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Epigraph 

Human activities are estimated to have caused approximately 1.0°C of global warming above pre-

industrial levels, with a likely range of 0.8°C to 1.2°C. Global warming is likely to reach 1.5°C 

between 2030 and 2052 if it continues to increase at the current rate. 

An average warming of 1.5°C across the whole globe raises the risk of heatwaves and heavy rainfall 

events, amongst many other potential impacts. Limiting warming to 1.5°C rather than 2°C can help 

reduce these risks, but the impacts the world experiences will depend on the specific greenhouse gas 

emissions ‘pathway’ taken. 

Pathways limiting global warming to 1.5°C with no or limited overshoot would require rapid and far-

reaching transitions in energy, land, urban and infrastructure (including transport and buildings), and 

industrial systems. These systems transitions are unprecedented in terms of scale, but not necessarily 

in terms of speed, and imply deep emissions reductions in all sectors, a wide portfolio of mitigation 

options and a significant upscaling of investments in those options. 

In 1.5°C pathways with no or limited overshoot, renewables are projected to supply 70–85% 

(interquartile range) of electricity in 2050. 

Intergovernmental Panel on Climate Change (IPCC) Special Report: Global Warming of 1.5 ºC, 2018 
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Abstract 
 

Scour of seabed sediments can occur around offshore structures, the resultant reduction in strength 

and stiffness of the structure’s foundations presents operational challenges for monopile-supported 

offshore wind turbine structures. Turbines are at risk of reduced operation or even premature 

decommissioning if scour causes the natural frequency of a wind turbine to drop too close to the 

loading frequency, or if the foundation capacity is compromised. In practice scour protection systems 

are used to mitigate the development of scour itself. Scour protection may also have a restorative 

influence on the natural frequencies of the structure and capacity of the foundation. This portfolio 

presents the results of a DEng research project exploring the interactions between scour 

development, scour protection, foundation stiffness and strength, and structural dynamics of offshore 

wind turbine structures.  

Flume experiments were performed, where a scale monopile – tower system exposed to realistic 

scour development in the Fast Flow Facility flume at HR Wallingford was subjected to structural 

dynamics testing and lateral loading. Three scour protection systems were modelled in the 

experiments: pre-installed rock-armour, remedial rock fill, and remedial tyre-filled net options.  

Numerical modelling is presented, using a one-dimensional (1D) finite element model developed 

for the analysis of natural frequencies for monopile-supported turbines with scour and scour 

protection. A 1D finite element approach was also used to explore the results of the lateral loading 

experiments. The numerical modelling produces results that are consistent with data from the flume 

experiments and from a case study of field data from a high scour offshore wind farm.  

The research confirms that there is potential for scour protection systems to enhance the stiffness 

and capacity of monopile foundations. These gains are negligible for tyre-filled net scour protection 

systems due to the low stiffness and density of the tyres. The stiffness contribution of rock-type scour 

protection systems is further enhanced if sand accumulates in the scour protection matrix, but these 

positive contributions become diminished if extreme global scour causes the scour protection to 

become unstable. Pre-installed rock armour scour protection systems provide the most reliable 

solution in terms of seabed stability and foundation response. 
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Note on the Format of this Portfolio 
 

This portfolio contains three scientific papers (total of 54 pages) of joint authorship, two of which are 

published in conference proceedings, and one which is forthcoming for journal publication: 

 
Paper 1 (9 pages): Mayall, R.O., Byrne, B.W., Burd, H.J., McAdam, R.A., Cassie, P. and 

Whitehouse, R.J.S. (2019). Modelling of foundation response to scour and scour protection for 

offshore wind turbine structures. Scour and Erosion IX - Proceedings of the 9th International 

Conference on Scour and Erosion, ICSE 2018, pp. 405. 

 
Paper 2 (6 pages): Mayall, R.O., McAdam, R.A., Byrne, B.W., Burd, H.J., Sheil, B.B., Cassie, P. and 

Whitehouse, R.J.S. (2018). Experimental modelling of the effects of scour on offshore wind turbine 

monopile foundations. In: 9th International Conference Physical Modelling in Geotechnics (ICPMG 

2018). London, UK, July. (c109 pp. 725-730). 

 
Paper 3 (39 pages): Mayall, R.O., McAdam, R.A., Whitehouse, R.J.S., Burd, H.J., Byrne, B.W., 

Heald, S.G., Sheil, B.B., and Slater, P.L. [Forthcoming]. Flume tank testing of offshore wind turbine 

dynamics with foundation scour and scour protection. Journal of Waterway, Port, Coastal, and 

Ocean Engineering. DOI: 10.1061/(ASCE)WW.1943-5460.0000587. 

 
The work described in these papers was conducted by me in the course of my DEng research 

project, with academic contributions from my academic and industry supervisors. The papers 

themselves were drafted by me, with editorial contributions from my co-authors. I confirm that the 

remainder of the portfolio is wholly my own work except where stated otherwise. 
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EP/L016303/1 for Cranfield University, the University of Oxford and Strathclyde University, Centre 
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Notation 
 

The following is a list of the notation that appears in multiple locations in the main body of this 

portfolio. The papers contain internal notation sections. Notation that appears only in the Appendices 

is defined in the Appendix text. 

Latin Symbols 

𝑎 Shape function coordinate 

𝐴 Cross-sectional area 

𝐵 Small strain shear modulus fitting parameter 

𝐵𝑣 Hermitian shape function 

𝐶 Damping 

𝐶𝑎 Added mass coefficient 

𝑑𝑋𝑋 Soil particle diameter (XXth percentile) 

𝐷 Pile outer diameter 

𝐷𝑅 Relative density 

𝑒 Voids ratio 

𝐸 Young’s modulus 

𝑓𝑚 Natural frequency of the 𝑚𝑡ℎ mode 

𝑔 Acceleration due to gravity (9.81 m/s2) 

𝐺 Shear modulus 

𝐺0 Small strain shear modulus 

𝐺𝑠 Specific gravity 

ℎ Lever arm 

ℎ𝐿 Height of local bed level above global bed level 

ℎ𝑤 Water depth 

𝐻 Horizontal load 

𝐼 Second moment of area 

𝑗 Distributed moment of inertia 

𝐽 Moment of inertia 

𝑘 Non-dimensional stiffness coefficient 

𝐾 Stiffness 

𝐿 Pile embedment length 

𝐿𝑒 Element length 

𝑚 Vibration mode number (structural dynamics) 

𝑚 Distributed moment reaction (soil-structure interaction) 

𝑀 Moment load (structure loading) 

𝑀 Mass (structural dynamics) 

𝑀𝑡𝑜𝑝 Top mass 

𝑛 Porosity (soil characterisation) 

𝑛 Power fitting parameter (small strain shear modulus) 

𝑛 Curvature parameter (soil-structure interaction) 

𝑛𝑒𝑙𝑠,𝑟𝑒𝑞 Target number of elements 

𝑁𝑀 Number of top masses 

𝑝 Pressure 

𝑝 Distributed lateral reaction (soil-structure interaction) 

𝑝′ Effective stress 

𝑝𝑎𝑡𝑚 Atmospheric pressure 
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𝑞𝑐 CPT cone tip resistance 

𝑟 Radial distance from pile centreline 

𝑅𝑔𝑦𝑟 Radius of gyration 

𝑠𝑢 Undrained shear strength 

𝑆𝑒𝑞 Equilibrium scour depth 

𝑆𝐿 Local scour depth 

𝑆𝐺  Global scour depth 

𝑆𝑇 Total scour depth 

𝑡 Time 

𝑡𝑠𝑝 Scour protection thickness adjacent to the pile wall 

𝑡𝑤 Pile wall thickness 

𝑇𝑓 Elapsed flow time 

𝑣 Lateral displacement 

𝑣0 Displacement amplitude 

𝑣̇ Velocity 

𝑣̈ Acceleration 

𝑉 Mode shape 

𝑤 Vertical displacement 

𝑤𝑔 Gauss point weighting 

𝑥 Horizontal coordinate 

𝑦 Horizontal coordinate 

𝑧 Vertical coordinate 

𝑧′ Height above ground level 

𝑧𝐵𝑆𝐹 Depth below seafloor before scour 

𝑧𝐶𝐷 Height above chart datum 

𝑧𝐺 Depth below global seabed level 

𝑧𝐿 Elevation 

  

Greek Symbols 

𝛼𝑎,𝑏 Fitting parameter, gradient of 𝑎 with respect to 𝑏 (scour effects on structural dynamics) 

𝛼𝐿 Local scour influence factor 

𝛽 Modal coefficient 

𝛾 Unit weight 

𝛾′ Effective submerged unit weight 

𝛿𝐿 Non-dimensional overburden reduction depth 

Δ𝑓𝑚 Proportional change in natural frequency 

Δ𝑧𝑂 Overburden reduction depth 

𝜀𝑓 Natural frequency error 

𝜀Δ𝑓 Error in change of natural frequency 

𝜁 Damping ratio 

𝜃 Shields parameter (sediment mobility) 

𝜃 Beam neutral axis rotation (beam analysis) 

𝜅 Timoshenko shear coefficient 

𝜆 Eigenvalue 

𝜈 Poisson’s ratio 

𝜌 Material density 

𝜌𝑤 Density of water 

𝜎𝑣
′ Effective vertical stress 

𝜎𝑣,𝐴
′  Apparent effective vertical stress adjacent to pile wall 
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𝜎𝑣,𝐺
′  Effective vertical stress relative to the global bed level 

𝜎𝑣,𝐿
′  Effective vertical stress relative to the local bed level 

𝜙′ Internal angle of friction 

𝜓 Beam cross-section rotation 

𝜔 Circular frequency 

Ω Factor on natural frequency 

  

Abbreviations, Subscripts and Superscripts 

0 Initial value 

1D One-dimensional 

3D Three-dimensional 

B Value at the pile base 

BSF Below seafloor 

CD Chart datum 

CDF Cumulative density function 

CPT Cone penetrometer 

Eig Output of numerical analysis programme EigPile 

FFF Fast Flow Facility 

G Value at ground level 

i Initial value 

i Intercept 

LVDT Linear variable differential transformer 

max Maximum value 

Meas Measured value 

min Minimum value 

OCR Overconsolidation ratio 

OWF Offshore wind farm 

ref Reference value 

R Reference value 

P-RA Pre-installed rock armour scour protection 

R-RF Remedial tock fill scour protection 

R-TFN Remedial tyre-filled net scour protection 

SHM Structural health monitoring 

SP Scour protection 
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Section 1 – Introduction and Background 
1 INTRODUCTION AND BACKGROUND 

1.1 Introduction 

Offshore wind energy is a large part of the renewable energy market, one that has undergone rapid 

growth over the past 10 years (Figure 1.1). Installed offshore wind turbine structures are supported 

by a variety of substructures identified in Figure 1.2 – the research presented in this portfolio is 

concerned with monopile foundations, which represent the vast majority of installed structures. 

The presence of structures in the offshore environment can result in scour (erosion of the 

sediments) due to the interaction between the structure and the water flow around it (e.g. Figure 1.3; 

Figure 1.4). Scour presents potential problems for monopile wind turbine structures including 

decreases in foundation capacity and stability, decreases of the structural natural frequency, 

increases in bending moments due to the larger loading lever arm, increases in structural fatigue, 

and loss of support for connecting cables. In practice, scour protection systems are frequently 

installed to mitigate the effects of scour. The research presented in this portfolio aims to address 

some of the uncertainty in the geotechnical design of monopile foundations under the influence of 

scour, and with the associated scour protection systems. 

 

 
Figure 1.1. Annual wind installations in Europe (from WindEurope, 2019). 
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Figure 1.2. Type and number of substructures for grid connected wind turbines in Europe at the end 
of 2018 (data from WindEurope, 2019). 

 

  
(a) (b) 

Figure 1.3. (a) Global scour beneath an elevated coastal building (photo credit: FEMA); (b) Local 
scour at a bridge pier (photo credit: USGS). 

 

 
Figure 1.4. Sediment plumes at Thanet offshore wind farm viewed from space, white dots are wind 
turbines (photo credit: NASA Earth Observatory) 
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1.2 Motivation 

1.2.1 Design Drivers 

Monopile foundations for offshore wind turbines have large diameters (𝐷 > 4 m) with embedment 

ratios in the range 2 < 𝐿/𝐷 < 6 (where 𝐿 is the pile embedment). The critical loading frequencies are 

rotor frequency (frequently terms 1P), the frequency at which the blades pass in from of the tower 

(termed 3P for a three-bladed turbine), as well as the wave and wind loading of the structure. To 

minimise fatigue damage from the dynamic amplification of loads, monopile wind turbine structures 

are designed to have a natural frequency at between the 1P and blade passing 3P loading bands 

(e.g. Figure 1.5).  

Scour around offshore foundations can take the form of global scour or local scour, or a 

combination of both; Figure 1.6 presents a schematic of typical scour definitions. A typical design 

scour depth is 1.5 𝐷 (API, 2011), and higher values have been observed in the field. Scour presents 

the potential for loss of a significant portion of the design pile embedment and hence capacity, which 

must either be accounted for in design or mitigated using scour protection. Scour has the effect of 

reducing the natural frequency of the structure, which compromises the margin above the 1P loading 

frequency. 

The development of scour in excess of the design values can lead to reduced turbine operation 

due to concerns over the foundation capacity and fatigue damage. This has significant commercial 

impacts, for example the monthly revenue of a 3 MW turbine can be estimated as follows (assuming 

a capacity factor of 38% (Energy Numbers, 2016) and an example energy price of £100/MWh): 

𝑅𝑡𝑢𝑟𝑏 = 0.38 ∗ 24h/day ∗ 365day/year ∗ 3MW ∗ £100/MWh ≅ £0.98 million/year ≅ £82,000/month 

The aim of the research is to enable the design life of wind farms in high scour environments to 

be maximised by improving analysis methods for monopiles with scour and scour protection. 
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Figure 1.5. Excitation frequencies of commercial offshore wind turbines (from Arany et al., 2016). 
1P is the turbine rotor frequency at rated wind speeds, and 3P is the frequency of turbine blades 
passing in front of the tower. Red dots are measured structural natural frequencies at operating 
offshore wind farms. 

 
 
 

 
Figure 1.6. Idealised schematic of scour around a monopile 
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1.2.2 Robin Rigg Offshore Wind Farm 

Robin Rigg Offshore Wind Farm comprises 60 x Vestas V90-3.0 MW wind turbines, located in the 

Solway Firth offshore UK (Figure 1.7 & Figure 1.8). The wind turbines are supported by monopiles 

with 𝐷 = 4.3 m, in medium dense to dense sand overlying normally consolidated clay.  

The foundation design for Robin Rigg did not include scour protection, but the pile length was 

designed to accommodate local scour on the basis of design codes. During operation, reductions in 

the natural frequency of wind turbine structures were linked to unexpected global scour, due to a 

migrating channel to the north of the site; Figure 1.9 presents the site bathymetry developments. 

The operational concerns relating to this global scour led to the premature decommissioning of two 

wind turbines, with remedial scour protection installed at other locations as mitigation against further 

global scour. 

Robin Rigg 
OWF

Robin Rigg 
OWF

 
Figure 1.7. Robin Rigg offshore wind farm location map 

 

  
Figure 1.8. Wind turbines at Robin Rigg offshore wind farm (courtesy of E.ON) 
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Figure 1.9. Evolution of Robin Rigg site bathymetry (from HR Wallingford, 2015): (a) 5 years before 
pile installation; (b) 5 years after pile installation. Labelled points (e.g. A1) indicate turbine locations; 
colour indicates seabed level relative to local chart datum (CD); pale blue/white fill indicates no data.  

 
 

1.3 Research Project Overview 

1.3.1 Research Questions 

Three key research questions were posed in a research and development proposal at the outset of 

the project: 

i. What is the effect of scour protection on foundation stiffness and strength? 

ii. What is the effect of global seabed lowering and can stiffness be regained with scour 

protection? 

iii. Does local or global scour dominate foundation response and hence structural natural 

frequency? 

 
1.3.2 Research Participants 

The research presented in this portfolio was the result of a collaboration between Oxford University, 

E.On Energy, and HR Wallingford. The key participants are shown in Figure 1.10. This works forms 

part of a wider set of research activities at Oxford University working towards optimisation of 

foundation design for the offshore wind sector. 

Seabed level (m CD)

(a) (b)
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1.3.3 Portfolio Outline 

The research questions were explored through flume experiments and numerical modelling. 

Figure 1.11 presents an outline of these research activities and their location in this portfolio.  

Section 1 sets the context for the research, presenting the motivation for the study and a review of 

the background literature. 

Section 2 presents the flume experiments developed and executed in this research project. A 

monopile – tower system was modelled in HR Wallingford’s Fast Flow Facility flume tank. The 

experiments explore the influence of scour and scour protection on monopile natural frequencies 

and lateral capacity. A scientific paper is presented (Paper 3: Mayall et al., [Forthcoming]), followed 

by further detailed results and discussion. 

Section 3 presents the development of a numerical model EigPile for the analysis of natural 

frequencies. EigPile uses a one-dimensional finite element approach, the soil reactions are modelled 

as linear elastic using the results of the PISA and PISA2 projects. Models to account for the stress 

and stiffness effects of scour and scour protection are implemented in EigPile. 

Section 4 presents numerical modelling of the flume experiments. The structural dynamics tests are 

used to calibrate the EigPile scour and scour protection models. The monotonic lateral loading tests 

are modelled to provide insight into the influence of scour protection on monopile capacity. 

Section 5 presents a case study of two turbine locations at Robin Rigg offshore wind farm. The case 

study considers monopiles that have been exposed to combined local and global scour, and 

subsequently remediated using rock fill scour protection. The calibrated models from Section 4 are 

applied for computations of natural frequencies and lateral capacities in the case study. 

Section 6 concludes the research, presenting the contributions, key findings, recommendations, and 

responses to the research questions. 

Appendix A (Paper 1: Mayall et al., 2019) and Appendix B (Paper 2: Mayall et al., 2018) are 

scientific papers published in conference proceedings, these present further details on some aspects 

of the research and are included for completeness. Appendix C, Appendix D and Appendix E 

present supplementary information and analysis methods, which is mostly factual in nature.  
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Figure 1.10. Organogram of research participants 

 
 
 

 
Figure 1.11. Research Project Structure 
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1.4 Background Literature 

1.4.1 Monopile Foundation Stiffness and Stability Analysis Methods 

1.4.1.1 Design Standards 

The offshore wind industry design guidance (e.g. DNVGL, 2016) is derived from standards for oil 

and gas structures (e.g. API, 2011; ISO 2004; ISO, 2007). Compared with oil and gas structures, 

wind turbine foundations are subjected to a high number of load cycles, with a high ratio of lateral 

and moment loads to vertical loads. The analysis methods for piles derived from API (2011) and its 

predecessors are not entirely suitable for the design of monopiles due to differences in the pile 

geometry and loading. Previous research has identified opportunities for optimisation of design 

practices for monopile foundations (Kallehave et al., 2015), which has been addressed in part 

through subsequent research such as the PISA and PISA2 projects. 

 
1.4.1.2 Macro Element Soil Model Analysis Method 

In a macro-element model the structure is modelled resting on a set of elastic springs (lateral, 

rotational, cross-coupling, and vertical) acting at a single node representing the foundation. This 

method has the benefit of providing a quick method to analyse the natural frequency of structures, 

without the requirement of a full finite element analysis of the foundation. 

Arany et al. (2016) presented a simplified mathematical model for an offshore wind turbine using 

a macro element methodology (Figure 1.12). The basis of the Arany et al. (2016) model consists of 

modifying the natural frequency of a fixed base cantilever tower, 𝑓𝐹𝐵, and applying empirical 

rotational and lateral foundation flexibility coefficients, 𝐶𝑅 and 𝐶𝐿, 

 𝑓1 = 𝐶𝑅𝐶𝐿𝑓𝐹𝐵 (1.1) 

 
The Arany et al. (2016) model was found to have errors up to 3.5% compared to measured natural 

frequencies from ten offshore wind farms, which is a reasonable match for preliminary design 

purposes. However, this prediction method does not model the behaviour of higher vibration modes, 

or model the deformation of the pile below ground level which prevents the analysis of pile fatigue. 

Furthermore, the method assumes fairly simplistic distribution of stiffness along the pile (constant or 
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linearly increasing with depth), which may limit the applicability in more complicated layered soil 

conditions, or require modification to incorporate scour and scour protection effects. 

 
1.4.1.3 PISA and PISA2 Projects  

The design standards (e.g. DNVGL, 2016) recommend that the load-displacement behaviour of piles 

is predicted using a nonlinear Winkler spring method in one-dimensional (1D) finite element analysis, 

where the soil is represented by discrete nonlinear lateral ‘springs’ termed 𝑝-𝑦 curves. For monopile 

wind turbine foundations the 𝑝-𝑦 approach is generally considered overly simplistic, since this 

method excludes the contribution of distributed moment due to the rotation of the pile cross-section, 

and also excludes the shear and moment forces acting at the pile base.  

The PISA project (PISA Final Report, 2016) and subsequent PISA2 project (PISA2 Final Report, 

2018) were joint industry projects, which aimed to improve the design methodology for laterally-

loaded monopiles. The results are published in conference proceedings (e.g. Byrne et al., 2015; 

Zdravković et al., 2015; Burd et al., 2017), and the knowledge has recently been consolidated in a 

series of papers published in Géotechnique (Zdravković et al., 2019a; Burd et al., 2019; Byrne et al., 

2019; McAdam et al., 2019; Zdravković et al., 2019b; Taborda et al., 2019). 

The PISA project proposed the 1D design model shown in Figure 1.13((a)&(b)); the PISA model 

incorporates the distributed lateral resistance, vertical tractions causing a distributed moment along 

the pile (Figure 1.13(c)), plus moment and shear resistance at the base of the pile. A 1D finite 

element analysis approach offers the benefit of speed, which allows a large number of calculations 

to be performed in a short period of time and is a key benefit in the analysis of offshore wind farms. 

Figure 1.14 presents the normalised soil reaction curves in the PISA 1D model, and Table 1.1 

presents the soil reaction normalisations employed in the PISA 1D model. Three-dimensional (3D) 

finite element analyses were performed to calibrate the soil reactions in the 1D model 

(Figure 1.13(d)), the 3D analyses are described in Zdravković et al. (2019b) and Taborda et al. 

(2019).  
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(a) (b) 

  
Figure 1.12. Basic model of a wind turbine (edited from Arany et al., 2016): (a) Main components of 

the structure; (b) Mathematical model with a macro element pile foundation model; LT is the tower 
length, LS is the sub-structure length, m denotes mass, J denotes inertia, E denotes Young’s Modulus, 

D is the average diameter of an element, t is the average wall thickness of an element; items with 
subscript T are tower elements, items with subscript P are pile elements. 

 

  

(c) 

 
(d) 

 
Figure 1.13. Construction of the PISA model for laterally loaded monopiles (from Burd et al., 2017). 
(a) Assumed soil reactions; (b) 1D design model; (c) View of vertical tractions for an elemental length 
of pile, which are assumed equivalent to a distributed moment reaction, m; (d) design model 
development process. 
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Figure 1.14. General form of normalised soil reaction curves (from PISA Final Report, 2016); 

specified in terms of an initial stiffness, k, curvature, n, ultimate value, 𝑦̅𝑢, and displacement at the 
ultimate value, 𝑥̅𝑢 

 
Table 1.1. Definition of non-dimensional forms employed in PISA design model (PISA Final Report, 
2016) 

Component Notation Clay framework Sand framework 

Distributed lateral load 𝑝 
𝑝

𝑠𝑢𝐷
 

𝑝

𝜎𝑣𝑖
′ 𝐷

 

Lateral displacement 𝑣 
𝑣

𝐷

𝐺

𝑠𝑢

 
𝑣

𝐷

𝐺

𝜎𝑣𝑖
′  

Distributed moment 𝑚 
𝑚

𝑠𝑢𝐷2
 

𝑚

𝑝𝐷
 

Pile rotation 𝜓 𝜓
𝐺

𝑠𝑢

 𝜓
𝐺

𝜎𝑣𝑖
′  

Base horizontal force 𝐻𝐵 
𝐻𝐵

𝑠𝑢𝐷2
  

𝐻𝐵

𝜎𝑣𝑖
′ 𝐷2

  

Base moment 𝑀𝐵 
𝑀𝐵

𝑠𝑢𝐷3
 

𝑀𝐵

𝜎𝑣𝑖
′ 𝐷3

 

 
 

In the PISA project 3D analyses were performed for one sand site (Dunkirk) and one clay site 

(Cowden till); the constitutive models in the 3D analysis were calibrated using site data (Zdravković 

et al., 2019a) and the results were validated against medium scale field testing (described in Burd et 

al., 2019; Byrne et al., 2019; McAdam et al., 2019).  

In the PISA2 project the PISA design methodology was applied to a broader set of geotechnical 

conditions, by producing calibrated soil reactions for the 1D model on the basis of further 3D finite 

element analyses. The additional analyses in the PISA2 project included: generalised sand sites for 

a range of relative densities, 𝐷𝑅, of 45% to 90% (using the Dunkirk sand constitutive models), three 

clay sites (Cowden till, Bothkennar clay, London clay), and scenarios with layered soil conditions. 
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The calibrated 1D soil reactions models (PISA Final Report, 2016; PISA2 Final Report, 2018) 

provide a useful basis for preliminary analysis of offshore structures, but are limited in several ways: 

(1) the reactions are limited to the modelled geotechnical conditions; (2) the reactions are only limited 

to the modelled pile geometry, such as the diameter, wall thickness, and embedment; (3) the reaction 

models vary with depth below ground level, and this variation depends on the deformed shape of 

the pile, which may differ for a change of soil conditions or with a difference in the height of the 

applied lateral load. The MATLAB program OxPile was developed by the University of Oxford as an 

implementation of the PISA 1D FE model, including the soil reaction curves. 

The PISA and PISA2 projects showed that the new design methodology produces more accurate 

predictions of lateral pile capacities with reduced conservatism when compared to the design 

standard 𝑝-𝑦 approach (e.g. API, 2011), provided the 1D soil reactions are calibrated from 3D 

analyses using appropriate constitutive soil models. The PISA methodology has been widely 

adopted by the industry partners on the PISA project. The reduced conservatism has allowed 

monopile foundations to be more economically designed, and adopted for wind farms in higher water 

depths than was previously anticipated. 

 
1.4.1.4 Shear Modulus 

Soil stiffness is non-linear, and reduces with increases in strain. Several authors have made efforts 

to define the relationship between the secant shear modulus, 𝐺, and the level of shear strain (e.g. 

Hardin and Drnevich, 1972; Vardanega and Bolton, 2013; Hanssen, 2015), as shown in Figure 1.15. 

These methods involve empirical fitting of large sets of measured data, such as the test database 

presented by Vardanega and Bolton (2013). 

At very small strains (typically < 10-5) the shear modulus of a soil can be assumed constant (see 

Figure 1.15), allowing the soil to be treated as an elastic material with small strain shear modulus, 

𝐺0. For lateral pile analysis methods, such as the PISA model, 𝐺0 is a key parameter for initial 

stiffness calculations (see Section 3), and hence natural frequency assessments.  
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Figure 1.15. Soil secant shear modulus degradation curves 

 
Viggiani and Atkinson (1995) noted that empirical 𝐺0 prediction methods are often in the form: 

 𝐺0 = 𝐵. 𝑓(𝑒)𝑂𝐶𝑅𝑘𝑝𝑟𝑒𝑓 (
𝑝′

𝑝𝑟𝑒𝑓

)

𝑛

 (1.2) 

where 𝐵 is an empirical shear stiffness coefficient that depends on the soil composition, 𝑓(𝑒) is a 

function of void ratio, 𝑂𝐶𝑅 is the overconsolidation ratio, 𝑘 is a plasticity index coefficient, 𝑝𝑟𝑒𝑓 is a 

reference stress, and 𝑝′ is the effective stress. Table 1.2 presents a selection of empirical 𝐺0 

calculation methods, presented in a form similar to (1.1) where possible.  

Tami and Jaapar (2015) compared 𝐺0 data from in situ tests, laboratory tests, and empirical 

methods. They observed that in situ test data generally represent an upper bound to the laboratory 

test data, and empirical methods vary from measured values by up to 75%, generally as a lower 

bound with outliers higher than the measured data; this variation is reasonably consistent with the 

accuracies cited elsewhere (e.g. +/- 50% in Rix and Stokoe, 1992). 

As with other empirical methods of determining soil conditions, the assumed relationships should 

be calibrated based on site-specific data. The soil stiffness around a foundation may also be affected 

by rate effects, hysteresis and anisotropy; which are not discussed further here.  

 
 
 

0

1

1E
-6

1E
-5

1E
-4

1E
-3

1E
-2

1E
-1

1E
+0

G
/G

0

Shear Strain

Hanssen (ISFOG 2015, after Hardin and
Drnevitch, 1972)

Hardin and Drnevitch, 1972

Vardanega and Bolton 2013 after
Darendeli, 2001 and Zhang et al, 2005



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Section 1 – Introduction and Background 

27 

Table 1.2. Empirical methods for estimating small strain shear modulus 
Reference Soil Type Empirical Calculation Coefficients 

Hardin and 
Richart (1963) 

Sand 𝐵. 𝑓(𝑒)𝑝𝑎𝑡𝑚 (
𝑝′

𝑝𝑎𝑡𝑚
)

0.5

 𝑓(𝑒) =
1

0.3 + 0.7𝑒2
 

Bui (2009) in 
Clayton (2011)  

Sand and 
clay 𝐺0 = 𝐵. 𝑓(𝑒)𝑝𝑎𝑡𝑚 (

𝑝′

𝑝𝑎𝑡𝑚
)

0.5

 
Pluviated sands and reconstituted clays:  

𝐵 = 3000 to 6000; 𝑓(𝑒) = (1 + 𝑒)−3 

Vardanega and 
Bolton (2013) 

Clay 𝐺0 = 𝐵. 𝑓(𝑒)𝑝𝑎𝑡𝑚 (
𝑝′

𝑝𝑎𝑡𝑚
)

0.5

 
𝐵 = 1500 to 5000 (typical 2000  

𝑓(𝑒) = (1 + 𝑒)−2.4  

Zuccarino et al. 
(2015) 

Clay 𝐺0 = 𝐵. 𝑓(𝑒)𝑂𝐶𝑅𝑘𝑝𝑎𝑡𝑚 (
𝑝′

𝑝𝑎𝑡𝑚
)

0.5

 
𝐵 = 445; 𝑓(𝑒) = 𝑒0

−1.3  

𝑘 from Hardin and Black (1968) 

DNVGL (2016) 

Clay 𝐺0 =
300𝑠𝑢,𝑑𝑠𝑠

(𝐼𝑃/100) 
 

𝑠𝑢,𝑑𝑠𝑠 = Undrained shear strength from direct 

simple shear tests 

𝐼𝑃 = Plasticity index 

Clays 𝐺0 = 600𝑠𝑢 − 170𝑠𝑢(𝑂𝐶𝑅 − 1)0.5 - 

Sands 𝐺0 =
𝑚(𝜎𝑎𝑡𝑚𝜎𝑣)

0.5

2(1 + 𝜈)
 

𝑚 = 1000 tan 𝜙′  

𝜙′ = Angle of friction 

 
 

1.4.2 Scour at Monopile Foundations 

1.4.2.1 Sediment Mobility Criteria 

The development of scour is influenced by the site wave and current environment, the character of 

the seabed sediments, the local geology, and the properties of the structures and infrastructure 

placed on the seabed. The phenomenon of gaps forming around foundations (slotting) due to the 

foundation loading is distinct from scour, and is not considered in the current research. 

The susceptibility of a site to scour is typically assessed in terms of sediment mobility. Figure 1.16 

presents example sediment mobility curves, defining the relationship between soil particle size and 

flow velocity required to cause erosion and transportation. Note that for fine soils the velocity for 

erosion increases with decreasing particle size, which is attributed to cohesive effects. For this 

reason cohesive soils are often considered as resistant to scour. The Shields curve (Figure 1.16 (b)) 

is generally a preferred approach to the Hjulström curve (Figure 1.16 (a)), since the Shields 

parameter (𝜃) is dimensionless.  

An offshore site can have either live bed or clear water conditions (Lesny, 2010). In clear water 

conditions the undisturbed flow velocity is less than the critical flow velocity required to cause 

sediment transport (i.e. 𝜃 < 𝜃𝑐), and the scour level is likely to reach a steady equilibrium. In live bed 
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conditions the undisturbed flow velocity is greater than the critical flow velocity required to cause 

sediment transport (i.e. 𝜃 > 𝜃𝑐), causing the sediments to move naturally without the structure’s 

influence. As a result the scour level in live bed conditions may fluctuate after the initial development 

rather than reach a steady equilibrium.  

An offshore site environment can be wave-dominated or current-dominated. The scour depth is 

generally larger in current-dominated conditions than in wave-dominated conditions (Sørensen and 

Ibsen, 2013). 

1.4.2.2 Global Scour 

Global scour refers to a global lowering of the seabed, such as overall seabed movement, migrating 

sandwaves and sandbanks (Figure 1.17), migrating channel features, or dishpan scour around 

jacket structures. In the case of sandwaves, an offshore wind farm can be anticipated to have 

changes in global bed level throughout the project; sandwaves have heights in the range of 1 m to 

5 m and can have mobility in the order of 10 m per year (Larsen et al., 2016), which would equate to 

0.25 km movement for a 25-year design life.  

1.4.2.3 Local Scour 

Local scour is the formation of a scour pit around a foundation caused by the formation of horseshoe 

vortices around the pile in a flow, as illustrated in Figure 1.18(a). As a scour pit develops an 

equilibrium depth can be reached, where the depth of the scour pit does not increase any further in 

the given wave and current conditions. Local scour pits are often asymmetric due to prevailing 

current directions (e.g. Figure 1.18(b)). 

Empirical calculation methods for predicting local scour depth have been developed by several 

authors (e.g. Breusers et al., 1977; Høgedal and Hald, 2005). The experimental data of Sumer et al. 

(1992b) is commonly cited, with a mean equilibrium 𝑆𝐿/𝐷 = 1.3, and standard deviation of 0.7; the 

experimental work of Ram Babu et al. (2003) suggests a limiting 𝑆𝐿/𝐷 = 1.0 for cohesive sediments.  

The design standards from the petroleum industry (API, 2011; ISO, 2007) recommend a design 𝑆𝐿/𝐷 

= 1.5; and DNVGL (2016) guidance suggests a design 𝑆𝐿/𝐷 = 1.3. Other research suggests higher 
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values, e.g. Den Boon et al. (2005) yielded values of 𝑆𝐿/𝐷  = 1.75. Mostafa (2012) remarks that the 

maximum scour depth considered in design practice is generally 𝑆𝐿/𝐷  = 2.0. 

1.4.2.4 Natural Backfilling of Scour Holes 

Scour holes can be backfilled naturally in some cases. Sørensen et al. (2010) assessed the 

characteristics of soil material that has backfilled scour holes in a large wave channel model. CPT 

measurements were used to explore the relative density of backfill material in wave-dominated 

environments. The backfill material was found to have a relative density of 60% to 80%, with higher 

density near the surface. 

 

  
 

(a) (b) 
Figure 1.16. Sediment mobility curves: (a) Hjulström sediment mobility curve (from Dingam, 2009); 
(b) Parameterised Shields curve (after Van Rijn, 1984). 

 

 
Figure 1.17. Sand waves at Race Bank offshore wind farm (from Larsen et al., 2016). 
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(a)  (b)  

Figure 1.18. Local scour phenomena: (a) Flow patterns around a pile in wave-dominated conditions 
(from Sumer et al., 1992a); (b) Measured scour pit around a 4.2 m monopile at Scroby Sands 
offshore wind farm (from Høgedal and Hald, 2005). 

 
 

1.4.3 Scour Protection Systems 

1.4.3.1 Scour Mitigation Strategies 

The design standards (e.g. DNVGL, 2016) state that scour should be considered in pile design, but 

give limited guidance on how to do so. At sites where scour is expected, one of the following pile 

design approaches might be adopted:  

iv. Design scour protection to be either pre-installed or placed shortly after pile installation to 

minimise the risk of scour developing. This mitigates the risk at the outset. This approach is generally 

considered the best practice, and is most commonly adopted for wind farms recently in development 

(e.g. Horns Rev, Race Bank, Walney Extension). 

v. Design the pile length to accommodate an extreme prediction of scour depth. As with design 

approach (i.), this approach also reduces the risk at the outset. However, the additional pile length 

for a design scour depth of, say, 𝑆𝐿/𝐷 = 2 would account for additional 33% to 50% pile embedment 

for a typical monopile embedment of 4 ≤ 𝐿/𝐷 ≤ 6. The additional pile length requirement of this 

approach adds significant material costs, but also contributes logistical concerns such as 

requirements for larger vessels and increased resistance to pile driving.  

vi. ‘Monitor and react’, where the pile length is designed to accommodate modest scour depths 

and scour protection is installed only if needed (Riezebos et al., 2016). This approach has the benefit 
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of a lower upfront capital cost, but carries risk of possible remediation requirements during operation. 

This approach is adopted for some offshore wind farms due to the potential for cost reduction (e.g. 

Robin Rigg, Scroby Sands, Arkona). 

1.4.3.2 Scour Protection Options 

Scour protection can generally take the form of rock fill, filled bags or nets, or mattresses. Rock fill 

is most commonly used (Figure 1.19(a)), typically installed via side-dump vessel (Figure 1.19(b)) or 

by fall pipe. Alternative scour protection systems such as bags or nets (e.g. Figure 1.19(c)&(d)), or 

mattresses (e.g. Figure 1.19(e)&(f)) offer potential for cost reduction, but also introduce uncertainty 

to the operation of the wind turbine since these systems are often at a prototype stage. There are 

inevitable environmental risks associated with all scour protection types, such as installing tyres 

offshore or quarrying activities for the acquisition of rock fill, these have not been accounted for in 

the current work. 

 

 

  
(a)  (b)  (c)  

 

 
 

(d)  (e)  (f)  
Figure 1.19. Some example  scour protection systems: (a) Pre-installed rock armour in model testing 
(from Riezebos et al., 2016); (b) Typical side dump vessel used for rock placement (photo credit: 
Van Oord); (c) Tyre-filled nets being installed at Scroby Sands offshore wind farm (photo credit: 
Norfolk Marine); (d) Filter unit rock-filled nets (photo credit: HR Wallingford); (e) Articulating concrete 
block mattress (photo credit: Pipeshield Ltd); (f) Fronded mats (credit: Seabed Scour Control 
Systems Ltd). 
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1.4.3.3 Scour Protection Failure Mechanisms 

The design standards do not offer guidance on the design of scour protection. Design typically relies 

on the expertise and knowledge of the designers (e.g. Whitehouse et al., 2011; De Vos et al., 2011), 

with design activities often accompanied by scale model testing in a flume tank. There have been 

recent attempts to apply computational fluid dynamics to the study of scour protection systems (e.g. 

Tavouktsoglou et al., 2019), the results of this studies correspond well with flume tank test testing. 

Figure 1.20 illustrates the four basic failure mechanisms considered for scour protection.  

The design drivers for the scour protection failure mechanisms are typically based on hydraulic 

stability criteria, for example: to avoid erosion of the top layer (Figure 1.20(a)) requires rocks of 

sufficient size and mass to avoid being transported; to avoid loss of bed material (Figure 1.20(b)) the 

rock layer is often placed on top of a gravel filter layer; and to avoid edge scour problems 

(Figure 1.20(c)&(d)) the toe of the scour protection can be placed sufficiently distant from the pile. 

There is an ongoing joint industry research project aiming to produce a handbook for scour 

protection design (HaSPro JIP) (Raaijmakers, 2019). The HaSPro JIP is not due to complete until 

mid 2020; it is likely that the results will not be publicly available for at least 2 years beyond that date. 

It is noted that the project aims to provide best practices for scour protection design. 

 
Figure 1.20. Scour Protection Failure Mechanisms (from De Vos et al., 2011, after Hoffmans and 
Verheij, 1997) 
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1.4.3.4 Edge Scour Seabed Morphology Effects 

The formation of edge scour (Figure 1.20(c)) has been studied to some extent using flume 

experiments and based on field observations (e.g. Whitehouse et al., 2011; Petersen et al., 2012; 

Petersen et al., 2015). It is noted that edge scour is occasionally referred to as secondary scour in 

practice. Figure 1.21 shows some of the findings published by Petersen et al. (2015).  

The field measurements in Figure 1.21(b) (flow direction oriented at 180° to Figure 1.21(a)) shows 

that the greatest depth of edge scour tends to form on the downstream side due to the wake and 

vortex effects, where the apparent upstream side is caused by asymmetry of the flood and ebb tidal 

current velocities. The experimental results of Petersen et al. (2015) suggested an equilibrium depth 

for secondary scour depth on the transverse and downstream sides (Figure 1.21(c)&(d)), that is to 

be consistent with field measurements. 

Experimental testing presented by Riezebos et al. (2016) showed that pre-installed scour 

protection could be designed to form a ‘falling apron’ over time (Figure 1.19(a)), and showed that in 

such cases the scour protection can reach a stable condition over time without necessarily inducing 

failure. 

 
1.4.3.5 Flow-Induced Changes in Scour Protection Grading 

The apparent grading of scour protection material has been shown in several experimental studies 

to have been affected by flow – where finer sediments were either depleted or accreted from the 

scour protection layer. 

An et al. (2014) performed experiments to explore the susceptibility of rock berms to suction scour 

(Figure 1.20(b)), the tests were for live bed conditions with a high level of suspended sediments in 

the flow. The study found that suction did not occur in cases where there was a high sediment supply, 

instead there was an accumulation of sand in the rock berm due to deposition (Figure 1.22). 

Petersen et al. (2019) present an experimental study on the hydraulic stability of single layer 

widely-graded scour protection options (as opposed to a coarse grade underlain by a filter layer). 
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The study found that the flow had caused fines to be removed close to the surface of the scour 

protection layer, and had also induced internal erosion adjacent to the pile wall, shown in Figure 1.23. 

The observed internal changes in scour protection condition have potential implications for 

geotechnical design that have not been explored in the literature. The submerged unit weight and 

extent of particle interlocking are both likely to be affected by the loss or gain of fines, and hence 

influence the reactions at the pile-soil interface. 

 
 

 

 

 

(a) (b) 

 
 

(c) (d) 
Figure 1.21. Edge scour around pre-installed rock armour scour protection (from Petersen et al., 
2015): (a) Flow patterns in steady flow conditions; (b) Bathymetry data showing edge scour around 
scour protection at Offshore Windpark Egmond aan Zee, presented with exaggerated vertical scale; 
(c) Normalised equilibrium edge scour depth, transverse side, data from flume experiments; 
(d) Normalised equilibrium edge scour depth, downstream side, data from flume experiments. 
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Figure 1.22. Accumulation of sand in a rock berm in live bed conditions (from An et al., 2014) 

 

 
(a)  

 
(b)  

Figure 1.23. Settlement and erosion adjacent to the pile in single layer widely-graded rock armour 
scour protection (from Petersen et al., 2019): (a) definition of equilibrium and scour levels; 
(b) observations in flume experiments. (left panels: initial condition, right panels: equilibrium 
condition).  

 
 

1.4.4 Scour and Scour Protection Interaction with Pile Behaviour 

1.4.4.1 Vertical Effective Stresses 

Where scour occurs at a pile, the behaviour is affected by two key mechanisms: (A) a loss of pile-

soil contact, and (B) a presumed reduction in the vertical effective stresses in the remaining soil due 

the removed overburden. Accounting for Mechanism (A) is straightforward, but does introduce the 

uncertainty of the scour depth predictions; accounting for Mechanism (B) introduces additional 

uncertainty in the assumed distribution of vertical effective stresses below the scour hole. 
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For global scour it is generally accepted that soil stresses can be calculated assuming that the 

removed layers have no residual effect on the stresses (e.g. DNVGL, 2016; Qi et al., 2016). For local 

scour conditions the design standards (e.g. API, 2011) suggest a bi-linear distribution, shown in 

Figure 1.24.  

Qi et al. (2016) proposed an alternative empirical vertical effective stress distribution, as a 

hyperbolic tan function (adapted for consistency with notation in Figure 1.24), 

 𝜎𝑣𝑎
′ = 𝛾′ [𝑧 + 𝑆𝑑tanh (𝑓

𝑧

𝐷
)] (1.3) 

where 𝑓 is an empirical parameter, optimised as 𝑓 = 1.5 based on centrifuge lateral load tests on 

model piles in the sand with a scour slope, 𝛽 = 30°, and zero scour base width (𝑆𝑤𝑏 = 0). Qi et al. 

(2016) hypothesise that 𝑓 would be higher for increasing scour slope 𝛽.  

Lin (2017) proposed a theoretical vertical effective stress distribution based on Boussinesq’s point 

load equation to capture the additional scour hole dimensions in Figure 1.24(a), 
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 (1.4) 

Lin and Jiang (2019) performed a comparison of the performance of the FHWA-DP, FHWA-DS, 

API (Figure 1.24(b)), and Lin (2017) (1.4) methods for pile capacity in axial tension predictions from 

finite element modelling with full surface interface roughness. The study found that the FHWA-DS 

approach was preferred for dense sands and FHWA-DP was preferred for loose sands. the study 

also concluded that that the Lin (2017) expression produced conservative results (i.e. under-

predictions), but offered an improvement over the bilinear approaches when considering finite 

element analyses with varying scour base and slope dimensions. The finite element results showed 

the tension capacities became relatively insensitive to the slope angle, 𝛽, for 𝛽 > 15°. Both the finite 

element results and the Lin (2017) expression (1.4) showed sensitivity (of tensile capacity) to the 

scour hole base width 𝑆𝑤𝑏.  
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There is inconsistency between the vertical effective stress profiles produced using the various 

approaches for local scour conditions. In practice the API (2011) approach is most likely to be used 

for offshore wind turbine design, but this may not be the most appropriate as indicated by Qi et al 

(2016). The Lin and Jiang (2019) study also raises some interesting questions, such as the potential 

for the soil condition and scour hole width to influence the vertical effective stress condition. However 

it is unclear how relevant the conclusions from tensile capacity analysis are for laterally loaded piles.  

A further limitation of the knowledge base in this area is how to handle vertical effective stresses 

in the presence of scour protection. There is also a knowledge gap in how to account for realistic 

scour hole asymmetry (e.g. Figure 1.18(b)) in the vertical effective stress profiles. 

 
1.4.4.2 Change in Soil Properties with Scour 

As scour develops, the change in stress results in a change in the soil properties. For example, Lin 

et al. (2010) discusses how as soil is unloaded by scour the remaining soil can be considered as 

overconsolidated compared to the remaining stress state. No guidance is offered in the design 

standards (e.g. DNVGL, 2016) relating to change in soil strength and stiffness due to scour. It is 

generally assumed that if the stress can be defined then parameters such as 𝐺0 can be calculated. 

The effect of scour on CPT measurements was observed in the centrifuge test measurements of 

Qi et al. (2016), reproduced in Figure 1.25. The results in Figure 1.25 show that for local scour 

conditions the cone tip resistance, 𝑞𝑐, recovers to the no scour value with increasing depth, and for 

global scour (termed general scour in Figure 1.25) the cone tip resistance, 𝑞𝑐, does not recover to 

the no scour condition. 
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(a) (b) 

Figure 1.24. Vertical effective stress models under the influence of scour (from Lin and Jiang, 2019): 
(a) Scour hole dimensions; (b) Schematic of vertical effective stress distribution by different methods: 
FHWA-DP = US Federal Highway Administration-Driven Piles (Hannigan et al., 2006), FHWA-DS = 
US Federal Highway Administration-Drilled Shafts (Brown et al., 2010), API = American Petroleum 
Institute (API, 2011) 

 
 
 

 
Figure 1.25. Centrifuge measurements of cone tip resistance qc in a scour pit (from Qi et al., 2016) 



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Section 1 – Introduction and Background 

39 

1.4.4.3 Influence of Scour on Pile Foundation Behaviour 

The specific subject of how scour affects monopile performance has been studied in a small number 

of numerical and experimental research projects. 

Several studies are presented in the literature using 1D numerical analyses to predict the effect 

of scour on the natural frequency of monopile wind turbines, a selection of such results are collated 

in Figure 1.26. The predicted reduction in 𝑓𝑚 with scour depth is greater for the second mode of 

vibration than for the first in the Sørensen and Ibsen (2013) study (Figure 1.27). These studies use 

1D finite element approaches, and use the initial stiffness of 𝑝-𝑦 springs to represent the soil 

stiffness. In the case of Damgaard et al. (2013) and Sørensen and Ibsen (2013) the initial stiffness 

is using the 𝑝-𝑦 spring formulations. It is noted that the predictions of 𝑓𝑚 with scour lack validation, 

and do not include the distributed moment, base shear and base moment components suggested in 

the PISA methodology. 

Figure 1.27 presents the predicted frequencies from Sørensen and Ibsen (2013) for a monopile 

with local scour and varying relative density, 𝐷𝑅, of backfill material. The relative density of scour 

hole backfill in the Sørensen and Ibsen (2013) study (Figure 1.27) has a significant effect on the soil 

stiffness and also the recovered natural frequency, 𝑓𝑚. The backfill material was assumed to have a 

lower stiffness than the original material, hence 𝑓𝑚 remained lower than the unscoured case.  

Experimental testing was performed by Prendergast et al. (2013; 2015) in which driven piles at a 

sand test site were subjected to scouring and impact loading (Figure 1.28); the piles were 

instrumented with accelerometers to provide data for natural frequency analysis. The results indicate 

that monitoring of natural frequencies could be used for the detection of scour.  

