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Figure 3-19: Normalized transfer function between A08 (i.e., soil near the bucket foundation) 

and A30 (i.e., top of the tower) for test WN1 
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Figure 3-20: Time histories of lateral soil acceleration in north and south arrays for test WN2  
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Figure 3-21: Frequency spectra of lateral soil acceleration in north and south arrays for test WN2  



 

67 

 

Figure 3-22: Transfer function between uppermost and lowermost soil acceleration records for 

test WN2  
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Figure 3-23: Change in soil Vs with time during test WN2  



 

69 

 

Figure 3-24: Time histories of lateral tower acceleration for test WN2  
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Figure 3-25: Transfer function between acceleration records at the tower top (A30) and soil top 

near the bucket foundation (A08) for test WN2 
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Chapter 4  

Shake table testing - Results and discussion  

 Don’t let the perfect be the enemy of the good. 

 – Gretchen Rubin Voltaire 

 

4.1 Introduction 

This chapter primarily presents representative experimental results, highlighting response 

of the soil model, wind turbine bucket foundation, as well as pore pressure (PP#) around the 

bucket. In the context of the collected data, the relations between generation of negative excess 

pore pressure (i.e., suction) and bucket moment and rotation are investigated. In addition, response 

characteristics of the test model in terms of lateral accelerations, vertical displacements, 

overturning moments, and rotations are illustrated. Results of test H5 are presented in detail 

followed by a discussion in which additional findings from tests H2, H8 and H10 are summarized. 

Similar cyclic pore pressure trends were noticed during these tests with peak shaking amplitudes 

of 0.05 g to 0.3 g, and excitation frequency that ranged between 1 Hz and 1.4 Hz (i.e., near or at 

soil-foundation system fundamental frequency). APPENDIX A and APPENDIX B provide 

detailed results of each test.  



 

72 

4.2 Results of test H5 

4.2.1 Shaking event acceleration 

Under displacement-control mode, the shake table was used to generate a 7-second long 

input excitation as shown in Figure 4-1. This motion consisted of 6 cycles with a target 0.1g in 

peak amplitude and 1.2 Hz in frequency. From Figure 4-1, the shake table response can be noticed 

to include some superimposed high frequency components, mainly in the range of about 5 to 8 Hz. 

This high frequency is due to friction in the shake table bearings as discussed by Trautner et al. 

(2018). Similar observation was reported by Brennan et al. (2005) who described such superfluous 

frequencies as higher harmonic components of the main input frequency. The latter study 

concluded that loading applied by a shake table actuator is not necessarily single frequency and 

higher harmonics of the main shaking frequency can exist, that are real loading components and 

not noise. Therefore, presence of this high frequency response influences the outcomes, and should 

not be filtered out.  

4.2.2 Soil response 

Soil acceleration time histories and the corresponding frequency spectra are presented in 

Figure 4-2 and Figure 4-3, respectively. These figures indicate that the soil model shows 

amplification at a frequency of about 7 Hz. Using (3.7), soil average shear wave velocity Vs can 

be estimated as 42 m/s. Using the approach developed by Zayed et al. (2020), Figure 4-4 shows 

that Vs changes between 40 and 50 m/s during shaking, with an overall average of about 47 m/s. 

The latter value is found to be in a good agreement with the Vs estimate of (3.7). 
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Figure 4-5 presents time histories of lateral soil displacement relative to the container base. 

It can be seen that a positive permanent displacement occurred early in the shaking phase, with 

maximum values between 2 and 3 mm near top of the soil stratum (where the bucket foundation 

is located). Figure 4-6 shows excess pore pressure (EPP) ratio 
ur  (defined as recorded excess pore 

water pressure 
eu  divided by initial effective vertical stress 𝜎𝑣𝑜

′ ) with values between -0.1 and 0.1, 

which indicate a relatively small change in pore pressures. 

4.2.3 Tower response 

Lateral acceleration time histories along the wind turbine tower and the corresponding 

frequency spectra are shown in Figure 4-7. It can be noticed that the input excitation frequency is 

maintained in the tower response. From the spectra plots of Figure 4-7, a clear amplification at the 

excitation frequency may be observed along the tower from about 0.07 g at tower base (A25) to 

about 0.24 g at tower top (A30). This amplification can be explained by the fact that the excitation 

frequency (about 1.2 Hz) is near the fundamental frequency of the soil-foundation-structure system 

(about 1.4 Hz). Moreover, acceleration time histories at the tower top (i.e., A29 and A30) show a 

smooth free vibration phase after the shaking stopped. As such, the tower acted as low-pass filter, 

damping out high-frequencies, with response of the lumped mass at the tower top predominantly 

at the main excitation frequency of 1.2 Hz. As presented in Figure 4-8, lateral displacements along 

the tower relative to the foundation base are found to reach as much as 6 mm. Time histories of 

bending moment along the tower as obtained from strain gauges are shown in Figure 4-9. 
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4.2.4 Moment-rotation response of bucket foundation 

Figure 4-10-a presents the vertical displacement time histories of the bucket foundation 

during shaking. A maximum upward and downward displacement of about 4 mm and 2 mm, 

respectively, can be observed, with an average residual downward displacement of about 0.5 mm. 

A clear cyclic rotation behavior can be observed in Figure 4-10-a as the two edges of the bucket 

cycle upward and downward in opposite direction. Using this vertical displacement data, the 

resulting bucket rotation is shown in Figure 4-10-b, which reveals maximum and residual rotations 

of about 0.012 (about 0.7 degrees) and 0.002 radians (about 0.1 degrees), respectively. 

As the tower vibrates (Figure 4-7), it exerts inertial lateral forces along its height that 

accordingly result in overturning moment on the bucket foundation. The extent of overturning 

moment varies with amplitude of the lateral tower accelerations, with much contribution resulting 

from the lumped mass at the tower top. Figure 4-10-c displays bending moment time history at the 

tower base (location of SG005), showing a maximum value of about 0.5 kNm. Since the junction 

between bucket and wind turbine tower is designed with reinforcing stiffeners as a rigid 

connection, bending moment at SG005 (Figure 4-10-c) can be assumed to represent the bucket 

overturning moment. It may be noted that this bucket moment is generally symmetric in amplitudes 

during shaking. The 5 time instants highlighted in Figure 4-10-b and Figure 4-10-c will be useful 

in the following sections to demonstrate various response mechanisms of the bucket foundation. 

Moment-rotation loops of the bucket foundation are shown in Figure 4-11-a, and the 

following observations may be noted: 
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• As the amplitude of lateral tower acceleration increases (Figure 4-7), the lateral inertial 

forces and the resulting overturning moments gradually increase, with the moment-rotation 

loops getting larger in size.  

• First half cycle of the recorded vertical bucket displacement at the beginning of shaking 

(Figure 4-10-a) shows noisy response making the very first part of moment-rotation loops 

somewhat irregular as shown in Figure 4-11-a. Thus, rotational stiffness (defined as 

overturning moment divided by rotation) of the bucket foundation is not accurately 

represented during the first half cycle of shaking. 

• However, it may be observed that the moment-rotation plot generally shows stiffer 

response at lower levels of rotation with less hysteresis. At large rotation amplitudes, the 

cycles can be seen to have a characteristic shape that will be examined closely by isolating 

one cycles in a separate plot. 

As such, the loading cycle between 3.25 and 4 seconds is presented in Figure 4-11-b in 

which the marked points with associated numbers 1 to 5 correspond to the same points previously 

marked in Figure 4-10-b and Figure 4-10-c. Figure 4-12 shows schematics of bucket foundation 

illustrating its rotations for the cycle presented in Figure 4-10 and Figure 4-11. From point 1 to 

point 2, the bucket rotates counterclockwise (sign convention presented in Figure 4-12) from a 

small value of rotation (near horizontal position) to about 0.01 radian (i.e., about 0.6 degrees) with 

the same slope for the most part. Initial stiff unloading behavior may be noted as the bucket rotates 

clockwise from point 2 towards point 3, followed by a more flexible response while the response 

gets stiffer during opposite loading towards point 4. Unloading from point 4 to point 5 shows 

similar initial unloading stiffness followed by more flexible response as the bucket reaches near-

horizontal position at point 5.  
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In addition, vertical average displacement of the bucket is displayed against rotation in 

Figure 4-13. This figure shows that average positive displacement values of the bucket are 

associated with larger rotation amplitudes. 

4.2.5 Pore pressure response inside and outside bucket foundation 

Pore Pressure (PP) transducers installed inside and outside the bucket foundation were used 

to examine the change in 
ur  during shaking. Figure 4-14-a and Figure 4-14-b show 

ur  time 

histories for both north and south sides of the bucket, respectively. A strong dilative response can 

be noticed in all PP sensors (Figure 4-14-a), with the dilation spikes stronger inside bucket inside 

(PP20 and PP21) compared to the outside (PP24 and PP25). It can also be noted that ur  below the 

bucket lid reaches one, as well as within the soil near the bucket tip (PP20). Similar observations 

can be concluded from Figure 4-14-b, indicating matching EPP response at both north and south 

edges of the bucket. 

4.2.5.1 Variation of bucket EPP with bucket rotation 

In order to investigate the contribution of suction (i.e., negative excess pore pressure) inside 

the bucket in resisting overturning moments resulting from lateral inertial forces, the one loop 

presented in Figure 4-11-b is further examined and in light of the ur  values around the bucket. 

Figure 4-15 illustrates how ur  changes with bucket rotation for all PP transducers around the 

bucket. For PP20 (north side inside bucket tip), as the bucket rotates counterclockwise from point 

1 to point 2 (Figure 4-12), ru decreases from about 1.5 to about -0.4, which indicate transition from 

contractive to dilative response during this quarter cycle. On the other side (bucket tip at south 
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side), the south edge of the bucket experiences maximum rotation with PP30 showing one-way 

increase in suction as ru changes from about -0.5 to about -2.2. 

As the bucket rotates back (clockwise) during the half cycle between point 2 and point 3 

(Figure 4-12), 
ur  shows slight contractive response (i.e., slight increase in 

ur ) as the bucket rotation 

is restored from about -0.01 radian to near zero. A stronger dilation can be seen during the 

following quarter cycle between point 3 and point 4 with 
ur  reaching about -1.8. The latter quarter 

cycle (i.e., 3rd quarter between 3 and 4) is the part where the north side of the bucket experiences 

the maximum rotation (Figure 4-12). That explains the suction peak of PP20 at point 4.  

On the south side of the bucket, PP30 shows strong contraction during the 2nd quarter cycle 

(between 2 and 3) as the bucket restores its rotation from about -0.001 to nearly zero, with ur  

changing from about -2.2 at point 2 to about +1.7 at point 3. Thereafter, the bucket continues its 

clockwise rotation for a quarter cycle to point 4 (3rd quarter), with PP30 reverting to dilative 

response and dropping from +1.7 to about zero at point 4. The last quarter cycle from point 4 to 

point 5 represents the bucket restoring its rotation back to near horizontal position (i.e., about zero 

rotation).  

The above discussions indicate that point 2 represents the bucket experiencing its 

maximum rotation counterclockwise while maximum clockwise rotation is represented by point 

4. Same trends can be noticed for all time histories of ur  (Figure 4-15), where all PP records in the 

north side mostly follow PP20 trends, and PP30 leading the trends for all PP in the south side. In 

addition, it can be noted that the largest exceedance of ru = 1 occurs at the inside uppermost and 

lowermost transducers (i.e., PP20 and PP23, as well as PP30 and PP33). 
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4.2.5.2 Variation of bucket EPP with bucket moment 

Additional observations can be drawn when plotting bucket EPP ratios against bucket 

moment for the same cycle, as shown in Figure 4-16. Similar to Figure 4-15, exceedance of 
ur =1 

is noted to occur at the inside uppermost and lowermost PP transducers. The latter two figures 

suggest strong correlation between bucket ur  and bucket moment as well as bucket rotation since 

the maximum suction is noticed to occur at the maximum bending moment and maximum rotation 

(point 2 and point 4 for maximum counterclockwise and clockwise rotation, respectively).  

Full versions of Figure 4-15 and Figure 4-16 for the entire shaking duration are presented 

in Figure 4-17 and Figure 4-18, respectively. Same patterns of the former figures are repeated with 

smaller and larger loops indicating characteristic trends for the relationship between bucket EPP 

and its rotation as well as its moment. 

4.2.5.3 Variation of bucket EPP with bucket vertical displacement 

Figure 4-19 shows the change in ur  with vertical bucket displacement expressed in terms 

of LVDT13 record for PP20 through PP26 (north side) and LVDT14 for PP30 to PP36 (south 

side), for the same cycle between 3.25 and 4 seconds. The latter figure reveals that the dilative 

response (reduction in ur  values) at the north edge (i.e., PP20 and PP24), while the bucket 

experiences maximum counterclockwise rotation at point 2 (Figure 4-12), is associated with 

downward movement (negative value) of that edge (i.e., penetration of north tip into sand). Similar 

reduction in ur  can be observed at PP30 and PP34 as bucket reaches its maximum clockwise 

rotation towards point 4 (Figure 4-12) while south edge penetrates the soil (1 mm 

downward/negative displacement). 
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The above discussion suggests that at maximum rotation one bucket tip moves upward 

while the other moves downward and further penetrates the soil which results in dilation associated 

with lower levels of suction. As such, suction is generated not only at the tip that experiences 

uplift, but also the other tip that encounters downward movement (i.e., penetration) in soil. The 

suction generated at the latter end is noticed to be quite less than the suction generated at the 

uplifting tip. 

Figure 4-20 shows the full version of Figure 4-19 where 
ur  is displayed against vertical 

bucket displacement for the entire shaking duration. Identical trends in Figure 4-20 can be seen at 

both edges of the bucket. In addition, it can be noted that the difference between maximum uplift 

ur  and maximum penetration ur  is largest at the inside bucket tips (i.e., PP20 and PP30) as well as 

outside top PP transducers (i.e., PP26 and PP36). 

4.2.5.4 Relationship between bucket EPP at both sides 

Based on their pore pressure measurements inside bucket foundation during installation, 

Houlsby et al. (2006) revealed there is a strong correlation between excess pore pressures at both 

sides. To investigate the latter observation during seismic excitation, ur  for all PP transducer at 

north edge are plotted against ur  for all PP transducers at south edge for the cycle between 3.25 

and 4 seconds, as presented in Figure 4-21-a and for the entire shaking duration in Figure 4-21-b. 

The latter figures confirm the earlier observation that suction is generated not only at the tip that 

experiences uplift, but also the other tip that experiences downward movement (i.e., penetration) 

into the soil. It can be noted that (Figure 4-21-a) points 2 and 4 of PP20/PP30 (bottom left) plot 

show large suction at the uplifting tip while the penetrating tip shows ur  values near zero, yet it 

experience dilative response as ur  decreases for both PP transducers. As such, the above discussion 



 

80 

suggests that the suction generated at the penetrating end is noticed lower than the suction 

generated at the uplifting tip. 

4.3 Observations from additional tests 

In this section, results from tests H2, H8 and H10 (Table 3-4) are summarized and the 

similarities to test H5 are illustrated.  

Figure 4-22 shows moment-rotation plots for tests H2, H8 and H10 in which the response 

can be seen to be more nonlinear as the amplitude of shaking increase from H2 towards H10 (Table 

3-4). Due to the very low levels of vertical displacement incurred in test H2, a noisy response can 

be observed in the moment-rotation response (Figure 4-22-a), which can be attributed to low signal 

to noise ratio in records of LVDT13 and LVDT14. On the other hand, test H10 (Figure 4-22-c) 

showed a smooth moment-rotation response that has the same characteristics discussed in the 

previous sections for H5. From Figure 4-22-b (test H8), in can be observed that the bucket exhibits 

hardening response towards peak rotation. Similar observation can be seen in Figure 4-22-c of test 

H10. 

Similar to Figure 4-13, concave trends between average of bucket vertical displacement 

and its rotation can be noted in the left column plots of Figure 4-23-a and Figure 4-23-b for tests 

H2 and H8, respectively. On the other hand, Figure 4-23-c of test H10 does not show similar 

concave trend as H2 or H8. The right column plots of Figure 4-23 show the corresponding vertical 

bucket displacement time histories. From these plots, it can be noticed that the bucket exhibits less 

cyclic response vertical displacement (average line) compared to Figure 4-10 of test H5. Test H10 

(Figure 4-23-c) shows larger average one-way upward or uplift movement. Furthermore, north and 

south bucket vertical displacement in H5, H8 and H10 (Figure 4-10 and Figure 4-23) have larger 
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upward (i.e., positive) component than downward (i.e., negative), while it is the opposite in H2. 

The latter observation might be caused by the relatively large level of overturning moment (i.e., 

about 1.1 kNm) resulting from inertial lateral forces compared to about 0.5 kNm in test H5, which 

ultimately resulted in larger peak rotation in test H10 (about 0.05 radian) compared to all tests. 

In addition, it can be noticed that Figure 4-24 of test H2 has similar EPP-moment response 

to that of test H5 previously illustrated in Figure 4-18. However, test H2 shows lower levels of 𝑟𝑢 

and moments compared to test H5. The latter observation matches the fact that H5 is of stronger 

amplitude compared to H2 (0.05 g vs. 0.1 g). On the other hand, Figure 4-25 for test H10 shows 

larger 𝑟𝑢 and moments compared to test H5, while maintaining the same trends of 𝑟𝑢 against bucket 

moment. Figure 4-26-a and Figure 4-26-b describe the relationship between 𝑟𝑢 for all PP transducer 

at north edge against the corresponding 𝑟𝑢 at south edge for tests H2 and H10, respectively. Both 

figures show same trends as in Figure 4-21-b, with the response being of lower amplitude (i.e., 

lower 𝑟𝑢 values) for test H2 and higher (i.e., larger 𝑟𝑢 values) for test H10. 

Moreover, Figure 4-27 illustrates the change in maximum suction level (defined as 

maximum negative value of 𝑟𝑢 among PP20 and PP30 records) with maximum bucket moment as 

well as maximum bucket rotation for the discussed tests. From this figure, it may be noticed that 

the maximum suction level can be approximated to vary linearly with maximum bucket moment 

for the range of investigated results, while it has a more non-linear trend for variation of maximum 

suction level with maximum bucket rotation.  

The discussed results may be considered to represent partially drained conditions for 

bucket foundation where soil permeability is expected to have influence on the bucket foundation 

seismic response as well as the overall system response. The sand used in all tests of this study has 
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a permeability coefficient of about 0.01 cm/second (El Ghoraiby et al. 2020). Data collected from 

shake table tests presented in this study can be valuable for calibration a numerical model that can 

be further used to investigate influence of soil permeability on the system response and to perform 

parametric studies on size and geometry of the bucket foundation. 

4.4 Summary and conclusions 

A set of shake table tests of an idealized offshore wind turbine model with bucket 

foundation in sand is described. Results from four tests are discussed. These tests used harmonic 

input excitation motions that were selected to have main frequency at or near the fundamental 

frequency of the soil-foundation-structure system, with acceleration amplitudes ranging from 0.05 

g to 0.3 g. Special attention was given to install small-size pore pressure transducers around the 

bucket from inside and outside to record pore pressure variation during shaking.  

System response was recorded including far-field and near-field soil acceleration, 

displacement, pore water pressure as well as tower acceleration, displacement, moments and 

rotations. Suction pressure was noted to be generated not only at the uplifting tip of bucket 

foundation but also at the penetrating tip with lower suction levels at the penetrating tip. 

Characteristic trends between moment and bucket EPP records were observed in all tests as well 

as between bucket rotation and bucket EPP. A distinctive butterfly shaped trend was noted between 

bucket EPP generated at the uplifting tip and that generated at the penetrating tip. From the 

obtained data, a generally linear trend was observed between the maximum mobilized suction EPP 

and the maximum bucket moment, within the investigated results.  

The collected data from shake table testing will serve in further chapters as a basis to 

develop a calibrated numerical tool to investigate utility-scale seismic response scenarios. In these 
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simulations, influence of soil permeability is among the primary concerns. As such, a parametric 

study on size and geometry of the bucket foundation is conducted using the calibrated model. 
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Figure 4-1: Acceleration time history and corresponding frequency spectrum of shake table input 

excitation for test H5  
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Figure 4-2: Time histories of lateral soil acceleration along north and south arrays for test H5  
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Figure 4-3: Frequency spectra of lateral soil acceleration along north and south arrays for test H5  
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Figure 4-4: Change in soil Vs with time during test H5  
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Figure 4-5: Time histories of lateral soil displacement relative to laminar container base for H5 
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Figure 4-6: Time histories of soil excess pore pressure for test H5 
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Figure 4-7: Time histories and corresponding frequency spectra of lateral tower accelerations for 

test H5  
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Figure 4-8: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test H5  
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Figure 4-9: Time histories of tower bending moment for test H5  
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a) 

 

b) 

 

c) 

 

Figure 4-10: Time history of a) vertical displacement of bucket foundation, b) rotation of bucket 

foundation, and c) bending moment at tower bottom (i.e., the bucket top) for test H5  
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a) 

 

b) 

 

Figure 4-11: Plot of a) bucket moment vs. bucket rotation for test H5, and b) one loop of bucket 

moment vs. bucket rotation for test H5 (between 3.25 and 4 seconds) 

  

(3) 
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Figure 4-13: Vertical bucket displacement vs. bucket rotation for Test H5 
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a) 

 

b) 

 

c) 

 

Figure 4-22: Plot of bucket moment vs. bucket rotation for a) test H2, b) test H8 and c) test H10  
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a) 

  

b) 

  

c) 

  

Figure 4-23: Average of vertical bucket displacement vs. bucket rotation (left column) and 

vertical bucket displacement time histories (right column) for a) test H2, b) test H8 and c) test 

H10  
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Figure 4-27: Variation of maximum suction level with maximum bucket moment and maximum 

bucket rotation for different tests 
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Chapter 5  

Calibration of finite element model of bucket 

foundation wind turbine 

 All models are wrong, but some are useful. 

 – George Box 

 

5.1 Numerical modelling 

Utilizing the data collected from shake table testing, a three-dimensional (3D) finite 

element (FE) continuum model was developed and calibrated to simulate the dynamic response of 

the tested soil-bucket-structure system. The developed FE framework is further used to investigate 

the seismic response of a utility-scale Offshore Wind Turbine (OWT) idealized model and the 

consequences of strong shaking on the salient characteristics of the resulting structural response.  

5.1.1 Computational framework 

The Open System for Earthquake Engineering Simulation (OpenSEES) framework 

(http://opensees.berkeley.edu) (McKenna et al. 2010) was employed to conduct the nonlinear soil-

bucket-structure system analyses subjected to seismic excitation. OpenSEES is developed by the 

Pacific Earthquake Engineering Research (PEER) Center and is widely used for simulation of 

geotechnical systems and soil-foundation-structure interaction applications (Yang and Elgamal 

http://opensees.berkeley.edu/
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2002, Su et al. 2017, Qiu et al. 2020). The OpenSEES elements and materials used in this FE 

model are briefly described below. 

