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Abstract

This thesis investigates local and global scour processes around four-legged jacket (4LJ) foundations
for offshore wind turbines under current-only conditions using the 3D CFD Large Eddy Simulation (LES)
model TUDflow3D. Jacket foundations, while increasingly deployed in deeper offshore environments,
remain less studied than monopiles on local scour and scale effects and introduce new scour pat-
terns like global scour. The research addresses this gap by evaluating the predictive performance of
TUDflow3D against laboratory experiments, extending simulations to field scale, and assessing the
applicability of monopile-based empirical scour relations to jacket configurations.

Laboratory-scale numerical simulations replicate the experimental study of Welzel et al. (2023) for both
clear-water and live-bed regimes, validating the model for a 4LJ foundation. Model performance is
assessed through morphodynamic comparison and time-averaged observation of the hydrodynamics,
supplemented by a sensitivity analysis on numerical parameters: morphological acceleration factor,
relaxation factors, and grid resolution.

The validated model is then scaled to field conditions using a mobility similarity approach, enabling
investigation of scale effects on scour magnitude, spatial extent, and equilibrium timescales.

After the scaling up, both models are analyzed in order to enhance the knowledge that is known until
now from 4LJ foundations. For local scour, the spatial extent of scour was determined by adapting a
formulation for monopiles and quantified throughout the entire scour evolution, revealing a consistent
footprint over time. Scaling to field conditions demonstrated that the upstream—downstream scour
pattern persists, but with reduced magnitudes in local scour depth due to scale effects, observed by
the reduction of time-averaged bed shear stresses around the legs. This reduction in magnitude was
approximately 30%—-35% when compared in terms of dimensionless scour for both regimes and for
both upstream and downstream piles. Timescale analysis showed that scour equilibrium occurs later
at locations farther from the piles. When scaling, it was also found that scour on clear-water regimes
require months while live-bed regimes is in the order of agnitude of days to reach local scour equilibrium.

For global scour, live-bed conditions produced a footprint extending up to twice the jacket footprint
radius with rapid initial development, while clear-water conditions yielded slower, more confined scour.
The order of magnitude for the global scour is variable depending on the location, but it reached values
around 0.9 - 1 D on the center of the jacket and downstream of it

Finally, empirical monopile scour formulas were evaluated, showing that they still provide reasonable
order-of-magnitude estimates for upstream piles and capturing scale effects, as well it was proved that
the scaling up from laboratory scale to field scale developed for monopiles can be useful also for 4LJ
foundations.

The study demonstrates that CFD LES modeling is a robust and flexible tool for detailed, process-
based scour prediction around complex foundation geometries. Beyond validation, its ability to simulate
field-scale morphodynamics and provide high-resolution temporal and spatial data makes it a valuable
complement to laboratory testing, supporting both scientific understanding and engineering design of
offshore wind infrastructure.

David Garagorri Linares
Delft, August 2025
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Introduction

1.1. Research Context

In recent decades, global efforts to mitigate climate change have increasingly focused on reducing CO,
emissions, with the transformation of the energy grid identified as one of the most important mitigation
targets The transition to a low-carbon energy system lies at the core of policy frameworks such as the
2030 European Climate and Energy Framework, which sets targets for emission reductions, renewable
energy deployment, and improvements in energy efficiency. Within this context, offshore wind energy
has emerged as a promising solution to help achieve decarbonization objectives (Diaz & Soares, 2020).

The number of offshore wind turbines, their individual capacities, and the total installed power genera-
tion have increased in recent years. Among the critical components of these systems is the foundation,
which can represent up to 30% of the total installation cost in water depths of 20—40 meters (Oh et al.,
2018). This underscores the need for optimized foundation design and a thorough understanding of
the physical processes that may compromise structural integrity, such as seabed erosion around the
structure.

Scour refers to this mentioned erosion of sediment around hydraulic structures, resulting from flow
disturbances induced by the presence of these structures. For offshore wind turbines, it is a critical
design consideration, as it directly affects the stability and long-term performance of the foundation.
Experimental studies have demonstrated that the shape and depth of scour holes significantly influence
structural fatigue and overall stability (Cao et al., 2024; Li et al., 2020). In large-scale structures such
as offshore wind turbines, unmitigated scour can lead to a reduction in operational lifetime—up to 24%
for critical scour depths—impacting both the foundation and the turbine system as a whole.

An essential component of offshore wind turbines (OWTs) operation is the transmission of generated
energy to onshore facilities or offshore substations, which is done by sub sea cables placed under the
sea bed. Any exposure or damage to these cables can compromise system reliability. Understanding
the development of scour and the timescales for bed stabilization is therefore important to prevent
cable exposure or failure (Deltares, 2020). A well-known case highlighting this issue is the Barrow
Offshore Wind Farm, where post-installation inspections revealed that scour had left export cables
exposed, necessitating costly offshore repairs (Department for Business, Enterprise and Regulatory
Reform, 2008).

Key parameters in cable design include the predicted maximum scour depth, the footprint of the scour
hole, the time required to reach equilibrium conditions and persistent bedforms in the shape of sand
waves. Since cable installation can even precede full scour development due to project timelines,
reliable prediction of these parameters is essential (Deltares, 2020).

Figure 1.1 illustrates a standard cross-section of a monopile foundation with cable protection. The
cable is buried beyond the expected scour extent and depth.
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Figure 1.1: Typical cable burial and protection layout for monopile foundations (The Carbon Trust, 2021).

Offshore wind turbines (OWTs) foundations come in various forms, with monopiles, gravity-based struc-
tures, and jacket foundations being the most commonly used. In water depths of approximately 20-40
meters, monopiles and jackets are the most used options, with jacket foundations often preferred due
to a better structural performance (John Smith, 2021). In recent years, the shift toward deeper offshore
sites—driven by the need for greater installed capacity and more consistent wind resources—has fur-
ther increased the adoption of jacket foundations, a trend that is expected to continue (John Smith,
2021).

Jacket foundations are leg-based support structures that provide enhanced structural performance in
deeper waters compared to monopiles. Among the various configurations, four-legged jackets are
the most widely used, owing to their efficient load distribution and well-established application (Park
et al., 2023). An example of the significance of this foundation type is the Quattropod—a four-legged
jacket—which has been adopted as the standard configuration in offshore wind design tools (Damiani
et al., 2016), while project data from South Korea identifies the four-legged jacket (4LJ) as the most
commonly implemented system in regions with water depths around 30 meters (Tran et al., 2022).

In jacket-supported wind farms, cables often pass within the footprint of the jacket structure and connect
multiple turbines or substations, with cables going out even in each leg of the structure. This creates
routing challenges where the magnitude, time evolution and spatial extent of scour must be accounted
for. Figure 1.2 provides a plan view of cable layout at Scroby Sands Offshore Wind Farm, showing the
concatenation of cables in wind farms and how bathymetric changes can affect cable alignment.

Figure 1.2: Plan view showing subsea cable layout and scour features at Scroby Sands Offshore Wind Farm (Sharples, 2011).

These risks are addressed in industry guidance documents such as the Cable Protection Systems
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(CPS) Best Practice Guidelines (The Carbon Trust, 2021), Deltares recommendations on cable burial
and protection (Deltares, 2020), and reports such as the BSEE review on offshore cable burial stan-
dards and sand wave interactions (Sharples, 2011) focusing mainly on monopiles, which is the most
common foundation.

For designing these structures and account for the seabed response around hydraulic structures, phys-
ical scale-model experiments in laboratory settings have traditionally been the standard and final ap-
proach. These experiments provide accurate and reliable representations of real-world conditions, and
numerous studies have demonstrated their effectiveness in capturing scour depth and patterns under a
range of hydrodynamic scenarios (Sumer & Fredsge, 2002). However, physical experiments are often
expensive, time-consuming, and difficult to adapt to multiple design variations.