There are relatively few analyses of the lateral capacity of piles under the influence of scour. Lin 

et al. (2014) presented a study of laterally loaded slender piles, and a modified 𝑝-𝑦 formulation based 

on the expected failure wedge geometry with a local scour pit. Li et al. (2018) presented a numerical 

analysis of laterally loaded monopiles with varying soil conditions and with scour, and found the 

natural frequencies to depend strongly on both the soil conditions and the scour depth; although this 

study is limited in that the soil was modelled using the API 𝑝-𝑦 approach. 
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Overall the published numerical analyses of scour effects on the natural frequency of wind turbine 

structures lack validation against either full scale structures or experiments that model of a wind 

turbine tower and rotor-nacelle assembly (these components influence the dynamic behaviour of the 

structure).  

  
Figure 1.26. Numerical predictions of monopile wind turbine natural frequency variation with scour  

 

  
Figure 1.27. Numerical predictions of the effect of scour hole infilling on monopile wind turbine 
natural frequencies (data from Sørensen and Ibsen, 2013) 

 

 
Figure 1.28. Impact testing of a driven pile with an excavated scour hole (from Prendergast et 
al., 2013) 
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1.4.4.4 Influence of Scour Protection on Pile Foundation Behaviour 

The influence of scour protection on pile behaviour has received limited research attention, but is 

intuitively expected to have a positive effect on natural frequencies and lateral capacity. 

Yang et al. (2019) present a study of a laterally loaded hybrid monopile-gravel wheel foundation 

using centrifuge testing and 3D finite element analysis (Figure 1.29). The hybrid monopile-gravel 

wheel of Yang et al. (2019) bears similarity to monopiles with pre-installed rock armour scour 

protection – a key difference is that the gravel is confined at the outside edge in the gravel wheel 

case but unconfined for rock armour. The study confirms a positive contribution of scour protection, 

and also showed that the lateral capacity increased with wheel diameter which approached the 

response for a uniform gravel layer for a wheel diameter greater than 6.5 times the pile diameter, 𝐷. 

Hucker et al. (2019) present natural frequency monitoring data for the Greater Gabbard offshore 

wind farm for over 6 years (Figure 1.30), including data for monopiles without scour protection and 

with rock dump scour protection. In general the data shows that the natural frequencies tended to 

reduce over time for unprotected foundations, and to increase over time for foundations with scour 

protection; seasonal variations are also observed in the data. Hucker et al. (2019) suggest that a 

‘settlement and densification’ mechanism is likely to have caused the scour protection stiffness to 

increase over time, resulting in the observed natural frequency gain. Perhaps the scour protection 

at this site has undergone some internal changes in composition due to sediment accretion similar 

to the observations of An et al. (2014) (Figure 1.22).  

It is understood that in design the influence of scour protection on pile behaviour is often 

disregarded as a conservative assumption. There is scope for further optimisation of monopile 

design methodologies by defining methods to incorporate the contribution of scour protection. 
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(a) (b) 

Figure 1.29. Modelling of a hybrid monopile-gravel wheel foundation (from Yang et al., 2019): 
(a) Centrifuge lateral loading tests; (b) Finite element model 

 

 
 

(a) (b) 
Figure 1.30. Natural frequency monitoring data at Greater Gabbard offshore wind farm (from Hucker 
et al., 2019): (a) Foundations without scour protection; (b) Foundations with scour protection 

 
 
 

1.4.5 Summary of Background Literature 

1.4.5.1 Summary of the Present Situation 

This literature review has considered the current situation for the design of monopile-supported 

offshore wind turbines with scour and with scour protection: 

i. The PISA and PISA 2 projects have led to the potential for significant cost reductions for 

offshore wind farms in development by producing a less conservative and more reliable prediction 

methodology for the analysis of laterally-loaded monopiles. 
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ii. Published natural frequency predictions for monopile offshore wind turbines tend to use either 

macro element models or 𝑝-𝑦 approaches, the PISA methodology may offer potential optimisation 

of these analyses. 

iii. Scour depth prediction and scour protection design is an empirical activity that is concerned 

with hydraulic stability to avoid failure of any scour protection systems. 

iv. Scour protection is likely to induce a complicated seabed morphology due to secondary scour 

effects, the influence on the performance of monopile foundations has not been explored. 

v. Scour protection has been shown to be susceptible to internal grading changes due to either 

deposition or accretion of finer materials in certain site conditions, the potential to influence the soil-

structure interaction has not been explored. 

vi. Monopile performance under the influence of scour has been studied to some extent, but 

there is conflicting guidance over the methods of assessing vertical effective stresses in scoured 

conditions. 

vii. There is almost no guidance on the effects of scour protection on monopile foundation 

performance. 

 
1.4.5.2 Research Opportunities 

There is an opportunity to perform research in the following areas: 

i. Expand upon the PISA model for monopile lateral load-displacement behaviour to include 

the effects of scour and scour protection. 

ii. Develop a numerical framework for assessing the effects of scour and scour protection on 

the natural frequency of monopile offshore wind turbine structures, on the basis of the PISA model. 

iii. Experimental testing of the natural frequency of offshore wind turbine structures subject to 

scour and scour protection, to provide validation data for numerical models. 

iv. Assess the effect of scour protection on the lateral loading response of monopile 

foundations. 
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Section 2 – Flume Experiments 
2 FLUME EXPERIMENTS 

2.1 Introduction 

This Section presents a description of the flume experiments programme performed at the Fast Flow 

Facility (FFF) at HR Wallingford from June to August 2017. The aim of these experiments was to 

monitor the foundation behaviour of a model monopile – tower system exposed to scour and with 

scour protection. The foundation behaviour effects were inferred from structural dynamics 

measurements and monotonic lateral loading tests. 

Data from the flume experiments were previously described in two reports (Mayall, 2018; 2019). 

A separate report (HR Wallingford, 2018) describes aspects of the experiments relating to the flume 

operation, including specification and measurement of the flow regime, access scaffold, and 

bathymetry data acquisition. A small number of elements from the HR Wallingford report that are 

relevant to the interpretation of the results have been incorporated. 

 
2.2 Journal Paper 

The following scientific paper (Paper 3) is a manuscript for journal publication. Paper 3 includes 

detail on the experiment scope, experimental setup, characterisation of the sand test bed, cone 

penetrometer testing, pile installation, flow regime for scouring, scour depth measurements, scour 

protection details, and natural frequency results. Appendix B presents Paper 2, which was published 

in conference proceedings, which presents further detail on some aspects of the physical modelling. 

Section 2.3 provides further detailed results and discussion of the bathymetry data in terms of 

scour development and scour protection stability. Section 2.4 provides further detailed results and 

discussion of the structural dynamics data, including analysis of the mode shapes. Section 2.5 

presents the monotonic lateral loading tests. Supplementary information on the experimental setup 

and data analysis methods is provided for reference in Appendix C.  

Section 2.6 presents a discussion of the experimental results and conclusions drawn from the 

experiment results.  
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ABSTRACT 

Scour erosion processes can occur at seabed level around offshore wind turbine monopile foundations. 

These scour processes are often especially severe at sites where mobile sediments, such as sands, are 

present in the superficial seabed soils. Loss of local soil support to the monopile, caused by scour erosion, 

can lead to significant changes in the dynamic characteristics of the wind turbine support structure. This can 

result in accelerated fatigue damage due to the applied cyclic loads from the wind turbine generator, 

especially at the rotor frequency. Although scour erosion can be controlled by appropriate scour protection 

systems, there is a lack of knowledge to support the design and optimisation of these protection measures, 

to ensure that the dynamic performance of the wind turbine support structure remains within acceptable 

limits. This paper describes an experimental campaign conducted on a 1:20 scale model of a driven 
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monopile foundation and wind turbine support structure, founded in a prepared sand test-bed in the Fast 

Flow Facility flume (HR Wallingford, UK). Scour processes were induced by applying cycles of flow. 

Experiments were conducted to investigate the influence that these scour processes, and selected concepts 

for preventative and remedial scour protection, have on the dynamic characteristics of the monopile-tower 

system. The paper describes the experimental procedures that were adopted, and provides an assessment 

of the results. 

 
INTRODUCTION 

Many offshore wind turbine support structures, in operation or under development, employ monopiles with 

diameter 𝐷 in the range 4 - 10m and embedment ratios 𝐿 𝐷⁄  (where 𝐿 is embedded length) in the range 2 - 6. 

Scour erosion processes, due to wave and current action, can often occur in the seabed soils around 

foundations, especially at sites where the superficial soil is sand-dominated. These erosion processes can 

cause significant loss of soil support to the foundation, with consequential reductions in stiffness and ultimate 

capacity. Moreover, the depth of local scour erosion holes that develop around monopiles scales with pile 

diameter; monopiles with larger diameters cause greater depths of local scour. The relatively large diameter 

but low embedment ratio wind turbine monopiles are therefore potentially vulnerable to the effects of scour.  

Reductions in foundation stiffness due to scour cause corresponding reductions in the natural frequencies 

of the combined foundation - wind turbine support structure. This change to the dynamic characteristics of 

the structural system can cause accelerated fatigue damage due to the action of cyclic loads, especially 

those associated with the rotor frequency. Accelerated fatigue damage can lead to significant reductions in 

design life and asset value. In extreme cases, reductions in the ultimate capacity of the foundation, due to 

scour processes, may trigger concerns about the ability of the structure to operate safely within serviceability 

limits. 

Scour processes that develop around offshore foundations are commonly categorised as (i) ‘local scour’ 

in which erosion of the soil occurs by the action of downflow and horseshoe vortices around the pile (e.g. 

Sumer et al., 1992), and (ii) ‘general scour’ in which effects such as migrating sand waves, basin-wide 

erosion or loss of upstream soil supply cause changes in the original sea bed level on a length scale that is 

considerably larger than the dimensions of the foundation (general scour is sometimes referred to in projects 

as leading to a change in the global seabed level). It should be noted that 'global' sedimentation can also 

occur, e.g. due to the passage of a sand wave crest past the pile, or due to regional accretion. An idealised 
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seabed profile around a monopile foundation, indicating general scour of magnitude 𝑆𝐺 , and an additional 

conical local scour hole of depth 𝑆𝐿, is illustrated in Fig. 1.  

Various approaches have been proposed to predict the depth and extent of local scour at a piled 

foundation (e.g. Whitehouse, 1998).  Practical guidance on design values of 𝑆𝐿 are provided in standard 

guidance documents (e.g. API 2011, DNVGL 2016). Recommended design values of 𝑆𝐿 are typically 

proportional to the pile diameter; 𝑆𝐿 = 1.5𝐷 in API 2011 and 𝑆𝐿 = 1.3𝐷 in DNVGL 2016. Local scour 

equilibrium depths and development rates are influenced by the site wave and current conditions. Design 

values for 𝑆𝐺  need to be determined on the basis of local site conditions, including an assessment of the way 

in which the seabed conditions might develop over the lifetime of the foundation.  

In commercial wind farm projects, if at the design stage the risk of scour is considered to be significant, 

pre-installed preventative scour protection systems may be incorporated as the foundation is installed. 

Alternatively, when unexpected scour processes occur during the working life of a wind turbine structure, 

post-construction remedial scour protection systems may be employed. Rock fill scour protection - installed 

from a side-dump vessel or via a fall pipe - is most commonly used; and is placed either as a layer of certain 

thickness using a single grading or underlain with a filter layer of smaller rock. Alternative scour protection 

concepts such as filter units (rock-filled nets) or tyre-filled nets can be installed by lowering from a crane 

vessel; these offer potential cost reductions and opportunities for easier decommissioning. 

Scour protection systems are primarily designed on the basis of the need to control physical scour 

erosion processes around the monopile, including failure mechanisms such as (i) erosion of the placed 

material, (ii) suction scour-induced loss of seabed sediments through scour protection layers, and (iii) 

instability due to secondary/edge scour at the extremity of the scour protection (e.g. Whitehouse et al., 2011; 

De Vos et al., 2011). Previous experimental studies on scour protection have tended to explore these 

hydrodynamic aspects with recent developments including: (i) allowing a ‘falling apron’ of rock to develop at 

the edge of scour protection with an unstable initial condition representing global scour (Riezebos et al., 

2016), (ii) observations of sediment accumulation in suction scour tests (An et al., 2014), and (iii) 

observations of internal scouring adjacent to the pile wall in widely-graded scour protection systems 

(Petersen et al., 2019). However, there is a separate, but equally important, requirement to consider the 

influence of scour and scour protection systems on the structural performance of the monopile-tower system. 

Consideration of these structural performance issues might also provide opportunities to actively control the 

dynamic characteristics of the monopile-tower via appropriate scour protection systems.  
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This paper describes an experimental investigation on the influence of scour and scour protection 

systems on the dynamic characteristics of a model monopile - tower system (see summary in Mayall et al., 

2018). Previous experimental work in this area, with a focus on structural performance of foundations, has 

been mainly limited to the influence of scour on response rather than extending to scour protection systems. 

Such testing typically employs artificially-generated scour holes (e.g. Prendergast et al., 2013; Prendergast 

et al. 2015; Qi et al., 2016), which provides a useful means of investigating idealised forms of the problem, 

but does not incorporate realistic aspects of actual scour erosion processes. The influence that the presence 

of scour protection systems has on the structural performance of monopile foundations has received limited 

previous attention.  

The experimental campaign was conducted in the 4m wide Fast Flow Facility (FFF) flume at HR 

Wallingford, UK (Whitehouse et al., 2014). A model monopile - tower system at reduced scale was impact 

driven into a prepared sand bed in the flume test section. Water currents were employed to generate 

controlled scour processes around the monopile, eroding the soil in a manner representative of that at full 

scale in the field. The effect of these scour erosion processes on the dynamic characteristics of the 

monopile-tower system was assessed through dynamic testing. The influence of pre-installed rock armour 

scour protection, and separate remedial rock fill and tyre-filled net systems, were also investigated. The test 

program generated a significant amount of data, which are collated and interpreted in this paper.  

It is recognised that achieving similarity between field scale structures and laboratory scale models 

presents difficulties due to the competing scaling of the geometric, structural, and dynamic properties of the 

structure, soil, fluid, and body forces. Where possible the work described in this paper has adopted 

appropriate scaling of geometry, structural stiffness, and mass, but it is accepted that it was not possible to 

achieve scaling of factors such as the mass and stiffness/viscosity of the soil and water. The data therefore 

support a qualitative indication of the influence that scour and scour protection systems have on the dynamic 

characteristics of the full scale monopile - tower systems. They provide a basis for the calibration of new 

scalable design models that can be applied to predict the effects of scour and scour protection systems on 

the dynamic performance of full-scale structures. A preliminary design model for this purpose, based on the 

one dimensional (1D) finite element framework, is described in Mayall et al. (2019); the experimental data 

presented here will be used to inform future developments of this framework. 
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EXPERIMENTAL SETUP 

The experiments employed a sand bed prepared within a 1.0m deep and 4.0m x 4.0m plan area sediment 

pit located inside the FFF flume, as illustrated in Fig. 2. Initially, a 75mm thick gravel layer and a distributed 

perforated pipe system and permeable geotextile membrane cover were placed in the pit to provide 

controlled saturation and drainage. The sand bed was then built up with a fine silica sand (Bathgate psf) in 

50mm thick layers using a 26kg plate compactor. Physical properties of the Bathgate sand employed in the 

tests are listed in Table 1.  

Steel retaining beams of 100mm height, spanning across the flume width, were used to extend the height 

of the sand bed up to 0.7m above the flume base. A sand slope of 1:3 gradient was placed outside of the 

retaining steel beams to provide fairing to the flow entering and exiting the test area. Once the sand bed had 

been prepared, it was saturated via the distributed pipe system at a gradual rate to minimise the risk of 

piping.  

A gloss-painted glass fibre reinforced plastic (GFRP) tube and aluminium tube were used to construct the 

monopile and tower sections respectively. The geometry and properties of the tube sections are listed in 

Table 2. The GFRP monopile was produced by CompoTech and the longitudinal modulus and shear 

modulus were calculated using classical lamination theory. A stiff aluminium transition piece of 0.2m length, 

mounted within the top of the GFRP tube, was used to provide a rigid connection between the foundation 

and tower. A set of brass discs were mounted on the top of the tower to represent the mass of the rotor-

nacelle assembly. The number 𝑁𝑀 of brass discs employed in the tests was varied to allow the influence of 

the top mass on the system dynamics to be investigated. The geometry and material of the monopile - tower 

structure were carefully selected to ensure similar physical behaviour to full scale structures using the 

dimensionless groups described in Table 3. The dimensionless properties were compared against two 

datasets for full scale structures; (i) Robin Rigg offshore wind farm in the UK (data supplied by E.On Energy), 

and (ii) using wind turbine parameters compiled by Arany et al. (2016) for ten offshore wind farms across the 

Netherlands, Belgium and UK. Further detail on the typical loading and structural natural frequencies of 

varied scale offshore wind turbines can also be found in Arany et al. (2016). 

Dynamic tests were conducted by exciting the structure with a finger tap on the tower at 𝑧 = 5.47m, above 

the pile tip. The applied force was measured using a PCB Piezotronics 208C01 type IEPE force sensor. The 

response of the structure was measured in the streamwise and crossflow directions at six positions along the 

tower using twelve PCB Piezotronics 333B50 type IEPE uniaxial accelerometers. The accelerometers were 



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Section 2 – Flume Experiments (Paper 3) 

51 
 

mounted on cruciform brackets inside the tower section (see Mayall et al., 2018). All test control and data 

acquisition processes were carried out using National Instruments compact DAQ instrumentation. The 

masses and locations of the peripheral pile/tower assembly components, including the force sensor and 

accelerometers are listed in Table 4. 

 
TEST MATRIX 

Six tests were performed to explore the influence of various global scour, local scour and scour protection 

systems on the dynamic characteristics of the model monopile – tower system. Table 5 lists these tests, 

including the target depths of local and global scour and the generic forms of the scour protection systems 

that were applied. The scour depths actually achieved in the tests varied from these targets, and is 

discussed later in the paper. The following common routine was adopted for the testing programme: 

1. Prepare sand bed. 

2. Conduct cone penetrometer tests. 

3. Install preventative scour protection (Test 5 only). 

4. Fill flume to target water depth. 

5. Drive pile to target depth. 

6. Develop local scour via two-way water flow. 

7. Install remedial scour protection (Tests 2,3,4,6 only). 

8. Develop global scour by incremental removal of steel retaining beams and two-directional water flow. 

9. Conduct lateral monotonic loading test (outside scope of current paper). 

10. Drain flume 

11. Inspect the scour protection condition (Tests 2 to 6) 

Test 1 did not employ a scour protection system; it therefore provided a scour-only reference case. 

 
SAND BED CHARACTERISATION 

Cone penetrometer testing 

Cone penetrometer tests (CPT) were conducted on the prepared sand bed, at the centre of the pile 

installation location, after the sand had been saturated. This provided a check on the repeatability of the bed 

preparation process as well as data to support future modelling exercises. A cone 8 mm in diameter with 60° 

angle cone tip was employed, with load measurements at the cone tip and the jacking point. The rate of cone 

advance was 4 mm/s. Fig. 3(a) shows the depth variation of the measured cone end bearing, 𝑞𝑐 for all of the 



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Section 2 – Flume Experiments (Paper 3) 

52 
 

tests. A separate calibration exercise was conducted using samples of saturated Bathgate sand at known 

relative density 𝐷𝑅 to obtain the correlation (based on a previously-suggested form e.g. Jamiolkowski et al., 

1985):   

𝐷𝑅  [%] =  −37.53 + 23.97 ln
(𝑞𝑐 𝑝𝑟𝑒𝑓⁄ )

(𝜎𝑣
′ 𝑝𝑟𝑒𝑓⁄ )

0.5   
 (1) 

where the reference stress is 𝑝𝑟𝑒𝑓 = 100 kPa and 𝜎𝑣
′ is the initial vertical effective stress in the soil at the level 

of the cone tip.  

The variation of relative density with depth for each test, on the basis of the correlation in Equation (1), is 

plotted in Fig. 3(b), which can be applied within numerical and design methodologies, such as the PISA 

design model (Burd et al., 2019).  

Small strain shear modulus 

The initial lateral resistance of the pile is likely to be highly dependent on the shear stiffness of the soil. 

Various published correlations between CPT end bearing and small strain stiffness can be chosen (e.g. Rix 

and Stokoe, 1991; Baldi et al., 1989), which result in significant variance in the derived stiffness. In order to 

address this uncertainty, data on small strain shear modulus (𝐺0) were measured in bender element and 

resonant column tests of known relative density (Table 6) performed by Fugro, Wallingford, UK.  

𝐺0 was measured in the bender element tests for isotropic stress conditions at values of mean effective 

stress, 𝑝′, in the range 5 kPa to 50 kPa, and in the resonant column tests at mean effective stresses of 

between 10 kPa and 50 kPa. Data are shown in Fig. 4. It is clear that 𝐺0 increases significantly with stress 

level; there is also a small apparent dependency on relative density.   

These shear modulus data can be represented to a reasonable accuracy using 𝐵 = 478 in the Hardin and 

Richart (1963) correlation, 

𝐺0 =
𝐵𝑝𝑟𝑒𝑓

0.3 + 0.7𝑒2
(

𝑝′

𝑝𝑟𝑒𝑓

)

0.5

   
 (2) 

where 𝑝′ is mean effective stress and 𝑝𝑟𝑒𝑓 = 100 kPa. This correlation is indicated on Fig. 4 and the inferred 

variance of small strain stiffness for the tests are shown in Fig. 3(c), where it has been assumed that the 

mean effective stress can be approximated by the vertical effective stress (i.e. 𝐾0 = 1). Little difference is 

observed between the small strain stiffness profiles for each test, with Test 1 presenting the lowest cone tip 

resistance and resulting stiffness, likely due to small variations in the bed preparation process. However, the 
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analysis of measured natural frequency (see Fig. 13) does not indicate any subsequent influence and the 

repeatability of the sand bed preparation is therefore considered sufficiently consistent. 

It is recognised that the pile driving process is likely to result in changes to the soil stresses and density 

local to the pile, and the resulting soil stiffness (Jardine et al., 2005). However, further research is required to 

assess the lateral extent of these changes and their impact on the small strain behaviour of monopiles under 

dynamic loading. 

Soil friction angle 

Triaxial compression tests were conducted in undrained conditions on BE1 and drained conditions on 

BE2, see Table 6. The critical state triaxial compression friction angle was determined as 34.3o from these 

tests. 

 
FOUNDATION INSTALLATION 

The fully assembled monopile and tower was impact driven into the prepared sand bed to a tipping depth 

of 3𝐷 above the sand bed base (𝐻𝐵 = 600mm in Fig. 2) using a 7.75kg annular drop weight applied to a 

polyethylene cushion on top of the monopile. The selected drop weight and height was found to achieve a 

penetration rate of at least 0.25 mm per blow during trials performed prior to the FFF experiment campaign. 

The soil plug length 𝑧𝑝𝑙𝑢𝑔 was measured by a plumb line lowered through a hole in the transition piece. The 

total driving energy was calculated as the product of the hammer weight, hammer stroke, and number of 

blows.  

Fig. 5 shows the cumulative number of blows, hammer drop heights, and driving energy applied during 

installation; Table 7 lists the length of the soil plug at the end of driving for each test. In all cases there was 

drawdown of the soil inside the pile. The increased blow count and associated total energy for Test 2 

resulted in a refinement of the strategy for the driving of subsequent tests, to move to longer hammer strokes 

at lower blow counts, resulting in the consistent profiles of blow count and driving energy for subsequent 

tests. In Test 3 it was found that the pile had twisted during driving and was misaligned by 7° anticlockwise 

(viewed from above) about the vertical axis at the end of driving. 

 
FLOW REGIME FOR SCOURING 

An approximately square wave pattern of reversing flow was used to simulate a tidal current for the 

development of local and global scour, as illustrated in Fig. 6. Current speeds were selected on the basis of 

sediment transport scaling, to represent live-bed conditions in the field (i.e. where sediment transport occurs 
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generally across the seabed). The FFF allows recirculation of suspended sediments to allow representative 

modelling of live bed conditions, including a replenishing upstream sediment supply. Depth averaged current 

velocities (𝑈), measured using an acoustic Doppler current profiler, exceeded the critical threshold of 

sediment motion (𝑈𝑐𝑟𝑖𝑡) of 0.3 m/s, calculated using Equation 3 (Soulsby, 1997).  

𝑈𝑐𝑟𝑖𝑡 = 7 (
ℎ𝑤

𝑑50

)

1
7

[𝑔(𝐺𝑠 − 1)𝑑50𝑓(𝐷∗)]
1

2⁄  

For 𝐷∗ > 0.1 (3) 

𝑓(𝐷∗) =
0.30

1 + 1.2𝐷∗

+ 0.055[1 − exp(−0.02𝐷∗)] 
  

𝐷∗ = [
𝑔(𝐺𝑠 − 1)

𝜈2
]

1
3

𝑑50 

  

where 𝜈 is the kinematic viscosity of fresh water used in testing, assumed to be 1.23x10-6 m2/s for 12°C. 

The adopted phases of flow are listed in Table 8. Phase 1 indicates the conditions employed to develop 

local scour, and Phase 2 specifies the flow processes employed to develop global scour. The 

morphodynamics for Phase 1 was selected using local scour prediction methods (Whitehouse, 1998). Phase 

2 was designed on the basis of sediment transport considerations (Soulsby, 1997) both to increase the 

overall sediment transport rate in the test section and to generate bed lowering through net loss from the test 

section. 

 
LOCAL AND GLOBAL SCOUR ANALYSIS 

The bathymetry local to the pile and scour hole was measured periodically during the tests using an 

underwater laser scanner (ULS), with a typical spatial resolution of approximately 0.001 – 0.003m.  The 

scanner was mounted on a traverser located at 𝑦 = 0.3m, see Fig. 7(a). Fig. 7(a) also shows a typical plan 

layout of bathymetry obtained from the ULS system.  

The local bed level, (i.e. the level adjacent to the pile), used to define the total scour depth 𝑆𝑇, was 

determined as the median of the data for 0.5 ≤ 𝑟/𝐷 ≤ 0.75, where 𝑟 is radial distance from the pile centre. 

The global bed level, used to establish the global scour depth 𝑆𝐺 , was determined as the median of the data 

for 4.5 ≤ 𝑟/𝐷 ≤ 7.5, as shown in Fig. 7(b). To account for shadowing effects of the pile on the ULS 

measurements, only data for 𝑦 ≥ 0 were considered.  Symmetry of the bed levels about 𝑦 = 0 was assumed 

for the median and percentile calculations described later. Based on the bathymetry comparison for 𝑦 ≥ 0 

and 𝑦 ≤ 0 on Fig. 7(a) this is shown to be a reasonable assumption. Scour depths were determined relative 

to the global bed level at the start of each test. 
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The scour depths for each test, determined using the procedures outline above, are listed in Table 9. 

These data are presented in terms of total scour and global scour (rather than local scour) since total scour 

is measured more directly than local scour.  The local scouring process produced repeatable results in terms 

of depth of fully-formed local scour holes (Tests 1, 2, 3, and 6). It is noted that the Phase 1 flow process 

induced a small amount of unintended global scour as indicated in the table. The global scour depths 

achieved in the tests were significantly less than the target values (specified in Table 5 based on values 

observed in the field). The discrepancy between target and achieved global scour was due to the 

experimental difficulty in naturally removing sand from the test section by sediment transport. Since the tests 

were in the live bed regime there was loss of sediment at the test section as well as replenishment on 

reversing flow cycles.  

The actual value of global scour achieved was greatest in Test 6 when, as noted below Table 8, the flow 

time series was modified to increase the lowering. In the earlier tests even though smaller than target global 

scour had been achieved it was important to keep a consistent approach so that the effects of other 

parameters could be evaluated. The obtained local and global scour provide sufficient range for the purpose 

of the current study. 

 
INSTALLATION OF SCOUR PROTECTION SYSTEMS 

Three types of scour protection system were investigated: pre-installed rock armour, remedial rock fill and 

remedial tyre-filled nets.  

Fig. 8 illustrates the geometric definitions adopted to characterise these scour protection systems, 

including geometries before and after further scour erosion. Note that when scour protection is present, the 

total scour depth 𝑆𝑇 is defined with respect to the level of the scour protection adjacent to the pile. This is in 

contrast to schemes for the case where scour protection is absent, illustrated in Fig. 1. 

For Test 2 the configuration of the tyre-filled nets (TFNs) was specified to match that installed for five 

monopiles at Scroby Sands offshore wind farm in the UK (data provided by E.On Energy). Two rings of six 

tethered TFNs were lowered into position in the local scour hole Fig. 9(a). The TFNs consisted of nylon mesh 

bags filled with 50 rubber model truck tyres (Italeri 1:24 scale model 3889 truck rubber tyres, 𝐺𝑆 = 1.2, 

outside diameter = 42mm, inside diameter = 26mm, tread width = 11mm, wall thickness = 1mm). 

The selected scour protection rock material consisted of an angular narrow-graded limestone gravel of 

median diameter 𝑑50 = 18.3mm with 𝐺𝑆 = 2.8 (re-analysed since Mayall et al., 2019); the density of the rock 

is similar to the ‘normal’ density rock used offshore and sometimes ‘high’ density rock is used where 𝐺𝑆  ~ 3, . 
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The rock scour protection grading curve was selected from those available for geometric similarity to that 

installed at selected full size structures at Robin Rigg offshore wind farm (data provided by E.On Energy); 

Fig. 10 presents a comparison of the full scale and experiment scale rock grading curves. 

For Tests 3, 4 and 6, the limestone gravel (representing rock fill material for scour protection) was placed 

underwater using an inclined fall pipe as shown in Fig. 9(b), with its opening located close to the surface of 

the scour hole to facilitate placement accuracy. The fall pipe simulates rock installation in the field and 

removes the risk of any operator induced bed disturbance which would change the stress field. From 

observations during rock installation the rocks embedded about 20% of their diameter in the sand bed and 

the target thickness of rockfill was between 2/3 and 3/4 of the local scour hole depth.  

For Test 5, the limestone gravel was placed immediately following the bed preparation using a template 

with geometry defined in Fig. 8(a) and edge slope of rock 1V:3H. This was intended to represent a pre-

installed scour protection configuration. Fig. 9(c) shows the pre-installed rock after placement. A thin steel 

retaining collar was used for Test 5 only to create a small annular space between the rock and pile wall and 

hence prevent damage to the pile during driving; the collar was removed prior to flow Phase 1.  

Table 10 lists the installed characteristics of the scour protection system employed for each test. The 

width 𝑏 (Fig. 8) was estimated from the post-installation bathymetry plots. The in-place dry density of the 

scour protection material 𝜌𝑑 was calculated using the installed mass of material and the volume of the scour 

protection material determined from the bathymetry measurements. The bulk voids ratio e and porosity 𝑛 for 

the scour protection material were calculated from the dry densities using standard methods (e.g. Craig, 

1992). The installed scour protection material has a lower density and higher voids ratio than the original 

sand that has been scoured. 

 
STRUCTURAL DYNAMICS MEASUREMENTS  

Measurements of the dynamic response of the monopile - tower system were conducted during 

scheduled pauses in the flume flow (i.e. with standing water), concurrent with bathymetry measurements. In 

the pause periods the number of top masses was varied. After each change the structure was excited with a 

finger tap impulse applied to the mounted force sensor (close to the tower top), with signals allowed to decay 

naturally. Data were sampled at a frequency of 3012Hz logged for 32s periods.  

Fig. 11 shows a typical measured acceleration signal and the corresponding power spectral density 

(PSD); this indicates first, second and third mode peaks in PSD at frequencies of 6.6, 19.7 and 48.6Hz; 

these peaks are close to but not identical to the natural frequencies due to the influence of damping. For 
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each test a minimum of three impulses were logged in each of the streamwise (𝑥-axis) and spanwise (𝑦-axis) 

directions. 

Values of the first three natural frequencies and corresponding mode shapes and modal damping ratios, 

were determined from the measured acceleration time series starting 0.5s after the peak measured force. It 

was assumed that the modes were uncoupled, and that each mode could therefore be considered as a 

single degree of freedom system:  

𝑣̈𝑚(𝑡) + 2𝜁𝑚𝜔𝑛,𝑚𝑣̇𝑚(𝑡) + 𝜔𝑛,𝑚
2 𝑣𝑚(𝑡) = 0  (4) 

where 𝑣(𝑡) is the displacement at an arbitrary point on the tower, 𝜔𝑛,𝑚 and 𝜁𝑚 are circular natural frequency 

and damping ratio respectively for the 𝑚th mode. 

For damped free vibration, the solution for the displacement is 

𝑣𝑚(𝑡) = 𝑣0,𝑚𝑒−𝜁𝜔𝑛,𝑚𝑡 sin(𝜔𝑛,𝑚√1 − 𝜁𝑚
2  𝑡 + 𝜙𝑚)  (5) 

where 𝑣0,𝑚 is a constant (that depends on the initial conditions), and 𝜙𝑚 is a phase angle. 

The data were initially smoothed to remove high frequency noise, using a moving average method with 

window length of 30, and linear trends were removed. Values of 𝜔𝑛,1 and 𝜁1 were then determined by fitting 

the model in Equation (5), by least squares, to each accelerometer data, adopting sample lengths of 

approximately 20 cycles. Values of 𝜔𝑛,1, 𝜁1 and 𝜙1were common, whilst 𝑣1 varied between accelerometers. 

The distribution of 𝑣1 along the tower was used to determine the mode shape. Moving average filters were 

more consistent in fitting results to Equation (5), (when compared to alternatives, such as Savitzky-Golay 

filters) and were selected as the preferred approach. 

After fitting the first mode, the residual acceleration signals were calculated by subtracting the first mode 

signal estimated from the model, and further linear detrending. A similar fitting process to that adopted for 

the first mode was then conducted on the residual accelerations to determine (𝜔𝑛,2, 𝜁2). The process was 

then repeated to determine the third mode data (𝜔𝑛,3, 𝜁3). Example data obtained from this procedure are 

shown in Fig. 12 in terms of natural frequency 𝑓𝑛,𝑚, where 𝑓𝑛,𝑚 = 𝜔𝑛,𝑚 2𝜋⁄ . The mode shapes are presented 

using the normalisation 𝑉0/|𝑉0|𝑚𝑎𝑥 as indicated in Fig. 12(d), this is the accepted method of presenting mode 

shapes in modal analyses (for the example shown in Fig. 12(d), in the case of modes 1 and 2 |𝑉0|𝑚𝑎𝑥 occurs 

at the same location 𝑧 = 5.5 m, in the case of mode 3 this is at a different location 𝑧 = 3.6 m). 

For each top mass and vibration mode, the natural frequency was inferred as the mean fitted value 

across multiple impulse taps from both streamwise and spanwise directions. The inferred natural frequency 

and damping ratio of the first, second and third modes are plotted in Fig. 13 at the start of each test (un-
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scoured conditions) for all values of top mass 𝑀𝑇𝑜𝑝 (Table 4) where 𝑀𝑇𝑜𝑝 includes the brass top mass discs, 

force sensors and mounting. 

Fig. 13 shows that, as expected, there is a tendency for the natural frequencies to reduce with increased 

top mass. This effect is particularly marked for the first mode. Data for the second and, to a lesser extent the 

third mode, exhibit a certain amount of variability. This is a likely indication that these modes are especially 

sensitive to the soil conditions such that minor difference in the stiffness of the prepared sand bed have a 

significant effect on the natural frequencies. Test 5 has the pre-installed rock armour scour protection and 

Test 6 has a larger initial pile embedment. 

 
EXPERIMENTAL RESULTS 

Unremediated scour development; Test 1 

Fig. 14(a) shows the measured global and local levels throughout Test 1 (in which scour protection 

systems were absent). During flow Phase 1 a significant amount of local scour, accompanied by some 

unplanned global scour, develops. In Phase 2, the global scour is seen to continue. A small rise in the local 

scour level is apparent at 𝑇𝑓 = 25 hours suggesting that the scour hole had been partially backfilled by 

deposited sand, presumably caused by a sand wave moving through the test area during the global lowering 

process. 

Changes in the inferred first three natural frequencies (relative to the un-scoured conditions) are plotted in 

Fig. 14(b). It is interesting to note that the second mode natural frequencies exhibits the greatest sensitivity 

to local scour; indeed the rise in the local scour level at 𝑇𝑓 = 25 hours is concurrent with a peak in the second 

mode natural frequency.  

Remedial tyre-filled net scour protection; Test 2 (R-TFN) 

The variations of bathymetry and natural frequency during Test 2, in which tyre-filled nets were installed 

in a fully-developed local scour hole, are shown in Fig. 15. The natural frequencies show negligible change 

when the tyre-filled nets were initially placed, shown in Fig. 16 for the first mode. This is attributed to the low 

stiffness and bulk density of the tyre-filled nets relative to the undisturbed sand. 

The variability of local bed level measurements immediately after installing the tyre-filled nets (5th and 95th 

centiles) is greater than that seen in rock fill remedial scour protection tests (discussed in subsequent 

sections). This is due to the presence of gaps between the nets and varying levels of the nets around the 

pile. The local levels reduced by about 0.5𝐷 in the global scour flow phases; this is associated with 

settlement and deformation of the tyre-filled nets. During these global scour phases there was no significant 
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further local scour compared with Test 1, and the natural frequencies remained relatively unchanged. 

Examination of the tyre-filled nets at the end of the test indicated that sand had accumulated in them to 

various degrees, with some nets sitting on the soil surface, some partially buried, and some fully buried, as 

shown in Fig. 17. 

Remedial rock fill scour protection; Tests 3 (R-RF1), 4 (R-RF2) and 6 (R-RF3);  

Remedial scour protection in the form of rock fill in the locally scoured hole was installed in three tests. In 

Tests 3 and 6, rock was installed in a fully-formed scour hole. In Test 4 rock was installed in a partially-

formed scour hole, resulting in a thinner deposit of rock.  

Fig. 18(a),(c)&(e) show the measured local and global bathymetry during the three tests. The first three 

natural frequencies generally show a step increase after installing scour protection (Fig. 18(b),(d)&(f)), with a 

small relative change observed for Test 4 (R-RF2), in which the remediation of a shallower scour hole has 

less influence on the natural frequency recovery. The frequencies corresponding to the equivalent 

embedment in undisturbed sand were not fully recovered, shown in Fig. 19 for the first mode. Fig. 20 shows 

excavated cross-sections through the scour protection material at the end of each test. These excavations 

were performed after the pile had been subjected to monotonic loading to failure; the pile is therefore 

displaced from the original position. 

During the global scour phases in Tests 3 and 6, the local bed level remained stable. In Test 3 and 6 the 

natural frequencies increased in the initial global scour phases (8 < Tf <  25), and approach the natural 

frequencies of the equivalent scour depths during local scouring Fig. 19(a & c). This rise in natural frequency 

is considered to be due to sand accretion in the rock matrix. Fig. 20(a & c) show that at the end of the tests 

the rock matrix is seen to be packed with sand. The process by which this sand accretion occurs was not 

directly observed during the tests.  

Continued flow in Phase 2 of Tests 3 and 6 induced further global scour and resulted in reducing natural 

frequencies. Since the local bed level was stable, this suggests that changing surcharge from the global bed 

level has influenced the scour protection stiffness contribution.  

In Test 4, where scour protection was placed in a partially-formed scour hole, the local pile embedment 

gradually reduced during global scour flow phases as the scour protection material was consumed by 

formation of a falling apron, and the rock level at the pile wall was lowered as shown in Fig. 18(c) and 

observed in the excavations in Fig. 20(b). This loss of support around the pile caused a reduction in the 

natural frequencies shown in Fig. 18(d). 
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Considerable accretion of sand in the rock matrix was observed in all cases (Fig. 20). This infilling may be 

due to the combined effects of deposition at the ground surface and from suction scour of the sand beneath 

the scour protection. However, the base of the scour protection material in excavations of Tests 3 and 6 was 

observed to be unchanged since installing the rock, suggesting sand deposition due to the high sediment 

supply in the live-bed test conditions was the dominant process (supported by results of An et al., 2014).  

It was observed in all cases that sand accretion did not occur in the rock material close to the pile wall 

near the surface. This local absence of accreted sand, apparent in all of the images in Fig. 20, is considered 

to be due to local horseshoe vortex action around the base of the pile. 

Falling aprons of scour protection material were observed in Tests 4 and 6, indicating a dominant erosion 

of the underlying sand at the periphery of the scour protection. The falling aprons were typically one to three 

stones in thickness; the edges of the scour protection material and the falling aprons were partially buried by 

sand bedforms. The thickness of the scour protection layers was predominantly maintained throughout the 

global scouring stages of Test 3, as shown in Fig. 21. However, the development of significant falling aprons 

and the transport of rock away from the pile resulted in reductions in scour protection thickness for Tests 4 

and 6, most significantly for the partially filled scour hole of Test 4.  

Excavations following Test 4 indicated that the base of the scour protection layer had lowered by 0.46𝐷, 

and the thickness of scour protection material at the pile wall had reduced by 39%. It is possible that suction 

scour may have caused settlement of the scour protection in Test 4, after most of the rock had been 

depleted by formation of the falling apron.  

Pre-installed rock armour scour protection; Test 5 (P-RA) 

During the flow cycles that followed the pre-installation of rock scour protection (Test 5) there was 

negligible change in the bathymetry levels close to the pile wall at all test stages, as shown in Fig. 22(a). 

However, a moderate increase in the natural frequencies is observed in Fig. 22(b). indicating some stiffening 

of the soil-structure interaction, possibly due to the effect of sand accretion in the scour protection layer. 

Following the global scour phases, a falling apron developed at the toe of the scour protection, and rock 

infilled with sand was observed during excavation at the end of the test shown in Fig. 23. Similar to Tests 3, 

4 and 6 excavations (Fig. 20) a zone of rock near the pile wall remained clear of sand. In the current case, 

the competing effects of the sand accretion and falling apron formation appear to have a net effect of 

marginally increasing the natural frequencies. 
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At the end of the test a small depression was observed in the level of scour protection close to the pile 

wall (Fig. 23). This feature appears to relate to pile installation processes rather than being caused by scour. 

 
DISCUSSION 

An experimental campaign is described in which the influence of scour erosion, and scour protection 

systems, on the dynamic characteristics of a reduced-scale monopile-wind turbine support system is 

investigated. Scour processes were modelled by conducting the tests in a flume, employing two-way flow to 

represent tidal cycles and live-bed scour, where global scour development was initiated mid flume test. A 

consequence of this approach (instead of alternative procedures in which scoured bed profiles are formed 

artificially) was that the scoured bed profiles exhibited considerable spatial variability (as it would in reality). 

The complexity of the bathymetry data necessitated a detailed and careful analysis to infer appropriate 

characteristic dimensions for the scoured seabed, to support an analysis of the dynamic test results.  

Since the global scour is created by flow during the test (rather than by an initial unstable condition, e.g. 

in Riezebos et al., 2016) the current experiments are considered to incorporate a degree of realism that is 

absent in alternative experimental approaches involving artificial seabed and scour protection profiles. The 

‘live bed’ conditions employed in the tests induced various complex interactions involving the accretion of 

sand in the scour protection systems and ‘falling apron’ deformations of rock scour protection material. 

These interactions are consistent with other laboratory studies (Arboleda Chavez et al., 2019 and Riezebos 

et al., 2016) and presumed to be representative of field conditions. Field data presented by Hucker et al. 

(2019) shows natural frequency increases over time for wind turbines with scour protection installed in 

mobile sandy seabeds potentially due to settlement and densification of the scour protection and, in our 

view, sediment accretion.  

Tests conducted for cases where scour protection systems were absent allowed the influence of scour 

processes on the dynamic performance of the system to be observed in isolation. Scour processes were 

observed to significantly reduce the first three natural frequencies of the monopile-tower system. Reductions 

in the first natural frequency have a particular practical significance for working wind turbine structures, 

because of concerns that excessive accumulation of fatigue damage might occur if the first natural frequency 

were to drift into the turbine rotor frequency band. The results demonstrate that the second natural frequency 

is especially sensitive to scour effects, which is broadly in agreement with published numerical studies (e.g. 

Zaaijer, 2006; Sørensen and Ibsen, 2013). This feature is likely due to the mode shape for this mode, in 

which relatively large amplitudes occur at bed level. For working wind turbine support structures, 
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measurements of the second natural frequency are likely to provide a particularly sensitive indication of the 

presence of scour.  

The scour-only tests confirm that scour processes invariably cause significant reductions in the stiffness 

of the foundation (as indicated by the lowering of the natural frequencies). Two distinct mechanisms are 

considered to occur; (A) scour processes remove soil that would otherwise contribute lateral stiffness to the 

pile hence increasing the free length; and (B) scour processes reduce the effective stresses in the remaining 

soil adjacent to the pile due to loss of overburden. Since the stiffness (small strain shear modulus) of the 

sand is known to depend on the magnitude of the in situ stresses, the loss of overburden in Mechanism B 

causes the stiffness of the soil adjacent to the pile to reduce. Scour protection systems (when present) are 

considered to modify the dynamic characteristics of the system by reversing these two detrimental 

mechanisms. Effective reversal of Mechanism A requires that scour protection systems are stiff and well-

compacted against the monopile. The reversal of Mechanism B relies only on the surcharge applied by the 

scour protection material. 

The installation of remedial rock fill scour protection was found to increase the natural frequencies, 

although the magnitude of the effect was variable. In all cases the installation of rock fill did not restore the 

natural frequencies to values corresponding to an equivalent additional pile embedment in undisturbed sand. 

Although it can be confidently assumed that the additional surcharge provided by the rock will have 

contributed to additional foundation stiffness via the reversal of Mechanism B, the effectiveness of the direct 

stiffness contribution (reversal of Mechanism A) is in this case uncertain. It is considered likely that the direct 

stiffness contribution is relatively modest in the current experiments since – following normal practice in the 

field – no attempt was made to compact the rock against the pile. A smaller diameter rock (𝑑50/𝐷 ~ 0.05) 

with high density may be beneficial for Mechanism B (not explored in these tests). 

There was an observed tendency in some cases for the natural frequencies to increase slightly after the 

rock fill material had been placed and further flow cycles had been conducted. It is considered that this effect 

is a consequence of the sand accretion within the rock material that was invariably observed at the end of 

each test. This accreted sand is likely to have (i) slightly increased the local surcharge and (ii) developed a 

stiffer interface between the rock material and the pile by the filling of voids. Sand accretion in rock berms 

has previously been observed in the laboratory by An et al. (2014) but it is believed that the current tests 

provide the first published observation of this mechanism in connection with scour protection systems for 

monopile foundations. The role of suction scour has been assessed in the current tests on the basis of the 



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Section 2 – Flume Experiments (Paper 3) 

63 
 

results of An et al. (2014, Figure 5) which delimits when suction is in operation. The sediment ratio 

d50(sand)/d50(rock) = 0.161 mm/18.3 mm = 8.8 10-3 and the bed mobility θ is estimated at 0.33 for the global 

scour phase of the current tests. When plotted on the diagram of An et al. we are in the ‘no motion’ region of 

the diagram and hence suction scour is ruled out. 

The effectiveness of the remedial rock fill scour protection configuration, in terms of the influence of 

further global scouring, depended on the installed thickness. For thin layers of limited extent, subsequent 

global scouring caused substantial further reductions in the observed natural frequencies. This is considered 

to be associated with the ‘falling apron’ mechanism that was observed in the tests. More substantial rock fill 

layers with further recovery of the foundation stiffness (presumably due to the additional effects of sand 

accretion) also had the potential for reductions in natural frequency during subsequent global scouring.  

Tyre-filled net remedial scour protection was shown to provide relatively small increases in both 

foundation stiffness and subsequent recovery with sand accretion. It appears that the relatively lightweight 

low stiffness nature of this system does not reverse Mechanisms A and B in any significant way. However, 

the tyre-filled nets were shown to be successful in achieving a stable local bed level, thereby maintaining the 

dynamic characteristics of the structure against further erosion. 

Pre-installed rock armour scour protection was shown to provide significant protection from local and 

global scouring. Some increase in the natural frequency of the structure was observed, attributed to sand 

accretion within the rock matrix during flow cycles. 

 
CONCLUSIONS 

Analysis of the structural dynamics of a scaled wind turbine monopile-tower system exposed to local and 

global scour, and scour remediation, in large-scale laboratory tests has demonstrated the changes that can 

occur in the first three natural frequencies. The mode 1 frequency is especially sensitive to tower top mass 

and the mode 2 frequency is most sensitive to scour effects.  

The results of this study inform the site by site assessment and modelling of scour effects and their 

impact on structural performance. The main conclusions are: 

(1) Pre-installed scour protection systems have the principal purpose of preventing local erosion around 

the monopile. Pre-installed rock – intended to mimic typical systems employed in practice – was 

shown to provide effective protection in the current tests.  

(2) Remedial scour protection systems typically have the dual purpose of preventing further erosion and 

restoring the dynamic characteristics of the system to acceptable levels. The current experiments 
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demonstrate that the effectiveness of remedial scour protection systems in controlling further erosion 

is variable. Relatively thick rock fill layers are shown to be effective; tyre-filled nets also 

demonstrated a significant erosion control capability. None of the remedial configurations that were 

tested, however, provided a wholly effective means of restoring the system dynamics. The rock fill 

material provided some stiffness recovery, but the rock appears to have been deposited in a loose 

state with the consequence that the stiffness of the deposited material is lower than that of the in situ 

sand. The stiffness contribution of tyre-filled nets was observed to be low. 

