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Abstract

:

Offshore wind turbines are a complex, dynamically sensitive structure due to their irregular mass and stiffness distribution, and complexity of the loading conditions they need to withstand. There are other challenges in particular locations such as typhoons, hurricanes, earthquakes, sea-bed currents, and tsunami. Because offshore wind turbines have stringent Serviceability Limit State (SLS) requirements and need to be installed in variable and often complex ground conditions, their foundation design is challenging. Foundation design must be robust due to the enormous cost of retrofitting in a challenging environment should any problem occur during the design lifetime. Traditionally, engineers use conventional types of foundation systems, such as shallow gravity-based foundations (GBF), suction caissons, or slender piles or monopiles, based on prior experience with designing such foundations for the oil and gas industry. For offshore wind turbines, however, new types of foundations are being considered for which neither prior experience nor guidelines exist. One of the major challenges is to develop a method to de-risk the life cycle of offshore wind turbines in diverse metocean and geological conditions. The paper, therefore, has the following aims: (a) provide an overview of the complexities and the common SLS performance requirements for offshore wind turbine; (b) discuss the use of physical modelling for verification and validation of innovative design concepts, taking into account all possible angles to de-risk the project; and (c) provide examples of applications in scaled model tests.
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1. Introduction


To decarbonise the energy system and combat climate change, offshore wind turbines (OWTs) are currently being constructed around the world, including in seismic areas. Figure 1 shows a seismic map with potential locations for offshore wind farms that are either operational or under development. Offshore environments present diverse metocean and geological conditions. Geological conditions include soft clay deposits in the North Sea, chalk in the English Channel, loose sand in the South China Sea, and carbonate deposits (see Figure 2). Although existing offshore wind farms have been constructed mainly in soft clay, stiff clays, and sand deposits, future projects are likely to be deployed in more challenging geological conditions (soft rocks in shallow sea-bed, carbonate soils, and liquefiable soils) for which prior experience is limited. Foundations typically cost between 16% and 35% of a project, not only due to the challenging conditions in offshore, but also to the lack of the track record of the performance of these novel energy structures. One approach to de-risking the construction of offshore foundations is to improve the understanding of these foundations, and develop confidence in analysis and prediction using scaled model tests.



Figure 3 shows an inventory of foundation types for offshore wind turbines. It should be noted that although most of the operating turbines are supported on monopile foundations (these are single large-diameter steel hollow piles), future deployment farther offshore in deeper waters may require a jacket or floating structures. An overview of the type of foundations for offshore wind farms for different water depths is shown in Figure 4.



Need for New Types of Foundations


Offshore wind turbines are relatively new structures and differ considerably from the offshore infrastructure used in the offshore oil and gas industry. From a design perspective, one of the most important distinctions is that offshore wind turbines are extremely sensitive to dynamic loads arising from wind, waves, and earthquakes. Furthermore, they have stringent Serviceability Limit State (SLS) criteria when compared to other structures due to the presence of vibration-sensitive electrical components, notably gear boxes. The readers are referred to Chapter 3 of Bhattacharya [2] for further details. Research and development are therefore crucial to enable a significant reduction in the Levelized Cost of Energy (LCOE) and cut the subsidies on which offshore wind projects rely. One of the most promising areas of research for reducing costs is more cost-effective foundation design. Figure 5a–c shows a range of innovations that are being conceptualized to cater for challenging ground and environmental conditions and, in some cases, to support larger turbines in deeper water. It is often useful to cite some examples, and in the context of dual challenges (both ground and loading), the example of wind farm development in China is taken. The readers are referred to [3] for such details, and here, some details are provided.



Due to the formation and deposition history, the ground in most parts of Chinese seas are soft soils interspersed with sandy silt, silty sand, and silty clay mixed with silty sand. In certain areas such as the Fujian strait, there is weathered granite at a depth of about 65 m. These regions are also subjected to typhoons where the wind speed at the hub height corresponding to a 3 s gust may exceed 70 m/s, and the average wind speed for 10 min exceeds 50 m/s. In addition to the wind speed, the maximum wave height during the peak state of the typhoon can be as high as 18 m, and the significant wave height can be 10 m with a period of between 15 and 17 s. Some parts of the Chinese seas are also subject to earthquakes which pose additional challenges. Figure 6 shows a schematic diagram of events during an earthquake: A fault rupture will generate seismic waves, which will propagate through the ground and affect the wind turbine structure. If the ground is liquefiable, it will drastically reduce the load-carrying capacity of the foundation, which may lead to excessive tilting.



Example 1: Monopile–caisson hybrid foundation: At the Fujian province offshore wind farm site (Putan Pinhhai Phase II) in China, engineers faced a daunting challenge of installing monopiles due to the presence of rock formations at a shallow depth. The presence of rock caused unexpected issues during monopile construction, including borehole collapse, jamming of a drilling tool, and pile tip buckling. The engineers found a solution consisting of a hybrid shallow–deep foundation, which they named monopile–caisson hybrid foundation (see Figure 5c). The main concept is that the top plate of the caisson (i.e., shallow foundation) will rest on the sea-bed, and the monopile will be fully embedded in the ground but will not touch the rock. There are no codes of practice or guidelines for such a hybrid foundation and, in these cases, scaled model tests become a necessity to validate numerical and analytical solutions.



Based on the discussion in this section, it is clear that numerous challenges are encountered when designing and constructing these foundations. A second point is that the foundations that are being used in the North Sea (European waters) cannot be automatically used in Chinese seas because they need to be evaluated against these extreme loads and ground conditions, such as typhoons, earthquakes, and soft soils. The aim of this paper is to highlight the usefulness of physical model testing, citing some examples.





2. Foundations for Offshore Wind Turbines: Complexity in Analysis and Design


The analysis and design of foundations for offshore wind turbines is challenging due to complex load conditions arising from the environmental loads (i.e., wind, wave, currents) and possible seismic loads in the presence of active seismic faults. Figure 7 shows a schematic diagram of the environmental loads acting on a typical offshore wind turbine, which need to be carried by the foundations and transferred to the adjacent soil. It can be seen that there are four main environmental loads, namely: wind, wave, 1P (rotor frequency) and 2P/3P (blade passing frequency), loads whose wave form is also shown in Figure 7 for a gravity-based foundation. The salient characteristics of these loads are summarized as follows:




	(a)

	
Wind and wave result in a different offset of amplitude, frequency, and number of cycles applied to the foundation. Figure 8 shows a schematic representation of the frequency of these loads with the frequency intervals corresponding to the three possible design choices: soft–soft, soft–stiff, and stiff–stiff.




	(b)

	
Wind and the wave loads are random in both space and time, and therefore, they are better described statistically by means of probability distributions, mean values, standard deviation, etc.




	(c)

	
Wave and wind load act in two different directions, which give rise to the so-called wind–wave misalignment.




	(d)

	
1P loading is caused by mass and aerodynamic imbalances of the rotor, and the forcing frequency equals the rotational frequency of the rotor.




	(e)

	
2P/3P loading is caused by the blade shadowing effect, wind shear (i.e., the change in wind speed with height above the ground) and rotational sampling of turbulence. Its frequency is two or three times the 1P frequency for two and three-bladed turbines, respectively. Further details on the loading can be found in [2,3,4,5].









One of the aims of the model test is to represent these load effects appropriately in the scaled model tests. This constitutes one of the important steps in the scaled model testing [6], including aspects such as new materials [7], site-specific estimates [8], and future monitoring strategies [9]. The readers are referred to further details of physical modelling in general and its applicability in [6].



SLS Requirements


The Serviceability Limit States (SLS) requirements are dictated by the intended system performance criteria. Therefore, it is necessary to discuss these criteria.



1. For a fixed wind turbine operating in a non-seismic area: The excitations due to the rotation of blades and governs the design. For such a turbine, the foundation is often allowed to rotate 0.5 to 0.75 degrees at the mudline.



2. For floating turbines in non-seismic conditions: The whole floating system stability needs to be accounted for, and the following requirements need to be addressed:




	(a)

	
The combined pitch and roll should be within 7 to 10 degrees.




	(b)

	
The nacelle contains critical components such as gear box, bearings and acceleration that are sensitive to acceleration. The common acceleration adopted for the design is 20% to 30% of g.




	(c)

	
Translational displacement, also referred to as excursion, which needs to be kept within 20% of water depth.









3. For wind turbines to be operated in seismic areas, in addition to the above requirements, the following conditions need to be considered:




	(a)

	
Possible liquefaction of loose to medium-dense sand deposits, which may induce permanent tilting to bottom-fixed foundations or loss of uplift capacity to anchors of floating systems.




	(b)

	
Excessive vibrations due to resonance effects when the predominant frequency of the earthquake comes close to one of the fundamental frequencies of the structure.









Scaled testing for a variety of such requirements can provide guidance not only on performance but also damage; readers are referred to [10,11] for further study.





3. Physical Modelling in Geotechnical Engineering: A Brief Overview


The use of physical modelling in offshore and geotechnical engineering design is well established, and readers are referred to the publication [6] for further details. A non-exhaustive list of the possible use of physical modelling in offshore wind turbine application is provided below:




	
To verify the analysis/design methodologies of high-risk or novel construction techniques. For example, suction caissons are being used in North Sea grounds comprising dense sands or firm clay, and it is necessary to verify if a similar technique can be used in Chinese sites with soft soil condition. A second example is to evaluate the applicability of pressure reversal (often known as pressure cycling) to install suction caisson foundations and its effect on the post-installation uplift capacity.



	
To validate a hypothesis or a theoretical failure mode/mechanism of foundations. The example can be failure mode for a hybrid foundation (i.e., monopile with a plate (as shown in Figure 5a) or moment capacity of a screw pile. The readers are referred to the work of [12] on screw piles.



	
To recreate a failure or a collapse mechanism for settling liabilities or insurance claims.



	
To gain new insights into unexplored complex phenomena that cannot be investigated in the real field or modelled in numerical simulations due to the lack of adequately accurate soil constitutive equations. An example may include tests to investigate the cyclic behaviour of foundations in shallow gassy sediments.



	
To verify different aspects of the design for a new concept of a foundation type for which no codes of practice/guidelines or prior experience exist; that is, reducing the uncertainties in the design assumptions. Examples of particular design aspects for this specific problem of a new foundation can be modes of vibration or the modes of ultimate collapse.



	
To understand the deformations of foundations under various design situations and limit states



	
To develop design methods that may lead to the path of standardization and to validate the constitutive models of soils used in numerical models.








The need mainly arises due to the various nonlinearities (due to complex interactions involving aerodynamics, hydrodynamics, and soil–structure interaction), combined with stochasticity and uncertainties (due to design parameters such as those of the soil and long-term loading conditions and issues such as biofouling) of the problem in hand, which occur at various timescales. It is important to note that soil is a broad class of materials that have been produced by various natural geophysical and biological processes over millennia. Soil is multiphase and essentially an assembly of heterogeneous particulate material components, and its averaged constitutive characteristics are non-linear and dependent on strain amplitude and loading path. It is often characterized by macroscopic (averaged) parameters, such as strength, stiffness, and permeability.