In recent years, numerical models have emerged as a cost-effective and detailed alternative for simu-
lating morphodynamic processes like scour. Computational Fluid Dynamics (CFD), particularly three-
dimensional approaches, have proven capable of capturing the complex flow structures and sediment
transport dynamics around offshore structures (Roulund et al., 2005) with flexible and detailed outputs.
As will be discussed in Chapter 2, previous studies have demonstrated the ability of 3D CFD to replicate
laboratory results for scour around monopile foundations with high accuracy. These advancements un-
derscore the potential of numerical modeling to complement physical experiments.

1.2. Predicting Scour through numerical modeling as an opportu-
nity

Scour has long been recognized as a challenging process to predict, prompting extensive research

to develop reliable methods. The first empirical relations were made for bridge piers exposed to river

loads, and then for the marine environment early laboratory experiments led to empirical relationships

(B. M. Sumer & Fredsge, 1998), while field measurements from existing structures resulted in similar
expressions (Bayram & Larson, 2000).

Compared to monopiles and pile groups, jacket foundations have received significantly less attention in
scour-related studies. Consequently, their design often relies on approaches developed for monopiles,
such as treating each leg as an isolated cylinder. While some aspects of local scour, which is the scour
around a monopile, can be extrapolated from monopile research, the interaction between multiple legs
in a jacket introduces distinct flow complexities that alter scour development. Moreover, jackets are
subject to global scour—a lowering of the entire seabed beneath the structure—which is non existent
for monopiles and has only been partially explored for pile groups. The flow patterns generated by the
open-frame structure, combined with variability in jacket geometry and spacing, reduce the reliability
of simplified design methods and highlight the need for more tailored investigations into their behavior.

As research progressed, numerical models emerged as a viable alternative, validated against experi-
mental tests. These models have gained widespread adoption in the research community due to their
accuracy and detailed outputs on scour predictions (Zhou et al., 2013). 3D CFD modeling has been
applied to predict hydrodynamic and morphodynamic interactions, particularly for geometries such as
bridge foundations and off-shore monopiles foundations, where it has shown strong agreement with
laboratory experiments (Khosronejad et al., 2011; Lai et al., 2022; Zhou et al., 2013). These simula-
tions provide a more flexible and comprehensive approach than empirical relationships, allowing for
the evaluation of a wide range of conditions, geometries, and design scenarios. They also offer more
detailed output than a laboratory experiment, making them a valuable and efficient tool for accurately
predicting scour processes and at the same time enabling in-depth post-processing analysis.

Although these models offer considerable advantages, their application comes with challenges. These
include the need for thorough validation against experimental data, a deep understanding of the un-
derlying physical processes to correctly interpret the results, and significant computational costs—
particularly for large domains or high-resolution, long-term morphodynamic simulations.

Recent research by de Wit et al. (2023) demonstrated promising results using the 3D CFD LES model
TUDflow3D to simulate scour around an OHVS jacket foundation with clustered piles, showing good
agreement with experimental data for local scour. To build on these findings, it is essential to assess
the performance and limitations of the model for a different jacket configuration, 4LJ for Offshore wind
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turbines (OWTs), and to extend the analysis to include global scour behavior.

Another topic that remains under investigation is the influence of scale effects on morphodynamic
timescales and scour magnitudes when comparing laboratory-scale models to field-scale conditions.
While several studies have explored these effects for monopiles at different laboratory scales Ettema
et al. (2006), numerical modeling offers the advantage of directly addressing scaling challenges by
simulating realistic field conditions. Notably, Broekema and de Wit (2025) proposed a framework to
account for these effects in monopiles, and in this study, that approach is further evaluated and applied
to jacket foundations.

Despite the growing deployment of jacket foundations, specially 4LJ, in offshore wind energy, some
gaps remain in understanding their morphodynamic interaction with the seabed. Most existing design
approaches and industry guidelines are based on monopile foundations, which do not account for the
flow patterns and global scour behavior unique to jackets. While local scour has been studied ex-
perimentally, global scour beneath the entire structure remains underexplored. Numerical modeling—
particularly 3D CFD and LES approaches—offers a promising alternative to studying in detail the scour
behavior, yet its application to this day to jacket foundations is still limited. Additionally, scale effects
between laboratory and field conditions remain a challenge, with limited frameworks available for trans-
lating findings across scales. These gaps highlight the need for targeted numerical investigations on
jacket scour dynamics, global scour development, and scaling methodologies to improve design relia-
bility and reduce offshore infrastructure risks.

1.3. Research Questions and Objectives

1.3.1. Research Objectives
To address the research opportunities mentioned on the previous section the main objective of this
research is presented:

To further explore and develop the predictive capabilities of scour behavior under current-only
conditions around a 4-legged jacket foundations through CFD LES modeling

This research aims to address knowledge gaps in scour prediction around jacket foundations by apply-
ing and evaluating the performance of the 3D CFD LES model TUDflow3D under current-only condi-
tions.

The focus is on a widely adopted 4LJ OWTs configuration, for which laboratory-scale data are avail-
able for validation (Welzel et al., 2023) of the numerical model, covering both local and global scour
development. Leveraging the flexibility of numerical modeling, the study also explores the influence of
field-scale conditions on scour evolution by scaling up laboratory simulations. This enables a detailed
assessment of scale effects on scour magnitude and morphodynamic timescales, which are critical for
real application.

When validated and scaled to field conditions, the numerical model results provide a detailed view of
local and global scour patterns, offering insights into critical erosion zones and the timescales of scour
development. These findings inform design considerations such as foundation embedment, burial
depth, and cable protection strategies.

Ultimately, this study seeks to enhance predictive capabilities for scour around jacket foundations and
evaluate the applicability and limitations of empirical relationships originally developed for monopiles
when applied to jacket geometries.

1.3.2. Research Questions
Translating the research objectives outlined before, the research questions are proposed:

How can CFD LES be applied to represent the morphodynamic response of the seabed around
a four-legged jacket foundation for offshore wind turbines under current-only conditions?

» How accurately can TUDflow3D predict the morphodynamic evolution of the seabed around a
41 J foundation?
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» What insights can be gained into local and global scour development under a 4LJ configuration
using CFD LES?

» How do field-scale conditions influence the hydrodynamic and morphodynamic behavior around
jacket foundations?

» How well do existing empirical scour relations for monopiles perform when applied to jacket foun-
dations, and what are the limitations affecting their use in practice?

1.4. Methodology

To address the objectives of this research and answer the key questions outlined in the previous section,
the methodology is outlined in this section.

In order to build on the existing knowledge of monopiles and 4LJ, a literature review is presented in
Chapter 2 which serves as the base for all the other chapters.

Based on this knowledge, the next step then involves evaluating the performance of the numerical
model (TUDflow3D) by comparing its results with the laboratory experiments conducted by Welzel
et al. (2023). This comparison helps identify the model’s strengths and limitations in replicating the
morphodynamic behavior observed at laboratory scale. This is described in Chapter 4.

Building on this understanding, a field-scale model is implemented to investigate scaling effects on
Chapter 5. This model allows the understanding of scaling effects for scour implication on field condi-
tions, offering insight into the validity and applicability of scaling laws.

After completing the model simulations, a detailed analysis and interpretation of the results is performed
on Chapter 6. This step leverages the capabilities of numerical modeling to investigate scour magnitude,
spatial extent, and temporal evolution across different regimes and scales.

Finally, the discussion of the limitation of the results is addressed in Chapter 7, followed by Chapter 8
which shows the conclusions, summarizing the main outcomes and linking them back to the research
objectives and guiding questions.



[1terature review

This chapter provides a comprehensive review of the state of the art in scour behavior around offshore
foundations, with a focus on monopiles and jacket structures. It synthesizes knowledge from experimen-
tal studies, empirical relations, numerical simulations, and field observations, forming the theoretical
and practical basis for the present research. The chapter is structured around key concepts that under-
pin the modeling and understanding of scour processes, with particular attention to the transition from
monopile to jacket foundation research, highlighting the identified knowledge gap.