(3) The test results imply the following tentative conclusions for full-scale structures: 

(i) Employing pre-installed scour protection is likely to be a more effective way of controlling scour 

processes than by managing the erosion via post-construction remedial scour protection 

measures.  

(ii) Tyre-filled nets provide an effective means of slowing the erosion processes although they are 

otherwise ineffective in improving the system dynamics.  

(iii) Rock fill remedial scour protection is effective in both arresting further scour and adding 

stiffness to the system, although a sufficiently large volume of material needs to be installed for 

these two actions to be effective. The benefit of installing high density rock (not tested) in 

adding stiffness to the system could be considered. 

(iv) Sand accretion within the scour protection systems can provide a useful enhancement of 

performance in terms of system dynamics. However, with no known published excavations of 

offshore scour protection systems known to the authors, it is unclear to what extent this sand 

accretion would occur in the field and therefore what potential stiffness increases might be 

expected. There may be scope to specify the grading of scour protection systems to maximise 

the effectiveness of the sand accretion mechanism. 
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NOTATION LIST 

The following symbols are used in this paper: 

𝐴 = Cross-sectional area; 

𝑏 = Scour protection width;  

𝐵 = Small strain shear modulus coefficient;  

𝑑𝑥𝑥 = Sand particle diameter coefficient (𝑥𝑥th percentile); 

𝐷 = Pile diameter; 

𝐷𝑅 = Sand relative density;  

𝑒 = Soil voids ratio; 

𝐸 = Young’s modulus;  

𝐸𝐼 = Flexural stiffness; 

𝑓𝑛,𝑚 = Natural frequency for mode 𝑚; 

𝐺0 = Soil small strain shear modulus;  

𝐺𝑆 = Soil specific gravity; 

ℎ𝑤 = Water depth;  

𝐻𝐵 = Depth of sand below pile tip; 

𝐿 = Pile embedment length; 

𝐿𝑋 = Geometric length (of structure component 𝑋); 

𝑀 = Bending moment;  

𝑀𝑇𝑜𝑝 = Structure top mass;  

𝑛 = Soil porosity; 
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𝑁𝑐𝑦𝑐 = Number of flow cycles; 

𝑁𝑀 = Number of top masses; 

𝑝′ = Mean effective stress; 

𝑝𝑟𝑒𝑓 = Reference stress; 

𝑞𝑐 = CPT bearing stress; 

𝑟 = Radial distance from pile centerline; 

𝑆𝐺  = Global scour bathymetry reduction; 

𝑆𝐿 = Local scour bathymetry reduction; 

𝑆𝑇 = Total scour bathymetry reduction; 

𝑡𝑤 = Pile wall thickness;  

𝑡𝑠𝑝 = Scour protection thickness adjacent to the pile wall;  

𝑇𝑓 = Elapsed flow time; 

𝑈 = Depth averaged flow velocity; 

𝑣 = Displacement; 

𝑥 = Coordinate in the streamwise direction; 

𝑦 = Coordinate in the spanwise direction; 

𝑧 = Distance above pile toe; 

𝛾 = Soil unit weight; 

𝜔𝑛,𝑚 = Circular natural frequency for mode m; 

𝜁𝑚 = Damping ratio for mode m; 

𝜙𝑚 = Phase angle for mode m; 

𝜌 = Material density;  

𝜌𝑤 = Water density, assumed 1000 kg.m-3; 

𝜎𝑣
′ = Soil effective vertical stress; 

𝜈 = Kinematic viscosity of water; 
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TABLES 

Table 1. Properties of Bathgate sand 

𝑑10 (mm) 𝑑50 (mm) 𝑑90 (mm) 𝐺𝑠 𝑒𝑚𝑖𝑛 𝑒𝑚𝑎𝑥 

0.077 0.161 0.282 2.65 0.502 0.753 

 

Table 2. Pile and tower geometry and properties 

Component Material 
Length 

(m) 

Outer 

diameter 𝐷 

(m) 

Wall 

thickness 

𝑡𝑤 (mm) 

Longitudinal 

modulus 𝐸 

(GPa) 

Density 

𝜌 

(kg/m3) 

Monopile GFRP 2.5 0.197 3.5 31.235 1855 

Tower Aluminium 3.2 0.1016 1.6 69 2700 
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Table 3. Monopile-tower structure dimensionless groups at full scale and experiment scale  

Dimensionless group  
Robin Rigga 

Arany et al. 

(2016) dataset 

Experiment 

design 

Pile slenderness 𝐿/𝐷 4.6 – 6.3 4.3 – 9.4 4.5 – 5.5 

Pile wall thickness 𝐷/𝑡𝑤 57 – 96 50 – 106 56 

Tower height 𝐿𝑡/𝐿𝑝𝑖𝑙𝑒 1.09 – 1.24 0.74 – 1.73 1.2 

Pile relative stiffness (Poulos & Davis, 

1980; Abadie et al., 2015) 

𝐸𝑝𝐼𝑝/𝐸𝑠𝐿4 8E-4 – 5E-3 (not assessed) 2E-3 – 5E-3 

Tower relative stiffness (Arany et al., 

2016) 

𝐸𝑡𝐼𝑡/𝐸𝑝𝐼𝑝 0.11 – 0.18 0.12 – 0.71 0.15 

Mass ratio (Arany et al., 2016) 𝑀𝑇𝑜𝑝/𝑀𝑡 1.0 0.5 – 1.3 

0.04 – 1.6 

(0.83 for 𝑁𝑀 = 3) 

Where: 𝐿𝑡 is the tower length excluding the transition piece, 𝐸𝑝𝐼𝑝 is the flexural stiffness of the monopile, 𝐸𝑠 is 

a reference soil stiffness estimated at the pile tip using the relationship 𝐸𝑠 = 2(1 + 𝜈)𝐺0 where 𝜈 is the 

Poission’s ratio (assumed as 0.5) and 𝐺0 is the small strain shear modulus calculated using Equation (2), 

𝐸𝑡𝐼𝑡 is the average flexural stiffness of the tower, 𝑀𝑇𝑜𝑝 is the mass attached to the top of the tower, 𝑀𝑡 is the 

mass of the tower excluding attachments 

a Robin Rigg offshore wind farm data supplied by E.On Energy 

 

Table 4. Mass and location of pile/tower assembly peripherals 

Component Height of centre of gravity above pile tip 

𝑧 (m) 

Mass 

(kg) 

Transition piece 2.38 2.83 

Accelerometers and mounting 2.33, 2.83, 3.18, 3.53, 4.13, 5.38 0.07 (per height) 

Force sensors and mounting 5.47 0.30 

Top masses (𝑁𝑀 = 1) 5.49 1.11 

Top masses (𝑁𝑀 = 3) 5.51 3.32 

Top masses (𝑁𝑀 = 6) 5.54 6.64 
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Table 5. Test matrix and target scour depths 

Test Initial condition Local scour phase Global scour phase 

 Target  

pile 

embedment 

𝐿/𝐷 

Target 

water 

depth 

ℎ𝑤/𝐷 

Target 

local 

scour 

𝑆𝐿/𝐷 

Target 

global 

scour 

𝑆𝐿/𝐷 

Scour protection system 

Target 

global 

scour 

𝑆𝐺/𝐷 

1 4.5 4.5 1.5 0 None  1.5 

2 4.5 4.5 1.5 0 Tyre-filled nets (remedial) (R-TFN) 1.5 

3 4.5 4.5 1.5 0 Rock fill (remedial) (R-RF1) 1.5 

4 4.5 4.5 0.75 
0 Rock fill in partial scour hole 

(remedial) 

(R-RF2) 
1.5 

5 4.5 4.5 0.0 0 Pre-installed rock armour (P-RA) 1.5 

6 5.5 3.5 1.5 0 Rock fill (remedial) (R-RF3) 2.5 

 

Table 6. Small strain shear modulus tests 

Test ID Test Type 𝑒 𝐷𝑅 [%] 

BE1_Loose Bender Element 0.665 35.1 

BE2_Medium Bender Element 0.599 61.3 

BE3_Dense Bender Element 0.531 88.5 

RC1_Medium Resonant Column 0.582 68.0 

 

Table 7. Pile embedded lengths and plug lengths 

Test Installed embedded length 𝐿/𝐷 Plug length 𝑧𝑝𝑙𝑢𝑔/𝐷 

1 4.56 4.04 

2 4.61 4.29 

3 4.57 4.43 

4 4.55 4.33 

5 4.57 4.37 

6 5.61 5.33 
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Table 8. Definition of flow regimes for scouring phases. 𝑁𝑐𝑦𝑐  is the total number of symmetrical flow cycles 

employed 

Phase 1a 1b 2a 2b 2c 2de 2ee 

𝑈 (m/s) 0.35a 0.55b 0.70 0.70 0.70 0.70 0.70 

Flow time 

(mins) 
166 332c 498 498 498 498 498 

𝑁𝑐𝑦𝑐 1 2c 3 2d 2 2 2 

Scour type Local Local Global Global Global Global Global 

Target Δ𝑆/𝐷 0.75 0.75 0.5 0.5 0.5 0.5 0.5 

Exceptions: 

a Test 1, Phase 1a: 𝑈̅ = 0.40 m/s 

b Test 6, Phase 1b: 𝑈̅ = 0.50 m/s 

c Test 4, Phase 1b: Flow time = 0, 𝑁𝑐𝑦𝑐 = 0 

d Test 3, Phase 2b: 𝑁𝑐𝑦𝑐 = 3 repeating Phase 2a 

e Phase 2d and 2e: Only used for Test 6, with a 3:1 asymmetry in the duration of forward flow to 

transport more sediment from test bed 

 

Table 9. Overview of achieved scour depths 

Test After local scour development 

(End of flow Phase 1) 

After global scour development 

(End of flow Phase 2) 

Total scour 

𝑆𝑇/𝐷 

Global scour 

𝑆𝐺/𝐷 

Global scour 

𝑆𝐺/𝐷 

1 1.58 0.14 0.57 

2 (TFN) 1.58 0.09 0.43 

3 (R-RF1) 1.49 0.21 0.30 

4 (R-RF2) 0.66 -0.02 0.36 

5 (P-RA) - 0.14 0.46 

6 (R-RF3) 1.51 0.15 1.79 
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Table 10. In-place scour protection system characteristics  

Test  Installed 

height at pile 

wall 𝑡𝑠𝑝/𝐷 

Width 

𝑏/𝐷 

Bulk unit 

weight 

𝛾 (kN/m3) 

Bulk voids 

ratio  

𝑒 

Bulk 

porosity 

𝑛 

2 (R-TFN) Tyre-filled nets 1.23 0.7 10.14 4.960 0.832 

3 (R-RF1) Rock fill 0.82 2.2 18.85 0.953 0.488 

4 (R-RF2) 
Rock fill in partial 

scour hole 
0.54 1.1 18.99 0.923 0.480 

5 (P-RA) Preinstalled rock 0.28a 3.2 18.04 1.146 0.534 

6 (R-RF3) Rock fill 1.02 1.7 18.60 1.008 0.502 

Note: a this is the measured thickness at the pile wall once the protective collar had been removed after pile 

driving analysed according to Fig. 7(b). 
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Fig. 1. Idealised seabed profile due to local and global scour (after Mayall et al., 2018) 
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Fig. 2. Annotated section view of the prepared sand bed and monopile - tower system (not to scale) 

 
 

   

(a)  (b)  (c)  

Fig. 3. Test bed CPT measurements on (a) end bearing, 𝑞𝑐; (b) inferred relative density 𝐷𝑅; (c) inferred 

small strain shear modulus, 𝐺0 
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Fig. 4. Measured small strain shear modulus, 𝐺0. Also shown is the correlation in Equation (2) with 𝐵 = 478 for 

𝐷𝑅 = 0 and 100% 

 
 

  
 

(a)  (b)  (c)  

Fig. 5. Driving records (a) Driving number of blows; (b) Hammer drop height; (c) Driving energy 
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Fig. 6. Illustration of a typical symmetrical flow cycle 
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(a)  

 

(b)  

Fig. 7. Typical profile of scour (Test 1, end of flow Phase 1b) (a) Plan bathymetry plot with hillshade to 

highlight detail, indicating the underwater laser scanner traverser location; (b) Bathymetry section 

interpretation, individual data points appear as a grey band 
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(e)  (f)  

Fig. 8. Geometric definitions for scour protection systems (a) Preinstalled rock armour (Test 5); (b) 

Pre-installed rock armour following global scour; (c) Rock fill in scour hole (Tests 3, 4 & 6); (d) Rock 

fill following global scour; (e) Tyre-filled nets (Test 2); (f) Tyre-filled nets following global scour 
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(a)  (b)  (c)  

Fig. 9. Photographs of installed scour protection systems; (a) Tyre-filled nets (Test 2); (b) Rock fill (Tests 3, 

4, 6); (c) Pre-installed rock (Test 5) 

 

 

Fig. 10. Dimensionless rock scour protection grading curves at full scale and experiment scale 
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(a)  (b)  

Fig. 11. Example signal and power spectral density (start of Test 3, 𝑁𝑀 = 0, top accelerometer, 

streamwise); (a) Recorded acceleration; (b) Power spectral density 
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(a)  (b)  

 

 

(c)  (d)  

Fig. 12. Example calculation of natural frequencies (start of Test 3, 𝑁𝑀 = 0, top accelerometer, streamwise). 

Also shown are the mode shapes. (a) First mode measured signal fitting (𝑓𝑛 = 6.63 Hz, 𝜁 = 0.9 %); (b) 

Second mode residual signal fitting (𝑓𝑛 = 19.6 Hz, 𝜁 = 0.6 %); (c) Third mode residual signal fitting (𝑓𝑛 = 48.4 

Hz, 𝜁 = 1.4 %); (d) Mode shapes with height above pile tip – initial sand bed at 𝑧 = 0.9 m 

 

   

(a)  (b)  (c)  

 

Fig. 13. Influence of top mass on the inferred natural frequency at the start of each test; (a) Mode 1 natural 

frequency; (b) Mode 2 natural frequency; (c) Mode 3 natural frequency 
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(a)  (b)  

Fig. 14. Experiment results – measured bathymetry and inferred natural frequencies for experiment 

with unremediated scour (Test 1); (a) Bathymetry outputs; (b) Change in natural frequency 

 

  

  

(a)  (b)  

Fig. 15. Experiment results – Tyre-filled net remedial scour protection (Test 2); (a) Bathymetry outputs; 

(b) Change in natural frequency 
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Fig. 16. Mean relative change in mode 1 natural frequency (for 𝑁𝑀 = 0, 1, 3, 6) with tyre-filled net 

remedial scour protection (Test 2) 

 

  

(a)  (b)  

Fig. 17. Photographs of tyre-filled net remedial scour protection after all flow phases, arrows 

approximately indicate the flume x-axis direction (see Fig. 2); (a) After draining flume; (b) After 

removing top layer of tyre-filled nets 
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(a)  (b)  

  

(c)  (d)  

  

(e)  (f)  

  

(g)   

Fig. 18. Experiment results – Rock fill remedial scour protection (Test 3, 4 and 6); (a) Bathymetry 

outputs (Test 3); (b) Change in natural frequency (Test 3); (c) Bathymetry outputs (Test 4); (d) Change 

in natural frequency (Test 4); (e) Bathymetry outputs (Test 6); (f) Change in natural frequency (Test 6); 

(g) Legends 
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(a)  (b)  

  

(c)  (d)  

Fig. 19. Mean relative change in mode 1 natural frequency (for 𝑁𝑀 = 0, 1, 3, 6) with scour and rock 

fill remedial scour protection; (a) Test 3; (b) Test 4; (c) Test 6; (d) Legends 

 

  

(a)  (b)  

 

(c)  

Fig. 20. Photographs of rock scour fill protection cross sections, arrows indicate the flume x and y-

axis directions; (a) Test 3 – Rock fill; (b) Test 4 – Rock fill in partial scour hole; (c) Test 6 – Rock fill 
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Fig. 21. Change in scour protection thickness adjacent to the pile after global scouring 

 

  

  
(a)  (b)  

Fig. 22. Experiment results – pre-installed rock armour scour protection (Test 5); (a) Bathymetry 

outputs; (b) Change in natural frequency 

 

 

Fig. 23. Photographs of rock scour protection cross sections for Test 5 – pre-installed rock armour, 

arrow indicates the flume y-axis direction 

 

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Tyre-filled nets
(Test 2)

Rock fill (Test 3) Rock fill in partial
scour hole (Test 4)

Pre-installed rock
(Test 5)

Rock fill (Test 6)

t s
p
/D

Installed After global scour phases

2.5

3.0

3.5

4.0

4.5

5.0

5.5

0 8 16 24 32 40

B
ed

 le
ve

l a
b

o
ve

 p
ile

 t
ip

 
(z

/D
)

Elapsed flow time Tf (hrs)

-10

-5

0

5

10

0 8 16 24 32 40
Δ

f n
(%

)

Elapsed flow time Tf (hrs)

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0 8 16 24 32 40

B
e 

le
ve

l a
b

o
ve

 p
ie

l t
ip

 
(z

/D
)

Elapsed flow time Tf (hrs) Global Level 5th Percentile

Global Level 50th Centile

Global Level 5th & 95th Centile

Local Level 5th Percentile

Local Level 50th Centile

Local Level 5th & 95th Centile

Series11

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0 8 16 24 32 40

B
e 

le
ve

l a
b

o
ve

 p
ie

l t
ip

 
(z

/D
)

Elapsed flow time Tf (hrs) Global Level 5th Percentile

Global Level 50th Centile

Global Level 5th & 95th Centile

Local Level 5th Percentile

Local Level 50th Centile

Local Level 5th & 95th Centile

Series112.0

2.5

3.0

3.5

4.0

4.5

5.0

0 8 16 24 32 40

B
e 

le
ve

l a
b

o
ve

 p
ie

l t
ip

 
(z

/D
)

Elapsed flow time Tf (hrs) Global Level 5th Percentile

Global Level 50th Centile

Global Level 5th & 95th Centile

Local Level 5th Percentile

Local Level 50th Centile

Local Level 5th & 95th Centile

Series11

Local Global
Median

5th & 95th centile

End of flow Phase 1

-35

-30

-25

-20

-15

-10

-5

0

0 8 16 24 32 40

Δ
fn

 (
%

)

Elapsed flow time Tf (hrs)

M =  0

M =  6

M =  0

M =  6

M =  0

M =  6

Series16

-35

-30

-25

-20

-15

-10

-5

0

0 8 16 24 32 40

Δ
fn

 (
%

)

Elapsed flow time Tf (hrs)

M =  0

M =  6

M =  0

M =  6

M =  0

M =  6

Series16

-35

-30

-25

-20

-15

-10

-5

0

0 8 16 24 32 40

Δ
fn

 (
%

)

Elapsed flow time Tf (hrs)

M =  0

M =  6

M =  0

M =  6

M =  0

M =  6

Series162.0

2.5

3.0

3.5

4.0

4.5

5.0

0 8 16 24 32 40

B
e 

le
ve

l a
b

o
ve

 p
ie

l t
ip

 
(z

/D
)

Elapsed flow time Tf (hrs) Global Level 5th Percentile

Global Level 50th Centile

Global Level 5th & 95th Centile

Local Level 5th Percentile

Local Level 50th Centile

Local Level 5th & 95th Centile

Series11End of flow Phase 1

NM = 0; MTop = 0.3 kg 

fn,1 fn,2 fn,3

NM = 6; MTop = 6.9 kg 

Falling
Apron

Rock Sand & 
Rock

y



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Section 2 – Flume Experiments 

85 

 
 

End of Paper 3 
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2.3 Bathymetry Data 

2.3.1 Bathymetry Data Acquisition 

The bathymetry data acquisition and processing was discussed in Paper 3, with an example plan 

bathymetry plot in Fig. 7 showing the bathymetry of a local scour hole before global scouring. This 

Section provides further discussion of the bathymetry results and scour development. Appendix C.4 

provides additional detail on the bathymetry data analysis and Appendix C.9.1 presents a table of 

detailed results. 

2.3.2 Bathymetry Plots for Unremediated Scour Conditions (Test 1) 

Figure 2.1(a) presents the measured bathymetry and at the end of the unremediated scour test 

(Test 1). The streamwise cross-sections in Figure 2.1(b) show the scour hole before sand backfill, 

after sand backfill, and at the end of the test. 
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(a) Bathymetry map at end of Test 1 

 
(b) Streamwise cross-section from Test 1 

Figure 2.1. Bathymetry plots for unremediated scour conditions (Test 1) 
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In Figure 2.1 the slope of the scour hole is steeper and the scour depth fractionally deeper on the 

upstream side of the pile (South, 𝑥 < 0), with a shallower slope and greater extent downstream of 

the pile. This is a general trend observed across all tests, consistent with the expected greater 

scouring at the upstream face of the pile than at the downstream face, accompanied by wake effects 

downstream. 

2.3.3 Bathymetry Plots for Tyre-Filled Net Scour Protection (Test 2) 

Figure 2.2(a) presents the measured bathymetry at the end of the tyre-filled net test (Test 2), and 

Figure 2.2(b) presents the streamwise cross-sections for the same test. Secondary scour can be 

observed around the tyre-filled nets downstream of the pile at the end of the test, at approximately 

𝑥/𝐷 = 3. 
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(a) Bathymetry map at end of Test 2 

 
(b) Streamwise cross-section at end of Test 2 

Figure 2.2. Bathymetry plots for remedial tyre-filled net scour protection (Test 2) 
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2.3.4 Bathymetry Plots for Remedial Rock Fill Scour Protection (Test 3, 4 and 6) 

Figure 2.3 and Figure 2.4 show the bathymetry results for tests with remedial rock fill scour protection 

(Tests 3, 4 and 6). The end of test bathymetry plots in Figure 2.3 correspond with the end of test 

excavations (Fig. 20 in Paper 3), which showed sand accretion in the scour protection material. 

In Test 3, the baseline with remedial rock fill in a fully-formed scour hole, the bathymetry 

(Figure 2.3(a) and Figure 2.4(a)) indicates that there was very little movement of the scour protection 

at the pile wall, and partial burial by sand at the edge. For Test 4, in which remedial rock fill was 

installed in a partially-formed scour hole, the bathymetry cross-sections (Figure 2.4(b)) show that the 

sour protection surface has lowered significantly by the end of the test, to the level of the base of the 

original scour hole. In Test 6 (Figure 2.3(c) and Figure 2.4(c)) the global bed level had dropped 

significantly, undermining the outside edge of the scour protection and causing a falling apron of 

rock to develop, but with the local level adjacent to the pile wall unaffected. 

2.3.5 Bathymetry Plots for Pre-installed Rock Armour Scour Protection (Test 5) 

Figure 2.5 presents the bathymetry plots for the pre-installed rock armour test (Test 5). The cross-

sections (Figure 2.5(b)) and excavations (Fig. 23 in Paper 3) show that the local level close to the 

pile wall is lower than the overall top surface of the scour protection; this is caused by the removal 

of a collar around the pile during installation (Paper 3) rather than due to local scour effects. The 

cross-sections (Figure 2.5(b)) indicate that the pre-installed rock was stable within approximately 3 

𝐷 of the pile centreline, and that a falling apron had developed at the scour protection edge. 
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(a) Bathymetry map at end of Test 3 (remedial rock fill scour protection in a fully-formed scour hole) 
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(b) Bathymetry map at end of Test 4 (remedial rock fill scour protection in a partially-formed scour hole) 
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(c) Bathymetry map at end of Test 6 (remedial rock fill scour protection in a fully-formed scour hole with 

increased global scour) 

Figure 2.3. Plan bathymetry plots for remedial rock fill scour protection (Tests 3, 4, and 6) 
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(a) Streamwise cross-section at end of Test 3 (remedial rock fill scour protection in a fully-formed scour 

hole) 

 

(b) Streamwise cross-section at end of Test 4 (remedial rock fill scour protection in a partially-formed 

scour hole) 

 

(c) Streamwise cross-section at end of Test 6 (remedial rock fill scour protection in a fully-formed scour 

hole with increased global scour) 

Figure 2.4. Cross-section bathymetry plots for remedial rock fill scour protection (Tests 3, 4, and 6) 
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(a) Bathymetry map at end of Test 5 

 
(b) Streamwise cross-section at end of Test 5 

Figure 2.5. Bathymetry plots for pre-installed rock armour scour protection (Test 5) 
 
 
 

2.3.6 Discussion of Scour Development 

The general definitions for global and local scour are given in Figure 1.6. Figure 2.6 presents the 

total scour development during local scour stages against flow duration for all tests (note that Test 5 

had preinstalled scour protection and hence no local scour). Total scour is presented to avoid 

introducing scatter from the global scour measurements. 

Inspection of the intermediate total scour depths plotted in Figure 2.6 indicates that local scour 

developed more rapidly in Tests 1 and 2 than in Tests 4 and 6. It is noted that Test 1 had slightly 

higher flow rates during the initial local scour development phase than other tests (Table 8 in Paper 

3). The differences in intermediate scour depth suggest that the rate of scour development varied 

between tests, and may indicate the presence of sand backfill at the time of the bathymetry 
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measurements in some tests. It is possible for sand backfill to be present due to action of sand falling 

into the scour hole, competing with the erosion effects due to flume flow. 

Figure 2.7 presents the global scour development with elapsed flow for all tests, with global scour 

defined relative to the global bed level at the start of each test. Global scour development was most 

successful in Test 6, which used an asymmetric flow regime in the final two stages of global lowering 

(Table 8 in Paper 3). 

Falling aprons of scour protection were observed in Tests 4, 5 and 6 (Fig. 20 and Fig. 23 in 

Paper 3), and these were partially buried by sand waves. This suggests that the end of test global 

level is not necessarily the minimum level achieved during the testing. This is not unexpected, due 

to the moving sand bed under the live bed test conditions. 

Figure 2.8 presents the changes in local embedment of the pile after installing scour protection, 

and Figure 2.9 presents the change in local embedment during flow phases after scour protection 

installation. The two plots show that the stability of scour protection varied between tests. For all 

scour protection cases there was concurrent development of global scour. 

 
 
 

  
Figure 2.6. Measured total scour depth with elapsed flow time 
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Figure 2.7. Measured global scour depth with elapsed flow time 

 
 
 

 
Figure 2.8. Scour protection elevation at the pile wall with elapsed flow time (global scour flow 
phases defined in Table 8 in Paper 3) 

 
 
 

 
Figure 2.9. Change in scour protection elevation at the pile wall with elapsed flow time (global scour 
flow phases defined in Table 8 in Paper 3) 
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2.4 Structural Dynamics Testing 

2.4.1 Overview 

This Section provides further detail of the structural dynamics testing, expanding on the information 

provided in Paper 3.  

Structural dynamics tests were performed at intervals between flow segments, typically whilst 

bathymetry measurements were taken by HR Wallingford. Time-varying loads 𝐻(𝑡) were applied to 

a force sensor at the top of the tower, shown in Figure 2.10. Accelerations were measured in the 

streamwise and spanwise directions down the tower (shown in Figure 2.11), displacement was 

measured near the pile top, and pile bending moment was measured using strain gauges. The tests 

included loading both with and without a modal shaker attached to the structure. Figure 2.12 shows 

the setup of the modal shaker when attached. 

 
2.4.2 Structural Dynamics Testing Methods 

A standard test involved the following steps: 

i. The response to impulses (finger-taps) was logged, with 3 to 5 impulses applied to each 

force sensor, for 0, 1, 3 and 6 top masses. 

ii. A set of shaker tests were performed for 0, 1, 3 and 6 top masses: 

 Test the response to a white noise signal in the streamwise direction. 

 Three frequency sweeps in the streamwise direction targeted around the first three 

natural frequencies (identified from i.). 

A LabVIEW code was developed to manage the sampling and logging of data for all stages of the 

testing, including the modal shaker control. The sampling rate for the equipment was 3012 Hz in the 

structural dynamics tests. The instruments were continuously sampled and stored on a temporary 

32 second software buffer, and logged on command from the user interface or internal commands.  

The soil response was assumed to remain elastic during the structural dynamics testing, this is 

discussed in Appendix C.6.7. 
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Figure 2.10. Structural dynamics testing layout 
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Figure 2.11. Mounted accelerometers viewed from the top of the tower 

 

 
Figure 2.12. Photograph of the modal shaker setup 
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2.4.2.1 Ambient Measurements 

Ambient acceleration measurements were made with no shaker attached and no loads applied to 

the structure. These ambient measurements were made every 10 minutes during the flume 

operation, and during the scheduled pauses in flume operation. Data from the ambient 

measurements collected to provide redundancy in the measured data, but were not analysed in 

detail. 

2.4.2.2 Impulse Tests 

During the impulse tests, an impulse was applied to the force sensor by a finger tap, with no shaker 

attached to the structure. Impulse data were automatically logged by the software after detecting 

accelerations above a threshold and waiting to fill the temporary buffer. Typically, at least three 

impulses were applied in each of the streamwise and spanwise directions. The impulse tests are 

described in Paper 3, and Appendix C.6 presents the details of the method used to analyse the 

impulse tests. 

2.4.2.3 White Noise Tests 

Following a series of impulse tests, a cable-suspended modal shaker was attached to a force sensor 

in the streamwise or spanwise direction, and a white noise signal was sent to the modal shaker. Data 

from the white noise tests were collected to provide redundancy in the measurements, but were not 

analysed in detail. 

2.4.2.4 Frequency Sweeps 

In the frequency sweep tests, a cable-suspended modal shaker was attached to the tower in either 

the streamwise or spanwise direction, and sinusoidal signals were sent to the modal shaker at 

discrete frequencies around the estimated natural frequencies of the first three modes. The purpose 

of the frequency sweep testing was to provide amplitude and phase measurements to identify the 

modal properties of the structure. Appendix C.7 presents the method used to analyse the frequency 

sweep tests. 
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2.4.3 Measurements in Unscoured Conditions 

2.4.3.1 Comparison of Frequency Sweeps with Impulse Tests 

Figure 2.13 presents a comparison of the natural frequency measured from the frequency sweeps 

with those measured from impulse tests for the example of Test 3. The mode 1 frequency sweep 

results in Figure 2.13 are incomplete since some data points were excluded due to low quality. The 

mode 2 and 3 frequency sweep results in Figure 2.13 show differences in the streamwise and 

spanwise directions, which is less significant in the impulse tests than in the frequency sweep tests.  

Both frequency sweep and impulse test results follow similar trends of reducing natural frequency 

with increasing top mass. The mode 1 sweep results are close to the impulse tests, but the mode 2 

sweep results are significantly below the impulse test results and the mode 3 sweep results show 

variance.  The general trend across all tests completed is that natural frequencies from frequency 

sweeps are not fully consistent with the impulse tests. It is most likely that the inconsistencies are 

due to the modal shaker contributing mass, stiffness and damping to the structural response. 

Considering the difficulty in characterising the dynamic properties of the modal shaker, the impulse 

tests have been used in the subsequent interpretation of the experiments. 

 

   
(a) Mode 1 (b) Mode 2 (c) Mode 3 

 

 

 

(d) Legend   

Figure 2.13. Example comparison of natural frequencies from frequency sweep analysis and 
impulse test time-domain analysis: Test 3, no scour 
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2.4.3.2 Damping Ratio for Unscoured Conditions 

The natural frequencies for unscoured conditions at the start of each test are presented in Fig. 13 in 

Paper 3, Figure 2.14 presents the associated damping ratios. The damping ratio 𝜁 was generally in 

the range of 0.5% to 2.0% for all tests, which is broadly similar to values reported from full scale-

structures (e.g. discussion in Arany et al., 2016). 

The differences in damping ratio between tests (Figure 2.14) do not seem to correspond with 

changes in the pile embedment, for example Tests 1 to 4 have very similar pile embedment and soil 

conditions yet different damping ratios. The differences are therefore most likely due to changes in 

damping within the structure, also reported by Arany et al. (2016) as the second greatest contributor 

to the overall damping ratio after aerodynamic effects. 

 
2.4.4 Scour Effects on Natural Frequencies 

Figure 2.15 presents the plots of frequency versus local embedment (𝐿/𝐷) grouped by mode number 

and number of top masses, excluding measurements where scour protection was present. Each 

subplot in Figure 2.15 includes a linear fit through the entire dataset, with Table 2.1 providing the 

fitting parameters governing the equation, 

 𝑓𝑚 = 𝛼𝑓,𝐿 (
𝐿

𝐷
) + 𝑓𝑖,𝐿  (2.1) 

where 𝛼𝑓,𝐿 is the natural frequency sensitivity to embedment and 𝑓𝑖,𝐿 is an intercept. 

Figure 2.16 presents 𝛼𝑓,𝐿 values normalised by reference frequencies to provide dimensionless 

outputs, where reference frequencies were taken as 𝑓𝑚 measured at the start of Test 1. From 

Figure 2.16 it is inferred that for a total scour depth of 𝑆𝑇 = 1 𝐷 the natural frequency of mode 1 

would reduce by approximately 2.6% to 4.8% (mean 3.5%). Similarly, the natural frequency of mode 

2 would reduce by approximately 11.7% to 15.6% (mean 14.3%), and the natural frequency of mode 

3 would reduce by approximately 6.8% to 8.4% (mean 7.5%).  
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Taking the mean values, this implies that the natural frequency of mode 2 is 4.13 times more 

sensitive to pile embedment than mode 1, and that mode 3 is 2.15 times more sensitive than mode 1. 

These results indicate that there would be merit in monitoring the second and third natural 

frequencies, rather than only the first mode, to identify scour damage in practice. 

   
(a) Mode 1 damping ratio  (b) Mode 2 damping ratio (c) Mode 3 damping ratio 

 
 

(d) Legend   

Figure 2.14. Inferred damping ratio at the start of each test 
 

 
Figure 2.15. Natural frequency for local embedment changes induced by scour 
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Table 2.1. Natural Frequency versus Local Embedment Fitting Parameters 

𝑵𝑴 = 0 1 3 6 

Mode 

𝜶𝒇,𝑳 

[Hz] 

𝒇𝒊,𝑳 

[Hz] 

𝜶𝒇,𝑳 

[Hz] 

𝒇𝒊,𝑳 

[Hz] 

𝜶𝒇,𝑳 

[Hz] 

𝒇𝒊,𝑳 

[Hz] 

𝜶𝒇,𝑳 

[Hz] 

𝒇𝒊,𝑳 

[Hz] 

1 0.310 5.117 0.181 4.212 0.110 3.226 0.073 2.514 

2 2.004 9.901 2.306 7.643 2.351 6.842 2.291 6.903 

3 3.211 32.370 2.917 30.589 2.527 30.031 2.465 29.010 

 

 
Figure 2.16. Natural frequency sensitivity to local embedment changes induced by scour 

 
 

2.4.5 Mode Shape Analysis 

2.4.5.1 Mode Shape Data 

Structural health monitoring (SHM) data can be used to determine the modal parameters of 

instrumented offshore wind turbine structures, including the mode shapes (e.g. Devriendt et al., 

2014), although such instrumentation is not common to all offshore wind farms. The previous section 

established that the natural frequency of mode 2 is a good indicator of scour development. If scour 

can be shown to have predictable and measurable effects on the mode shapes of an offshore wind 

structure, these can further inform recommendations on methods to detect scour development using 

SHM techniques.  

The mode shapes were extracted from vectors of displacement amplitudes, 𝑣0. The magnitude of 

𝑣0 is arbitrary, and a normalised version of the mode shape V is a more useful form: 

 V = 𝑣0/max(|𝑣0|) (2.2) 

Figure 2.17 presents example mode shapes with and without top mass. The differences in the 

shape of mode 1 with and without masses is relatively minor; however, in the example with top 
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masses there is an inflection in the shape of mode 1 near the base of the tower. From a review of 

the mode shape data output in processing, the inflection is more commonly present with 3 or more 

top masses attached. It is unclear what has caused the mode 1 inflection, but it may be due to a 

mass, inertia, or stiffness contribution of the transition piece.  

The shape of mode 2 in Figure 2.17 is well captured by the accelerometer positions, with a clear 

difference in the maxima position with and without top mass. The shape of mode 3 in Figure 2.17 is 

the least well captured by the accelerometer positions, with the position of maxima being unclear. 

For mode 2 and 3 there is relatively little movement at the top of the tower with 6 top masses, and a 

zero-displacement position near the tower top. 

 
2.4.5.2 Mode Shape Metrics 

It was assumed that the measured mode shapes in the tower can be approximated by a polynomial 

curve. For mode 1 a 2nd order polynomial was fitted using MATLAB function polyfit. For mode 2 a 3rd 

order polynomial was used, and for mode 3 a 4th order polynomial was used. Figure 2.18 presents 

examples of the fitted mode shapes. 

The fitted polynomials were used to assess the position of certain mode shape features such as 

maxima and zero-displacement positions, defined in Figure 2.19. For mode 1, since there are no 

maxima or zero positions captured, it was convenient to examine positions with displacement 

amplitudes of 25%, 50% and 75% of the maximum. For mode 2 and 3 the position of the maxima 

and a zero-displacement position near the top of the tower were found. For mode 3 the position of a 

zero-displacement position near the bottom of the tower is captured in some tests, but in many cases 

was below the bottom accelerometer. 

Figure 2.20 presents the position of these features in unscoured conditions at the start of each 

test. All mode shape features tend to be closer to the tower top for increasing top mass. Qualitatively, 

this is consistent with the relative movement at the top of the structure reducing as the top mass 

increases. 
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Figure 2.17. Example mode shapes: Test 1, no scour; impulse test results. 

 

(a)   

(b)   
Figure 2.18. Example mode shape fitting with no top mass: Test 2, no scour, impulse test results: 
(a) 0 masses; (b) 6 masses. 
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Figure 2.19. Definition of mode shape metrics. 

 

 
 

 

(a) Mode 1 𝑧𝑚1,𝑣25 (b) Mode 1 𝑧𝑚1,𝑣50 (c) Mode 1 𝑧𝑚1,𝑣75 

  

 

(d) Mode 2 𝑧𝑚2,𝑣0 (e) Mode 2 𝑧𝑚2,𝑣𝑀𝑎𝑥  

  
 

(f) Mode 3 𝑧𝑚3,𝑣0𝑇𝑜𝑝 (g) Mode 3 𝑧𝑚3,𝑣𝑀𝑎𝑥 (h) Mode 3 𝑧𝑚3,𝑣0𝐵𝑎𝑠𝑒 

 

 

(i) Legend   

Figure 2.20. Inferred position of mode shape features at the start of each test (see Figure 2.19 for 
definition diagram). 
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2.4.5.3 Scour Effects on Mode Shapes 

Figure 2.21 presents the relationship between the elevation of the analysed mode shape features 

(and the measured natural frequency. The linear fits presented in Figure 2.21 are, 

 
𝑧 = 𝛼𝑧,𝑓𝑓𝑚 + 𝑧𝑖,𝑓 

(2.3) 

where 𝛼𝑧,𝑓 is the sensitivity to frequency and 𝑧𝑖,𝑓 is the intercept; values in Table 2.2. The mode 

shape feature elevation sensitivity to embedment (𝛼𝑧,𝐿) was calculated as: 

 𝛼𝑧,𝐿 =
𝑑𝑧

𝑑𝐿
=  

𝛼𝑧,𝑓

𝐷
𝛼𝑓,𝐿 (2.4) 

Table 2.3 and Figure 2.22 and present the resultant general sensitivity of mode shape feature 

positions to changes in the pile local embedment (𝛼𝑧,𝐿). Figure 2.22 shows that, for modes 1 and 2, 

the mode shape feature sensitivity clearly varies with top mass; for mode 3 the relationship between 

mode shape feature sensitivity and top mass is unclear.  

The mode 1 features become more sensitive to embedment changes at lower positions on the 

structure. The mode 2 zero displacement position near the tower top is more sensitive to embedment 

changes with no top mass than with increasing top mass. In contrast to this, the maxima of mode 2 

becomes more sensitive to embedment change with increasing top mass. This could be considered 

analogous to the top of the tower approaching a pinned condition as the top mass increases. 

The mode 3 zero displacement position near the tower top has a low sensitivity to embedment 

change. The features further down the tower (maxima and zero-displacement near the tower base) 

are the more sensitive to natural frequency, which is a similar response to mode 1. The mode 3 zero 

displacement position near the transition piece has a high sensitivity to natural frequency, but also 

has the most significant scatter, which may have occurred due to the position moving below the 

lowest accelerometer location in many cases.  

These results indicate that SHM campaigns could adopt accelerometers low within the tower to 

identify the onset of scouring by monitoring changes in the shape of mode 1 (e.g. movement of the 

25% point) and movement of the mode 2 maxima. 
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Figure 2.21. Elevation of mode shape metrics plotted against natural frequency (see Figure 2.19 for 
definition diagram) 

 
 

Table 2.2. Mode shape metric fitting parameters 

𝑵𝑴 = 0 1 3 6 

Mode Shape Feature 
(see Figure 2.19) 

𝜶𝒛,𝒇 

[m/Hz] 

𝒛𝒊,𝒇 

[m] 

𝜶𝒛,𝒇 

[m/Hz] 

𝒛𝒊,𝒇 

[m] 

𝜶𝒛,𝒇 

[m/Hz] 

𝒛𝒊,𝒇 

[m] 

𝜶𝒛,𝒇 

[m/Hz] 

𝒛𝒊,𝒇 

[m] 

Mode 1 25% 0.420 0.493 0.554 0.508 0.880 0.067 1.311 -0.361 

Mode 1 50% 0.220 2.663 0.245 2.904 0.347 2.866 0.365 3.111 

Mode 1 75% 0.096 4.162 0.097 4.317 0.126 4.343 0.068 4.607 

Mode 2 Zero 0.062 3.251 0.047 3.994 0.039 4.478 0.019 4.996 

Mode 2 Max 0.042 2.087 0.042 2.305 0.044 2.448 0.050 2.480 

Mode 3 Zero Top 0.005 4.629 0.006 4.897 0.001 5.303 0.000 5.420 

Mode 3 Max 0.020 2.834 0.020 3.091 0.020 3.227 0.020 3.327 

Mode 3 Zero Base 0.080 -1.429 0.022 1.523 0.089 -1.162 0.058 0.203 

 

.        Reference displacement position

x        Zero displacement position
+        Maxima position
—      NM = 0
—      NM = 1
—      NM = 3
—      NM = 6

.        Reference displacement position

x        Zero displacement position
+        Maxima position
—      NM = 0
—      NM = 1
—      NM = 3
—      NM = 6
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(a) Mode 1 shape features (b) Mode 2 shape features 

 
(c) Mode 3 shape features 

Figure 2.22. Effect of embedment change due to scour on mode shape metrics (see Figure 2.19 for 
mode shape metric definition diagram) 

 
 
 
 

Table 2.3. Mode shape feature elevation sensitivity to scour depth 

Mode Shape Feature 
(see Figure 2.19) 

𝑵𝑴 = 0 𝑵𝑴 = 1 𝑵𝑴 = 3 𝑵𝑴 = 6 Mean 

𝜶𝒛,𝑳 𝜶𝒛,𝑳 𝜶𝒛,𝑳 𝜶𝒛,𝑳 𝜶𝒛,𝑳 

Mode 1 25% 0.659 0.510 0.492 0.483 0.536 

Mode 1 50% 0.346 0.226 0.194 0.134 0.225 

Mode 1 75% 0.150 0.089 0.070 0.025 0.084 

Mode 2 Zero 0.630 0.547 0.462 0.218 0.464 

Mode 2 Max 0.426 0.493 0.526 0.582 0.507 

Mode 3 Zero Top 0.087 0.088 0.007 0.003 0.046 

Mode 3 Max 0.334 0.297 0.260 0.253 0.286 

Mode 3 Zero Base 1.304 0.322 1.140 0.726 0.873 
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2.4.6 Summary of Scour Effects on Structural Dynamics Measurements 

This analysis of the experimental results has explored how a change in embedded length due to 

scour is anticipated to manifest as changes in the first three bending modes of vibration. The degree 

of the effects was found to depend on the top mass attached to the structure. As an example (using 

Figure 2.16 and Table 2.3), the generalised effects per pile diameter of total scour depth (i.e. 𝑆𝑇/𝐷 =

1) are summarised below: 

i. Mode 1 – The natural frequency reduces by 2.6% to 4.8%, these values are similar to the 

results of previous numerical studies (e.g. approximately 4% from Damgaard et al. (2013) in 

Figure 1.26). Analysis of the mode shape metrics shows that all features move downwards: the 75% 

displacement position by Δ𝑧/𝑆𝑇 = -0.02 to -0.15, the 50% position by Δ𝑧/𝑆𝑇 = -0.13 to -0.35, and 

the 25% by Δ𝑧/𝑆𝑇 = -0.48 to -0.66. 

ii. Mode 2 – The natural frequency reduces by 11.7% to 15.6% these values are slightly higher 

than the result of previous numerical studies (e.g. approximately 8% from Sørensen and Ibsen 

(2013) in Figure 1.27). Analysis of the mode shape metrics shows that all features move downwards: 

the zero-displacement position by Δ𝑧/𝑆𝑇 = -0.22 to -0.63 and the maxima by Δ𝑧/𝑆𝑇 = -0.42 to -0.58. 

iii. Mode 3 – The natural frequency reduces by 6.8% to 8.4%. Analysis of the mode shape 

metrics shows that all features move downwards: the zero-displacement position near the tower top 

by Δ𝑧/𝑆𝑇 = -0.003 to -0.09, the maxima by Δ𝑧/𝑆𝑇 = -0.25 to -0.33, and the zero-displacement near 

the TP by Δ𝑧/𝑆𝑇 = -0.32 to -1.3. 
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2.5 Monotonic Lateral Loading Tests 

2.5.1 Test Configuration 

Monotonic lateral loading tests were performed at the end of each of the flume experiment tests 

using the general layout presented in Figure 2.23. Six lateral loading tests were performed: one with 

unremediated scour, and five with model scour protection systems installed. The tests were 

performed to provide insight into the effect of scour and scour protection on the performance of 

monopile foundations under loading at large displacements.  

In the lateral loading tests a horizontal load, 𝐻, was applied in the streamwise direction at 

elevation 𝑧 = 2.4725 m above pile tip, via an independent reaction frame. Displacements in the 

streamwise direction were measured using LVDTs at two elevations, 𝑧 = 1.9 m and 𝑧 = 2.4 m, with 

the scaffold as a reference frame. Strain gauges measured bending strains at 𝑧 = 1.6 m. 

Appendix C.8 presents supplementary information on the experimental setup and data analysis 

methods for the monotonic lateral loading tests. 

 
 

 
Figure 2.23. Monotonic loading test layout; x and z are flume coordinates (Fig. 2 in Paper 3); y’ and 

z’ are coordinates used in the analysis of lateral loading tests, where z’ is the height above the 
median local bed level adjacent to the pile wall. 
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2.5.2 Lateral Loading Test Results 

Figure 2.24 presents the output load-displacement and moment-rotation curves for all tests, in 

absolute terms and normalised quantities. The normalised load-displacement, 𝐻-𝑣𝐺, and moment-

rotation, 𝑀𝐺-𝜃𝐺 , curves use a reference load, 𝐻𝑅, at a reference ground displacement, 𝑣𝐺 = 𝑣𝑅 =

0.1𝐷, and a reference ground level moment, 𝑀𝑅, at a reference ground level rotation, 𝜃𝐺 = 𝜃𝑅 = 3°. 

These reference values nominally represent the condition at the ultimate capacity. Table 2.4 

presents the maximum and reference horizontal and moment capacities.  

Figure 2.25 presents the test results in two ways: (1) against the pile local embedment, 𝐿, and (2) 

against the pile local embedment in sand, 𝐿 − 𝑡𝑠𝑝, representing the embedment excluding the scour 

protection thickness 𝑡𝑠𝑝 (𝑡𝑠𝑝 from Paper 3). In Figure 2.25, as expected, there is a general trend for 

the load capacity 𝐻𝑚𝑎𝑥 and moment capacity 𝑀𝐺,𝑚𝑎𝑥 to increase with pile embedment.  

Reference lines are drawn between the local embedment of Test 1 (unremediated scour), and 

Test 5 (P-RA), which had a relatively thin layer of scour protection. The reference lines pass very 

close to the local level results for Test 4 (R-RF2), which had a similar scour protection thickness to 

Test 5. This suggests that the scour protection capacity contribution was similar in Tests 4 and 5. 

Test 2 (TFN) and Test 3 (R-RF1) have very similar geometries, but the capacity of Test 3 is higher, 

sitting above the reference line in Figure 2.25. The capacity of Test 2 is lower and below the 

reference line. This suggests two things, (1) the lateral capacity contribution of the rock fill in Test 3 

was similar to or greater than that of the sand, and (2) the lateral capacity contribution of the tyre-

filled nets in Test 2 was negligible or much lower than that of the sand. 