Physical modelling provides a vital tool for gaining insights into some of the complex phenomena and soil–structure interaction occurring within the soil, including intervention options such as control [13,14,15,16]. Therefore, testing a large number of physical models is necessary as an alternative to full-scale tests, which are too expensive to justify. Readers are referred to PISA-based projects, which are near full-scale; see reference [17]. Thus, it becomes readily apparent that a scaling-down of the test model is required. However, the question remains how does one design a scaled model such that its results give credible insight into the behaviour of the full-scale prototype geotechnical structure? Due to the sharp increase in the use of floating turbines, methods relating to these scaled tests [18,19] are becoming increasingly important. As a result, better clarity around this topic will not only benefit the evolving offshore wind sector but also the bourgeoning ideas relating to the wave device sector [20,21].




4. Physical Modelling of Offshore Wind Turbine Foundations


Before any new type of foundations can be deployed for real offshore wind farm projects (see Figure 5), a thorough technology review needs to be carried out to de-risk the project. Moreover, validation of new foundation types through testing is the requirement of certifiers such as DNV-GL and Lloyd’s Register. The European Commission defines this process through the so-called Technology Readiness Level (TRL), whose steps are briefly summarized in Table 1.



Figure 9 shows an example of TRL-1 (i.e., checking of basic principles) for a tetrapod foundation whereby the load transfer from the structure to the ground is shown. By comparison, one of the early studies that must be carried out is technology validation in the laboratory environment (TRL-3 and -4); in this context of foundations, this would mean carrying out tests to verify the possible failure mechanisms, modes of vibration, and long-term performance under the action of complex and repetitive loads. It must be realized that it is very expensive and operationally challenging to validate the new technology in a relevant environment, and therefore laboratory-based testing may offer a more economical solution that is robust enough to justify the next stages of investment.



4.1. Requirements of Foundation Testing for Offshore Wind Turbine Foundations


The design requirements stem from the performance necessary and is mostly guided by turbine manufacturer performance specification because the main objective is to maximize the energy output over the lifetime. For foundation design, the main issues are as follows:




	(i)

	
Load transfer from the superstructure to the supporting ground in the case of extreme load events.




	(ii)

	
Modes of vibration of the adopted structural system, i.e., rigid rocking modes or flexible modes or a combination.




	(iii)

	
Long-term change in dynamic characteristics, i.e., change in natural frequency and damping due to repetitive cyclic loads or extreme dynamic loads associated with natural hazards such as typhoons and earthquakes.




	(iv)

	
Long-term deformation does not violate stringent SLS requirements, such as being limited to maximum rotation.










4.2. Suitability on Different Methods of Testing


Behavior of offshore wind turbines involves complex dynamic wind–wave–foundation–structure interaction, and the control system onboard the RNA hub adds further interaction. There are different established methodologies for testing the main critical components, including:




	(a)

	
Wind tunnel testing can model the aerodynamics and aeroelasticity interaction, and the performance of the blades.




	(b)

	
Wave tanks can be used to model hydrodynamic issues, including tsunami loads.




	(c)

	
Geotechnical centrifuge testing can model soil–structure interactions with correct stress–strain behaviors.




	(d)

	
A shaking table at 1 g or in a geotechnical centrifuge can model the seismic performance, including dynamic soil–structure interaction (DSSI).









In wind tunnel tests, aerodynamic effects are modelled efficiently and correctly, and as a result, the loads on the blade and towers can be simulated. By comparison, in a wave tank, the hydrodynamic loads on the sub-structure and scouring on the foundation can be modelled. In a geotechnical centrifuge, one can model the stress level in the soil, but the model package is spun at a high RPM which will cause unwanted vibrations in the small-scale model. Ideally, a tiny wind tunnel together with a tiny wave tank onboard a geotechnical centrifuge may serve the purpose, but this is not viable and will add more uncertainty to the models than it tries to unearth. Each of the techniques has its own limitations, and these aspects must be taken into consideration when scaling the observations. Therefore, the focus of the experiments needs to be on the governing laws or mechanics or process.



A model need not be more complex that necessary, and often simple experiments can unearth the governing laws. In every type of experiment, there will be cases where the scaling laws/similitude relationships will not be satisfied (rather, they will be violated), and these must be recognized when analyzing the test results. Therefore, results of scale model tests for offshore wind turbine problems involving so many interactions (examples include aerodynamics, hydrodynamics, damping from three different mediums—air, water and soil, control system intervention affecting misalignment of wind and wave) should not be extrapolated for prototype prediction through scaling factors (Na, where N is typically the geometrical scale ratio and a is the scaling factor). Damping is complex and often dictates the response; readers are referred to [22] for a detailed and comprehensive account of damping. Furthermore, Adhikari and Bhattacharya [23] recently proposed a physics-based mechanical model on damping of the whole system. Within a dynamic stiffness framework, it was shown that there are seven unique damping coefficients that quantify the damped response of wind turbines.



Therefore, tests must be carried out to identify trends of behaviour and better understand the main governing mechanisms. Upscaling must be carried out through laws of physics that are understood from these tests, using numerical/analytical models and linked to readily available soil-element tests (e.g., triaxial tests and resonant columns). In this case, the uncertainties are reduced as the designer used realistic soil parameters and employed the physics of the problem. Figure 10 shows the usefulness of small-scale tests and its application in developing design methods. A summary of the salient points discussed above can be found in Table 2.




4.3. STEPS in Designing Scaled Mode Tests


Bhattacharya et al. [6] proposed the necessary steps in designing meaningful scaled model tests, which can be summarised as follows:



STEP 1: Identify the potential failure mechanisms or processes that are likely to occur, i.e., the aims and objectives of the testing program. Care needs to be taken for the cases in which a priori assumptions preclude certain system behaviour of potential interest in the prototype. Using the example of offshore wind turbine, one vital aspect is the modes of vibrations. Which mode or modes are important to use for similitude scaling laws? For example: Do we assume the flexible tower is coupled with an equivalent rocking foundation soil spring? Or do we neglect the soil rocking foundation soil spring (in our similitude laws) by assuming the foundation is just too rigid? This step is physics or mechanics based.



STEP 2: Deduction of the relevant non-dimensional groups for the identified mechanisms or processes in Step 1. Numerous approaches can be used: (a) analytically through the approximate governing equations and then using non-dimensional procedure; and (b) Buckingham Pi theorem [24] without the need of deriving the approximate governing equations explicitly. This step is mathematics based, and often finite element analysis (FEA) may be used as a sanity check of the analytical solutions.



STEP 3: Ensure that the set of crucial scaling laws (which are essential) are simultaneously conserved between model and prototype through pertinent similitude relationships.



STEP 4: Identify scaling laws that are approximately satisfied, and those which are violated and therefore require special consideration. Examples of the latter are stiffness and dilatancy of soils in 1 g testing, and small amplitude vibration monitoring and damping in centrifuge modelling.



Once the non-dimensional groups are identified, scaled tests need to be designed to check the nonlinearity amongst those groups and compare with numerical results where applicable. These non-dimensional groups can later be used to develop design charts. Scaling or developing constitutive relations is one of the challenging steps in a successful scaled test. If the scaling for a particular problem is incorrect, the experiment carried out will not show the dominant mechanism. It is important to use an example to highlight this critical point.



Example 2: The example of slender piles in liquefiable soils is taken. The relevance of this example is that wind turbine jackets in liquefiable soils will be supported on slender piles: Piles in seismically liquefiable areas are often long and slender (length to diameter ratio as high as 100) and they carry a large axial load. If the physical modelling of the collapse of pile-supported structures during the earthquake was conducted with no axial load (or pile head mass), the buckling instability mechanism of slender piles would not be invoked. An example of dimensional analysis for piles in liquefiable soils can be found in [26]. Therefore, identification of the correct mechanism is necessary for the right scaling.



It may often be argued that experiments must be conducted if the mechanism is to be understood. The issue in hand is analogous to that of the chicken or the egg, or a catch-22 situation; that is, which comes first? This highlights that scaled experimentation in relation to understanding is an iterative process. It is clearly necessary to conduct more than one type of scaled test, and an iterative loop and analytical models to explore parametric configurations.



Bhattacharya [6] suggested a foolproof method as follows:




	(a)

	
List all of the failure mechanisms (however improbable they are) and then rank them. Write down the governing equations based on simple mathematical idealization. In this context, readers are referred to the work of Adhikari and Bhattacharya [23,27] on the non-dimensionalization of the Euler–Bernoulli equation considering the flexibility of the foundation.




	(b)

	
Carry out finite element analysis of the same problem as a sanity check because not all of the parameters can be accounted for in the simple idealistic analysis.




	(c)

	
Following the above two steps, scaling and derivation of the similitude relationships can be undertaken. Then, the experiments can be designed and carried out.




	(d)

	
Verify if the experiments show the predicted behavior. Subsequent rounds of experimentation may be required depending on the outcome. New lessons may be learnt that were previously thought to be unimportant, and vice versa.




	(e)

	
Iterate the above procedure until the convergence of understanding.









In complex interaction problems, the use of mechanics-based scaling laws is crucial for the interpretation of the results, as opposed to black-box type scaling laws. Several examples of an offshore wind turbine are taken to illustrate the point. As explained in the previous section, offshore wind turbines are complex systems with uncertain material behavior (ground supporting the foundation), aero–hydro–servo dynamic soil–structure interactions. As a result, large non-linearities are possible.



Certain guidelines exist in physical modelling when dealing with complex interaction problems:



	
DO






	
It is important to replicate the mechanisms (for example, failure mechanism) in small-scale tests. This is shown below using the example of the failure of an anchor foundation for floating wind turbines, i.e., the verification of Ultimate Limit State (ULS) design.



	
Each test needs to be repeated at several scales (at least three), such as 1:200, 1:100, and 1:50. This is often termed “Modelling of models” in the literature to remove artefacts (if any) and to establish reliability. Nonlinearity is defined by amplitude, and this step helps to identify non-linear behaviour. It is shown below that two peak modes of vibration were identified for turbines supported on multiple shallow foundations.



	
Physical mechanisms or processes (essentially the laws of physics) must be identified that govern the observation or control the behavior of interest. This can guide Serviceability Limit State (SLS).



	
If possible, the governing equation should be written and, using mathematical techniques, the non-dimensional groups should be identified.



	
Check nonlinearity of the non-dimensional groups.






	
DO NOT






	
Unless it is a very simple problem, do not scale the numerical values of the observations to predict the prototype consequences. There is often a tendency to use standard charts and scale the observations.