3D solid-fluid brick elements following the u-p formulation (Chan 1988) were employed 

for simulating the saturated soil and bucket foundation response, where u is displacement of the 

soil skeleton and p is pore-water pressure. Implementation of this u-p element is based on the 

following assumptions: a) small deformation and rotation, b) solid and fluid density remain 

constant in time and space, c) porosity is locally homogenous and constant with time, d) soil grains 

are incompressible and e) soil and fluid phases are accelerated equally. Hence, soil layers 

represented by these fully coupled elements account for deformations and changes in pore-water 

pressure during seismic excitation. The constitutive models (Parra-Colmenares 1996, Yang and 

Elgamal 2002, Elgamal et al. 2003) employed in this study were developed based on the multi-

yield surface plasticity theory. In these models, the shear stress-strain backbone curve is 

represented by the hyperbolic relationship. As such, soil and bucket foundation are simulated by 

the implemented OpenSEES materials (Yang 2000) PressureDependMultiYield02 (PDMY02) and 

PressureIndependMultiYield (PIMY), respectively. Both models have been calibrated in earlier 

studies (Khosravifar et al. 2018) to capture the established guidelines on soil dynamic response 

and liquefaction triggering (Idriss and Boulanger 2008). 

The FE matrix equation of the bucket-soil-structure system is integrated in the time domain 

using a Trapezoidal Rule with the second-order Backward Difference Formula (TRBDF2) 

integrator scheme (Bathe 2007). This integrator attempts to conserve energy and momentum in the 

model. The equation is solved using the modified Newton-Raphson approach with Krylov 

subspace acceleration. A relatively low level of viscous Rayleigh damping was employed to 

supplement energy dissipation from the non-linear hysteresis response and to enhance numerical 
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stability (Su et al. 2017). For that purpose, the mass and stiffness proportional terms were defined 

to provide viscous damping ratio of about 2% at the first structure fundamental frequency (i.e., 

1.56 Hz). The latter damping is in good agreement with the measured values at the fundamental 

frequency of 1.67 Hz for a spinning 65 kW wind turbine reported by Prowell et al. (2014). Other 

researchers have reported a similar value of damping ratio for the first mode of vibration of an 

OWT (Devriendt et al. 2014, Arany et al. 2016). 

The analysis is conducted in a staged fashion as follows: 

1. Gravity was applied to activate the initial static state for the soil domain only with a) 

linear elastic properties (Poisson’s ratio of 0.499), b) nodes on both longitudinal 

boundaries of the model were fixed against transverse translation, c) nodes were fixed 

along the base against vertical translation, and d) water table was specified at the topsoil 

surface. At the end of this stage, the soil static stress state is imposed. 

2. Soil and bucket properties were updated from elastic to plastic according to Table 5-1 and 

Table 5-2. 

3. The elastic beam-column elements of the shaft and tower were added. Thereafter, and 

prior to shaking stage, self-weight of the structure and any additional loads are applied. 

Update permeability of soil and bucket brick elements as per Table 5-1 and Table 5-2 and 

apply shaking acceleration at the model base. 

5.1.2 Soil-Bucket interface 

The 3D brick elements representing the soil are connected to the bucket elements at the 

outer and inner surfaces using zeroLength elements and equalDOF translation constraints. The 

zeroLength elements are employed to connect the soil node and the bucket node in the 3 directions. 
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Figure 5-1-a and Figure 5-1-b show schematics of the zeroLength elements and equalDOF 

configuration used with the two 8-node brick u-p elements representing soil and bucket. The 

interface connectivity was employed at the inner and outer surfaces of the bucket, the bucket tip 

surface as well as the bottom surface of the bucket lid, as illustrated in Figure 5-1-c. Stiffness of 

the zeroLength elements employed in the axial direction is represented by the OpenSEES elastic 

no-tension material (Figure 5-2), while the two tangential directions utilized elastic perfectly 

plastic material (Figure 5-3) to provide yield shear force in each element according to the bucket-

soil interface friction angle and adhesion. As such, the yield shear force is limited by 

( )'

inttan .AF c A = + , where intA  is the surface area of each node on the interface surface, 
Ac  is 

the soil-bucket adhesion,   is the soil-bucket friction angle, and '  is the lateral effective stress 

at the interface node.  

5.1.3 Model configuration and calibration 

A 3D FE mesh is developed to represent the model wind turbine bucket foundation and 

soil configuration tested on the shake table. Due to symmetry, a half mesh is modeled as shown in 

Figure 5-4. The bucket foundation shaft and wind turbine tower are modeled using linear elastic 

beam-column elements. The shaft is rigidly connected to the bucket lid and the diagonal base 

stiffeners at the bucket lid are modeled using elastic-beam elements. Soil and bucket are both 

modeled using 8-node u-p brick elements with the OpenSEES PressureDependMultiYield02 

material assigned to soil elements while PIMY used for bucket elements to represent steel material 

(mainly linear response). Based on the above, the FE mesh for the bucket-soil system was 

generated comprising 7,780 nodes, 6,730 brick elements, 83 beam-column elements, 783 
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zeroLength elements and 552 equalDOF constraints. Both zeroLength elements and equalDOF 

constraints are employed to model the soil-bucket interface (Figure 5-1-c). 

Soil is modeled as a saturated medium-dense sand layer. The water table was prescribed at 

the topsoil surface. Results of the far-field instrumentation arrays were employed to calibrate a 3D 

shear beam model of saturated sand utilizing the OpenSEES PDMY02 constitutive material. The 

values for soil permeability reported by El Ghoraiby et al. (2020) for Ottawa F-65 sand were used. 

Far-field instrumentation records from various shaking events were utilized to calibrate the 

remaining parameters of the PDMY02 soil model. Calibration of contraction and dilation 

parameters was performed through an iterative process with consideration and priorities to capture 

the experimentally interpreted shear stress-strain response. The calibrated PDMY02 parameters 

are listed in Table 5-1. In order to simulate one-dimensional wave propagation in 3D space, 

elements on the model exterior boundary at the same elevation were assumed to have the same 

displacement using the equalDOF constraints. The acceleration time histories recorded at the base 

of the shake table laminar container were applied to the base nodes in the numerical simulations. 

5.2 Experimental and numerical results 

The response of the shear beam model as well as the soil-bucket-structure system was 

numerically simulated in OpenSEES version 2.5.0 and analyzed in terms of excess pore pressures, 

lateral displacements and accelerations of soil, in addition to lateral displacements, accelerations 

and bending moments of the tower as well as rotation of the bucket foundation. The numerical 

results are then compared with the 1-g shake table experimental measurements during different 

shaking events. This section illustrates representative results and comparisons of response 
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characteristics for harmonic shaking events H5, H10 as well as earthquake motions N3 and T3 

(Table 3-4). 

5.2.1 Soil response in the far-field 

Nonlinear site response in the far-field (without the influence of the structure) was 

simulated numerically first using a single soil column subjected to base accelerations recorded in 

the shake table test. The results were compared to the far-field instrumentation arrays 

measurements (e.g., embedded in the soil model halfway between the structure and the laminar 

container boundary), where structure and boundary effects were assumed to be minimal. In 

addition, the system identification technique proposed by (Elgamal et al. 1996a, Elgamal et al. 

1996b) is used to illustrate the corresponding experimental shear stress-strain response within the 

saturated medium-dense sand stratum. For that purpose, displacement sensor records were used to 

obtain both the shear stress and the shear strain time histories. Absolute acceleration was computed 

by double differentiation of the corresponding absolute displacement time history. Thereafter, 

first-order linear interpolation between displacements was adopted to evaluate shear strains. The 

interpolation scheme yields second-order accurate shear stress and strain estimates (Zeghal et al. 

1995) and has been implemented in 1-g shake table testing studies by Zayed et al. (2021). 

5.2.1.1 Harmonic Excitation: H5 and H10 shaking events 

Figure 5-5-a shows acceleration time history of the input excitation for test H5. Moreover, 

a comparison between the numerically computed and the experimentally measured excess pore 

water pressure (Figure 5-5-b), lateral displacement (Figure 5-5-c) and acceleration (Figure 5-5-d) 

time histories is presented at different depths within the saturated sand stratum. It can be noted that 
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the nonlinear simulations are able to reasonably capture the far-field response trends for excess 

pore pressure, lateral soil displacement (Figure 5-5-c), and acceleration (Figure 5-5-d).  

Similarly, the numerical model is able to reasonably capture the experimental response in 

Test H10 as presented in Figure 5-6. However, Figure 5-6-b shows that the strong dilative tendency 

in the excess pore pressure experimental response (i.e., negative spikes) is not well-captured by 

the numerical model. The latter can be explained by the relatively strong shaking amplitude level 

of H10 shaking (i.e., about 0.3g), and the relative density change due to densification from prior 

shaking. The PDMY02 constitutive material does not update the soil properties due to shaking-

induced densification. As such, capturing the dilation spikes and drops in excess pore pressure 

becomes challenging after the initial one or two cycles that might have caused substantial 

densification. In addition, the densification and the associated change of soil properties that occur 

from one shaking to the next can also affect soil and system response. This can be considered as 

one of few possible explanations for the observed difference between numerical and experimental 

results. Similar observations were reported for dense sand strata by Karimi and Dashti (2016). 

These effects might play more significant and substantial role in case of loose sand model. 

However, densification of the modeled medium dense sand stratum that occurs within the same 

shaking or from one test to the next is not considered as significant. For the purpose of this study, 

a single set of material parameters are used to model the medium dense sand stratum in all shaking 

tests. 

Figure 5-7-a and Figure 5-8-a display the numerical and experimental time histories of 

shear stress and strain at depths of about 0.6 m, 0.9 m and 1.2 m along the saturated sand stratum, 

for tests H5 and H10, respectively. Minimal accumulation of shear strain can be noted at the end 

of shaking. Figure 5-7-b and Figure 5-8-b present comparison between the numerical and 
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experimental shear stress-strain hysteresis response at depth of about 1.2 m. These comparisons 

indicate that numerical simulations adequately capture the overall experimental soil shear stress-

strain response in the far-field. 

5.2.1.2 Earthquake records: N3 and T3 events 

Shaking events N3 and T3 represent the 1994 Northridge earthquake (14145 Mulholland 

Dr record, Component N09E) and the 1995 Kobe earthquake (Takatori record, Component 90), 

respectively, both with amplitude scaling of 75%. Figure 5-9-a and Figure 5-10-a show the 

measured shake table acceleration time histories for N3 and T3, respectively, that are used as the 

input excitation at the numerical model base. The same model utilized for test H10 was employed 

in the numerical simulations of tests N3 and T3. Plots of Figure 5-9 present a comparison between 

the numerical and experimental excess pore water pressure (Figure 5-9-b), lateral displacement 

(Figure 5-9-c) and acceleration (Figure 5-9-d) time histories at different depths within the saturated 

sand stratum during test N3. Similarly, Figure 5-10 shows the corresponding comparison for test 

T3. 

Time history of model base acceleration (i.e., A12) for event N3 (Figure 5-9-d) can be 

noted to have a wider frequency content than A12 of event T3 (Figure 5-10-d). The latter figures 

might also indicate that the measured acceleration records are reasonably well-replicated by the 

nonlinear numerical simulations. However, the numerical surface acceleration A14 is noted to 

have larger amplification than the experimental values between 3 Hz and 5 Hz, for both events N3 

and T3. Although the experimental trends are well captured in both events, it is observed that the 

numerical simulations over-predicted the far-field soil excess pore pressures and lateral soil 

displacements in T3 (Figure 5-10-b and Figure 5-10-c) when compared with N3 (Figure 5-9-b and 
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Figure 5-9-c) in which trends of the far-field excess pore pressures and lateral displacements are 

more reasonably captured.  

Comparisons between numerical and experimental time histories of shear stress and strain 

at various depths are presented in Figure 5-11-a and Figure 5-12-a for events N3 and T3, 

respectively. From Figure 5-12-a (event T3), it can be noticed that the numerical model over-

predicted the residual shear strain while being captured more closely in Figure 5-11-a (event N3). 

Moreover, the stress-strain hysteresis presented in Figure 5-11-b (event N3) shows a somewhat 

stronger dilative response than the experimental observations. Despite the difference in the residual 

shear strain, the hysteresis presented in Figure 5-12-b (event T3) might indicate a better overall 

match between the numerical and experimental stress-strain. 

Ramirez et al. (2018) reported that a key challenge in the calibration of PDMY02 

parameters was to reproduce, with a single set of parameters, the experimental soil response at 

different shaking amplitudes and frequency contents. For the purpose of the current study, the 

comparisons presented in Figure 5-5 through Figure 5-12 indicate that the same PDMY02 soil 

model parameters (originally calibrated for event H10) illustrate that the model is reasonably able 

to reproduce the overall dynamic soil response using a single set of parameters for different 

shaking events with different amplitude and frequency content. However, more attention is paid 

in this study to the soil-foundation-structure interaction response as discussed in the following 

sections. 

5.2.2 Response of bucket foundation and tower  

After calibrating the shear beam soil model, the calibrated parameters (Table 5-1) were 

employed in the soil-bucket FE mesh (Figure 5-4). The bucket foundation was modeled using the 
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PIMY material model. Physical and mechanical properties of aluminum are employed to define 

the PIMY material model parameters for modeling the bucket foundation as presented in Table 

5-2. In addition, bucket shaft and tower were modeled as elastic beam-column elements to 

represent properties of hollow circular section (Table 3-3). Section properties of shaft and tower 

are defined based on outer diameter of 89 mm and 76 mm, respectively, and wall thickness of 

about 5.5 mm and 3 mm, respectively. Elastic and bulk moduli of 72 GPa and 27 GPa, respectively, 

are used to define the elastic beam-column material. The connection between the shaft and the 

tower is considered to be rigid (achieved in the laboratory by means of bolts) and thus modeled 

numerically as a single 6-DoF node shared between two different beam-column elements. The 

distributed mass of shaft and tower is modeled as lumped masses at the connecting nodes while 

the top mass was included at the topmost node. Table 3-3 summarizes properties of the tested 

model. Dynamic response of the tower in terms of lateral displacement and lateral acceleration as 

well as moment-rotation response of the bucket foundation for different shaking events are 

presented in the following subsections. 

5.2.2.1 Harmonic Excitation: H5 and H10 shaking events 

Lateral displacement and lateral acceleration of the tower during H5 shaking event are 

shown in Figure 5-13-a and Figure 5-13-b, respectively, while Figure 5-13-c depicts the 

corresponding frequency spectra of the tower acceleration. Figure 5-13-b shows that the numerical 

simulations overestimated the acceleration amplitude at the tower bottom while reasonably 

capturing the tower top acceleration as well as the tower lateral displacement (Figure 5-13-a). The 

difference between the numerical and experimental peak frequencies is found to be about 1% 

(Figure 5-13-c). As such, a good match can be noted between the experimental and numerical 

bucket moment (i.e., bending moment at the tower base) as shown in Figure 5-13-d. However, the 
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experimental data showed larger damping towards the end of shaking resulting in the numerical 

model slightly overestimating the moment (also can be noted in the tower top acceleration 

presented in Figure 5-13-b). On the other hand, the numerical model underestimated the residual 

bucket rotation as shown in Figure 5-13-d. An overall comparison between the numerical and 

experimental bucket moment-rotation hysteresis is presented in Figure 5-13-e. Similar 

comparisons for test H10 are presented in Figure 5-14. The deformed FE mesh with contours for 

vertical displacement showing the maximum bucket rotation (at about 3.4 seconds) is presented in 

Figure 5-15 where a gap can be noticed at the soil-bucket interface below the lid.  

Figure 5-16 shows the measured excess pore pressure response around the bucket 

compared to the numerical response results. This figure indicates that the numerical model is able 

to reasonably replicate the general trends of dilation and contraction spikes of the measured excess 

pore pressure, particularly near the inner bucket tip (i.e., PP20 and PP30). 

5.2.2.2 Earthquake records: N3 and T3 events 

Figure 5-17 and Figure 5-18 present tower and bucket response time histories for shaking events 

N3 and T3, respectively. For tower acceleration, the numerical results for event N3 (Figure 5-17-

b) indicate good agreement with the experimental data, particularly when comparing their 

frequency spectra as shown in Figure 5-17-c. On the other hand, Figure 5-17-a shows that the 

numerical model overestimated the residual lateral tower displacements towards the end of 

shaking, while the maximum lateral displacement at the tower top is reasonably captured. As such, 

the numerically calculated residual bucket rotation towards the end of shaking is noted to be larger 

than the experimentally observed value (Figure 5-17-d). Nevertheless, the bucket moment is 

reasonably reproduced by the numerical model. Figure 5-17-e shows the overall bucket moment-
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rotation response of the numerical model compared with the experimental observations. 

For event T3, good agreement can be noticed between the numerical and experimental results of 

lateral tower displacement (Figure 5-18-a) and acceleration (Figure 5-18-b). In addition, 

comparison between acceleration frequency spectra presented in Figure 5-18-c shows that the 

numerical model was able to reproduce the same frequency content as that measured 

experimentally. However, the model overestimated the peak amplitude frequencies. Figure 5-18-

d compares the experimental and numerical bucket moment and rotation time histories, and Figure 

5-18-e compares the overall moment-rotation response.  

The comparison of Figure 5-17 to Figure 5-18 for events N3 and T3 might indicate that a better 

match between the numerical and experimental results was obtained for event T3 when compared 

to N3. This may be attributed to the fact that the two shaking events have different excitation 

amplitude and frequency content (Figure 5-9 and Figure 5-10) and the effect of prior shaking in 

soil densification, while single set of properties was utilized for both models, as discussed in earlier 

sections. 

5.3 Summary and conclusions 

Motivated by the current expansion of offshore wind projects in seismically active zones, 

a shaking table experiment was conducted on a scaled wind turbine model to: i) identify and 

document seismic response of a supporting bucket foundation, and ii) calibrate a numerical model. 

The laboratory model was tested in a laminar soil container on a 1-g shake table. The experimental 

data was used to calibrate a 3D FE model. A comparison between the experimental response and 

the numerical results was presented. Pore pressure response inside and around the bucket as well 

as the foundation moment and rotation response were analyzed.  
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The numerical framework and the insights derived from this study are of general relevance 

to bucket foundation seismic response for offshore wind applications. The calibrated FE model 

was able to reasonably capture the main response characteristics of the tested soil and wind turbine 

bucket foundation in terms of excess pore pressure, lateral acceleration and displacement, as well 

as bucket moment and rotation. 

In the following chapters, the calibrated model is further extended to investigate response 

of a bucket foundation 3.45 MW utility-scale OWT, and a parametric study is conducted to shed 

highlight on effects of soil stiffness, soil permeability, ground motion, bucket size, and damping 

on the overall seismic response. 

5.4 Acknowledgement 

The research described in this chapter was partially funded by the National Science 

Foundation grant OISE-1445712 as well as the Trent R. Dames and William W. Moore graduate 

student fellowship from the American Society of Civil Engineers (ASCE). Testing was conducted 

at the Powell laboratories, University of California San Diego, with assistance provided by Dr. 

Christopher Latham, Mr. Andrew Sander, Mr. Mike Sanders, Mr. Abdullah Hamid and Mr. Darren 

Mckay. The authors also would like to graciously thank Dr. Jinchi Lu, Dr. Zhijian Qui and Dr. 

John Li for their useful insights.  

The content of chapters 5 and 6 is currently being prepared to be published as a journal 

paper tentatively in the ASCE Journal of Geotechnical and Geoenvironmental Engineering or the 

Soil Dynamics and Earthquake Engineering Journal. The proposed title of this paper is 

“Computational modeling of bucket foundation seismic response for utility-scale offshore wind 

turbine using experimental data”. The dissertation author is the primary author of this paper with 

Dr. Kyungtae Kim, Mr. Athul Prabhakaran, and Professor Ahmed Elgamal as coauthors.  



 

124 

Table 5-1: Calibrated parameters for PDMY02 soil model 

Model parameter Value 

Mass density,   (kg/m3) 1,780 

Reference shear modulus, 
rG  (MPa) 7 

Reference bulk modulus, 
rB  (MPa) 14.5 

Peak friction angle,   (degrees) 35 

Phase transformation angle, 
PT  (degrees) 23 

Peak shear strain, max  (%) 10 

Reference mean effective confining pressure, 'p  (kPa) 101 

Pressure dependent coefficient, n   0.5 

Contraction coefficient 1c   0.01 

Contraction coefficient 2c   0.5 

Contraction coefficient 
3c   0 

Dilation coefficient 1d   0.16 

Dilation coefficient 
2d   3 

Dilation coefficient 
3d   0 

Number of yield surfaces, NYS 20 

Shear strength at zero confinement, c (kPa) 0.1 

Permeability, k (m/s) 1E-4 
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Table 5-2: PIMY model parameters employed for bucket foundation to represent aluminum 

material 

Model parameter Value 

Mass density,   (kg/m3) 2,700 

Reference shear modulus, 
rG  (GPa) 27 

Reference bulk modulus, 
rB  (GPa) 72 

Cohesive strength, c (GPa) 100 

Peak friction angle,   (degrees) 60 

Peak shear strain, max  (%) 10 

Reference mean effective confining pressure, 'p  (kPa) 101 

Pressure dependent coefficient, n   0 

Number of yield surfaces, NYS 20 

Permeability, k (m/s) 1E-20 
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Figure 5-2: Elastic no-tension model adopted for interface normal stiffness 

 

 
Figure 5-3: Elastic perfectly plastic model adopted interface tangential stiffness 
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Figure 5-15: FE deformed mesh contours for vertical displacement (scale factor = 2) showing 

bucket rotation at 3.4 seconds of the H10 shaking event 
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Chapter 6  

Seismic response of 3.45 MW utility-scale offshore 

wind turbine with bucket foundation in sand 

 It gets easier. Every day it gets a little easier. But you 

got to do it every day. That’s the hard part. But it does get easier. 

 – Out to Sea, BoJack Horseman: Season 2, Episode 12 

 

In this chapter, the calibrated numerical model of Chapter 5 is extended to investigate the 

seismic response of a utility-scale OWT with bucket foundation. The OWT simulated in this study 

is an idealized representation of the Vestas V117-3.45 MW turbine (Vestas 2021). In light of the 

current advancements in OWTs, the selected turbine is considered medium in size and capacity. 

The OWT is assumed to be placed at a location with water depth of 25 m. Further details about 

properties of the soil, foundation and the structure are presented in the following sections. 