Test 6 (R-RF3) has a similar local embedment to Test 5 (P-RA), but a lower capacity relative to 

the reference line in Figure 2.25. This implies that the scour protection in Test 6 had a smaller 

capacity contribution than that of the equivalent in situ sand. It is likely this reduced capacity is 

caused by the falling apron of scour protection adjacent to the pile in Test 6 (Fig. 20 in Paper 3). In 

Test 5 the changes in bathymetry were distant from the pile, and the global scour does not appear 

to have had a detrimental effect on the lateral capacity. 
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Figure 2.24. Monotonic lateral loading curves: flume experiment results 

 
Table 2.4. Monotonic Lateral Loading Capacity Parameters: Flume Experiment Results 

FFF Test 
(Table 5 in 
Paper 3) 

𝑯𝒎𝒂𝒙 𝑴𝑮,𝒎𝒂𝒙 𝒗𝑹 𝑯𝑹 𝜽𝑹 𝑴𝑹 

[N] [Nm] [mm] [N] [°] [Nm] 

1a 327 665 11.6 300 3.0 613 

2 (R-TFN) 866 1491 19.7 770 3.0 1264 

3 (R-RF1) 1473 2521 19.7 1471 3.0 2342 

4 (R-RF2) 1258 2161 19.7 1115 3.0 1858 

5 (P-RA) 1906 2896 19.7 1875 3.0 2831 

6 (R-RF3) 1330 1965 19.7 1305 3.0 1954 
a For Test 1, 𝑣𝐺  did not reach 0.1𝐷, 𝑣𝑅   and 𝐻𝑅 were measured at the maximum value of 𝑣𝐺   

 

  
Figure 2.25. Monotonic lateral loading capacity parameters plotted with pile embedment; ‘o’ 
indicates local embedment level; ‘+’ indicates embedment in sand excluding scour protection; length 
of the solid lines is the scour protection thickness; dotted line is a reference line drawn between the 
Test 1 and Test 5 results and is not intended as a best fit. The global bed level at the end of all tests 

was located at z/D = 4.1 ± 0.2 (Appendix C.9.1). 
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2.6 Conclusions 

2.6.1 Execution of Flume Experiments 

This Section has described the flume experiments, in which a model monopile – tower system was 

driven into a compacted sand bed, and subsequently exposed to scour in the Fast Flow Facility 

flume. Six tests were performed, with variations in the initial embedment, target local scour depth, 

target global scour depth, and scour protection systems.  

The experiments were successful in providing measurements of structural dynamics changes with 

scour development and with scour protection, as well as producing monotonic loading curves. CPT 

tests showed the bed preparation to be consistent and achieve a dense condition as intended. The 

scour development and effects of scour were repeatable, and the use of various scour protection 

models produced differing results as anticipated. Appendix C.10 summarises the practical issues 

and lessons learned from the flume experiments. 

A comparison of the natural frequency measured with two method, frequency sweeps and impulse 

tests, showed inconsistencies. These inconsistencies are suspected to be due to effects of the modal 

shaker attached in the frequency sweep tests. The results of the impulse tests were therefore used 

in subsequent interpretation of the experiments. 

2.6.2 Scour Effects on Structural Dynamics 

The natural frequency of mode 2 is the most sensitive to scour. The elevation of the maxima in the 

shape of mode 2 was also shown to be sensitive to scour.  

SHM campaigns for scour detection should target the positioning of accelerometers to be around 

the maxima of mode 2, to provide evidence of scour damage at operating wind farms. The research 

has not considered other potential damage mechanisms that may influence the dynamics of a wind 

turbine structure (e.g. damage of the grouted joint in the transition piece). If these other forms of 

damage occur in the field, they may also induce similar symptoms to those caused by scour damage, 

such as drops in the natural frequencies and mode shape changes. In these cases, if the source of 

damage is uncertain, scour development could be eliminated as a potential source of damage if the 

symptoms are inconsistent with those anticipated for scour based on the experimental results. 
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2.6.3 Scour Protection Effects 

Following the discussion and conclusions in Paper 3, the results have the following implications for 

full-scale structures with scour protection systems installed: 

i. Pre-installed rock armour scour protection prevents development of local scour. Changes 

in the global bed level and secondary scour did not affect the natural frequency of the structure, 

since the changes were sufficiently distant from the pile. 

ii. Remedial rock fill scour protection provides an enhancement to the foundation stiffness 

and strength. The enhancement to stiffness is less than that of the original in situ sand, but the 

enhancement to strength could be greater than the in situ sand. These enhancements can be 

diminished if global scour causes the scour protection to become unstable, and if falling aprons form 

adjacent to the pile wall. 

iii. Remedial tyre-filled net scour protection prevents the development of further local scour, 

but may cause secondary scour. The tyre-filled nets have a negligible effect on the foundation 

stiffness and capacity. 

iv. Sand accretion in the scour protection matrix was observed in the tests, caused by the 

high sediment supply in the live bed test conditions. A similar phenomenon occurred in the work of 

An et al. (2014). The accretion caused increases in the natural frequencies of up to approximately 

2% (Fig. 19 in Paper 3). This supports the hypothesis that the scour protection stiffness was 

enhanced by particle interlocking effects with sand in the void space. It is unclear if sand accretion 

occurs in the field, the observed frequency gains for scour protected turbins at Greater Gabbard 

offshore wind farm were on average 1.34% over 81 months (Hucker et al., 2019) and may be 

evidence of this effect. 
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Section 3 – One-dimensional Finite Element Model Development 
3 ONE-DIMENSIONAL FINITE ELEMENT MODEL DEVELOPMENT 

3.1 Introduction 

This Section presents a numerical model to predict the natural frequencies of monopile-supported 

offshore wind turbine structures. The work adopts a one-dimensional (1D) finite element approach, 

modelling distributed soil reactions down the pile. 

 
3.2 Model Description 

3.2.1 Finite Element Model Configuration 

Figure 3.1 presents an overview of the model. The natural frequencies of the structure are 

determined using an eigenvalue analysis method, described in Section 3.3. Within the model the 

height above pile tip is used for the vertical coordinate, 𝑧, since it is problematic to use a moving 

seabed with scour as a reference datum. 

3.2.2 Soil Stiffness Components 

Table 3.1 presents the formulation of the soil stiffness components derived from the PISA 1D model, 

with the assumption that the stress-strain response is small and remains linear elastic. The non-

dimensional stiffness coefficients (𝑘𝑝,𝑘𝑚,𝑘𝐻,𝑘𝑀) are specified in the general form of  the normalised 

soil reaction curves (Figure 1.14). The dimensioned soil stiffness components (𝐾𝑝,𝐾𝑚,𝐾𝐻,𝐾𝑀) are 

defined using the soil reaction normalisations (Table 1.1), these depend on the local small strain 

shear stiffness 𝐺0. Table 3.2 provides the assumed general forms of 𝐺0 for clay and sand soils. 

Section 3.5.5 presents further detail on the 𝐺0 expressions implemented in EigPile. 
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Figure 3.1. EigPile finite element model configuration for monopile eigenvalue analysis: (a) Idealised 

physical configuration; (b) 1D numerical model representation. Coordinate systems: z is used to 
formulate and define the model; zBSF is used to specify and interpret the soil properties; zL is used to 
interpret the influence of scour on the soil properties. 

 
Table 3.1. Soil stiffness coefficients 

Stiffness component (Figure 3.1(a)) Non-dimensional Dimensioned 

Distributed lateral stiffness 𝑘𝑝 =
𝑑𝑝

𝑑𝑣
 𝐾𝑝 =

𝑑𝑝

𝑑𝑣
= 𝑘𝑝𝐺0 

Distributed rotational stiffness 𝑘𝑚 =
𝑑𝑚

𝑑𝜓
 

Clay 𝐾𝑚 =
𝑑𝑚

𝑑𝜓
= 𝑘𝑚𝐺0𝐷

2 

Sand 𝐾𝑚 =
𝑑𝑚

𝑑𝜓
= 𝑘𝑚𝐺0𝐷 (

𝑝

𝜎𝑣
′
) = 0  

Base horizontal stiffness 𝑘𝐻 =
𝑑𝐻𝐵

𝑑𝑣𝐵

 𝐾𝐻 =
𝑑𝐻𝐵

𝑑𝑣
= 𝑘𝐻𝐺0𝐷 

Base moment stiffness 𝑘𝑀 =
𝑑𝑀𝐵

𝑑𝜓
𝐵

 𝐾𝑀 =
𝑑𝑀𝐵

𝑑𝜓
= 𝑘𝑀𝐺0𝐷

3 
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Table 3.2. General form of small strain shear modulus expressions 

Clay (e.g. PISA Final Report, 2016) Sand (e.g. Hardin and Richart, 1963) 

𝐺0 = 𝐵𝑝′ 𝐺0 = 𝐵𝑓(𝑒)𝑝𝑟𝑒𝑓 (
𝑝′

𝑝𝑟𝑒𝑓

)

0.5

 

 
 

3.2.3 Influence of Scour 

In the presence of scour, the effective stresses in the soil are reduced, leading to a reduction in the 

small strain shear stiffness 𝐺0 of the soil, and hence a reduction in the soil stiffness components 

(𝐾𝑝,𝐾𝑚,𝐾𝐻,𝐾𝑀). For all soil types it is assumed that excess pore water pressures are fully dissipated 

and hence that hydrostatic conditions are restored after the scour processes have occurred. 

Figure 3.2(a) & (b) presents the bilinear approach suggested by the design standards (e.g. API, 

2011) for calculation of the apparent vertical effective stress 𝜎𝑣,𝐴
′  adjacent to the pile under the 

influence of scour. In API (2011) Δ𝑧𝑂 is given as 6𝐷; the appropriateness of this value is explored in 

Section 4. 

Table 3.3 presents the expressions for 𝜎𝑣,𝐴
′ , which is a function of the ‘global effective stresses’ 

𝜎𝑣,𝐺
′ , ‘local effective stress’ 𝜎𝑣,𝐿

′ , and the local scour influence factor 𝛼𝐿, where 0 ≤ 𝛼𝐿 ≤ 1 

(Appendix A: Paper 1). Figure 3.2(c) shows an example profile of the local scour influence factor, 

𝛼𝐿. The 𝛼𝐿 implied by the design standards has a bilinear variation with depth, hence 𝜎𝑣,𝐴
′  will not be 

bilinear if there is any variation in the soil effective unit weight 𝛾′. Section 3.5.6 presents further detail 

on the implementation of 𝜎𝑣,𝐴
′  and 𝛼𝐿 in EigPile. 

3.2.4 Influence of Scour Protection 

When scour protection is introduced, the soil stiffness components (𝐾𝑝,𝐾𝑚,𝐾𝐻,𝐾𝑀) are influenced by 

two effects: (i) changes in the apparent vertical effective stress 𝜎𝑣,𝐴
′  within and below the scour 

protection, and (ii) the additional stiffness of the scour protection material.  

Figure 3.3 presents the proposed bilinear approach to calculate 𝜎𝑣,𝐴
′  under the influence of scour, 

for cases where the scour protection level adjacent to the pile wall is either (a) recessed or (b) raised 

relative to the global bed level. 
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To estimate the additional stiffness introduced by the scour protection, it is reasonable to assume 

that 𝐺0 for scour protection materials can be estimated from standard correlations for granular 

materials (i.e. for sand, Table 3.2). The following correlation is proposed, 

𝐺0 = 𝐵𝑆𝑃𝑝𝑟𝑒𝑓 (
𝑝′

𝑝𝑟𝑒𝑓

)

0.5

 (3.1) 

where 𝐵𝑆𝑃 is a (non-dimensional) scour protection stiffness coefficient expected to vary between 

scour protection types. 

 

 
Figure 3.2. Definition of soil vertical effective stress profiles under the influence of scour: (a) 
Idealised local scour hole geometry; (b) Vertical effective stress profiles; (c) Bilinear profile of local 
scour influence factor, αL; zBSF is the depth below seafloor at the time of pile installation. 

 
 

Table 3.3. Expressions for vertical effective stress under the influence of scour 

Description Vertical effective stress  

Unscoured effective stress 𝜎𝑣,0
′ = 𝛾′𝑧𝐵𝑆𝐹 

Global effective stress 𝜎𝑣,𝐺
′ = 𝛾′(𝑧𝐵𝑆𝐹 − 𝑆𝐺) 

Local effective stress 𝜎𝑣,𝐿
′ = 𝛾′(𝑧𝐵𝑆𝐹 − 𝑆𝑇) 

Apparent effective stress adjacent to the pile wall 𝜎𝑣,𝐴
′ = 𝜎𝑣,𝐿

′ + 𝛼𝐿(𝜎𝑣,𝐺
′ − 𝜎𝑣,𝐿

′ ) 
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Figure 3.3. Proposed soil vertical effective stress profiles under the influence of scour protection: (a) 

Scour protection recessed in scour hole, ST > SG; (b) Scour protection raised above global bed level, 
ST < SG. (i) Idealised scour protection geometry; (ii) Vertical effective stress profiles; (iii) Bilinear profile 
of local scour influence factor. 
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3.3 Eigenvalue Problem 

The equation of motion for a system with mass matrix  𝐌, damping matrix 𝐂, and stiffness matrix  𝐊 

subjected to an external force F is (after Williams, 2016), 

𝐌𝑣̈ + 𝐂𝑣̇ + 𝐊𝑣 = F (3.2) 

where 𝑣 is a displacement vector. For an undamped (𝐂 = 0) freely vibrating (F = 0) system with an 

amplitude V and a circular natural frequency 𝜔𝑚 = 2𝜋𝑓𝑚, it can be shown that, 

(𝐊 − λ𝑚𝐌)V𝑚 = 0 (3.3) 

where λ𝑚  =  𝜔𝑚
2. For non-trivial solutions, |𝐊 − λ𝑚𝐌| = 0. The natural frequencies can therefore 

be calculated using an eigenvalue analysis to determine the eigenvalues (λ𝑚) and the associated 

mode shape eigenvectors (V𝑚).  

3.4 Finite Element Formulation 

3.4.1 Beam Elements 

The pile-tower structure is modelled with four degree-of-freedom Euler-Bernoulli beam elements 

employing the conventions shown in Figure 3.4, based on the notes in Burd (2018, pers. comm.). 

The element stiffness matrix 𝐊𝐞,𝐛𝐞𝐚𝐦 and element mass matrix 𝐌𝐞,𝐛𝐞𝐚𝐦 contributions are,  

 𝐊𝐞,𝐛𝐞𝐚𝐦 = ∫ 𝐁𝐛
T. 𝐸𝐼. 𝐁𝐛

𝑧2

𝑧1

 𝑑𝑧 (3.4) 

 𝐌𝐞,𝐛𝐞𝐚𝐦 = ∫ 𝐁𝛙
T . 𝑗. 𝐁𝛙 + 𝐁𝐯

T. 𝜌𝐴. 𝐁𝐯

𝑧2

𝑧1

 𝑑𝑧 (3.5) 

where 𝐁𝐯 is a vector of Hermitian shape functions, and 𝐁𝛙 and 𝐁𝐛 contain shape function derivatives. 

These are matrices defined in terms of the reference coordinate 𝑎 (Figure 3.4) as, 

 𝐁𝐯 = [ 1 − 3𝑎2 + 2𝑎3 −𝑎𝐿𝑒(1 − 2𝑎 + 𝑎2) 3𝑎2 − 2𝑎3 −𝑎𝐿𝑒(−𝑎 + 𝑎2)] (3.6) 

𝐁𝛙 =
𝑑𝐁𝐯

𝑑𝑧
=

1

𝐿𝑒
 
[−6𝑎 + 6𝑎2 𝐿𝑒(1 − 4𝑎 + 3𝑎2) 6𝑎 − 6𝑎2 𝐿𝑒(−2𝑎 + 3𝑎2) ] (3.7) 

 𝐁𝐛 =
𝑑𝐁𝐯

2 

𝑑2𝑧
=

1

𝐿𝑒
2
[−6 + 12𝑎 𝐿𝑒(−4 + 6𝑎) 6 − 12𝑎 𝐿𝑒(−2 + 6𝑎)] (3.8) 
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Figure 3.4. Euler-Bernoulli beam element definitions 

 
 

3.4.2 Lumped Nodal Mass Elements 

The turbine rotor and nacelle, and other attachments, are modelled as lumped nodal masses 

(Figure 3.1), with a mass 𝑀 and moment of inertia 𝐽, 

 𝐽 = 𝑀. 𝑅𝑔𝑦𝑟
2 (3.9) 

where 𝑅𝑔𝑦𝑟 is radius of gyration.  

The lumped nodal masses are effectively single-node elements, with 𝑀 and 𝐽 assigned to the 

relevant degrees of freedom in the nodal mass matrix 𝐌𝐧𝐨𝐝𝐚𝐥. 

3.4.3 Water Added Mass Elements 

The mass of internal and external water around the pile is represented by water added mass 

elements with no rotational inertia, consistent with dynamics analyses performed for submerged 

cylinders in other applications (e.g. riser vortex-induced-vibration, DNV (2010)). Figure 3.5 shows 

the assumed cross-sectional areas of internal 𝐴𝑤,𝑖𝑛𝑡 and external water 𝐴𝑤,𝑒𝑥𝑡 added mass, with an 

added mass coefficient 𝐶𝑎 = 1 assumed (DNV, 2010). The element mass matrix 𝐌𝐞,𝐰 for the water 

added mass elements is, 

 𝐌𝐞,𝐰 = ∫ 𝐁𝐯
T. 𝜌𝑤(𝐴𝑤,𝑖𝑛𝑡 + 𝐴𝑤,𝑒𝑥𝑡). 𝐁𝐯

𝑧2

𝑧1

 𝑑𝑧 (3.10) 

the density of water was assumed as 𝜌𝑤 = 1000 kg/m3. 
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Figure 3.5. Schematic of water added mass 

 
 

3.4.4 Soil Stiffness Elements 

The soil reactions described in Section 3.2.2 are modelled as a series of soil stiffness elements. For 

the distributed soil reactions, the element stiffness matrix 𝐊𝐞,𝐬𝐨𝐢𝐥,𝐝 including lateral stiffness 𝐾𝑝 and 

rotational stiffness 𝐾𝑚 is defined as (after Burd, 2018), 

 𝐊𝐞,𝐬𝐨𝐢𝐥,𝐝 = ∫ 𝐁𝐯
T. 𝐾𝑝 . 𝐁𝐯 + 𝐁𝛙

T . 𝐾𝑚. 𝐁𝛙

𝑧2

𝑧1

 𝑑𝑧 (3.11) 

The base soil stiffness 𝐊𝐬𝐨𝐢𝐥,𝐁 is defined by adding the pile base stiffness components (𝐾𝐻, 𝐾𝑀) at 

the relevant degrees of freedom. 

3.4.5 Soil Plug Elements 

The soil plug within the pile is assumed to behave as a beam element, where the element stiffness 

matrix 𝐊𝐞,𝐩𝐥𝐮𝐠 and element mass matrix 𝐌𝐞,𝐩𝐥𝐮𝐠 are calculated in a consistent manner to the pile 

stiffness matrix 𝐊𝐞,𝐩𝐢𝐥𝐞 and mass matrix 𝐌𝐞,𝐩𝐢𝐥𝐞 (Section 3.4.1).  

The Young’s modulus of the soil plug (𝐸𝑝𝑙𝑢𝑔) is related to the small strain shear modulus by, 

 𝐸𝑝𝑙𝑢𝑔 = 2𝐺0(1 + 𝜈) (3.12) 

where 𝐺0 is calculated assuming no scour, and where Poisson’s ratio 𝜈 = 0.5 was assumed, 

corresponding to undrained behaviour. 

3.4.6 Gaussian Integration 

Gaussian integration is used to compute the element mass and stiffness matrices. This involves 

summation of the weighted values over a discrete number of Gauss points 𝑁𝑔 at specific positions 

along the element. Each Gauss point has a position 𝑎𝑔 (Figure 3.4) and weighting 𝑤𝑔. The finite 

Aw,int = πDi
2/4

Aw,ext = Ca(πD2/4)

D

Di
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elements in the numerical model are assessed using 𝑁𝑔 = 4 Gauss points per element, which allows 

representation of a quadratic variation across each element.  

The positions 𝑎𝑔 and weighting 𝑤𝑔 are provided below for 𝑁𝑔 = 4 (after Burd, 2018). 

𝑎𝑔 =
1

2
+

1

2

[
 
 
 
 

−√
3

7
+

2

7
√

6

5
       − √

3

7
−

2

7
√

6

5
     √

3

7
−

2

7
√

6

5
      √

3

7
+

2

7
√

6

5

]
 
 
 
 

 (3.13) 

𝑤𝑔 =
1

2
[
18

36
−

√30

36
       

18

36
+

√30

36
      

18

36
+

√30

36
      

18

36
−

√30

36
 ] (3.14) 

 
3.5 Model Implementation 

3.5.1 Global Stiffness and Mass Matrix Definitions 

The soil-structure system is represented by a global stiffness matrix 𝐊 and global mass matrix 𝐌, 

which are assembled as follows, 

 𝐊 = 𝐊𝐛𝐞𝐚𝐦 + 𝐊𝐬𝐨𝐢𝐥,𝐝 + 𝐊𝐬𝐨𝐢𝐥,𝐁 + 𝐊𝐩𝐥𝐮𝐠 (3.15) 

 𝐌 = 𝐌𝐛𝐞𝐚𝐦 + 𝐌𝐧𝐨𝐝𝐚𝐥 + 𝐌𝐩𝐥𝐮𝐠 + 𝐌𝐰,i𝐧𝐭 + 𝐌𝐰,e𝐱𝐭 (3.16) 

 
3.5.2 Mesh Generation 

EigPile constructs a finite element mesh based on the input data and an input target number of 

elements (𝑛𝑒𝑙𝑠,𝑟𝑒𝑞). A maximum element length (𝐿𝑒,𝑚𝑎𝑥) is then specified based on the target number 

of elements.  

 𝐿𝑒,𝑚𝑎𝑥 = 𝐿𝑠𝑡𝑟𝑢𝑐𝑡/𝑛𝑒𝑙𝑠,𝑟𝑒𝑞 (3.17) 

Firstly, nodes are added at the elevation of structure geometry changes, masses, soil layers, 

scour depths, water levels, and plug levels. If the spacing between adjacent nodes exceeds 𝐿𝑒,𝑚𝑎𝑥 

then additional nodes are added with equal spacings less than 𝐿𝑒,𝑚𝑎𝑥. This approach typically 

produces a finite element mesh with one to three elements more than the target 𝑛𝑒𝑙𝑠,𝑟𝑒𝑞. Mesh 

sensitivity is explored in Section 3.6.1.1. 
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3.5.3 Calculation of Beam Element Properties 

The structure geometry is defined assuming linear variation of 𝐷 and 𝑡𝑤 along each beam element 

to allow for tapered tower structures to be modelled. The second moment of area (𝐼), cross-sectional 

area (𝐴) and distributed moment of inertia (𝑗) are calculated as, 

 𝐼 =
𝜋

4
((

𝐷

2
)

4

− (
𝐷

2
− 𝑡𝑤)

4

)  (3.18) 

 𝐴 = 𝜋𝑡𝑤(𝐷 − 𝑡𝑤) (3.19) 

 𝑗 = 𝜌. 𝐼 (3.20) 

 
3.5.4 Normalised Soil Stiffness Coefficients 

Normalised stiffness coefficients (𝑘𝑝, 𝑘𝑚, 𝑘𝐻, 𝑘𝑀) have been implemented using the generalised 

Dunkirk sand model (GDSM) determined in the PISA2 project (PISA2 Final Report, 2018), in addition 

to the clay models for Cowden till, Bothkennar clay, and London clay (see Section 1.4.1.3).  

The expressions for normalised stiffness components (𝑘𝑝, 𝑘𝑚, 𝑘𝐻, 𝑘𝑀) from the PISA2 models 

are variable with depth and assume a flat seafloor. It is assumed that for a scoured seafloor (e.g. 

Figure 3.1) the normalised stiffness components vary with the depth below the local bed level 𝑧𝐿 (as 

opposed to e.g. the depth below initial seabed level). 

3.5.5 Small Strain Shear Modulus 

Table 3.4 presents the calculation methods for small strain shear modulus 𝐺0 implemented in 

EigPile. Isotropic stress conditions are assumed (𝑝′ = 𝜎𝑣,𝐴
′ ).  

3.5.6 Soil Effective Stress with Scour 

On the basis of the discussion  in Section 3.2 on effective stresses under the influence of scour and 

scour protection, Table 3.5 presents the calculation methods for 𝛼𝐿 for scoured conditions. The 

design standard API (2011) suggests a bilinear variation of 𝛼𝐿 with depth, whereas Qi et al. (2016) 

suggests an alternative approach with a hyperbolic tangent variation (see Figure 3 in Paper 1).  
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Table 3.4. Soil small strain shear modulus models implemented in EigPile 

𝑮𝟎 model 𝑮𝟎 expression Parameters 

Bathgate psf sand  

(Paper 3) 
𝐺0 =

𝐵𝑝𝑟𝑒𝑓

0.3 + 0.7𝑒2
(

𝑝′

𝑝𝑟𝑒𝑓
)

0.5

  
𝐵 = 478 

𝑝𝑟𝑒𝑓 = 100 kPa 

Dunkirk sand 

(PISA2 Final Report, 2018) 
𝐺0 =

𝐵𝑝𝑟𝑒𝑓

0.3 + 0.7𝑒2 (
𝑝′

𝑝𝑟𝑒𝑓
)

0.5

 
𝐵 = 875 

𝑝𝑟𝑒𝑓 = 101.3 kPa 

Cowden clay 

(PISA2 Final Report, 2018) 
𝐺0 = 𝐵𝑝′ 𝐵 = 1100 

Bothkennar clay 

(PISA2 Final Report, 2018) 
𝐺0 = 𝐵𝑝′ 𝐵 = 500 

London clay 

(PISA2 Final Report, 2018) 
𝐺0 = 𝐵𝑝′ 𝐵 = 740 

Scour protection 𝐺0 = 𝐵𝑆𝑃𝑝𝑟𝑒𝑓 (
𝑝′

𝑝𝑟𝑒𝑓
)

0.5

 𝑝𝑟𝑒𝑓 = 100 kPa 

Rigid fixity model 𝐺0 = 1E15 Pa n/a 

 
 

Table 3.5. Local scour influence factor calculation models (Figure 3.2 shows reference levels) 

Scour model 𝜶𝑳 expression Remarks 

Local stress assumption 0 𝜎𝑣,𝐴
′ = 𝜎𝑣,𝐿

′  

Global stress assumption 1 𝜎𝑣,𝐴
′ = 𝜎𝑣,𝐺

′  

Bilinear with 𝑆𝑇 ≥ 𝑆𝐺 
𝑧𝐿

Δ𝑧𝑂 − 𝑆𝐿
≤ 1 

Note that design standards suggest 

∆𝑧𝑂 = 6𝐷 (API, 2011) 

Qi et al. (2016) tanh (𝑓
𝑧𝐿

𝐷
) Empirical coefficient 𝑓 = 1.5 

Bilinear with 𝑆𝑇 < 𝑆𝐺 
𝑧𝐿

Δ𝑧𝑂 + ℎ𝐿
≤ 1 For scenarios with scour protection raised above 

global bed level (see Figure 3.3(b)) 

 
 

3.5.7 Eigenvalue Solver 

The eigenvalue analysis is solved using the MATLAB function eig. The eigenvalue analysis produces 

the same number of modes of vibration as degrees of freedom in the system, however EigPile 

outputs a limited number of frequencies specified by the user, taking the lowest frequencies first. 

The output mode shapes V are dimensionless with a maximum absolute value |V|𝑚𝑎𝑥 = 1. 
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3.6 Model Validation 

3.6.1 Analytical Natural Frequency of a Uniform Beam 

The analytical solution for natural frequencies of a uniform thin Euler beam – i.e. neglecting the 

effects of damping, rotary inertia, and shear deformations – are well established (e.g. Williams, 2016) 

for simple end fixity conditions such as those illustrated in Figure 3.6. For undamped free vibration 

of a uniform beam the equation of motion is, 

 𝐸𝐼
𝜕4𝑣

𝜕𝑧4
+ 𝜌𝐴

𝜕2𝑣

𝜕𝑡2
= 0 (3.21) 

The solution for the natural frequencies of this beam is, 

 𝜔𝑚
2 = 𝛽𝑚

4 (
𝐸𝐼

𝜌𝐴𝐿4
) (3.22) 

 𝑓𝑚 =
1

2𝜋
(
𝛽𝑚

𝐿
)

2

(
𝐸𝐼

𝜌𝐴
)
1/2

 (3.23) 

where 𝛽𝑚 is a modal coefficient that is dependent on the mode shape. Table 3.6 presents the 𝛽𝑚 

coefficients for the first four modes for Euler beams with fixed-free and fixed-pinned conditions.  

To extend the analytical solution to account for rotary inertia effects, the following approximate 

expression is proposed (after Nukala, 1999), 

 𝜔𝑚
2 = 𝛺𝑚𝛽𝑚

4 (
𝐸𝐼

𝜌𝐴𝐿4
) (3.24) 

 𝑓𝑚 = 𝛺𝑚
1/2 1

2𝜋
(
𝛽𝑚

𝐿
)

2

(
𝐸𝐼

𝜌𝐴
)
1/2

 (3.25) 

where 𝛺𝑚 is a natural frequency modifying factor for rotary inertia effects, defined as, 

 𝛺𝑚 =
1

1 + 𝛽𝑚
2 (

𝐼
𝐴𝐿2)

 (3.26) 

 
Use of the 𝛽𝑚 values from Table 3.6 will give an approximate 𝛺𝑚 value, since introducing the rotary 

inertia result in slight differences in the mode shapes from which 𝛽𝑚 is derived. 
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L L

End 1
Fixed

End 2
Free

End 1
Fixed

End 2
Pinned

(a) (b)

  
Figure 3.6. Illustration of simply supported beam fixity conditions (a) Fixed-free beam; (b) Fixed-
pinned beam. 

 
 

Table 3.6. Modal coefficients for uniform thin beams (Williams, 2016)  

End 1 Fixity End 2 Fixity 𝜷𝟏 𝜷𝟐 𝜷𝟑 𝜷𝟒 

Fixed Free 1.875 4.694 7.855 11.00 

Fixed Pinned 3.940 7.068 10.21 13.35 

 
 

3.6.1.1 EigPile Model Verification 

A simplified wind turbine tower was modelled in EigPile, to allow a verification analysis to be 

performed for a uniform beam with full fixity at the base of the tower. Fixity at the base of the tower 

was imposed with a large base stiffness (rigid fixity model, Table 3.4). The simplified geometry was 

based on the tower for the NREL reference wind turbine (Jonkman et al., 2009). Table 3.7 presents 

the simplified geometry adopted for the EigPile model validation, which uses an average of the tower 

top and base dimensions and assumes steel material properties.  

Figure 2.14 presents a comparison of the EigPile output natural frequencies with the analytical 

Euler beam solution for the first four bending modes of a thin beam (3.23), where the rotary inertia 𝑗 

was set to zero. A mesh sensitivity analysis (Figure 2.14(b)) shows that EigPile outputs consistent 

natural frequency results once the number of elements exceeds around 80. The first three 

frequencies very closely match the analytical solution (error |𝜀𝑓| < 0.1%) for a fixed-free uniform 

beam (thin beam assumption).  

The analysis of the flume experiments (Section 4.2), concerned with the first three modes, used 

a target number of elements 𝑛𝑒𝑙𝑠,𝑟𝑒𝑞 = 200. The analysis of structures at Robin Rigg offshore wind 

farm (Section 5), considers only the first mode, and uses a target number of elements 𝑛𝑒𝑙𝑠,𝑟𝑒𝑞 = 50. 
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3.6.2 Rotational Inertia Effects 

Table 3.8 presents a comparison of the natural frequency modifying factor 𝛺𝑚 determined using the 

analytical solution (3.25) and the EigPile output, where the rotary inertia 𝑗 was calculated according 

to Section 3.5.3. The results in Table 3.8 indicate that the influence of rotary inertia effects is similar 

between the analytical approach and the EigPile output, with a difference of less than 1%. 

 
Table 3.7. Simplified tower model parameters 

Model 
𝑫 𝒕𝒘 𝑳 𝑬 𝝆 

[m] [mm] [m] [GPa] [kg/m3] 

NREL_M0 4.935 23.5 90 210 7850 

 
 

  
(a) Analytical natural frequencies (b) Natural frequency error sensitivity to number of 

elements 

Figure 3.7. Comparison of EigPile result to analytical solution: NREL_M0 uniform tower model with 
fixed-free end conditions and thin beam assumption with no rotary inertia effects and no shear 
deformation effects 

 
 

Table 3.8. Natural frequency modifying factor for rotary inertia effects: NREL_M0 uniform tower 
model with fixed-free end conditions 

Model 𝜴𝟏 𝜴𝟐 𝜴𝟑 𝜴𝟒 

Analytical solution for rotary inertia 0.9987 0.9919 0.9775 0.9569 

EigPile results 0.9985 0.9893 0.9750 0.9546 
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3.7 Discussion and Limitations 

A 1D finite element model EigPile was developed to analyse the natural frequencies of monopile-

supported offshore wind turbines. 

The influence of scour is modelled by incorporating two key mechanisms: (i) increasing the free 

length of the pile due to loss of soil support, and (ii) reducing the stiffness of the remaining soil due 

to reduced effective stresses in the soil. To model the influence of scour protection these two 

mechanisms have parallels of: (i) decreasing the free length of the pile, and (ii) increasing the 

stiffness of the underlying soil due to the weight of the scour protection; for scour protection there is 

an additional mechanism of: (iii) introducing the stiffness contribution of the scour protection material 

in contact with the pile wall. The effects of scour protection on pile foundation behaviour has received 

limited attention in previous research, and new methods are proposed to model the sour protection 

stiffness. 

The 1D model could be further developed by performance of 3D finite element analysis to produce 

normalised soil reactions in the presence of scour and with scour protection layers, following a 

methodology similar to the PISA project. One challenge for such work will be in defining appropriate 

constitutive models for the scour protection material, which would likely require novel testing 

methods to be developed to determine the mechanical behaviour of the scour protection matrix. The 

geometry of seabed bathymetry with scour and scour protection can become complicated, for 

example by asymmetry and the formation of falling aprons. The models presented in this Section 

have assumed that the soil stresses vary with the global bed level and local bed level, the validity of 

these assumptions could be explored through 3D finite element analysis. 

The current work adopts a simplifying assumption that the soil stiffness 𝐺0 and the soil reactions 

vary with vertical effective stress 𝜎𝑣
′  under isotropic stress conditions. This model does not consider 

stress history effects, in that horizontal effective stresses 𝜎ℎ
′  may be less influenced by local scour 

than 𝜎𝑣
′  at small distances beneath a scour hole leading to a region of higher 𝐾0. Conversely, there 

may be a region of lower 𝐾0 in layers of uncompacted scour protection. 
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Section 4 – Numerical Modelling of the Flume Experiments 

4.1 Introduction 

This Section presents numerical modelling of the stiffness and stability of the monopile – tower 

system from the flume experiments. EigPile was used to model the natural frequencies for the flume 

experiments for comparison of results and calibration of the numerical models of scour and scour 

protection, and OxPile was used to model the monotonic lateral loading tests.  

The analyses were staged to consider first the unscoured problem, then incrementally explore 

the scour and scour protection scenarios as follows: 

i. Analysis of unscoured structural dynamics tests (Section 4.2.2) 

ii. Calibration for scour structural dynamics tests (Section 4.2.3) 

iii. Calibration for scour protection structural dynamics tests (Section 4.2.4) 

iv. Analysis of the monotonic lateral loading tests (Section 4.3) 

 
4.2 Numerical Modelling of the Structural Dynamics Tests 

4.2.1 Numerical Model Specifications 

4.2.1.1 Monopile-tower Structure 

The geometry of the monopile-tower structure was idealised for input to EigPile, as shown in 

Figure 4.1; Table 4.1 presents the assumed beam element properties and Table 4.2 presents the 

assumed nodal mass properties. The mass of the cables (for accelerometer, force sensor, and strain 

gauge instrumentation) has not been modelled.  

The top mass was modelled as a beam element with a solid circular cross-section, where the 

length was scaled depending on the number of masses attached, 𝑁𝑀, and the density, 𝜌, was back-

figured to give the correct top mass, 𝑀𝑡𝑜𝑝. Over the length of the transition piece (ℎ𝑇𝑃 region in 

Figure 4.1), the structure is modelled using tower beam elements. The mass of the pile material 

above the level of the transition piece bottom bolts was incorporated into the transition piece mass 

in Table 4.2, which is located at the mid-height of the transition piece.  
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Figure 4.1. Numerical model representation of monopile – tower system 

 
Table 4.1. Beam element properties for numerical models of the monopile – tower system 

Beam element type Material 
𝑫 𝒕𝒘 𝑬 𝝆 

[m] [m] [GPa] [kg/m3] 

Top mass Brass 0.0945 0.04725 407 8529 

Tower Aluminium 0.1016 0.0016 69 2700 

Pile GFRP 0.197 0.0035 31.235 1855 

 
Table 4.2. Nodal mass properties for numerical models of the monopile – tower system 

Nodal mass description 
𝒛 

[m] 

Mass 

[kg] 

𝑹𝒈𝒚𝒓 

[m] 

Force sensors and mounting 5.47 0.296 0.050 

Accelerometers and mounting 
5.38, 4.13, 3.53, 

3.18, 2.83, 2.33 
0.070 0.025 

Transition piece plus mass of pile 2.38 3.667 0.075 

 
 

4.2.1.2 Soil Properties 

The soil profiles for the numerical analyses were based on the relative density, 𝐷𝑅, profiles derived 

from CPTs performed at the pile location for each test. Figure 4.2 presents the interpreted soil 

parameter profiles for unscoured conditions at the start of each test, excluding Test 5, which had 

Pile

Transition 
piece

Top 
mass

Tower Lt = 3.1975 m

Ltop = NM x 0.0185 m 

Lp = 2.2875 m

hTP = 0.185 mLevel of TP top bolts

Level of TP bottom  bolts

Tower beam elements

Pile beam elements

Top mass beam elements

Transition piece nodal mass

Force sensor and 
mounting nodal mass

Accelerometer and 
mounting nodal masses

z
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pre-installed scour protection (Table 3 in Paper 3). The CPT data did not reach the pile tip level for 

all tests, and 𝐷𝑅 below the CPT data was assumed to be constant. The small strain shear stiffness 

was calculated using the relationship established for Bathgate psf sand (Table 3.4), which is based 

on bender element test data. 

Also shown in Figure 4.2 are the profiles of distributed lateral stiffness (𝑘𝑝 and 𝐾𝑝). The GDSM 

soil reactions (PISA2 Final Report, 2018) were adopted to model the soil stiffness. Table 4.3 

presents a comparison of the non-dimensional geometry of the flume experiments and the GDSM 

calibration space; key differences are the pile size and range of 𝑒𝑚𝑖𝑛 to 𝑒𝑚𝑎𝑥 for the Bathgate psf 

sand. There are also parts of the flume experiment relative density profiles that fall outside of the 

range of the GDSM calibration (45% < 𝐷𝑅 < 90%). The GDSM normalised soil reaction calculations 

have been limited to use an input 𝐷𝑅 of 45% to 90%, and values are assumed to be constant when 

extrapolating beyond this range. 

 
Figure 4.2. Numerical model soil parameter profiles with no scour. Relative density profiles are 
derived from CPT data (Fig. 3 in Paper 3).  

 
 

Table 4.3. Comparison of GDSM calibration space with the flume experiments 

Soil  

model 

Pile geometry Soil properties 

𝑫 (m) 𝑳/𝑫 𝑫/𝒕𝒘 𝒉/𝑫 𝒆𝒎𝒊𝒏 𝒆𝒎𝒂𝒙 𝑫𝑹 (%) 𝝓’𝒄𝒔 

GDSM 

(Burd et al., 
2019) 

5 to 10 2 to 6 96 to 110 5 to 15 0.57 0.91 45 to 90 32 

Flume 
Experiments 

0.197 2.2 to 5.5 56 n/a 0.5018 0.7528 0 to 100 34 
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4.2.1.3 Scour Protection Modelling 

The scour protection systems installed in the flume experiments included remedial tyre-filled nets 

(R-TFN), remedial rock fill (R-RF) and pre-installed rock armour (P-RA). Figure 4.3 presents the 

general configuration of the soil stiffnesses in the 1D model, including those in the scour protection 

layer. The scour protection stiffness coefficient, 𝐵𝑆𝑃, (proposed in Section 3.2.4) is calibrated for the 

different scour protection systems using data from the flume experiments in Section 4.2.4. 

Table 4.4 presents an overview of the scour protection properties and associated scour depths 

at key times in the flume experiments. For the numerical model, the scour protection was assumed 

to contain accreted sand throughout the thickness after any post-installation flume flow had occurred. 

The unit weight of scour protection with accreted sand was calculated using the method described 

in Appendix D, assuming sand in the rock matrix deposited at 𝐷𝑅 = 50%. 

A generic value of 𝑘𝑝 was selected to model the scour protection; this was taken as the mid-point 

value determined from the GDSM at the soil surface (i.e. 𝐷𝑅 = 67.5%; 𝑧/𝐷 = 0). 
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L
z
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)
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Global bed level
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z
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Figure 4.3. Schematic of soil stiffness parameters in the 1D model; (a) before installing scour 
protection; (b) after installing scour protection (see methods proposed in Section 3.2.4). 
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Table 4.4. Scour protection properties – flume experiments 
FFF 

Test 

(Table 5 in 

Paper 3) 

Local 

scour 

Scour protection 

as-installed condition 

Scour protection 

end of test condition 

𝑺𝑳 

[m] 

𝒕𝑺𝑷 

[m] 

𝜸 

[kN/m3] 
𝒆 

𝒕𝑺𝑷 

[m] 

𝜸 

[kN/m3] 

𝚫𝑺𝑻 

[m] 

𝑺𝑮 

[m] 

2 (R-TFN) 0.311 0.243 10.14 4.960 0.154 18.40 0.089 0.085 

3 (R-RF1) 0.294 0.161 18.85 0.953 0.155 23.70 0.006 0.059 

4 (R-RF2) 0.025 0.105 18.99 0.923 0.065 23.77 0.117 0.072 

5 (P-RA) 0 0.055 18.04 1.146 0.052 23.35 0.003 0.091 

6 (R-RF3) 0.297 0.201 18.60 1.008 0.188 23.60 0.013 0.352 

 
 

4.2.2 Analysis of Unscoured Experiment Test Cases 

Natural frequencies were analysed for unscoured conditions (i.e. prior to development of scour and 

with no scour protection) in five of the flume experiments, with four top mass configurations (𝑁𝑀 = 0, 

1, 3, 6). 

Figure 4.4 presents an example comparison of EigPile output natural frequencies 𝑓𝑚
𝐸𝑖𝑔

 with 

measured values 𝑓𝑚
𝑀𝑒𝑎𝑠 for one test; included in Figure 4.4 are the EigPile natural frequencies for 

fixity at seabed level and fixity at the pile tip. As expected, the measured frequencies lie between the 

fixed seabed and fixed pile tip calculations.  

Figure 4.5 presents the natural frequency error (𝜀𝑓 = 𝑓𝑚
𝐸𝑖𝑔

/𝑓𝑚
𝑀𝑒𝑎𝑠 − 1) for all unscoured tests. The 

EigPile natural frequencies in Figure 4.5 are generally slightly higher than the measured data for the 

first three modes. The natural frequencies are overpredicted by up to 3.2% for mode 1, with greater 

scatter in the errors for modes 2 and 3.  

Figure 4.6 presents examples of the mode shapes 𝑉𝑚 output from EigPile, associated with the 

natural frequencies in Figure 4.4. The measured mode shapes are compared with the EigPile results 

in Figure 4.6, indicating a close match. 

Figure 4.6(c) presents a detailed view of the mode shapes in the pile below ground level, these 

show that the relative displacements at ground level are highest for mode 2, followed by mode 3 

then mode 1; this follows the same sequence of natural frequency sensitivity to scour depth 

(Section 2.4.4). 
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Figure 4.4. Example natural frequency versus top mass EigPile calculation and measured: 
Unscoured, Test 1 

 

  

  

FFF Test 5: Preinstalled scour protection 

No unscoured measurements without scour 
protection present 

 
Figure 4.5. EigPile natural frequency error versus top mass: Unscoured conditions 
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(a) Unscoured, Test 1, 𝑁𝑀 = 0,𝑀𝑡𝑜𝑝 =  0.296 kg 

 
(b) Unscoured, Test 1, 𝑁𝑀 = 6,𝑀𝑡𝑜𝑝 = 6.936 kg  

 
(c) Pile detail: Unscoured, Test 1, 𝑁𝑀 = 6,𝑀𝑡𝑜𝑝 = 6.936 kg 

Figure 4.6. Example mode shapes output from EigPile analysis 
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Overall, the numerical model of the flume experiments for unscoured conditions produces similar 

results to the dynamic properties inferred from the acceleration measurements. The overprediction 

of natural frequencies implies that the ratio of stiffness 𝐊 to mass 𝐌 is too high in the numerical 

model. These slight errors could have multiple potential sources, for example: exclusion of shear 

deformations from the beam elements; uncertainty of added mass of water; effects of the 

accelerometer cable mass; or overestimation of 𝐺0 or 𝑘𝑝. 

 
4.2.3 Analysis of Scour Influence on Natural Frequencies 

4.2.3.1 Calibration of Scour Effective Stress Model 

An EigPile analysis was performed for each measured scour depth (and corresponding natural 

frequency measurement) from the flume experiments. The bathymetry analysis (Fig. 14 in Paper 3) 

showed that sand backfilling – deposition of sand in the local scour hole – had occurred during 

Test 1. The tests with known sand backfilling were excluded from the current analysis, however sand 

backfilling could be unidentified in other tests if the maximum scour depth was not captured by the 

measurements. In total, analyses were performed for 44 natural frequency measurement 

configurations, comprising eleven scour geometries with four top mass configurations (𝑁𝑀 = 0, 1, 3, 

and 6).  

Section 4.2.2 indicates that there is a small apparent offset between the measurements and 

calculations for the initial unscoured natural frequencies 𝑓𝑚,0; therefore the comparisons between 

EigPile calculations and measured frequencies presented below consider the proportional change 

in frequency, 

 Δ𝑓𝑚
𝑀𝑒𝑎𝑠 = 𝑓𝑚

𝑀𝑒𝑎𝑠/𝑓𝑚,0
𝑀𝑒𝑎𝑠 − 1 (4.1) 

 Δ𝑓𝑚
𝐸𝑖𝑔

= 𝑓𝑚
𝐸𝑖𝑔

/𝑓𝑚,0
𝐸𝑖𝑔

− 1 (4.2) 

The natural frequencies under the influence of scour were analysed assuming a bilinear local 

scour influence factor (Figure 3.2 and Figure 3.3; also Section 3.5.6). The analysis of natural 

frequencies was optimised by variation of the overburden reduction depth Δ𝑧𝑂 using the non-

dimensional form, 
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 𝛿𝐿 = Δ𝑧𝑂/𝑆𝐿 (4.3) 

The non-dimensional overburden reduction depth 𝛿𝐿 was analysed in the range of 1 ≤ 𝛿𝐿 ≤ 10; 

where 𝛿𝐿 = 1 implies that the apparent vertical effective stress 𝜎𝑣,𝐴
′  immediately recovers to the 

‘global effective stresses’ 𝜎𝑣,𝐺
′ , and 𝛿𝐿 = 10 implies that 𝜎𝑣,𝐴

′  remains close to the ‘local effective 

stress’ 𝜎𝑣,𝐿
′ . Note that the API (2011) suggested values of 𝑆𝐿/𝐷 = 1.5 and Δ𝑧𝑂/𝐷 = 6 have an 

equivalent 𝛿𝐿 = 4. 

The change in the first natural frequency Δ𝑓1 was used to provide independent fitted 𝛿𝐿 values for 

each scour depth and top mass configuration. The fitted 𝛿𝐿 values were calculated by linear 

interpolation using the analysed 𝛿𝐿 values. Figure 4.7(a) shows an example of this fitting process for 

one scour depth in FFF Test 1.  

Figure 4.7(b) presents a scatter plot of the fitted 𝛿𝐿 values across all of the analysed natural 

frequency measurements, and Figure 4.7(c) presents the associated cumulative density function 

(CDF) of the fitted 𝛿𝐿 values. The value of 𝛿𝐿 at the CDF = 0.5 in Figure 4.7(c) is the 50th percentile 

i.e. the median fitted value. 

Fitted values of 𝛿𝐿 = 10, apparent in Figure 4.7(b)&(c), are likely due to the actual soil stiffness 

being lower than modelled, one possible cause is the potential for unidentified sand backfill with 

lower stiffness than the original in situ material. The median value (𝛿𝐿 = 1.49) in Figure 4.7(c) was 

selected as the best fit value for the bilinear scour effective stress model, which is anticipated to 

underpredict 50% of the tests and overpredict the remaining 50% of the tests. 
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(a) Example fitting of 𝛿𝐿: Test 1, 𝑆𝑇/𝐷 = 2.32 (b) Scatter plot of all fitted 𝛿𝐿 value 

 
(c) Cumulative density of all fitted 𝛿𝐿 values  

Figure 4.7. Calibration of non-dimensional overburden reduction depth δL (a) Fitted δL values for 

Test 1 at the end of the test: Hollow circle indicates Δf1Eig; * indicates linearly interpolated δL 

corresponding to Δf1Meas. (b) All fitted δL values for Tests 1,2,3,4,6 (c) Cumulative density function of 
all fitted δL for Tests 1,2,3,4,6. 

 
 

4.2.3.2 Scour Effective Stress Models  

Several models of scour influence on vertical effective stresses were analysed (see Table 3.5). 

Figure 4.8 presents a comparison of the calculated stress and stiffness profiles for the analysed 

scour effective stress models, where 𝐺0 for sands varies with 𝜎𝑣
′0.5. The calibrated bilinear approach 

(𝛿𝐿 = 1.49) produces a quicker recovery of stress with depth than the API (2011) method, and similar 

stress and stiffness profiles to the Qi et al. (2016) method. 