To establish this foundation, the chapter first introduces the governing physical mechanisms of scour,
beginning with sediment mobilization and bed response. It then examines scour behavior around
monopiles and pile groups, which serve as a comparative framework. Although the geometrical con-
figurations differ, the extensive literature on monopiles provides valuable insights into flow—structure—
sediment interactions.

Subsequently, the chapter reviews the current state of knowledge regarding scour around jacket foun-
dations. It introduces the case study by Welzel et al. (2023) used in this research that will be used
for the model assessment. This includes findings from laboratory experiments, numerical simulations
under both current-only and wave—current conditions, and real-scale field data. Finally, the chapter
introduces the CFD model used in this research—TUDflow3D—detailing its features for application in
simulating local and global scour under turbulent flow conditions.

2.1. Scour mechanisms around pile foundations

Scour behavior can be defined as the response of the seabed level to the disturbance of flow conditions
due to the presence of hydraulic structures. This process is governed by a range of physical parameters
and also depends on the type of structure that originates this response. While this thesis focuses on
jacket foundations, much of the foundational knowledge on scour stems from studies on structures such
as monopiles and piers. Therefore, this section introduces the key mechanisms and scaling principles
that underpin scour development, bridging the gap between well-established insights and the behavior
observed around jacket structures. It begins by defining sediment mobility conditions, then addresses
scaling challenges, explores the scour processes around single and grouped piles, and finally discusses
temporal scour development and the distinction between local and global scour.

2.1.1. Initiation of Motion and Bed Response

An essential first step in understanding scour is to determine the conditions under which sediment
becomes mobile or the bed begins to respond dynamically to the flow. This evaluation begins with the
concept of bed shear stress, defined as the tangential force per unit area exerted by the flowing fluid
on the bed surface.

A widely used formulation to estimate bed shear stress is:
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7 = pCyU> (2.1)

where:

* 7, is the bed shear stress [Pa],

* pis the fluid density [kg/m?],

+ C; is a dimensionless friction coefficient,
» U is the near-bed flow velocity [m/s].

This equation demonstrates that the bed shear stress scales with the square of the flow velocity for
hydraulic rough beds, underscoring the dominant role of velocity in the forces that are exerted on the
bed.

However, bed shear stress alone is not sufficient to determine whether sediment will actually move.
The characteristics of the bed material also play a critical role. To evaluate whether the flow conditions
are capable of initiating sediment motion, the Shields number (0) is introduced. Originally proposed by
Shields (1936), the Shields number is a dimensionless parameter that represents the ratio between the
bed shear stress and the submerged weight of sediment particles:

Ty

0= ———"—
(Ps - P)9D50

(2.2)

where:

* 73 is the bed shear stress,

* ps is the sediment density [kg/m?],

* pis the fluid density [kg/m?],

* g is the gravitational acceleration [m/s?],

* Dsq is the median sediment grain diameter [m].

The Shields number provides a useful threshold-based framework to assess sediment initiation. When
6 exceeds a critical value (6..), sediment particles begin to move, leading to bed deformation and scour,
assuming uniform flow.

When the Shields number exceeds a certain threshold, known as the critical Shields number (6.,.),
sediment motion initiates and the bed becomes active. However, this does not imply a binary behavior
in which transport is entirely absent below the threshold and fully developed above it; rather, sediment
mobility increases gradually as 6 surpasses 6.

The critical Shields number depends on both grain size and flow conditions, particularly the sediment
Reynolds number. An empirical formulation proposed by Soulsby (1997) is commonly used to estimate
this threshold and is used in this project for the computation of this critical value. The complete set of
formulas for estimating the critical shields number and sediment Reynolds numbers used in this project
is provided in Appendix A.

Based on the Shields number and its relation to the critical threshold, the concept of bed regime is
introduced. The bed regime characterizes the sediment transport condition on the bed in the absence
of any structure. Two primary regimes are identified:

+ Clear-water regime: occurs when 6 < 6..,.. In this regime, the bed remains largely inactive and
sediment transport is minimal. Scour development is driven solely by local flow acceleration near
the structure.

 Live-bed regime: occurs when 6 > 6.,.. The bed is already mobilized by the flow, and sediment
is actively transported. In this case, the presence of a structure interacts with an already mobile
bed, often accelerating the rate and magnitude of scour development.

These regimes lead to different scour behaviors, in terms of time scale and magnitude, which will be
extensively discussed in this research proposal.
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2.1.2. Flow Behavior and relation to scour around monopiles and pile groups
Scour analysis begins with an understanding of the flow behavior around a single pile. Several vortex
structures develop in the vicinity of the pile.

Under steady current conditions, various flow characteristics contribute to scour development. A horse-
shoe vortex forms at the base of the structure, wrapping around its upstream face. The size and strength
of this vortex are influenced by the boundary layer thickness -which refers to the boundary layer from the
bed where the velocity transitions from being strongly influenced by bed friction to free stream velocity-
and the Reynolds number (Qu et al., 2024), as well as the blockage ratio caused by the structure.

Specifically, a smaller ratio of boundary layer thickness to pile diameter results in a more compact
vortex, while the vortex length increases with Reynolds number (Sumer & Fredsge, 2002). On the lee
side of the structure, a wake vortex develops, extending downstream and transporting sediment away
from the pile. Flow contraction around the sides of the pile leads to acceleration, while a down-flow just
upstream further enhances local scour. The displaced sediment is typically deposited downstream of
the structure (Satari et al., 2024). These flow mechanisms are illustrated in Figure 2.1.

Figure 2.1: Flow mechanisms important for scour development around a pile. Adapted from Qu et al. (2024)

Scour is also influenced by the bed shear stress behavior. A common approach involves comparing
the averaged bed shear stresses in time with and without the structure under otherwise identical flow
conditions, quantifying the amplification of it. This is done because the peak areas for this amplification
can be related to critical areas of scour (Satari et al., 2024). Early work by Sumer and Fredsge (2002)
suggested that the amplification of the bed shear stresses typically ranges from 4 to 5 on monopiles,
with localized peaks up to 10. More recent studies, however, indicate that amplification factors can
reach values around 3 to 4 for monopiles and for jackets the amplification seems to be higher, with
amplifications around 7 to 8, for the same hydrodynamic conditions (Qu et al., 2024; Satari et al.,
2024).

Several variables play a crucial role in scour development, including the pile diameter, bed grain size,
current velocity, and Shields number. This was observed by Ettema et al. (2006) through the following
parametrization:

Seq <U0 Ug onD D D>
= %1

= (S e o (2.3)

This parametrization will serve later to understand how different processes affect scour and the scaling
effects. For example, according to Melville (2008), when the ratio of pile diameter to median grain
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size (D/Dsp) in lab conditions, reaches approximately 50, a threshold is observed where the maximum
scour depth is attained. Beyond this point, scour depth decreases for both larger and smaller values
of D/ D50, which can be useful for scaling comparisons from lab to field.

On the other hand, pile groups have additional flow patterns that relate to the interaction pile to pile.
In such configurations, the spacing between piles plays a critical role in determining the nature of flow
interactions. Literature on pile groups suggests that for staggered arrangements, spacing in both the
streamwise and transverse directions significantly influences whether vortices interact or remain inde-
pendent (Sumner, 2010). For a spacing ratio G/D, where G is the center-to-center distance between
piles and D is the pile diameter, it has been observed that when G/D > 3, the lee-wake vortices
tend to remain uncoupled (Sumer & Fredsge, 2002). This spacing criterion applies primarily to the
wake region. In contrast, the formation of a horseshoe vortex at the downstream pile only occurs when
G/D > 3, whereas the upstream pile’s horseshoe vortex may still be influenced by the overall flow
obstruction. Furthermore, as noted by Satari et al. (2024), the ratio between pile diameters also affects
vortex shedding behavior, further complicating the hydrodynamics in pile group configurations.