6.1 Design for fundamental frequency 

In this section, dimensions of the bucket foundation and the connected shaft are determined 

by two steps: 1) assuming fixed base structure to roughly estimate the shaft diameter and wall 

thickness, and 2) assuming bucket foundation dimensions and confirm that that the flexible base 

structure meets the fundamental frequency criterion specified by the turbine manufacturer. 
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6.1.1 Fixed-base structure 

The modeled V117-3.45 MW OWT structure consists of four main components (Figure 

6-1): 1) the rotor-nacelle assembly (RNA), 2) tower, 3) shaft and 4) bucket foundation. The RNA 

is modeled as lumped top head mass (mRNA) while tower and shaft masses are lumped at the 

connecting nodes (Figure 6-2). Main properties of the OWT are summarized in Table 6-1 as 

provided by the publicly available data from the turbine manufacturer and the information reported 

by ENERGINET (2015). 

Arany et al. (2016) indicated that OWTs of similar size would have permissible interval 

for the fundamental frequency of the combined turbine-foundation structure between 0.255 Hz and 

0.285 Hz (typically specified by the turbine manufacturer). These lower and upper bounds are 

specified to ensure separation from the turbine’s rotational frequency (1P) and its blade passing 

frequency (3P) range. As such, the target fundamental frequency of the combined turbine-

foundation structure lies in the gap between 1P and 3P. This is the typical design practice for 

bottom fixed OWT and is commonly referred to as soft-stiff structures (van der Tempel and 

Molenaar 2002). 

From Figure 6-1, total shaft height can be calculated knowing the distance between Mean 

Sea Level (MSL) and seabed (water depth assumed to be 25 m), and the height of the External 

Working Platform (EWP) above MSL (Hp). The EWP is illustrated in Figure 6-1 at the interface 

between tower and shaft. To estimate Hp, the ENERGINET (2015) report specifies minimum of 

20 m between MSL and lower blade tip (i.e., the distance referred to as gap in Figure 6-1). On the 

other hand, the turbine manufacturer typically specifies the minimum clearance between the EWP 

and the lower blade tip. In this study, the gap and minimum clearance are assumed as 20 m and 5 
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m, respectively. As such, distance Hp is considered as 15 m and total shaft height (i.e., sum of 

water depth and Hp) of 40 m is utilized. 

Knowing properties of the wind turbine (Table 6-1) and the shaft height, thickness of shaft 

wall can be computed to achieve a target fundamental frequency for the fixed-base OWT structure. 

DNV/Risø (2002) indicates that the fundamental frequency of OWT is typically reduced by 1% to 

5%, when the assumption of fixed-base tower is replaced by a flexible base stiffness. In other 

words, the fixed-base tower can be assumed to have fundamental frequency that is 1.01 to 1.05 

times that of a tower with flexible base. 

As such, fundamental frequency of the equivalent fixed-base tower is targeted as 0.29 Hz 

(about 2% larger than the upper bound of the permissible frequency interval 0.255 Hz to 0.285 

Hz). An eigen frequency analyses is conducted with the OWT modeled as a Multi-Degree of 

Freedom (MDOF) structure by lumping the discretized tower and shaft masses at the connecting 

nodes. Tower and shaft are modeled as elastic beam-column elements using the discretization, 

dimensions and material properties summarized in Table 6-1. Using an iterative process of eigen 

frequency analysis and considering a tapered shape for the shaft with top and bottom diameters of 

4.5 m and 5.5 m, respectively, the target fundamental frequency can be achieved when utilizing 

top and bottom shaft wall thicknesses of 4 cm and 5.8 cm, respectively. The resulting total mass 

of the shaft is about 235 tons (Table 6-1). The 2nd and 3rd natural frequencies of the fixed-base 

OWT are 2.0 and 5.59 Hz, respectively.  

6.1.2 Flexible-base structure 

In this section, two approaches are introduced to validate the fundamental frequency 

requirement of the flexible base OWT. 
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6.1.2.1 3D FE continuum model 

To estimate the fundamental frequency of the OWT soil-foundation-structure system, a FE 

model is developed where both soil and bucket are modeled as 3D brick elements (Figure 6-2). 

For that purpose, a bucket foundation of diameter d = 12 m (i.e., about 2 times the bottom shaft 

diameter), skirt length L = 8 m as well as led and skirt average wall thickness of 8 cm is selected. 

Figure 6-2 shows the 3D FE discretization of the soil-foundation-structure system half mesh for 

the prototype scale of V117-3.45 MW OWT. Soil is modeled to represent saturated sand with 

relative density of about 90% while bucket foundation is represented by properties of structural 

steel material (Table 6-2).  

The minimum wavelength to be propagated within the considered mesh was initially 

estimated based on small-strain shear wave velocity of the soil profile (Vs) and the maximum 

frequency content of the ground motion (selected as 10 Hz in this study). The maximum element 

size (along the height) at different depths required to allow this wave propagation was then 

calculated by dividing the minimum wavelength by a factor of 4 (Kuhlemeyer and Lysmer 1973). 

The latter element size was further divided by 5 to allow for soil softening (Karimi and Dashti 

2016). Finer elements were used near the foundation to better capture the soil-bucket interaction. 

Based on the above, the FE mesh for the bucket-soil system was generated comprising 24,304 

nodes, 20,808 brick elements, 166 beam-column elements, 1,227 zeroLength elements and 818 

equalDOF constraints. Both zeroLength elements and equalDOF constraints are employed to 

model the soil-bucket interface (previously illustrated in Figure 5-1-c). 

A low amplitude motion is employed at the 3D FE continuum model base (Figure 6-2) 

resulting in Peak Ground Acceleration (PGA) of about 0.07g near the ground surface. Figure 6-3 

shows transfer function between tower top and soil-bucket acceleration from which peak 
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amplification at frequencies 0.267, 1.733 and 5.13 Hz can be observed. As such, the OWT with 

bucket foundation (flexible-base conditions) achieves the fundamental frequency turbine 

manufacturer requirement (0.255 Hz to 0.275 Hz). 

6.1.2.2 Base-springs model 

Using the 3D FE model, operational loads due to normal wind conditions are calculated 

and applied as a lateral force FL and an overturning moment Mo at the shaft-tower interface node 

(Figure 6-2). In addition to wind load action, structural self-weight is applied as vertical forces at 

the connecting nodes with a total value of Fv. Under those operational wind loads, the rotational 

and lateral stiffness of the foundation can be calculated (Figure 6-4) and incorporated in a base-

springs model (Figure 6-5) instead of the fixed-base condition. The fundamental frequency of the 

base-springs model can be evaluated by conducting eigen analysis using base rotational and lateral 

stiffness. 

Typically, the operational wind loads would be defined in a site-specific foundation load 

document provided by the turbine manufacturer for each project depending on actual wind speed 

data. In this study, operational wind loads are calculated following the approach proposed by 

Arany et al. (2017) assuming rated wind speed (i.e., wind speed at which the wind turbine 

generates constant power) and yearly average wind speed at hub height of 8 m/s (Vestas 2021). As 

such, the calculated load values for FL and Mo are about 400 kN and 36 MNm, respectively, while 

self-weight total force FV is 5.8 MN. The latter loads are applied in the 3D FE continuum model 

(Figure 6-2) as quasi-static forces over five time-steps and assumed to be maintained for long 

duration such that the assumption of drained conditions is valid (pore pressure has no contribution 

to the response). Modeling operational loads as quasi-static forces is considered to be a simplified 
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approach in which the dynamic force due to rotor and tower vibrations is neglected (De Risi et al. 

2018). 

Applying the operational wind loads (FL, Mo and FV) at the shaft-tower interface node 

(Figure 6-2), the computed bucket rotational and lateral displacement are presented in Figure 6-4. 

At the considered operational wind loads, the secant rotational KRR and lateral stiffness KLL are 

evaluated as 80.9 GNm/rad and 364 MN/m, respectively (Figure 6-4). These rotational and lateral 

stiffnesses are further utilized in a MDOF with base-springs model (Figure 6-5) to estimate natural 

frequencies of the OWT (Bhattacharya 2019). A fundamental frequency of 0.279 Hz was 

calculated, which is about 4% less compared to the corresponding fixed-base structure. 

Furthermore, the 2nd and 3rd natural frequencies of the flexible-base OWT are 1.866 and 5.06 Hz, 

respectively. The corresponding mode shapes are presented in Table 6-3. The latter values are 

about 5%, 7% and 12% different from those obtained using 3D FE continuum model. 

Arany et al. (2016) proposed a simplified approach for estimating OWT fundamental 

frequency via adding 25% of tower mass to RNA lumped mass to represent the OWT as a Single-

Degree of Freedom (SDOF) instead of a MDOF structure. The latter approach is employed with 

the base-springs model and resulted in a fundamental frequency of about 0.28 Hz, which is in good 

agreement with the previously evaluated values. Comparisons between SDOF and MDOF system 

responses are presented in chapter 7. 

6.1.3 Design for stability under operational wind loading 

Current design guidelines and recommended practice for onshore wind turbine foundations 

(ASCE/AWEA 2011, DNV-GL 2018) include analytical methods with minimum required safety 

factors (SFmin) to check the foundation stability against bearing capacity (SFmin = 3), overturning 

(SFmin = 1.5) and sliding failures (SFmin = 1.5). No similar design guidelines are currently available 
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for bucket foundation design to date. This section provides a reference to check bucket foundation 

stability against bearing capacity overturning failure modes. 

Wang et al. (2019) indicated that bucket foundation ultimate bearing capacity (qult-bucket) in 

undrained dense sand can be estimated as expressed in (6.1), where qult-surface is the ultimate bearing 

capacity of equivalent circular surface footing of the same diameter, L is skirt length and d is 

bucket diameter. The general bearing capacity expression (6.2) proposed by Meyerhof (1963) can 

be applied to estimate qult-surface, where ’, N and S are effective unit weight of soil, bearing 

capacity factor and shape factor, respectively. Using the charts provided in the latter study, the 

factors N and S are estimated as 52 and 0.6, respectively (friction angle of 38.5 degrees as 

presented in Table 6-2). As such, qult-surface and qult-bucket are calculated as 2,300 kPa and 3,700 kPa, 

respectively. Under operational wind loads, the maximum contact stress between soil and bucket 

is estimated as 560 kPa, resulting in safety factor of about 6.6 against bearing capacity failure (i.e., 

3,700/560). 

1 0.89ult bucket

ult surface

q L

q d

−

−

 
= +  

 
 (6.1) 

'1

2
ult surfaceq d N S − =  (6.2) 

On the other hand, ultimate overturning moment of the bucket foundation is assessed 

numerically in undrained conditions using the 3D FE continuum model in which an increasing 

quasi-static monotonic moment is applied at the bucket top. In addition, a total downward vertical 

force of 5.8 MN is pre-applied at the bucket top to represent dead load of the super-structure. The 

resulting moment-rotation relationship is plotted in Figure 6-6, from which the ultimate 
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overturning moment capacity can be considered as 250 MNm. As such, the total overturning 

moment on bucket top due to operational wind loads (i.e., 52 MNm) results in safety factor of 

about 4.8 (i.e., 250/52). Therefore, the bucket foundation provides an adequate safety margin for 

bearing capacity and overturning stability under operational wind loading. 

6.2 Seismic response 

The 3D FE mesh developed in Figure 6-2 is employed in this section to investigate seismic 

response of the utility-scale 3.45 MW OWT by applying ground motion at the model base.  

6.2.1 Model configuration 

Detailed description of the model was provided in earlier section. Additional model 

configuration related to damping and pre-shaking loading conditions are presented in this section. 

De Risi et al. (2018) indicated that sources of damping for OWT include aerodynamic 

(generally lower than 3.5%), hydrodynamic (generally lower than 0.15%), structural (varying from 

0.2% to 0.3%) and soil damping. Arany et al. (2017), and Bhattacharya (2019) recommended using 

total damping between 2% and 8% for the first mode of vibration of OWT under operational loads. 

In this study, a Rayleigh damping model is adopted with constant damping ratio of about 2% for 

the 1st and 3rd vibration modes. As such, mass and stiffness proportional damping coefficients of 

0.067 and 0.0011, respectively, were employed in the FE numerical simulations. The latter 

coefficients correspond to damping ratios of about 1%, 3%, 5% and 8% for the 2nd, 4th, 5th and 6th 

vibration modes, respectively (Table 6-3). 

Accounting for effects of operational wind loads is a more realistic scenario to consider 

when assessing seismic performance of OWTs rather than events such as storms or hurricanes (De 

Risi et al. 2018). As such, and prior to applying the seismic excitation at the model base, 
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operational loads due to normal wind conditions are calculated and applied as lateral force FL and 

overturning moment Mo at the shaft-tower interface (Figure 6-2). The analysis is conducted in a 

staged fashion (Qiu et al. 2020). Water table was specified at the topsoil surface. Although the 

OWT bucket foundation is assumed to be located at a water depth of 25 m, it was noted that no 

apparent difference would result from modeling water at the mudline (i.e., topsoil surface) instead 

since both approaches would yield the same effective soil stresses, as long as the negative excess 

pore pressure does not reach cavitation point. 

6.2.2 Results and discussion 

In this section, modified motion of the 1940 Imperial Valley Earthquake El Centro station 

acceleration record NS component with 0.5 amplitude scaling is applied as input excitation at the 

FE model base. Foundation titling is one of the critical aspects for OWT serviceability limits 

(Bhattacharya 2019). Design standards and guidelines for OWT such as and DNV/Risø (2002), 

DNV (2004), DNV-GL (2018) recommend that tolerance for total rotation at seabed should not 

exceed 0.5 degrees (about 9E-3 radians). Therefore, special attention is paid to bucket moment-

rotation response. Unless otherwise noted, all pore pressure responses discussed in the following 

sections are presented at the mid skirt height (i.e., at depth L/2 from ground surface). 

Figure 6-7-a and Figure 6-7-b show time history and response spectrum of the input 

acceleration at model base and near surface at mid skirt height. Acceleration time histories along 

the OWT super-structure (i.e., shaft and tower) are presented in Figure 6-8. Amplification can be 

noticed when comparing shaft base with mid tower accelerations. The Fourier amplitude frequency 

spectra shown in Figure 6-9-a indicate that contribution of higher frequencies increases as the 

acceleration propagates upward between shaft base and near tower top. A de-amplification is 

observed in the acceleration response near the tower top with higher frequencies filtered out. The 
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transfer function between shaft base and tower top accelerations plotted in Figure 6-9-b shows that 

four frequencies of 0.268 Hz, 1.7 Hz and 5 Hz were amplified by the super-structure. The latter 

frequencies are found to be in a good agreement with the first three natural frequencies of the 

bucket foundation OWT structure as evaluated in previous sections (Table 6-3). 

Figure 6-10 middle and top plots show times histories of bucket rotation and moment. It 

can be noticed that the latter plots start with the initial operational moment and the corresponding 

rotation. As shaking evolves, the bucket starts to accumulate rotation in one direction until about 

28 seconds which represents end of forced vibration. Bucket moment consists of the operational 

(i.e., initial) moment that is applied prior to shaking and the moment due to vibration of the super-

structure masses. The latter component is summation of the moments resulting from inertial forces 

due to lateral acceleration exerted during shaking on the distributed masses along the shaft and the 

tower (lateral inertial force = mass x acceleration). Thereafter, oscillations of the moment time 

history that occur towards the end of shaking (i.e., after 30 seconds) are due to free vibration of 

the super-structure and do not result in significant rotation accumulation. In addition, it can be 

noticed that the most significant accumulation of bucket rotation corresponds to the instants when 

moment experienced largest changes or oscillations. Permanent residual rotation of about 7E-3 

radians was accumulated by the end of shaking.  

Figure 6-10 also shows excess pore pressure (PP) ratio ru time history at mid skirt height 

in the far field, near field and below bucket. It can be noticed that ru reached a maximum of about 

0.25 and 0.4 in the far field and near field, respectively, while it was about 0.8 below the bucket. 

Stronger dilative and contractive spikes can be noticed in the below bucket ru record when 

compared to the far and near field. The observed dilative response may be attributed to the suction 

mechanism resulting from rocking and cyclic rotation of the bucket foundation during shaking. 
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A correlation can be observed in Figure 6-10 between the instant during which the below 

bucket ru experienced strong dilation and when bucket moment showed large oscillations (along 

with permanent accumulation of rotation). Around 3 seconds, the below bucket ru showed a strong 

dilative spike when the bucket experienced strong cyclic moment response. Similar observation 

can be noted around 15 and 28 seconds. In addition, it can be noticed that most of rotation 

accumulation occurred before 20 seconds when cyclic moment response was the largest, whereas 

the below bucket excess PP response was mostly dilative with ru generally below 0.5. On the other 

hand, the near-field excess PP (outside the bucket) generally showed contractive response (i.e., 

soil softening) with ru increasing to about 0.3 at 20 seconds. Although the below bucket ru kept 

increasing after 20 seconds to a maximum value of 0.8, no significant accumulation in bucket 

rotation was noted. This can be attributed to the fact that the inertial loads were lower in this 

particular shaking event and the near-field excess PP response did not show significant increase 

after 20 seconds (i.e., end of shaking).  

The above discussion suggests that bucket rotation might be influenced by the near field 

pore pressure build-up characteristics, along with the strong dilative response that might occur 

below the bucket (induced by the suction mechanism). In this regard, an increase in pore pressure 

outside the bucket in the near field would result in soil softening due to reduction in effective 

stress, which subsequently leads to degradation in the foundation rotational stiffness and thereafter 

rotation accumulation. On the other hand, the strong dilative response (i.e., increase in effective 

stresses) observed below the bucket is deemed to be helpful in improving the overall rotational 

stiffness of the foundation.  
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Bucket moment-rotation response is plotted in Figure 6-11 from which the rotation 

accumulation can be noticed as shaking evolves. This is further illustrated by Figure 6-12 in which 

selected cycles of moment-rotation response are shown at different time instants.  

6.2.2.1 Role of operational wind loads 

Figure 6-13 illustrates bucket foundation response where operational wind loads are 

neglected. Although starting with an initial value of zero, time history of bucket moment appears 

to be of similar characteristic to the case in which wind loads are considered (Figure 6-10). 

However, the dilative response can be noticed to be weaker than that of Figure 6-10. The latter 

observation might indicate that the strong dilative response presented in Figure 6-10 is driven by 

the sustained wind load effect. Similar to bucket moment, the rotation starts with an initial zero 

value. Cyclic bucket rotation can be observed, where the rotation experienced in one cycle is fully 

recovered during the following one. As such, negligible residual rotation is accumulated at the end 

of shaking. Similar observations were reported for OWT bucket foundation in clay (Kourkoulis et 

al. 2014). 

6.2.2.2 Role of tower inertial loading 

As indicated earlier, the fundamental frequency of the OWT bucket foundation can be 

achieved using single mass lumped at the tower top (SDOF model) where 25% of tower mass is 

added to the RNA mass. Figure 6-14-a shows acceleration response of the OWT where the super-

structure is modeled as a SDOF. Compared to Figure 6-8 (i.e. MDOF model), a significant 

reduction in the super-structure accelerations can be noticed, with maximum acceleration at tower 

top of about 0.05 g (vs 0.4 g for the MDOF model). 
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Comparison between the corresponding frequency spectra presented in Figure 6-9-a for 

MDOF and Figure 6-14-b for SDOF indicate that the latter does not have the same amplification 

at frequencies between 1 and 5 Hz. Consequently, the SDOF model resulted in less inertial forces 

(top lumped mass x acceleration) and moment, as illustrated in top plot of Figure 6-15. As a result, 

the below bucket excess PP response had no significant dilation spikes (bottom plot of Figure 

6-15). Moreover, the middle graph of Figure 6-15 indicates an increase of about 50% in the 

accumulated rotation when accounting for tower inertial effects (i.e., MODF) compared to SDOF 

structure. 

As such, modeling the OWT as a SDOF via a single mass at the tower top might not result 

in accurate seismic response due to the associated crude representation of the inertial forces. 

Instead, modeling the tower as discrete masses at the connecting nodes yields a more realistic 

representation of the super-structure and is shown to result in more accumulated rotation at the end 

of shaking when compared to the crude SDOF model, which can be critical to the OWT 

serviceability limit 

6.3 Summary and conclusions 

In this chapter, the calibrated model (of chapter 5) is further extended to investigate the 

seismic response of a utility-scale 3.45 MW OWT with bucket foundation in dense saturated sand 

(Dr = 90%). Pore pressure response below and around the bucket as well as the foundation moment 

and rotation response are analyzed. In addition, effects of wind and inertial loading on seismic 

response of the soil-bucket-structure system are examined. The numerical framework and the 

insights derived from this study are of general relevance to bucket foundation seismic response for 

offshore wind applications. Specific observations and conclusions include: 
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• Accounting for operational wind loads on wind turbines during seismic loading is 

considered to result in a more realistic response scenario. The initial bucket rotation due to 

operational wind loads might further result in rotation accumulation during earthquake 

shaking. No appreciable rotation accumulation resulted in the case of wind loads neglected, 

which might significantly underestimate the actual system response 

• During seismic excitation, acceleration at the tower top can be of lower amplitude and of 

different frequency bandwidth than that along the tower.  

• Modeling the OWT as a SDOF via a single lumped mass at the tower top might not result 

in accurate seismic response due inaccurate representation of the inertial forces. Instead, 

modeling the tower as discrete masses at the connecting nodes yields a more realistic 

representation of the super-structure response. The MDOF model resulted in more 

accumulated rotation at the end of shaking when compared to the SDOF model, which can 

be critical to the OWT serviceability limit. 

• A correlation between the near field pore pressure build-up and the bucket rotation can be 

observed, resulting in foundation stiffness degradation due to soil softening associated with 

excess pore pressure build-up. 