5. Mechanisms to Be Considered in Scaled Modelling for Offshore Wind Turbine Foundations


This section of the paper highlights some of the soil–structure interactions (SSI) due to cyclic and dynamic loading on the foundation. Figure 7 shows a schematic diagram showing the four main loadings on a wind turbine. Figure 11 shows a time history of the overturning moment at the foundation level caused by wind and wave loads. It can be seen that the wind and waves provide the largest overturning moment on the foundation, which is typically three orders of magnitude higher than that induced by the blade rotation through 1P and 3P frequencies. As a result, effects due to blade rotation may be neglected when designing scaled model tests for physical modelling. Jalbi et al. [28] confirmed that the bending moment time history in Figure 11 compares well with results from the simulation in aero-elastic code. Further details of the loading, including the methods to estimate the overturning moments on the foundation, can be found in [4,29]. Furthermore, these showed that wind-induced excitation produces the largest cyclic lateral load (and cyclic overturning moment) at the foundation level. It should be noted that due to the low forcing frequency of wind loading, the resulting cyclic lateral load does not (typically) contribute dynamic effects, such as resonance; however, this is important for fatigue analysis. In contrast, wave, 1P and 3P loading will produce dynamic loading on the foundation due to the proximity of frequency of these loads to the natural frequency of the wind turbine system. This proximity will also cause the wind turbine system to vibrate constantly. Figure 12 shows the two types of soil–structure interaction: (a) fatigue type (non-inertial and cyclic); (b) and resonance type due to vibration. Fatigue type loading is a large strain and may cause the soil to degrade (i.e., strain accumulation), but the resonance type may cause certain types of soils to heal or recover. It is important to consider both of these mechanisms in scaled model tests. Readers are referred to Chapter 5 of [2] for further details on the interactions.



Behavior of offshore wind turbines involves understanding complex dynamic wind–wave–foundation–structure interaction; the control system onboard the rotor nacelle assembly (RNA) adds further interactions that need to be accounted for. Many new foundations are being proposed for supporting wind turbines in deeper and harsher environments, and this calls for the need for scaled model testing to understand soil–structure interaction. Small scale tests can be used to illustrate the necessary TRL levels listed in Table 1. In particular, physical model testing can be adopted in the following cases:




	(a)

	
Confirmation and validation of the mechanism of load transfer from the superstructure to the ground through the foundation element. This is very important for a new concept of a foundation or a connection. For example, adding a circular plate around a pile may increase the bearing capacity and improve resistance to overturning. Although this is a conjecture, and it must be verified through testing. Furthermore, the long-term effects of the foundation under scour or cyclic loading must be verified.




	(b)

	
Because offshore wind turbines are dynamically sensitive structures, modes of vibration of the structures are very important. These can be carried out through free vibration/perturbation tests or white noise testing. This is an important part of the validation process because modes of vibration can strongly influence the foundation design, fatigue life, and wear and tear of the mechanical components in the RNA.




	(c)

	
Foundations for offshore wind turbines are subjected to hundreds of millions of loading cycles, which can be cyclic or dynamic in nature. Scaled model tests can reveal the expected trends of the behaviour of the foundations due to cyclic and dynamic soil–structure interaction. One of the uncertainties is the long-term non-recoverable tilt of the foundation. Excessive tilt may lead to shut down of the turbine due to loss of warranty.




	(d)

	
The environmental loads transferred to the foundation of offshore wind turbines are very complex; they can be simplified as one-way cyclic or two-cyclic waveforms. The long-term effects of such waveforms can be identified through scaled model tests.




	(e)

	
Due to dynamic sensitivity, offshore wind turbines need damping. Trends and sources of damping can be identified through carefully designed scale model tests.









5.1. Types of Scaled Model Apparatus


Based on the literature of physical modelling and in the context of predicting foundation behaviour, the experimental test setup can be classified as follows:



TYPE 1: “Foundation only modelling”—referred to as Type 1 as shown schematically in Figure 13a. In this modelling, cyclic loads (e.g., one-way cyclic, two-way cyclic, symmetric, asymmetric, or a combination) can be applied. The limitation of this method is that the effects of vibration of the whole system, i.e., the effects of inertia of the RNA mass, are not modelled. If we were to translate the context and apply the understanding of soil mechanics, the small strain vibration due to the system dynamics of the wind turbine (i.e., resonance type mechanism in Figure 12) is ignored. For sandy soil, this phenomenon will definitely densify the soil around the foundation. Ignoring such effects will overestimate the tilting prediction (i.e., SLS requirements) of the foundation. However, Type-1 modelling may be appropriate for foundations for floating systems; see Figure 13b, in which the loads on the foundations are applied through mooring lines and dynamic effects can be ignored.



TYPE 2: “Whole system modelling with an actuator (attached with the model with a rigid link)”—referred to as Type 2 as shown in Figure 14a. In this case, the actuator provides lateral stiffness to the overall system, and the effect is distorting the modes of vibration; see Figure 14b,ii for an explanation. Example applications of Type 2 modelling can be found in Lombardi et al. [30], and some examples are provided here in Figure 14c, d. However, this type of modelling is suitable to understand various aspects of damping, i.e., physics of the problem.



TYPE 3: “Whole system modelling with eccentric mass actuator”—referred to as Type 3 as shown in Figure 15a–c. Figure 15a shows the schematic representation of the setup. This is currently the most appropriate physical modelling technique, and details can be found in [31]. Type 3 modelling technique is scalable, can model wind–wave misalignment, can be used in field testing, and can also study fatigue-related issues. Examples of testing using the Type 3 technique can be found in [32,33], and the long-term performance of monopiles was studied by [34], in which the fatigue problem was studied using the apparatus (for further details, see Figure 16 and Figure 17).




5.2. Measurement of Dynamic Response and Type 2 Technique


One of the important considerations is the change in dynamic performance due to the application of cyclic loading. This change may be significant in the presence of loose deposits, which may liquefy as a result of cyclic loadings [26,35,36,37]. One of the ways to quantify this is monitoring the change (if any) of the natural frequency and damping of the system after cycles of loading. Although this can be cumbersome because these tests may need to run for a long time, it is often desirable that the process could be automated, such as by means of white noise testing.



White Noise Testing


White noise testing is a method of measuring dynamic properties in the frequency domain by producing a response spectrum. The system in question is excited by a white noise signal (that is, a signal which theoretically contains equal components of every frequency in a certain range) and an accelerometer attached to the structure to record the resulting movements. Because the power spectrum of the input signal is flat (i.e., constant energy over a certain bandwidth), the power spectrum given by the analysis of the accelerometer signal should be a response spectrum of the system whereby its peaks correspond to the resonant frequencies. In reality, the input signal can only be an approximation to perfect white noise, and its power spectrum will show some variation of spectral density with frequency. Dividing the output spectrum by the input spectrum can compensate for this. For a white noise test, the damping must be calculated in the frequency domain. This is undertaken by measuring the width of the frequency peak on the power spectrum of the signal, and the measurement can be used to evaluate the ratio of critical damping.



White noise testing was trialed because it offered the possibility of acquiring data at more frequent intervals during long-term tests due to its greater potential for automation over free vibration tests. It also allows narrower frequency bands in the frequency-domain plots, allowing better estimation of the natural frequency of the system because white noise testing may be continued for as long an interval as desired, whereas free vibration tests can last only as long as the vibrations induced in the apparatus. A system can be developed in which the cyclic loading is interrupted at regular intervals by white noise tests, the results of which can be automatically recorded and analyzed (Figure 18).



Our extensive experience with small-scale tests showed that connecting the actuator rod to the tower modified the natural frequency of the system significantly (in one case from 6.5 to 8 Hz) as a result of the added stiffness of the actuator; damping was also increased. This effect was found to be greater if the actuator connection was moved up the tower, as dictated by fundamental dynamics, because the mode shape displacement increases with the increasing height of the tower. This implies that the evaluation of natural frequency and damping of the free system during an experiment requires significant post-processing of results and is undesirable. The Type 3 technique removes all of the above effects.





5.3. One the Use of “Reductionist” Approach [Type 1 versus Type 3] for Grounded System


The Type 1 apparatus is an example of “reductionist” approach, which means the whole offshore wind turbine system is tested by individual components whose findings are related to one another to determine the overall response of the system. In the context of an offshore wind turbine, an individual component may comprise the foundation and the supporting soil (as per the Type 1 problem). This approach may fail for problems related to offshore wind turbines (or any structure subjected to multiple interactions) because it may not be possible to separate out the individual components due to the interaction between complex loading histories and non-linear material, in addition to geometries. The reductionist approach works well for linear problems, i.e., where superposition principles apply. Designing scaled model tests involving many interactions is therefore challenging.





6. Example of Scaled Model Tests


This section of the paper presents examples on the use of scaled model tests and the purpose of the tests.



6.1. Proof of Concept of Floating Systems


Figure 19a shows a schematic of a scaled model of a floating system. The main aim of this study was to understand the stability of the system and identify the features that enhance stability. In this problem, different arrangements of anchoring were tested, and the effectiveness of the bottom weight was also verified. This can constitute the initial part of TRL, i.e., basic principles are verified in terms of equilibrium and stability. Figure 19b shows the acceleration response, and many such tests can be carried out to understand the limits of stability.




6.2. Example of Scaled Test on Biofouling on Monopiles


Figure 20 shows another example of TRL testing on measures to mitigate biofouling on monopiles carried out in Ireland.




6.3. TLP Experiment


This is another example of a TRL level study for the TLP-type of platform; further details can be found in [38] (see Figure 21).




6.4. Verification of Failure Modes of Anchor Foundations for Spar Type


One example of the usefulness of physical modelling is taken here in relation to a spar-type floating wind turbine. Physical modelling was conducted to understand the optimum location of the padeye, i.e., where the chain will be attached to the anchor piles and what failure mechanism may be invoked; see Figure 22a. A second purpose was to examine the deformation mechanism of soil around the foundation. Figure 22c notes the observed modes of failure. Knowledge from this understanding was used (without scaling any numbers) to develop a design method, as found in [39]. The method was calibrated and compared with the Hywind Wind Farm project.




6.5. Modes of Vibration of Systems


Modes of vibration are important in design because they affects FLS and, to some extent, SLS. Free vibration testing is used to understand the modes of vibration. In this method, a small displacement/perturbation is applied to the tower manually, and the tower is then released and allowed to vibrate freely—this is often known as the snap-back test. An accelerometer is used to measure the movement this induces, which will occur at the resonant frequencies of the system because no force is involved. Analysis of the signal will provide the damping and resonant frequencies of the system and can be performed in either the time domain (through measurement of peak-to-peak distances) or the frequency domain (by finding a power spectrum). The power spectrum of each signal was obtained through a fast Fourier transform using the method proposed by [40]. Free vibration can be carried out on a range of scaled model tests to understand the modes of vibration and how they evolve with cycles of loading. There is an important scaling law that must be maintained in order to recreate the modes of vibration.



Scaling laws for modelling modes of vibration: to capture the modes of vibration, one needs to have the following similarities:




	(a)

	
Mass similarities, i.e., mass distribution along the length of the tower;




	(b)

	
Stiffness similarity, i.e., relative tower to foundation similarity;




	(c)

	
Geometric similarity, i.e., the relative distance between the foundation in proportion to the tower must be preserved.









Readers are referred to [41] for further details. Damping is an important consideration for design and plays an important role in FLS and SLS calculations. This calls for benchmark tests, and one of the proposed approaches is to carry out the fixed base frequency of the system and compare it with overall observed behaviour considering the SSI. Figure 23b shows a model by which the fixed base frequency is obtained for the monopile system before the foundation is embedded in the sand chamber.



There are two main types of vibrations that affect the design of offshore wind turbines:




	(a)

	
Sway-bending, i.e., flexible modes of the tower without rocking modes of foundations. This is typical of any wind turbine systems on deep foundations. Figure 23c shows an example of a twisted jacket on pile foundations where the first mode is distinct from the second mode.