Regarding scour in pile groups, fewer studies exist compared to single piles. However, scour behavior
can generally be categorized into two configurations:

» Side-by-side arrangement: In this case, piles are aligned transverse to the flow direction. Scour
is more pronounced compared to a single pile when G/D < 1 but gradually converges to the
single-pile scour depth as G/D approaches 6.0 according to (Sumer & Fredsge, 2002) and ac-
cording to(Kim et al., 2014) these behavior happens when the ratio approaches 3.75-5.0 . Al-
though interference effects may persist beyond this value, they become negligible.

» Tandem arrangement: In this configuration, piles are aligned in the streamwise direction. Maxi-
mum scour occurs when G/D = 2, followed by a gradual decrease, reaching the single-pile scour
depth at G/D = 10 — 15 or higher. For the upstream pile, scour follows this trend, while for the
downstream pile, scour remains consistently lower than in the single-pile case, reaching its peak
at G/D =5 (Sumer & Fredsge, 2002). According to most recent studies (Kim et al., 2014) these
relations are maintained, and studied with more detail.

2.1.3. Local and Global Scour

For monopiles, scour is limited to the immediate surroundings of the pile, as it is the only location
where the structure directly influences the bed. In contrast, for pile groups, an additional type of scour—
referred to as global scour—has been identified. This form of scour occurs across the area enclosed
by the group. Jacket foundations exhibit a similar behavior to pile groups, and global scour has also
been observed in such configurations.

Local scour can be defined as the area of influence of erosion occurring around an individual pile,
which is typically more critical in terms of magnitude. It is primarily caused by the horseshoe vortex
and the contraction of streamlines. There have been already efforts by different research studies to
try to determine the length of the footprint of local scour.Bolle et al. (2010) defines the footprint of local
scour at 0.5 D, and then the extension of it with the tangent of the angle representative of the sediment
on question, while Welzel et al. (2023) defines it as 1.5 D, as the overall footprint.

Various approaches have been proposed to estimate the local scour depth around monopiles, typically
expressed in non-dimensional form as the ratio S.,/D, where S., is the equilibrium scour depth and
D is the pile diameter. This normalization allows for consistent comparison across different scales
and conditions. The equilibrium scour depth represents the maximum depth of scour reached over
time, beyond which no significant further development occurs, indicating a dynamic balance between
sediment transport and flow forces.

Sumer and Fredsge (2002) reviewed a wide range of literature values for this ratio under live-bed condi-
tions and reported typical values ranging from 1.0 to 2.5. The average within this range is approximately
1.3, with a standard deviation of 0.7. For design applications, it is common practice to adopt a conser-
vative approach by using one or two standard deviations above the mean, resulting in design values of
2.0o0r2.7.

From an analytical approach, scour around a pile can be determined with different hydrodynamic and
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physical conditions according to (Sheppard, 2003) who developed equations for piers that can be useful
to compare. These formulas relate water depth, pile diameter, bed material grain size, critical flow
velocity, and live-bed peak scour velocity. They account for the prevailing bed conditions indirectly at
the time of scour estimation. The complete set of formulas is provided in Appendix A.

It is important to note that these formulas were developed to provide an envelope of scour values—that
is, they account for the maximum expected scour depth. Also, when applied to a jacket structure, they
would yield the same envelope for all piles within the configuration, regardless of the flow interaction
between piles.

On the other hand, global scour for a group of piles occurs in the areas shared between piles. It is
driven by changes in velocity in the gaps between the piles and the interaction of vortices generated
by the piles. This global scour can also be described as a lowering of the bed level within the group of
piles.

In practical terms, global scour increases as the number of piles in the configuration grows. For exam-
ple, (Sumer & Fredsge, 2002) examines a square arrangement with an N x N configuration, where
N is the number of piles per side and the G/D ratio is 4. The study found that global scour increases
from 0 to nearly 1.5 times the pile diameter for N = 5, after which it stabilizes. Regarding localized
scour, the study compares it to the scour around a single pile. As N increases, localized scour also
rises, reaching up to twice the scour of a single pile for N = 5, beyond which it ceases to grow further.
In the case of N being 2 -which can be compared to a 4LJ because of the same number of piles- the
scour magnitude expected will be around 0.4 S/D for live bed conditions.

2.1.4. Temporal Evolution of Scour
Another important aspect of scour analysis is not only the final equilibrium depth but also the rate at
which scour develops over time.

Melville (2008) observed that the time-dependent scour development around monopiles follows an
asymptotic trend, gradually approaching an equilibrium state. A commonly used expression to describe
this behavior is the hyperbolic formulation applied by Welzel et al. (2023), which defines the scour depth
S(t) at time t as a function of the equilibrium scour depth Se:

1
= 1- 24
50 = (1- 1357 24)
Here, § is a time-scale parameter that controls the rate of scour development. This offers an effective
approximation for local scour, particularly during the early stages when the increase in depth is most
pronounced.

Recently it has been observed that the scour process evolves in distinct phases or exhibits changes
in the rate of development over time, as observed in experimental and numerical studies compiled by
Silva-Mufioz and Broekema (2025). The shape of the curve shows more a double hyperbolic behavior
that captures this multi-stage behavior more effectively than a single asymptotic curve.

However, one of the main challenges in applying a double hyperbolic relation lies in selecting appro-
priate parameter values for calibration. When working with experimental or numerical data, the choice
of initial estimates plays a critical role in ensuring convergence and producing physically meaningful
results. This challenge becomes even more pronounced when you need more parameters, as the
increased number of variables introduces a larger space for potential error and greater sensitivity to
initial guesses, which can lead to poor or non-unique fits. Therefore in this project the time evolution of
scour is done with 2.4.

Another way to understand the scour timescale response is by identifying the physical variables that
influence its development. The framework proposed by Silva-Mufioz and Broekema (2025), in which
the characteristic scour timescale T is linked to key flow and sediment parameters, provides a useful
basis for analyzing scour under different hydraulic conditions:
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Seq

From this formulation, it becomes clear that the flow velocity U exerts a dominant influence on the
scour timescale due to its cubic relationship. All other factors being equal, a higher velocity results in a
significantly faster scour development. As a result, under identical sediment and structural conditions,
scour in the live-bed regime is expected to progress more rapidly than in the clear-water regime.

An additional insight from the formulation is that, for piles subject to the same hydrodynamic conditions
and operating within the same bed regime, those with a greater equilibrium scour depth will require
more time to reach that equilibrium. In other words, a larger ultimate scour depth implies a longer
timescale for the scour process to stabilize.

2.1.5. Scaling from lab to field conditions

Scour is influenced by different parameters, as explained before. The consistency of the values or
magnitudes of these parameters when comparing lab to field-scale cases cannot always be achieved
Ettema et al. (2006). Then, scaling scour processes from laboratory-scale experiments or numerical
simulations to real-world field conditions presents a major challenge for hydrodynamic and morpho-
dynamic processes. Traditional scaling methods rely on matching dimensionless parameters, most
notably the Froude number and the Reynolds number. However, each has inherent limitations when
applied to sediment transport and scour modeling.

The Froude number governs the relationship between inertial and gravitational forces and is particu-
larly relevant when free-surface effects, such as wave action or open-channel flow, are dominant. In
contrast, the Reynolds number describes the ratio between inertial and viscous forces and is critical in
determining whether the flow is laminar or turbulent.

In physical model studies, it is complicated to simultaneously satisfy both Froude and Reynolds simi-
larity due to scale effects—particularly because viscosity and gravity do not scale proportionally. As a
result, laboratory models often prioritize Froude similarity to correctly simulate free-surface flow, while
accepting that Reynolds similarity cannot be maintained. This leads to reduced turbulence intensity at
smaller scales, which in turn affects sediment entrainment and scour development.