In the following chapter, a parametric study is conducted to assess effect of bucket size on 

the soil-foundation-structure natural frequencies as well as the overall dynamic and seismic 

response. Moreover, effects of soil stiffness (i.e., relative density) and permeability as well as 

ground motion and damping are investigated.  
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Table 6-1: Properties of the prototype and the scaled model 

Quantity Unit 
Full scale 

(Prototype) 

Rotor, Nacelle Assembly mass* (mRNA) kg 195,000 

Tower height m 66.5 

Tower diameter (top/bottom) m 3.26 / 4.5 

Tower wall thickness (top/bottom) cm 1.6 / 3 

Tower mass kg 150,000 

Tower discretization (beam-column elements) - 20 

Shaft height m 40 

Shaft diameter (top/bottom) m 4.5 / 5.5 

Shaft wall thickness cm 4 / 5.8 

Shaft mass kg 235,000 

Shaft discretization (beam-column elements) - 12 

Bucket diameter (d) m 12 

Bucket lid average thickness cm 8 

Skirt length (L) m 8 

Skirt wall average thickness cm 8 

Tower, shaft and bucket material - Steel 

Young’s modulus of tower, shaft and bucket GPa 200 

Mass density of tower, shaft and bucket kg/m3 7,850 

Fundamental frequency (fixed base) Hz 0.29 
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Table 6-2: Parameters of PDMY02 and PIMY models for full-scale case 

Model parameter 

Full-scale prototype  

PDMY02* 

(sand) 

PIMY 

(bucket) 

Material 
Sand with 

Dr of 90% 
Steel 

Mass density,   (kg/m3) 2,150 7,850 

Reference shear modulus, 
rG  (MPa) 215 80,000 

Reference bulk modulus, 
rB  (MPa) 1,000 140,000 

Peak friction angle,   (degrees) 38.5 60 

Phase transformation angle, 
PT  (degrees) 26 - 

Peak shear strain, max  (%) 10 

Reference mean effective confining pressure, 'p  (kPa) 101 

Pressure dependent coefficient, n   0.5 0 

Contraction coefficient 1c   0.003 - 

Contraction coefficient 2c   5 - 

Contraction coefficient 
3c   0 - 

Dilation coefficient 1d   0.5 - 

Dilation coefficient 2d   3 - 

Dilation coefficient 3d   0 - 

Number of yield surfaces, NYS 20 

Shear strength at zero confinement, c (kPa) 1 - 

Cohesive strength, c (GPa) - 100 

Permeability, k (m/s) 1E-4 1E-20 

* Properties are selected to represent very dense sand with relative density of 90% (Elgamal et al. 

2003, Mazzoni et al. 2006)  
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Table 6-3: Natural frequencies and mode shapes of fixed-base and flexible base 3.45 MW OWT 

Mode 1st 2nd 3rd 

fn 

(Hz) 

Fixed base 0.29 2 5.59 

Flexible 

base 

Base-springs 

model 
0.279 1.866 5.06 

Low amplitude 

shaking 
0.269 1.730 5.13 

Mode shape  

(Using base-springs model) 

   

Damping ratio,  (%) 2* 1 2* 

Mode 4th 5th 6th 

fn 

(Hz) 

Fixed base 11.4 19.2 28.8 

Flexible 

base 

Base-springs 

model 
9.7 14.8 22 

Low amplitude 

shaking 
10.3 Not identified Not identified 

Mode shape  

(Using base-springs model) 

   

Damping ratio,  (%) 3 5 8 

* Target damping ratio at the 1st and 3rd fixed base natural frequencies 
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Figure 6-1: Schematic of OWT with bucket foundation 

  

EWB 
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Figure 6-2: 3D view of the FE half-mesh employed in modeling 3.45 MW utility-scale OWT 

with bucket foundation 
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Figure 6-3: Plot of transfer function between tower top and bucket acceleration at mid skirt 

height for low amplitude shaking 
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(a) 

 

(b) 

Figure 6-4: Bucket response under effects of quasistatic operational wind loads; a) moment-

rotation (KRR is the foundation secant rotational stiffness) and b) lateral force-displacement (KLL 

are the foundation secant translational stiffness) 
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Figure 6-5: Schematic of the base-springs model (for natural frequency calculations) 
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Figure 6-6: Plot of quasistatic monotonic moment-rotation relationship of bucket foundation in 

undrained conditions (combined with 5.8 MN vertical dead load of the superstructure) 
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(a) 

 
(b) 

Figure 6-7: Plot of (a) acceleration time history at the model base and near surface in the far field 

(Figure 6-2), and (b) the corresponding acceleration response spectrum   
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Figure 6-8: Plots of a) acceleration time histories at different heights along the OWT structure 
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(a) 

 

(b) 

Figure 6-9: Plots of b) frequency spectra of accelerations at different heights along the OWT 

structure, and c) transfer function between acceleration at tower top and soil-bucket acceleration 

at mid skirt height 

  



 

170 

With operational wind load effects 

 

Figure 6-10: Plot of time histories of bucket moment (top plot), bucket rotation (middle plot) and 

near field ru at mid skirt height (bottom plot) with operational wind load effects  
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Figure 6-11: Plot of bucket moment-rotation response during shaking with operational wind load 

effects  
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Figure 6-12: Bucket moment-rotation response at different time instances 
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Without operational wind load effects 

 

Figure 6-13: Time histories of bucket moment (top plot), bucket rotation (middle plot) and near 

field ru at mid skirt height (bottom plot) for OWT without operational wind load effects 
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SDOF model 

 
(a) 

 
(b) 

Figure 6-14: Plots of a) acceleration time histories, and b) frequency spectra of accelerations at 

different heights along OWT structure using SDOF structure 
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Comparison between MDOF and SDOF 

 

Figure 6-15: Comparison between moment, rotation and near field (i.e., beside the bucket) 

excess PP response for MDOF and SDOF structures 
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Chapter 7  

Parametric study on seismic response of 3.45 MW 

offshore wind turbine with bucket foundation 

 Sometimes science is more art than science, Morty. A lot 

of people don’t get that. 

 – Rick and Morty: Season 1, Episode 6 

 

In this chapter, a parametric study is conducted to examine effects of soil stiffness, ground 

motion, soil permeability, bucket size and damping parameters on seismic response of the bucket 

foundation OWT. Prior to the parametric study, selection of bucket foundation dimensions is 

presented and discussed in light of achieving the natural frequency and stability requirements. 

7.1 Selection of bucket foundation dimensions 

7.1.1 Design for fundamental frequency 

Main properties of the OWT prototype are summarized in Table 6-1. Chapter 6 provided 

detailed description of the procedures to assess bucket foundation dimensions in order to meet the 

fundamental frequency requirement provided by the turbine manufacturer. Arany et al. (2016) 

indicated that OWTs of similar size would have a permissible interval for the fundamental 

frequency of the combined turbine-foundation structure between 0.255 Hz and 0.285 Hz (typically 

specified by the turbine manufacturer). 
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In the current study, distance Hp (Figure 6-1) is considered as 15 m and total shaft height 

(i.e., sum of water depth and Hp) of 40 m is utilized. Using shaft top and bottom diameters of 4.5 

m and 5.5 m, respectively, with top and bottom shaft wall thicknesses of 4 cm and 5.8 cm, 

respectively, a fixed-base fundamental frequency of 0.29 Hz (~ about 20% larger than 0.285 Hz) 

was achieved. Following the approach presented in Chapter 6, operational loads due to normal 

wind conditions represented by lateral force FL and overturning moment Mo at shaft top (i.e., tower 

base) are estimated as 400 kN and 36 MNm, respectively, while self-weight total force FV is 5.8 

MN (Figure 6-2).  

To investigate effect of bucket size on the OWT fundamental frequency, a total of 8 bucket 

models (B1 through B8) were generated each with different bucket diameter d and skirt length L. 

Two diameters of 12 m and 14 m are considered, each with four different L of 5 m, 6 m, 7 m, and 

8 m (Table 7-1). The 3D FE continuum model developed in Section 6.1.2.1 was modified for each 

bucket model (B1 through B8). Soil is modeled to represent saturated sand with relative density 

of 75% while bucket foundation is represented by properties of structural steel material (Table 

7-2). Operational wind loads are applied at the shaft-tower interface nodes and the maximum 

computed bucket rotation and lateral displacement are plotted in Figure 7-1-a and Figure 7-1-b, 

respectively, for different models (Dr of 75%).  

Similar to Figure 6-4 (chapter 6), secant rotational and lateral stiffness of bucket foundation 

can be evaluated using those computed rotations and displacements. Natural frequencies of the 

flexible-base OWT can be calculated by conducting eigen frequency analysis of the base-springs 

model (Figure 6-5) while employing the bucket rotational and lateral stiffnesses. 

Figure 7-1-c presents the fundamental frequency for different bucket dimensions with sand 

Dr of 75% where the highlighted zone denotes the permissible interval frequency range for the 
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combined OWT bucket foundation structure. Similar to Figure 7-1, Figure 7-2 shows the 

corresponding plots for buckets in sand with Dr of 90%. It can be noticed that sand of higher 

relative density resulted in less deformation and accordingly larger fundamental frequency (i.e., 

stiffer structure). Table 7-3 summarizes the corresponding rotational and translational stiffnesses 

as well as the first six natural frequencies for each model with sand Dr 75% and 90%, while Figure 

7-3 depicts a set of representative mode shapes. Figure 7-4 shows variation of the natural 

frequencies for different models compared with the fixed base condition (Dr of 75%). It can be 

noticed that the difference between natural frequency between fixed-base and three-springs models 

is the smallest at the fundamental frequency, and gets larger for higher modes.  

To further validate the fundamental frequency of the soil-foundation-structure system, low 

amplitude motion is employed in the 3D FE continuum model base (Figure 6-2) resulting in Peak 

Ground Acceleration (PGA) of about 0.07 g near ground surface. Transfer function between tower 

top and soil-bucket acceleration for Dr of 75% and 90% are presented in Figure 7-5-a and Figure 

7-5-b, respectively. These figures show that peak amplification occurs at frequencies that are in 

good agreement with those evaluated using the base-springs model (Table 7-3). 

7.1.2 Design for stability under operational wind loads 

A detailed discussion for the stability design of bucket foundation under operational wind 

loads is presented in Section 6.1. Based on this discussion, the bearing capacity factor N is 

estimated as 40 and 66 for Dr of 75% (friction angle = 36.5˚) and 90% (friction angle = 38.5˚), 

respectively, whereas S is calculated as 0.6. As such, qult-bucket is evaluated as 2,240 kPa and 3,700 

kPa for bucket B4 with Dr of 75% and 90%, respectively. For bucket B4 under operational wind 

loads, the maximum contact stress between soil and bucket (idealized as solid caisson) is estimated 
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as 560 kPa, resulting in a safety factor of about 4 (i.e., 2,240/560) and 6.6 (i.e., 3,700/560) against 

bearing capacity failure for Dr of 75% and 90%, respectively.  

On the other hand, ultimate overturning moment of the bucket foundation is assessed 

numerically using the 3D FE continuum model in which an increasing quasi-static monotonic 

moment is applied at the bucket top while having total downward vertical force of 5.8 MN (pre-

applied) to represent dead load of the super-structure. Each load step was maintaining for long 

duration such that the assumption of drained conditions is valid (pore pressure has no contribution 

to the response). The resulting moment-rotation relationship for B4 is shown in Figure 7-6-a, from 

which the ultimate overturning moment capacity for Dr of 75% and 90% can be considered as 200 

MNm and 250 MNm, respectively. As such, the total moment on bucket top due to operational 

wind loads (i.e., 52 MNm) has a safety factor against overturning of about 3.8 and 4.8 for Dr of 

75% and 90%, respectively.  

The typical minimum safety factor against bearing capacity and overturning failure modes 

considered in design standards is 3.0 and 1.5, respectively. Therefore, bucket B4 with Dr of 75% 

and 90% is shown to provide an adequate safety margin for bearing capacity and overturning 

stability under operational wind loading. In Figure 7-6-b, different bucket models (B1 through B8) 

are employed to illustrate effect of bucket size on the drained overturning moment capacity. Table 

7-4 summarizes safety factors for different bucket models in sand with Dr of 75% and 90%. This 

table shows that all bucket models provide adequate safety margins. 

7.2 Influence of soil stiffness 

To investigate effect of soil stiffness, additional models with Dr of 80%, 90% and 100% 

are analyzed (Table 7-2). In this section, modified motion of the 1940 Imperial Valley Earthquake 
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El Centro station acceleration record NS component with 0.5 amplitude scaling is applied as input 

excitation at the FE model base (Figure 6-2). Only bucket model B4 is considered in this section. 

Figure 7-7-b shows moment, rotation and ru time histories for bucket installed in sand with 

Dr of 90%. Compared to 75% Dr (Figure 7-7-a), stiffer soil results in larger bucket moment, smaller 

permanent rotation and less pore pressure build-up. Unlike 75% Dr, far and near field ru showed 

different build-up trends compared to the below bucket record. Moreover, stronger dilative 

response can be noticed for Dr of 90% below bucket ru records.  

Most of the permanent rotation in Figure 7-7-b is noticed to accumulate before 20 seconds 

when cyclic moment response was the largest, despite the strong dilative response (induced by the 

suction mechanism) observed in the below bucket ru record. On the other hand, the near field ru 

generally showed contractive response (i.e., soil softening) increasing to about 0.3 at 20 seconds. 

Although the below bucket ru kept increasing after 20 seconds to a maximum value of 0.8, no 

significant accumulation in bucket rotation was noted. This can be attributed to the fact that the 

near field excess PP response did not show significant increase after 20 seconds. The latter 

observations might enforce the earlier suggestion of bucket rotation dependency on pore pressure 

build-up characteristics, particularly the near field ru response. Nevertheless, the strong dilative 

response (i.e., soil stiffening due to increase in effective stresses) observed below the bucket might 

be considered helpful in improving the overall rotational stiffness of the foundation. 

In this regard, an increase in pore pressure outside the bucket in the near field would result 

in soil softening due to reduction in effective stress, which subsequently leads to degradation in 

the foundation rotational stiffness and thereafter rotation accumulation. To further investigate the 

latter observation, Figure 7-8-a presents time histories of B4 bucket rotation and near field ru for 

four different Dr values (Table 7-2). Consistent increase in the accumulated bucket rotation can be 
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noticed with decreasing Dr due to the stronger pore pressure build-up (i.e., larger ru value). As 

such, the change of permanent bucket rotation is plotted with Dr and the maximum near field ru as 

shown in Figure 7-8-b and Figure 7-8-c, respectively. 

7.3 Influence of ground motion 

In addition to E50, motions N28 and T16 are modified after the 1994 Northridge 

earthquake (14145 Mulholland Dr., Beverly Hills station record - Component N09E) and the 1995 

Kobe earthquake (Takatori station record – Component 90). In this section, only bucket model B4 

is considered with Dr of 75% and 90%. Table 7-5 summaries the employed amplitude scale factor 

for each earthquake record with Dr of 75% and 90%.  

7.3.1 Earthquake motions 

In this section, all motions are scaled to result in similar Peak Ground Acceleration (PGA) 

at the top free-field ground surface in the FE model. As such, the OWT bucket foundation would 

be exposed to different excitations all with the same PGA. 

For Dr of 90%, motions E50-II, N38 and T31 (Table 7-5) resulted in surface PGA of about 

0.36 g (Table 7-5) with surface acceleration time histories and response spectra shown in Figure 

7-9. Comparison between bucket response under different motions is presented in Figure 7-10, 

from which it can be noticed that the permanent rotation toward the end of shaking was essentially 

the same for all motions. While the below bucket ru responses are different, the similarity in 

permanent rotation might be partially attributed to the resemblance of the near field ru records. 

Similar observations were noticed for E50-I, N28 and T16 motions with Dr of 75%. Figure 

7-11 combines time histories of bucket rotation and near field ru for Dr of 75% and 90%. The latter 
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figure shows that T16 with Dr of 75% and E50-II with Dr of 90% result in similar maximum near 

field ru and similar permanent bucket rotation. This suggests a possible correlation between near 

field ru and bucket rotation, which might be useful not only for different soil stiffness but also for 

different ground motions. 

7.3.2 Earthquake intensities 

Figure 7-12 shows comparison of bucket response for E75, N50-I and T50 motions with 

Dr of 75%. The latter motions were scaled such that the resulting near field ru is of similar 

maximum value. As such, N50-I and T50 resulted in similar permanent rotation. Yet, larger 

rotation was accumulated for E75, particularly after 25 seconds. The latter can be explained by the 

larger bucket moment values in the E75 record after 25 seconds (Figure 7-12 right column). 

Projecting maximum near field ru and the corresponding permanent rotation for different motions 

on Figure 7-8-c (originally generated for bucket B4 with different Dr using E50 motions), Figure 

7-13 for bucket B4 demonstrates that all points are in good agreement with the trend line. 

7.4 Influence of soil permeability 

The above discussed results are for B4 bucket model with soil permeability of 1E-4 m/s. 

In this section, additional permeability values are considered: 1E-2 m/s and 1E-6 m/s, while 

maintaining all other model parameters (e.g., soil properties, bucket size, ground motion and 

damping coefficients) unchanged. Thus, differences in the computed response ware solely due to 

permeability effects, in order to highlight its significance. Permeability coefficients of the order of 

1E-2 m/s, 1E-4 m/s and 1E-6 m/s represent values for gravel, sand and silt, respectively, as 

recommended in the OpenSEES manual (Mazzoni et al. 2006) and calibrated by Yang and Elgamal 

(2002). Results of the numerical simulations for bucket B4 are presented in Figure 7-14-a and 
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Figure 7-14-b for three different k values with Dr of 75 % using E50-I motion (left column) and 

90 % using E50-II motion (right column), respectively. 

For Dr of 75%, model k3 with lowest permeability of 1E-6 m/s (silt range) resulted in larger 

PP build-up with ru reaching unity at about 20. The gravel-like permeability of 1E-2 m/s (i.e., k1) 

resulted in insignificant PP build-up with maximum ru value of about 0.1. As such, model k3 

resulted in the largest permanent rotation as illustrated in the middle plot of Figure 7-14-a. All 

models showed similar bucket moment response (top plot). On the other hand, stiffer soil with Dr 

of 90% (Figure 7-14-b) resulted in larger bucket moments and slower rate of PP build-up. Despite 

the different near field ru trends for each k value, all models with Dr of 90% resulted in similar 

permanent rotations demonstrating that permeability had a diminished influence on permanent 

rotation the bucket installed in sands with very large Dr. 

The change in B4 permanent bucket rotation with permeability for different Dr values using 

E50 motions is presented in Figure 7-15. The latter figure enforces the earlier observation that 

permeability would have more significant effect on rotation response of buckets installed in sands 

with low Dr, while the influence might be of less significance for stiffer sand (larger Dr). In this 

regard, it was noticed that lower permeability would result in larger rotation due to the higher pore-

pressure build-up, and vice versa. Furthermore, permanent bucket rotation can be noticed to 

stabilize and reach a plateau for each Dr at the lower and upper ends of the investigated 

permeability range, reflecting the fully undrained and drained conditions, respectively. The 

observed transition in the permanent rotation between drained and undrained conditions can 

represent the partially drained case. 

In addition, it can be noticed that the effect of partially drained conditions tends to diminish 

with larger Dr values. Except for Dr of 100%, the fully undrained conditions (i.e., small k values) 
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show larger permanent rotation compared to drained scenarios. On the other hand, fully undrained 

conditions result in less accumulated rotation for 100% Dr. The latter can be explained by the pure 

dilative response (no contraction tendency with c parameters set as zero in Table 6-2) of the sand 

with Dr of 100% as shown in Figure 7-16. 

7.5 Influence of bucket size 

Effects of bucket size are investigated via examining response of different buckets (B1 

through B8) in sand with Dr of 90% and permeability of 1E-4 m/s due to E50-II motion. Figure 

7-17 illustrates comparison between different bucket responses for three scenarios as follows: 

7.5.1 Similar bucket diameter (effect of skirt length) 

To examine effect of skirt length L, models B1 and B4 (all with d of 12 m) and Dr of 90% 

are analyzed (Figure 7-17-a). Both models resulted in similar near field ru build-up with maximum 

value of about 0.4 (bottom plot of Figure 7-17-a). Model B4 with longer skirt shows less rotation 

accumulation at end of shaking (middle plot of Figure 7-17-a), which can be attributed to the 

associated increase in rotational stiffness (Table 7-3). Nevertheless, lower moment demands for 

B1 (shorter skirt) can be observed when compared with B4 (top plot of Figure 7-17-a). Deformed 

mesh and permanent at end of shaking and the corresponding bucket rotation for B1 and B4 are 

shown in Figure 7-18. From the latter figure, a larger separation gap can be observed for B1 

between bucket lid and the underlying soil compared to B4. The latter might explain the stronger 

oscillation in ru and rotation time histories of B1 compared to B4.  
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7.5.2 Similar skirt length (effect of bucket diameter) 

Effects of bucket diameter can be examined when comparing response of models B1 and 

B5 with d of 12 m and 14 m, respectively (L = 5 m). As presented in Figure 7-17-b, both models 

showed very similar near field ru response. However, moment demands on B5 are slightly larger 

compared to B8 (top plot of Figure 7-17-b). Subsequently, larger rotation was accumulated for B1 

as shown in Figure 7-17-b middle plot. 

7.5.3 Similar fundamental frequency (different size) 

Although having different bucket size, B4 (d = 12 m, L = 8 m) and B6 (d = 14 m, L = 6 m) 

have similar natural frequency of about 0.278 Hz (Table 7-3 for Dr of 90%). A comparison between 

bucket responses of B4 and B6 is shown in Figure 7-17-c, from which it can noticed that both 

models show almost identical bucket rotation and near field ru time histories. Moment demands 

on both buckets can be observed to have a large degree of similarity with B4 having slightly larger 

peaks (top plot of Figure 7-17-c). 

In spite of having different dimensions, the similarly in responses of B4 and B6 indicates 

that the OWT bucket foundation seismic response correlates with the fundamental frequency of 

the combined soil-foundation-structure system (for soil of the same permeability and Dr). As such, 

increasing the fundamental frequency would result in reducing the permanent rotation due to the 

associated increase in the foundation rotational stiffness which contributes to decreasing the 

rotation accumulation during the shaking phase. The latter observation can be further confirmed 

by the earlier comparison between B1 and B4 (Figure 7-17-a).  
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Despite having larger ru and rotation accumulation, similar observations were noticed for 

model with Dr of 75%. The permanent bucket rotation at the end of shaking is shown for models 

B1 through B8 in Figure 7-19 where different buckets are represented by their corresponding 

fundamental frequency (Table 7-3). This figure show results for Dr of 75% and 90%. A nearly 

linear trend of permanent rotation within the investigated range of fundamental frequencies can be 

established for bucket models with same Dr. It can be noticed that the fitted trend lines for different 

Dr tend to converge at larger bucket size (i.e., larger fundamental frequency), which might indicate 

that effect of soil stiffness tends to diminish at the larger bucket sizes (i.e., stiffer foundation). The 

latter can be explained by the fact that at fixed-base conditions with fundamental frequency of 

about 0.29 Hz, soil stiffness does not affect the system natural frequencies. Furthermore, the ratio 

between the permanent rotation at Dr of 75% to that of 90% ranges between 1.5 to 2 for lower and 

upper bounds of the investigated fundamental frequencies (i.e., 0.255 Hz and 0.285 Hz), 

respectively. 