	(b)

	
Rocking mode of vibration, which occurs due to the rigid rocking of foundations and will be manifested with two closely spaced modes. Figure 23d,e shows two examples. For the symmetric arrangement of foundations (i.e., tetrapod), the initially observed closely spaced peaks will merge into a single peak after tens of thousands of cycles. However, for asymmetric systems (i.e., the system shown in Figure 23e), these peaks converge.









Readers are referred to Chapter 3 of Bhattacharya [2] for a comprehensive review of the modes of vibration. It must be mentioned that the rocking modes of vibration are usually low-frequency modes and can by tuned with the 1P rotor modes aggravating the FLS issues. One of the important aspects of TRL studies is to verify and validate the modes of vibration obtained from the numerical work.



Figure 24 shows an example of the long-term performance of a wind turbine system (wind turbine model in a tetrapod where the foundations are suction buckets) whereby the change in natural frequency is noted for millions of cycles of loading. As expected, the modes of vibration were rocking modes, and the tests were conducted on loose soil, dense soil, dry soil, and saturated sand matrix. The purpose of the tests was to understand the different aspects of (cyclic and dynamic) soil–structure interaction (SSI) behavior rather than replicating a particular field problem. The scaling of understanding gained to predict the prototype behaviour is beyond the scope of the current paper.




6.6. Centrifuge Modelling


Centrifuge geotechnical modelling is an established physical modelling technique to test materials whose mechanical properties are stress dependent. In particular, to replicate the geostatic stress conditions existing in the field in a small-scale experiment, the model is rotated at a certain angular velocity ω that results in an acceleration field N times that induced by the gravitation acceleration g. A view of the model container tested in the geotechnical centrifuge at the University of Manchester is shown in Figure 24. To apply cyclic actions representing the environmental loads induced by wind and waves, the model can be loaded with an electrodynamic actuator such as the one shown in Figure 25 and Figure 26. Readers are referred to the centrifuge work of Cox [42] for centrifuge modelling work on a shallow foundation.




6.7. Earthquake Response of Wind Turbine Structures


Regardless of whether the tests are carried out using shaking tables at normal gravity or geotechnical centrifuges, the soil deposit needs to be confined in a container with relatively small dimensions. A significant challenge encountered when performing geotechnical physical modelling is to simulate free-field seismic conditions and reduce the boundary effects introduced by the rigid wall of the model container. The vast majority of research activities in earthquake engineering are based on the simulation of an idealized infinite lateral extent soil stratum that overlays the bedrock, which is shaken at its base (see Figure 27). Over the past decade, researchers have developed different types of model container to minimize the effects introduced by the artificial boundaries. The reader is referred to [43,44] for a detailed review of the possible boundary solutions available for physical modelling testing.



There are critical aspects when choosing the model container for dynamic tests. Some dynamic tests are subjected to one-dimensional motion; when a body wave encounters the interface between media having different impedances (i.e., soil–wall interface), the wave energy is partially reflected and partially transmitted through the boundary. Wave mode conversion therefore occurs, whereby P-waves are converted into S-waves and vice-versa. However, in the case of a rigid box with absorbing boundaries (see Figure 28), as the P-wave propagates from the soil into the foam layer, the velocity of propagation slows down due to the low impedance of the softer material [45]. At the interface, the frequency of the propagating wave (f = V/λ, where λ is the wavelength) must remain constant. Therefore, when the wave propagates from the soil medium into the foam, the wavelength must decrease. This reduction in wavelength can be associated with energy dissipation [45].



The analysis of strong ground motion data, whether from physical measurements or numerical modelling, most likely exhibits the following issues: (i) limited time span of data with meaningful information, i.e., short records with high signal-to-noise ratios; (ii) intrinsic non-stationary of the data; and (iii) intrinsic nonlinearity of the process being recorded. The Fourier spectral analysis has been widely used for computing the energy-frequency distribution of strong ground motion data, although the method is strictly applicable to linear systems and time-series characterized by ergodicity and stationarity. In earthquake engineering, the conditions of linearity and ergodicity are rarely met because most of the available data is transient in nature and intrinsically non-linear. The requirement of stationarity may be satisfied by assuming that data is stationary within a limited time span (i.e., piecewise stationarity) or data becomes stationary when the time approaches infinity (i.e., asymptotically stationarity). When the Fourier spectral analysis is applied to data that do not satisfy these assumptions, the Fourier transform introduces spurious harmonic components that artificially widen the frequency spectrum.



A number of data processing methods for non-linear and non-stationary processes are available, including (i) the Wigner–Ville distribution method, which is widely used by the electrical engineering community [46]; (ii) empirical orthogonal function expansion, a method popular in remote sensing, with applications in oceanography and meteorology research [47]; (iii) the Hilbert Huang method [48], which has been applied to a number of geophysical datasets and used for atmospheric and climate studies [49]; and (iv) wavelet transform [50], whose applications to earthquake, wind, and ocean engineering research can be found in [51]. Of particular relevance to the current study is the application of wavelet transform to the analysis of the energy-frequency distribution of earthquake records [52] and spectral non-stationary due to propagation of seismic waves through soft deposits [53]. In contrast to environmental loads, earthquake input motions have multiple frequencies, typically ranging from 0.5 to 10 Hz. Considering the typical wind turbine presented in Table 1, system dynamics scaling laws can reveal that the ratio of forcing frequency (i.e., earthquake frequency), and the natural frequency of the turbine is in the range of 1–16. The typical frequency of the blades is about 1 Hz, which is well within the earthquake frequency.



The authors have extensive experience in testing small-scale model wind turbines on a shake table (see Figure 29). Before the shaking is applied, it is important that the natural frequency of the system is measured using the snap-back test, in which the frequency can be obtained from a free-decay response using either frequency- or time-domain methods (for more details, the reader is referred to [54]). During the shaking, the natural frequency of the system can be calculated using transfer functions in the frequency domain (see Figure 30).



From the results are shown in Figure 30, it can be seen that for the across shaking direction, the natural frequency increased from 7.7 Hz in the first test WN-1 to 8.4 Hz in the final test WN-2. Such a change can correspond to a densification of the soil, which stiffens the global wind turbine response. Interestingly, during the actual shaking (EQ-1), two peaks emerged in the relevant transfer function estimates. The first (7.62 Hz) is at a frequency lower than even the initial state estimate at 7.7 Hz, whereas the second is roughly near the final measured state. A very similar picture also holds true for the perpendicular along the shaking direction, as seen in Figure 30b. Intriguingly, one possible explanation for this phenomenon is that it is an amplitude dependence sign, where increasing levels of stress lower the responding frequencies. Alternatively, it may be a case in which the soil–structure interaction during shaking is correlated with the motion, thus contributing effective stiffness that can additionally alter the dynamic performance. Figure 30c shows some hints of the effect of amplitude on response. For the larger amplitude shaking, EQ-2, the lowest attained frequency shifted even lower to 6.8 Hz, whereas the higher second response peak remained virtually unchanged.



The dynamics of wind turbines appear to face a number of unresolved issues. Previous research work aiming to accurately account for resonance predictions has proved the existence of specific patterns in the change in frequency [43,55]. Here the influence of an earthquake-type loading with a range of loading frequencies under near-resonant conditions showed a multitude of interesting phenomena. Existence of double response peaks, a global stiffening of the response, and, most importantly, the implication of motion-induced forces appear to raise a number of new questions that require further research to answer.



The variation in natural frequency and damping of offshore wind turbines is a crucial issue when the foundation soil liquefies as a result of the accumulation of excess pore pressure induced by the shaking. The authors have carried out numerous tests on both monopile- and pile-supported structures (see Figure 31) and have concluded that the change in natural frequencies is dependent on the excess pore water pressures developed in the soil. Specifically, the natural frequencies reduce considerably with the onset of liquefaction and, at full liquefaction, the frequency may reduce to more than half of the initial value measured before liquefaction. The damping ratio of the system has been seen to increase significantly as the pore water pressure increases. At full liquefaction, damping ratios higher than 20% are possible (see Figure 32).



From Figure 32, it can be seen that the values of frequency and damping are determined at discrete intervals during tests. An alternative method to obtain a continuous variation of frequency is to use the wavelet method [56]. The wavelet transform was introduced by the French geophysical engineer Jean Morlet to study wave propagation through soil deposits [50]. The method can be seen as an adjustable window Fourier spectral analysis in which an arbitrary signal x(t) is decomposed into a series of functions by dilation and translation of a basis function ψ(t), known as the “mother wavelet”. As shown in Figure 33 (left), high-frequency components are reproduced by compressed mother wavelets, with dilation parameter in the range 0 < |a| << 1. Lower frequencies are obtained by dilated mother wavelets, with |a| >> 1.



Results from the wavelet transform are normally plotted by means of spectrograms, such as one shown in Figure 34.





7. Scaling the Test Results


In this section, two examples are taken to provide insights into scaling up the tests.



	
Example 1: Physical Modelling of asymmetric foundations.






For a complex multiple interaction problem such as that of offshore wind turbines, it is advisable to understand the governing physics from the scaled model tests and apply this understanding to solve the problem in hand. The proposed physical modelling framework for the prediction of the prototype response is schematically illustrated in Figure 35, whereby the asymmetric tripod is chosen. Scaled model tests showed that the system, due to its asymmetric shape and configuration, has two modes of vibration [25]. It is, therefore, necessary to alter the system so that the system has the same stiffness in two orthogonal directions. A second important point relates to the vertical stiffness required of the foundation so that rocking modes are avoided, and flexible modes of tower govern. This requires soil testing and numerical analysis. Readers are referred to [57,58] and Chapter 6 of Bhattacharya [2] for further details on how the scaling results from the small-scale models can be used to predict the response of the real prototype. The example shows the understanding can be scaled, and parametric studies can lead to different design choices.



	
Example 2: Physical modelling for the seismic design of piled foundations in liquefiable soils






The application of the framework illustrated in Figure 35 can also be used to study the liquefaction-related issues for piled foundations. These are briefly summarized below.



	(a)

	
The understanding of pile–liquefied soil interaction was understood from both shaking table tests (see Figure 31 for the setup at 1–g) and centrifuge tests. In both experiments, results showed that the liquefied soil offers negligible support to a vibrating pile and the damping of the whole system increases when the soil is liquefied.




	(b)

	
Once a certain response is observed, the question is how the understanding and findings from the scaled model tests can inform the design method? A possible answer is to use a numerical model that captures the main mechanisms (e.g., reduction of soil strength and stiffness of the liquefied soil) whose input parameters are calibrated based on the experimental results. Different numerical models can be used; however, for the analysis of laterally loaded piles, it may be convenient to use the “beam on nonlinear Winkler foundation” approach in which the soil–structure interaction is modelled by means of springs, which are defined in terms of p–y relationships (see Figure 36). This approach is discussed in more detail below. For the case of liquefied soil, experiments at both normal gravity and multiples of gravity (centrifuge) suggest that the p–y curve has an upward concave shape with an initial flat part (see Figure 37). It is important that the numerical model adopted in the analysis is consistent with the behaviour observed in the experimental studies.