As highlighted by Veldhuizen et al. (2023), this scaling mismatch is especially problematic when mod-
eling scour, as sediment transport is highly sensitive to near-bed turbulence. They emphasize that
relying solely on hydrodynamic scaling parameters like the Froude number is insufficient to replicate
the true sediment response observed at field scale.

To address this, a mobility-based scaling is mentioned by Veldhuizen et al. (2023) by preserving the ratio
between the Shields number and its critical value. This concept, known as mobility similarity, focuses
directly on the sediment transport regime rather than on matching all aspects of the hydrodynamics. By
ensuring that both the laboratory and field cases operate under the same sediment mobility conditions,
the scour behavior can be reproduced reliably, even if the turbulence characteristics or flow depths
differ. The relative Shields number or mobility ratio, defined as:

0 0
_ , 2.6
(00T ) Field (907” ) Lab ( )

This shift in focus—from reproducing fluid dynamics to matching sediment response—offers a more
practical and physically grounded strategy for bridging the gap between lab and field. It enables a better
representation of scour patterns which are often distorted by traditional scaling methods. Veldhuizen
et al. (2023) highlights that matching the Shields number alone is insufficient unless the corresponding
scour development timescale is also considered. This is then the method selected for this research to
scale from lab to field conditions.

However, scaling time is not a straightforward process. There are still different effects by choosing this
method on the physical processes when compared the lab to field conditions. The main two aspects
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observed in this research project are the scour magnitude and the temporal evolution of scour, therefore
effects on both are addressed in this section.

Scour magnitude is influenced by several parameters that are not always properly scaled. Forinstance,
Ettema et al. (2006) found that pile diameter significantly affects scour depth when other variables are
held constant. Specifically, larger pile diameters tend to result in shallower equilibrium scour depths,
an effect that might be important for mobility-similarity scaling. In the present study, while the grain
size and bed mobility conditions are maintained between scales, the pile diameter increases in the
field-scale model. As a result, a reduction in scour magnitude is expected.

Additionally, Ettema et al. (2006) reported that the maximum vorticity in the wake of a smaller cylinder
was approximately twice that observed behind a larger cylinder under identical flow conditions. This
indicates that smaller cylinders induce stronger wake vortices, which in turn are more effective at en-
training sediment. These vortices can promote sediment mobilization by lifting particles upward through
spiral upwelling in the wake region.

Consequently, laboratory-scale models may overestimate scour intensity due to the disproportionately
enhanced sediment transport driven by stronger vortices, particularly in the wake region.

The temporal evolution of scour, as shown in Equation (2.5), is influenced by factors such as flow
velocity, equilibrium scour depth and also the dimension of the structure, which do not scale linearly. In
response to this, a dimensionally consistent approach to time scaling is needed.

To this end, Broekema and de Wit (2025) proposes an empirical scaling relation for Seq ge14, based on
laboratory-scale results for monopiles, as shown in Equation 2.7. These relations are for local scour
development. As previously discussed, one of the dominant scaling effects on scour depth around piles
arises from the ratio between pile diameter and sediment grain size. This effect already mentioned by
Ettema et al. (2006) is captured in the formulation by Sheppard (2003) through the function f2(D,/Dso),
which is incorporated into the factor n,. The factor n, quantifies the influence of grain-to-structure
scaling, while the geometric scaling itself—such as differences in pile diameter between lab and field—
is represented by the factor n. Additionally, when dealing with live-bed conditions, a correction factor w,
is introduced to account for the increased sediment transport activity associated with such flow regimes.

Seq,ﬁeld = WsNsn Squab- (27)

Once the field-scale equilibrium scour depth S.q se1q is Obtained, it can be used in the time scale relation
(Equation (2.5)) to yield the expression for the characteristic scour time at field scale:
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For the live-bed regime, additional correction factors are necessary to account for the increased sed-
iment mobility as well on the timescale scaling. The details of the formulations and correction factors
are shown in in Appendix A.

These analytical formulations offer a practical framework for extrapolating laboratory-scale scour timescales
to field conditions for monopile foundations. However, their application to 4LJ has not yet been ex-
plored.

The literature reviewed in this section serves as a starting point understanding the flow dynamics and
scour behavior around monopiles both in lab and field conditions, to then build up what can be expected
for 4LJ foundations.

2.2. Case study: Lab experience with a 4-legged jacket under differ-

ent regimes.
In this research project, a laboratory case study for a 4LJ on clear water and live bed regime is used for
model assessment and validation. The case is based on the experimental work of Welzel et al. (2023),
which investigates scour development around a jacket structure under steady current conditions.
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This section presents a detailed description of the experimental setup and results, providing the neces-
sary foundation for later comparison with the model outcomes.

2.2.1. Experimental Setup

The experiment was conducted in the 3D wave and current basin at the Ludwig-Franzius-Institute,
Leibniz Universitat Hannover, Germany. The experimental setup involved measuring current-induced
flow velocities and scour development around the jacket structure using various acoustic sensors.

The measurement of velocities was made to identify the velocity profile and to calculate the velocity near
the bed. To monitor scour development around the structure, eight small echo sounders (Ultrasonic
Ranging System - URS) were installed at various positions near the piles. These devices, mounted
25 cm above the seabed, recorded scour depth with a 1 mm vertical resolution. The positioning of
the sounders was based on expected areas of maximum bed shear stress amplification, particularly
at approximately 45° to the flow direction. It can be observed the position of this sensors on Figure
2.2. Additional sensors were placed between the upstream and downstream piles to provide further
insights into global scour progression. Calibration tests ensured measurement accuracy, though large
amounts of suspended sediment occasionally interfered with the acoustic signals.

Figure 2.2: Schematic plan view of the positioned echo sounders

The jacket model used in this study is a scaled representation of an offshore foundation, with its dimen-
sions illustrated in Fig. 2.3. The total height of the structure is 158.89 cm, with a base width of 59.56
cm from the end of one pile to the other and a top width of 20.53 cm. The pile diameter is 4 cm, and
the braces have a diameter of 2.22 cm.

The domain of the test is shown in Fig. 2.4, where the length on the current side for the bed is 8 m, with
6.6 m as the width of the bed. The inlet velocity (Uj) is applied at the left boundary, while the outlet is
positioned at the right side. It can also be observed the location of the ADVs and also a sediment trap
located on the downstream side of the bed.
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Figure 2.3: Schematic view of the jacket model with dimensions and angles. (a) Isometric view, (b) side view, (c) top view and
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Figure 2.4: Setup of the basin for the test.

As explained before this experiment took into account two bed regimes, clear water and live bed. The
general conditions for the experiment are defined in Table 2.1 as the experimental parameters, and the
specific variables for each experiment on different bed conditions are defined on Table 2.2. For further
detail on the experimental setup refer to Welzel et al. (2023) and Welzel et al. (2019).

Parameter Value Unit
Scale to real conditions  1:45 -
Diameter of pile 004 m
Water depth 066 m
D50 0.19 mm
Density of sand 2.65 glem?

Table 2.1: Experimental parameters.

2.2.2. Results of the case study

The morphological data obtained from the laboratory experiments can be categorized into two main
types. The first type consists of 3D bed scans taken at specific time intervals during the experiment—
namely, after 15 minutes, 90 minutes, and 420 minutes. These scans, which are also presented in
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Case Parameter Value Unit
Depth-averaged current velocity 0.24 m/s
Current velocity 10 cm above bed 0.225 m/s
: Shields number 0.033 -
Clear water regime N o
Mobility criterion 0.67 -
Flow velocity ratio 0.76 -
Test duration 420 min
Depth-averaged current velocity 042 m/s
Current velocity 10 cm above bed 0.388 m/s
. . Shields number 0.084 -
Live bed regime . .
Mobility criterion 1.7 -
Flow velocity ratio 1.31 -
Test duration 420 min

Table 2.2: Hydrodynamic parameters for clear water and live bed regimes.

the result figures, provide high spatial resolution over the entire domain but are limited in temporal

resolution. All these results can be observed on Figure 2.5.