The results are analysed in terms of the error in the calculated change in frequency 𝜀Δ𝑓, 

 𝜀Δ𝑓 = Δ𝑓𝑚
𝐸𝑖𝑔

− Δ𝑓𝑚
𝑀𝑒𝑎𝑠 (4.4) 
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For negative values of Δ𝑓𝑚
𝑀𝑒𝑎𝑠, a positive value of 𝜀Δ𝑓 would indicate an underprediction of the 

change Δ𝑓𝑚
𝐸𝑖𝑔

. Figure 4.9 and Table 4.5 present the error 𝜀Δ𝑓 for the first three modes for the 

analysed scour models.  

The local stress assumption and global stress assumption are approximate lower and upper 

bounds for the soil stiffness calculations. The results in Table 4.5 indicate that the natural frequency 

of mode 1 is relatively insensitive to the effective stress assumption, with a 1.5% difference in the 

median frequency predictions between the local and global bounds. Mode 2 is the most sensitive to 

the effective stress assumption (5.7% between bound medians), and mode 3 has an intermediate 

sensitivity (2.0% between bound medians).  

The median and mean values of 𝜀Δ𝑓 in Table 4.5 are two methods of representing the accuracy 

of the natural frequency predictions, and the standard deviation represents the precision of these 

predictions. For mode 1 predictions, the change in natural frequency is most accurately and precisely 

predicted using the calibrated bilinear effective stress method, with the Qi et al. (2016) method 

producing similar results (Table 4.5). This is expected, since the model was calibrated using mode 

1 alone (Section 4.2.3.1), and Qi et al. (2016) produces similar stiffness profiles (Figure 4.8). 

The mode 2 reduction in natural frequency is generally overpredicted for all of the scour stress 

models (Figure 4.9; Table 4.5), with the most accurate prediction produced using the global stress 

assumption (approximate upper bound). The mode 2 frequency predictions have a similar precision 

for all effective stress models. The accuracy of the mode 2 predictions is considered to have been 

the most heavily influenced by other modelling assumptions (e.g. added mass of water, mass of 

cables). 

The mode 3 reduction in natural frequency (Figure 4.9;Table 4.5) is most accurately predicted 

using either the calibrated bilinear effective stress method or the Qi et al. (2016) method, both of 

which have a similar precision. 
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Figure 4.8. Example soil parameter profiles with local scour: Test 1, end of local scour phase 

 
 

  
Figure 4.9. Cumulative density of error in natural frequency change for analysed scour stress 

models: Scoured conditions for Tests 1,2,3,4,6; εΔf  presented as a percentage. 
 
 

Table 4.5. Statistics for error in natural frequency change 

Scour model 

(Table 3.5) 

Median 𝜺𝚫𝒇 (%) Mean 𝜺𝚫𝒇 (%) Standard Deviation 

Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 

Local stress 
assumption 

-0.84 -5.87 -1.37 -0.95 -5.31 -1.28 0.84 2.74 2.91 

Global stress 
assumption 

0.61 -0.14 0.65 0.59 0.04 1.37 0.74 2.68 3.27 

Bilinear with API 
Δ𝑧𝑂 

-0.60 -4.81 -1.18 -0.64 -4.42 -0.83 0.68 2.66 3.00 

Bilinear with 
calibrated 𝛿𝐿 

0.02 -2.21 -0.09 0.02 -1.96 0.43 0.62 2.68 3.06 

Tan hyperbolic 
(Qi et al. 2016) 

-0.07 -2.56 -0.32 -0.04 -2.30 0.28 0.63 2.65 3.16 

Bold italic font indicates best value in each column 
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4.2.4 Analysis of Scour Protection Influence on Natural Frequencies 

4.2.4.1 Calibration for Rock Fill Remedial Scour Protection 

EigPile analyses were performed to assess the stress and stiffness of remedial rock fill scour 

protection, using a total of 56 natural frequency measurements from fourteen scour protection 

geometries with four top mass configurations (𝑁𝑀 = 0, 1, 3, 6). The scour protection geometries 

comprise three as-installed conditions plus eleven geometries measured after further flume flow. 

The influence of the local versus global scour within the scour protection was accounted for using 

the calibrated bilinear approach (Figure 3.3), with 𝛿𝐿 = 1.49. In instances where the global scour 

level dropped below the scour protection level at the pile wall (i.e. 𝑆𝑇 < 𝑆𝐺, Figure 3.3(b)) the bilinear 

approach was modified assuming Δ𝑧𝑂/ℎ𝐿 = 𝛿𝐿 = 1.49.  

The scour protection stiffness parameter 𝐵𝑆𝑃 was calibrated using the measured change in mode 

1 frequency Δ𝑓1 relative to the initial unscoured condition. Figure 4.10 presents examples of the 

calculated value of Δ𝑓1 versus 𝐵𝑆𝑃, and the associated polynomial fit, for scour protection in Test 3 

(a) after installation and (b) at the end of the test. For each top mass configuration, an independent 

fitted 𝐵𝑆𝑃 was calculated as the value from the polynomial fit corresponding to the measured 

frequency change Δ𝑓1. 

Figure 4.11(a)-(c) presents the variation of the fitted 𝐵𝑆𝑃 values throughout Tests 3, 4 and 6. 

Figure 4.11(d) presents a cumulative density plot of fitted 𝐵𝑆𝑃 values, where the results are grouped 

separately the initial ‘as-installed’ condition (measurement number = 1) and subsequent ‘post flow’ 

conditions (measurement number > 1).  

The calibrated 𝐵𝑆𝑃 values are compared with values equivalent to the Bathgate psf sand, 

calculated by equating the sand expression (Table 3.4) for 𝐺0 with that of scour protection (this gives 

an equivalent 𝐵𝑆𝑃 = 𝐵. 𝑓(𝑒)). The equivalent 𝐵𝑆𝑃 values for Bathgate psf sand in loose (𝐷𝑅 = 0%) 

and dense (𝐷𝑅 = 100%) conditions are included in Figure 4.11(d) for reference, which indicates that 

the scour protection stiffness is lower than the equivalent in situ sand. 

The fitted 𝐵𝑆𝑃 values in Figure 4.11 vary with time in all tests, and the ‘post flow’ 𝐵𝑆𝑃 

(measurement number > 1) values have greater scatter than the ‘as-installed’ (measurement number 
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= 1) values discussed briefly below. The increase of 𝐵𝑆𝑃 in Tests 3 and 6 after the initial flow stages 

is assumed to be due to sand accretion in the RF material causing increased particle interlocking 

and hence a higher apparent stiffness. The decreases of 𝐵𝑆𝑃 in Test 4, and in Test 3 and 6 after a 

peak, are assumed to be due to reductions in the effective stresses caused by global scour. The 

simplistic scoured effective stress model (Figure 3.3) and scour protection stiffness model 

(Table 3.4) may be insufficient to capture the full detail of the scour protection stiffness contribution 

for the more complicated three-dimensional geometries encountered in Tests 4 and 6. 

Table 4.6 presents the average 𝐵𝑆𝑃 values across all tests, and for the ‘as-installed’ and ‘post 

flow’ conditions. The mean 𝐵𝑆𝑃 values in Table 4.6 are greater than the median values; this is caused 

by the data points above the 50th percentile are further from the median than those below. Table 4.6 

also shows a high standard deviation in the values of 𝐵𝑆𝑃, this is caused by the wide range of fitted 

𝐵𝑆𝑃 values (Figure 4.11), and shows that there is uncertainty in the magnitude of 𝐵𝑆𝑃 for the 

modelling of scour protection stiffness. The median values from Table 4.6 are proposed to provide 

a best fit of 𝐵𝑆𝑃 for the RF scour protection stiffness, with the ‘as-installed’ value proposed no sand 

accretion cases and the higher ‘post flow’ value is proposed when sand accretion is assumed. 

 

  

(a) After installation (b) End of test 

Figure 4.10. Example (FFF Test 3) BSP fitting for rock fill remedial scour protection using mode 1 

change in natural frequency. Hollow circle indicates Δf1Eig; dotted line indicates polynomial fit for Δf1Eig; 
* indicates polynomial fit BSP corresponding to Δf1Meas. 
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(a) Test 3: rock fill in a full scour hole (b) Test 4: rock fill in a partial scour hole 

  
(c) Test 6: rock fill in a full scour hole with falling 

apron development 

(d) Cumulative density 

Figure 4.11. Fitted BSP for rock fill remedial scour protection. (a) to (c) Measurement number 1 
corresponds with first scour protection measurement in Appendix C.9, increasing measurement 
numbers correspond with subsequent rows. (d) Results for all fitted BSP for Tests 3, 4, and 6, red 

dashed line indicates a range of equivalent BSP for Bathgate psf sand from DR = 0% to 100%. 
 
 
 

Table 4.6. Best fit BSP for rock fill remedial scour protection 

Scour protection condition Median Mean Standard deviation 

All cases 426.0 528.4 496.4 

As-installed 258.9 406.5 357.0 

Post flow 499.8 561.7 526.7 

 
 
 
 
 



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Section 4 – Numerical Modelling of the Flume Experiments 

143 

4.2.4.2 Calibration for Tyre-Filled Nets Remedial Scour Protection 

Tyre-filled nets (TFNs) were used as remedial scour protection in Test 2 of the flume experiments, 

with a total of 16 natural frequency measurements from 4 scour protection geometries (one as-

installed, three after further flow) with four top mass configurations (𝑁𝑀 = 0, 1, 3, 6). The stiffness 

contribution of the TFNs was analysed in a similar manner to the rock fill, described in 

Section 4.2.4.1, to determine best fit 𝐵𝑆𝑃 values. Figure 4.12(a)&(b) present examples of the 𝐵𝑆𝑃 fit 

for the ‘as-installed’ and end of test conditions; Figure 4.12(c) shows the progression of 𝐵𝑆𝑃 

throughout the test; and Figure 4.12(c) presents a cumulative density plot of fitted 𝐵𝑆𝑃 values. 

The results in Figure 4.12 indicate that the stiffness contribution of TFNs is negligible on initial 

installation (the fitted 𝐵𝑆𝑃 = 0 for three of four top mass configurations). This is as expected, based 

on observations of the natural frequency measurements described in Section 2, since limited or no 

increase was observed on TFN installation. Furthermore, the TFNs have a much higher voids ratio 

than the in situ sand or the rock fill scour protection (Table 4.4), and it is considered that the stiffness 

of tyre rubber is significantly lower than that of silica sand grains.  

In Figure 4.12(c) there is a trend of increasing TFN scour protection stiffness 𝐵𝑆𝑃 with elapsed 

flow, which is considered to be caused by increasing sand accretion in the TFNs. As with the RF 

remediation, the scatter in the fitted 𝐵𝑆𝑃 values is greater for the ‘post flow’ condition than for the ‘as-

installed’ condition. 

Table 4.7 presents the average values of 𝐵𝑆𝑃 for the TFN tests. Table 4.7 shows differences 

between the median and mean values and a high standard deviation, these are similar to Table 4.6 

which is discussed in Section 4.2.4.1. A median value is proposed as a best fit. It is interesting to 

note that the fitted 𝐵𝑆𝑃 values for the tyre-filled nets with sand accretion are much lower (by a factor 

of about 10) than those for RF, and lower still (by a factor of about 20) the equivalent stiffness of in 

situ sand.  
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(a) Example fit – as-installed (b) Example fit – end of test 

  

(c) Fitted parameters throughout test (d) Cumulative density 

Figure 4.12. Fitted BSP for tyre-filled net remedial scour protection (a) and (b) Hollow circle indicates 

Δf1Eig; dotted line indicates polynomial fit for Δf1Eig * indicates polynomial fit BSP corresponding to 
Δf1Meas. (c) Measurement number correlates with elapsed flow time since installing scour protection 

(Appendix C.9.1). (d) Cumulative density function of all fitted BSP for Test 2. 
 
 
 

Table 4.7. Output BSP for tyre-filled net remedial scour protection 

Scour protection condition Median Mean Standard deviation 

All cases 57.2 54.9 53.9 

As-installed 0 5.2 10.5 

Post flow 68.2 71.5 52.4 
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4.2.5 Comparison with Stiffness Parameters from the Monotonic Lateral Loading Tests 

The initial stiffness of the measured 𝐻-𝑣𝐺 and 𝑀𝐺-𝜃𝐺 curves (Figure 2.24) is calculated using a linear 

regression, where 𝐾𝐻,𝑣
𝑀𝑒𝑎𝑠 is the initial stiffness of the 𝐻-𝑣𝐺 curve and 𝐾𝑀,𝜃

𝑀𝑒𝑎𝑠 is the initial stiffness of 

the 𝑀𝐺-𝜃𝐺 curve. The linear fit was performed for data over a manually input range of load 𝐻 and 

moment 𝑀𝐺 for each test. For each structural dynamics test, the EigPile analysis produced four 

calibrated stiffness matrices 𝐊1D
𝐸𝑖𝑔

, one for each of the four top mass configurations independently 

calibrated to the mode 1 change in frequency (Section 4.2). This also produces four equivalent 

uncoupled macro element springs 𝐾𝐻,𝑣
𝐸𝑖𝑔

 and 𝐾𝑀,𝜃
𝐸𝑖𝑔

 per test (method described in Appendix E). The 

median values of 𝐾𝐻,𝑣
𝐸𝑖𝑔

 and 𝐾𝑀,𝜃
𝐸𝑖𝑔

 are used for comparisons with the lateral loading tests. 

Figure 4.13 shows the measured load-displacement and moment-rotation curves at small 

displacements, with the linear regression fits used to assess the initial lateral and rotational 

stiffnesses 𝐾𝐻,𝑣
𝑀𝑒𝑎𝑠 and 𝐾𝑀,𝜃

𝑀𝑒𝑎𝑠. Table 4.8 presents the fitted stiffness values 𝐾𝐻,𝑣
𝑀𝑒𝑎𝑠 and 𝐾𝑀,𝜃

𝑀𝑒𝑎𝑠 

alongside the computed values of 𝐾𝐻,𝑣
𝐸𝑖𝑔

 and 𝐾𝑀,𝜃
𝐸𝑖𝑔

 (methodology described in Appendix E) based on 

the structural dynamics calibration.  

The results in Table 4.8 show that the stiffness derived from the monotonic loading tests are of 

similar magnitude to those from the structural dynamics analysis, but there are some inconsistencies. 

The monotonic loading tests produced a softer response in most cases. This shows that the either 

the experimental data from the monotonic loading tests is of insufficient quality at small 

displacements to provide reliable measurements of initial stiffness, or that small strain stiffness is 

not captured in these tests. This is not unexpected since the experimental setup was specified for 

large displacements.  
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Figure 4.13. Monotonic lateral loading initial stiffness fitting; dotted lines are measured values, solid 
lines are linear regression fits, * indicates range of loads considered for linear regression 

 
 

Table 4.8. Monotonic Lateral Loading Initial Stiffness Parameters: Flume Experiment Results 

FFF Test 
(Table 5 in Paper 3) 

𝑲𝑯,𝒗
𝑴𝒆𝒂𝒔 𝑲𝑴,𝜽

𝑴𝒆𝒂𝒔 𝑲𝑯,𝒗
𝑬𝒊𝒈

 𝑲𝑴,𝜽
𝑬𝒊𝒈

 

[kN/m] [kNm/°] [kN/m] [kNm/°] 

1 896 7.23 2041 13.0 

2 (R-TFN) 790 7.00 1510 11.0 

3 (R-RF1) 2010 8.47 1625 11.5 

4 (R-RF2) 421 13.5 2129 13.2 

5 (P-RA) 6337 6.64 
Test 5 not 
analysed 

Test 5 not 
analysed 

6 (R-RF3) 1320 7.34 2004 11.8 

 
 

4.2.6 Discussion of Natural Frequency Results 

Data from the flume experiments were used to calibrate a proposed scoured effective stress model. 

The stiffness of remedial rock fill and tyre-filled net scour protection systems was inferred using data 

from the flume experiments. In the experiments the stiffness of the rock fill in the as-installed 

condition is shown to be lower than that of the undisturbed in situ sand. In contrast, the as-installed 

stiffness of the tyre-filled nets is negligible. There was a general tendency for the inferred scour 

protection stiffness in the experiments to increase with flume flow time and, for rock fill, to approach 

that of the original sand. The behaviour is presumed to be due to sediment accretion in the scour 

protection matrix (see Paper 3). There are exceptions to this behaviour, when stiffness reductions 

were inferred due to global scour and the formation of a falling apron of scour protection reaching 

the pile wall. 
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4.3 Numerical Modelling of the Monotonic Lateral Loading Tests 

4.3.1 Numerical Model Specifications 

OxPile was used to assess the monotonic lateral loading curves from the flume experiment tests. 

Figure 4.14 presents a sketch of the 1D numerical model used to represent the lateral loading tests 

from the flume experiments. The soil reactions for the scour protection and Bathgate psf sand are 

modelled using the generalised Dunkirk sand model (GDSM) (PISA2 Final Report, 2018). The 

analysis results are therefore not necessarily expected to be accurate, rather the analysis is used to 

provide a baseline for comparison of the scour protection contribution to lateral capacity. 

The equation from Cowper (1966) was adopted to compute the shear coefficient, 𝜅, for 

Timoshenko beam theory, 

 𝜅 =
2(1 + 𝜈)

4 + 3𝜈
 (4.5) 

where 𝜅 = 0.529 for the GFRP pile with an assumed Poisson’s ratio of 𝜈 = 0.28 (e.g. after Sudheer 

et al., 2015).  

An initial study incorporating the distributed moment reactions produced overpredictions of the 

lateral loads when compared with the experimental data. This may be due to the gloss-painted 

monopile in the experiments behaving with a smooth interface (friction coefficient likely in the range 

of 0.1 to 0.2), in contrast to the rough surface condition modelled in the 3D finite element analysis 

underlying the GDSM (friction coefficient = 1). A smoother interface proportionally reduces the 

vertical shear tractions and hence the moment reactions, but would also induce slight reduction in 

the lateral reactions. For the purposes of the current study, the smooth response was modelled by 

setting the distributed moment reactions to zero and maintaining the distributed lateral reactions. 

Table 4.9 presents the modelled pile embedment 𝐿 used in the lateral loading analysis, which 

was defined as the median local bed level at the end of the test (from Appendix C.9). Table 4.9 also 

presents the local scour depth, 𝑆𝐿, or local bed height, ℎ𝐿, which indicates the difference between 

the local bed level and global bed level (see Figure 3.2 and Figure 3.3). The scour protection 

parameters in Table 4.9 are based on the calibrated structural dynamics analysis (Section 4.2.4). 
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Figure 4.14. 1D numerical model representation of the monotonic lateral loading tests 

 
 

Table 4.9. Soil model parameters used for analysis of monotonic lateral loading tests  
FFF Test  

(Table 5 in 

Paper 3) 

𝑳 

[m] 

𝑺𝑳 

[m] 

𝒉𝑳 

[m] 

𝒕𝑺𝑷 

[m] 

𝜸𝑺𝑷 

[kN/m3] 
𝑩𝑺𝑷 

1 0.4415 0.344 - - - - 

2 (R-TFN) 0.7505 0.073 - 0.154 18.40 68.2 

3 (R-RF1) 0.7620 0.079 - 0.155 23.70 500 

4 (R-RF2) 0.7545 0.069 - 0.065 23.77 500 

5 (P-RA) 0.9535 - 0.144 0.052 23.35 500 

6 (R-RF3) 0.9950 - 0.242 0.188 23.60 500 

 
 

Figure 4.15 presents the profiles of relative density, 𝐷𝑅, used for analysing the lateral loading 

tests. The relative density, 𝐷𝑅, inferred from CPT measurements (Fig. 3 in Paper 3) has been limited 

to 45% ≤ 𝐷𝑅 ≤ 90% for compatibility with the GDSM, and the profile has been discretised for input 

to OxPile. For scour protection material the relative density has been specified as 𝐷𝑅 = 67.5% for 

consistency with the calibrated structural dynamics analysis. 

OxPile determines the soil reactions using input soil profiles of relative density, 𝐷𝑅, vertical 

effective stress, 𝜎𝑣
′ , and small strain shear modulus, 𝐺0. A bilinear profile of the local scour influence 

factor, 𝛼𝐿 (Figure 3.2 & Figure 3.3), was assumed for calculation of the 𝜎𝑣
′  profile under the influence 

of scour and scour protection. This vertical effective stress profile was used to determine the 𝐺0 

profile. Table 4.10 presents the four vertical effective stress models analysed for the unremediated 

scour lateral loading test (Test 1). The global and local effective stress conditions are plausible 

Load H

Embedment  

L

tsp

z

z'

Monopile model:

Timoshenko beam elements

Scour protection reactions: 

G0 model: calibrated from structural dynamics

Strength model: Dunkirk sand parameters

Lever 

arm h

Bathgate psf sand reactions: 

G0 model: from bender element tests on Bathgate psf sand

Strength model: Dunkirk sand parameters

zL
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theoretical bounds for the in situ vertical effective stresses, with the exception of Test 5 (P-RA) where 

the scour protection material adjacent to the pile is slightly lower than the immediate surrounding 

area (Figure 2.5).  

Table 4.11 presents the combination of vertical effective stress models and scour protection 

models used for analysis of the scour protection tests. The scour protection soil reactions were 

modelled as either activated or deactivated (Table 4.11), the vertical effective stress in the underlying 

soil includes the scour protection effects in both cases. In Tests 5 (P-RA) and 6 (R-RF3) the global 

bed level was lower than the local level adjacent to the pile wall (i.e. 𝑆𝐺 > 𝑆𝑇). In the analysis of Tests 

5 and 6 it was assumed that: in the 1D FFF Model, 𝛿𝐿 = Δ𝑧𝑂/ℎ𝐿; and in the 1D Global Model, all soil 

reactions were zero above the global scour level including within the scour protection layer. 

 
 

   
(a) Test 1 (b) Test 2 (TFN) (c) Test 3 (R-RF1) 

   
(d) Test 4 (R-RF2) (e) Test 5 (P-RA) (f) Test 6 (R-RF3) 

Figure 4.15. Relative density profiles used for analysis of the monotonic lateral loading tests, depths 

are relative to the local bed level adjacent to the pile wall (i.e. depths correspond to zL definition in 
Figure 3.2 & Figure 3.3). 
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Table 4.10. Analysed scoured vertical effective stress models 
Vertical Effective Stress Model Scour Model (Table 3.5) 𝜹𝑳 = 𝚫𝒛𝑶/𝑺𝑳 

1D Global Model Global stress assumption 1 

1D FFF Model Bilinear (calibrated model) 1.49 

1D API Model Bilinear (API equivalent) 4 

1D Local Model Local Stress Assumption ∞ 

 
 

Table 4.11. Analysed scour protection vertical effective stress models 

Scour Protection Model 
Vertical Effective Stress Model 

(Table 4.10) 

Scour Protection Soil 

Reactions 

1D FFF SP on 1D FFF Model Activated 

1D FFF SP off 1D FFF Model Deactivated 

1D Global SP on 1D Global Model Activated 

1D Local SP on 1D Local Model Activated 

 
 

4.3.2 Numerical Modelling Results and Discussion 

4.3.2.1 Unremediated Scour; Test 1 

Figure 4.16 presents the OxPile analysis results for the unremediated scour test (Test 1). Test 1 has 

the greatest local scour depth 𝑆𝐿 from the flume experiments (Table 4.4) and is the monotonic lateral 

loading test with no scour protection.  

The bounds between the global and local vertical effective stress assumptions are quite wide 

(Figure 4.16(a)); this leads to a wide range of profiles of small strain shear modulus, 𝐺0 

(Figure 4.16(b)). The computed lateral load, 𝐻, (Figure 4.16(c)) is over 3 times higher at large 

displacements using the 1D Global Model compared with the 1D Local Model, which show that there 

is potential for a high degree of uncertainty over the expected capacity.  

The 1D FFF Model provides the closest fit to the measured data (Figure 4.16(c)), although the 

measured response reaches a maximum at a smaller displacement than computed by the 1D model. 

This shows that the GDSM (excluding distributed moment) is a reasonable representation of the 

reactions for the experiment monopile in Bathgate psf sand.  
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Figure 4.16. Test 1 (unremediated scour) lateral loading analysis results; (a) Vertical effective stress 

σv' profiles; (b) Small strain shear modulus G0 profiles; (c) Lateral load-displacement curves. 
 
 

4.3.2.2 Remedial tyre-filled net scour protection; Test 2 (R-TFN) 

Figure 4.17 presents the OxPile analysis results for the remedial tyre-filled net scour protection test; 

Test 2 (R-TFN). The 1D Global Model and 1D Local Model bounds for vertical effective stress, 𝜎𝑣
′ , 

and small strain shear modulus, 𝐺0, (Figure 4.17(a)&(b)) are much narrower than those in Test 1 

(Figure 4.16(a)&(b)); this is because 𝑆𝐿 is much lower in Test 2 (see Table 4.4). 

The computed lateral load, 𝐻, (Figure 4.17(c)) at large displacements is higher using the 1D 

Global Model compared with the 1D Local Model. This range is much lower than in Test 1 

(Figure 4.16(c)), but does show that the computed lateral loads are highly sensitive to the effective 

stress assumption since the range of 𝜎𝑣
′  and 𝐺0 (Figure 4.17(a)&(b)) is quite narrow. The computed 

lateral loads, 𝐻, for the ‘1D FFF SP on’ model are very close to the ‘1D Global SP on’ model.  

The measured lateral loads closely match the ‘1D FFF SP on’ model for displacements up to a 

peak load at around 13 mm. This shows that the peak capacity contribution of the tyre-filled nets, 

which include accreted sand, is similar to that offered by the GDSM. The post-peak load reduces 

with increasing displacement to approach the ‘1D FFF SP off’ model; this behaviour may have been 

caused by movement of the tyre-filled nets induced by the pile displacement. 
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Figure 4.17. Test 2 (remedial tyre-filled net scour protection) lateral loading analysis results; (a) 

Vertical effective stress σv' profiles; (b) Small strain shear modulus G0 profiles; (c) Lateral load-
displacement curves. 

 
 

4.3.2.3 Remedial rock fill scour protection; Tests 3 (R-RF1), 4 (R-RF2), & 6 (R-RF3) 

Figure 4.18 presents the OxPile analysis results for the remedial rock fill scour protection tests; Tests 

3 (R-RF1), 4 (R-RF2), and 6 (R-RF3). The configuration and geometry of Test 3 (Table 4.4) is a 

rough baseline from which to draw comparisons. Test 4 has a similar embedment 𝐿 and local scour 

depth 𝑆𝐿 to Test 3, but with a thinner scour protection layer (Table 4.4). Test 6 has a higher 

embedment 𝐿 than Test 3, and a slightly thicker scour protection layer. Test 6 also has much more 

global scour than Test 3 and a falling apron had developed (Fig. 20 in Paper 3). 

In both Tests 3 and 4 the surface of the scour protection is recessed in the scour hole with a low 

local scour depth 𝑆𝐿 modelled, causing a narrow range of vertical effective stress, 𝜎𝑣
′ , and small strain 

shear modulus, 𝐺0 (Figure 4.18(1)&(2))). In Test 6 the global scour causes the scour protection to 

appear raised relative to the global bed level; this has the effect of switching the apparent position 

of the 1D Global and 1D Local bounds of vertical effective stress, 𝜎𝑣
′ , and small strain shear modulus, 

𝐺0 (Figure 4.18(3)). The 𝜎𝑣
′  and 𝐺0 bounds in Test 6 are much wider than Tests 3 and 4. 

The computed loads for Tests 3 and 4 (Figure 4.18(1)&(2)) using the ‘1D Global’ stress model is 

slightly higher than using the ‘1D Local’ stress model. The lateral capacities in Test 6 (Figure 4.18(3)) 

using the ‘1D Global’ stress much lower than using the ‘1D Local’ stress model. In all cases the 

lateral loads are reduced using the ‘1D FFF SP off’ model, relative to using the ‘1D FFF SP on’ 

model. 
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The computed lateral capacities using the ‘1D FFF SP on’ model in Figure 4.18 are significantly 

under-predicted for Test 3 and 4 (recessed scour protection), and closely match the measurements 

for Test 6 (raised scour protection). This has the following potential implications regarding the scour 

protection effects: (i) where rock fill scour protection is recessed in the scour hole, and hence 

confined by the scour hole, the contribution of the scour protection to the ultimate lateral capacity is 

likely to be higher than that of the same thickness of sand; and (ii) where rock fill scour protection is 

raised relative to the global bed level, and hence is not confined, the contribution to the ultimate 

lateral capacity is similar to or slightly lower than that of the same thickness of sand. 

 
 

 
(1) Test 3 (remedial rock fill scour protection in a fully-formed scour hole) 

 
(2) Test 4 (remedial rock fill scour protection in a partially-formed scour hole) 

 
(3) Test 6 (remedial rock fill scour protection in a fully-formed scour hole with a falling apron) 

Figure 4.18. Monotonic lateral loading analysis results. (a) Vertical effective stress σv' profiles; (b) 

Small strain shear modulus G0 profiles; (c) Lateral load-displacement curves. 
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4.3.2.4 Pre-installed rock armour scour protection; Test 5 (P-RA) 

Figure 4.19 presents the OxPile analysis results for the pre-installed rock armour scour protection 

test; Test 5 (P-RA). In Test 5 the scour protection is raised relative to the global bed level, and the 

scour protection thickness is the smallest of the modelled tests (Table 4.4). As a result of the 

relatively thin scour protection layer, the difference between the lateral loads computed using the 

‘1D FFF SP on’ and ‘1D FFF SP off’ models (Figure 4.19(c)) is very small.  

All models produced underpredictions of the measured lateral loads (Figure 4.19(c)). It was 

previously noted that the scour protection adjacent to the pile wall was slightly lower than the 

surrounding area (Figure 2.5), this has potential for the soil to have higher effective stresses than 

are produced using the ‘1D Local’ model and hence reduce the under-prediction.  

The results in Figure 4.19 shows that the pre-installed rock has a higher capacity contribution 

than the equivalent thickness of sand, which is consistent with results from Tests 3 and 4. The results 

imply that the influence of the global scour could be disregarded for pre-installed rock armour, since 

the best capacity prediction was made by simply modelling a flat seabed at the level of the top of the 

scour protection adjacent to the pile wall. 

 
 
 
 

 
Figure 4.19. Test 5 (pre-installed rock armour) lateral loading analysis results; (a) Vertical effective 

stress σv' profiles; (b) Small strain shear modulus G0 profiles; (c) Lateral load-displacement curves. 
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4.4 Conclusions 

4.4.1 Numerical Model Calibration 

The 1D model EigPile is capable of capturing the broad changes in natural frequency due to the 

effects of scouring and scour protection. For monopiles with scour or scour protection systems 

installed, the stiffness and capacity is affected by two mechanisms (see Paper 3): (A) the loss of or 

addition of soil reactions within the scour depth or scour protection layer, and (B) changes in the soil 

reactions in the underlying soil due to the weight of the scoured material or scour protection material.  

Mechanism B was calibrated based on the natural frequency tests in scoured conditions 

(Section 4.2.3), and is accounted for in the OxPile calculations. The stiffness contribution of 

Mechanism B was calibrated based on the natural frequency tests (Section 4.2.4), but the capacity 

contribution cannot be modelled without additional data to characterise the scour protection 

behaviour. 

4.4.2 Scour Effects 

i. Vertical effective stresses – The FFF calibrated results indicate that the effective stresses, 

and therefore the small strain shear modulus, increases with depth more rapidly than suggested by 

the design standards (e.g. API, 2011); this finding is consistent with that of Qi et al. (2016). 

ii. Natural frequency – Table 4.5 shows that the first natural frequency is relatively insensitive 

to the effective stress assumption within the range of effective stresses relative to the global scour 

depth and total scour depth, provided the pile embedment is modelled based on the bed level local 

to the pile wall. This suggests that Mechanism B dominates the natural frequency of mode 1. 

iii. Lateral capacity – Local scour introduces the potential for a wide range of computed lateral 

capacities of monopile foundations. These computed lateral capacities are strongly dependent on 

the assumed effective stress conditions. The calibrated vertical effective stress model produces 

reasonable calculations of lateral capacity. 
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4.4.3 Scour Protection Effects 

i. Pre-installed rock armour – Pre-installed rock armour scour protection enhances the 

capacity contribution of Mechanisms A and B. Mechanism B is strongly enhanced, since the global 

seabed level is so distant from the pile that the stresses adjacent to the pile are not affected by global 

scour developments. For thin layers of scour protection (e.g. 𝑡𝑠𝑝/𝐷 < 0.25) the computed ultimate 

lateral capacity is insensitive to the magnitude of Mechanism A. 

ii. Remedial rock fill – The stiffness of rock fill scour protection was lower than that of the 

original in situ material. Remedial rock fill enhances the capacity contribution for both Mechanisms 

A and B, provided the surface of the scour protection remains lower than the global bed level and is 

hence constrained by the surrounding soil. The capacity contribution of Mechanism A is higher than 

that offered by the original in situ material, despite the lower stiffness. 

iii. Sand accretion in scour protection – Accretion of sand in the rock matrix, due to sediment 

transport, caused an increase in the stiffness. The capacity enhancements were inferred from the 

lateral loading tests performed after accretion the enhancement of Mechanism A may have been 

less significant if sand accretion had not occurred. There is therefore some uncertainty on the 

Mechanism A for full-scale structures, since it is unclear if such sand accretion occurs in the field. 

iv. Undermining of remedial rock fill – If remedial rock fill scour protection is significantly 

undermined by global scour, the capacity contribution of Mechanism A is reduced, even if an 

enhancement in stiffness remains. Mechanism B becomes more complicated due to the competing 

effects of the scour protection weight but lowering global bed level. 

v. Remedial tyre-filled nets – Tyre-filled net scour protection systems have a negligible 

stiffness contribution in the as-installed condition, with a modest increase over time due to sediment 

accretion in the tyres. Even with accretion, the stiffness of the tyre-filled nets is likely to remain low 

relative to the original in situ sand. For ultimate lateral capacity, tyre-filled net systems are likely to 

offer an enhancement to Mechanism B, and Mechanism A is similar to the contribution of the 

equivalent thickness of in situ sand. 
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Section 5 – Case Study of Robin Rigg Offshore Wind Farm 
5 CASE STUDY OF ROBIN RIGG OFFSHORE WIND FARM 

5.1 Introduction 

This case study considers two full-scale wind turbines at Robin Rigg Offshore Wind Farm with 

remedial rock fill scour protection. Field measurements of scour depth and natural frequencies are 

presented both during scour development and after installation of scour protection.  

The structural details and soil conditions (Section 5.2) are based on the design reports (Ramboll, 

2007; MMI, 2013, HR Wallingford, 2015), and the scour protection details are based on the 

installation report (E.ON, 2016). Bathymetry data (Section 5.3.1) were supplied by HR Wallingford 

and natural frequency measurements (Section 5.3.2) were provided by E.ON. 

The numerical programme EigPile is applied to analyse the natural frequencies of two turbine 

structures, herein referred to as Pile 1 and Pile 2. The numerical programme OxPile is applied for a 

lateral loading analysis of Pile 2. Section 5.4 presents the specification of the numerical models. 

Section 5.5 presents the numerical analysis results, which are discussed in Section 5.6. 

 
5.2 Description of Site 

5.2.1 Structure Characterisation 

Figure 5.1 presents an overview of the structural arrangements of the wind turbine structures at 

Robin Rigg; vertical coordinates are generally presented as elevation above the local chart datum 

(𝑧𝐶𝐷) which corresponds approximately to the lowest astronomical tide (Section 5.2.2). The 

monopile-tower-nacelle structures comprise a monopile and tower connected by a grouted joint at 

the transition piece (TP). Figure 5.2 presents the presumed detail of the TP. Figure 5.1 also shows 

the beam element types used in the finite element model, Section 5.4.2 presents the details of 

additional masses attached to the structure. Marine fouling has been observed on the monopiles at 

Robin Rigg, but has not been modelled in this study. 
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Figure 5.1. Characterisation of offshore wind turbine structures and soil stratigraphy at Robin Rigg 
Offshore Wind Farm, Piles 1 and 2 

 

 
Figure 5.2. Sketch of grouted connection detail 
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5.2.2 Environmental Conditions 

Table 5.1 presents the sea levels at Robin Rigg; the maximum tidal range at the site is 9.21 m. 

 
Table 5.1. Water levels at Robin Rigg Offshore Wind Farm 

Water Level 
𝒛𝑪𝑫 

(m) 

Highest astronomical tide 9.22 

Mean high water (spring tide) 8.35 

Mean high water (neap tide) 6.54 

Mean water level 4.38 

Mean low water (neap tide) 2.64 

Mean low water (spring tide) 0.92 

Lowest astronomical tide 0.01 

 
 

5.2.3 Soil Conditions 

Figure 5.1 shows that the geotechnical conditions at Robin Rigg are layered sand and clay. A 

mudstone bedrock is present at depth, but this is generally deeper than the pile tip. The site 

investigation at Robin Rigg did not include measurements of small strain shear modulus 𝐺0, which 

are a required input for the PISA design method. 

The sand layers at Robin Rigg are fine sand. Laboratory test data from the site investigation has 

informed the selection of 𝑒𝑚𝑖𝑛 = 0.5868, 𝑒𝑚𝑎𝑥 = 1.0385, and 𝐺𝑠 = 2.65 for the Robin Rigg sand.  

Clay layers at the Robin Rigg are typically slightly sandy clay. Oedometer tests from the RR OWF 

site investigation were reanalysed to determine overconsolidation ratio (OCR) for this field case 

study using the methods of Casagrande (e.g. Craig, 1992) and Pacheco Silva (1970). The results 

presented in Figure 5.3 reveal that the calculated OCR values are close to 1. This indicates that the 

clay layers are likely normally consolidated or lightly consolidated. 
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Figure 5.3. Overconsolidation ratio from oedometer tests at Robin Rigg offshore wind farm 

 
 

5.2.4 Scour Protection 

Rock fill remedial scour protection was installed 7.76 years after pile installation at Pile 1 and 7.72 

years after pile installation at Pile 2. The rock fill has properties of 𝐺𝑠 = 3.15. The median particle 

mass is 22 kg, which is equivalent to 𝑑50 = 509 mm for a spherical particle assumption. The total 

mass of installed scour protection was measured by the installation contractors (3433 tonnes at 

Pile 1; 3166 tonnes at Pile 2). The in situ installed bulk unit weight has not been analysed. 

 
5.3 Field Data 

5.3.1 Bathymetry Data 

The development of total scour 𝑆𝑇 and global scour 𝑆𝐺 at Robin Rigg was assessed using the 

bathymetric surveys. The bathymetry surveys are performed approximately annually, and typically 

cover the full windfarm extent. Bathymetry data files for Pile 1 and Pile 2 were provided by HR 

Wallingford. The survey durations are typically in the order of several weeks to several months; the 

exact date at which the survey vessel is at a given turbine location was estimated as the mid-point 

of the survey dates. Data cleaning was required for some of the bathymetry data sets to remove 

rogue points near the pile wall. Figure 5.5 and Figure 5.6 present typical bathymetry maps before 

and after scour protection installation.  
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The bathymetry data analysis followed a similar process to that used for the flume experiments 

(Paper 3) with full 360º radial coverage in the field surveys. Local bed levels were taken as the 

median value of data points close to the pile wall (𝑟/𝐷 ≤ 0.75) where 𝑟 is the radial distance from 

the pile centre; global bed levels were assessed using data points beyond the scour hole extent (7.5 

≤ 𝑟/𝐷 ≤ 15). Figure 5.6 presents the output scour depth development over time and Table 5.2 

presents the maximum recorded scour depths. The maximum local scour depth is 1.85 𝐷, which is 

in excess of the design guidance of 𝑆𝐿/𝐷  = 1.3 (DNVGL, 2016) or 𝑆𝐿/𝐷  = 1.5 (API, 2011), but is not 

unexpected based on other research (e.g. Den Boon et al., 2005).  

 
 
 

  

(a) 0.4 years after pile installation (b) 7.6 years after pile installation 

  
(c) 8.3 years after pile installation (0.6 years after 

scour protection installation) 

(d) 10.2 years after pile installation (2.5 years after 

scour protection installation) 

Figure 5.4. Example bathymetry measurements before and after scour protection installation: Pile 1. 

Coordinates x and y are distance East and North from pile centreline, respectively; coordinate z is 
vertical distance above pile tip. 
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The scour depths in Figure 5.6 show temporary reductions in the total scour depth at 

approximately 1.2 and 6.4 years, caused by natural backfilling of the scour holes. Since the site 

bathymetry is only periodically, it is unclear for how long this backfill was present. 

The installation of scour protection, indicated in Figure 5.6, manifests as a reduction in measured 

total scour depth and local scour depth. By coincidence at Pile 1 there was a sudden increase in 

global scour approximately 7.5 years after pile installation (Figure 5.6(a)), also Figure 5.4), shortly 

before the scour protection was installed. At Pile 2 (Figure 5.6(b), also Figure 5.5) the global scour 

has continued after installing scour protection and the global bed level by the end of the data set is 

lower than the top of the scour protection (𝑆𝐺 > 𝑆𝑇). 

 

  

(a) 0.5 years after pile installation (b) 7.7 years after pile installation 

  
(c) 8.3 years after pile installation (0.6 years after 

scour protection installation) 

(d) 10.2 years after pile installation (2.5 years after 

scour protection installation) 

Figure 5.5. Example bathymetry measurements before and after scour protection installation: Pile 2. 

Coordinates x and y are distance East and North from pile centreline, respectively; coordinate z is 
vertical distance above pile tip. 
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(a) Total and global scour depths at Pile 1. Scour protection installed at 7.76 years (red dashed line). 

 
(b) Total and global scour depths at Pile 2. Scour protection installed at 7.72 years (red dashed line). 

 
(c) Local scour depths. Calculated from median total and global scour in (a)&(b) 

Figure 5.6. Time series of measured scour depths. Notation pXX indicates XXth percentile, i.e. p50 

indicates the median value. tsp is the thickness of scour protection adjacent to the pile wall. 
 

Table 5.2. Maximum scour depths in field case study 

Location 

Installed pile 

embedment 

𝑳/𝑫 

Maximum 

global scour 

𝑺𝑮/𝑫 

Maximum 

total scour 

𝑺𝑻/𝑫 

Maximum 

local scour 

𝑺𝑳/𝑫 

Installed 

SP thickness 

𝒕𝒔𝒑/𝑫 

Pile 1 
(median) 

6.93 1.58 3.14 1.80 1.40 

Pile 2 
(median) 

7.21 2.30 3.14 1.85 1.24 
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5.3.2 Natural Frequency Data 

Natural frequency measurements for Pile 1 and Pile 2 were provided by E.ON. It is understood that 

the measured natural frequencies were taken as the peak of the power spectral density of 

acceleration data, where the accelerations are measured in the nacelle during rotor stop tests and 

standstill periods. The natural frequency field data have the following limitations: 

 Only the first natural frequency is calculated. 

 The natural frequency data are only available from 4 years after turbine installation 

(corresponding to the end of the turbine warranty). 

 The frequency resolution is approximately 0.012 Hz, roughly 4% of the natural frequency; 

future monitoring campaigns should aim to produce natural frequencies to a higher precision. 

 Measurements are relative to the nacelle orientation, which is a rotating frame of reference, 

and frequencies are reported in the downwind (DW) and crosswind (CW) directions. Since the 

orientation of the nacelle was not analysed, it is not possible to identify if the scatter in the measured 

frequencies are caused by scour asymmetry or rotor inertia effects. 

 
Figure 5.7 presents the natural frequency measurement data; a measurement trend is plotted as 

the mean of five values centred on each measurement. At pile 1 (Figure 5.7(a)) the natural frequency 

is stable before scour protection was installed (4 years to 7.76 years), and the scour depths 

(Figure 5.6(a)) are also relatively stable within the same period. At pile 2 (Figure 5.7(b)) the natural 

frequency reduces over the monitored period before scour protection was installed (4 years to 7.72 

years), and the total scour depth (Figure 5.6(b)) increased leading to a reduction in pile embedment 

depth over the same period.  

The measured natural frequencies tend to be higher after installation of the scour protection at 

both Pile 1 and 2. The flume experiment results show that the natural frequencies after installing 

scour protection tend to drift upwards due to sand accretion, or to drift downwards in cases of 

extreme global scour. It is unclear if either of these effects are present in the measured natural 

frequency data (Figure 5.7). 
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(a) Natural frequency measurements at Pile 1 

 
(b) Natural frequency measurements at Pile 2 

Figure 5.7. Time series of measured natural frequency at Pile 1 and 2. DW and CW indicate 
measurement in the downwind and crosswind direction respectively; grey dashed line indicates date 
of scour protection (SP) installation; measurement trend is the mean value of five data points. 
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5.4 Numerical Model Specifications 

5.4.1 Structure Model 

The general configuration of the monopile-tower-nacelle structure (Figure 5.1) includes details of the 

beam elements used to represent the structure. Figure 5.8 presents the profiles of 𝐷 and 𝑡𝑤 along 

the structure, as modelled in EigPile. Nodes were added at changes in 𝐷 and 𝑡𝑤 (see Section 3.5.2). 

The lateral loading analysis using OxPile adopted a simplified pile geometry with a uniform diameter 

𝐷 = 4.3 m and wall thickness 𝑡𝑤 = 55 mm. 

 
5.4.2 Nodal Masses 

Items attached to the structure (e.g. rotor, nacelle, ladders, flanges, platforms, etc.) were modelled 

as lumped nodal masses. These nodal masses are listed in Table 5.3. The radius of gyration 𝑅𝑔𝑦𝑟 

in Table 5.3 was estimated for all items, with the following assumptions: 

 For the rotor: 𝑅𝑔𝑦𝑟 = 𝐷𝑟𝑜𝑡/6, where 𝐷𝑟𝑜𝑡 is the rotor diameter (this presumes that the centre of 

mass of blades is located at 1/3 of the blade length) 

 For the nacelle: 𝑅𝑔𝑦𝑟 = 𝐵𝑛𝑎𝑐/4, where 𝐵𝑛𝑎𝑐 is the nacelle width (this presumes that nacelle is 

of uniform density) 

 For items attached to the outside of the structure (platforms, external ladders, I-tubes, boat 

landing bumpers): 𝑅𝑔𝑦𝑟 = 𝐷/2  

 For items attached circumferentially (flanges, grout): 𝑅𝑔𝑦𝑟 = 𝐷/4 (this is a rough approximation 

of a thin-walled cylinder) 

 For items inside the tower (damper, tower ladder): 𝑅𝑔𝑦𝑟 = 0 

The sensitivity of the analysis to radius of gyration 𝑅𝑔𝑦𝑟 assumptions has not been explored. 
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(a) Pile 1 (b) Pile 2 

Figure 5.8. Field case study structure geometry 
 
 
 

Table 5.3. Field case study structure nodal masses 

Item description 
𝒛𝑪𝑫 

(m) 

𝑴 

(kg) 

𝑹𝒈𝒚𝒓 

(m) 

Rotor 84.35 42667 15.0 

Nacelle 83.23 70000 0.9625 

Top flange on tower 82.4 1663 0.579 

Damper 82.0 7000 0 

Intermediate flanges 47.597 3348 0.756 

Tower ladder (100 kg/m over 62.4 m, lumped to 10 
locations at 6.24 m spacings) 

23.12 to 79.28 
624 per 
location 

0 

Bottom flange on tower 20.0 2910 1.135 

Top flange on TP 20.0 2910 1.135 

External platform 20.0 7300 2.27 

Upper platform 18.8 2000 2.27 

Upper access ladder (100 kg/m over 7 m) 16.5 700 2.27 

Rest platform 13.5 1000 2.27 

I-tubes (2 x 120 kg/m over 21.5 m) 9.25 5160 2.27 

Lower access ladder (10 kg/m over 16.1 m) 6.55 161 2.27 

Boat landing bumpers (2 x 166 kg/m over 14.5 m) 5.75 4814 2.27 

Platform at pile top 5.0 1000 2.27 

Grout (70 mm annulus at 2000 kg/m3 over 6.45 m) 1.725 12397 1.105 
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5.4.3 Water Added Mass Assumptions 

The water depth was modelled located at the mean water level (Table 5.1) for both the internal and 

external added mass of water; the sensitivity of the results to water depth has not been explored. 

The density of water was assumed as 𝜌𝑤 = 1000 kg/m3, which is marginally lower than the values 

expected for seawater but not expected to influence the results. 

 
5.4.4 Soil Models 

The soil stratigraphy is described in Figure 5.1 and Section 5.2.3. 

The small strain shear modulus, 𝐺0, for sand layers at Robin Rigg were calculated using the 

relationships for Dunkirk sand (Table 3.4, after PISA2 Final Report, 2018), and soil reactions were 

modelled using the generalised Dunkirk sand model (GDSM) (PISA2 Final Report, 2018).  

The small strain shear modulus, 𝐺0, for clay layers at Robin Rigg were calculated using the 

relationships for Bothkennar clay (Table 3.4, after PISA2 Final Report, 2018). Bothkennar is a clay 

site, with OCR ≅ 10 at the soil surface reducing to OCR < 2 at depths greater than 3 m (PISA2 Final 

Report, 2018); the Cowden till and London clay models from the PISA2 project were developed for 

soils with higher OCR, therefore the Bothkennar model was considered to be the most appropriate. 