	(c)

	
How can the modeler develop p–y curves that are consistent with the experimental results? This can be carried out by linking results from element tests (triaxial, simple shear) to results from small-scale model tests carried out either at 1× g or in the centrifuge. The readers are referred to [59] for more details on the derivation of the p–y curves for liquefiable soils shown in Figure 36 and Figure 37.







To model laterally loaded piles, practicing engineers often use a simplified method normally referred to as the “beam on nonlinear Winkler foundation” (BNWF) [60,61]. This method is based on the hypothesis that the soil reaction exerted by the soil at a given depth on the pile shaft is proportional to the relative pile–soil lateral deflection; see Figure 36.



According to the BNWF method, the pile is modelled by means of consecutive beam–column elements, whereas the lateral pile–soil interaction is analyzed through non-linear springs that are attached to nodal points between two consecutive elements. Each spring can be defined by means of a non-linear relationship between the soil reaction (per unit length of the pile), p, and the corresponding relative soil–pile horizontal displacement, y. The coefficient of proportionality between p and y is referred to as modulus of subgrade reaction k, with a dimension of pressure divided by length. This relationship is normally known as the p–y curve or reaction curve. Despite the limitation inherent in the discrete nature of the method, BNWF is extensively used in practice due to its mathematical convenience and ability to incorporate non-linearity of the soil and ground stratification.



The validity of the BNWF approach is based on the assumed similarity between two mechanical system responses:




	(d)

	
Load-deformation response of the pile, which takes into account the overall macro behavior of the soil–pile system.




	(e)

	
Stress–strain response of the adjacent soil being sheared as the pile moves laterally. In theory, the transformation from micro to macro can be made by applying appropriate scaling factors that convert stress into equivalent soil reaction, p, and strain in equivalent relative pile–soil displacement. The scaling factors can be derived from the so-called “Mobilizable Strength Design” (MSD) method [62,63,64]. In routine practice, however, p–y curves are constructed by means of empirical relationships, which were developed during the 1970s and 1980s based on a relatively limited number of full-scale tests carried out on small-diameter steel piles [65,66,67,68,69].









For liquefied soils, the p–y curve presents an upward concavity with an s-shape that is consistent with the very low stiffness and strength offered by the liquefied soil and its tendency to dilate upon shearing. Figure 37 illustrates the effect of different shapes of p–y curves on the seismic response of offshore wind turbines supported on a monopile. Starting from the concave-downward p–y curve illustrated in Figure 37a, it can be noted that when the lateral displacement is relatively small, the soil–pile interaction depends on the initial stiffness of the reaction curve. For large displacement, however, the response is influenced by the ultimate value of the soil reaction rather than foundation stiffness. Alternatively, if the shape of the p–y curve is concave-upward as in Figure 37b, the response of the pile is highly non-linear and exhibits practically zero stiffness at small displacements. Moreover, as a result of the limited resistance offered by the liquefied soil, the pile behaves as an unsupported column, which may be prone to buckling instability under large axial loads and the presence of geometrical imperfections.



Dash [70] proposed a method to construct the p–y curves from a simplified stress–strain model proposed by [30]. The model required three main parameters, i.e., take-off strain γto, initial shear modulus, G1, and shear modulus at large strains, G2 (see Figure 38). The advantage of this model is two-fold. First, the proposed stress–strain model requires parameters that can be conveniently determined by means of conventional element tests, such as triaxial and simple shear tests. Second, the stress–strain relationship is consistent with the strain-hardening behaviour of liquefied soils as observed in both element and physical model tests. The proposed stress–strain relationships are subsequently used to construct a novel family of p–y curves for liquefiable soils. This involves scaling of stress and strain into compatible soil reaction p and pile deflection y, respectively. The proposed p–y curves are finally compared with those back-calculated from centrifuge model tests.



The method for the construction of p–y curves from stress–strain curves relies on the similarity between load-deflection characteristics of the pile and the mechanical behavior of the deforming soil (see Figure 39). This involves scaling of stress and strain into compatible soil reaction, p and pile deflection, y, respectively. It is assumed that plane strain conditions are established around the pile at any depth. As a result, soil adjacent to the foundation is expected to flow around the pile from front to back. Although such an assumption is acceptable for liquefied soils, the same may not be valid prior to the onset of liquefaction when wedge type failure is likely to occur, particularly at shallow depths. In accordance with the postulated collapse mechanism, the soil–structure interaction problem can be treated as a set of decoupled plane strain problems. As shown in Figure 39, each problem consists of a disc representing the soil, with outer radius R, and a smaller rigid disc, with outer radius r0, which represents the pile moving laterally in the deforming soil. The soil is assumed to adhere perfectly to the pile. It should be emphasized that the conceptualized problem is analogous to the plane strain problem employed in plasticity theory for the evaluation of the undrained lateral capacity of a cylinder moving through an infinite medium [71].



Following Osman and Bolton (2005), the soil resistance p developed at a mobilized stress τmob is given by:


  p =  N s   τ  m o b   D  



(1)




in which Ns is a scaling factor for stress. The mobilized shear stress τmob can be related to an average mobilized engineering shear strain γs,mob, defined as the spatial average of the shear strain γs in the entire volume of the deforming medium. Introducing the scaling factor for strain, Ms, the average mobilized engineering shear strain is given by:


   γ  s , m o b   =      ∫ V    γ s  ⋅ d V         ∫ V   d V      =  M s   y D   



(2)







It is noted that the engineering shear strain γs is defined as the difference between major ε1 and minor principal ε3 strains:


   γ s  =  ε 1  −  ε 3   



(3)







If the stress–strain curve to be converted into a p–y curve is obtained from triaxial compression tests, the major and minor principal strains correspond to the axial εa and radial εr strains, respectively. Considering that liquefaction occurs in undrained conditions, the engineering shear strain γs can be expressed in terms of axial strain εa, such that:


   γ s  =  ε 1  −  ε 3  =  ε a  −  ε r  = 1.5  ε a   



(4)







Because the loading is axisymmetric, and neglecting end-effects and possible problems associated with the initial anisotropy of the sample, the major σ1 and minor σ3 principal stresses correspond to the axial σa and radial σr, respectively. In this condition, the mobilized stress τmob simplifies to:


   τ  m o b   =    σ 1  −  σ 3   2  =    σ a  −  σ r   2   



(5)







Derivation of Scaling Parameters


Drawing on the concept of the mobilisable strength design (MSD) method (Bolton and Powrie, 1988; Osman and Bolton, 2005), and its extension (EMSD) by Klar and Osman (2008), which differs from the former in having a deformation mechanism that changes throughout the loading sequence, an energy-based approach is used to obtain the scaling factors Ns and Ms. Assuming that the soil–pile system is initially in equilibrium, the rate of input work   W ˙   done by the moving disc—representing the pile—is given by:


   W ˙  = p  y ˙   



(6)




in which   y ˙   denotes the increment in lateral displacement, and p the resulting soil reaction (per unit length of the pile). The rate of dissipation of energy   E ˙   within the deforming soil mass, with volume V, is given by:


   E ˙  =    ∫ V    (   σ 1    ε ˙  1  +  σ 3    ε ˙  3   )     d V  



(7)







The hypothesis of incompressibility implies that major and minor principal strain rates are equal and opposite:     ε ˙  1  = −   ε ˙  3   . The rate of dissipation of energy   E ˙   is expressed as a function of mobilized parameters by:


   E ˙  =    ∫ V    (   σ 1  −  σ 3   )       ε ˙  1  d V = 2    ∫ V    τ  m o b        ε ˙  1  d V =    ∫ V    τ  m o b        γ ˙   s , m o b   d V  



(8)







The scaling factor for stress Ns is estimated by equating the rate of dissipation of internal energy within the deforming soil to work done by the external load, namely,    E ˙  =  W ˙   . In seeking an upper bound solution to the problem, Ns is sought, which minimizes the internal work:


   N s  =   min  [     ∫ V    τ  m o b        γ ˙   s , m o b   d V  ]     τ  m o b   D  y ˙     



(9)







The upper bound calculation required an incremental numerical procedure in which the soil can be modelled in a FE (see Figure 40). The incremental displacement   y ˙   was applied to the inner boundary of the soil, whereas the exterior boundary was fixed (see Figure 40). The deforming medium can be modelled using the simplified strain-hardening shown in Figure 41b. Typical results from this type of analysis can be found in Figure 41. The optimal upper bound solution requires the evaluation of the lowest possible value of   E ˙  , at each incremental displacement and different radial distances R. The proposed scaling procedure of stress–strain into compatible p–y curves is schematically depicted in Figure 41a.



The proposed method of scaling element results into p–y curves that account for macro soil–structure interaction of piled foundations was validated by [35] by means of centrifuge tests. The tests considered in this paper were carried out in the centrifuge facility of Shimizu Corporation (Japan). Detailed information on the centrifuge facility can be found in [72]. The experimental setup used in the centrifuge tests is shown in Figure 42. The reader is referred to [35] for more details regarding the tests.



Derivation of p–y curves from test data



The derivation of the p–y curve involved four major steps, summarised as follows:




	(a)

	
Double integration of soil acceleration to compute soil displacement ys. The acceleration can be measured by accelerometers.




	(b)

	
Double integration of bending moment along the pile to obtain pile deflection yp. The bending moment can be obtained from strain-gauge pairs installed at different elevations along the foundation.




	(c)

	
The relative pile–soil displacement y can be computed as the difference yp-ys;




	(d)

	
Double differentiation of bending moment along the pile to obtain soil reaction p.









Because the numerical operations of integration and differentiation are sensitive to low frequency and high-frequency noise, a band-pass Butterworth filter needs to be applied to all records before signal processing. Furthermore, because the computed bending moments are normally known only at discrete locations, a cubic spline interpolation function is used to obtain a continuous bending curve along with the instrumented pile. An example of back-calculated p–y curves is illustrated in Figure 43, in which the soil resistance p is normalized by the effective stress σ’v and pile diameter D, and the displacement y is normalised by the pile diameter D. Based on the back-calculated p–y curves, the following conclusions may be drawn:




	(e)

	
Figure 43 displays p–y curves relative to three depths within the liquefiable layer (i.e., soil layer 2 in Figure 43). It can be seen that the back-calculated p–y curves exhibited practically zero stiffness at small deflection. The implication of using p–y curves having different shapes was previously discussed through the schematic representation in Figure 37.




	(f)

	
Figure 44 compares the back-calculated p–y curves with those computed from the proposed and p-multiplier methods. It can be observed that the back-calculated p–y curves exhibit low stiffness at small lateral displacement, and increasing stiffness and lateral resistance with increasing y. This strain-hardening behaviour is better captured by the proposed p–y curves than the routine method, which clearly overestimates the initial foundation stiffness.