7.6 Influence of damping 

In this section, effects of changing the Rayleigh damping coefficients in the numerical 

model are investigated. Bucket B4 in sand of 75% Dr with E50-I motion is considered in this 

section. As indicated earlier, the previous analysis is based on selecting Rayleigh damping mass 

(am) and stiffness (ak) proportional coefficients such that damping ratio of about 2% is employed 

for the 1st and 3rd vibration modes, respectively, of the OWT bucket foundation structure. The 

latter model is represented herein by D2. Three additional models (D1, D3 and D4) with different 

mass and stiffness proportional coefficients (am and ak) were selected such that the damping ratio 

for the first vibration mode is maintained the same (about 2%). Table 7-6 shows the employed 
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mass and stiffness coefficients for each model and the corresponding damping ratios for the first 

6 vibration modes. Model D1 was selected to have mass proportional damping only (ak = 0) while 

D4 has a stiffness coefficient only (am = 0). The D3 model has larger ak and lower am compared to 

D2 (i.e., the original model). From Table 7-6, it can be noticed that the value of am decreases (while 

ak increases) when moving from D1 to D4 and damping ratios for higher (2nd to 6th) modes increase 

as a result. With am coefficient only, model D1 is noticed to have the lowest damping ratios for 

higher modes while D4 being with zero am has the largest ratios. 

Figure 7-20-a and Figure 7-20-b show time histories of soil acceleration and the 

corresponding response spectra below the bucket at mid skirt height. It can be noticed that model 

D1 showed significantly larger spectral acceleration for frequencies between 6 Hz and 100 Hz 

when compared to other models. This can be explained by the significantly low higher modes 

damping ratios (less than 1%) for model D1 when compared to D2 through D4 (Table 7-6). As 

such, the accelerations along the OWT shaft and tower in D4 were of lower amplitude which 

resulted in less moment demands on the bucket foundation compared to the other models, as 

illustrated in Figure 7-20-c. As a result, model D4 showed the lowest accumulated bucket rotations 

(Figure 7-20-d). Although the difference in the bucket moment demands between D1 through D3 

is not significantly large, the top plot of Figure 7-20-d demonstrates that D3 showed about one 

third the residual/permanent rotation of D1 at the end of shaking. The latter can be explained by 

the bottom plot of Figure 7-20-d where ru at mid skirt height for D3 shows maximum of about 0.4 

while D1 reached one. Similar observations were noted in previous sections about the effect of 

pore pressure build-up on the accumulation of bucket rotations. 

The results discussed in this section indicate that damping of the higher modes might have 

significant effect on the bucket moment rotation response. Larger damping of the higher modes 
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would result in lower pore pressure build-up which leads to less degradation in the foundation 

rotational stiffness. On the other hand, the damped higher modes would result in lower moment 

demands on the bucket foundation as the propagated accelerations along the OWT structure would 

have less contribution from the higher modes. Therefore, employing realistic damping ratios can 

be crucial to the OWT seismic response. Overdamping would lead to unconservative response 

while underestimating the damping might result in unrealistic increase in the foundation 

deformation that might be attributed to larger excess pore pressure build-up. 

7.7 Summary and Conclusions 

As an extension to the work conducted in the previous chapter, a parametric study is 

conducted to investigate influence of: i) soil stiffness, ii) ground motion, iii) soil permeability and 

iv) bucket size, on the bucket foundation OWT seismic response. The numerical framework and 

the insights derived from this study are of general relevance to bucket foundation seismic response 

for offshore wind applications. Specific observations and conclusions include (strictly within 

limits of the scope of the conducted investigations): 

• A correlation between the near field pore pressure build-up and the bucket rotation can be 

observed, resulting in foundation stiffness degradation due to soil softening associated with 

excess pore pressure build-up. 

• Ground motion characteristics have a direct impact on the permanent bucket rotation with 

the latter also depending on the resulting near field pore pressure response. 

• Soil permeability can be of much significance to the bucket moment-rotation response. In 

this regard, it was noticed that: i) at lower values of Dr, lower permeability would result in 

larger rotation due to the greater excess pore-pressure build-up, and ii) For very high Dr, 
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lower permeability can result in relatively less rotation due to stronger dilative response 

which results in larger contribution of the suction mechanism to the overall bucket 

foundation response (as well as minimal excess pore pressure build-up in the free-field). 

• For a given bucket size, permanent bucket rotation tends to stabilize at the lower and upper 

ends of the soil permeability range, reflecting the fully undrained and drained conditions, 

respectively. 

• The observed change in permanent rotation between drained and undrained conditions 

represents the partially drained scenarios. 

• The difference in permanent bucket rotation between undrained and drained conditions 

tends to decrease with increasing soil stiffness. 

• Buckets with different dimensions with essentially identical fundamental frequency of the 

combined OWT-foundation system, will result in similar seismic response. 

• Within the range of investigated scenarios, an essentially linear correlation was noted 

between the OWT fundamental frequency and the permanent bucket rotation. 

• For ground motions similar to 1940 Imperial Valley (El Centro record), 1994 Northridge 

(Mulholland Drive record), and 1995 Kobe (Takatori record) earthquakes scaled to PGA 

of about 0.3 g (for medium dense sand - Dr 75%) and 0.4 g (for very dense sand - Dr 90%): 

i. The investigated 3.45 MW OWT with bucket foundation of diameter d 12 m and 

skirt length L 8 m (model B4) showed adequate response under combined 

operational wind and earthquake loading in medium-dense and very dense saturated 

sands, with overall rotation not exceeding the serviceability limit of 0.5 degrees. 
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ii. On the other hand, bucket foundation of diameter d 12 m and skirt length L 5 m 

(model B1) showed inadequate response in medium dense and very dense saturated 

sands with permanent rotation exceeding the serviceability limit.  

iii. For this bucket (B1 of d = 12 m and L = 5 m) to meet the rotation serviceability 

limit: 

1. A necessary increase in skirt length of about 60% would be required in 

medium dense sand (about 20% in very dense sand).  

2. Alternatively, an increase in bucket diameter of about 17% in medium dense 

sand (about 9% in very dense sand) would be mandatory to meet the rotation 

serviceability limit.  

3. Further increase in bucket dimensions would be necessary to withstand 

stronger ground motions. 

• Damping of the higher modes might have significant effect on the bucket moment rotation 

response, such that: 

i. Larger damping of the higher modes would result in lower pore pressure build-up 

which leads to less degradation in the foundation rotational stiffness. On the other 

hand, the damped higher modes would result in lower moment demands on the 

bucket foundation as the propagated accelerations along the OWT structure would 

have less contribution from the higher modes.  

ii. Therefore, employing realistic damping ratios can be crucial to the OWT seismic 

response. Overdamping would lead to unconservative response while 

underestimating the damping might result in unrealistic increase in the foundation 

deformation that might be attributed to larger excess pore pressure build-up. 
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Further studies may be conducted to assess effect of a layered soil profile on the overall 

seismic response. Furthermore, comparison between bucket foundation and monopile for the same 

OWT can be investigated as part of future research. 
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Table 7-1: Description of different bucket models B1 through B8 

 
Bucket length L (m) 

5 6 7 8 

Bucket diameter d 

(m) 

12 B1 B2 B3 B4 

14 B5 B6 B7 B8 
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Table 7-2: Parameters of PDMY02 and PIMY models for full-scale cases 

Model parameter 
PDMY02* 

(Sand soil) 

PIMY 

(Steel) 

Relative density, Dr (%) 75% 80% 90% 100% - 

Mass density,   (kg/m3) 2,100 7,850 

Reference shear modulus, rG  (MPa) 130 160 215 290 80,000 

Reference bulk modulus, 
rB  (MPa) 260 420 1,000 1,350 

140,00

0 

Peak friction angle,   (degrees) 36.5 37 38.5 40 60 

Phase transformation angle, PT  (degrees) 26 - 

Peak shear strain, max  (%) 10 

Reference mean effective confining 

pressure, 'p  (kPa) 
101 

Pressure dependent coefficient, n   0.5 

- 

Contraction coefficient 1c   0.013 0.008 0.003 0 

Contraction coefficient 
2c   5 

Contraction coefficient 3c   0 

Dilation coefficient 
1d   0.3 0.38 0.5 0.6 

Dilation coefficient 2d   3 

Dilation coefficient 3d   0 

Number of yield surfaces, NYS 20 

Shear strength at zero confinement, c (kPa) 1 - 

Cohesive strength, c (GPa) - 100 

Permeability, k (m/s) 1E-4 1E-20 

* Properties are selected to represent dense sand with Dr of 75%, 80%, 90% and 100% (Elgamal 

et al. 2003, Mazzoni et al. 2006) 
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Table 7-3: Rotational and translational stiffness as well as natural frequencies (fn) of 3.45 MW 

OWT bucket foundation for different buckets (B1 through B8) evaluated under operational wind 

loads in sand with Dr of 75% and 90% 

  

 
Fixed 

base 

d = 12 m d = 14 m 

L=5 m 

“B1” 

L=6 m 

“B2” 

L=7 m 

“B3” 

L=8 m 

“B4” 

L=5 m 

“B5” 

L=6 m 

“B6” 

L=7 m 

“B7” 

L=8 m 

“B8” 

D
r 

=
 7

5
%

 

KRR 

(GNm/rad) 
- 23.8 37.2 50.9 66.3 46.9 63.1 80.4 98.8 

KLL 

(MN/m) 
- 129 183 232 281 270 339 403 465 

N
at

u
ra

l 
fr

eq
u
en

cy
 (

f n
) 1st 0.29 0.262 0.27 0.274 0.277 0.273 0.278 0.279 0.28 

2nd 2 1.65 1.74 1.8 1.84 1.8 1.84 1.87 1.89 

3rd 5.5 4.42 4.67 4.83 4.95 4.85 4.98 5.08 5.15 

4th 11.4 8.35 8.61 8.99 9.29 9.19 9.53 9.78 9.97 

5th 19.2 12.9 13.48 13.91 14.29 14.20 14.69 15.06 15.43 

6th 28.8 20.29 20.84 21.24 21.56 21.41 21.85 22.20 22.51 

D
r 

=
 9

0
%

 

KRR 

(GNm/rad) 
- 30.4 47 62.3 80.9 56.4 74.9 94.9 117 

KLL 

(MN/m) 
- 190 267 308 364 400 459 533 609 

N
at

u
ra

l 
fr

eq
u
en

cy
 (

f n
) 1st 0.29 0.2667 0.273 0.277 0.279 0.276 0.279 0.28 0.282 

2nd 2 1.71 1.79 1.83 1.87 1.83 1.86 1.89 1.91 

3rd 5.5 4.63 4.85 4.95 5.06 4.99 5.09 5.16 5.22 

4th 11.4 8.66 9.18 9.41 9.66 9.68 9.89 10.1 10.2 

5th 19.2 13.43 14.05 14.5 14.85 14.77 15.25 15.63 16 

6th 28.8 20.77 21.32 21.76 22 21.96 22.34 22.82 22.95 
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Table 7-4: Safety factors against bearing capacity and overturning failure modes for different 

buckets 

  

 
Failure 

mode 

d = 12 m d = 14 m 

L=5 m 

“B1” 

L=6 m 

“B2” 

L=7 m 

“B3” 

L=8 m 

“B4” 

L=5 m 

“B5” 

L=6 m 

“B6” 

L=7 m 

“B7” 

L=8 m 

“B8” 

D
r 

=
 7

5
%

 Bearing 

capacity 
3.6 3.7 3.9 4 6.2 6.3 6.5 6.7 

Overturning 1.7 2.2 2.9 3.8 2.4 3.1 4.1 5.3 

D
r 

=
 9

0
%

 Bearing 

capacity 
6.5 6.7 6.9 7.2 11.1 11.4 11.8 12.1 

Overturning 2.2 2.9 3.6 4.8 2.9 3.8 5.1 6.3 
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Table 7-5: Description of the modified earthquake motions 

ID 

Moment 

Magnitude 

(Mw) 

Epicenter 

distance 

(km) 

Earthquake 
Station 

(component) 

Amplitude 

scale factor 

of base 

motion 

Surface 

motion 

PGA (g) 

E50-I* 

6.9 13 
1940 Imperial 

Valley 

El Centro 

(NS) 

0.5 0.29 

E50-II** 0.5 0.36 

E75† 0.75 0.45 

N28* 

6.7 12.7 
1994 

Northridge 

14145 

Mulholland 

Drive (N09E) 

0.28 0.28 

N38** 0.38 0.35 

N50† 0.5 0.45 

T16* 

6.9 1.5 1995 Kobe 
Takatori 

(90) 

0.16 0.28 

T31** 0.31 0.36 

T50† 0.5 0.68 

* Motions employed with Dr of 75% 
** Motions employed with Dr of 90% 
† Motions employed with Dr of 90% resulting in similar maximum near field ru (Figure 7-12) 

Same color rows indicate motions of similar ground surface PGA 
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Table 7-6: Damping ratios at the first 6 modes of vibration for different Rayleigh damping 

coefficients (highlighted cells are the target damping ratios for the first and third modes) 

Mode fn (Hz) 

ξ (%) 

D1 

am = 0.07 

ak = 0 

D2 

am = 0.067 

ak = 0.0011 

D3 

am = 0.05 

ak = 0.007 

D4 

am = 0 

ak = 0.023 

1st 0.278 2 2 2 2 

2nd 1.84 0.3 1 4.3 13 

3rd 4.95 0.1 2 10 36 

4th 9.29 0.06 3 20.5 67 

5th 14.29 0.04 5 31.5 103 

6th 21.56 0.03 7.5 47 156 
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(a) (b) 

 

(c) 

Figure 7-1: Change of a) bucket rotation, b) bucket lateral displacement, and c) structure 

fundamental frequency with bucket diameter and skirt length under monotonic quasi-static 

operational wind loads (Dr = 75%)  

B1 

B4 

B5 

B8 

B1 

B4 

B5 

B8 

Dr = 75% Dr = 75% 

B1 

B4 

B5 

B8 

Dr = 75% 
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(a) (b) 

 

(c) 

Figure 7-2: Change of a) bucket rotation, b) bucket lateral displacement, and c) structure 

fundamental frequency with bucket diameter and skirt length under monotonic quasi-static 

operational wind loads (Dr = 90%)  
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B8 

B1 
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Figure 7-3: Demonstration of the first six vibration mode shapes evaluated using base-spring 

model for B4 in sand of Dr = 75% 
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Figure 7-4: Variation of natural frequencies for different models (Dr = 75%) 

  

Dr = 75% 
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(a) (b) 

Figure 7-5: Plot of transfer function between tower top and bucket acceleration at mid skirt 

height under low amplitude shaking for B4 in sand with Dr of a) 75% and b) 90% 

  

B4 with Dr of 75% B4 with Dr of 90% 



 

203 

  

(c) (d) 

Figure 7-6: Plot of moment-rotation relationship of bucket foundation in drained quasistatic 

monotonic loading (combined with 5.8 MN vertical dead load of the superstructure) for c) B4 in 

sand with Dr of 75% and 90%, and d) different buckets in sand of Dr of 75%. 

  

Dr = 75% B4 
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Dr = 75% Dr = 90% 

  

(a) (b) 

Figure 7-7: Time histories of bucket moment (top plots), rotation (middle plots) and excess PP 

response (bottom plots) for B4 in sand with Dr of a) 75% and b) 90% under E50-I and E50-II 

motions (Table 7-5) 
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(b) 

 
(a) (c) 

Figure 7-8: a) Time history plots of B4 bucket rotation (top plot) and near field ru (bottom plot) 

for different Dr, and change of permanent bucket rotation at end of shaking with b) sand relative 

density and c) maximum near field ru under E50 motions (Table 7-5) 
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Dr = 90% 

Model base Near surface 

  

  

Figure 7-9: Acceleration time histories (top plots) and the corresponding response spectra 

(bottom plots) for B4 with 90% relative density at model base (left column) and near surface 

(right column) for the different employed earthquake input motions: E50-II, N38 and T31 (Table 

7-5) 
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Dr = 75% Dr = 90% 

  

(a) (b) 

Figure 7-11: Time histories of bucket rotation (top plot) and near-field ru (bottom plots) for B4 

with 75% and 90% Dr due to the different earthquake motions: E50-I, N28 and T16 (for 75% 

Dr), and E50-II, N38 and T31 (for 90% Dr) 
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Dr = 90% 

  

(a) (b) 

Figure 7-12: Time histories of a) bucket rotation (top plot) and near field ru (bottom plots), and 

b) bucket moment for B4 with 90% relative density under motions E75, N50 and T50 
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Figure 7-13: Change of residual/permanent B4 bucket rotation with maximum near-field ru 

(representing different Dr values) towards end of shaking under different earthquake motions 

(Table 7-5) 
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Dr = 75% (E50-I motion) Dr = 90% (E50-II motion) 

  

(a) (b) 

Figure 7-14: Time histories of bucket moment (top plots), bucket rotation (middle plots) and near 

field ru (bottom plots) for B4 under E50 motions with different soil permeability (k) 
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Figure 7-15: Change of permanent bucket rotation towards end of shaking with soil permeability 

for B4 in different Dr values using E50 motions 
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Figure 7-16: Time histories of bucket moment (top plots), rotation (middle plots) and excess PP 

response (bottom plots) for B4 in sand with Dr of 100% under E50 motion 
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(a) 

 

(b) 

Figure 7-18: FE deformed mesh contours for vertical displacement (scale factor = 2) showing the 

permanent bucket rotation at end of shaking (time = 35 seconds) for bucket a) B1 and b) B4 

(Table 7-3) in 90% Dr sand of permeability of 1E-4 m/s due to E50-II motion 
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Figure 7-19: Change of residual/permanent bucket rotation at end of shaking with the OWT 

fundamental frequency for different buckets (B1 through B8) with sand Dr of 75% and 90% 

under E50 motions (Table 7-5) 

  

Dr = 90% 

Dr = 75% 

B1 B8 
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(a) (b) 

  

(c) (d) 

Figure 7-20: Plots of a) soil acceleration time histories below the bucket at mid skirt height, b) 

the corresponding response spectra, c) time histories of bucket moment, and d) time histories of 

bucket rotation (top plot) and near field ru (bottom plot) for different damping coefficients 
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Chapter 8  

Shake table testing: A high-resolution vertical 

accelerometer array for tracking shear wave velocity 

 In a dark place we find ourselves, and a little more 

knowledge lights out way. 

 – Star Wars Episode III: Revenge of the Sith 

 

8.1 Abstract 

Dynamic ground and ground-structure responses are heavily dependent on the soil shear 

wave velocity. During seismic excitation, soil stiffness inferred from the shear wave velocity (Vs) 

might change significantly and affect the overall system response. In this study, an instrumentation 

and analysis framework were developed to allow for continuous estimation of Vs during 

dynamic/seismic excitation. The framework is presented along with representative applications 

during shake table testing of saturated sand strata. For that purpose, results from two different 1-g 

shake table tests conducted in a laminar soil container are examined and analyzed. In this context, 

evolution of the soil Vs profile during the shaking event is tracked and documented. The 

experimental setup, test procedure, and test results are described. Time histories of Vs at different 

depths within the sand strata are discussed. Overall, the developed techniques can be conveniently 

included in routine 1-g and centrifuge shake table experimentation efforts, when properly 

accounting for the difference between size of 1 g and centrifuge models. 
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8.2 Introduction 

Local site conditions strongly influence the level of seismic ground excitation during an 

earthquake, and site characterization is an important element of an earthquake-response 

assessment framework. Ground stiffness profile is among the properties that have significance in 

determining the ground response. In this regard, soil shear wave velocity (Vs) and shear modulus 

(G) are main parameters. From Vs, shear modulus is derived, as expressed in (8.1), as one of the 

most important soil properties in geotechnical earthquake engineering and dynamic soil-structure-

interaction analyses. 

2

max sG V=   (8.1) 

where Gmax is the initial shear modulus and  is the soil mass density. 

In the laboratory, bender elements were used in small-scale tests to evaluate Vs profiles 

(Shirley and Hampton 1978, Brignoli et al. 1996, Arulnathan et al. 1998, Pennington et al. 2001, 

Leong et al. 2005, Lee and Huang 2007). Furthermore, centrifuge modelers developed a number 

of techniques to measure Vs (Gohl and Finn 1991, Ismail and Hourani 2003, Fu et al. 2004, 

Brandenberg et al. 2006, Rammah et al. 2006, Fu et al. 2008, Kim and Kim 2010, Ghayoomi and 

McCartney 2011, El-Sekelly et al. 2012, El-Sekelly et al. 2013, El-Sekelly et al. 2014). Arulnathan 

et al. (2000) and Ghosh and Madabhushi (2002) used a miniature air hammer to generate shear 

waves at the base of different model soil profiles for sand and for organic soil. The propagated 

shear waves were recorded using a vertical array of accelerometers positioned at various depths 

that ranged between 2 and 4 meters (prototype scale). For the latter experiments, either an air 
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hammer or bender elements were embedded in the soil while building the model soil profile in 

order to generate the shear waves.  

In large-scale shake table tests (Koga and Matsuo 1990, Lin and Wang 2006), Vs was 

measured before and after the imparted shaking event, where hammer excitation at the surface of 

the model soil profile was used to generate small-strain shear wave while the downward 

propagating wave is picked up by accelerometers placed along the depth of the model. More 

recently, in centrifuge shaking table testing , Lee et al. (2012) developed a bender element 

measurement system that was used to track the change of Vs: i) during shaking in a dense sand 

model, and ii) during the post shaking phase of excess pore pressure dissipation in a loose sand 

model. In the field, deployed seismic downhole arrays have been used to evaluate shear wave 

propagation characteristics, and variation of Vs with depth and time (Beeston and McEvilly 1977, 

Katayama et al. 1990, Shakal and Petersen 1992, Elgamal et al. 1995, Zeghal et al. 1995, Elgamal 

et al. 1996a, Wang et al. 2001). 

In this study, similar to the in-situ downhole array studies, a framework is developed for 

tracking the evolution of Vs during large strain shake-table dynamic excitation. This framework 

employs accelerometers that are placed horizontally (one at each depth such that accelerometers 

are perpendicular to the shear wave propagation direction) and does not require additional 

instrumentation such as an air hammer or bender elements that usually require a pair to be installed 

at each depth. In the following sections, the details are provided, along with representative 

applications during 1-g shake table tests involving loose and dense saturated sand strata. 
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8.3 Shear wave velocity tracking framework 

Aiming to track the propagation of shear waves within the soil strata during ground motion, 

an array of closely spaced accelerometers (e.g., spacing in the range of 0.2 m to 0.5 m) is placed 

vertically within the soil profile (Figure 8-1). Closely spaced accelerometers allow for high spatial 

resolution while tracking the change in Vs with time during the ground excitation phase. With such 

close spacing between accelerometers, the relatively small travel time of the propagated shear 

waves between each two accelerometers is expected to place high demand on the sampling rate 

and the employed data acquisition software and hardware, as explained below.  