The original embedment lengths of some piles at Robin Rigg (e.g. 𝐿/𝐷 = 6.93 at Pile 1) are 

outside the calibration space of the PISA soil reaction models (2 ≤ 𝐿/𝐷 ≤ 6). The normalised soil 

reactions (𝑘𝑝,𝑘𝑚,𝑘𝐻,𝑘𝑀) were assumed to be constant outside of the calibration space (equal to the 

value corresponding to 𝐿/𝐷 = 6). 

Figure 5.9 and Figure 5.10 present the soil parameter profiles employed in the EigPile analysis, 

which were developed from the original design soil parameter profiles. The OxPile analysis adopted 

a simplified set of soil parameters with sand modelled at a constant relative density, 𝐷𝑅 = 90% and 

clay modelled with a constant undrained shear strength 𝑠𝑢 = 100 kPa. 

It is noted that the selected soil models and modelling assumptions are not necessarily 

appropriate for final design calculations. The PISA project recommendation is to calibrate the soil 
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reactions using 3D finite element analyses using appropriate constitutive soil models based on 

advanced laboratory soil testing. 

 
5.4.5 Soil Plug Assumption 

The soil plug length is unknown and was assumed to be equal to the installed pile embedment length. 

 
5.4.6 Scour Protection Models 

It is noted that there is very little design guidance on the specification of the properties of rock fill 

scour protection. The scour protection unit weight was calculated using an assumed voids ratio 

representative of the flume experiments (𝑒 = 0.95), and the rock fill scour protection stiffness 

modelled based on the analysis of the flume experiments (Section 4.2.4.1). 

Table 5.4 presents the scour protection parameters adopted for the case study. The ‘as-installed’ 

scour protection parameters were used to model the initial natural frequency change after installing 

scour protection. It was assumed that sediment accretion occurs in the field at Robin Rigg, and the 

parameters ‘with accreted sand’ (Table 5.4) were used to model the sediment accretion effects. The 

‘as-installed’ parameters were used with the first bathymetry after installing scour protection, and the 

‘with accreted sand’ parameters were used with subsequent bathymetry data. 
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Figure 5.9. Field case study soil parameter profiles at Pile 1; zBSF  is the depth below seafloor at the 
time of pile installation. 

 
 

 

Figure 5.10. Field case study soil parameter profiles at Pile 2; zBSF  is the depth below seafloor at the 
time of pile installation. 

 
 

Table 5.4. Scour protection model parameters for field case study 

Scour protection condition 𝜸 [kN/m3] 𝑩𝑺𝑷 

As-installed 20.63 259 

With accreted sand 25.47 500 
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5.5 Numerical Analysis Results 

5.5.1 Natural Frequency Results 

The natural frequencies of Pile 1 and 2 were calculated using EigPile for each of the measured scour 

depths (from Figure 5.6) to produce a time series of predicted natural frequencies. Two scour 

effective stress models were analysed: (1) ‘FFF Calibrated’ bilinear model from the flume 

experiments with 𝛿𝐿 = 1.49 (Section 4.2.3); and (2) ‘API’ (2011) with Δ𝑧𝑂/𝐷 = 6. 

Figure 5.11 presents the output change in natural frequency from the initial unscoured condition. 

The computed change in natural frequencies in Figure 5.11 are presented alongside the change in 

natural frequency measurement trends (from Figure 5.7). The computed and measured natural 

frequencies are normalised by a common initial unscoured natural frequency, inferred from the 

EigPile analysis. 

 

(a) Change in natural frequency at Pile 1  

 
(b) Change in natural frequency at Pile 2 

Figure 5.11. Comparison of EigPile natural frequency results (measurement trend from Figure 5.7) 
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5.5.2 Lateral Loading Results 

The lateral load-displacement behaviour of Pile 2 was analysed using OxPile. Analyses were 

performed for local scour depth of 𝑆𝐿/𝐷 = 0 to 3, and global scour was fixed at zero (𝑆𝐺/𝐷 = 0). Four 

scour effective stress models were analysed (Table 4.10): (1) ‘1D Local Model’ in which the local 

scour influence factor 𝛼𝐿 = 0; (2) ‘1D Global Model’ in which 𝛼𝐿 = 1; (3) ‘1D API Model’ in which the 

non-dimensional overburden reduction depth 𝛿𝐿  = 4; (4) ‘1D FFF Model’ in which 𝛿𝐿  = 1.49. 

Figure 5.12 presents example results for a local scour depth of 𝑆𝐿/𝐷 = 2, similar to the bathymetry 

condition at 5.2 years in Figure 5.6(b). In Figure 5.12(c) the ground level displacements 𝑣𝐺 are 

normalised by a reference value 𝑣𝑅 = 0.1𝐷, and lateral loads 𝐻 are normalised by a reference value 

𝐻𝑅 at 𝑣𝐺 = 𝑣𝑅 taken from the ‘1D Local Model’ results. Figure 5.13 presents the computed variation 

of the normalised reference loads as a function of the local scour depth. 

 
Figure 5.12. Lateral loading analysis results for Robin Rigg Pile 2 with local scour (SL/D = 2) and 

zero global scour (SG/D = 0); lateral load H applied at mean water level zCD = 4.38; (a) Vertical 
effective stress σv' profiles; (b) Small strain shear modulus G0 profiles; (c) Normalised lateral load-
displacement curves. 

 

  
Figure 5.13. Influence of the modelled vertical effective stress on the lateral capacity. Data from the 

analysis of Robin Rigg Pile 2 with zero global scour (SG/D = 0); lateral load H applied at mean water 
level zCD = 4.38. 
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5.6 Discussion 

5.6.1 Overview 

Comparison of the calculated and measured natural frequencies in Figure 5.11 indicates that the 

numerical results are plausible for the scoured condition and with scour protection installed. There 

is uncertainty on the quality of the fit due to the limitations of the measured natural frequencies 

(Section 5.3.2) and the periodic nature of the known scour depths from the bathymetry surveys 

(Section 5.3.1).  

Overall, the natural frequency results in Figure 5.11 indicate that EigPile is capable of producing 

reasonable predictions of the first natural frequency for field scale offshore wind turbines, where 

assumptions on the soil stiffness and scour protection stiffness were provisionally calibrated using 

the flume experiments. 

 
5.6.2 Scour Effects 

Both of the scour effective stress models presented in Figure 5.11 give a reasonable match to the 

measured frequencies before scour protection is installed. This supports the finding that the 

predicted natural frequencies are rather insensitive to the effective stress assumption, which is 

consistent with the relatively small differences in mode 1 predictions for the flume experiments 

(Table 4.5). The results using the Qi et al. (2016) scour effective stress model have not been 

presented, but is expected to produce very similar to the ‘FFF Calibrated’ model. 

The results of the lateral loading analysis show that there is potential for a wide range of capacity 

predictions. The capacity prediction is highly dependent on the assumed vertical effective stress 

profile, with a factor of 3 between the upper and lower predictions in Figure 5.12 (𝑆𝐿/𝐷 = 2). This 

result is remarkably similar to the same analysis for the flume experiments (Section 4.3.2.1, 

Figure 4.16). The ‘1D FFF Model’ for vertical effective stresses produces significantly higher 

capacities than the equivalent API (2011) approach, and therefore presents an opportunity for design 

optimisation. 
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5.6.3 Natural Backfill Effects 

The predicted natural frequencies in Figure 5.11 show a slight increase at approximately 6.4 years 

(Figure 5.11), caused by the reduced total scour depth measured at this time (Figure 5.6). This 

increase is not seen in the natural frequency measurement trends, however the numerical model did 

not attempt to model sand backfill material as having different properties to the original in situ 

material. These results show that the backfill material should be modelled as having a lower stiffness 

contribution than the original in situ material, this finding is consistent with the flume experiments, 

where Test 1 showed that backfill material has a lower stiffness contribution than the original in situ 

material (discussion in Paper 3). 

 
5.6.4 Scour Protection Effects 

Following installation of scour protection, the predicted increase in natural frequency is slightly less 

than the measurement trend (Figure 5.11), this shows that the actual stiffness contribution of the 

scour protection material at Piles 1 and 2 is higher than that modelled. The rock density used at 

Robin Rigg was higher than in the flume experiments. Since the additional effects of the higher 

weight are accounted for in the effective stress calculations, the results indicate that 𝐵𝑆𝑃 for the rock 

fill scour protection at Piles 1 and 2 is higher than that from the flume experiment calibration.  

The lateral capacity of monopiles with scour protection was not explicitly analysed for the Robin 

Rigg case study. The results of the flume experiment analysis (Section 4.3.2.3) show that the 

capacity with remedial rock fill is expected to be greater than that predicted with scour protection 

modelled as a sand layer using the ‘1D FFF Model’ (e.g. Figure 5.13). 
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5.6.5 Sand Accretion Effects 

The natural frequency predictions for both Piles 1 and 2 (Figure 5.11) show an additional increase 

after installing scour protection due to the assumed higher value of 𝐵𝑆𝑃 with sand accretion. The 

natural frequencies are still slightly under-predicted compared with the measurement trend. The 

effects of sand accretion may be masked in the measurement trend since the frequency resolution 

of 4% is greater than the expected gain of up to 2% based on the flume experiments (Fig. 19 in 

Paper 3).  

 
5.6.6 Scour Protection Undermining Effects 

The natural frequency prediction for Pile 2 (Figure 5.11(b)) shows a reduction approximately 1 year 

after scour protection installation (~9 years after pile installation). This is a result of the continued 

global scour over the same time period (Figure 5.6(b)) causing reduced effective stresses and soil 

shear modulus values to be modelled. As with the sand accretion effects, the measured frequency 

resolution may be masking the effects of this scour protection undermining. 
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Section 6 – Conclusions and Recommendations 
6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary 

This portfolio has presented the results of a DEng research project, exploring the effects of scour 

and scour protection on the natural frequencies and lateral capacities of monopile-supported 

offshore wind turbines. Section 1 outlined the context of the work, which motivated the novel flume 

experiments described in Section 2. Three scour protection systems were explored in the flume 

experiments (pre-installed rock armour, remedial rock fill, remedial tyre-filled nets). Section 3 

presented the development of a numerical model for natural frequencies analysis. Numerical 

modelling of the flume experiments was presented in Section 4, and the findings of the research 

were applied to a case study of two turbines at Robin Rigg offshore wind farm in Section 5. 

This Section presents the conclusions of the research. Section 6.2 outlines the original 

contributions and main findings of the research, including responses to the research questions posed 

at the outset. Section 6.3 presents the recommendations arising from the findings, including 

recommendations for practice and suggested directions for further research. 

 
6.2 Contributions and Findings 

6.2.1 Original Contributions 

i. Development and execution of the flume experiments 

A novel programme of flume experiments was developed and executed to explore the behaviour 

of a driven monopile – tower system with realistic scour and scour protection conditions, using HR 

Wallingford’s Fast Flow Facility flume. The monopile – tower system, developed for the experiments, 

was specified to model the foundation response and structural dynamics at appropriate scales. 

The experiments required a significant logistical and organisational effort to coordinate the 

activities of the research participants from Oxford University, HR Wallingford, and E.On Energy. The 

executed test matrix of six tests was devised to explore both scour and scour protection, given the 

limited number of tests able to be performed in the available flume time. 
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A compacted and saturated sand bed was prepared for each test, and a CPT was performed for 

each test to ensure that the achieved sand bed was consistent. Equipment and methods were 

developed for the pile driving, structural dynamics testing, and monotonic lateral loading testing 

activities. The scour protection models were developed and specified to be at appropriate geometric 

scales compared with full scale structures. 

Novel aspects of the experiments include measurement of the structural dynamics of a full 

monopile – tower system, structural dynamic measurements with a variable top mass, and structural 

dynamic measurements and lateral loading tests in a flume experimental setup. The onset of global 

scour was initiated during the flume tests by triggering a slope instability at the edge of the test 

section, as opposed to the typical approach of establishing an instability at the start of the test. 

The tests produced measurements of the influence of pre-installed rock armour, remedial rock fill, 

and tyre-filled net scour protection on the foundation response. Excavations at the end of each test 

revealed that sand accretion had occurred in the scour protection material, which has not been 

widely investigated in previous research. 

 
ii. Analysis of the flume experiment results 

A method was developed for the definition of representative local and global bed levels from 

bathymetry data as an input to geotechnical analysis. The structural dynamics test data were 

analysed to produce inferred natural frequencies, damping ratios, and mode shapes. The monotonic 

loading test data were analysed to produce load-displacement curves and capacity parameters. The 

results provide new insight into the influence of scour and scour protection on the monopile 

response, including that sand accretion had significantly influenced the soil-structure interaction. 

Soil characterisation activities were carried out to inform subsequent numerical modelling of the 

tests. This includes determination of relative density profiles from the CPT data, for which a set of 

calibration tests were performed. The small strain shear modulus 𝐺0 is characterised using bender 

element test data. A calculation method is proposed to determine the unit weight of scour protection 

with accreted sand. 
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iii. Development of the 1D finite element programme EigPile 

EigPile was developed for the analysis of natural frequencies, adopting an eigenvalue approach 

and small strain elastic assumptions, using the soil reaction methodology from the PISA 1D model. 

This 1D approach offers an improvement in capabilities compared with macro element models, 

allowing input of layered soil conditions and outputs of results for the higher modes including mode 

shapes below ground level. 

The soil models in EigPile account for the influence of scour and scour protection on the vertical 

effective stresses and small-strain shear modulus. For monopiles with scour protection, simple 

methods are proposed for calculation of the vertical effective stress profile, small-strain shear 

modulus 𝐺0, and lateral stiffness component of the soil reactions. 

 
iv. Numerical modelling of the flume experiments 

The EigPile models for scoured vertical effective stress and scour protection stiffness were 

calibrated using the natural frequency results from the flume experiments. The calibrated models are 

applied in the numerical analysis of the lateral loading tests, using the PISA 1D model (via the 

Oxford-developed MATLAB programme OxPile). The numerical modelling provides new insight into 

the contributions of scour and scour protection to the stiffness and lateral capacity of monopile 

foundations. 

 
v. Numerical modelling of full-scale structures in a case study of field data 

A case study using bathymetry and natural frequency field data from Robin Rigg Offshore Wind 

Farm was performed to verify the performance of the EigPile model. A lateral loading analysis was 

also performed for the case study using the PISA 1D model (via OxPile). The lateral loading analysis 

for the case study showed similarity to the analysis of the flume experiments. The case study shows 

that the scour and scour protection stiffness models, calibrated based on the flume experiments, are 

a reasonable representation of full-scale structures. 
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6.2.2 Main Findings 

i. Natural frequency modelling – A sound basis for analysis has been made with EigPile 

through calibration with the scour and scour protection testing in the Fast Flow Facility (FFF) and 

through demonstration of plausible behaviour through application at two foundations of the Robin 

Rigg offshore wind farm. 

ii. Mechanisms of scour effects – The occurrence of scour and scour protection at a piled 

foundation causes changes in the monopile response due to two mechanisms: (A) the removal or 

addition of soil reactions due to the change in embedment, and (B) changes in the soil reactions in 

the underlying soil due to changes in the weight of the overlying material. 

iii. Unremediated local scour – For unremediated local scour development, the natural 

frequencies are dominated by the change in embedment (Mechanism A). The natural frequency of 

the first bending mode is relatively insensitive to the vertical effective stress distribution for 

Mechanism B, provided it is modelled within plausible bounds (prediction range of 1% to 2%). The 

lateral capacity is highly sensitive to the vertical effective stress distribution for Mechanism B (e.g. 

factor of 3 between predictions for 𝑆𝐿/𝐷 = 2 in case study), which introduces a level of uncertainty. 

A bilinear vertical effective stress model was calibrated using the flume experiment natural frequency 

measurements (calibrated 𝛿𝐿 = 1.49), and also produces a reasonable match to the lateral loading 

tests. The calibration indicated that the vertical effective stresses are expected to increase with depth 

more rapidly than suggested in the design standards (equivalent 𝛿𝐿 = 4 from API, 2011). This finding 

is consistent with other research (Qi et al., 2016; Lin and Jiang, 2019).  

iv. Structural health monitoring for scour detection – The flume experiments showed that 

the natural frequency of the second bending mode is a good indicator of scour development (in flume 

experiments: 11.7% to 15.6% reduction per diameter of total scour 𝑆𝑇, on average 4.13 times more 

sensitive than mode 1). This finding broadly agrees with previous numerical work (e.g. Sørensen 

and Ibsen, 2013). The experiments also showed that scour causes measurable changes in the mode 

shape of the first three bending modes (in flume experiments: mode 2 maxima position moves 

downwards by Δ𝑧/𝑆𝑇 = -0.42 to -0.58). Based on these findings, structural health monitoring systems 
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targeting mode 2 could be adopted to monitor scour development at high risk sites. Structural health 

monitoring would provide strong evidence of scour development in the field if these changes in mode 

2 are observed, concurrent with the expected mode shape changes and lesser frequency drops of 

mode 1 (in flume experiments: 2.6% to 4.8% per diameter of total scour 𝑆𝑇) and mode 3 (in flume 

experiments: 6.8% to 8.4% per diameter of total scour 𝑆𝑇). It is recommended to implement structural 

health monitoring from the outset for offshore wind farm sites in development with a high scour risk, 

especially if a ‘monitor and react’ scour design approach is adopted. 

v. Backfill of scour holes – Natural backfilling of scour holes with sand has a negligible or 

small positive effect on the natural frequencies, observed in the flume experiments and Robin Rigg 

field data. This shows that the magnitude of stiffness in Mechanism A is lower in backfill than the 

original in situ sand. When compared with the numerical predictions of Sørensen and Ibsen (2013), 

this suggests that the sand was deposited at a low relative density. This suggestion contradicts the 

results of Sørensen et al. (2010), which showed high relative density of backfill – possibly caused by 

wave compaction. In summary, the natural sand backfilling mechanism provides a temporary 

enhancement of the foundation stiffness, but the magnitude of the enhancement is not reliable. 

vi. Pre-installed rock armour scour protection – Pre-installed rock armour of suitable design 

is likely to remain hydraulically stable. If the crest of the scour protection layer is sufficiently far from 

the monopile, the monopile response is unaffected by global scour and secondary scour. The 

magnitude of Mechanism A (the soil-structure interactions in the scour protection layer) has relatively 

little influence on the lateral capacity if the scour protection layer is thin. The most appropriate method 

for 1D numerical analysis of monopiles with preinstalled scour protection is to model a rock layer of 

uniform thickness and to make a flat seabed assumption at the surface of the scour protection layer. 

vii. Remedial rock fill scour protection – Remedial rock fill enhances the natural frequencies 

and lateral capacity by a combination of Mechanisms A and B. These enhancements are expected 

if the scour protection surface is lower than the ambient bed level, i.e. the scour protection material 

is recessed in the scour hole and constrained by the surrounding soil. The stiffness contribution of 
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Mechanism A (calibrated 𝐵𝑆𝑃 = 259) is expected to be lower than that of the original in situ material, 

but the capacity contribution is expected to be higher than the original material. 

viii. Sand accretion in scour protection – Sand accretion was observed in the rock scour 

protection matrix in the flume experiments, similarly to An et al. (2014). This accretion can further 

enhance the stiffness of Mechanism A (calibrated 𝐵𝑆𝑃 = 500), leading to increases in natural 

frequencies (measured up to 2%). The stiffness increase is presumably caused by increased particle 

interlocking in the scour protection matrix with accreted sand in the void space. There is a lack of 

evidence in the literature exploring whether sand accretion occurs in field conditions, such accretion 

would likely only occur at sites with live bed conditions and suspended sediment in the flow. It is 

possible that this accretion mechanism is responsible for the observations of frequency gains for 

wind turbines with scour protection at Greater Gabbard offshore wind farm (Hucker et al. 2019). 

ix. Undermining of remedial rock fill scour protection – Remedial rock fill is likely to 

become unstable if the global scour causes the ambient bed level to drop lower than the surface of 

the scour protection. In this case the scour protection becomes raised relative to the ambient bed 

level, hence it is no longer constrained by the surrounding soil. The stiffness contribution of 

Mechanisms A and B reduce leading to reductions in natural frequencies, and the strength 

contribution of Mechanism A is expected to become negligible for lateral capacity analysis. 

x. Remedial tyre-filled net scour protection – Tyre-filled nets provide the potential to limit 

the development of further local scour. The nets are likely to undergo movement after placement, 

hence should be tethered. On installation of tyre-filled nets the natural frequencies are expected to 

be unchanged, and Mechanisms A and B were found to be negligible. There is potential for small 

increase in natural frequencies over time as the stiffness of Mechanism A becomes enhanced by 

sand accretion in the tyre-filled nets (calibrated 𝐵𝑆𝑃 = 68.2 with sand accretion). If accretion occurs, 

lateral capacities are expected to be greater than the scoured condition due to Mechanism B, the 

strength contribution of Mechanism A is expected to be similar to the equivalent thickness of sand. 
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6.2.3 Response to Research Questions 

Three research questions were posed at the outset of the research project (Section 1.3.1). The 

research findings and recommendations support the following responses:  

 
i. What is the effect of scour protection on foundation stiffness and strength? 

Foundation stiffness and strength were explored through numerical modelling and flume tank 

experiments performed at HR Wallingford’s Fast Flow Facility. Structural dynamics testing and 

analysis were used to explore stiffness effects, and monotonic lateral loading testing and analysis 

were used to explore strength effects. 

Scour protection was shown to enhance the stiffness and strength of monopile foundations under 

lateral loading conditions, with a greater enhancement of the strength than the stiffness. The 

magnitude of these enhancements depends on the type of scour protection system implemented, 

with rock having a significant effect and tyre-filled nets having a much smaller effect. Further 

enhancements were shown to develop due to sediment accretion in the scour protection matrix. 

These enhancements also have the potential to be diminished if global scour causes the scour 

protection to become unstable. 

 
ii. What is the effect of global seabed lowering and can stiffness be regained with scour 

protection? 

Global seabed lowering causes the total scour depth to increase for foundations unremediated 

against scour development, since the flow structures will work to restore the local scour depth to an 

equilibrium condition for the lower bed level. 

Scour protection has the potential to stabilise the seabed level adjacent to the pile wall, which 

was shown to increase and also stabilise the stiffnesses. The flume experiments indicated that the 

stiffness is partially but not fully regained with scour protection. A case study of field data from Robin 

Rigg offshore wind farm indicates a greater stiffness enhancement than in the flume experiments, 

which may be due to the higher density of rock used in the field. 
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iii. Does local or global scour dominate foundation response and hence structural 

natural frequency?  

The pile embedment, considering only the soil adjacent to the pile wall, governs the foundation 

response; in this sense it is the total scour depth, or combined global and local scour depths, which 

drive changes in the natural frequencies. The local and global scour depths can be used to bound 

the plausible effective stress profiles in the soil, and hence also bound the soil stiffness profiles. Data 

from the flume experiments was used to calibrate the effective stress profiles as a function of the 

global and local scour depths. The calibrated profile is similar to the results from other research (e.g. 

Qi et al., 2016). 

The results indicate that natural frequency of the first structural bending mode is relatively 

insensitive to the assumed effective stress profile provided it remains within the plausible bounds, 

with around 1% to 2% difference in predictions. The natural frequency of the second structural 

bending mode shows greater sensitivity to the assumed effective stress profile. 

The research also found that the lateral capacity is sensitive to the assumed effective stress 

profile. Adopting the calibrated effective stress profile produces a reasonable prediction of the lateral 

capacity for the flume test with unremediated scour development. 

Natural backfill of local scour holes can occur due to sediment deposition. The stiffness 

contribution of backfill is small compared with the original in situ material, and temporary in nature. 

Hence, natural backfill should not be relied upon in design. There is potential for unidentified backfill 

at operating sites due to the periodic nature of bathymetry surveys. Locations with unidentified 

backfill may have natural frequencies lower than would be expected for the equivalent scour depth 

to the top of the backfill layer. 

The knowledge and methods developed in the research project will provide valuable inputs for 

the fatigue analysis of monopile-supported offshore wind turbines. These fatigue requirements are 

a key design driver in determining the remaining design life for decommissioning or recommissioning 

activities. 
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6.3 Recommendations  

6.3.1 Recommendations for Practice 

i. For offshore wind farms in development at sites with a high scour risk 

Pre-installed rock armour scour protection is recommended for offshore wind farms in 

development. The pre-installed scour protection should have a wide extent to limit the effect of 

bathymetry changes on the monopile response. This is expected to provide a hydraulically stable 

solution, with limited change in the foundation stiffness over time. This stability would provide 

confidence in the design life fatigue analysis for decommissioning or recommissioning activities. 

ii. For offshore wind farms with a ‘monitor and react’ scour design approach 

It is recommended to deploy supplementary structural health monitoring systems to assist in 

detecting the onset of scour damage. These monitoring systems should aim to track the frequency 

of the second structural bending mode and the mode shapes. This would increase the likelihood of 

identifying excessive scour development. Early identification would allow remediation to be installed 

in a timely fashion, and therefore limit the potential for fatigue damage. 

iii. For remedial scour protection at monopiles with low natural frequencies 

If the natural frequency is too low there is a risk of fatigue damage and reduced design life, the 

lateral capacity may also be a concern. It is recommended to use rock fill scour remediation to 

enhance the stiffness and capacity of the foundation, and reduce the potential for fatigue damage. 

At locations with potential for global scour to undermine the scour protection, this can be countered 

by installing a large quantity of rock to allow the scour protection to remain stable. The impact of this 

rock on secondary scour would need to be evaluated. 

iv. For remedial scour protection at monopiles with acceptable natural frequencies 

If no enhancement of the foundation stiffness is required, the tyre-filled net solution may provide 

an alternative to rock fill. The flume experiments indicated that the tyre-filled nets limited the 

development of further local scour, but had a negligible stiffness contribution. The effect of global 

scour may expose and destabilise the tyre filled nets. 
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6.3.2 Suggestions for Further Research 

There is scope for further research on the influence of scour and scour protection on monopile 

foundation behaviour. The following list presents some potential areas to be explored: 

i. Extension of the PISA framework for local scour conditions, by analysis of normalised soil 

reactions using appropriate 3D finite element analysis methods and constitutive soil models, perhaps 

with scope for validation by further experimental testing. 

ii. Investigation of the influence of other aspects of the scour hole geometry on monopile 

responses, such as the base width (e.g. Lin and Jiang, 2019), asymmetry, or secondary scour 

adjacent to scour protection. 

iii. Exploration of the sediment accretion mechanism, and whether it can be relied upon in the 

field. There may be scope for computational fluid dynamics methods (e.g. Tavouktsoglou et al., 

2019) to be used to explore whether sediment accretion occurs in field conditions, perhaps 

accompanied by large scale field trials or flume tests. 

iv. There is a general lack of data on the geotechnical modelling of the mechanical properties 

of rock-type scour protection materials, future research could reduce uncertainty in this area. Large 

scale soil element tests could be devised as a method for exploring the mechanical properties of 

gravel and rock layers, with potential scope to investigate the additional effects of the presence of 

accreted sand in the scour protection void space. 

 
6.3.3 Concluding Statement 

This research confirms, through both laboratory and field scale studies, that scour causes a 

significant reduction in foundation stiffness and detectable decreases in natural frequencies (the 

second bending mode is particularly sensitive). The findings demonstrate that a connection exists 

between monitored natural frequencies and lateral foundation stiffness and strength, and that the 

foundation response is influenced by scour protection. This provides confidence that rock fill scour 

remediation is beneficial to foundation stiffness and strength, hence fatigue life and capacity safety 

margin, with confirmation possible through detectable changes in natural frequencies. 
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Modelling of foundation response to scour and scour protection for 
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ABSTRACT:  Local and global scour around offshore monopile wind turbine structures can cause a 
reduction in foundation strength and stiffness, and a consequential reduction in the structure’s natural 
frequency. To devise optimal scour remediation schemes, it is necessary to develop an understanding of the 
interactions between scour development, soil-foundation stiffness, and the dynamic response of the struc-
ture. This paper describes a research project that develops a framework to assess the influence of scour 
and scour remediation systems on the dynamic characteristics of offshore wind turbine structures. The 
research project includes one‑dimensional (1D) finite element modelling, calibrated using three-dimen-
sional (3D) finite element analysis, experimental measurements, and monitored field data. The paper out-
lines the development of the 1D and 3D finite element models, as well as a novel experimental programme 
carried out on a 1:20 scale offshore wind structure in the Fast Flow Facility at HR Wallingford, UK.

wind farms, and for the lifetime assessment of exist-
ing scour-affected assets.

2  BACKGROUND

2.1  Scour at offshore foundations

Scour around offshore foundations can take the 
form of global seabed scour or local scour, and 
both types of scour can be present. Table  1 and 
Fig. 2 present a summary of the adopted defini-
tions of global and local scour. The development 
of scour is influenced by the site wave and current 
environment, the character of the seabed sedi-
ments, the local geology, and the properties of the 
structures and infrastructure placed on the seabed.

1  INTRODUCTION

Loss of soil support around offshore wind turbine 
monopile structures, due to scour, can cause a drop 
in the structure’s natural frequency due to the loss 
of foundation stiffness. Local scour around piles, 
and the effect of moving bed-forms such as sand 
waves, can be onerous at sites with high currents 
(e.g. Høgedal & Hald, 2005; Larsen et  al., 2016; 
Tseng et al., 2017). At such sites it is important to 
incorporate scour processes and/or scour protec-
tion into the wind farm design.

E.ON Climate & Renewables and HR Wall-
ingford are jointly funding an ongoing research 
project at the University of Oxford that investigates 
the effect of scour and scour protection on wind 
turbine structures. The focus of the research is on 
assessing the influence of scour and scour reme-
diation systems on the dynamic characteristics (fre-
quencies and mode shapes) of monopile-supported 
offshore wind turbine structures. Fig. 1 presents the 
framework of the research project, which includes 
one‑dimensional (1D) and three‑dimensional (3D) 
finite element analysis (FEA) validated using exper-
imental work, supported by field data. It is antici-
pated that this framework can be applied to the 
design of future offshore wind farms, the selection 
of scour protection systems for future or operating 

Figure 1.  Research project framework.
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2.2  Natural frequency of wind turbine structures

Monopile wind turbines are typically designed for 
the resonant frequency (first natural frequency) to 
be above the rotor frequency band (1P) and below 
the blade passing frequency band (3P) (Kallehave 
et al., 2015).

Removal of soil by scour causes a loss of foun-
dation stiffness, so that the natural frequency 

moves closer to 1P. This leads to increased dynamic 
amplification of the rotor frequency loads and 
consequently increased fatigue damage within the 
structure. For accurate predictions of natural fre-
quencies it is important to suitably model the stiff-
ness of the foundation itself, including the effect 
that any scour and scour protection has on the 
foundation response.

2.3  Pile foundation analysis

Design standards for offshore structures (e.g. 
DNVGL, 2016; API, 2011; ISO, 2007) recommend 
that the lateral load-displacement behaviour of 
piles should be predicted using a nonlinear Win-
kler spring method within a 1D model, with the 
soil represented by discrete p-y curves. The PISA 
project (Byrne et al., 2015; Zdravković et al., 2015) 
proposes a more comprehensive model of the soil 
resistance for monopile design incorporating the 
distributed lateral reaction, distributed moment 
due to the rotation of the pile cross-section, plus 
moment and shear reaction at the base of the pile. 
The PISA approach recommends calibrating the 
soil resistance curves using 3D FEA of the load-
displacement behaviour, where the initial pile 
response is defined as a function of small strain 
shear stiffness (G0) of the soil.

2.4  Effects of scour on monopile behaviour

2.4.1  Global scour
For global scour it is generally accepted that soil 
stresses can be calculated assuming that the removed 
layers have no residual effects on the stresses (e.g. 
DNVGL, 2016; Qi et  al., 2016). Vertical effective 
stresses under global scour (σ ′VG) can be calculated 
using the depth below the lowered seabed level (zG).

2.4.2  Local scour
Under local scour, the design standards (e.g. API, 
2011) recommend using reduced effective stresses, 

Table 1.  Summary of scour definitions adopted in this research for offshore foundations.

Scour type Description Remarks

Global Scour Overall seabed movement, for example:
– Migrating sandwaves and sandbanks
– Migrating channel features

Some references use the terminology general  
scour (e.g. API, 2011; DNVGL, 2016), rather  
than global scour (e.g. ISO, 2007). An  
alternative definition of global scour is  
dishpan scour around jacket structures.

Local Scour A scour pit around a foundation caused  
by the formation of horseshoe vortices  
around the pile in a flow. Local scour  
pits may be asymmetric, with deposition  
downstream.

Recommended design local scour depths are  
based on empirical data (e.g. Breusers et al.,  
1977). Some design standards (API, 2011;  
ISO, 2007) recommend a design local scour  
depth of 1.5 D; DNVGL (2016) recommends 
a design local scour depth of 1.3 D. More 
recent emprical methods are available (e.g.  
Tavouktsoglou et al., 2017).

Figure 2.  Scour around a monopile offshore wind tur-
bine (adapted from Mayall et al., 2018).
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which return linearly to the globally-scoured 
background condition over a defined overburden 
reduction depth. An alternative hyperbolic return 
is proposed by Qi et  al. (2016). Note that both 
methods are intended for capacity predictions, 
rather than for small displacement problems.

The calculation of vertical effective stress adja-
cent to the pile for local scour conditions (σ ′VL) can 
be expressed using an effective soil depth (ze):

σ ′VL = zeγ'av	 (1)

The effective soil depth can be calculated using 
a local scour influence factor (αL) between 0 and 
1; as presented in Fig. 3 for the API (2011) and Qi 
et al. (2016) methods.

2.4.3  Effect of scour on structural dynamics
There are a number of influences of scour on the 
foundation behaviour. Firstly, the stiffness of the 
soil response may reduce, secondly as there is less 
embedment the combined response is more flex-
ible, and thirdly a larger free length of tower is 

more flexible. Several numerical studies in the lit-
erature make use of 1D models to predict the effect 
of scour on the natural frequency of monopile 
wind turbines; a selection are collated in Table 2. 
The predicted sensitivity of natural frequency to 
scour varies significantly between these studies; it 
is unclear if  this is due to differences in the model-
ling approaches or simply due to the differences in 
the modelled structures and foundations.

Previous experimental tests (Prendergast et al., 
2015) provide data on the change in natural fre-
quency with scour for a uniform pile in dry condi-
tions. The current research project includes models 
of a wind turbine tower and rotor-nacelle assembly 
(Mayall et al., 2018), which are felt influential on 
the overall dynamic behaviour of the structure.

2.5  Scour protection

Scour protection can be installed before or after 
the foundation installation, and can be applied as 
a remedial measure where necessary. The primary 
function of scour protection is to prevent the devel-
opment of scour at a foundation, but the presence 

Figure 3.  Effective soil depth for calculation of stresses beneath local scour (after API, 2011 and Qi et al., 2016).

Table 2.  Selected numerical studies on the effects of scour on monopile offshore wind turbine natural frequency.

Reference Description Soil description Pile model Scour model

Tempel  
et al. (2004)

Preliminary design at a test  
site, analysis methods not  
stated

Not stated D = 4.7 m Local scour, analysis  
methods not stated

Damgaard  
et al. (2013)

First eigenfrequency  
calculated using p-y initial 
stiffness; also includes  
analysis of backfill

Dense sand over  
firm clay

D = 4.3 m
Embedment  
= 29.5 m

Local scour, vertical  
effective stresses  
reduce linearly to  
3 D below the 
scour hole base

Sørensen and  
Ibsen (2013)

Eigenfrequency mode 1 and  
2 calculated using p-y 
initial stiffness; also  
includes analysis of  
backfill (varying fill  
density)

Sand D = 4.0 m
Embedment  
= 21.9 m

For local scour, only  
the ultimate  
resistance of p-y 
curves is modified  
and not the initial  
slope

Prendergast  
et al. (2018)

Stochastic analysis, soil  
stiffness from modulus  
of subgrade reaction,  
model includes added  
mass of external water

Predominantly  
medium dense 
sand

D = 6.0 m
Embedment  
= 30 m

Sequential removal  
of soil springs
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of the placed material may also affect the overall 
foundation response.

Scour protection can take the form of rock fill, 
filled bags or nets, or mattresses. Rock armour or 
fill (also termed riprap) is the most common solu-
tion and usually consists of a rock or gravel fill. 
Scour protection bag and net solutions include filter 
units (rock-filled nets), grout bags, geobags (sand-
filled bags), and tyre-filled nets. Mattress solutions 
include mudmats or collars, hinged plates, compos-
ite rubber mats, grout-filled mattresses, articulating 
concrete block systems, and fronded mats.

Other mitigation strategies include monitoring, 
structural modifications, and ground improve-
ment. Each mitigation strategy has differing cost 
and risk implications, which can be significant 
when applied across an entire wind farm site.

3  NUMERICAL MODELLING

3.1  One-dimensional finite element analysis

A 1D FEA model has been developed to provide 
a method of predicting changes to the dynamic 
response of a monopile structure for varying scour 
and scour protection conditions. Fig.  4 presents 
the model configuration, which uses Euler-Ber-
noulli beam elements. Natural frequencies and 
mode shapes of  the structure are calculated by 
performing an eigenvalue analysis, using the mod-
el’s stiffness and mass matrices. The eigenvalue 
analysis outputs the same number of vibration 
modes as degrees of  freedom in the system. These 
can be sorted in order of  increasing frequency to 
identify the first few modes of vibration, as these 
are of  interest.

The stiffness matrix includes contributions from 
beam elements to model the structure itself, and 
the initial stiffness of the pile-soil reaction curves 
from a PISA-type approach. The shear modulus 
of the soil at small displacements (G0) is used to 
define the initial pile-soil stiffness, where G0 can 
be defined as a function of vertical effective stress 
(Clayton, 2011). To account for scour, σ ′VL can be 
calculated along the pile length and input to the G0 
calculation.

The mass matrix includes contributions from 
the pile-tower structure, rotor-nacelle assembly, 
soil plug, and internal and external water.

3.2  Three-dimensional finite element analysis

A 3D FEA model was developed using a configu-
ration based on field-scale offshore wind turbines. 
Fig.  5 presents the model configuration, which 
includes a conical region to allow formation of a 
scour pit; the elements can be deactivated to simu-
late local scour. Alternatively the material proper-

Figure 4.  1D finite element model configuration 
(number and length of elements not to scale).

Figure 5.  3D finite element model configuration.



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Appendix A – Paper 1 

196 

409

ties of the cone can be varied to simulate scour 
protection. Global scour can be simulated by 
reducing the embedded pile length in the model. 
The mass and inertia of the rotor-nacelle assembly 
is modelled as a high stiffness disc.

A linear perturbation frequency analysis can be 
performed, which requires linear elastic assump-
tions and outputs vibration frequencies and mode 
shapes for the model from an eigenvalue analy-
sis. The output includes the results for vibration 
modes that are not necessarily of  interest, such as 
standing waves in the soil body or ovalising of  the 
structure. The number of  these modes increases 
with the number of  degrees of  freedom in the 
system.

In a preliminary model, the soil was modelled 
with a uniform stiffness, and the results were com-
pared with the 1D model for the same structure 
and soil at field scale. For the unscoured case, the 
frequency predictions of the first three modes were 
within 1%. For the scoured case, the frequency pre-
dictions of the first two modes were within 1% of 
each other, with a more significant (5%) difference 
for the third mode of vibration.

4  EXPERIMENTAL MODELLING

4.1  Scope of experiments

An experimental programme was carried out in the 
Fast Flow Facility at HR Wallingford, UK. This 
experimental programme explored measurement 
of the dynamic and static response of a 1:20 scale 
offshore wind structure with flow-developed scour. 
Mayall et al. (2018) provide a detailed description 
of the experimental setup and procedures.

The model structure comprised a monopile-
tower structure (Fig. 6) with a top mass to mimic 
the rotor-nacelle assembly. The structure was 
instrumented with accelerometers, force sensors, 
strain gauges and displacement sensors.

Six tests were performed in the Fast Flow Facil-
ity, incorporating variations in scour protection 
(Table 3). For each test, after flooding the flume to 
the required water depth, the pile was installed into 
a prepared sand bed. Reversing (tidal) flow was 
applied to produce local scour around the pile in 
live-bed conditions. Once the target local scour was 
achieved the scour protection (if  any) was installed. 
Global scour was simulated by removal of tempo-
rary retaining bars upstream and downstream of 
the main test section and continued tidal flow.

Additional elements of the testing programme 
not described in this paper included cone penetra-
tion testing of the sand bed and monotonic lateral 
loading of the pile at the end of each test.

4.2  Scour protection models

4.2.1  Rock armour
Rock armour scour remediation was installed 
in three tests; in each case the rock armour was 
placed to fill approximately 2/3 of the scour hole 
depth. The rock scour protection comprised an 
angular gravel with density of 2670  kg/m3 and 
median grain size of 14.1 mm.

In Tests 3 and 6 the remediation was installed in 
a fully-formed scour hole, and in Test 4 the reme-
diation was installed in a partially formed scour 
hole. The rock remediation was installed underwa-
ter using an inclined fall pipe (Fig. 7).

Figure 6.  Fast Flow Facility experiment layout (from 
Mayall et al., 2018).

Table 3.  Summary of Fast Flow Facility experiments.

Test  
number

Initial global bed  
level above Pile Tip

Scour depth prior  
to remediation Scour protection model

1 4.56 D 1.58 D None
2 4.61 D 1.58 D Tyre-filled nets
3 4.57 D 1.49 D Rock armour remediation (76 kg)
4 4.55 D 0.66 D Rock armour remediation (22 kg)
5 4.57 D None Pre-installed rock armour (145 kg)
6 5.61 D 1.51 D Rock armour remediation (76 kg)
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Rock armour scour protection was pre-installed 
in Test 5. For this test the scour protection was 
placed after the bed preparation but before filling 
the flume or installing the pile. The scour protec-
tion was installed using a template (Fig. 7), with a 

distance of 400 mm from the pile wall to the crest, 
edge slope of 1V:3H, and a protection thickness 
of 75 mm.

4.2.2  Tyre-Filled Nets
Tyre-filled net (TFN) scour protection systems 
have been installed at a small number of offshore 
sites. They are designed to trap sediment and hence 
prevent further scour developing.

During Test 2 a set of generic tyre-filled nets was 
installed as scour remediation in a fully-formed 
scour hole. Rubber model truck tyres (approxi-
mate dimensions: 26 mm inside diameter, 42 mm 
outside diameter, 11  mm wide, 1  mm wall thick-
ness) were placed in nylon mesh bags, with a mesh 
size of approximately 2–3  mm. The TFNs were 
installed by lowering into place as two rings of six 
nets (Fig. 8). 50 tyres were placed in each net, mak-
ing 600 tyres in total.

5  EXPERIMENT RESULTS

5.1  Bathymetry measurements

During the Fast Flow Facility experiments, bed 
levels were measured using an underwater laser 
scanner at scheduled pauses in the flume opera-
tion, and also at the end of each test using a ter-
restrial laser scanner. Fig. 9 presents an example of 
the typical data acquired from the underwater laser 
scanner. Whilst coverage was limited, by the water 
clarity and by line of sight obstructions such as the 
pile, good data for scour evolution were obtained.

The bathymetry data were analysed to extract 
local embedment levels and global bed levels by 
statistical analysis of data in the areas of interest 
(Fig. 9). The global bed levels have a greater range 
of measurements due to transient bed-forms mov-
ing through the test section.

Figure 7.  Rock armour scour protection at model scale. 
(Left: rock detail; Top right: Installation of remediation 
by fall pipe; Bottom right: Pre-installation of protection 
using templates).

Figure 8.  Tyre-filled net scour protection at model scale 
(Left: tyre detail; Right: Installation of tyre-filled nets).

Figure 9.  Underwater laser scanner bathymetry example from Test 1, end of local scour stage 
(Left: Mapped elevation of bed relative to slab datum, note that pile tip depth is 400 mm below slab datum; Right: 
Statistical analysis of local embedment and global bed level).
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5.2  Natural frequency measurements

The tower-structure model included a variable top 
mass, which enabled the structural response to be 
systematically varied. Fig. 10 presents an example 
of the top mass versus measured frequency. Table 4 
presents a subset of the natural frequency meas-
urements at the start of each test, with 3.616  kg 
top mass attached. These natural frequencies were 
calculated using time-domain fitting of decaying 
acceleration signals following an impulse load.

5.3  Effect of scour on natural frequencies

One of the central aims of the Fast Flow Facility 
experiments performed at HR Wallingford was 
to provide natural frequency and scour measure-
ments for validation and calibration of the pro-
posed numerical models.

Fig.  11 presents the change in frequency for 
the first three modes of vibration during the local 
scour stage of the Fast Flow Facility experiments 
for the subset of top mass = 3.616 kg. From these 
plots it can be observed that mode 2 is the most 
sensitive to scour. These data indicate that the nat-
ural frequency of mode 2 reduces approximately 
four times more rapidly than mode 1, and mode 
3 reduces approximately two times more rapidly 
than mode 1. Differences in sensitivity between 
tests are most likely caused by variations in the 
achieved soil conditions and experimental scatter.

Fig. 12 presents an example comparison of meas-
ured natural frequencies with Class C predictions  

from the 1D FEA at model scale. [Class C predic-
tions are made with sight of the results.] In the 
example shown the trends of natural frequency with 
scour are very similar between the prediction and 
the experiments; the frequency of mode 1 is over-
predicted by roughly 1%, mode 2 is underpredicted  

Figure 10.  Example of measured natural frequency ver-
sus top mass (Mode 1, start of Test 1).

Table 4.  Initial Natural Frequency Measurements from 
Fast Flow Facility Experiments (top mass = 3.616 kg).

Test  
number

Initial mode  
1 fn (Hz)

Initial mode  
2 fn (Hz)

Initial mode  
3 fn (Hz)

1 3.72 17.6 41.6
2 3.72 17.1 40.9
3 3.76 18.0 41.5
4 3.75 17.3 41.4
5 3.73 18.4 42.0
6 3.80 19.7 43.9

Figure 11.  Measured change in natural frequencies with 
developing local scour (top mass = 3.616 kg).

Figure 12.  Comparison of 1D numerical model output 
with experimental data (Test 1, top mass = 3.616 kg, αL 
= 1).
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by less than 10% and mode 3 is underpredicted by 
less than 5%.

5.4  Scour protection performance

In all tests involving scour protection, the condition 
of the scour protection was identified at the end of 
the test through an excavation process. Key obser-
vations are noted in Table 5, which includes notes 
on the natural frequency measurements immedi-
ately after installing scour protection and at the end 
of each test following the global scouring stage.

In all tests, trapped sediment accumulated in 
the scour protection material, with the edges of 
the scour protection being partially buried by sand 
waves. In most tests scour protection caused the 
natural frequency to increase; the clearest excep-
tion is Test 4 where the scour protection material 
was not sufficient to maintain the local embed-
ment, resulting in a drop in measured natural 
frequency.

6  CONCLUSIONS

The effect of scour and scour protection on mono-
pile supported wind turbine structures is an impor-
tant area of offshore design. This paper describes 
an ongoing research project exploring this topic at 
the University of Oxford including:

–	 1D and 3D finite element models for predicting 
changes in the dynamic response of an offshore 
wind structure for varying scour conditions

–	 An experimental programme exploring the 
dynamic response of  a 1:20  scale offshore 
wind structure with scour and with scour 
protection

The experimental programme has produced a 
significant data set, including bathymetry meas-
urements and natural frequency measurements 
for a range of modelled rotor-nacelle masses. Key 
findings from the experimental programme thus 
far are:
–	 The frequency of second and third vibration 

modes are more sensitive to scour than the fre-
quency of the first vibration mode

–	 The testing method achieved global scouring of 
the test bed, with significant bed-forms causing 
spatial variation in the global levels

–	 In tests with scour protection, sediment was 
deposited within the scour protection material

–	 The natural frequency of  structures with scour 
protection increased or remained stable after 
further flow in cases where the scour pro-
tection level at the pile wall did not reduce 
significantly

The experimental data will be used for cali-
bration and validation of  the numerical mod-
els, including the following elements of  the 
analysis:
–	 Soil stress and stiffness profiles for small dis-

placement problems with local scour
–	 Modelling the stiffness contribution of  scour 

protection material with global and local 
scour

Table 5.  Summary of scour protection performance in fast flow facility experiments.

Test  
number

End of test bed level above  
Pile Tip (Median)

Observations of scour  
protection condition  
at end of test

% Change in natural frequency (from  
unscoured case with top mass = 3.616 kg)

Global level
Local level  
at Pile Wall

After scour protection end of test

Mode 1 Mode 2 Mode 1 Mode 2

1 3.99 D 2.24 D – – – -7.2 -31.2
2 4.18 D 3.81 D Trapped sediment,  

nets partially buried
-3.9 -16.5 -3.3 -16.0

3 4.27 D 3.87 D Trapped sediment,  
rock partially buried

-2.8 -17.3 -2.7 -12.0

4 4.18 D 3.83 D Trapped sediment,  
falling apron of rock 
falling apron partially  
buried

-0.4   -2.5 -2.8 -10.4

5 4.11 D 4.84 D Trapped sediment,  
falling apron of rock, 
surface rocks  
undisturbed

– – +0.3   +1.5

6 3.82 D 5.05 D Trapped sediment,  
falling apron of rock

-2.3   -8.1 -1.6   -9.5
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Experimental modelling of the effects of scour on offshore
wind turbine monopile foundations
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ABSTRACT: Local and global scour around offshore wind turbine monopile foundations can lead to a reduction
in system stiffness, and a consequential drop in the natural frequency of the combined monopile-tower-nacelle
structure. If unchecked this could lead to operational problems such as accelerated fatigue damage and de-rating
or decommissioning of the turbine. Research exploring the interaction between scour, foundation stiffness, and
structural dynamic behaviour is therefore critical if scour formation is to be properly accounted for in predictions
of structural performance, and to guide the implementation of scour remediation strategies. This paper describes
experimental work that explores these interactions, conducted on a 1:20 scale driven monopile foundation and
tower-nacelle superstructure in a prepared sand test-bed at HR Wallingford’s Fast Flow Facility. The flume
allowed realistic scour geometries to be developed, providing a means to explore the effectiveness of different
remediation strategies. Measured acceleration and strain caused by harmonic lateral loading are interpreted to
deduce changes in structural performance as scour develops.