8. Discussion and Conclusions


Offshore wind turbines are relatively new structures that are being installed in large numbers in complex ground conditions and in challenging environmental conditions. This leads to the use of non-conventional foundations for which guidelines do not yet exist. In these cases, efficacy studies must be carried out to assess the Technology Readiness Level (TRL), and the applicability must be determined. Scaled model tests are carried out as a part of such a study, and one of the intellectual aspects is the scaling laws, i.e., how to scale test results to predict the prototype. This paper showed that the engineering solution for a particular problem is to iterate to converge to the best scaling laws. This approach requires multi-scale testing, state-of-the-art numerical FEA, and insightful reduced-order mechanics/physics models. Predictions require a fusion of (i) reduced-order models and FEA models, (ii) small-scale tests (centrifuge, shake table tests at normal gravity, material element testing), and (iii) full-field monitoring observations. Different types of scaled physical modelling, such as geotechnical centrifuge modelling under enhanced pseudo-gravity and 1×g scaled modelling under Earth’s gravity, are discussed. Example applications of TRL studies for a range of foundations are illustrated.
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Figure 1. Investments in offshore wind farm, with seismicity. The base map of the GEM model is from [1]. The data for offshore wind farms is collated from various publicly available sources. 
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Figure 2. Carbonate sediments in offshore locations. 
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Figure 3. Commonly used foundations. 
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Figure 4. Proposed and existing foundation types for different water depths. 
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Figure 5. (a) New foundations either in use or proposed. Some examples: gravity-based foundations (GBF) (i, ii, iii); asymmetric frame on suction caisson (iv,v see Figure 5b for more details); tetrapod/tripod on shallow foundations (iv,v); twisted jacket (vi); helical monopiles (vii); winged piles (viii); collared monopile, caisson + monopile (ix); hybrid monopile, monopile with plate (x); stiffened monopile (xi). (b) Asymmetric right-angled tripod. (c) Innovations of new foundations in China (a is a Wide Suction Bucket) and High Rise Pile Cap. Transportation of the caisson and installation of the hybrid foundation [Source: https://www.offshore-energy.biz/first-monopile-caisson-hybrid-foundation-installed-at-chinese-offshore-wind-farm/] (accessed date 3 February 2021). 
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Figure 6. Loading conditions for seismic locations. 
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Figure 7. Load complexity with approximate number of cycles for 20 years assumed lifetime. 
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Figure 8. Design choices. 
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Figure 9. Example of TRL-1 type studies for tetrapod foundation. 
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Figure 10. Flowchart showing the usefulness of scaled laboratory testing (Bhattacharya, 2019). 
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Figure 11. Simplified loading pattern that can be used for scaled model tests. 
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Figure 12. SSI mechanisms. 
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Figure 13. (a) “Foundation only modelling”—Type 1 technique. (b) Examples where Type 1 modelling is appropriate. 






Figure 13. (a) “Foundation only modelling”—Type 1 technique. (b) Examples where Type 1 modelling is appropriate.



[image: Jmse 09 00589 g013]







[image: Jmse 09 00589 g014a 550][image: Jmse 09 00589 g014b 550][image: Jmse 09 00589 g014c 550] 





Figure 14. (a) “Whole system model with an actuator connected to the model through a rigid link”—Type 2 technique. (b) Model setup and instrumentation used for small-scale wind turbine supported on a monopile: (i) photograph and schematic diagram; (ii) Impedance in a rigidly connected actuator [30]. (c) Other applications for Type 2 modelling. (d) Example application of the Type 2 technique. 
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Figure 15. (a) Whole system modelling with an eccentric mass actuator (Type 3 technique). (b) Working principle of the loading device. (c) Example application of the Type 3 Technique. 
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Figure 16. Examples of the Type 3 technique used in Zhejiang University (China). 
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Figure 17. Jacket on slender piles (Surrey Advanced Geotechnical Engineering Laboratory) using Type 3 modelling. 
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Figure 18. Comparison of dynamic responses (using signal filtering to remove non-tower modes) of a monopile foundation gained using: (a) standard free vibration method, (b) free vibration method with attached actuator rod, and (c) white noise method. 
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Figure 19. (a) Proof of concept of floating wind turbine systems. (b) Measurements from the accelerator of the hub and the float. 
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Figure 20. TRL testing for biofouling. 
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Figure 21. Example of TLP testing. (a) 1:50 scale model of truss-type TLP platform experimental setup: (A) mast, (B) central column, (C) upper structure, (D) buoyancy ring, (E) gravity base, and (F) TLCD. The locations of devices used: (1) motion camera, (2) wave probes, (3) load cells, (4) reflective motion markers, and (5) flap-type wave-maker; (b) TLP view from above: position of TLCD and gravity base with load cell arrangement in relation to the incident wave direction (reproduced from [38]. 






Figure 21. Example of TLP testing. (a) 1:50 scale model of truss-type TLP platform experimental setup: (A) mast, (B) central column, (C) upper structure, (D) buoyancy ring, (E) gravity base, and (F) TLCD. The locations of devices used: (1) motion camera, (2) wave probes, (3) load cells, (4) reflective motion markers, and (5) flap-type wave-maker; (b) TLP view from above: position of TLCD and gravity base with load cell arrangement in relation to the incident wave direction (reproduced from [38].



[image: Jmse 09 00589 g021]







[image: Jmse 09 00589 g022a 550][image: Jmse 09 00589 g022b 550] 





Figure 22. (a) Load transfer to the anchor and to verify the above hypothesis of failure mechanism. (b) Schematic of the test setup. (c) Example of understanding the failure mechanism of the anchor for different locations of the padeye. 
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Figure 23. (a) The shallow foundation models studied. (b) Free vibration test to obtain fixed-base frequency. The test helps to identify the role of foundation plays in overall damping. (c). Welch power spectral density estimate obtained through the free vibration test of the twisted jacket foundation after 25,000 loading cycles (See Figure 14 for the model). (d) Free vibration response of the tetrapod structure in Figure 17 (e) Modes of vibration with two closely spaced modes. 
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Figure 24. Long-term change in natural frequency of a tetrapod foundation (Figure 9 and Figure 14d) for different ground profiles indicated by LED, LBED, LES, and LBES. 
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Figure 25. Model container installed on the beam centrifuge at the University of Manchester: (a) 5 rotations-per-minute; (b) 20 rotations-per-minute; (c) 80 rotations-per-minute; (d) 360 rotations-per-minute. 
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Figure 26. Example of experimental setup used in testing laterally loaded piles in the geotechnical centrifuge of the University of Manchester. 
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Figure 27. Shear-beam idealisation of infinite lateral extent stratum overlying a bedrock subjected to one-dimensional shaking. 
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Figure 28. Schematic of wave propagation within a soil container having absorbing boundaries. 
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Figure 29. Illustration of the model wind turbine positioned on the BLADE shaking table. 
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Figure 30. Transfer function estimates for the (a) across shaking direction during the loading states EQ-1, WN-1, WN-2; (b) along shaking direction during EQ-1, WN-1, WN-2; (c) along shaking direction during EQ-1, EQ-2. 
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Figure 31. Shaking table tests on small-scale models of monopile- and pile-supported structures for the jacket: (a) geotechnical model container and shaking table; (b) model tests representing monopile-supported structures (SP1 and SP2) and 2 × 2 pile-supported jacket. 
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Figure 32. Typical results from shaking table tests carried out on monopile-supported structures (models labelled SP1 and SP2) and 2 × 2 pile-supported structures (models labelled GP1 and GP2). 
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Figure 33. Qualitative representation of an example of the mother wavelet (left) and corresponding compressed (middle) and dilated versions of the mother wavelet (right). 
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Figure 34. Spectrograms obtained from structural and soil responses. Time histories of input acceleration and excess pore pressure ratios are also given at the bottom of the figure. 
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Figure 35. Physical modelling framework for the analysis of foundations. 
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Figure 36. Winkler approach for the simulation of soil–structure interaction. Each spring is defined by a non-linear spring known as p–y, whose shape depends on the strength and stiffness of the material. 
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Figure 37. Schematic of soil–structure interaction in piled foundation depending on the shape of the p–y curve: (a) p–y curves from the p-multiplier approach; (b) proposed strain-hardening p–y curves. 
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Figure 38. Monotonic stress–strain curve for liquefied soil. 
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Figure 39. Schematic representation of idealized decoupled plane strain problem for studying soil–structure interaction: (a) modelling of laterally loaded pile according to the Winkler approach; (b) plane strain problem at a given depth. 
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Figure 40. Numerical model used for evaluation of scaling factors Ms and Ns: (a) mesh used in FE model; (b) typical deformation mechanism. 
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Figure 41. (a) Proposed scaling approach for derivation of p–y curves from the stress–strain curve; (b) computed scaling factors Ms and Ns for different stiffness ratios G2/G1. 
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Figure 42. Test setup and instrumental layout used in centrifuge tests. 
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Figure 43. Back-calculated p–y curves from centrifuge tests. 
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Figure 44. Comparison between p–y curves back-calculated from centrifuge tests and p–y curves constructed according to the proposed method and the p-multiplier approach for various methods. 
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Table 1. Technology Readiness Level (TRL).






Table 1. Technology Readiness Level (TRL).





	TRL Level as European Commission
	Interpretation of the Terminology and Remarks





	TRL-1: Basic principles verified
	It necessary to verify that the governing mechanics principles are obeyed. For example, in the case of foundations, it must be checked whether the whole system is in equilibrium under the action of environmental loads.



	TRL-2: Technology concept formulated
	It is necessary to assess the whole technology starting from fabrication to methods of installation, and operation and maintenance (O&M), and decommissioning. In this step, it is expected that method statements will be developed.



	TRL-3: Experimental proof of concept
	Small-scale models need to tested to verify steps in TRL-1 and TRL-2. In terms of foundation, this would correspond to checking the modes of failure in Ultimate Limit State (ULS) and identifying the modes of vibration.



	TRL-4: Technology validated in lab
	Once TRL-3 is satisfied and the business decision is taken to go ahead with the development/design, it is necessary to determine that the proposed technology is sound under the most likely scenarios encountered during the operation of the wind turbine. This may include long-term performance under millions of cycles of loading and evaluate the dynamic performance over the lifetime in relation to Serviceability Limit State (SLS) Fatigue Limit State (FLS).



	TRL-5 Technology validated in relevant environment
	Validation in a relevant environment may require further numerical simulation in which models are calibrated based on the results from the small-scale model tests and element tests. In the context of foundation, this step may use advanced soil constitutive models to verify the performance under extreme loading.



	TRL-6: Technology demonstrated in relevant environment
	To demonstrate the technology in the relevant environment, a prototype foundation may need to be constructed and tested in the offshore environment representative of the real site conditions.



	TRL-7: System prototype demonstration in operational environment
	The foundation is subjected to operational loads, and the performance is monitored.



	TRL-8: System complete and qualified
	Based on the results in TRL-7, the system can be classified as qualified or not qualified, or changes are required.



	TRL-9: Actual system proven in operational environment
	Technology may be used in energy generation with contingency plans.
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Table 2. Different forms of testing for offshore wind turbines.






Table 2. Different forms of testing for offshore wind turbines.





	Types of Testing
	Remarks on the Understanding





	Wind Tunnel testing
	Blades can be tested to show the importance of profile.



	Wave Tank Testing
	Wave tank of different forms can be used to study scour, hydrodynamic loading, tsunami.



	Geotechnical Centrifuge
	Geotechnical centrifuge enables replication of the stress levels that the soil experiences in the field. However, the whole model is spun at a high rate which creates unwanted small vibrations. Therefore, the subtle dynamics of the problem is difficult to study as filtering of signals are inevitable during the processing of data.