The second type of data is collected using echo sounders, which provide much more frequent time-
series measurements, but only at localized points within the domain. Although this method lacks the
spatial coverage of the 3D scans, it offers a much finer temporal resolution. The vertical accuracy of

this measurements was calibrated around 1-2 mm.

This combination of data sources allows for a comprehensive analysis by covering both spatial and

temporal dimensions of the morphological evolution.
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Figure 2.5: Comparison of results for live bed and clear water regimes.

The results indicated that local scour depths around the front piles reached approximately 1.5 S/D and
1.7 S/D for the clear water and live bed regime respectively, while the rear piles experienced scour
depths of about 1 S/D and 1.4 S/D respectively, showing that for upstream piles, when compared to
downstream piles, and for live bed regime, when compared to clear water, the scour magnitude is
higher. The extent of the local scour around the piles was observed to be around 1.5 D.

The pile gap ratio was around 12G/D. Regarding global scour, depths ranged from 0.25/D to 0.65/D,
with higher erosion occurring on the downstream side, only for live bed conditions.

A comparison of dimensionless time scales revealed a slower scour rate at the jacket structure com-
pared to a monopile for the local scour around the piles. Also that live bed regime had a higher scour
rate than clear water. According to the dimensionless timescale calculation, live bed regime reached
equilibrium while clear water did not, probably based on the smaller rate observed.

2.3. State of the Art of jacket foundations scour and flow behavior
This section provides a review of existing literature on experimental studies and CFD simulations related
to jacket foundations as well as real cases from wind-farms in the north sea, serving as a foundation
for this research and complementing what is observed on the case study.



2.3. State of the Art of jacket foundations scour and flow behavior 17

2.3.1. Four-Legged Jacket Foundations - Laboratory scale

Two main studies have conducted experimental investigations for jacket foundations (Chen et al., 2023;
Welzel et al., 2019), while two others have focused on numerical modeling (Ahmad et al., 2020; Satari
et al., 2024). The case study explained on the previous section already includes the first one.

The other study by Chen et al. (2023) focused exclusively on current-induced scour, investigating vari-
ous flow angles under clear-water conditions just below the critical Shields number. The pile gap ratio
was approximately G/D = 6. The results showed that scour depth increased with both flow velocity
and water depth. As the foundation angle varied, the shielding effect of the front pile on the rear pile
weakened, exposing the back pile directly to the incoming flow. Additionally, reducing the longitudinal
distance between the front piles intensified jet flow effects. In terms of magnitude, the maximum scour
depth reached approximately 1.55/D on the front piles, comparable to the values reported by Welzel
et al. (2023), despite the closer pile spacing. A significant difference was observed between the front
and back piles, with the back pile experiencing considerably lower scour depths, around 0.55/ D, high-
lighting the importance of the gap in between piles as a matter of the influence it has on the scour
magnitude.

On the numerical side, one of the studies is directly related to the previously mentioned experimental
research. Satari et al. (2024) developed a hydrodynamic model of the geometry used in Welzel et
al. (2023) to validate the hydrodynamic model and gain a deeper understanding of the flow dynamics
around jacket structures. The results were compared to existing knowledge of pile groups. It was
observed that there was influence on the flow patterns between piles for pile spacing between 9G/D
and 20G/ D, despite the relatively large gap ratios, larger than what was observed for groups of piles.

Regarding flow patterns, it was observed the presence of strong down flow at the inner lateral sides of
the main piles, indicating regions of intensified vortex activity and scour development. Moreover, the
study emphasized how structural components beyond the main piles influence vertical flow dynamics.
The amplification of horizontal velocities reached a magnitude of 1.5 when compared to the inflow
velocities around the piles, with a decrease on intensity on the downstream piles.

The bed shear stresses observed in jacket foundations were higher than those in monopile cases and
exhibited asymmetry, unlike the more uniform distribution seen around a monopile. The amplification
of bed shear stresses reached around 7 to 8, with higher magnitudes on the upstream piles.

The second numerical study by Ahmad et al. (2020) incorporated wave-induced scour and included
a single simulation under current-only conditions, with a critical Shields parameter of 0.05. The scour
depths observed for this jacket foundation ranged between 0.855/D and 1.355/D, consistent with val-
ues reported for similar structures. The study considered a gap ratio of G/D = 10, which aligns with
typical values for jacket foundations. The numerical results showed an average scour depth of approx-
imately 0.85/D under combined wave and current conditions, while under current-only conditions, the
scour depth was slightly lower at 0.75/D. These values suggest a potential underestimation of scour
development in jacket foundations. However, the study reaffirmed the trend that rear piles experience
reduced scour, with depths around 0.55/D.

An interesting contrast emerged when comparing this study to Satari et al. (2024). In the numerical
model by Ahmad et al. (2020), there was no apparent interaction between the disturbed flow from the
upstream pile and the downstream pile. This differs from the findings of Satari et al. (2024), where flow
interactions were observed even at a larger G/ D ratio, suggesting differences between models.

2.3.2. Four-Legged Jacket Foundations — Field Scale Observations

While laboratory experiments provide valuable insights into scour development, real-scale field mea-
surements are a final confirmation for validating these results and eliminating potential scaling effects.
Therefore, it is crucial to analyze full-scale observations and compare them.

In this state-of-the-art review, three different studies on jacket foundations in the North Sea are consid-
ered, each conducted under similar physical conditions.

First, (Rudolph et al., 2004) presented results from a site five years after installation. The conditions
at the site included a current velocity of 1 m/s, a median grain size D5q = 0.2mm, and a pile diameter
D = 1.2m. The leg spacing varied between 16 and 20 meters, leading to a G/ D ratio of approximately
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16, which is larger than in many other jacket structures. The water depth at the site was around 24
meters, corresponding to a Shields number of approximately 0.2, indicating live-bed scour conditions.
The results showed scour depths reaching up to three times the pile diameter (S/D = 3), significantly
higher than expected. This value may be attributed to the connection between the pin piles and the
jacket structure, effectively increasing the equivalent foundation diameter, making it 2 times the pin
diameter. The geometry locally then differs in the foundation with the case of this research study. It
was also observed global scour around the jacket, with a footprint of round 2 to 2.5 times the jacket
extension, giving an idea that the extension of global scour goes beyond the jacket.

Another case study by (Bolle et al., 2012) investigated jacket foundations on the fields as a four legged
case, with a water depth of 25 meters and a current velocity of 0.6 m/s. The typical scour conditions
were reached within just one month. Although the seabed consisted of a sandbank, the grain size was
not specified, preventing an exact Shields number calculation. However, given the similarities to other
cases, live-bed conditions are a reasonable assumption. The scour depth ranged from S/D =~ 0.65
before jacket installation to S/D ~ 0.85 — 1.35 after installation, which aligns with expected values.

Harris and Whitehouse (2021) examined scour around jacket foundations in the North Sea with a pile
diameter of 1.5 m, a water depth of 25 meters, and a median grain size of D5y = 0.16 mm. The site
experienced a depth-averaged current velocity of 1 m/s, leading to a Shields number of approximately
0.3, again indicating live-bed conditions. This reinforces the notion that live-bed scour is the dominant
regime under real-scale offshore conditions. The results showed S/D values ranging from 1.1 to 1.3,
in agreement with previous studies.

In addition, significant global scour was observed, along with clear interactions between piles ata G/D
ratio of 13—exceeding the independence threshold typically suggested in the literature. The presence
of secondary elements such as buried cables and tubes was found to intensify scour in their vicinity,
emphasizing the importance of accounting for such structures in scour assessments.