8.4 Estimation of Vs from recorded dynamic signals 

Figure 8-1 shows a schematic representation of the accelerometer array and the one-

dimensional shear wave propagation mechanism. The shear wave velocity (Vs) between any two 

accelerometers spaced at a distance d, is estimated by measuring the time d  required for the wave 

to travel between the sensors (i.e., travel time): 

s

d

d
V


=   (8.2) 

The data acquisition system used for measuring Vs must provide a sampling rate that is 

(Arulnathan et al. 2000): i) more than twice the highest frequency in the generated waves to avoid 

aliasing, and ii) high enough that the sampling time step ( st ) combined with the expected travel 

time ( d ) avoid low resolution error in the calculated Vs estimate. The error band, ΔVs in the 

measured Vs due to the employed sampling time step ( st ) can be expressed as (Elgamal et al. 1995): 



 

222 

s s
s

d

V t
V


 =   (8.3)  

According to (8.2), an increase in travel time during any seismic excitation (e.g., shaking) 

event denotes a decrease in Vs, which in turn reflects reduction in the shear modulus (G), due to 

mechanisms caused by either: i) large shear strains that occur during the seismic event (Seed et al. 

1986), and/or ii) reduction in effective confinement (Afifi and Richart 1973) as a result of pore 

water pressure generation during the event. On the other hand, between any two seismic events, 

the change in the soil mass density (8.1) as well as the restoration of confinement due to pore water 

pressure dissipation results in increase in Vs. 

8.5 Analytical Vs evaluation approaches 

A number of researchers (Gohl and Finn 1991, Kita et al. 1992, Arulnathan et al. 2000, 

Brandenberg et al. 2006, Da Fonseca et al. 2008, Murillo et al. 2009, Kim and Kim 2010, 

Ghayoomi and McCartney 2011, Lee et al. 2012) employed the Peak-to-Peak method to evaluate 

Vs travel time in geotechnical centrifuge models. In this approach, the first strong peak is detected 

in the time history of the two selected accelerometers. Thus, the time difference based on peak 

arrival can be calculated. Other researchers (Kawaguchi et al. 2001, Zhou and Chen 2007, El-

Sekelly et al. 2014) relied on first arrival for evaluating Vs. Alternatively, the cross-correlation 

approach (Madera 1970) was employed (Chang et al. 1991, Zeghal and Elgamal 1994a, Elgamal 

et al. 1995) to calculate an average Vs over a given time window. 

In this study, the travel time d  between any two accelerometers is estimated via the cross-

correlation approach. This approach provides a quantitative measure of similarity of two signals 
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as a function of the time lag in one relative to the other. As such, the cross-correlation function 

between two acceleration time histories ai(t) and aj(t) recorded at locations i and j (Figure 8-1), 

may be expressed as (Bendat and Piersol 1980): 
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  (8.4) 

in which ts is time step of the digital data, sm t = is the time delay, and sN t  is acceleration 

record length. A major peak of the cross-correlation function is reached at a time delay d = , 

where 
d  is the travel time of seismic waves from station i to station j. 

In the above, the cross-correlation function is calculated over a pre-defined time window 

of short duration. This window is systematically shifted along the time span of the recorded 

accelerations (Elgamal et al. 1996a), allowing for continuous evaluation of d  estimates 

throughout the shaking event.  

8.6 Experimental application of the Vs tracking framework 

8.6.1 Shake table and laminar container 

The experimental work in this study was conducted at the Powell Laboratory shake table 

facility (Magenes 1989b, Trautner et al. 2018), located at the University of California San Diego 

(UCSD). A laminar container with internal dimensions of 3.9 m x 1.8 m x 1.8 m (Length x Width 

x Height) was constructed at UCSD using 28 structural steel frames arranged in stacks (Ashford 



 

224 

and Jakrapiyanun 2001). The laminar container was designed to reduce boundary effects, 

simulating a 1D shear stress-strain state of wave propagation (Chang and Hutchinson 2013). 

Aiming to enhance its capabilities, the container has been recently extended to a 2.9 m height 

instead of 1.8 m, by inclusion of 16 additional steel frames (Ebeido 2020). Figure 8-2 shows the 

extended laminar container attached to the Powell Laboratory shake table. 

8.6.2 Model 1 preparation and experimental procedures 

Ottawa F-65 sand (Table 8-1) was used to build the soil model. An Ethylene Propylene 

Diene Monomer (EPDM) rubber liner was placed inside the laminar container to hold soil and 

water (Figure 8-3a). The model consisted of two saturated layers with an upper crust stratum 

(Figure 8-4). Construction of the soil model was accomplished in three phases. The first consisted 

of building a 1.0 m dense sand base stratum. Using a plate compactor, this base layer was densified 

in lifts, each of about 0.25 m in thickness. By monitoring weight of each lift and knowing volume 

of the sand layer, overall relative density (Dr) was estimated at about 90%. After construction, this 

base layer was saturated with water carefully flowing into the container by means of perforated 

plastic pipes placed at the base of the container. 

Next, the middle layer was constructed by pluviating the sand into the container from a 

hopper (Figure 8-3b) at a constant falling height and a steady flow rate, in an effort to build a 

relatively uniform deposit. To further promote uniformity of this middle stratum, the sand was 

pluviated through an additional set of sieves that was placed inside the soil container (Figure 8-3c). 

The pluviation process was always conducted while keeping the water table above the top sand 

surface. The distance between the top water surface and the top sand surface was kept in the range 

of 0.25-0.40 m, while the distance between the additional set of sieves and the top water surface 
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was kept around 0.8-1.0 m. After building the middle loose sand layer, its average Dr was estimated 

to be about 35%. 

The final phase of model construction involved pluviation and compaction of the top crust 

stratum using the plate compactor. Upon completing the model, Dr of this crust layer was estimated 

at about 80%. As such, ground water table was 0.55 m below the soil surface (Figure 8-4). The 3-

layer soil profile was selected to allow for measuring different values and capturing different 

change in Vs for different soils. Table 8-2 summarizes properties of the different sand layers. 

8.6.3 Vertical accelerometer array and data acquisition 

For the purpose of this study, data from a high-resolution vertical array placed at a distance 

of about 0.75 m away from the container boundary (Figure 8-4) was employed. Eleven 

accelerometers (A#) of type 393B04 manufactured by PCB Piezotronics, Inc. were used for the 

downhole array and spaced mostly at 0.25 m. Along with the accelerometers, 11 small-size pore 

pressure transducers (PP#) of type BPR-A-S manufactured by Kyowa Electronic Instruments Co., 

LTD were placed nearby (Figure 8-4). 

The collected data was acquired and saved at a sampling rate of 25600 

sample/second/channel. On this basis, error in Vs due to time step size (8.3) is displayed in Figure 

8-5. For instance, the resolution band (Vs ± Δ Vs) using the aforementioned sampling rate is found 

to be 49-51 m/s and 146-153 m/s for Vs equal to 50 m/s and 150 m/s, respectively. 
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8.6.4 Representative results and interpretation 

8.6.4.1 Initial shear wave velocity prior to the shaking event 

Prior to running the shake table test, a low level (0.03 g peak input amplitude) white noise 

was generated at the base of the container. Due to limitations in shake table fidelity at this low 

level of shaking, an external dynamic excitation source was attached to the shake table platform. 

This external source was employed, as the mechanical properties and control system of the shake 

table do not allow to generate the desired low-level of acceleration amplitude. As such, the initial 

average shear wave velocity (Vso) of the soil model was estimated (Table 8-2). Values reported in 

Table 8-2 represent average Vso within each stratum evaluated between the lowermost and 

uppermost accelerometers within each stratum. 

8.6.4.2 Shaking event accelerations 

Under displacement-control mode, the shake table was used to generate a 25-second long 

input excitation as shown in Figure 8-6. This motion consisted of 15 cycles including 3 initial 

cycles ramping up to the desired peak amplitude and 3 cycles ramping down at the end of the 

motion. It might be noticed that the input excitation exhibits a level of asymmetry in terms of 

positive and negative acceleration peaks. Furthermore, the table response can be seen to include 

some superimposed high frequency noise (Figure 8-6), due to superfluous friction in the shake 

table bearings as discussed by Trautner et al. (2018). 

Figure 8-7 shows time histories of the 11-accelerometer array during the shaking event. 

The following observations may be noted in the recorded response: 
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1. Characteristics of the input excitation are manifested in the base dense layer and 

maintained up to A8. This response changes starting at the lower boundary of the loose layer (A7 

and A6) with a change in the frequency content where the loose layer acted as a low-pass filter 

and the high-frequencies were filtered out. 

2. In the dry crust above the liquefied loose sand stratum (A1-A3), a clear decay in 

amplitude is observed. Liquefaction in the loose sand and associated loss of stiffness and strength 

resulted in this base-isolation effect (Kokusho 2014, Bouckovalas et al. 2016).  

8.6.4.3 Pore water pressure response 

Figure 8-8 shows the recorded response in terms of Excess Pore Pressure (EPP) ratio (ru = 

ue/’vo where ue is recorded EPP and ’vo is initial effective vertical stress). In the dense base 

stratum, maximum ru was less than 1, as the soil experienced relatively gradual EPP build-up. All 

pore pressure transducers in the middle loose layer (PP03-PP07) showed a sharper rate of EPP 

increase and evidence of liquefaction as ru = 1.0 was reached.  

8.6.4.4 Lateral soil deformation 

Figure 8-9 shows lateral displacement profiles of the laminar container at selected time 

instants during the shaking event. From these displaced configurations, it can be noted that 

deformation was minimal within the crust layer above the water table. In the underlying saturated 

soil, the middle loose layer follows a deformation trend that is steeper than that of the underlying 

dense layer. This is an outcome of the tendency for larger deformation within the liquefied looser 

layer, compared to that of the denser layer below. 
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8.6.5 Implementation of the Vs tracking framework 

The logic of a moving time window with overlap was used with the recorded accelerations 

(Figure 8-7) to evaluate shear modulus variation with time (Elgamal et al. 1996a). Following this 

logic, a 2-second moving time window with a step of 0.1 second is used herein to estimate the 

travel time between any two accelerometers for each moving time window via cross-correlation. 

Thereafter, Vs is estimated using the distance between the two accelerometers (i.e., 10 values of Vs 

are estimated during every second of dynamic response). The window size of 2 seconds includes 

about 1.5 cycle (Figure 9-6) with 51200 data points, allowing for reasonable accuracy in the 

resulting Vs estimates (Figure 8-5). Selection of 2 seconds for the window size was made after a 

sensitivity analysis was conducted and it was concluded that 2 second is sufficient for the purpose 

of moving window with sampling rate of 25,600 sample/second. 

Figure 8-10 shows a sample cross-correlation (8. 4) evaluated between A8 and A9 

acceleration records of model 1 at early shaking (i.e., at 3 seconds) and towards the end of shaking 

(i.e., at 21 seconds). An enlarged view of the latter cross-correlation is presented in Figure 8-11 to 

further show the evolution of time delay () with shaking. From Figure 8-11, it can be noted that 

the peak of the cross-correlation occurs at later times (i.e., larger time delays) as the shaking 

evolves, which reflects an increase in the travel time (d) and consequently reduction in Vs, as 

explained in the following sections. 

8.6.5.1 Evolution of Vs in the base dense sand layer 

Within this stratum, Figure 8-12 illustrates the acceleration and EPP responses, in addition 

to the computed Vs evolution with time. As can be seen, the acceleration time histories do not show 
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significant amplification or change in frequency content within this layer. In general, the estimated 

Vs is larger at the deeper location, in accordance with the corresponding higher confinement. 

Starting values are about 80 % of the earlier low amplitude estimates (Table 8-2), due to the higher 

levels of shaking. In view of pore-pressure build-up, the calculated Vs estimates are seen to 

gradually decrease, eventually becoming about 70 % of their starting values. 

8.6.5.2 Evolution of Vs in the loose layer 

With the rapid increase in EPP towards liquefaction, Figure 8-13 shows that Vs drops 

dramatically within the middle loose layer, as well as the topmost part of the base dense layer 

(between A8 and A9). At the dense-loose strata interface (between A8 and A9), ru values were as 

high as 0.8, with starting Vs at about 120 m/s, gradually dropping to as little as 30 m/s near the end 

of shaking (rebounding to about 60 m/s by the end of shaking as shaking amplitudes diminish).  

Within the loose layer (between A6, A7 and A8 in Figure 8-13), Vs started at about 100 

m/s at the beginning of shaking and gradually decreased to as low as essentially zero, reflecting 

the liquefaction induced loss of soil stiffness. The latter observation is in agreement with the 

corresponding EPP values that indicate liquefaction (ru = 1). 

From Figure 8-13, it can be noted that the time at which Vs approaches zero occurs earlier 

at shallower depths. Similar observation can be seen in Figure 8-14, where Vs drops earlier near 

the top of the loose layer (between A3 and A4) compared to the locations at mid-depth (between 

A5 and A6). 
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8.6.5.3 Evolution of Vs in the crust layer 

Acceleration histories and evolution of Vs within the crust layer is illustrated in Figure 8-15. 

It can be noticed that main characteristics of the acceleration response (frequency content and 

amplitude) are maintained among A1, A2 and A3. Within the crust layer (between A2 and A3), 

the starting Vs was about 200 m/s, thereafter, rapidly fluctuating between 150 and 350 m/s. Later 

at about 6 seconds, the Vs suddenly shows a dramatic increase essentially approaching infinity. A 

similar trend in Vs was observed between A1 and A2 as well. The estimated Vs approaching infinity 

is a consequence of an estimated zero time-delay between the two correlated acceleration signals. 

Such zero time-delay indicates perfectly in-phase propagation between the two acceleration 

signals. Essentially, it indicates that the crust layer was moving as a rigid body following the 

displacement of the top part of middle liquefied layer as shown earlier in Figure 8-9. 

The overall evolution of Vs at different depths within the soil model is summarized in 

Figure 8-16. Within the loose layer, reduction in stiffness from the top downwards is evident. 

Furthermore, the relatively mild variation in Vs within the base dense layer verses the sharp 

decrease within the liquefied loose layer can be observed. 

8.7 Additional application of the Vs tracking framework 

8.7.1 Model 2 preparation and test configuration 

Results from an additional shake table test (Ebeido 2020) are discussed in this section. 

Model 2 (Figure 8-17), mildly inclined at 4 degrees to simulate lateral spreading, was also tested 

at the Powell Laboratory using the same laminar soil container. Table 8-3 summarizes properties 

of the sand layers. The shake table was used to generate a 14-second long sinusoidal motion, 0.15g 
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in amplitude with a 2 Hz fundamental frequency, as shown in Figure 8-17. Full details of the 

experimental setup are reported in Ebeido (2020). Due to presence of the pile, the overall response 

is not purely driven by the 1-dimensional vertical shear wave propagation mechanism. 

Nevertheless, salient insights were drawn from the analysis as presented below. 

8.7.2 Recorded acceleration and excess pore pressure 

Acceleration and EPP ratio time histories in Model 2 are presented in the left and right 

columns of Figure 8-18, respectively. The asymmetry, in terms of positive versus negative 

acceleration response, is indicative of the recorded accumulation of downslope lateral 

deformations (Figure 8-17) during the shaking event (Zeghal and Elgamal 1994a). This response 

is most prominent at the lower boundary of the middle looser layer (A4 and A5). The acceleration 

spikes in the negative direction denote tendency for dilation during the large downslope shear 

strain excursions. Similar to model 1, significant attenuation in accelerations is observed in the dry 

crust above the liquefied sand stratum (A1-A3). As discussed earlier, liquefaction of the medium-

dense middle layer (Figure 8-18) and associated loss of stiffness and strength results in this base-

isolation effect. 

In the pore pressure response (right column of Figure 8-18), it can be seen that the rate of 

EPP build-up is slower at larger depths. Liquefaction (ru = 1) is reached at the upper locations and 

approached eventually deeper in the ground with progress of the dynamic excitation.  

8.7.3 Tracking of Vs during seismic excitation 

A sample cross-correlation evaluated between A5 and A6 acceleration records of model 2 

is illustrated in Figure 8-19, at early shaking (i.e., at 3 seconds) and towards the end of shaking 
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(i.e., at 13 seconds). Similar to model 1, the enlarged view presented in Figure 8-20 shows that the 

peak of the cross-correlation occurs at later times (i.e., larger time delays) as the shaking evolves, 

which reflects an increase in the travel time (d) and consequently reduction in Vs. 

Figure 8-21 shows evolution of Vs at different locations in model 2. Similar to Figure 8-16, 

a relatively milder variation in Vs is observed within the upper zone of the-dense layer (between 

A5-A6) versus the sharp drop in Vs within the overlying medium-dense layer (between A3-A4 and 

A4-A5). In addition, an early drop in Vs to zero at shallow depth can be observed. The rapid 

reduction in Vs between A3 and A4, and the more gradual between A5 and A6, mirror the EPP 

trends at these locations (Figure 8-18 and Figure 8-21). As observed in the response model 1, Vs 

in the crust layer fluctuates and approaches infinity (i.e., zero-time lag), indicative of the essentially 

rigid body motion (Figure 8-17) within this upper crust zone. 
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Table 8-1: Geotechnical properties of F-65 Ottawa sand (After Bastidas 2016a) 

Property Description 

Mineralogy Quartz, 99.7% 

Grain shape Rounded 

Specific gravity, Gs 2.65 

Coefficient of uniformity (Cu) 1.63 

Coefficient of curvature (Cc) 0.97 

Maximum and minimum void ratio emax, emin 0.83, 0.51 

Minimum and maximum mass density ρmin, ρmax (kg/m3) 1440, 1760 
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Table 8-2: Properties of sand strata for model 1 

 Dense layer Loose layer Crust layer 

Soil condition Saturated Saturated Moist 

Thickness (m) 1.0 1.35 0.55 

Total unit weight γtotal (kN/m3) 20 19 17 

Dry unit weight γdry (kN/m3) 17 15 16 

Relative density Dr (%) 90 35 78 

Initial average shear wave velocity Vso (m/s) 176 102 85 
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Table 8-3: Properties of sand strata for model 2 

 Dense layer Loose layer Crust layer 

Soil condition Saturated Saturated Moist 

Thickness (m) 1.5 0.7 0.7 

Total unit weight γtotal (kN/m3) 20 19 17 

Dry unit weight γdry (kN/m3) 16.6 15.6 16.7 

Relative density Dr (%) 82 53 84 
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Figure 8-1: A schematic of accelerometer array for tracking of shear wave propagation velocity  
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Figure 8-2: Laminar soil container with internal dimensions of 3.9 m x 1.8 m x 1.8 m (Length x 

Width x Height), placed on shake table at the UC San Diego Powell Laboratoy   
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a) b) 

  
c) d) 

Figure 8-3: a) Placing the EPDM liner inside the soil container, b) Soil hopper with a screen 

attached, c) additional sieves placed inside the soil container, and d) dry sand pluviation into 

water  
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Figure 8-4: Testing configuration and instrumentation layout of model 1 (dimensions shown in 

mm)  
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Figure 8-5: Error in the evaluated shear wave velocity due to one time-step error, for sampling 

rate of 25,600 samples/second   
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Figure 8-6: Acceleration time history of the shake table input excitation for model 1  
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Figure 8-7: Model 1 acceleration time histories at different depths   
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Figure 8-8: Time histories of excess pore pressure ratio at different depths in model 1  



 

245 

 

Figure 8-9: Lateral displacement profile of the laminar container relative to displacement at 

depth 2.75 m, at selected time instants in model 1, along with the corresponding accelerometers   
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Figure 8-10: Cross-correlation between A08 and A09 accelerations (model 1) for two time 

windows centered at 3 seconds (i.e., at the beginning of shaking) and 21 seconds (i.e., towards 

end of shaking)  
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Figure 8-11: Enlarged view of the cross-correlation between A08 and A09 accelerations (model 

1) for different time windows centered at 3, 12, 16 and 21 seconds   
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Figure 8-12: Time histories of Vs as well as the corresponding acceleration (A09, A10 and A11) 

and EPP ratio within the base dense layer in model 1  
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Figure 8-13: Time histories of Vs as well as the corresponding acceleration (A06, A07, A08 and 

A09) and EPP ratio within the loose and dense layers in model 1  
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Figure 8-14: Time histories of Vs as well as the corresponding acceleration (A03, A04, A05 and 

A06) and EPP ratio within the loose layer in model 1  
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Figure 8-15: Time histories of Vs and the corresponding acceleration (A01, A02 and A03) within 

the crust layer in model 1  
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Figure 8-16: Evolution of Vs during shaking at different locations along depth of model 1  
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Figure 8-17: Model 2 layout of accelerometers and nearby pore pressure transducers (dimensions 

shown in mm), as well as input shake table motion and final lateral displacement profile of the 

laminar container 
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Figure 8-18: Model 2 time histories of acceleration at different depths, and the corresponding 

histories of EPP ratio   
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Figure 8-19: Cross-correlation between A5 and A6 accelerations (model 2) for two time 

windows centered at 3 seconds (i.e., at the beginning of shaking) and 13 seconds (i.e., towards 

end of shaking)  
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Figure 8-20: Enlarged view of the cross-correlation between A5 and A6 accelerations (model 2) 

for different time windows centered at 3, 6, 8 and 13 seconds   
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Figure 8-21: Model 2 evolution of shear wave velocity during shaking at different locations 

along depth 
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Chapter 9  

Asymmetric Input Motion for Accumulation of 

Lateral Ground Deformation in Laminar Container 

Shake Table Testing 

 I have not failed. I have just found 10,000 ways that 

won’t work. 

 – Thomas A. Edison 

 

9.1 Abstract 

Due to seismic response, accumulation of permanent ground deformation (lateral 

spreading) is an important mechanism of much practical significance. Such deformations typically 

occur near a ground slope, behind retaining structures such as sheet-pile and quay walls, and in 

mildly sloping ground. In conducting a shake table test, the generation of permanent deformations 

further elucidates the underlying mechanisms and allows for related ground-foundation-structure 

response insights. In this paper, an approach for development of accumulated ground deformations 

is presented, in which asymmetric inertial loading results in a biased dynamic one-dimensional 

shear state of stress.  As such, the proposed approach allows for further insights into the soil cyclic 

response and pore pressure build-up, with deformations accumulating in a preferred direction. In 

order to permit a virtually unlimited number of such loading cycles, focus is placed on motions 
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that do not cause the shake-table actuator to accumulate displacement, in view of its possible 

limited stroke. Using this approach, representative experimental response is outlined and 

discussed. This experimental response can be used for calibration of numerical models to emulate 

the observed permanent strain accumulation profile and associated mechanisms. In addition to 

liquefaction-induced lateral spreading, this asymmetric shaking approach might be beneficial for 

a wide class of earthquake engineering shake table testing applications. 