	Whole System modelling
	Small-scale whole system modelling, which can be considered as a full-scale prototype pioneered by [24], is one approach to studying the overall system. This type of modelling was used to carry out TRL of a Self-Installing Wind Turbine (SIWT) asymmetric tripod; details are provided in [25]. Because the system is tested on a stable floor, dynamics of the problem can be readily studied. Further details can be found in [6].
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file78.png
Transfer functions

Transfer functions

Transfer functions

— EQ-1
—EQ-2 Mung E
_ . _ . $hakmg ]
5 10 20 25 30 35 40

15
Frequency (Hz)






media/file99.jpg
proposed p-y curve

proposed stress.strain curve

Soilreaction, p +

Shear strain ¥ + Diayg, P detectony

a0
£
5 2 3
£ g
3 E L
@
3 H
3 i 4
&
2 §
£ o4 =
&
w0

S 100 150 20 %0 W0 KO 40 450 50
Stifiness ratio of iquefied soil, G, /G,
(b)





media/file21.jpg
Vertical
Load

Horizontal Load
—_—






media/file35.png
Accelerometer
Force sensor

Blade

Physical model
1000 mm|
Concrete wall

Impedance due
/ 10 the actuator

Soll chamber MWW

Monopile

I

600 mm

(c)





media/file96.png
Winkler approach Plan strain problem

~ MWW E

(a) (b)





media/file104.png
Telst 1

2 | depth=2.1m

depth=2.1m

Telst 2

depth=2.1m

Telst 3

0.4






media/file89.jpg
e v
/—

O — PR





media/file105.jpg
pycurve  Proposed p-y curve

(p-multipli

Depth = 4.05m

reaction, p [kN/m]

-0.03 -0.01 0.01 003 0.05
Relative pile-soil displacement, y [m]





media/file58.jpg





media/file11.jpg
©





media/file97.jpg





media/file88.png
Sub-structuring method

Dimensional Analysis

A

Prototype (full scale) Physical modelling

1:100 1:150 1:200

Ak

Soil Element testing
|2 ; .'_ ‘

i -
t = =
© r o
: l.| e il
3 ;! i 1yl R R -
g & SEES r
1 ot 5 " iy ] THETE
4 iy g o
1 g R I ;
- + » .
1 g o i o
oy oy iy sy, e
1 -l by . . .
1 |
i T o
t -
+ o iy iy 8 ’
¥ + 1 -\-'I r "
e - s . .
| I ISUTH DR T
1 1 t Tt g A
iy g e Ny 1
1 T+ +* e ol
-, iy i Wig N 2l
IH T l 1!
g | ¥
1. 1~
i 1"t ¥
- !
.|

wmnsmutﬂim/fj

0J2I)N 0] 0JOBW





media/file15.jpg
Wind profile

w3

Rock outcrop

Wave profie






nav.xhtml


  jmse-09-00589


  
    		
      jmse-09-00589
    


  




  





media/file84.png
w(t) |

A

l/lat,b (t) |

N

|

l//a,b (t) |

i

Mother wavelet (Morlet)

|

0<|a<<1Lb>0

|

a>>1,6>0





media/file92.png
Small amplitude

Axial load S
vibrations Large displacement
Lateral load
—_ p
soil spring y
(p-y spring) ~ 1
o >
a W 'y
p
~W >
y
E End bearing (@) (b)
soil spring





media/file41.png
) w= Angular velocity

A . T Centripetal force:
Fl =m,.TI. (Uz
F,=m,.T.®"

F,,=F,.cosé
sz - F2. Ccos#o

Fly - Fl' Sin9
Fzy - FZ.SiHG
9]
te g .
wind load =¥
{rotor level) o
c
Plan view of the =

pile model:

B e,
r

note: the loads ave aching on Jiffiprent ievel

actuator to represent s
wave load ‘
¥ .

(mean sea level)

(b)

Resultant force X axis:

Resultant force Y axis:






media/file23.jpg
Experimental Modellng of
Dynamic Soil-Strucure inteaction

of Offshore Wind Turbines

Understand the physis/mechanism of
the problem and derive «
on-dimensional groups

e

Numericalor Ansiytical Modelling based
on the understanding of the problem

R S

‘Compare numericalor analytcal with the
experimental resuls and feld case
records f available)

Yes

Carry out parametic study on non-
dimensional groups at al scales and
nd the pracical range of the diferent
parameters






media/file98.png
L

L T e I T

E L .

.....

o g g e e & .

p——





media/file1.jpg
o [e]ele 2 [e]e [e]d

?

Fllt

i;

ponoK

EHIRGEARGRLE





media/file12.png





media/file68.png
)
CEAS R,






media/file102.png
dimensions in mm
| a b TestID a b
Test1 250 200
Test2 250 50
Test3 250 50

60

130

Quay wall

80 m accelerometer
e pore pressure sensor

1 strain gauge

30






media/file86.png
> 8 |
@) |
S e -
% T 4 e e e e -
o — e _
9 |
w O '
g 8 |
GCJ N e N
ST 4 e il —
o — L L N
9 |
L 0 |
§ § 5 _______________________ o G N
_______________________ A ]
S B v e— — :
LC o Soil | |
1C | |
= 0.5~ _
0 /”—PPT1 PPT2 — PPT3 PPT4
— 0.3
S _Input (Table) | | |
8 O* w‘.-.-MVWIWW\jUW\/“M,WMAM\W
< _ | |
O'30 ) 10

15





media/file95.jpg
Winkler approach Plan strain problem
—

@ ()





media/file17.jpg
Wind profile

——>

L.
Wave profile

‘Wind load on blades + 1P load

Ao s
Crainayn

Approx st
Craain20yms

Appros 1031
o in20yms





media/file90.png
—

No Liquefaction

Liquified Soil

(springs are ignored)

Model for ULS calculation Model for SLS calculation

N

p- ¥y curve for liquefied soil

p

-
. ot

p- y curve for non-liquefied sail





media/file82.png
Damping [%] ¥, ntial

M

a[g]

1.2

Variation in natural frequency
|

1 @eccceccccacs SRR B

0.75 |
0.5}
0.25 |

.....

.................

...............................................................................

............

................

25

20 |-
15 |-
10 %

.........................................

oooooooooooooooo

0.3

0.15

-0.15
-0.3






media/file77.jpg
Tt






media/file48.png
I
T
g U8 5 —
= . Free Vibration
EOO4E - e _
(i) .
= .
u i) .
E DDE e I T . ........................
T .
O i
z 10 15
(7
E 10°
o Free “ibration wi
T by _ Aftached Actuator
i ;
= .
L i .
O e S T e
= | 5
E‘- DD ] I 1;] 15
() | I
Frequency (Hz)
I [1 (c]T
L 20 — !
R | | - White Moise Test
= ' :
5 |
-
@ |
D .
= |
IE
u k]
L
i

Frequency (Hz)





media/file74.png
soil medium ~ foam . container






media/file22.png
Vertical

Load
. Caisson spacing
c¥ .
#+—— | Horizontal lever arm

Horizontal Load
- ¥

Horizontal Load
-—

Point of

rotation

I Reactions l





media/file80.png





media/file14.png
Schematic of manopile-caisson
hybrid foundation

Caisson \
)
\ f
\ Pile
A v
~

()





media/file67.jpg





media/file100.png
&

4 :
b & proposed stress-strain curve aa proposed p-y curve
. -
8 S
» @
© 2
jg =
7 @
Shear strain :‘,V pile deflection ];
2 V= ¥ DIM, 2
(a)
3.0r N. 122
//\ *
—_—
- 2.5f 420 g
- —
g @
® 20} M, lis @
c v =1
'® =
]
—,
E‘ 1.5F {15 8
- 2
S &
T 10} J1g4 W
b 2
o —_—
c "
&)rg 0.5} 11?2 =
oL 10

0 &0 100 150 200 250 300 J50 400 450 SaD
Stiffness ratio of liquefied soil, G, /G,

(b)





media/file32.jpg





media/file62.jpg
2 closely spaced modes
(Rocking) of vibration






media/file37.jpg
Eccentric Mass
Rigid Link -
Eccentric

=5 v Acor

Eccentric
Mass Actuator

Whole System Model
with eccentric mass actuator

(a)





media/file46.png





media/file59.png
U, u
e —— ﬁf’

di

tretched catenary
(taut line) configuration

k4
[ ]

~

s | \v, " Horizontal mooring line
section on seabed
nverse catenary between anchor

padeye and the seabed
. Rigid body rotfation l.Horizontal translation
er —
= ]
/ | |
/ / | |
// // | ‘
/ / I } —>
/ / | |
/ | |

(a)





media/file45.jpg





media/file75.jpg





media/file16.png
Wind profile

Rock outcrop

Wave profile

Surface wave

il

Soil deposit 7

Engineering seismic base layer

Seismic bedrock





media/file20.png
Wind
spectrum

Normalized PSD [-]

1

0.8

0.6

0.4

0.2

Soft I soft Soft - stiff Stiff - stiff
|

1P + safety margin 3P + safety margin

Y

&

B E—

@~ o 3

A

1

0.1 / 0.2 0.3 0.4 0.5 0.6

Wave spectrum Frequency [Hz]

0.7





media/file63.png
)
S

(b)

Welch Power Spectral Density Estimate

A
o

X 1325
¥:-39.49

a1
o

D
O

\l
o

A N e

Power/frequency (dB/Hz)

o)
=)

W B AV

©
o

o

10 20 30 40 50
Frequency (Hz)

(c)






media/file76.png





media/file0.png





media/file43.jpg





media/file69.jpg





media/file81.jpg
12

Variation in natural frequency

i}
o7s

os
0z

Wingiar

.o
=
o

‘=g

osP1 v GPT + i e
oSP2 % GP2 i + +

“
>4 o

2

20
15
04

Damping [%]

JOSPT v GPI |-
osP2 % GP2 e

F
PN
T

oo
o dor
o
G
S
o
g0

G ax

Excess pore water pressure ratio

PRTA e —
R .
PR3/ ppTs

Input ground motion

50 100 150 200 250 300
Time [s]





media/file4.png
Q-

(3ubram Aq %) £@oe) - ajeuoqsed wnpjed






media/file73.jpg
soil medium foam container






media/file52.png
Fower spectral Density (dB)

Fower Spectral Density (dB)

-220
I

-150

Free Yibration P50 via Welch (Hub Accelerometer)

Freguency (Hz)

Free Yibration P50 via Welch (Float Accelerometer)

Freguency (Hz)

(b)





media/file39.jpg
Top Mass(depends o
3 ] wrbine rated powers)|

o,

Appicarion of [
[Wind load T
|
£
3
E
2
Appicaion of 3
Wave load £
IE] -
il
Bt i

(c)





media/file18.png
Wind profile

—»
Wave profile

N

e —

Wind load on blades + 1P load

Wirdd Joad
Approx. 5 M
Cyeles in 200 yrs
[time]
1P ol
Approx. 50 M
Cweles in 20 virs
[time]
S Do
Approx. 130 M
Cweles in 20 yrs
[1hmez]
Wive boad
Approx, 400 M
Cyeles in 20 yrs

[time]






media/file44.png





media/file26.png
Wind load ‘ Blade passing -----------------------------------------------------------------------------------------------------------

frequency (3P) Simplified Cyclic Loading at Mudline Level

ey

Period of wave spectrum:

~10 sec

Period of wind spectrum:

~100 sec

Rotor frequency (1P)

>

Bending Moment

0 20 40 60 80 100 120 140 160 180 200
Time (seconds)

Wave load

i






media/file57.jpg
eicned catenary
(tatne)coniguraton

|. Rigid body rotation Il.Horizontal translation

P i 000

(@





media/file55.jpg





media/file7.jpg





media/file28.png
Wind load on Blades

e — e e —

»

= : =

The cyclic loads acting
on the offshore wind
turbine structure

1PToad—>.