1 INTRODUCTION

1.1 Background

Scour of seabed sediments can occur around offshore
structures due to the interaction between the structure
and the water flow around it. The resulting reduction
in strength and stiffness of the structure’s foundation
can present operational and structural problems. For
monopile wind turbine structures this can be of par-
ticular concern due to the consequential reduction in
natural frequency, and potential for increased fatigue
damage.

Ongoing research at the University of Oxford
involves development of a numerical modelling frame-
work for analysis of the effects of scour and scour
protection on monopile offshore wind turbines. The
numerical framework involves structural dynamic
analysis using a 1-dimensional (1D) finite element
model of the monopile-tower system, calibrated using
three-dimensional (3D) finite element analyses and
scale model testing, and further validated using exper-
imental and field data.

This paper describes a programme of experiments
conducted using the Fast Flow Facility (FFF) at HR
Wallingford. The experiments were designed to pro-
vide validation cases for the numerical framework and

to inform predictions of the effects of scour and scour
protection on the structural dynamic response of field
scale monopile offshore wind turbines.

1.2 Scour around offshore piles

Scour around offshore foundations can take the form
of a combination of global scour (SG) and local scour
(SL), as illustrated in Figure 1.

Global scour, also termed general scour, is a global
lowering of the seabed, caused by overall seabed
movement, migrating sand waves and sandbanks, or
migrating channel features.

Local scour is the formation of a scour pit around a
foundation due to the effects of horseshoe vortices that
develop around the pile in a flow (Sumer & Fredsøe,
2002). The scour pit will typically reach an equilib-
rium depth for a particular set of current and wave
conditions and no global scour.

Empirical calculation methods for predicting the
local scour depth have been developed by several
authors (e.g. Breusers et al., 1977; Høgedal & Hald,
2005), and are typically normalized by pile diame-
ter, D. Commonly cited is the experimental data of
Breusers et al. (1977), with a mean equilibrium local
scour depth of SL/D = 1.5 (or 2 to be on the safe side
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Figure 1. Scour around a monopile offshore wind turbine.

Figure 2. Offshore wind turbine loading frequencies.

for design) or SL/D = 1.3 with a standard deviation of
0.7 (Sumer & Fredsøe, 2002). Design standards from
the petroleum industry (API, 2011; ISO, 2007) rec-
ommend a design SL/D = 1.5 whilst DNVGL (2016)
recommends SL/D = 1.3.

1.3 Natural frequencies of offshore wind turbines

Wind turbine structures are designed such that their
fundamental natural frequency avoids the loading

Figure 3. Fast Flow Facility experiment layout.

frequencies of the rotor (1P), blade passing (3P)
and wind and wave frequencies, to minimise the
dynamic amplification of loads (Kallehave et al.,
2015). Monopile wind turbines are soft-stiff structures
with the design natural frequency placed between the
1P and 3P loading bands (Fig. 2), and typically above
the wind and wave frequencies.

With the development of scour the embedded pile
length, L, is reduced, and the foundation stiffness and
natural frequency drifts downwards.A turbine may fall
out of warranty or have to be decommissioned if the
natural frequency of the structure becomes too close to
the 1P frequency; this leads to a loss of revenue unless
the natural frequency can be restored by remediation.

2 EXPERIMENTAL SETUP

2.1 Scope of experiments

An experimental programme was conducted to inves-
tigate the influence of scour and scour protection
on the natural frequencies of an instrumented model
monopile-tower system. The tests were conducted at
1:20 scale in the Fast Flow Facility (FFF) at HR
Wallingford. The experiment elements include a pre-
pared sand test bed, the monopile-tower model, and
development of scour using the flume (Fig. 3).

Six separate tests were conducted, each of which
included the following sequence of activities:

1. Soil bed preparation and saturation
2. Filling the flume to the required water level
3. Pile driving to target initial embedment L/D
4. Initial structural dynamics testing
5. Developing local scour
6. Installing scour protection (if any)
7. Developing global scour
8. Draining the flume
9. Excavating pile and disturbed areas of soil

Table 1 presents the variations in the initial embed-
ment, target local scour before installing scour pro-
tection, scour protection type, and target global scour
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Table 1. Summary of target scour conditions for the Fast
Flow Facility experiments.

Initial Pile Local Global
Test Embedment Scour Scour Scour
Number L/D SL/D Protection SG/D

1 4.5 1.5 None 1.5
2 4.5 1.5 Tyre-filled nets 1.5
3 4.5 1.5 Rock armour 1.5
4 4.5 0.75 Rock armour 1.5
5 4.5 0.0 Rock armour 1.5
6 5.5 1.5 Rock armour 2.5

Figure 4. Pit section of the Fast Flow Facility prior to
installation of the experiments.

depth for the tests. The details of the scour protection
models falls outside the scope of this paper.

2.2 Fast Flow Facility (FFF)

The FFF is a research flume capable of producing flows
up to 4.9 m3/s and generating wave heights of up to
1 m. The FFF channel has a cross section 4.0 m wide ×
2.5 m deep and length of 57 m between sediment traps.
The experiments described in this paper were prepared
in a deeper 4.0 m long × 3.5 m deep pit section of the
FFF (Fig. 4).

Scour development in the FFF tests comprised local
and global scouring stages (Fig. 5). Scour was devel-
oped using currents, including cycling of direction;
wave generation was not used.

The scour development was scaled using conven-
tional approaches to produce a live bed scour regime.
To ensure that all sediment was mobile the ratio of
current speed to threshold current speed for sand
motion was selected to be greater than 1.0 (White-
house, 1998). This regime generates realistic local
scour depths scaled on the pile diameter, in line with
empirical predictions.

The extent of scour is controlled by the sand prop-
erties and by vortex shedding downstream of the pile.
Cycling the flow direction simulates a tidal situation
and enables the scour extent to grow in both directions.

Figure 5. Schematic of scouring process, tower not shown.
a) Condition at end of bed preparation and pile driving. b)
Condition after development of local scour. c) Condition after
removing retaining bars and flow segments for global scour.

Typically 8.25 hours of flow was used to develop local
scour.

Global scour was developed by incrementally
removing temporary retaining bars, and running fur-
ther flow at higher velocity. After each 0.1 m deep bar
was removed the flow was again run for 8.25 hours
before the next bar was removed.

The same water level (1.8 m above pile toe) was
used throughout the testing, as a result the water
depth varied as global scour developed. The soil bed
bathymetry was measured using an underwater laser
scanner between flow cycles, and with a terrestrial
laser scanner at test completion.

2.3 Soil bed preparation

Scour phenomena are particularly prevalent at wind
farm sites where superficial sand layers exist. A
fine-grained silica sand with a mean particle size of
0.16 mm was therefore used for the experiments.

After initial filling of the pit with sand, the cen-
tral area of the pit was re-prepared for each test. The
preparation consisted of excavating a hole of at least
1.5 m width to a depth of 50 mm to 100 mm below the
target pile toe depth. Sand was then added in 50 mm
thick compacted layers (using a 240V plate compactor,
Fig. 6) up to the target bed level.

Following compaction of the final soil layer the
soil bed was saturated, prior to filling the FFF to the
required water level. To aid the saturation process a
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Figure 6. Compaction of sand layers using plate compactor.

Figure 7. Perforated pipes installed in the pit section of the
Fast Flow Facility.

set of perforated pipes (Fig. 7) were installed in the
base of the pit within a 75 mm thick gravel bed, and
overlain by a geotextile membrane. This allowed satu-
ration of the sand using an upwards hydraulic gradient
by connection to a header tank.

2.4 Monopile-tower structural model

The model monopile-tower structure consisted of a
pile, transition piece, tower, top masses, and top stiff-
ener. The model structure dimensions and materials
(Fig. 3) were specified to achieve geometry and stiff-
ness that scale appropriately to a full-sized structure,
within practical limitations. The relative lengths and
diameters of the pile and tower are similar to field
scale structures.

The monopile geometry and material was selected
such that the non-dimensional group EpIp/EsL4

(Poulos & Davis, 1980) was similar to field scale,
where EpIp is the flexural stiffness of the pile and Es
is an estimate of the soil stiffness. The tower geometry
and material was selected using the non-dimensional
group EtIt/EpIp (Arany et al., 2016) where EtIt is
the flexural stiffness of the tower. For practical rea-
sons the moment of inertia of the rotor-nacelle was

Figure 8. Structure model components. a) Pile shoe. b)
Transition piece. c) Mounted accelerometer pair. d) Variable
top mass.

not replicated; this is anticipated to have a negligible
influence and does not restrict the use of the results in
validating the numerical framework.

An annular aluminium driving shoe was bonded to
the pile toe to reduce risk of damage during instal-
lation (Fig. 8a). The pile and tower were attached
by bolted connections using an aluminium transition
piece (Fig. 8b). The model also included accelerome-
ters mounted within the tower (Fig. 8c), and a variable
top mass to mimic a rotor-nacelle assembly (Fig. 8d).

2.5 Pile driving

The monopile-tower model was installed by pile driv-
ing. Fig. 9 presents the set-up of the pile driving
equipment used in the experiments. Driving took place
with the structure fully assembled, with the tower
attached to the pile. A pair of pulleys were used to
manually raise the driving hammer to a set elevation,
with the tower acting as a guide for the hammer. A
polyethylene driving cushion was used, underlain by a
rubber layer on top of the pile annulus to reduce the
risk of damaging the pile. The hammer had a mass
of 7.75 kg and the maximum stroke used in any test
was 1 m.

A set of guides with inwards-facing rubber wheels
were used to ensure pile verticality during driving.
These guides were fixed to a portal-layout scaffold
frame constructed over the FFF.

2.6 Structural dynamics testing

2.6.1 Structural dynamics testing overview
Structural dynamics measurements were repeated at
each scour depth, to track changes of response with
scour condition. Tests were conducted with different
amounts of mass attached to the top of the tower
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Figure 9. Illustration of pile driving process.

(Fig. 8d). Increasing the top mass reduces the natu-
ral frequency and also changes the shape of the higher
order bending modes. Changing the top mass there-
fore provides valuable additional information on the
foundation response for validating and/or calibrating
the numerical models.

The structural natural frequencies and mode shapes
were measured using accelerometer pairs mounted
within the tower structure (Fig. 8c) at 2.33 m, 2.83 m,
3.18 m, 3.53 m, 4.13 m and 5.38 m above pile tip
(APT). This instrumentation was mounted before
pile driving; accelerometers were therefore required
with a high shock rating to withstand pile driving.
The accelerometer axes were aligned to measure the
response in the streamwise and spanwise directions.

Additional instrumentation included: bending
gauges on the pile in the streamwise direction at 1.61 m
APT, a temposonics displacement sensor mounted to
the pile in the streamwise direction at 1.95 m APT, and
force sensors attached to the top of the tower in the
streamwise and spanwise directions. All instruments
were sampled and logged at 3 kHz.

Measurements of natural frequencies were made
using impulse loading, and also by measuring the
response with a modal shaker attached, as described
below.

2.6.2 Impulse loading
The impulse loading tests were used to measure the
natural frequencies for the first three bending modes.
The impulses were applied as a light impact to the force
sensor attached at the top of the tower; the magnitude of
the impulse could therefore be recorded. The natural
frequencies were identified from the power spectral
density (PSD) of the measured accelerations.

Figure 10. Modal shaker attached to the top of the tower.

Figure 11. Local scour pit formed around the model
monopile. From Test 6 in the Fast Flow Facility.

2.6.3 Modal shaker tests
Measurements of natural frequencies were also made
using a modal shaker (Fig. 10). The modal shaker was
suspended via lightweight cables, and attached to the
required force sensor in the streamwise or spanwise
direction. Two types of test were performed using the
modal shaker:

1. Frequency sweeps, generating sinusoidal signals
at a series of discrete frequencies around a target
frequency.

2. White noise tests, in which white noise vibrations
were sent to the modal shaker.

In the frequency sweeps the magnitude of acceler-
ations and force provide information on the structural
dynamics. The natural frequencies are determined as
the frequencies at which the phase difference between
the measured input force signal and acceleration signal
is 90◦.

3 EXAMPLE RESULTS

An example of the scour pit developing during the FFF
experiments is shown in Figure 11, from Test 6 (see
Table 1). The image in Figure 11 was taken part-way
through the full duration of flow for local scour, with an
approximate depth of SL/D = 0.75.This test continued
until the target SL/D = 1.5 was achieved.
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Figure 12. Measured change in natural frequency of model
wind turbine with local scour (Test 1, no top mass).

In Test 1 (see Table 1) structural dynamics test-
ing was performed at approximate local scour depths
SL/D = 0.75 and 1.5. With no top mass, the natural
frequencies (interpreted from peaks of the PSD) were
6.5 Hz, 18.4 Hz and 47.6 Hz for the first three modes.
Figure 12 presents the changes in the natural frequency
of the first three modes for Test 1 as the local scour
develops.These example results show natural frequen-
cies reducing as local scour develops, consistent with
the loss of foundation stiffness caused by the scour-
ing process. All three frequencies show increasing
sensitivity to scour as the scour depth increases. An
interesting observation is the mode 2 and mode 3 fre-
quencies are more strongly affected by local scour than
mode 1.

4 CONCLUSIONS

This paper has described experiments to measure the
response of a monopile wind turbine structure to scour
developed in a flume.The experiments were successful
in providing a measurable change in natural frequency
as the scour developed.

The observation that mode 2 and 3 natural frequen-
cies are more strongly affected by scour than mode 1
may provide useful insight for structural health mon-
itoring of offshore wind turbine structures to inform
detection of scour without bathymetry surveys.

Further results to be extracted from the exper-
iments include: measured damping, mode shapes,
effects of global scour on the structural dynamics, and
a comparison of the natural frequency measurement
methods employed in the tests. The trends in the nat-
ural frequency measurements will be used to validate
numerical models of scour on monopile wind turbine
structures.
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Appendix C Flume Experiment Supplementary Material 

This Appendix presents supplementary information relating to the flume experiments described in 

Section 2. 

Appendix C.1 presents detail of the equipment specifications. 

Appendix C.2 presents soil characterisation data. 

Appendix C.3 presents the further detail on the CPT testing, including detail of the equipment, and 

presentation of the relative density calibration tests. 

Appendix C.4 presents an assessment of the flume hydraulics during flow phases for scour 

development. 

Appendix C.5 presents further detail on the bathymetry data analysis methods. 

Appendix C.6 presents the methods used to analyse the structural dynamics impulse tests.  

Appendix C.7 presents the methods used to analyse the structural dynamics frequency sweep tests. 

Appendix C.8 presents further detail on the monotonic lateral loading tests, including detail of the 

equipment and data analysis methods. 

Appendix C.9 presents results tables of the output bathymetry data and structural dynamics natural 

frequencies and mode shapes. 

Appendix C.10 presents a summary of lessons from experimental programme and analysis. 
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C.1 Equipment Specifications 

C.1.1 Model Monopile – Tower System 

Figure C.1.1 presents the general arrangement of the model monopile – tower system, which 

consisted of a pile, transition piece, tower, top masses, and top stiffener. Table C.1.1 defines the 

material, mass and geometry of the components in the model. 

Circumferential lines, marking distance above the pile tip, were added to the pile for reference in 

photographs of the experiments (single marks at 10 mm vertical spacing, dashed rings at 50 mm 

spacing, and solid rings at 100 mm spacing). 

 
 

 
Figure C.1.1. The model monopile - tower system employed in the flume experiments 
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Table C.1.1. Model Monopile – Tower System Components 
Item Material Mass Geometry Photograph 

Pile GFRP 

7.725 kg (with hole 
stiffeners, driving 
shoe & bending 

gauges plus 
cables) 

Length = 2500 mm 

Diameter = 197 mm 

Wall thickness = 3.5 mm 

 

Tower Aluminium 

7.19 kg (with TP & 
top stiffener) 

8.46 kg (with TP, 
top stiffener & 

accelerometers 
plus cables) 

Length = 3200 mm 

Diameter = 101.6 mm 

Wall thickness = 1.6 mm 

Pile overlap = 220 mm 
 

Driving shoe Aluminium Not measured 

Height = 22 mm 

Wall thickness = 1 mm 

Annulus outer diameter = 
197.5 mm 

Annulus radial thickness = 
4.25 mm 

Annulus vertical thickness 
= 2 mm 

 

Transition piece Aluminium 2.83 kg (with bolts) 

Height = 200 mm 

Distance between top and 
bottom horizontal bolts = 

185 mm 

Plate thickness = 15 mm 

 

Accelerometer 

mount 
Aluminium 

0.07 kg per mount 
(with 

accelerometers) 

Height = 12 mm 

Arm thickness = 3 mm 

 

Top stiffener Aluminium 0.18 kg (with bolts) 

Height = 25 mm 

Outer diameter = 114 mm 

Wall thickness = 6.1 mm 

Tower overlap = 20 mm 

 

Top masses 

Brass 

masses, 

steel fixings 

6.64 kg (six 
masses with 

fixings) 

Brass disc height = 
18.5 mm per mass 

Brass disc diameter = 94.5 
mm 
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C.1.2 Scaffold Access Frame 

Figure C.1.2 shows the arrangement of the scaffold frame installed for the flume experiments, which 

was required to provide access to the monopile – tower system. 

 

 
Figure C.1.2. Annotated photograph of scaffold frame configuration for the flume experiments 
(photograph taken during Test 3 after installing remedial rock fill scour protection) 
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C.1.3 Pile Driving Equipment 

The pile driving process adopted in the flume experiments is described in Paper 2. Table C.1.2 

presents an overview of the equipment temporarily attached to the structure during pile driving. 

Figure C.1.3 shows the assembled pile driving equipment. 

Table C.1.2. Pile Driving System Components 

Item Description Photograph 

Driving 

hammer 

A weight that can be split into two sections to be attached to the 

pile for pile driving. Two rows of bearings to ensure the hammer 

remains vertical during driving. Assembled mass = 7.75 kg. 

 

Driving 

cushion 

Cushion to avoid damaging pile or transition piece during pile 

driving. Polyethylene split ring bolted together around tower. 

Cushion diameter slightly larger than the pile, such that impact 

loads were directly transferred to the pile wall. 
 

Upper driving 

guide 

Steel frame with inward-facing rubber caster wheels to ensure 

pile verticality during driving. Attached to vertical scaffold bars 

near upper platform. 

 

Lower driving 

guide 

Steel frame with inward-facing rubber caster wheels to ensure 

pile verticality during driving. Also used to fix pile in a raised 

position between FFF tests. Attached to vertical scaffold bars 

near lower platform. 

 

Plumb line 
The soil plug length was measured using a plumb line lowered 

through a hole in the transition piece. 
- 

 

 
Figure C.1.3. Photograph of the assembled pile driving equipment 
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Driving cushion

Hammer guide strips

Ropes to pulleys

Tower



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Appendix C – Flume Experiment Supplementary Material 

213 

C.1.4 Electronic Equipment and Instruments 

Various electronic equipment and instruments, listed in Table C.1.3, were used for sampling, logging 

and control during the experiments. Table C.1.4 presents a summary of the location and labelling of 

the sensors attached to the monopile – tower system. The sensors were mounted before pile driving, 

which informed the selection of accelerometers with a high shock rating to survive the pile driving. 

The force sensors were only attached to the structure after pile driving, and the LVDTs and load cell 

were only attached during monotonic lateral loading. Figure C.1.4 shows the displacement sensors 

attached to the structure. 

 
Table C.1.3. Instrumentation in Structural Dynamics Tests 

Item Testing Type* Brand Model 

USB Multifunction I/O All National Instruments NI USB-6211 

DAQ chassis All National Instruments cDAQ-9188 

Analogue input DAQ module All National Instruments NI 9205 

Bridge DAQ module All National Instruments NI 9237 

Power supply for position sensors All University of Oxford - 

Analogue output DAQ module SD National Instruments NI 9263 

Digital I/O DAQ module SD National Instruments NI 9402 

IEPE DAQ module SD National Instruments NI 9234 

IEPE Accelerometer SD PCB Piezotronics 333B50 

IEPE Force sensor SD PCB Piezotronics 208C01 

Modal shaker SD Bruel & Kjaer Type 4809 

Amplifier SD Bruel & Kjaer Type 2712 

Voltage-controlled amplifier SD RDL ST-VCA3 Stick-on 

Bending strain gauges on GFRP pile SD, MLL University of Oxford - 

Temposonics position sensor SD, MLL RDP EP20100MD341V01 

USB to RS-232 CPT, MLL National Instruments RS-232 

Power supply for motor CPT, MLL McLennan Servo Supplies 48VDC 

LVDT MLL RDP DCV150C 

Load cell MLL Applied Measurements Limited DBBE-100kg 

Motor MLL Applied Motion Products 23Q-3AN 

Positronics position sensor CPT Measurement Specialists SP2-50 

Load cell CPT Omegadyne Inc LCM105-500 

Motor CPT Applied Motion Products 23Q-3AE 

Strain gauges in CPT rod CPT University of Oxford - 

* CPT = cone penetrometer, SD = Structural Dynamics, MLL = Monotonic Lateral Loading 
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Table C.1.4. Model Structure Sensor Positions 

Sensor Description 
Height above pile tip 

𝒛 [mm] 
(see Fig. 2 in Paper 3) 

Sensor Label 

Streamwise Direction 
Spanwise 
Direction 

Pile bending gauges mounted to pile 1605 BX - 

Temposonics position sensor on pile 1950 DX - 

LVDT (for monotonic lateral loading) 
1900 LVDT1 - 

2400 LVDT2 - 

Load cell (for monotonic lateral loading) 2472.5 H - 

Accelerometer mounted in tower 

2330 1X 1Y 

2830 2X 2Y 

3180 3X 3Y 

3530 4X 4Y 

4130 5X 5Y 

5380 6X 6Y 

Force sensor at top of tower 5468 FX FY 

Amplifier signal driving modal shaker - AI 

 
 
 
 
 
 

 
Figure C.1.4. Photograph of displacement sensors (photograph taken during monotonic lateral 
loading tests) 

 
 
 
 
 
 

LVDTs Temposonics 
position sensor
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C.2 Soil Characterisation 

C.2.1 Soil Characteristics 

Soil characterisation tests were performed on samples of Bathgate psf sand taken from the 

experiments at the end of the testing programme. Table C.2.1 summarises the measured 

parameters and testing methods. Figure C.2.1 presents the particle size distribution for Bathgate psf 

sand, alongside that of the scour protection rock. 

 
C.2.2 Critical State Friction Angle 

Table C.2.2 presents the critical state friction angle determined from the shearing stages of triaxial 

compression tests performed, following bender element testing (Table C.2.2, see also Table 6 in 

Paper 3). The internal angle of friction was calculated as follows (Craig, 1992): 

 𝜙′ = sin−1 (
𝜎1

′ − 𝜎3
′

𝜎1
′ + 𝜎3

′) (C.2.1) 

Figure C.2.2(a) to (c) shows the strains and principal stresses during shearing. Some noise is 

present in the results for BE2_Medium, which may be due to the control system that maintains the 

back pressure to achieve zero excess pore water pressure. This noise does not appear to have 

significantly influenced the results. A critical state value of 𝜙𝑐𝑠
′  = 34° was selected based on the 

results in Table C.2.2. 

 
 
 

Table C.2.1. Soil Parameters – Bathgate psf Sand  

Parameter Units Value Test Method  

𝐺𝑠 - 2.65 Assumed for silica sand 

𝑒𝑚𝑖𝑛 - 0.5018 Vibrating hammer (in: Head, 2006) 

𝑒𝑚𝑎𝑥 - 0.7528 2000 cm3 measuring cylinder (in: Head, 2006) 

𝑑10 mm 0.0765 

Dry sieving using British Standard sieve sizes (BS 1377-2, 1996)  𝑑50 mm 0.1612 

𝑑90 mm 0.2818 
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Figure C.2.1. Particle size distribution curves for Bathgate psf sand and scour protection rock (data 
for scour protection rock provided by HR Wallingford) 

 
Table C.2.2. Soil Shearing Test Results – Bathgate psf Sand 

Test ID Shearing Type 
𝒆𝟎 𝑫𝑹 Initial 𝝈𝟑′ 𝝓𝒑𝒆𝒂𝒌

′  𝝓𝒆𝒏𝒅
′  

[-] [%] [kPa] [°] [°] 

BE1_Loose 
Undrained 

Compression 
0.665 35.0 11.4 37.4 34.3 

BE2_Medium 
Drained 

Compression 
0.600 60.9 10.3 44.5 33.7 

 

  
(a) BE1_Loose stress-strain curves (b) BE2_Medium stress-strain curves 

  
(c) Volumetric strain (d) Friction angle 

Figure C.2.2. Results of triaxial shearing tests on Bathgate psf sand (data provided by Fugro) 
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C.3 Cone Penetrometer Testing and Calibration 

C.3.1 Overview 

A cone penetrometer was developed for the flume experiments to allow cone penetrometer tests 

(CPTs) to be performed following completion of the sand bed compaction process for each test. 

Calibration CPTs were performed to provide an empirical method for determining in situ soil 

parameters, such as relative density, from CPT data. The calibration CPTs focused on two sand 

types: Bathgate psf sand (fine silica sand, from flume experiments) in dry and saturated conditions, 

and Leighton Buzzard 14/25 sand (coarse silica sand, reference sand) in dry conditions. 

 
C.3.2 CPT Equipment 

The rod is 8 mm diameter with a 60° cone. Loads on the cone tip were measured directly using strain 

gauge instrumentation within the rod close to the cone. Side friction was inferred by subtracting the 

cone tip load from measurements of the total load at the top of the rod. A positronic position sensor 

was used to measure the vertical cone displacement. Data were logged at 1613 Hz. Figure C.3.1 

shows the CPT equipment positioned on the prepared sand bed. The CPT equipment and LabVIEW 

data acquisition code were developed by Ross McAdam and Brian Sheil. 

The CPTs followed the activity sequence below: 

i. After bed compaction (Paper 2), a set of walking boards were placed on the soil bed in 

positions to support the CPT rig (see Figure C.3.1) 

ii. The CPT rig was moved into position, including reaction weights 

iii. The soil bed was saturated 

iv. A CPT push and recovery was performed. All tests used a target depth of 950 mm, with a 

forward speed of 4 mm/s during the push 

v. The soil bed was partially desaturated before removal of the CPT rig and walking boards 

vi. The soil bed was re-saturated 

 



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Appendix C – Flume Experiment Supplementary Material 

218 

 
Figure C.3.1. Photograph of the CPT rig on a prepared sand bed 

 
 

C.3.3 Relative Density Calibration Methods 

Relationships between relative density (𝐷𝑅) and CPT cone tip resistance (𝑞𝑐) are proposed by 

numerous authors in the literature (e.g. Schmertmann, 1976; Jamiolkowski et al., 1985; Baldi et al., 

1986), usually based on tests performed in dry sand. These methods can be generalised as having 

to: 

 𝐷𝑅 = 𝛼1 + 𝛼2 log𝛼3

𝑞𝑐

(𝜎′)𝛼4
 (C.3.1) 

where 𝛼1 to 𝛼4 are fitting parameters. Houlsby and Hitchman (1988) showed that 𝑞𝑐 is generally 

dependant on the horizontal stresses, 𝜎ℎ
′ , rather than the vertical stresses, 𝜎𝑣

′ . For the current study 

the earth pressure coefficient, 𝐾ℎ = 𝜎ℎ
′/𝜎𝑣

′, is unknown so a relationship based on 𝜎𝑣
′  is used. A 

simplified form of (C.3.1) is adopted: 

 
𝐷𝑅 = 𝛼1 + 𝛼2𝜒𝑐 𝜒𝑐 = ln

𝑞𝑐/𝑝𝑟𝑒𝑓

(𝜎𝑣
′/𝑝𝑟𝑒𝑓)

0.5 (C.3.2) 

where 𝜒𝑐 is a normalised cone resistance, 𝛼1 and 𝛼2 are expressed in the same units as 𝐷𝑅, and the 

reference stress is taken as 𝑝𝑟𝑒𝑓 = 100 kPa. 

Walking boards

CPT Frame

CPT Rod
Reaction Weights

Saturated Soil Bed

Motor

Reaction Weights



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Appendix C – Flume Experiment Supplementary Material 

219 

Jamiolkowski et al. (2003) noted that empirical fits based on dry calibration chamber CPTs would 

underpredict the density using CPTs in saturated calibration chamber tests by 7% to 10%, and 

proposed the following empirical correction: 

 

𝐷𝑅,𝑠𝑎𝑡 − 𝐷𝑅,𝑑𝑟𝑦

𝐷𝑅,𝑑𝑟𝑦

100 = −1.87 + 2.32 ln
𝑞𝑐

(𝜎𝑣
′𝑝𝑟𝑒𝑓)

0.5 
for: ln

𝑞𝑐

(𝜎𝑣
′𝑝𝑟𝑒𝑓)

0.5 > 2.24 (C.3.3) 

This can also be rearranged as a function of 𝜒𝑐: 

 
𝐷𝑅,𝑠𝑎𝑡 = 𝐷𝑅,𝑑𝑟𝑦[0.9813 + 0.0232𝜒𝑐] (C.3.4) 

The Jamiolkowski et al. (2003) relationship is used for analysis of CPT measurements of saturated 

Bathgate psf sand (Appendix C.3.6). 

 
C.3.4 Leighton Buzzard Sand CPT Calibration Tests 

An initial set of calibration CPTs were performed using dry Leighton Buzzard 14/25 sand, in 

collaboration with Iona Richards (DPhil candidate in REMS CDT). Table C.3.1 presents the index 

soil properties of Leighton Buzzard sand. A specific gravity of 𝐺𝑠 = 2.65 was assumed for silica sand.  

Dry sand samples were prepared to a range of relative densities, summarised in Table C.3.2. The 

samples were prepared in a 800 mm internal diameter testing tank (described in Richards et al., 

2018; 2019). Samples with relative density close to 0% were prepared by loose placement, samples 

with higher densities were prepared using a sand raining method. The sand raining method achieves 

different densities by releasing sand from a hopper and varying the rate of flow using a diffuser sieve 

(Richards, 2019). The limitation of the sand rainer volume required samples to be prepared in two 

layers, and the approximate position of the transition is included in Table C.3.2.  

Figure C.3.2 presents the acquired CPT 𝑞𝑐 profiles. The peaks in the CPT 𝑞𝑐 profiles correspond 

to layers in the preparation of samples. 

 

Table C.3.1. Soil Parameters – Leighton Buzzard 14/25 Sand (from Richards et al., 2018) 

Parameter Units Value 

𝛾𝑚𝑖𝑛 kN/m3 14.43 

𝛾𝑚𝑎𝑥 kN/m3 17.64 

𝑑50 mm 0.81 
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Table C.3.2. List of Calibration CPTs Performed on Dry Leighton Buzzard 14/25 Sand 

Test ID Date 
𝜸  𝑫𝑹 Penetration 

Approx. layer 
level below top 

of sample Remarks 

[kN/m3] [%] [m] [m] 

DryLB_RD68 28/03/18 16.46 67.75 0.26 Not recorded 
Test aborted early 
due to high cone 
resistance* 

DryLB_RD00 03/04/18 14.42 -0.37 0.60 Not applicable - 

DryLB_RD50 04/04/18 15.86 49.43 0.60 Not recorded - 

DryLB_RD51 05/04/18 15.89 50.62 0.60 0.39 - 

DryLB_RD18 

06/04/18 14.91 17.59 

0.60 

0.40 

- 

DryLB_RD18b 0.60 
Additional test 230 
mm off-centre* 

DryLB_RD18c 0.60 
Additional test 180 
mm off-centre* 

DryLB_RD60_T1 10/04/18 16.36 60 0.60 0.40 - 

DryLB_RD60_T2 18/04/18 16.35 59.8 0.60 0.40 - 

Notes:  

Sample preparation carried out by Iona Richards 
* = Not used in calibrations 

 

  
Figure C.3.2. Profiles of CPT cone tip resistance qc  and normalised cone resistance χc: Dry Leighton 
Buzzard 14/25 sand calibration tests 



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Appendix C – Flume Experiment Supplementary Material 

221 

C.3.5 Bathgate psf Sand CPT Calibration Tests 

Calibration CPTs were performed on Bathgate psf sand in dry and saturated conditions, with relative 

densities 𝐷𝑅 ranging 7% to 66%. The tests were performed in a 450 mm internal diameter tank, 

which also allowed saturated sand tests to be performed. 

For the loose tests the sand was prepared by either loose placement or by raining using a simple 

funnel. For the denser tests the sand was prepared by sequentially placing layers approximately 

50 mm thick, then loading with a surcharge and applying vibration to densify the sample. Saturation 

was achieved by a siphon from a static head of water attached to the drainage channels incorporated 

in the base of the test tank, allowing the sand to saturate slowly with a low head difference (during 

saturation a rigid disc was clamped to the top of the tank to prevent volume changes). 

The full list of tests performed is provided in Table C.3.3; Figure C.3.3 presents the 𝑞𝑐 and 𝜒𝑐 

profiles for the dry tests, and Figure C.3.4 presents the profiles for the saturated tests. 

 
Table C.3.3. List of Calibration CPTs Performed on Bathgate psf Sand 

Test ID Date 
Dry / 
Wet 

𝝆𝒅𝒓𝒚  𝑫𝑹 
Sand Preparation Remarks 

[kg/m3] [%] 

BG1-1D Loose 15/10/2018 Dry - - Loose placement 
Density not measured 
accurately 

BG2-1D RD7 31/10/2018 Dry 1527 7.2 Loose placement - 

BG3-1D RD17 20/02/2019 Dry 1551 17.5 
Funnel raining, from 0.5 
m drop 

- 

BG4-1D RD66 21/02/2019 Dry 1670 66.2 
Vibration, surcharge 4.6 
kPa 

- 

BG5-1D RD62 22/02/2019 Dry 1658 61.6 
Vibration, surcharge 2.5 
kPa 

- 

BG6-1W RD62 04/03/2019 Wet 
1660 62.4 

Vibration, surcharge 9.9 
kPa 

- 

BG6-2W RD62 04/03/2019 Wet Repeat test off-centre 

BG7-1D RD15 11/03/2019 Dry 

1545 15.1 
Funnel raining, from 0.5 
m drop 

Initial dry off-centre test 

BG7-2D RD15 11/03/2019 Dry Repeat test off-centre 

BG7-3W RD15 12/03/2019 Wet Test at centre 

BG7-3Wr RD15 12/03/2019 Wet 
Repeat test at exact 
location of previous 

BG8-1D RD26 18/03/2019 Dry 

1571 26.2 
Funnel raining, from 1.0 
m drop 

Initial dry off-centre test 

BG8-1Wr RD26 19/03/2019 Wet 
Repeat test at exact 
location of previous 

BG8-2W RD26 19/03/2019 Wet Test at centre 

BG8-2Wr RD26 19/03/2019 Wet 
Repeat test at exact 
location of previous 
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Figure C.3.3. Profiles of CPT cone tip resistance qc  and normalised cone resistance χc: Dry Bathgate 
psf sand calibration tests 

 
 

 
Figure C.3.4. Profiles of CPT cone tip resistance qc  and normalised cone resistance χc: Saturated 
Bathgate psf sand calibration tests 
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C.3.6 Relative Density Calibration Parameters 

The proposed CPT relative density calibration method (Appendix C.3.3) assumes a linear 

relationship between 𝐷𝑅 and the normalised cone resistance 𝜒𝑐.  

A representative value of the normalised cone resistance, 𝜒̅𝑐, was taken as the mean value from 

the push for each CPT. Data from less than 0.12 m penetration was excluded to avoid the influence 

of alternative failure mechanisms at shallow depths, as well as the influence of noise on relatively 

low 𝑞𝑐 measurements. Figure C.3.5 presents the resulting plot of 𝐷𝑅 versus representative 𝜒̅𝑐 for all 

CPT calibration tests. The results indicate that for the same relative density Leighton Buzzard 14/25 

gives a higher cone resistance than Bathgate psf. 

A least squares linear regression was performed on the dry Leighton Buzzard 14/25 and Bathgate 

psf tests to find the relative density fitting parameters in Table C.3.4, excluding off-centre and repeat 

tests from the analysis. Due to the limited number of saturated tests, the fitting parameters for 

saturated Bathgate psf were defined using the parameters for dry conditions with a correction for 

saturated conditions as described by Jamiolkowski et al. (2003).  

 
Figure C.3.5. CPT relative density values versus representative χc . LB indicates Leighton Buzzard 
14/25 sand, BG indicates Bathgate psf sand; ‘Dry’ indicates dry sand, ‘Sat’ indicates saturated sand; 
hollow markers are not used in the calibration; ‘linear’ indicates linear regression results; ‘BG Sat’ 
line calculated as BG Dry fit with correction after Jamiolkowski et al. (2003).  

 
Table C.3.4. Relative Density CPT Fitting Parameters 

Soil Type Dry / Saturated 
𝜶𝟏 𝜶𝟐 

[%] [%] 

Leighton Buzzard 14/25 (coarse silica sand) Dry -22.39 16.48 

Bathgate psf (fine silica sand) 
Dry -38.25 22.18 

Saturated -37.53 23.97 
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C.3.7 Representative Soil Densities 

Table C.3.5 presents a set of representative inferred soil densities for the flume experiments, using 

a representative value of measured normalised cone resistance 𝜒𝑐 and the calibration parameters 

for saturated Bathgate psf sand. The results show that for all tests the sand was consistently 

compacted to a very dense condition, as intended for the work.  

 
 

Table C.3.5. Representative Soil Density Parameters – Flume Experiments 

Test 
𝝌̅𝒄 𝑫𝑹 𝒆 𝜸𝒃𝒖𝒍𝒌 

[ - ] [%] [ - ] [kN/m3] 

1 5.296 89.4 0.5284 20.40 

2 5.458 93.3 0.5186 20.47 

3 5.755 100.4 0.5008 20.60 

4 5.682 98.7 0.5051 20.56 

5 5.596 96.6 0.5103 20.53 

6 5.588 96.4 0.5108 20.52 

 



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Appendix C – Flume Experiment Supplementary Material 

225 

C.4 Hydraulics During Scour Development 

The scour development in the flume was generated using depth-averaged flow velocities, 𝑈̅, 

between 0.35 m/s and 0.7 m/s (Table 8 in Paper 2), producing turbulent flow conditions (Reynolds 

Number = 5.6x104 to 1.1x105). Steady bow waves with heights of around 50 mm were observed at 

the upstream face of the monopile, and vortex shedding was observed downstream. 

The frequency of vortex shedding was not directly measured during the tests, but was consistent 

with the expected range of 0.32 Hz to 0.64 Hz. This is a significant margin below the natural 

frequencies of the structure (> 2.6 Hz), and did not cause measurable vortex-induced-vibration 

effects. Turbulence associated by the vortex shedding is thought to have caused additional erosion 

downstream of the pile (e.g. Figure 2.1(a)) 

During the flow Phase 1a of Test 1 (𝑈̅ = 0.4 m/s) the vortex shedding frequency coincided with 

the frequency of a lateral seiche wave in the test section (section width = 4.0 m, water depth = 0.9 m). 

This caused a lateral wave to accumulate after around 20 minutes of flume flow with 50 mm height 

and frequency ≅ 0.38 Hz (described in the report by HR Wallingford, 2018). The loading of the 

monopile due to the seiche was negligible, however a small peak could be seen in the power spectral 

density during this flow phase. This was not accounted for in the test design, and the Phase 1a flow 

velocity was adjusted to 𝑈̅ = 0.35 m/s for subsequent tests, which removed the phenomenon.  

The drag force acting on the monopile during the flow phases is estimated to be in the range of 

10 N to 50 N for the range of flow velocities and water depths in the flume experiments (assuming a 

drag coefficient of 1.0). During the flow the maximum displacements at the temposonics position 

sensor (located on the transition piece, see Table C.1.4) were approximately 100 μm, and the 

associated ground level displacements are estimated as less than 50 μm and rotations less than 

0.005° (assuming limited bending of the monopile). These loads and displacements are small in 

comparison to the initial stage of the lateral loading tests (Figure 4.13), and are similar in magnitude 

to displacements in the structural dynamics testing (discussed in Appendix C.6.7). The effect on the 

soil response is expected to be negligible. 
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C.5 Bathymetry Data Analysis 

C.5.1 Bathymetry Data Acquisition 

The laser scanner bathymetry data were collected and processed by HR Wallingford (2018). This 

processing involved averaging the individual laser scan data points within 8 mm square bins, 

producing maps with 8 mm resolution. The general procedure and results of the bathymetry data 

analysis are discussed in Paper 3, further detail is provided here.  

 
C.5.2 Bathymetry Asymmetry Analysis Method 

To investigate asymmetry, the bed levels were calculated within selected subsets zones, illustrated 

in Figure C.5.1. The subset zones were defined based on the position clockwise from pile North, with 

subsets for East (45° to 135°), South (180° to 225°), West (225° to 315°), and North (315° to 360°). 

For the North and South subsets, the data East of the centreline were excluded, which is consistent 

with the analysis in Fig. 7 in Paper 3. The output bathymetry levels are presented in Appendix C.9.1.  

 
 
 

 
Figure C.5.1. Bathymetry data subset zones in the Fast Flow Facility 
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C.6 Impulse Test Analysis Method 

C.6.1 Overview 

The natural frequencies of the structure were determined using a time-domain method of interpreting 

the response to an impulse load, following structural dynamics principles of free vibration (e.g. 

Williams, 2016). 

Figure C.6.1 presents an example of the acquired impulse data. In this example there is a 

permanent displacement in the order of 50 μm, which was believed to be caused by small 

movements of the reference scaffold frame for the temposonics position sensor, rather than a true 

displacement of the pile. 

 
Figure C.6.1. Example impulse data – streamwise direction loading: Test 3 unscoured condition, no 
top masses (see Table C.1.4 for instrument label key; X indicates measurement in the streamwise 
direction, F indicates force sensor at the tower top, 6X is the uppermost accelerometer, 1X is the 
lowermost accelerometer, D indicates displacement, B indicates bending moment) 
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C.6.2 Damped Free Vibration Signals 

Time-domain fitting of the impulse response measurements was performed using timeseries of load, 

acceleration and displacement starting after the impulse but before the signal had fully decayed. By 

excluding the impulse from the analysed signal the theoretical response for damped free vibration 

can be assessed, using SDOF and viscous damping assumptions (Williams, 2016). The response 

is governed by the equation of motion: 

 𝑀𝑣̈(𝑡) + 𝐶𝑣̇(𝑡) + 𝐾𝑣(𝑡) = 𝐹(𝑡) (C.6.1) 

For free vibration, 𝐹(𝑡) = 0, with viscous damping, 𝐶 = 2𝜁√𝐾 𝑀⁄ , the displacement 𝑣 is, 

 𝑣(𝑡) = 𝑣0𝑒
−𝜁𝜔𝑚𝑡 sin(𝜔𝑚√1 − 𝜁𝑚

2 𝑡 + 𝜙) (C.6.2) 

where 𝑣0 is the initial displacement amplitude, 𝜁𝑚 is the damping ratio, 𝜔𝑚 is the circular natural 

frequency, and 𝜙 is the phase. Acceleration 𝑣̈ is calculated as: 

 𝑣̈(𝑡) = −(𝜔𝑚
2 𝑣(𝑡) + 2𝜁𝑚𝜔𝑚𝑣̇(𝑡)) (C.6.3) 

 
 

C.6.3 Signal Fitting Procedure 

For a measured displacement or acceleration time-series signal 𝑠𝑀𝑒𝑎𝑠 the parameters for defining 

the response (𝜔𝑚, 𝜁, 𝑣0, 𝜙) were fitted by minimising the error function 𝜀𝑠, 

 𝜀𝑠 = 𝑠𝑓𝑖𝑡 − 𝑠𝑀𝑒𝑎𝑠 (C.6.4) 

where 𝑠𝑓𝑖𝑡 is approximated using the displacement or acceleration expressions (Appendix C.6.2). A 

least squares fitting method (MATLAB function lsqnonlin) was used to minimise 𝜀𝑠. 

The six acceleration signals in the direction of loading were analysed simultaneously, where the 

fitted parameters of 𝜔𝑚, 𝜁𝑚, 𝜙 were common for all accelerometers, and 𝑣0 was fitted individually to 

each accelerometer and the temposonics position sensor. Note that the direction of movement is 

captured in the sign of 𝑣0 by forcing the phase 𝜙 to be consistent down the structure.  

To allow analysis of the second and third mode of vibration, it is assumed that the signal 

comprises the superimposed response from several vibration modes, 𝑚 (Williams, 2016), 

 𝑠𝑓𝑖𝑡,Σ = ∑ 𝑠𝑓𝑖𝑡(𝑚)

𝑁𝑚

𝑚=1

 (C.6.5) 
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To analyse the second mode (𝑚 = 2), the residual measured signal 𝑠𝑀𝑒𝑎𝑠(𝑚) after removal of the 

first mode was computed as follows: 

 𝑠𝑀𝑒𝑎𝑠(𝑚) = 𝑠𝑀𝑒𝑎𝑠(𝑚 − 1) − 𝑠𝑓𝑖𝑡(𝑚 − 1) (C.6.6) 

The approach of calculating residuals and fitting was repeated for vibration modes 2 and 3, using 

data for approximately 20 cycles of signal at 𝜔𝑚 for each mode. 

 
C.6.4 Example Impulse Signal Fitting Results 

Figure C.6.2 presents an example time-domain fit of an impulse signal, using the method described 

(grey = 𝑠𝑚, black = 𝑠𝑓𝑖𝑡(𝑚), green = 𝑠𝑓𝑖𝑡,Σ). There is recurring high frequency noise in the mode 3 

residual signals, as well as a residual signal at the frequency of modes 1 and 2. This noise is likely 

to be due to the free-hanging wires in the tower impacting on the inside of the tower or on the 

accelerometer mounts. 

Figure C.6.3 presents an example time-domain fit using a smoothed version of the data from 

Figure C.6.2. The measured signals 𝑠 were smoothed (using MATLAB function smoothdata, moving 

mean with window length of 30) to remove high frequency noise, with linear trends removed from 

displacement signals to eliminate drift for the analysis of mode 1. Linear trends were applied to 

remove drift from the residual acceleration and displacement signals for the analysis of modes 2 and 

3. The fitted frequencies were almost identical using the unsmoothed (Figure C.6.2) and smoothed 

(Figure C.6.3) data. 

Figure C.6.4 presents an example of the fitted mode 1 to 3 natural frequencies and damping ratio 

plotted against the number of top masses (𝑁𝑀), using the smoothed signal fitting approach. The 

amount of scatter increases with the mode number, and there are apparent anomalous data points 

in mode 2 and 3 for the case of 3 and 6 top masses. The residual signals for these outliers (not 

shown) have a particularly large magnitude of the recurring high frequency noise in modes 2 and 3.  
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Figure C.6.2. Example impulse signal analysis with no signal smoothing: Test 3, no scour, no top 
masses, streamwise direction loading, top accelerometer; grey data is measured (residual for modes 
2 and 3), black data is fitted, green data is cumulative fit for all modes, red and cyan are bound of 
the fitted logarithmic decay 

 
 

 
Figure C.6.3. Example impulse signal analysis with signal smoothing: Test 3, no scour, no top 
masses, streamwise direction loading, top accelerometer; grey data is measured (residual for modes 
2 and 3), black data is fitted, green data is cumulative fit for all modes, red and cyan are bound of 
the fitted logarithmic decay 
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C.6.5 Quality of Fit 

The quality of the fit for each mode was calculated following an 𝑅2 approach using the acceleration 

signals, 

 𝑅2(𝑚) = 1 −
∑(𝑠𝑀𝑒𝑎𝑠(𝑚) − 𝑠𝑓𝑖𝑡(𝑚))

2

∑(𝑠𝑀𝑒𝑎𝑠(𝑚) − 𝑠𝑀𝑒𝑎𝑠̅̅ ̅̅ ̅̅ ̅(𝑚))2
 (C.6.7) 

where 𝑠𝑀𝑒𝑎𝑠̅̅ ̅̅ ̅̅ ̅ is the mean measured signal. 

An example of 𝑅2 quality of fit data is presented in Figure C.6.5 (associated with the data in 

Figure C.6.4). Mode 1 consistently has a high quality of fit (𝑅2 close to 1). Ffor mode 2 the quality is 

lower (𝑅2 around 0.6 to 1, with outliers), and mode 3 has the lowest quality (𝑅2 around 0.2 to 0.9, 

with outliers). The lowest quality points in Figure C.6.5 (𝑅2 less than 0.2) are associated with mode 

2 and 3 outliers in Figure C.6.4. 

 
C.6.6 Selection of Mean Values 

Finally a mean value of the fitted structural dynamics parameters (𝑓𝑚, 𝜁𝑚) was calculated for each 

mode, for each top mass and bathymetry condition. Following an inspection of the results, data were 

excluded from the averaging if it fell outside of specified quality thresholds. The quality thresholds 

were defined to exclude low quality data where 𝑅2 < 0.2, or if the damping ratio was outside of the 

typical range (specified as 𝜁 < 0.11% or 𝜁 > 4%). Data were also excluded for repeat impulse tests 

taken after modal shaker tests, and impulses during partial draining of the FFF flume during Test 1. 