In summary, real-scale field measurements confirm the relevance of laboratory results while also high-
lighting key differences. One important distinction is that laboratory studies typically do not account
for wave-induced backfilling when they only take into account current velocities, which can partially
refill the scour hole over time and reduce its final depth. As a result, lab experiments tend to capture
the worst-case scenario, yielding slightly higher scour depths compared to field conditions. Despite
this, the magnitudes of scour depths observed in both contexts remain comparable—often within the
same range of S/ D—suggesting that the underlying processes are well-represented in scaled models.
Additionally, the current velocities recorded in the field (typically between 0.6 and 1.0 m/s) are similar
to those used in laboratory setups, supporting the applicability of the lab-derived results. However,
when interpreting maximum scour values from experimental studies, it is important to consider that
field conditions may be moderated by additional mechanisms such as sediment backfilling and wave
action, which can make the scour phenomenon more dynamic, having also a longer timescale in terms
of equilibrium to reach.

2.4. Governing equations and turbulence modeling

This research aims to use a CFD LES model to replicate scour development around jacket founda-
tions and enhance the understanding of the underlying physical processes. Accurately modeling such
complex flow conditions requires solving the fundamental equations governing fluid motion and turbu-
lence. This section presents the governing equations and key concepts necessary to simulate these
flows, including the conservation of mass and momentum, as well as the selected turbulence modeling
approach. Additionally, the computational model employed in this study is introduced, along with a
description of its capabilities and numerical implementation.

2.4.1. Conservation of mass and Navier Stokes

In this research project, we aim to represent the hydrodynamics of flow around our structure. To achieve
this, the governing equations that describe the fluid motion are presented. The conservation of mass
and momentum, with the Navier Stokes equations that represent momentum are formulated in three
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dimensions, as all spatial axes are considered in this study..
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where p is the fluid density, u, v, w are the velocity components in the z-, y-, and z-directions, respec-
tively, p is the pressure, and p is the dynamic viscosity. The viscosity term, multiplied by the velocity
gradient, represents the gradient of the shear stress tensor.

In this case density is not considered constant, where it is defined depending on the concentration of
sediment fractions. This is done to solve more accurately close to the bed. The concentration is solved
by the classical transport equation from advection and diffusion as seen in 2.11

oC
EJrV-(uC):V(FVC), (2.11)
with the diffusion coefficient I' = &, a Schmidt number ( Sc = 1.0 is used), and v is the kinematic

viscosity. Using these concentrations, the mixture density can be obtained by:

P = Pa~+ (ps - pa)c7 (212)
with p as the mixture density, p, as the ambient density, and p, as the sediment density.

2.4.2. LES as an eddy resolving technique

This is one of the most important concepts that needs to be understood in this research, and it revolves
around equation 2.10 in the term related to the shear stresses. This term differentiates how turbulence
is solved. There are three different turbulent closures used for this term:

* Direct Numerical Simulation (DNS): All turbulence is solved directly in the model.

» Large Eddy Simulation (LES): As the name suggests, the larger energy turbulent scales are
resolved, while smaller turbulent scales are modeled with a sub-grid scale model.

* Reynolds-Averaged Navier-Stokes (RANS): All turbulence is modeled using a turbulence model,
employing the Boussinesq approximation and Reynolds averaging on velocity.

In the following image, an overview of these three closure types is presented:

Reynolds number (Re) is a key parameter used to quantify the turbulence level of a flow. When perform-
ing DNS with highly turbulent flows (Re > 10*), the Reynolds number inversely correlates with mesh
size. This means that as turbulence intensity increases, a finer grid is required to accurately capture
the turbulent eddies (Cimarelli et al., 2018).

Grid resolution is also linked to the size of turbulent eddies. To properly resolve an eddy in a CFD
mesh, at least four grid cells are required (Mansouri et al., 2022). Consequently, grid size becomes
a crucial parameter. In DNS, grid sizes are generally very small, especially for highly turbulent cases,
since all turbulent kinetic energy scales must be resolved, including smaller eddies that will represent
small mesh sizes. This makes DNS computationally expensive.
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Figure 2.6: Comparison of DNS, LES, and RANS turbulence closures.(Lai et al., 2022)

Large Eddy Simulation (LES) provides a hybrid approach, where the larger, energy-containing eddies
are resolved, while the smaller eddies are modeled using a sub-grid scale model. As previously men-
tioned, the effectiveness of LES depends on grid size. According to (Pope, 2000), at least 80% of the
total turbulent kinetic energy must be resolved for a simulation to be classified as LES.

In RANS, unsteady turbulent time filtered eddies are not directly resolved but instead modeled through
turbulence closures. This leads to time a filtered representation of the turbulent flow, which may not
accurately capture the full complexity of the flow field in highly turbulent scenarios. In contrast, LES
offers a more detailed approach by explicitly resolving the larger turbulent structures while modeling
only the smaller scales (spatially filtered). This makes LES a suitable compromise for capturing complex
turbulent phenomena with greater fidelity than RANS, without incurring the prohibitive computational
cost of DNS.

Summary

This chapter has examined the fundamental processes governing scour around offshore structures and
provided a focused analysis on how these manifest in the context of jacket foundations. While much of
the theoretical foundation stems from research on monopiles, the literature clearly highlights the added
complexity introduced by pile group interactions and structural geometry in jackets. Observations from
laboratory and field studies confirm the prevalence of both local and global scour, with live-bed con-
ditions often dominating in real-scale environments. The reviewed scaling strategies and scour time
evolution models offer valuable tools, although their extension to jacket foundations—particularly four-
legged configurations—remains limited. This body of knowledge sets the foundation for the present
research by guiding model selection, parameter scaling, and the interpretation of scour behavior under
field-relevant hydraulic conditions.



Methodology

This chapter outlines the methodological framework adopted to evaluate scour processes around off-
shore jacket foundations using the CFD model TUDflow3D. The overall methodological workflow fol-
lowed in this study is illustrated in Figure 3.1. It begins with the general model setup, where the mesh
configuration, domain size, and global numerical parameters are defined.

The approach follows a structured progression, beginning with the numerical model description followed
by the setup, where the numerical configuration—covering mesh generation, domain definition, and
parameter settings—is established as a general template for all simulations.

From this foundation, the methodology branches into two parallel components: laboratory-scale model
assessment and field-scale numerical modeling.

The model assessment phase evaluates performance by comparing numerical results with experimen-
tal data from laboratory tests conducted by Welzel et al. (2023). This section details the laboratory-scale
model configuration, the comparison methodology, and the rationale for performing a sensitivity anal-
ysis on key numerical parameters, including the morphological acceleration factor, relaxation factors,
numerical domain and grid size. This will be done on Chapter 4

Following validation, the methodology advances to field-scale simulations using a mobility-based scal-
ing approach. This involves adjusting flow velocities and domain dimensions to preserve sediment
mobility similarity between scales. The scaling procedures applied are described in this section, and
the results are shown on Chapter 5.

The final methodological step involves a detailed analysis phase, leveraging the model’s flexibility to
investigate practical aspects of scour behavior beyond validation and scaling, focusing on results with
direct engineering relevance. The results for this will be presented in Chapter 6.

21
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Figure 3.1: Methodology flow chart

3.1. CFD LES Model Description

This section outlines the selection and justification for using the model TUDflow3D. Three-dimensional
CFD models are commonly employed to investigate localized fluid—structure interactions due to their
capacity to accurately capture turbulent flow behavior. The choice of TUDflow3D is supported by previ-
ous research demonstrating the effectiveness of LES in predicting scour around monopiles and jacket
structures. de Wit et al. (2023) validated this modeling approach for local scour prediction for an OHVS
Horselle jacket. Additionally, Lai et al. (2022) emphasizes that LES provides improved accuracy over
other models for simulating flow around complex structures with turbulent flow behavior, reinforcing its
potential as a valuable tool for future studies.