Resultant
3P load

»

Cyclic Lateral Load
)

Cyclic Moment "

Cyclic S

Fatigue type problem

bi-directional large

amplitude cyclic loading

Vibrating oscillator,
as natural frequency (fp)
is close to the forcing (ff)

Resonance type problem
mainly two way low
amplitude vibration.





media/file49.jpg





media/file71.jpg
one—dlmensuonal shaking ay=k xg





media/file6.png
Grounded Systems

Floating Systems

Y

A

.

o

N TN T

>

\

/

[><)
><]

A

"~






media/file36.png





media/file54.png
Stereo rig
(2 synchronised
cameras + lights)
s,

Stereo imagery will
4 |

be captured from all sides






media/file2.png
Global Earthquake Model
. GEM

EX AT 10

™

A

61,62/
63,66/
42,5153
54,56,57
161

WindFam | o0y Wind Farm Name |Country | # |Wind Farm Name| Couatry WindFamm | gy | 4 | WindFam | ey
Name ame ame
Formosza Wind - - ~n | Redwood Coast London Array N .
1 Farm 1 Tatwan Block Island Wind | USA |29 Offshore Wind UsSA 1 UK 60 | Thornton Bank | Belgium
SPIC Binhai . Tamra Offshore - i London Array]| .
North H2 China Wind Farm Korea |30 Lely A2 Netherlands 5 UK 61 | Karenhamn | Sweden
Huaneng Rudong - -
Wind Farm | China Zhong Neng offshore 1. (31 Lely A3 | Netherlands Rampion UK g2 | Vindpark | o den
Wind Farm - Vanern
(MNorth)
4 Igﬂ'”f};;;ge %ﬁ’ﬁ China Fermosa ‘:;'m‘i Farm| . iwan 32| Irene Vorrink | Netherlands Sofia UK 63 | Avedore Holme| Denmark
Guodian
- | Zhoushan Putuo ) - . . 5 _ Rodsan II
5 6 Offshore Wind China Greater Changhua 1 | Tarwan | 33| Irene Vorrink | Netherlands Triton kmoll UK 64 (Nysted IT) Denmark
Farm
— . Southwest Offshore o i Greater
6 |Dongtai IV (H2) | China Wind farm Korea | 34 Blyth UK Gabbard UK 63 Sprogo Denmark
- | Skipjack wind Changfang and - 25 . S ] ]
] farm TUSA Xidao Wind Farm Taiwan | 33 Eentizh T UK Gwynt v Mor UK 66 Lillgrund Sweden
8 S"“‘hgﬂ Wind) 1798 Empire Wind | USA |36| BamowII UK Nordsee One| Germany | 67 | Breitling | Germany
Zhuhai Jinwan Nvsted I
9 | Offshore Wind | China Choshi Wind farm | Taiwan | 37|  Thanet III UK Galloper UK 63 | (Rodsan) | Demmark
Farm
Jiangzu
Xiangshui | ¢, Choshi Wind farm | Taiwan 38|  Belwind UK Gemini wind | \roy o 1ands| 69 | Middelgrunden | Denmark
Offshore Wind
Farm
Alkcita Yurihonjo -
1| offshore wind | Japan wkushima Floating | 1 139|  Burbo Bank UK Gode Wind 11, tertands| 70 | TunoKnob | Denmark
farm Wind Farm (P1) and 2
Yualin Offsh . Fukushima Floatin ] Blyth
12| " ind Fams | Taiwan Wind Form €P2) €| Japan 40| WalneyI UK Nordsee Ost | Germany | 71 Y UK






media/file53.jpg





media/file83.jpg
v [0 [0}

Mother wavelet (Morlet) 0<la<<1b>0 a>>1.5>0





media/file10.jpg
®

®





media/file24.png
Experimental Modelling of
Dynamic Soil-Structure interaction
of Offshore Wind Turbines

.

Understand the physics/mechanism of

the problem and derive ¢

non-dimensional groups

’

Numerical or Analytical Modelling based
on the understanding of the problem

,

Compare numerical or analytical with the
experimental results and field case
records (if available)

No

Do they agree?

Carry out parametric study on non-
dimensional groups at all scales and
find the practical range of the different
parameters

.

Design charts for practical use






media/file29.jpg





media/file72.png
X

A I//Q y Ve
\  soil properties

v 7.K,G

Z
S-waves

$ : &
< >

one-dimensional shaking a,=k_xg






media/file9.jpg





media/file42.png
| L .- | turbine rated powers)

A 'k
r i ‘k l‘ Top Mass(depends on

Application of
Wind load

o <.

T :
- v - ’ %
o

E !
-
g

; -
—
c

Application of ) Y
Wave load T

Height of wave
load application

(c)





media/file56.png
NCIDENT WAVE DIRECTION

P

// 7\<RED LOAD CELL

|YELLOW JZ)AD\

| X

1000

\ / |
N/
\(BROWN LOAD CELL
g
.

TLCD

——
—————LSTEEL GRAVITY ANCHOR BASE






media/file47.jpg
Frequency (Hz)

Eoos @
5 L b Free Vibration
Fou =
3 om b
] I |
g 0 +
& o 5 : 10
Fre%uenc (H2)

T 10 ®

5 e Free Vibration w/

=4 ! Attached Actuator

] [l

%z /1

Zo L

&0 5 | | 10

Frequency (Hz)

5 B

In i

s . White Noise Test

z i

g0 i

= i

g0

&0 5






media/file65.jpg
£/60)= 10°

3

% Change in natural frequency

et S A A g a
ey
s ab TNSp a8

° o2 o o6 o8 s 1 "

Number of cycles (x10°)





media/file60.png
LvDT Q






media/file30.png
Foundation only

L
N

(a)

AN






media/file13.png
(xi)

(x)

(ix)

(viti)

(vii)

(a)

Musci-lire

[ m|%

A

(b)





media/file27.jpg
W ocn s

etorietd

Resananca o priom
Ty weyion
i





media/file3.jpg





media/file93.jpg
>

Shear stress

‘max|

e

1kPae¢

-~ -
¥, 1257, Shear strain





media/file19.jpg
Wind
spectrum

3
£
B

1

08

05

04

02

Soft- soft

Soft - stif

Stiff - stiff
—— . L . —_—
1P + safety margin 3P + safety margin
o 01 02 03 04 0s 05 07
Wave spectrum Frequency [Hz]





media/file66.png
% Change in natural frequency

BRI L S B G S AT

F/(GD?) = 1x10°

O 'LBED'
X EES
A 'LBES'

AT I
_____ f.,A__%AA

m ) prim ot EYNOREA AT ¢ = — s — ' \L‘_&.&Aéé&_ ............
s 1. DL T . W T [ TR I, A SR
ALy A e 8 A
b £ o gl SHul X8
| | X X
B B o G e T U 0 S S W S DR it
A
'5 T T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Number of cycles (x10°)





media/file79.jpg





media/file50.jpg
)

Power Spectral Densi

an

190,

Free Vibration PSD via Welch (b Acceleromster)

Freauency (42)

A y—

2 3 45 5 7
Fraquency ()

(b)

o





media/file85.jpg
7 ®
£
a4 b
[ gt
i,
[ER e
-
L
= 8
B
| s
A —
205 —
y ey

ERT
8, WWWWMM

5 s 10 15





media/file40.png
Eccentric Mass
Rigid Link

Eccentric

“El = Mass Actuator

Eccentric

hE ] Mass Actuator

Whole System Model
with eccentric mass actuator

(a)





media/file101.jpg
dimensions in mm

[TestiD a b

Test1 250 200
Test2 250 50
Test3 250 50

= accelerometer
o pore pressure sensor

1 strain gauge






media/file33.jpg
(d)





media/file5.jpg





media/file70.png





media/file87.jpg
Sub-structuring method

Dimensional Analysis

Prototype (full scale) Physical modelling

1100 1150 1:2200

.

Soil-Structure Interaction Soil Element testing

A

Define constitutive model

0101 0] Q0B





media/file38.jpg
= Angular velocity

Centripetal force:
Fi=myr
Fammyr.a?
Resulant force X axis:

(b)





media/file103.jpg
Test1 5 Test2.
ofdein
a :
b
. 2|
P S R 4
Aot T 4 laoptred
Q )
o g 0
= .
4
ba g g
4 [depth=5.7m
-
o o4

D






media/file31.jpg
Actuator

Rigid Link

Whole System Model
with Rigid link

()





media/file25.jpg
Smpified Cyeic Losding ot udine Level

ending Home
e

B W @ % 0 @ W W ™

Time (soconds)

i





media/file61.jpg





media/file106.png
Soil reaction, p [KN/m]

40 | Depth =4.05m p-y curve  Proposed p-y curve

| (p-multiplier) (

005 .0.03 -0.01 0.01 0.03 0.05
Relative pile-soil displacement, y [m]





media/file94.png
D A
o
»
©
)
L
n
Tmax --------------------------------
GZ
_____________ =3,
1IkPAQ@--ccccccccccccec e : -
',0 1.25 A Shear strain





media/file91.jpg
. Small amplitude
Axial load
* l vibrations Large displacement
Lateral load l
=

-
soil spring p
(p-y spring)

o
7 wH

-

End bearing (a) (b)
soil spring





media/file8.png
o \.“!lll -
al T
e
-~

.

—

Wind Turbine
Foundations
L

L
L4
M

L] P |

) .‘.\

-
e ———

100

1000

.‘\‘llllll|ll.‘-.‘.lll 0 l’lll
\\n\\i\tt ¢ o (o] /'/
7 .
\\\\ x * X xxx .‘.
xX x \
N\ m a2 .
.// X v, Xx X8
., 55 .
£E€3s * 3
5
Sk3 >y
SE5
x |
§E3 <o, s
X 4t
x < o
N
N\ . @
:
'
'
e
H
A\
\ ..
\ ...
\ /
e/
/a \~
2
« X o &
-
vy LA A L L vy — e i - I o-
o - ~ o © - v - !
— b4 ~ a

Water depth (m)-Logaritmic scale





media/file51.png
1500mm

Polystyrene Float

o] T

Weight (23kg)

Model Turbine

Bearing

450mm

\

Mooring Line

l,f"

(a)

S00mm






media/file64.png
Power spectral amplitude

2 closely spaced modes

10} (Rocking) of vibration
10°
107 m i 2 % % 35 2 s
Frequency (Hz)
(d)
Scale 1:100 1:150 1:200

Power Spectral

19 21 23 17 19 21 23 25
Frequency (Hz)

(e)






media/file34.png
Mass

Actuator
_= Rigid Link @I

Whole System Model
with Rigid link

(a)