9.2 Introduction 

Liquefaction-induced lateral ground deformation due to earthquake excitation is a main 

mechanism that results in major damage to embedded structures and foundation systems 

worldwide (Andrus and Youd 1987, Sims and Garvin 1995, Cetin et al. 2004, Sonmez et al. 2008, 

Cubrinovski et al. 2012, Tokimatsu et al. 2012). Using the extensive data compiled for the 1964 

Niigata and 1983 Nihonkai-Chubu earthquakes in Japan (Hamada et al. 1986), Bartlett and Youd 

(1995) identified two general types of lateral deformations: (1) lateral spread in a level ground 

towards a free face or near quay wall, sheet pile wall or yielding retaining structure, and (2) lateral 

spread down a mild ground inclination where a free face is absent. In addition to the above two 

types of lateral spreads, permanent coseismic lateral displacement has been documented from 

records of near-fault ground motion (Iwan et al. 1984, Iwan et al. 1985, Hall et al. 1995, Elnashai 

et al. 2010, Vigny et al. 2011). 

Due to the scarcity of instrumented sites and well documented field case histories, physical 

model experiments have been of much value in elucidating the associated response mechanisms. 

In the context of physical modeling, permanent ground deformation was reproduced by sloping 

ground configurations (Madabhushi et al. 2001, Haigh and Madabhushi 2002, Brandenberg et al. 
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2005, 2007a, b, Carey et al. 2018, Manzari et al. 2018), and by presence of yielding retaining 

structures such as sheet piles or quay walls (Sato 1997, Ghalandarzadeh et al. 1998, Horikoshi et 

al. 1998, Lee 2005, Motamed and Towhata 2009, Motamed et al. 2009, Motamed et al. 2013, Tang 

et al. 2014). Researchers at Rensselaer Polytechnic Institute (RPI), developed and employed a 

mildly inclined laminar container configuration as an innovative technique to emulate the 

mechanism of liquefaction-induced lateral spreading in scenarios of gentle ground slopes. Since 

then, a large number of investigations over a span of more than 20 years have adopted this valuable 

testing technique in centrifuge testing (Dobry 1994, Taboada 1995, Elgamal et al. 1996b, Taboada-

Urtuzuastegui and Dobry 1998, Abdoun and Dobry 2002, Abdoun et al. 2003, Abdoun et al. 2005, 

Gonzalez et al. 2009), as well as in 1-g shake table experimentation (Elgamal et al. 2006, 

Thevanayagam et al. 2009, Dobry et al. 2010, Chang and Hutchinson 2013). In this testing 

configuration, dominance of the simple shear state of stress facilitated extraction of the underlying 

stress-strain response and potential progression towards liquefaction as recorded by pore-pressure 

transducers (Elgamal et al. 1996b, Taboada-Urtuzuastegui and Dobry 1998, Dobry et al. 2010).  

The stress-states reproduced in the above-mentioned experimental studies provided a 

wealth of data that has been used to glean insights about the shear deformation accumulation 

mechanisms (Zeghal et al. 1999, Carey et al. 2018, Zeghal et al. 2018). As a contribution to this 

line of research, a technique is proposed herein for accumulation of deformations in laminar 

container testing, without imposing an inclination on the tested geometric configuration. This 

technique does not replicate any of these stress-states, but simply relies on asymmetric base 

excitation (positive versus negative) to generate higher inertial lateral forces and deformations in 

a prescribed preferred direction (analogous to downslope motion). As such, the proposed technique 

provides additional insights about the mechanisms of cyclic shear strain accumulation, not 
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manifested in conventional symmetric loading situations. These insights can be of much value in 

calibration of numerical models in terms of capturing the observed levels of cycle-by-cycle shear 

deformations, and the associated excess-pore pressure buildup characteristics. 

Simplifications and advantages of this asymmetric motion approach stem from: i) 

conducting the laminar container test without an underlying ramp, potentially leading to significant 

savings in expenses and time, particularly for large-scale 1-g testing scenarios, ii) aligning the 

shaking direction with the horizontal layering of the ground strata, iii) ability to tailor the input 

shake table excitation so as to impose arbitrary levels of symmetric as well as biased accumulated 

displacement, which can even alternate between forward and backward deformations during the 

same shaking event, and iv) possible implementation of this approach in multi-directional loading 

environments, thus generating more complex stress-path scenarios that might be of interest for the 

purposes of numerical model calibration. In the following sections, the proposed technique is 

presented, along with experimental results to illustrate the outcomes. 

9.3 Conceptual framework of asymmetric base excitation 

In geotechnical earthquake engineering, asymmetric acceleration and resulting downslope 

deformations are conceptually displayed in the Newmark sliding block waveform (Kramer 1996). 

Aiming to generate biased accumulated permanent ground deformation, an approach of 

asymmetric base excitation is discussed herein in the context of uni-directional 1-Degree of 

Freedom (DOF) shaking (but equally applicable for multi-directional 6-DOF scenarios). The 

asymmetric base excitation induces seismic inertial forces that are larger in the forward direction 

for instance, leading to a corresponding gradual accumulation of ground deformation. As such, 

cyclic loading of this type will allow accumulation of permanent deformations in the forward 
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direction on a cycle-by-cycle basis. In each cycle, the full stroke of the shake table actuator may 

be fully utilized in order to maximize the input shaking amplitude. 

In general, any asymmetric input acceleration waveform will result in an accumulation of 

deformations. When a long stroke actuator is available, more versatility is allowed in tailoring the 

input acceleration. For instance, Figure 9-1 shows an asymmetric acceleration signal (Ebeido 

2019) with the actuator moving from one end of its stroke to the other (a total of 1.2 m in the UC 

San Diego outdoor shake table facility http://nheri.ucsd.edu), generating sustained levels of 

imposed lateral acceleration that is superposed on the otherwise harmonic excitation. 

If needed (due to limited actuator stroke), returning the actuator to its initial starting 

position (on a cycle-by-cycle basis) will allow for application of a virtually unlimited number of 

loading cycles. As such, Figure 9-2 shows examples of asymmetric base acceleration, depicting 

different waveforms of the resulting actuator displacement. 

It is worth noting that the presented examples in Figure 9-2 for instance, can be further 

tailored to impose different levels of asymmetry in each loading cycle. As such, the recorded 

response might encompass a broader range of response scenarios with different levels of 

accumulated cyclic strains for the purpose of subsequent numerical model calibration. 

9.4 Experimental implementation 

Figure 9-3 displays the employed asymmetric shake table base excitation, tailored such 

that the displacement returns back to its original position, on a cycle-by-cycle basis. Figure 9-4 

shows an enlarged view for one cycle of the asymmetric base excitation presented in Figure 9-3. 

From Figure 9-4, it can be observed that the velocity at the beginning of each cycle is ramping up 

http://nheri.ucsd.edu/
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and reaching a peak value. During this velocity build-up phase, the acceleration increases slightly, 

and the displacement increases in amplitude (Figure 9-4). Thereafter, the velocity undergoes a 

sudden drop in amplitude, associated with the large biased instant of negative acceleration. To 

complete the cycle, the table displacement is prescribed to gradually return back to zero, allowing 

potentially for an unlimited number of cycles to be applied. As such, in each cycle, the base 

excitation is designed to have a large acceleration peak, in one direction, with much lower peaks 

in the other direction. 

It is of interest to note that velocity pulses of analogous shape have been noted (Iwan et al. 

1984, Hall et al. 1995, Kalkan and Kunnath 2006) in the records of near-fault ground motions, 

such as those of Rinaldi, 1994 Northridge earthquake, Sakarya-SKR, 1999 Kocaeli earthquake 

(Figure 5) and Station 12, 1982 Lulong earthquake (Figure 9-6). Hall et al. (1995) discuss many 

earthquake records that displayed velocity pulses and resulted in considerable permanent ground 

deformation (e.g., Mw 7.2 Landers earthquake – Lucerne station, Mw 6.7 Northridge earthquake– 

Rinaldi receiving station, Mw 6.6 Superstition Hills earthquake– Parachute test site). 

9.5 Experimental procedures 

9.5.1 shake table and laminar soil container 

The experimental work in this study was conducted at the Powell Laboratory shake table 

facility, located at the University of California San Diego (UCSD). The uniaxial shake table 

platform has dimensions of 4.9 m by 3.1 m, with a real-time three-variable digital controller. The 

shake table actuator has a maximum nominal shaking force of 490 kN (110 kips). The table 

platform can hold models that weight up to 350 kN (80 kips). Maximum table displacement is 
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±150 mm with a maximum nominal operating frequency of 20 Hz. Performance and construction 

of the Powell laboratory shake table are detailed in Magenes (1989a), and Trautner et al. (2018). 

A laminar container with internal dimensions of 3.9 m x 1.8 m x 1.8 m (Length x Width x 

Height) was constructed at UCSD using 28 structural steel frames arranged in stacks (Ashford and 

Jakrapiyanun 2001). The laminar container was designed to be used with dry and saturated soil 

models and exhibits minimal boundary effects; simulating a one-dimensional (1D) shear stress-

strain wave propagation state (Chang and Hutchinson 2012, Chang and Hutchinson 2013, Ebeido 

et al. 2018a). Aiming to enhance its capabilities, the container has been recently extended to a 2.9 

m height instead of 1.8 m, by inclusion of 16 additional steel frames (Ebeido 2019). Figure 9-7 

shows the extended laminar container attached to the Powell Laboratory shake table. 

9.5.2 Model preparation 

Ottawa sand F-65 (Table 9-1) was used to prepare the soil model. A.60 MIL thick Ethylene 

Propylene Diene Monomer (EPDM) rubber liner manufactured by Field Lining Systems, Inc. was 

placed to hold soil and water inside the laminar container (Figure 9-8a). Construction of the soil 

model (Figure 9-9) was accomplished in two phases. The first consisted of building a 1.3 m high 

very dense sand base stratum (Table 9-2). This base layer was placed and compacted in lifts, each 

of about 0.25 m in thickness, using a plate compactor. Special care was exercised in the vicinity 

of the deployed sensors, hung inside the soil container by means of geogrid strips (Figure 9-8c and 

Figure 9-9), to avoid potential damage to the instrumentation and/or the cables. 

By monitoring weight of each sand batch being placed inside the container and knowing 

volume of the sand layer, average relative density (Dr) was estimated to be about 90%. Conducted 

sand cone tests resulted in a similar estimate as well. After construction, this base layer was 
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saturated with water, carefully and slowly dripped into the container by means of perforated Poly-

Vinyl Chloride (PVC) pipes that were placed at the container base before building the soil model. 

Such technique allows for water saturation and minimizes the chance of air bubbles being trapped 

within the soil model. After saturation, a number of white noise motions of 0.03g acceleration 

amplitude were imparted on the dense layer to further promote removal of any trapped air bubbles 

(none were observed). 

Building the upper 1.7 m high medium dense layer (Figure 9-9) constituted the second 

phase of model construction. Sand was pluviated into the container from a hopper equipped with 

sieves (Figure 9-8b) at a constant falling height and flow rate, in an effort to build a relatively 

uniform deposit. To further promote uniformity of this upper stratum, an additional set of sieves 

was placed inside the soil container as shown in Figure 9-8c. The pluviation process was conducted 

while keeping the water table above the top sand surface at all times (Figure 9-8d). The distance 

between the top water surface and the top sand surface was kept in the range of 0.25 m-0.40 m. 

After building the upper medium dense sand layer, water table was lowered to 0.3 m below the 

topsoil surface (resulting in an un-saturated 0.3 m upper crust). Average relative density (Dr) was 

found to be about 65% (Table 9-2). 

9.5.3 Test description 

The free field soil response due to the imparted base excitation was recorded using three 

vertical arrays of accelerometers and pore pressure transducers as shown in Figure 9-9. At the 

same elevations, the outer laminates were instrumented with string potentiometers to measure 

lateral displacement. Number of accelerometers (A#) varied for each array from 4 to 11, vertically 

spaced, to record seismic wave propagating from the base all the way upwards to the soil top 
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surface. Additionally, small-size pore pressure transducers (PP#) of type BPR-A-S manufactured 

by Kyowa Electronic Instruments Co., LTD were placed in each array, near the accelerometers. 

The shake table was used to generate one dimensional asymmetric motion as presented in 

Figure 9-3 and Figure 9-4. The motion consisted of 20 cycles (about 30 seconds), with a uniform 

peak acceleration of about 0.6g and peak displacement amplitude of 0.05 m. Figure 9-10 shows 

the actual command and feedback signals in terms of displacement, velocity and acceleration for 

the base excitation as recorded by the shake table controller data acquisition system at a sampling 

frequency of 256 sample/second/channel. 

An enlarged view of the shake table response is further presented in Figure 9-11, from 

which it can be noticed that the shake table reasonably achieved the target displacement as well as 

the target velocity. The acceleration response is somewhat noisy due to friction in the shake table 

bearings as discussed in Trautner et al. (2018), Zayed et al. (2020). 

9.6 Experimental response and discussion 

9.6.1 Soil acceleration and pore pressure response 

Figure 9-12 displays representative results of the recorded lateral acceleration and pore 

pressure along the north instrumentation array (Figure 9-9) Attenuation in acceleration amplitude 

is clear starting from the depth of 0.85 m (A107, at base of medium dense layer) and above. Such 

attenuation is associated with pore pressure (right column in Figure 9-12) achieving the level of 

liquefaction by the first half of the 1st cycle and the 3rd cycle, at the base and top of the liquefiable 

layer, respectively. Because of liquefaction, the acceleration record at the free surface (A111) 

displays the lowest amplitudes. A comparison between the acceleration records within the 
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liquefiable layer (A107 and A109) with those in the very dense layer (A101 and A103) indicates 

that the liquefiable layer acted as a band pass filter upon liquefaction, filtering out some high 

frequency content. 

By the end of shaking, high excess pore pressures prevailed with liquefaction reaching a 

depth of about 2.0 m. Pore pressure transducers within the upper portion of the dense layer (i.e., 

PP105), show consistent and clear cycle by cycle pore pressure build-up, eventually reaching the 

level indicative of liquefaction. As such, pore pressure records show that liquefaction has occurred 

within the medium dense layer as well as the top of the very dense layer. Similar observations 

concerning evidence of liquefaction at the top of a dense sand stratum overlain by a looser layer 

were reported in a number of earlier studies (Fiegel and Kutter 1994, Byrne et al. 2004, Zayed et 

al. 2020). 

9.6.2 Lateral soil deformation 

Time histories of the container lateral displacement are presented in Figure 9-13. Maximum 

permanent displacement of about 0.17 m was recorded at the top of the container. Figure 9-14 

shows the container configuration before and after the shaking event. The cyclic accumulation of 

lateral deformation can be viewed in the form of the profiles presented in Figure 9-15. During the 

1st and 2nd cycles, the laminar container accumulated a relatively small level of permanent lateral 

deformation. Thereafter, the soil model started to accumulate larger levels of biased permanent 

deformation, on a cycle-by-cycle basis. 

From the soil profile displaced configurations (Figure 9-15), it can be noted that 

deformation was minimal above the water table, within the top crust stratum. In the underlying 

saturated soil, the upper medium dense layer follows a deformation trend that is steeper than that 



 

268 

of the underlying very dense layer. This is simply an outcome of the tendency for larger 

deformation within the upper saturated medium dense layer, compared to that of the underlying 

denser stratum. 

Finally, some slippage may be observed as well at the very base of the soil model. This 

slippage occurred between the lowermost laminate and the base of the container. Due to the smooth 

nature of the EPDM liner, low friction was generated between the base of the laminar container 

and the liner, resulting in such slippage at the base of the container. 

9.6.3 Evaluation of shear stress-strain histories 

The system identification technique proposed by Elgamal et al. (1996b) is used to illustrate 

the corresponding shear stress strain response within the medium dense liquefied sand stratum. 

For that purpose, displacement records were used to obtain both the shear stress and the shear 

strain time histories. Absolute acceleration was computed by double differentiation of the 

corresponding absolute displacement time histories. Thereafter, first order linear interpolation 

between accelerations was employed to estimate shear stresses, and second order interpolation 

between displacements was used to evaluate shear strains. These interpolation schemes yield 

second-order accurate shear stress and strain estimates (Zeghal et al. 1995). 

On this basis, Figure 9-16 displays shear stress-strain time histories at the depths of 0.75 

m, and 1.00 m, in the vicinity of peak accumulated shear strain along the soil profile. Strain 

accumulation and dilative spikes in the stress time histories can be observed as a consequence of 

those in the recorded acceleration (Figure 9-12). 



 

269 

Figure 9-17 presents the corresponding shear stress-strain response. The initial high shear 

modulus is visible at the very first cycle, followed by significant softening due to the liquefaction-

induced strength degradation. Cycle-by-cycle accumulation of shear strains is seen thereafter 

(about 0.5% per cycle). In each cycle, a slight instantaneous regain in shear strength may be noted 

due to the tendency for dilation at large shear strain excursions (Zeghal and Elgamal 1994b). 

9.7 Forward and backward accumulation of deformation 

An illustration of versatility in controlling the direction of deformations is shown in Figure 

9-18. During a preliminary trial test, asymmetric motion presented in the upper row (Figure 9-18) 

was used to accumulate permanent lateral deformation of about 0.15 m in the forward direction. 

Adequate time was allowed after this shaking event for pore pressure dissipation. Thereafter, in 

the same test model, a different asymmetric motion was employed aiming to restore the 

accumulated lateral deformation of the container towards its original undeformed shape, as shown 

in the lower row of Figure 9-18. As such, the outcomes presented in Figure 9-18 further illustrate 

that the asymmetric base excitation can be tailored to allow for accumulation of lateral deformation 

arbitrarily in the forward or backward directions as desired. 
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Table 9-1: Geotechnical properties of F-65 Ottawa sand (After Bastidas 2016b) 

Property Description 

Mineralogy Quartz, 99.7% 

Grain shape Rounded 

Specific gravity, Gs 2.65 

Coefficient of uniformity (Cu) 1.61 

Coefficient of curvature (Cc) 0.96 

Maximum and minimum voids ratio emax, emin 0.853, 0.503 

Maximum and minimum mass density ρmin, ρmax (kg/m3) 1430, 1763 
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Table 9-2: Properties of the two sand strata 

Property 
Base very dense sand 

layer 

Top medium dense 

sand layer 

Thickness (m) 1.3 1.7 

Bulk unit weight γbulk (kg/m3) 2090 2010 

Dry unit weight γdry (kg/m3) 1730 1645 

Relative density Dr (%) 90 65 
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Figure 9-1: Asymmetric motion example for the forward increments scenario 

 



 

274 

 
 

 

Figure 9-2: Idealized representative asymmetric acceleration base excitation signals 
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Figure 9-3: Input motion displacement, velocity, and acceleration (first 20 of 30 seconds in total) 
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Figure 9-4: Enlarged view for two cycles of the input motion 
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Figure 9-5: Velocity and displacement time histories for Rinaldi and SKR records (After Kalkan 

and Kunnath 2006) 
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Figure 9-6: Velocity and displacement records of Station 12 during 1982 Lulong earthquake 

(After Iwan et al. 1984) 
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Figure 9-7: Laminar Soil Container Placed on Shake Table at the UC San Diego Powell 

Laboratoy   



 

280 

  
(a) (b) 

  
(c) (d) 

Figure 9-8: a) Placing the EPDM liner inside the soil container, b) Soil hopper with a screen 

attached to it, c) additional set of sieves placed inside the soil container and d) sand pluviation  
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Figure 9-9: Testing configuration and instrumentation layout (dimensions shown in mm) 
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Figure 9-11: Enlarged view of the command and feedback signals of the input excitation 

showing two cycles  
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Figure 9-13: Lateral relative displacement along the laminar container height 
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Figure 9-15: Accumulated lateral displacement profiles at different cycles during the shaking 

event   
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Figure 9-17: Shear stress-strain response during shaking event (within the saturated medium-

dense stratum)  
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Chapter 10  

Summary and conclusion 

 There is a lesson here and I am not going to be the one 

to figure it out. 

 – Rick and Morty: Season 4, Episode 1 

 

10.1 Seismic response of bucket foundation for offshore wind 

turbines 

Motivated by the current expansion of offshore wind projects in seismically active zones, 

a 1-g shaking table experimental program was conducted on a scaled bucket foundation wind 

turbine model. The model was tested in a laminar soil container. The documented experimental 

data was used to calibrate a 3D finite element model. A comparison between the experimental the 

calibrated numerical results is presented. The calibrated model is further employed to investigate 

the seismic response of an idealized utility-scale OWT model. Pore pressure response beneath and 

around the bucket as well as the foundation moment and rotation response were explored. In 

addition, effect of soil permeability on the soil-bucket system seismic response was investigated. 

The numerical framework and the insights derived from this study are of general relevance to 

bucket foundation dynamic response for offshore wind applications. Specific observations and 

conclusions include: 
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• Modeling the interface between soil and bucket foundation is crucial towards capturing the 

measured experimental response. The soil-bucket system showed stiffer response when 

zeroLength interface elements were not employed. 

• In non-seismically active zones, the investigated bucket models can provide sufficient 

safety margins against stability (overturning and bearing capacity) failures. In addition, 

these buckets are able to achieve the fundamental frequency requirement specified by the 

turbine manufacturer under operational loads. 

• Accounting for operational wind loads on wind turbines during seismic loading is 

considered to result in a more realistic response scenario. The initial bucket rotation due to 

operational wind loads might further result in rotation accumulation during earthquake 

shaking. No appreciable rotation accumulation resulted in the case of wind loads neglected, 

which might significantly underestimate the actual system response. 

• During seismic excitation, acceleration at the tower top can be of lower amplitude and of 

different frequency bandwidth than that along the tower.  

• Modeling the OWT as a SDOF via a single lumped mass at the tower top might not result 

in accurate seismic response due inaccurate representation of the inertial forces. Instead, 

modeling the tower as discrete masses at the connecting nodes yields a more realistic 

representation of the super-structure response. As such, the MDOF model resulted in more 

accumulated rotation at the end of shaking when compared to the SDOF model, which can 

be critical to the OWT serviceability limit. 

• A correlation between the near field pore pressure build-up and the bucket rotation can be 

observed, resulting in foundation stiffness degradation due to soil softening associated with 

excess pore pressure build-up. 
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• Ground motion characteristics have a direct impact on the permanent bucket rotation with 

the latter also depending on the resulting near field pore pressure response. 

• Soil permeability can be of much significance to the bucket moment-rotation response. In 

this regard, it was noticed that: i) at lower values of Dr, lower permeability would result in 

larger rotation due to the greater excess pore-pressure build-up, and ii) For very high Dr, 

lower permeability can result in relatively less rotation due to stronger dilative response 

which results in larger contribution of the suction mechanism to the overall bucket 

foundation response (as well as minimal excess pore pressure build-up in the free-field). 

• For a given bucket size, permanent bucket rotation tends to stabilize at the lower and upper 

ends of the soil permeability range, reflecting the fully undrained and drained conditions, 

respectively. 