 
C.6.7 Estimated Ground Level Displacements 

The lateral displacements along the monopile – tower structure during the impulse tests were not 

explicitly analysed from the test data, however the data in Figure C.6.1 were typical and can be 

considered for a brief assessment of the soil strain levels. In this dataset the peak acceleration 

amplitude is at the top of the tower (6X in Figure C.6.1) is approximately 2 m/s2 (displacement 

amplitude 1.2 mm for the inferred frequency 𝑓1 = 6.6 Hz), and the peak displacement amplitude at 

the temposonics position sensor (DX in Figure C.6.1) is approximately 0.1 mm. 
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The displacements at and below ground level can be estimated using the mode shape results 

output from the EigPile numerical analysis (e.g. Figure 4.6), giving peak ground level displacements 

of less than 10 μm. The ground level displacements produce strains in the soil with an order of 

magnitude around 10-5 to 10-4, with the greatest strain levels occurring close to ground level and 

diminishing with depth. Similar estimates can be made for mode 2 ground level displacements as 

less than 1 μm and for mode 3 ground level displacements as less than 0.1 μm, with lower strain 

levels accordingly. These strain levels are at or close to the region where the soil response can be 

assumed as elastic, for example by considering the degradation of 𝐺0 with strain illustrated in 

Figure 1.15. 

 

 
Figure C.6.4. Example natural frequency and damping ratio for modes 1 to 3 plotted against top 
mass: Test 1, partial scour 

 

  
Figure C.6.5. Example R2 quality of fit plotted against top mass: Test 1, partial scour 
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C.7 Frequency Sweep Analysis Method 

C.7.1 Frequency Sweep Testing Method 

In the frequency sweep tests, sinusoidal loads were applied to the structure at frequencies 𝜔𝐹 close 

to the estimated natural frequency from impulse tests. The testing procedure involved the following 

steps, controlled through the LabVIEW code: 

i. User input of the estimated natural frequency of modes 1, 2 and 3 (based on the power 

spectral density peaks of the previous impulses) 

ii. Select evenly spaced loading frequencies 𝜔𝐹 below and above the estimated natural 

frequency (from i.), where the frequency range took typical values of +/- 7.5% for mode 1, and 

+/- 15% for mode 2 and 3 (typically 11 loading frequencies were used) 

iii. Generate a sinusoidal signal at the first loading frequency (𝜔𝐹), with a low amplitude 

iv. Ramp the amplitude until the measured peak force reaches a target value 

v. Hold the amplitude for 50 cycles of loading, log the data and stop generating the signal 

vi. Repeat iii. to v. for all the selected loading frequencies from step ii. 

 
C.7.2 Background – Frequency Response Function 

The analysis of the frequency sweep data requires two stages: (1) fitting to the measured sinusoidal 

signals, and (2) a modal analysis of the complex frequency response function (FRF). Figure C.7.1 

illustrates the real and imaginary components of the FRF for single and multiple degree of freedom 

systems. The theoretical FRF, 𝐻, for a SDOF system with viscous damping is (Ewins, 2000), 

 𝐻 = 𝐴𝑒𝑖𝜙 = 𝐴(sin𝜙 + 𝑖 cos 𝜙) (C.7.1) 

where 𝐴 is the accelerance and 𝜙 is the phase difference between force and displacement; 

 𝐴 = −𝑣0𝐷𝐴𝐹𝜔𝐹
2  (C.7.2) 

 𝐷𝐴𝐹 =
1

√(1−Ω2)2 + (2𝜁Ω)2
 (C.7.3) 

 tan 𝜙 =
2𝜁𝑚Ω

1 − Ω2
 and Ω =

𝜔𝐹

𝜔𝑚

 (C.7.4) 

where 𝑣0 is the displacement amplitude, 𝐷𝐴𝐹 is the dynamic amplification factor, and Ω is the 

harmonic frequency ratio. 
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(a) 

 
(b) 

Figure C.7.1. Three-dimensional frequency response functions (from Ewins, 2000). (a) Single 
degree of freedom system; (b) Multiple degree of freedom system. 
 



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Appendix C – Flume Experiment Supplementary Material 

235 

C.7.3 Harmonic Signal Fitting 

The measured signals 𝑠𝑀𝑒𝑎𝑠(𝑡) were analysed over 50 cycles at loading frequency 𝜔𝐹 to identify the 

amplitude (𝑠0) phase (𝜙𝑠) and offset (𝑠𝑜𝑓𝑓) for each signal:  

 𝑠𝑓𝑖𝑡(𝑡) = 𝑠0(𝜔𝐹) sin(𝜔𝐹𝑡 + 𝜙𝑠(𝜔𝐹)) − 𝑠𝑜𝑓𝑓(𝜔𝐹) (C.7.5) 

The signals were fitted using a least squares method by minimising the following expression 

(using MATLAB function fminsearch for each signal): 

 𝑆𝑆 =
∑(𝑠𝑀𝑒𝑎𝑠(𝑡) − 𝑠𝑓𝑖𝑡(𝑡))

2

∑(𝑠𝑀𝑒𝑎𝑠(𝑡) − 𝑠𝑀𝑒𝑎𝑠̅̅ ̅̅ ̅̅ ̅)2
 (C.7.6) 

Figure C.7.2 and Figure C.7.3 present examples of the harmonic sine signal fitting for loading 

frequencies near mode 1 and 2 respectively; acceleration is plotted in the logged units of g (1g = 

9.81 m/s2). 

The signals for mode 1 (Figure C.7.2) generally have more noise, that is neglected during the 

fitting process. The measured accelerations for mode 1 are sinusoidal, but the measured force 

includes components at higher frequencies; it is expected that this is due to loading the structure at 

the point of maximum displacement (i.e. lowest stiffness) for mode 1.  

For mode 2 (Figure C.7.3) the measured displacement is the only signal with significant noise not 

represented by the fit.  

 
C.7.4 Fitted Frequency Response Function 

The measured FRF was calculated for each of the frequency sweeps, and fitted using the theoretical 

FRF for an equivalent single degree of freedom system. Only signals from the accelerometers in the 

direction of loading were used. For each loading frequency (𝜔𝐹) the measured accelerance (𝐴𝑀𝑒𝑎𝑠) 

was calculated from the acceleration amplitude (𝑣̈0) and force amplitude (𝐹0) from the harmonic 

signal fitting (Ewins, 2000), 

 𝐴𝑀𝑒𝑎𝑠(𝜔𝐹) = 𝑣̈0(𝜔𝐹)/𝐹0(𝜔𝐹) (C.7.7) 

The measured FRF (𝐻𝑀𝑒𝑎𝑠) was then calculated, 

 𝐻𝑀𝑒𝑎𝑠 = 𝐴𝑀𝑒𝑎𝑠𝑒
𝑖𝜙𝑀𝑒𝑎𝑠 (C.7.8) 

where 𝜙𝑀𝑒𝑎𝑠 is the phase difference. 
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The theoretical single degree of freedom response 𝐻 requires a complex offset to be applied in 

order to achieve a good fit of 𝐻𝑀𝑒𝑎𝑠; this is to account for residual parts of the response to modes of 

vibration other than that being tested (e.g. Figure C.7.1(b)). These residual FRF components were 

assumed to be constant within the testing range and to cause no distortion of the FRF. The complex 

offset was applied using real and imaginary components (𝛼1 and 𝛼2), 

 𝐻𝑓𝑖𝑡 = 𝐻′ + (𝛼1 + 𝛼2𝑖) (C.7.9) 

A prime has been used in the notation to indicate the equivalent SDOF values of the FRF (𝐻′). 

For the analysis of each frequency sweep there are 5 fitting parameters (𝜔𝑚, 𝜁𝑚, 𝑣0, 𝛼1, 𝛼2), with 

𝜔𝑚 and 𝜁𝑚 assumed constant for all accelerometers. The parameters were fitted using a least 

squares method (MATLAB function lsqnonlin) to minimise the error 𝜀𝐻, 

 𝜀𝐻 =  𝐻𝑓𝑖𝑡 − 𝐻𝑀𝑒𝑎𝑠 (C.7.10) 

(Note: 𝜀𝐻 is complex; to avoid complex solutions from lsqnonlin, 𝜀𝐻 was stored as an array with two 

columns to handle the real and imaginary components) 

In the fitting, data were excluded if the force amplitude 𝐹0(𝜔𝐹) was below a threshold (selected 

as 0.01 N). The signals of all accelerometers in a data set were analysed using consistent values of 

𝜔𝑚 and 𝜁𝑚, selected based on fitting the signal with the greatest amplitude for the mode of vibration 

and top mass configuration: 

i. Mode 1 used accelerometer 6 (top most) 

ii. Mode 2 used accelerometer 6 for no top mass or accelerometer 3 with top mass 

iii. Mode 3 used accelerometer 6 for no top mass or accelerometer 5 with top mass 

 
C.7.5 Quality of Fit 

The quality of the fitted FRF 𝐻𝑓𝑖𝑡  was quantified using the expression, 

 𝜀𝐻𝑛𝑜𝑟𝑚 =

1
𝑁𝐹

∑|𝑅𝑒(𝜀𝐻(𝜔𝐹)). 𝐼𝑚(𝜀𝐻(𝜔𝐹))|

𝐻𝑟𝑒𝑓

 (C.7.11) 

where 𝑁𝐹 is the number of loading frequencies and 𝐻𝑟𝑒𝑓 is a reference value, 

 𝐻𝑟𝑒𝑓 =
1

𝑁𝐹

(∑[Re(𝐻𝑀𝑒𝑎𝑠) + Im(𝐻𝑀𝑒𝑎𝑠)𝑖]) − 𝐻𝑀𝑒𝑎𝑠 (C.7.12) 
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Figure C.7.2. Example mode 1 harmonic signals: Test 3, no scour, 6 masses, loading frequency = 
3.063 Hz, streamwise loading; black indicates measured signals, red indicates sinusoidal fit (see 
Table C.1.3 for instrument labels relating to vertical axes) 

 

 
Figure C.7.3. Example mode 2 harmonic signals: Test 3, no scour, 6 masses, loading frequency = 
16.73 Hz, streamwise loading; black indicates measured signals, red indicates sinusoidal fit (see 
Table C.1.3 for instrument labels relating to vertical axes) 
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C.7.6 Example Results 

The measured FRF 𝐻𝑀𝑒𝑎𝑠 for each accelerometer was converted to an equivalent SDOF 𝐻𝑀𝑒𝑎𝑠
′ , for 

comparison of results between accelerometers, 

 𝐻𝑀𝑒𝑎𝑠
′ = 𝐻𝑀𝑒𝑎𝑠 − (𝛼1 + 𝛼2𝑖) (C.7.13) 

For this equivalent SDOF system the measured accelerance 𝐴𝑀𝑒𝑎𝑠
′  and phase difference 𝜙𝑀𝑒𝑎𝑠

′ , 

 𝐴𝑀𝑒𝑎𝑠
′ (𝜔𝐹) = √Re(𝐻𝑀𝑒𝑎𝑠

′ (𝜔𝐹))2 + Im(𝐻𝑀𝑒𝑎𝑠
′ (𝜔𝐹))2 (C.7.14) 

 𝜙𝑀𝑒𝑎𝑠
′ (𝜔𝐹) = tan−1 (

Im(𝐻𝑀𝑒𝑎𝑠
′ (𝜔𝐹))

Re(𝐻𝑀𝑒𝑎𝑠
′ (𝜔𝐹))

) (C.7.15) 

A final stage of processing produced a normalised version of the equivalent SDOF FRF 𝐻𝑀𝑒𝑎𝑠,𝑛𝑜𝑟𝑚
′ , 

 𝐻𝑀𝑒𝑎𝑠,𝑛𝑜𝑟𝑚 
′ = 𝐻𝑀𝑒𝑎𝑠

′ /𝐴𝑚𝑎𝑥
′  (C.7.16) 

where 𝐴𝑚𝑎𝑥
′  is the maximum accelerance of the equivalent SDOF system, 

 𝐴𝑚𝑎𝑥
′ = 𝑣0 (

𝜔𝑚
2

2𝜁𝑚√1 − 𝜁𝑚
2
) (C.7.17) 

Figure C.7.5 and Figure C.7.6 present examples of the FRF fitting for mode 1 and 2 respectively. 

Figure C.7.4 presents the layout of these FRF results figures. 

The ground level displacements, and associated strain in the soil, are estimated to be of a similar 

order of magnitude to the impulse tests discussed in Appendix C.6.7. 

 
 

 

A. Acceleration amplitudes 𝐴𝑀𝑒𝑎𝑠
′  vs. loading frequency 𝑓𝐹 

B. Phase difference 𝜙𝑀𝑒𝑎𝑠
′  vs. 𝑓𝐹 

C. Fit error 𝜀𝐻 vs. 𝑓𝐹 

D. Load amplitude 𝐹0 vs. 𝑓𝐹 

E. Bending and displacement amplitude vs. 𝑓𝐹 

F. Signal to noise ratio vs. 𝑓𝐹 

G. Measured modal circle 𝐻𝑀𝑒𝑎𝑠 real vs. imaginary 

H. Normalised modal circle 𝐻𝑀𝑒𝑎𝑠,𝑛𝑜𝑟𝑚 
′  real vs. imaginary 

I. Mode shape 𝑧 vs. 𝑣0/𝐹0 

J. Fit error 𝑧  vs. 𝜀𝐻𝑛𝑜𝑟𝑚 

See Table C.1.3 for instrument label key 

Figure C.7.4. Layout of frequency sweep results subfigures in Figure C.7.5 and Figure C.7.6 
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Figure C.7.5. Example mode 1 response function fitting: Test 1, no scour, 0 masses, streamwise 
loading (see Figure C.7.4 for description of subfigures) 
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Figure C.7.6. Example mode 2 response function fitting: Test 1, no scour, 6 masses, streamwise 
loading (see Figure C.7.4 for description of subfigures) 
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C.8 Monotonic Lateral Loading Testing and Analysis 

C.8.1 Equipment 

Figure C.8.1 presents the setup of the monotonic loading equipment attached to the pile. For the 

monotonic loading tests a collar was attached around the top set of bolts of the pile transition piece, 

such that the load was carried by the pile without loading the tower (which had a lower strength). 

An actuator powered by a motor was used to pull the pile at a constant rate of displacement of 8 

mm/min at the height of load application. This rate of displacement was intended to provide an 

approximate rate of displacement at ground level of 𝐷/100 (i.e. 2 mm/min), by assuming that the 

target scour depths had been achieved and the pile would pivot at a depth below ground of 

approximately 70% of its embedded length. The motor and actuator were attached to a separate 

scaffold truss crossing the flume to the South of the pit section. A load cell on the actuator was 

attached to the pile collar by a steel cable. Data were logged at 1613 Hz. 

The monotonic loading equipment and LabVIEW data acquisition code were developed by Ross 

McAdam and Brian Sheil. 

 
C.8.2 Data Pre-processing 

Initial processing of the monotonic loading data consisted of (i) smoothing the data using a filter 

window size of 1000 samples (0.62 seconds), and (ii) downsampling by a ratio of 200. Additional 

processing was performed for some tests to fix specific problem data: 

 Low frequency noise was present in the signal of the top LVDT (𝑧 = 2.4 m) in Tests 1 and 2. 

These data were smoothed (using MATLAB function smooth, window = 82 samples ≈ 10 seconds).  

 During Test 2 the LVDT voltage periodically stepped up and back down during the test. This 

was addressed by applying a corrective offset (0.415 mm, 0.027 V) to the affected data segments, 

and subsequently smoothing the data (using MATLAB function smooth, window = 82). 

 During Test 3 there were fluctuations in the LVDT and 𝐻 measurements near the start of the 

test (𝐻 < 200 N), due to a slightly loose attachment of the monopile to the loading actuator. This was 

addressed by smoothing the LVDT data (MATLAB function smooth, window = 82). 
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Figure C.8.1. Photograph of the monotonic loading equipment setup 

 
C.8.3 Analysis Method 

The analysis of ground level displacements follows the methodology adopted for the analysis of field 

tests in the PISA JIP (Burd et al., 2019), which used Timoshenko beam theory. Displacement 

measurements from the LVDTs were used to calculate the ground level (𝑧′ = 0) displacement, 𝑣𝐺, 

rotation of the pile neutral axis, 𝜃𝐺, and rotation of the pile cross-section, 𝜓𝐺. The lever arm, ℎ, is 

defined relative to the median local bed level from the bathymetry analysis (Paper 3). For the applied 

loading (Figure 2.23), the bending moment, 𝑀, and shear, 𝑉, in pile above soil level are, 

 𝑀 = 𝐻(ℎ − 𝑧′) (C.8.1) 

 𝑉 = 𝐻 (C.8.2) 

Figure C.8.2 presents the kinematics governing Timoshenko beam theory (after Burd, 2018), where 

𝜃 is the rotation of the pile neutral axis (clockwise negative), and 𝜓 is the rotation of the pile cross-

section (clockwise positive). These kinematic relationships are, 

 𝑤(𝑦′, 𝑧′) = 𝑤0 + 𝜓(𝑧′)𝑦′ (C.8.3) 

 𝑣(𝑦′, 𝑧′) = 𝑣0(𝑧′) (C.8.4) 

where 𝑤 and 𝑣 are the vertical and lateral displacements respectively at a point in the pile.  

The adopted sign convention in Figure C.8.2 implies the moment and shear force definitions, 

 
𝑀

𝐸𝐼
= −

𝑑𝜓

𝑑𝑧′
 (C.8.5) 

 
𝑉

𝜅𝐴𝐺
= +𝛾𝑦𝑧 = +

𝜕𝑤

𝜕𝑦′
+

𝜕𝑣

𝜕𝑧′
= 𝜓 + 𝜃 (C.8.6) 

where 𝜅 is the shear coefficient for Timoshenko beam theory. Combining the previous relationships 
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gives expressions for rotation of the pile neutral axis, 𝜃, and lateral displacements, 𝑣, 

𝑀

𝐸𝐼
= −

𝑑𝜓

𝑑𝑧′
= −

𝑑

𝑑𝑧′
[

𝑉

𝜅𝐴𝐺
− 𝜃]   

therefore 𝑑𝜃

𝑑𝑧′
=

𝑀

𝐸𝐼
+

𝑑

𝑑𝑧′
[

𝑉

𝜅𝐴𝐺
] (C.8.7) 

𝜃 = ∫
𝑀

𝐸𝐼
𝑑𝑧′ +

𝑉

𝜅𝐴𝐺
= ∫

𝐻(ℎ − 𝑧′)

𝐸𝐼
𝑑𝑧′ +

𝐻

𝜅𝐴𝐺
= (

𝐻

𝐸𝐼
) (ℎ𝑧′ −

𝑧′2

2
) +

𝐻

𝜅𝐴𝐺
− 𝜓𝐺  (C.8.8) 

 𝑣 = ∫𝜃 𝑑𝑧′ = (
𝐻

𝐸𝐼
) (

ℎ𝑧′2

2
−

𝑧′3

6
) + (

𝐻

𝜅𝐴𝐺
− 𝜓𝐺) 𝑧′ + 𝑣𝐺 (C.8.9) 

Using the two measured LVDT displacements 𝑣1 and 𝑣2 at elevations of 𝑧′1 and 𝑧′2, this is solved to 

find 𝜃𝐺 and 𝑣𝐺, 

 𝑣2 − 𝑣1 = (
𝐻

𝐸𝐼
) (

ℎ(𝑧′2
2 − 𝑧′1

2)

2
−

(𝑧′2
3 − 𝑧1

′3)

6
) + (

𝐻

𝜅𝐴𝐺
− 𝜓𝐺) (𝑧2

′ − 𝑧1
′) (C.8.10) 

 𝐻

𝜅𝐴𝐺
− 𝜓𝐺 = 𝜃𝐺 =

(
𝐻
𝐸𝐼

) (
ℎ(𝑧′2

2 − 𝑧′1
2)

2
−

(𝑧′2
3 − 𝑧1

′3)
6

) + 𝑣1 − 𝑣2

𝑧′
1 − 𝑧′2

 
(C.8.11) 

 𝑣1 + 𝑣2 = (
𝐻

𝐸𝐼
) (

ℎ(𝑧′1
2 + 𝑧′2

2)

2
−

(𝑧′
1
3
+ 𝑧′

2
3
)

6
) + (

𝐻

𝜅𝐴𝐺
− 𝜓𝐺) (𝑧1

′ + 𝑧2
′ ) + 2𝑣𝐺 (C.8.12) 

 𝑣𝐺 = (
𝐻

𝐸𝐼
) (

(𝑧′
1
3
+ 𝑧′

2
3
)

12
−

ℎ(𝑧′
1
2
+ 𝑧′

2
2
)

4
) − 𝜃𝐺

𝑧1
′ + 𝑧2

′

2
+

𝑣1 + 𝑣2

2
 (C.8.13) 

The shear terms drop out of the solutions for 𝜃𝐺 and 𝑣𝐺, given these shear terms are constant above 

ground and are accounted for as a constant increase in the ground level pile neutral axis rotation 𝜃𝐺. 

 
Figure C.8.2. Timoshenko beam theory; kinematics and adopted sign conventions 
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C.9 Results Tables 

C.9.1 Scour Depth Results Table 

 
Table C.9.1. Median Local and Global Bed Levels 

 Median Local Bed Level Median Global Bed Level 

Subset Zone - N S W E - N S W E 

Min angle 180 315 180 225 45 180 315 180 225 45 

Max angle 360 360 225 315 225 360 360 225 315 225 

FFF 
Testa 

𝑻𝒇 b 

[mins] 

𝒛

𝑫
 

𝒛

𝑫
 

𝒛

𝑫
 

𝒛

𝑫
 

𝒛

𝑫
 

𝒛

𝑫
 

𝒛

𝑫
 

𝒛

𝑫
 

𝒛

𝑫
 

𝒛

𝑫
 

1 

0 4.52 4.53 4.51 4.52 4.53 4.56 4.58 4.49 4.56 4.43 

166 3.65 3.76 3.66 3.62 - 4.54 4.56 4.52 4.54 - 

498 2.97 3.12 2.88 2.97 3.03 4.41 4.36 4.61 4.39 - 

996 2.49 - 2.49 2.70 1.92 4.31 4.05 4.48 4.30 - 

1494 2.89 2.92 2.91 2.86 2.92 4.05 4.18 3.88 4.16 - 

1992 2.24 2.26 2.20 2.24 2.13 3.99 3.40 4.14 4.28 - 

2 
(R-TFN) 

0 4.57 4.57 4.57 4.55 4.53 4.61 4.58 4.60 4.64 - 

83 3.95 3.97 4.08 3.92 3.95 4.61 4.58 4.61 4.64 - 

498 3.03 3.18 2.90 3.01 3.00 4.52 4.36 4.59 4.53 - 

498 c 4.26 4.39 4.21 4.20 - 4.52 4.36 4.59 4.54 - 

996 3.85 3.81 - 3.89 - 4.42 4.15 4.42 4.53 - 

1494 3.75 - 3.79 3.68 - 4.22 4.26 3.95 4.41 - 

1992 3.81 3.83 3.61 3.76 4.02 4.18 3.94 4.18 4.29 - 

3  
(R-RF1) 

0 4.64 4.64 4.64 4.63 4.65 4.57 4.56 4.58 4.58 - 

498 3.08 3.26 2.99 3.07 3.02 4.36 4.31 4.48 4.33 - 

498 c 3.89 3.79 4.18 3.91 3.89 4.36 4.31 4.48 4.33 - 

996 3.86 3.79 4.05 3.87 3.85 4.33 4.32 4.32 4.37 - 

1494 3.86 3.78 4.04 3.86 3.88 4.34 4.32 4.31 4.41 - 

1992 3.87 3.81 4.03 3.86 3.84 4.27 4.29 4.16 4.38 - 

4 
(R-RF2) 

0 4.56 4.58 4.56 4.56 4.58 4.55 4.57 4.56 4.55 - 

166 3.88 4.03 3.87 3.85 3.95 4.56 4.58 4.57 4.55 - 

166 c 4.42 4.47 4.38 4.43 4.35 4.56 4.58 4.57 4.55 - 

664 4.32 4.36 4.08 4.32 4.34 4.41 4.33 4.33 4.52 - 

1162 3.97 3.82 3.98 3.99 3.88 4.26 4.28 3.99 4.43 - 

1660 3.83 3.82 3.65 3.85 3.80 4.18 4.01 4.15 4.34 - 

5 
(P-RA) 

0 c 4.85 4.86 4.84 4.85 4.88 4.57 4.61 4.56 4.57 - 

498 4.85 4.86 4.84 4.83 4.86 4.43 4.37 4.41 4.55 - 

996 4.84 4.88 4.84 4.83 - 4.43 4.52 4.33 4.59 - 

1494 4.84 4.89 4.85 4.83 4.82 4.36 4.18 4.51 4.52 - 

1992 4.84 4.86 4.85 4.82 4.80 4.11 3.99 4.04 4.34 - 

6 
(R-RF3) 

0 5.63 5.63 5.64 5.62 5.64 5.61 5.62 5.59 5.61 - 

166 4.89 5.00 4.84 4.87 4.94 5.63 5.62 5.61 5.64 - 

498 4.10 4.20 3.99 4.07 - 5.46 5.29 5.62 5.45 - 

498 c 5.12 5.07 5.10 5.14 - 5.46 5.29 5.62 5.45 - 

966 5.09 5.04 5.08 5.11 - 5.33 5.06 5.46 5.47 - 

1494 5.09 - - 5.09 - 5.13 5.14 5.07 5.31 - 

1992 5.06 5.03 5.02 5.09 - 4.80 4.49 4.82 5.04 - 

2490 5.05 5.02 5.03 5.07 - 4.06 4.03 4.01 4.15 - 

2988 5.05 5.02 5.04 5.07 4.89 3.82 3.64 3.84 3.86 - 
a Test matrix is provided in Table 3 in Paper 3 
b 𝑇𝑓 is elapsed flow time (see Paper 3) 

c
 indicates first measurement after installing scour protection 
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C.9.2 Structural Dynamics Results Tables (Impulse Tests) 

Table C.9.2 to Table C.9.4 provide the full set of mean natural frequency and damping results for 

modes 1 to 3. Due to the exclusion criteria (described in Appendix C.6) there is one data point 

missing for mode 2 and five data points missing for mode 3. 

 
Table C.9.2. Mode 1 Mean Natural Frequency and Damping (Impulse Tests) 

Parameter 𝒇𝒎  𝜻𝒎  

Num. Top Masses: 0 1 3 6 0 1 3 6 

FFF 
Testa 

𝑻𝒇 b 

[mins] 
[Hz] [Hz] [Hz] [Hz] [%] [%] [%] [%] 

1 

0 6.499 5.029 3.718 2.846 1.57 0.79 0.48 0.51 

166 6.285 4.899 3.630 2.785 1.42 0.99 0.63 0.56 

498 5.958 4.706 3.532 2.716 1.75 1.37 0.77 0.75 

996 5.845 4.630 3.472 2.679 1.78 1.50 0.97 0.84 

1494 5.878 4.647 3.481 2.686 2.02 1.56 1.08 0.86 

1992 5.740 4.587 3.451 2.668 1.70 1.26 0.92 0.80 

2 
(R-TFN) 

0 6.532 5.034 3.709 2.846 2.25 2.13 1.38 1.31 

83 6.419 4.960 3.668 2.812 2.13 2.13 1.26 1.32 

498 6.149 4.791 3.575 2.741 2.48 2.18 1.55 1.25 

498 c 6.167 4.791 3.567 2.739 2.24 2.14 1.25 1.28 

996 6.159 4.818 3.585 2.745 2.74 2.03 1.35 1.40 

1494 6.166 4.747 3.582 2.753 2.60 2.04 1.32 1.28 

1992 6.182 4.825 3.596 2.755 2.70 2.27 1.41 1.45 

3  
(R-RF1) 

0 6.593 5.077 3.755 2.863 1.01 0.97 0.88 1.06 

498 6.189 4.867 3.639 2.774 0.93 0.77 1.10 0.99 

498 c 6.236 4.886 3.654 2.786 1.25 1.07 1.17 1.28 

996 6.367 4.949 3.685 2.812 1.37 1.15 1.44 1.27 

1494 6.297 4.907 3.649 2.799 1.45 1.19 1.20 0.98 

1992 6.309 4.910 3.656 2.797 1.43 1.27 1.15 1.05 

4 
(R-RF2) 

0 6.489 5.032 3.746 2.842 1.15 0.89 1.00 0.91 

166 6.426 4.991 3.725 2.841 1.14 0.52 0.58 0.39 

166 c 6.445 5.020 3.735 2.852 1.14 0.55 0.57 0.39 

664 6.360 4.956 3.679 2.810 1.58 1.02 0.82 0.78 

1162 6.299 4.905 3.648 2.790 1.44 1.03 0.85 0.85 

1660 6.283 4.901 3.644 2.787 1.50 1.07 0.86 0.81 

5 
(P-RA) 

0 c 6.542 5.046 3.728 2.837 1.66 1.19 0.96 0.96 

498 6.531 5.036 3.714 2.832 1.51 1.10 0.95 0.89 

996 6.534 5.038 3.716 2.831 1.62 1.19 0.98 0.93 

1494 6.540 5.029 3.708 2.837 1.52 1.09 1.03 0.85 

1992 6.556 5.054 3.742 2.851 1.40 0.98 0.83 0.64 

6 
(R-RF3) 

0 6.751 5.166 3.799 2.894 1.71 1.16 0.94 0.89 

166 6.618 5.082 3.751 2.857 1.59 1.12 0.81 0.87 

498 6.417 4.975 3.690 2.810 1.39 1.12 0.81 0.83 

498 c 6.518 5.030 3.716 2.836 1.89 1.21 1.04 0.97 

966 6.626 5.104 3.785 2.878 1.36 1.06 0.80 0.66 

1494 6.616 5.106 3.787 2.887 1.31 0.88 0.75 0.56 

1992 6.561 5.074 3.752 2.862 1.44 1.02 0.82 0.64 

2490 6.545 5.061 3.757 2.866 1.12 0.92 0.63 0.57 

2988 6.501 5.036 3.744 2.852 1.35 1.10 0.66 0.63 
a Test matrix is provided in Table 3 in Paper 3 
b 𝑇𝑓 is elapsed flow time (see Paper 3) 

c
 indicates first measurement after installing scour protection 
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Table C.9.3. Mode 2 Mean Natural Frequency and Damping (Impulse Tests) 

Parameter 𝒇𝒎  𝜻𝒎  

Num. Top Masses: 0 1 3 6 0 1 3 6 

FFF 
Testa 

𝑻𝒇 b 

[mins] 
[Hz] [Hz] [Hz] [Hz] [%] [%] [%] [%] 

1 

0 19.24 18.26 17.60 17.20 0.66 0.75 0.75 0.93 

166 17.16 15.81 15.12 14.81 1.23 1.10 0.71 1.64 

498 16.76 13.95 13.31 13.43 1.40 0.27 1.99 1.13 

996 14.29 13.86 12.43 13.00 1.69 1.09 1.38 1.04 

1494 15.89 13.88 - 13.11 2.34 1.03 - 0.98 

1992 13.65 12.79 12.07 11.95 1.64 1.18 1.66 1.46 

2 
(R-TFN) 

0 19.25 17.54 17.03 16.81 1.48 1.30 1.60 1.30 

83 17.53 16.57 15.91 15.63 1.52 1.25 1.53 1.19 

498 16.15 14.55 14.00 13.69 1.35 0.41 1.02 0.32 

498 c 16.02 14.76 14.25 13.71 1.31 1.06 1.36 0.99 

996 16.14 14.92 14.17 13.73 1.78 1.26 1.28 0.51 

1494 15.63 14.64 14.22 13.99 1.87 1.28 1.45 0.86 

1992 15.86 14.79 14.30 13.77 1.59 1.39 1.71 0.59 

3  
(R-RF1) 

0 19.51 18.47 18.01 17.65 0.78 0.83 0.71 1.34 

498 16.19 15.32 14.80 14.56 0.73 0.51 0.50 0.47 

498 c 16.22 15.41 14.90 14.82 1.98 1.03 1.64 2.05 

996 17.09 16.12 15.81 15.24 1.42 1.46 1.64 1.51 

1494 17.59 15.66 15.74 15.52 1.21 1.02 1.78 1.43 

1992 17.24 16.60 15.84 15.75 1.74 1.95 2.39 1.53 

4 
(R-RF2) 

0 18.53 17.80 17.33 16.81 1.52 1.20 1.12 1.26 

166 18.02 17.04 16.53 16.21 0.63 0.50 0.49 0.52 

166 c 18.17 17.45 16.90 16.62 0.74 0.64 0.60 0.56 

664 18.02 16.98 16.32 15.99 1.98 1.26 1.29 1.37 

1162 17.31 16.24 15.64 15.32 1.53 1.63 1.29 1.09 

1660 17.07 16.14 15.53 15.00 1.69 1.43 1.22 0.96 

5 
(P-RA) 

0 c 19.51 18.65 18.49 17.62 0.29 1.67 1.10 1.38 

498 19.62 19.07 18.47 17.86 0.60 1.58 0.25 1.25 

996 19.74 19.15 18.54 17.95 0.62 1.20 0.17 1.17 

1494 19.79 19.06 18.49 18.05 0.83 1.39 1.01 1.28 

1992 19.91 19.08 18.74 18.13 0.81 1.12 0.82 1.20 

6 
(R-RF3) 

0 20.58 20.67 19.71 20.16 1.81 1.16 1.30 0.69 

166 19.71 19.30 18.78 18.55 1.09 1.06 0.74 1.33 

498 18.32 17.28 16.82 16.41 1.08 1.27 0.98 0.90 

498 c 19.51 18.11 18.20 17.25 0.72 1.97 0.80 1.50 

966 20.12 19.33 18.74 18.48 1.75 1.64 2.29 1.33 

1494 20.13 19.59 19.30 18.80 1.88 1.48 0.92 1.20 

1992 19.78 18.98 18.90 18.15 0.81 1.59 1.01 1.27 

2490 19.56 18.70 18.20 17.90 0.68 1.39 0.93 1.10 

2988 19.18 18.14 17.83 17.40 1.88 1.64 1.13 1.29 
a Test matrix is provided in Table 3 in Paper 3 
b 𝑇𝑓 is elapsed flow time (see Paper 3) 

c
 indicates first measurement after installing scour protection 

 



DEng Portfolio: Monopile Response to Scour and Scour Protection 
Appendix C – Flume Experiment Supplementary Material 

247 

 
 
 
 

Table C.9.4. Mode 3 Mean Natural Frequency and Damping (Impulse Tests) 

Parameter 𝒇𝒎  𝜻𝒎  

Num. Top Masses: 0 1 3 6 0 1 3 6 

FFF 
Testa 

𝑻𝒇 b 

[mins] 
[Hz] [Hz] [Hz] [Hz] [%] [%] [%] [%] 

1 

0 47.66 44.02 41.62 40.84 0.78 1.42 1.56 1.44 

166 44.94 42.16 - 38.11 1.99 0.72 - 1.49 

498 38.18 37.76 37.23 35.58 1.92 1.83 1.68 0.62 

996 40.61 36.68 35.68 34.83 0.62 2.24 1.53 0.44 

1494 40.72 37.29 - 35.04 0.54 1.26 - 1.53 

1992 39.37 36.76 35.35 34.45 1.30 1.28 1.18 1.20 

2 
(R-TFN) 

0 45.04 42.92 41.02 39.51 1.33 0.94 0.63 0.63 

83 44.62 42.21 39.97 38.47 0.33 1.25 1.46 1.09 

498 41.98 39.38 37.97 36.50 0.37 1.00 0.63 1.19 

498 c 41.41 39.32 37.54 36.69 1.78 1.82 0.49 0.75 

996 43.62 43.60 38.53 36.31 1.32 0.46 1.54 1.08 

1494 41.37 38.92 37.62 36.61 0.68 1.95 1.91 0.98 

1992 42.30 - 38.11 36.87 1.27 - 0.79 2.02 

3  
(R-RF1) 

0 47.78 44.56 41.49 41.68 1.09 0.69 0.96 0.85 

498 43.84 40.28 38.39 37.39 1.39 0.70 0.89 0.93 

498 c 43.19 40.55 39.06 37.49 2.20 1.43 0.66 0.86 

996 45.45 41.26 39.49 38.37 1.65 0.91 0.84 1.20 

1494 43.42 40.07 39.66 38.63 1.40 0.93 0.23 3.10 

1992 43.15 40.82 - 38.08 1.90 1.58 - 1.17 

4 
(R-RF2) 

0 47.40 43.52 41.59 39.22 1.80 0.72 1.48 0.56 

166 46.82 43.20 40.94 39.50 0.90 0.59 1.14 1.16 

166 c 46.41 43.48 41.29 39.54 1.61 0.80 1.33 1.04 

664 42.46 42.28 40.14 38.51 0.47 0.83 1.16 1.01 

1162 43.14 41.32 39.00 37.80 0.79 0.85 1.13 1.29 

1660 44.32 40.80 39.11 38.30 1.72 1.48 1.15 1.05 

5 
(P-RA) 

0 c 47.33 44.22 42.23 41.13 0.72 0.52 1.16 0.97 

498 46.60 42.40 41.92 41.84 0.49 0.44 0.60 1.44 

996 44.77 46.44 42.11 43.10 0.57 1.79 1.44 0.98 

1494 47.76 43.39 42.13 42.54 0.26 0.69 0.33 1.14 

1992 47.45 45.65 40.78 42.39 0.88 1.04 1.39 1.31 

6 
(R-RF3) 

0 49.02 45.21 43.92 42.51 1.44 1.00 1.26 1.27 

166 48.56 45.09 42.27 40.95 2.48 1.44 0.59 1.12 

498 46.52 44.79 40.79 39.17 0.89 1.43 1.26 0.65 

498 c 46.05 - 40.01 - 1.20 - 1.65 - 

966 46.72 43.45 42.74 41.23 1.13 1.32 0.71 2.57 

1494 48.20 44.89 43.01 41.65 1.49 1.99 2.12 1.71 

1992 46.28 44.34 40.55 39.84 1.17 1.17 0.55 0.83 

2490 46.75 44.18 40.92 40.32 1.37 1.11 0.74 1.39 

2988 44.47 40.26 40.64 40.86 1.00 1.77 2.74 0.67 
a Test matrix is provided in Table 3 in Paper 3 
b 𝑇𝑓 is elapsed flow time (see Paper 3) 

c
 indicates first measurement after installing scour protection 
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C.10 Lessons from Experimental Programme 

Table C.10.1. Summary of lessons from experimental programme and analysis 

Activity Description of Issue Encountered / Lesson Learned 

Debugging 

activities 

The flume experiments were preformed over a limited timeframe in the summer of 

2017. A significant effort went into performing debugging activities and trial runs of 

the majority of the testing activities in order to de-risk the experimental programme. 

Some of these were performed at earlier stages at Oxford University. These activities 

were continued in a sand box provided by HR Wallingford (2018) adjacent to the 

flume whilst flume operation was tested.  

Sand bed 

saturation 

During the initial sand bed preparation for Test 1, there were multiple occurrences of 

piping when attempting to saturate the sand bed. These were initiated around 

features connecting to the gravel layer in the base of the pit section of the flume 

where the water found a preferential route to the surface. 

Sand bed 

compaction 

An initial sand compaction for Test 1 used 250 mm thick compacted layers, which a 

CPT showed to have noticeable 250 mm layers. The bed for Test 1 was re-prepared 

in 50 mm thick compacted layers, which produced a more uniform profile and was 

adopted as the preparation method for all tests. 

CPT relative 

density calibration 

CPT relative density calibrations in saturated and dry conditions produce differing 

relationships with normalised cone resistances. 

Soil sampling 

A small sample tube was used to make density measurements by push sampling at 

the end of Test 6. The density measurements were ultimately considered unreliable 

as they were much lower than those produced from the CPT results. 

Pile driving During pile driving there was a tendency for the pile to rotate about the vertical axis. 

Scour protection 

modelling 

The total mass of installed scour protection rock was not measured directly, which 

required estimation based on the installation records. 

Bathymetry 

measurement 

The use of fine sand in live bed conditions caused visibility issues, which limited the 

measurement range of the underwater laser scanner and added programme delays 

in attempts to improve the water clarity. 

Global scour 

development 

The global scour development was most successful in the final stages of Test 6, 

when an alternate flow regime was used, informed by test experience. 

Structural 

dynamics testing 

Tests performed with a modal shaker attached to the top of the tower produced 

different natural frequency results than with no shaker attached. The shaker used had 

a large mass relative to the measured structure, which may have been a contributing 

factor. 
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Appendix D Scour Protection Properties with Accreted Sand 

This Appendix presents a method of calculating the unit weight and voids ratio for scour protection 

with accreted sand. 
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D.1 Voids Ratio and Density Calculation Method 

Excavation following tests in which scour protection was placed demonstrated sand accretion into 

the scour protection matrix (see Paper 3). The scour protection properties are required for numerical 

modelling activities, however the properties of scour protection with accreted sand are uncertain. To 

allow the bulk properties to be assessed, the scour protection-soil-voids composition was treated as 

a three-phase material as shown in Figure D.1.1. 

The voids ratio of the scour protection material, 𝑒𝑆𝑃, is assumed to remain at the as-installed 

value, 

 
𝑒𝑆𝑃 =

𝑉𝑣,𝑆𝑃

𝑉𝑆𝑃

=
𝑉𝑠𝑎𝑛𝑑 + 𝑉𝑣

𝑉𝑆𝑃

 
(D.1.1) 

The voids ratio of the deposited sand, 𝑒𝑠𝑎𝑛𝑑, was defined by disregarding the presence of the scour 

protection material, 

 
𝑒𝑠𝑎𝑛𝑑 =

𝑉𝑣
𝑉𝑠𝑎𝑛𝑑

=
𝑉𝑣

𝑒𝑆𝑃𝑉𝑆𝑃 − 𝑉𝑣
 

(D.1.2) 

 

 
Figure D.1.1. Grain structures and phase diagrams for scour protection rock without and with 
accreted sand 
The bulk voids ratio, 𝑒𝑏𝑢𝑙𝑘, and density, 𝜌𝑏𝑢𝑙𝑘, properties of the scour protection-soil-voids 

composition were then defined, 

VSP

Vv,SP

VSP

Vv

Vsand

Sand accretion

eSP =Vv,SP / VSP

esand =Vv / Vsand

As-installed 
Rock scour protection

Rock scour protection
with accreted sand

Phase diagram Phase diagram

Accreted 
sand
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𝑒𝑏𝑢𝑙𝑘 =

𝑉𝑣
𝑉𝑆𝑃 + 𝑉𝑠𝑎𝑛𝑑

 
(D.1.3) 

 𝜌𝑏𝑢𝑙𝑘 = 𝜌𝑤

𝐺𝑆,𝑆𝑃𝑉𝑆𝑃 + 𝐺𝑆,𝑠𝑎𝑛𝑑𝑉𝑠𝑎𝑛𝑑 + 𝑉𝑣
𝑉

 (D.1.4) 

Using the above expressions, the bulk properties are defined as a function of the scour protection 

and sand properties, 

 𝑒𝑏𝑢𝑙𝑘 =
𝑒𝑆𝑃𝑒𝑠𝑎𝑛𝑑

1 + 𝑒𝑆𝑃 + 𝑒𝑠𝑎𝑛𝑑

 
(D.1.5) 

 𝜌𝑏𝑢𝑙𝑘 = 𝜌𝑤

𝐺𝑆,𝑆𝑃(1 + 𝑒𝑠𝑎𝑛𝑑) + 𝐺𝑆,𝑠𝑎𝑛𝑑𝑒𝑆𝑃 + 𝑒𝑆𝑃𝑒𝑠𝑎𝑛𝑑

1 + 𝑒𝑆𝑃 + 𝑒𝑠𝑎𝑛𝑑 + 𝑒𝑆𝑃𝑒𝑠𝑎𝑛𝑑

 
(D.1.6) 

The proportion by mass of sand particles, 𝑝𝑠𝑎𝑛𝑑, in the sand-scour protection material is: 

 
𝑝𝑠𝑎𝑛𝑑 =

𝑀𝑠𝑎𝑛𝑑

𝑀𝑠𝑎𝑛𝑑 + 𝑀𝑆𝑃

=
𝐺𝑆,𝑠𝑎𝑛𝑑𝑉𝑠𝑎𝑛𝑑

𝐺𝑆,𝑆𝑃𝑉𝑆𝑃 + 𝐺𝑆,𝑠𝑎𝑛𝑑𝑉𝑠𝑎𝑛𝑑

=
𝐺𝑆,𝑠𝑎𝑛𝑑𝑒𝑆𝑃

𝐺𝑆,𝑠𝑎𝑛𝑑𝑒𝑆𝑃 + 𝐺𝑆,𝑆𝑃(1 + 𝑒𝑠𝑎𝑛𝑑)
 

(D.1.7) 

 

D.2 Example Values for Flume Experiments 

The bulk properties of the scour protection with accreted sand have been estimated in Table D.2.1, 

presented for accreted sand with a relative density of 0% and 100% since the true value is unknown. 

 
Table D.2.1. Scour Protection Properties with Accreted Sand 

Test 

(Table 5 in 

Paper 3) 

Scour Protection  

𝑫𝑹,𝒔𝒂𝒏𝒅 = 𝟎% 𝑫𝑹,𝒔𝒂𝒏𝒅 = 𝟏𝟎𝟎% 

𝒆𝒃𝒖𝒍𝒌 𝜸𝒃𝒖𝒍𝒌 𝒑𝒔𝒂𝒏𝒅 𝒆𝒃𝒖𝒍𝒌 𝜸𝒃𝒖𝒍𝒌 𝒑𝒔𝒂𝒏𝒅 

[ - ] [kN/m3] [%] [ - ] [kN/m3] [%] 

2 (TFN) Tyre-filled nets 0.556 17.8 86.2 0.385 19.1 87.9 

3 (R-RF1) 
Rock armour in fully-

formed scour hole 
0.265 23.4 34.0 0.195 24.1 37.5 

4 (R-RF2) 
Rock armour in partially-

formed scour hole 
0.260 23.4 33.3 0.191 24.2 36.8 

5 (P-RA) Pre-installed rock armour 0.298 23.0 38.2 0.217 23.8 41.9 

6 (R-RF3) 
Rock armour in fully-

formed scour hole 
0.275 23.2 35.3 0.202 24.0 38.9 
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Appendix E Macro Element Stiffness Derivation from 1D FE Model 

This Appendix presents a method of calculating the stiffness of coupled and uncoupled macro 

element models from a one-dimensional (1D) finite element (FE) stiffness matrix. 
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E.1 Coupled Spring Macro Element 

The stiffness for a macro element, 𝐊𝟎𝐃, at ground level is equivalent to the stiffness matrix from a 

1D finite element model, 𝐊𝟏𝐃: 

 
𝐊0D = [

𝐾𝐻 𝐾𝐻𝑀

𝐾𝐻𝑀 𝐾𝑀

] = [[𝐊1D]
−1

(𝑑𝑜𝑓𝑠, 𝑑𝑜𝑓𝑠)]
−1

 
(E.1.1) 

where 𝐾𝐻 , 𝐾𝑀, and 𝐾𝐻𝑀 are the horizontal, moment and cross-coupling stiffness parameters 

respectively, and 𝑑𝑜𝑓𝑠 indicates the displacement and rotation degrees of freedom at ground level.  

 
E.2 Uncoupled Spring Macro Element 

The 2x2 macro element stiffness 𝐊𝟎𝐃 can be converted to the equivalent uncoupled lateral and 

rotational stiffness, 𝐾𝐻,𝑣 and 𝐾𝑀,𝜃 respectively, 

 
𝐻 [

1
ℎ
] = [

𝐾𝐻 𝐾𝐻𝑀

𝐾𝐻𝑀 𝐾𝑀

] [
𝑣𝐺

𝜃𝐺
] = [

𝐾𝐻,𝑣𝑣𝐺

𝐾𝑀,𝜃𝜃𝐺

] 
(E.2.1) 

The equality on the left in (E.2.1) produces a relationship between 𝑣𝐺 and 𝜃𝐺, as a function of the 

components of 𝐊0D and the lever arm, ℎ, 

 
𝐻. ℎ = (𝐾𝐻𝑣𝐺 + 𝐾𝐻𝑀𝜃𝐺)ℎ = 𝐾𝐻𝑀𝑣𝐺 + 𝐾𝑀𝜃𝐺 

(E.2.2) 

 
𝑣𝐺(𝐾𝐻ℎ − 𝐾𝐻𝑀) = 𝜃𝐺(𝐾𝑀 − 𝐾𝐻𝑀ℎ) 

(E.2.3) 

The equality on the right in (E.2.1) produces the solutions for 𝐾𝐻,𝑣 and 𝐾𝑀,𝜃, 

 
𝐾𝐻,𝑣 = 𝐾𝐻 + 𝐾𝐻𝑀

(𝐾𝐻ℎ − 𝐾𝐻𝑀)

(𝐾𝑀 − 𝐾𝐻𝑀ℎ)
 and 𝐾𝑀,𝜃 = 𝐾𝑀 + 𝐾𝐻𝑀

(𝐾𝑀 − 𝐾𝐻𝑀ℎ)

(𝐾𝐻ℎ − 𝐾𝐻𝑀)
 

(E.2.4) 
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