• The observed change in permanent rotation between drained and undrained conditions 

represents the partially drained scenarios. 

• The difference in permanent bucket rotation between undrained and drained conditions 

tends to decrease with increasing soil stiffness. 

• Buckets with different dimensions with essentially identical fundamental frequency of the 

combined OWT-foundation system, will result in similar seismic response. 

• Within the range of investigated scenarios, an essentially linear correlation was noted 

between the OWT fundamental frequency and the permanent bucket rotation. 

• For ground motions similar to 1940 Imperial Valley (El Centro record), 1994 Northridge 

(Mulholland Drive record), and 1995 Kobe (Takatori record) earthquakes scaled to PGA 

of about 0.3 g (for medium dense sand - Dr 75%) and 0.4 g (for very dense sand - Dr 90%): 
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i. The investigated 3.45 MW OWT with bucket foundation of diameter d 12 m and 

skirt length L 8 m (model B4) showed adequate response under combined 

operational wind and earthquake loading in medium-dense and very dense saturated 

sands, with overall rotation not exceeding the serviceability limit of 0.5 degrees. 

ii. On the other hand, the bucket foundation of diameter d 12 m and skirt length L 5 m 

(model B1) showed inadequate response in medium dense and very dense saturated 

sands with permanent rotation exceeding the serviceability limit.  

iii. For this bucket (B1 of d = 12 m and L = 5 m) to meet the rotation serviceability 

limit: 

1. A necessary increase in skirt length of about 60% was required in medium 

dense sand (about 20% in very dense sand).  

2. Alternatively, an increase in bucket diameter of about 17% in medium dense 

sand (about 9% in very dense sand) was found to meet the rotation 

serviceability limit.  

3. Further increase in bucket dimensions would be necessary to withstand 

stronger ground motions. 

• Viscous damping at higher frequencies might have a significant effect on the bucket 

moment rotation response, such that: 

i. The damped higher modes resulted in lower moment demand on the bucket 

foundation as the propagated accelerations along the OWT structure were lower. 

This also resulted in lower pore pressure build-up which led to less degradation in 

the foundation rotational stiffness.  
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ii. Therefore, employing realistic damping ratios can be of importance to the OWT 

seismic response. Overdamping can lead to unconservative response while 

underestimating the damping might result in unrealistic increase in the foundation 

deformation that might be attributed to larger excess pore pressure build-up. 

10.2 A high-resolution vertical accelerometer array for tracking 

shear wave velocity 

A technique was described for estimating the evolution of shear wave velocity Vs during 

dynamic or seismic excitation. This technique employs the cross-correlation approach with an 

overlapping moving time window. For each time window, the delay in shear wave arrival between 

any two accelerometers is calculated and Vs is estimated, knowing the distance between them.  

Data sets from two different 1-g shake table tests were used to illustrate application of the 

analysis framework and its outcomes. For each test, evolution of Vs with time was displayed at 

different depths within the soil model. The procedure captured a number of response 

characteristics such as: i) liquefaction and its progression from the top downwards, and ii) the 

isolation mechanism above the liquefied layer and the related essentially rigid body displacements 

within overlying strata.  

In sampling Vs, high spatial resolution is achieved via close spacing between the deployed 

vertical array accelerometers. As such, particularly high sampling rates (small time step) are 

needed in order to achieve accuracy in the calculated Vs estimates. 
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10.3 Asymmetric input motion for accumulation of lateral ground 

deformation in laminar container shake table testing 

Asymmetric motion is proposed as base excitation for laminar container shake table testing 

to simulate scenarios related to accumulation of lateral deformations. In this context, a biased 

dynamic 1D shear state of stress is emulated. Using a representative asymmetric input motion, a 

large-scale shake table laminar container test was conducted to illustrate the underlying response 

mechanisms. Characteristics of the asymmetric motion along with the soil model response were 

presented and discussed. This response, including the accumulated cyclic shear strain excursions, 

provides crucial insights for calibration of numerical models. 

The motion presented in this particular study was specifically designed for short stroke 

actuators, enabling wider applicability and adoption. In general, the concepts involved in tailoring 

such asymmetric motions were shown to allow versatility in terms of the accumulated deformation 

direction and amplitude. From a broader perspective, asymmetric input motions may be of interest 

for a range of earthquake engineering applications, exploring uni-directional 1-DOF as well as 

multi-directional 6-DOF seismic response under conditions of biased inertial loading. 

10.4 Recommendations for future research 

10.4.1 Physical modeling  

Further experimental work can be conducted as a follow up to the presented bucket 

foundation research. Buckets of various dimensions can be tested on the shake table facility with 

the laminar soil container to assess rotational stiffness as well as seismic response of each scenario. 
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Moreover, larger scale models (i.e., 1:16 and 1:8 scales) are recommended for testing using the 

large size laminar container on the Large High-Performance Outdoor Shake Table (LHPOST) 

facility at the Englekirk Structural Engineering Center. In addition, testing bucket foundation 

models in clay soil will provide valuable data sets. Such data sets can be helpful to further refine 

and improve the corresponding numerical modeling efforts.  

10.4.2 Numerical modeling  

Upon conducting the above recommended testing, the collected data can be further used to 

investigate the numerical model capabilities in estimating the foundation stiffness and dynamic 

response for different bucket sizes and model scales. Moreover, data collected for bucket 

foundations tested in clays can be employed to improve the numerical model capabilities in 

predicting bucket foundation response in cohesive soils. 

In addition, further studies may be conducted to assess effect of bucket size on the soil-

foundation-structure natural frequencies and the overall dynamic system characteristics. The 

correlation between near-field pore-pressure build-up and the bucket rotation can be investigated 

for different soil properties, ground motions and bucket dimensions. Different environmental and 

extreme loads (wave, hurricane, typhoon, extreme wind) can be considered along with earthquake 

loading in future studies to investigate the bucket foundation response under these scenarios. The 

outcomes can then be generalized further within a simplified modeling framework, to predict 

potential foundation stiffness degradation and accumulated rotation. 
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APPENDIX A  

System identification of bucket foundation wind 

turbine model in shake table testing 

This appendix includes results of shake table tests conducted on the bucket foundation 

wind turbine model using the white noise excitations described in Table 3.4. Results of tests WN1 

and WN2 are presented as time histories of the following records:  

• Acceleration of shake table input excitation, 

• Lateral soil accelerations,  

• Lateral soil displacements, 

• Soil excess pore water pressures, 

• Excess pore water pressure around bucket foundation, 

• Vertical displacement of bucket foundation,  

• Lateral accelerations of wind turbine tower, 

• Tower lateral displacement, and 

• Tower bending moments. 

The contents of this appendix are directly related to Chapter 3 and Chapter 4. 
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A.1 Test WN1 

 

Figure A-1: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test WN1 
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Figure A-2: Time histories of lateral soil acceleration in north and south arrays for test WN1  
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Figure A-3: Frequency spectra of lateral soil acceleration in north and south arrays for test WN1  
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Figure A-4: Transfer function between uppermost and lowermost soil acceleration records for 

test WN1  
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Figure A-5: Change in soil Vs with time during test WN1  
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Figure A-6: Time histories of lateral soil displacement relative to laminar container base for test 

WN1  
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Figure A-7: Time histories of soil excess pore pressure for test WN1  
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Figure A-8: Time histories of excess pore pressure at north edge of suction bucket for test WN1  
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Figure A-9: Time histories of excess pore pressure at south edge of suction bucket for test WN1  
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Figure A-10: Time histories of vertical bucket displacement for test WN1
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Figure A-11: Time history of bucket rotation for test WN1  



 

329 

 
Figure A-12: Time histories of lateral tower acceleration for test WN1  
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Figure A-13: Transfer function between acceleration records at the tower top (A30) and soil top 

near the suction bucket foundation (A08) for test WN1  
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Figure A-14: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test WN1  
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Figure A-15: Time histories of tower bending moment for test WN1  
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A.2 Test WN2 

 
Figure A-16: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test WN2  
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Figure A-17: Time histories of lateral soil acceleration in north and south arrays for test WN2  
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Figure A-18: Frequency spectra of lateral soil acceleration in north and south arrays for test 

WN2  
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Figure A-19: Transfer function between uppermost and lowermost soil acceleration records for 

test WN2  
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Figure A-20: Change in soil Vs with time during test WN2  
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Figure A-21: Time histories of lateral soil displacement relative to laminar container base for test 

WN2 
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Figure A-22: Time histories of soil excess pore pressure for test WN2  
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Figure A-23: Time histories of excess pore pressure at north edge of suction bucket for test WN2 
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Figure A-24Time histories of excess pore pressure at south edge of suction bucket for test WN2 
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Figure A-25: Time histories of vertical bucket displacement for test WN2 
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Figure A-26: Time history of suction bucket rotation for test WN2 
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Figure A-27: Time histories of lateral tower acceleration for test WN2 
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Figure A-28: Transfer function between acceleration records at the tower top (A30) and soil top 

near the suction bucket foundation (A08) for test WN2 
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Figure A-29: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test WN2 
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Figure A-30: Time histories of tower bending moment for test WN2 
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APPENDIX B  

Bucket foundation wind turbine shake table testing 

results 

This appendix includes results of shake table tests conducted on the bucket foundation 

wind turbine model using the harmonic excitations and scaled earthquake record excitations 

described in Table 3-4. Results of test H1 to H10 as well as T1 to T3 are presented as time histories 

of the following records:  

• Acceleration of shake table input excitation, 

• Lateral soil accelerations,  

• Lateral soil displacements, 

• Soil excess pore water pressures, 

• Excess pore water pressure around bucket foundation, 

• Vertical displacement of bucket foundation,  

• Lateral accelerations of wind turbine tower, 

• Tower lateral displacement, and 

• Tower bending moments. 

The contents of this appendix are directly related to Chapter 3 and Chapter 4. 

  



 

349 

B.1 Test H1 

 
Figure B-1: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test H1 
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Figure B-2: Time histories of lateral soil acceleration in north and south arrays for test H1 
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Figure B-3: Frequency spectra of lateral soil acceleration in north and south arrays for test H1  
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Figure B-4: Change in soil Vs with time during test H1 
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Figure B-5: Time histories of lateral soil displacement relative to laminar container base for test 

H1 
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Figure B-6: Time histories of soil excess pore pressure for test H1  
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Figure B-7: Time histories of excess pore pressure at north edge of suction bucket for test H1 
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Figure B-8: Time histories of excess pore pressure at south edge of suction bucket for test H1 
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Figure B-9: Time histories of vertical bucket displacement for test H1 
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Figure B-10: Time history of suction bucket rotation for test H1 

  



 

359 

 
Figure B-11: Time histories of lateral tower acceleration for test H1 
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Figure B-12: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test H1 
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Figure B-13: Time histories of tower bending moment for test H1 
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B.2 Test H2 

 
Figure B-14: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test H2  
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Figure B-15: Time histories of lateral soil acceleration in north and south arrays for test H2  
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Figure B-16: Frequency spectra of lateral soil acceleration in north and south arrays for test H2  
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Figure B-17: Change in soil Vs with time during test H2  
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Figure B-18: Time histories of lateral soil displacement relative to laminar container base for test 

H2  
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Figure B-19: Time histories of soil excess pore pressure for test H2  
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Figure B-20: Time histories of excess pore pressure at north edge of suction bucket for test H2  
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Figure B-21: Time histories of excess pore pressure at south edge of suction bucket for test H2  
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Figure B-22: Time histories of vertical bucket displacement for test H2
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Figure B-23: Time history of suction bucket rotation for test H2  
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Figure B-24: Time histories of lateral tower acceleration for test H2  
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Figure B-25: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test H2  
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Figure B-26: Time histories of tower bending moment for test H2  
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B.3 Test H3 

 
Figure B-27: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test H3  
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Figure B-28: Time histories of lateral soil acceleration in north and south arrays for test H3  
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Figure B-29: Frequency spectra of lateral soil acceleration in north and south arrays for test H3  
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Figure B-30: Change in soil Vs with time during test H3  
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Figure B-31: Time histories of lateral soil displacement relative to laminar container base for test 

H3 
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Figure B-32: Time histories of soil excess pore pressure for test H3  
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Figure B-33: Time histories of excess pore pressure at north edge of suction bucket for test H3 
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Figure B-34: Time histories of excess pore pressure at south edge of suction bucket for test H3 
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Figure B-35: Time histories of vertical bucket displacement for test H3 
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Figure B-36: Time history of suction bucket rotation for test H3 
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Figure B-37: Time histories of lateral tower acceleration for test H3 
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Figure B-38: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test H3 
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Figure B-39: Time histories of tower bending moment for test H3 
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B.4 Test H4 

 
Figure B-40: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test H4  
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Figure B-41: Time histories of lateral soil acceleration in north and south arrays for test H4  
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Figure B-42: Frequency spectra of lateral soil acceleration in north and south arrays for test H4  
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Figure B-43: Change in soil Vs with time during test H4  
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Figure B-44: Time histories of lateral soil displacement relative to laminar container base for test 

H4  
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Figure B-45: Time histories of soil excess pore pressure for test H4  



 

394 

 
Figure B-46: Time histories of excess pore pressure at north edge of suction bucket for test H4  



 

395 

 
Figure B-47: Time histories of excess pore pressure at south edge of suction bucket for test H4  
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Figure B-48: Time histories of vertical bucket displacement for test H4
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Figure B-49: Time history of suction bucket rotation for test H4  
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Figure B-50: Time histories of lateral tower acceleration for test H4  
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Figure B-51: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test H4  
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Figure B-52: Time histories of tower bending moment for test H4  
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B.5 Test H5 

 
Figure B-53: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test H5  



 

402 

 
Figure B-54: Time histories of lateral soil acceleration in north and south arrays for test H5  
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Figure B-55: Frequency spectra of lateral soil acceleration in north and south arrays for test H5  
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Figure B-56: Change in soil Vs with time during test H5  
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Figure B-57: Time histories of lateral soil displacement relative to laminar container base for test 

H5  
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Figure B-58: Time histories of soil excess pore pressure for test H5  



 

407 

 
Figure B-59: Time histories of excess pore pressure at north edge of suction bucket for test H5  
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Figure B-60: Time histories of excess pore pressure at south edge of suction bucket for test H5  
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Figure B-61: Time histories of vertical bucket displacement for test H5
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Figure B-62: Time history of suction bucket rotation for test H5  
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Figure B-63: Time histories of lateral tower acceleration for test H5  
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Figure B-64: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test H5  
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Figure B-65: Time histories of tower bending moment for test H5  
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B.6 Test H6 

 
Figure B-66: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test H6  
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Figure B-67: Time histories of lateral soil acceleration in north and south arrays for test H6  
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Figure B-68: Frequency spectra of lateral soil acceleration in north and south arrays for test H6  
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Figure B-69: Change in soil Vs with time during test H6  
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Figure B-70: Time histories of lateral soil displacement relative to laminar container base for test 

H6  
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Figure B-71: Time histories of soil excess pore pressure for test H6  
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Figure B-72: Time histories of excess pore pressure at north edge of suction bucket for test H6  



 

421 

 
Figure B-73: Time histories of excess pore pressure at south edge of suction bucket for test H6  
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Figure B-74: Time histories of vertical bucket displacement for test H6
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Figure B-75: Time history of suction bucket rotation for test H6  
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Figure B-76: Time histories of lateral tower acceleration for test H6  
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Figure B-77: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test H6  
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Figure B-78: Time histories of tower bending moment for test H6  
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B.7 Test H7 

 
Figure B-79: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test H7  
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Figure B-80: Time histories of lateral soil acceleration in north and south arrays for test H7  



 

429 

 
Figure B-81: Frequency spectra of lateral soil acceleration in north and south arrays for test H7  
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Figure B-82: Change in soil Vs with time during test H7  
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Figure B-83: Time histories of lateral soil displacement relative to laminar container base for test 

H7  
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Figure B-84: Time histories of soil excess pore pressure for test H7  
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Figure B-85: Time histories of excess pore pressure at north edge of suction bucket for test H7  
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Figure B-86: Time histories of excess pore pressure at south edge of suction bucket for test H7  



 

435 

 
Figure B-87: Time histories of vertical bucket displacement for test H7
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Figure B-88: Time history of suction bucket rotation for test H7  
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Figure B-89: Time histories of lateral tower acceleration for test H7  



 

438 

 
Figure B-90: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test H7  
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Figure B-91: Time histories of tower bending moment for test H7  
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B.8 Test H8 

 
Figure B-92: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test H8  
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Figure B-93: Time histories of lateral soil acceleration in north and south arrays for test H8  
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Figure B-94: Frequency spectra of lateral soil acceleration in north and south arrays for test H8  
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Figure B-95: Change in soil Vs with time during test H8  
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Figure B-96: Time histories of lateral soil displacement relative to laminar container base for test 

H8  
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Figure B-97: Time histories of soil excess pore pressure for test H8  
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Figure B-98: Time histories of excess pore pressure at north edge of suction bucket for test H8  
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Figure B-99: Time histories of excess pore pressure at south edge of suction bucket for test H8  
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Figure B-100: Time histories of vertical bucket displacement for test H8
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Figure B-101: Time history of suction bucket rotation for test H8  
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Figure B-102: Time histories of lateral tower acceleration for test H8  
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Figure B-103: Transfer function between accelerations at tower top (A30) and at soil top near the 

suction bucket foundation (A08) for test H8  
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Figure B-104: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test H8  
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Figure B-105: Time histories of tower bending moment for test H8  
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B.9 Test H9 

 
Figure B-106: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test H9  



 

455 

 
Figure B-107: Time histories of lateral soil acceleration in north and south arrays for test H9  
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Figure B-108: Frequency spectra of lateral soil acceleration in north and south arrays for test H9  
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Figure B-109: Change in soil Vs with time during test H9  
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Figure B-110: Time histories of lateral soil displacement relative to laminar container base for 

test H9  
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Figure B-111: Time histories of soil excess pore pressure for test H9  
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Figure B-112: Time histories of excess pore pressure at north edge of suction bucket for test H9  



 

461 

 
Figure B-113: Time histories of excess pore pressure at south edge of suction bucket for test H9  
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Figure B-114: Time histories of vertical bucket displacement for test H9
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Figure B-115: Time history of suction bucket rotation for test H9  
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Figure B-116: Time histories of lateral tower acceleration for test H9  
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Figure B-117: Transfer function between accelerations at tower top (A30) and at soil top near the 

suction bucket foundation (A08) for test H9  
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Figure B-118: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test H9  
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Figure B-119: Time histories of tower bending moment for test H9  
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B.10 Test H10 

 
Figure B-120: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test H10  
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Figure B-121: Time histories of lateral soil acceleration in north and south arrays for test H10  
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Figure B-122: Frequency spectra of lateral soil acceleration in north and south arrays for test 

H10  
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Figure B-123: Change in soil Vs with time during test H10  
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Figure B-124: Time histories of lateral soil displacement relative to laminar container base for 

test H10  
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Figure B-125: Time histories of soil excess pore pressure for test H10  
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Figure B-126: Time histories of excess pore pressure at north edge of suction bucket for test H10  
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Figure B-127: Time histories of excess pore pressure at south edge of suction bucket for test H10  
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Figure B-128: Time histories of vertical bucket displacement for test H10
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Figure B-129: Time history of suction bucket rotation for test H10  
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Figure B-130: Time histories of lateral tower acceleration for test H10  
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Figure B-131: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test H10  
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Figure B-132: Time histories of tower bending moment for test H10  
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B.11 Test T1 

 
Figure B-133: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test T1  
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Figure B-134: Time histories of lateral soil acceleration in north and south arrays for test T1  
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Figure B-135: Frequency spectra of lateral soil acceleration in north and south arrays for test T1  
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Figure B-136: Transfer function between soil acceleration at uppermost and lowermost sensor 

locations for test T1  
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Figure B-137: Change in soil Vs with time during test T1  
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Figure B-138: Time histories of lateral soil displacement relative to laminar container base for 

test T1  
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Figure B-139: Time histories of soil excess pore pressure for test T1  
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Figure B-140: Time histories of excess pore pressure at north edge of suction bucket for test T1  
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Figure B-141: Time histories of excess pore pressure at south edge of suction bucket for test T1  
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Figure B-142: Time histories of vertical bucket displacement for test T1
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Figure B-143: Time history of suction bucket rotation for test T1  
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Figure B-144: Time histories of lateral tower acceleration for test T1  
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Figure B-145: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test T1  
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Figure B-146: Time histories of tower bending moment for test T1  



 

495 

B.12 Test T2 

 
Figure B-147: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test T2  
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Figure B-148: Time histories of lateral soil acceleration in north and south arrays for test T2  
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Figure B-149: Frequency spectra of lateral soil acceleration in north and south arrays for test T1  
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Figure B-150: Transfer function between soil acceleration at uppermost and lowermost sensor 

locations for test T2  
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Figure B-151: Change in soil Vs with time during test T2  
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Figure B-152: Time histories of lateral soil displacement relative to laminar container base for 

test T2  
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Figure B-153: Time histories of soil excess pore pressure for test T2  



 

502 

 
Figure B-154: Time histories of excess pore pressure at north edge of suction bucket for test T2  
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Figure B-155: Time histories of excess pore pressure at south edge of suction bucket for test T2  



 

504 

 
Figure B-156: Time histories of vertical bucket displacement for test T2
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Figure B-157: Time history of suction bucket rotation for test T2  



 

506 

 
Figure B-158: Time histories of lateral tower acceleration for test T2  
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Figure B-159: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test T2  
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Figure B-160: Time histories of tower bending moment for test T2  
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B.13 Test T3 

 
Figure B-161: Acceleration time history of shake table input excitation and the corresponding 

frequency spectrum for test T3  
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Figure B-162: Time histories of lateral soil acceleration in north and south arrays for test T3  
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Figure B-163: Frequency spectra of lateral soil acceleration in north and south arrays for test T3  
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Figure B-164: Transfer function between soil acceleration at uppermost and lowermost sensor 

locations for test T3  
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Figure B-165: Change in soil Vs with time during test T3  
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Figure B-166: Time histories of lateral soil displacement relative to laminar container base for 

test T3  
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Figure B-167: Time histories of soil excess pore pressure for test T3  



 

516 

 
Figure B-168: Time histories of excess pore pressure at north edge of suction bucket for test T3  
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Figure B-169: Time histories of excess pore pressure at south edge of suction bucket for test T3  
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Figure B-170: Time histories of vertical bucket displacement for test T3
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Figure B-171: Time history of suction bucket rotation for test T3  
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Figure B-172: Time histories of lateral tower acceleration for test T3  
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Figure B-173: Time histories of lateral tower displacement relative to lateral soil displacement at 

the foundation level (LP05) for test T3  
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Figure B-174: Time histories of tower bending moment for test T3 
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