Given these advantages, TUDflow3D is employed in this study. Regarding the discretization of the
governing equations (see 2.4), the time integration of the advective, viscous, pressure, and force terms
is performed using a third-order Adams-Bashforth scheme. Momentum advection is modeled with a
stable artificial viscosity scheme (de Wit & van Rhee, 2013), which effectively damps numerical wiggles
while preserving physical scales. This feature ensures that the artificial viscosity scheme does not
replace the function of a sub-grid scale model. The HY6 convection scheme is used in combination
with the Adams—Bashforth method for time discretization.

For turbulence modeling, the WALE-LES sub-grid scale model (Nicoud & Ducros, 1999) is utilized with
a constant C; = 0.325. As mentioned earlier, most of the TKE is resolved, while the unresolved smaller
eddies are accounted for by the sub-grid scale model. A key advantage of the WALE model is that



3.2. Model Setup 23

it produces zero viscosity for pure shear flow and near solid walls, eliminating the need for damping
functions to force turbulent viscosity to zero at walls, in comparison to Smagorisnky sub-grid scale
model. This is particularly beneficial when using immersed boundaries with irregular shapes, as in this
study.

The model simulates both suspended and bedload transport, and has a morphodynamic update every
timestep to simulate the erosion. The erosion flux or sediment pick-up is based on (van Rijn, 1984),
while bedload transport follows the bedload formula from (van Rijn, 2007), and the suspended transport
is with the advective-diffusion equations in three dimensions for sediment transport. The total bed-
update results from the combination of spatial gradients in bedload transport and suspension load
contributions.

The sediment bed shear stress is determined depending on the sediment transport relation used for.
For the flow and bedload relations is used the flow velocity from the first computational cell above the
bed, which lies within 0.5Az to 1.5Az from the bed, while for the suspended load is used the maximum
of the first two cells, to have a better approximation of the vertical velocity for the pickup. The velocity
component parallel to the local bed slope is used for the computation of the bed shear stresses to
calculate bed load, while sediment pickup acts perpendicular to it.

Obstacles and the sediment bed within the computational grid are treated using an immersed boundary
method (IBM), which forces the flow velocity inside bed or obstacle cells to zero. The bed level can vary
continuously between —0.5Az and +0.5Az around the topmost computational bed cell. If the bed level
falls below —0.5Az, the topmost bed cell is lowered by one layer. Conversely, if it exceeds +0.5Az,
the topmost bed cell is raised by one layer. This approach ensures sediment mass conservation and
allows a gradual transition between erosion and deposition states without abrupt changes.

An avalanche routine is included to prevent unrealistically steep bed slopes. If the slope between
neighboring cells exceeds the user-defined avalanche slope, sediment is redistributed from higher to
lower elevations as an instantaneous bedload adjustment to maintain the threshold slope.

For a more detailed discussion on the model, discretization of physical phenomena, and underlying
assumptions, please refer to (de Wit, 2015; de Wit et al., 2023).

3.2. Model Setup

In this section the model setup is explained, which involves the definition of the mesh, domain and
obstacle, as well as the numerical settings chosen for the simulation and the physical relations used for
it, that are called model parameters. This is done as a general model setup, that is used both for lab
scale and field scale models. The specific numerical parameters that are part of the different scaling
and regimes will be addressed in their own sections.

3.2.1. Mesh and Obstacle Definition

In order to be able to define the conditions of the simulation, one of the first decisions to be made is the
domain size. The domain should guarantee physical enough space for the flow to behave as it would
be in open waters, avoiding blockage issued and boundary effects. Following the approach used by
de Wit et al. (2023), the domain is scaled relative to the footprint of the jacket, for practical purposes.

As a frame of reference, the x-axis is aligned with the current direction, the y-axis is perpendicular to it
in the horizontal plane, and the z-axis represents the vertical direction (depth). The current flows from
left to right along the z-direction.

In the present model, the inflow turbulence is generated using the Synthetic Eddy Method (SEM), which
superimposes velocity fluctuations onto an imposed logarithmic velocity profile at the boundary, repre-
senting realistic flow conditions. As recommended by Jarrin et al. (2008), the SEM requires an adapta-
tion length of approximately five to ten water depths from the inflow boundary to allow the turbulence
to reach equilibrium. This development is necessary to achieve realistic turbulent velocity profiles and
to accurately represent hydrodynamic turbulence.

To prevent issues, de Wit (2015) advises extending the domain upstream—aligned with the main flow
direction—and disabling morphological updates over the first five water depths. This approach allows
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the flow to develop correctly. From the fourth water depth onward, the morphological updating should be
gradually activated until full updates are applied, ensuring a smooth transition and preventing spurious
dune formation near the inflow boundary.

In this case it was adopted a larger domain upstream the domain following the inclusion of five water
depths for the flow to develop correctly, resulting in 12 times the footprint in the x-direction (current
direction) and 4 times the footprint in the y-direction (perpendicular direction). This differs from the
domain used by de Wit et al. (2023), where is used 6 times the jacket footprint as the domain on the
current direction. It is important to note that the jacket structure is positioned at the center of the axis,
on the 0,0,0 position, resulting in both negative and positive coordinates along the z- and y-axes.

The geometry for the jacket comes from Welzel et al. (2023), lended through an stl. file that can be
inserted on the domain already defined as observed on Figure 3.2. It can also be observed that the
piles go through the sand bed as expected and continue until the end of the domain in z. This was
added as an extra geometry feature to ensure continuity throughout the simulation, in the fluid-structure
interaction.

x [m]

y [m]

Figure 3.2: Jacket foundation in the domain with the sand bed - Lab scale

Once the domain is defined, the distribution of the grid size also needs to be defined. The grid size acts
as a filter to delimit what eddies are solved or not, or a filter on how much TKE is solved and therefore
how much is modeled. As done before, on (de Wit, 2015; de Wit & van Rhee, 2013) and as a rule of
thumb is estimated that for this model and this specific conditions, at least you require around 10 cells
per structure to be able to achieve the required threshold. This can help us to determine the grid size
depending on our geometry.

The mesh is defined by the number of cells in each direction, the grid spacing, and a growth factor. The
grid configuration features a refined region at the center of the domain in both the x- and y-directions,
where the jacket will be located. As shown in Figure 3.3, the minimum cell size is applied around
the piles and the perimeter of the jacket footprint, while a coarser resolution is used within the jacket’s
center. This is done for optimizing the number of cells used for computation.

The minimum grid size is set as D/10 as done by de Wit et al. (2023) where D is the pile diameters in
contact with the sand bed. Although the jacket includes structural elements with smaller diameters, like
the tilted braces, these are assumed to have less impact in flow dynamics, allowing a coarser mesh
resolution. Therefore, they are not considered in the mesh refinement to avoid excessive computational
cost, which would result from requiring finer resolution across all three dimensions.

For the outer region—beyond the footprint of the jacket a grid size of 3 times the minimum grid size
is adopted on the upstream side of the flow and on the y direction. This choice is consistent with the
mesh size selected in the z-direction, which is also D/10, to ensure a symmetric and structured mesh in
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the central region. A refinement ratio of 3 between dimensions is maintained, following good practices
for 3D simulation meshing to ensure stability.

For the vertical direction (Z), the minimum cell height is used uniformly, as variable resolution in this
direction is not possible due to the software setup.

With these conditions, the mesh is generated, as shown in Figure 3.3, comprising 53.5 million cells.
Figure 3.3 illustrates the distribution of grid sizes along the different axes.
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Figure 3.3: 2D mesh distribution along the z- and y-axes for the numerical model - Laboratory scale

3.2.2. Model parameters
With the mesh and geometry defined, additional numerical and physical model parameters must be
specified. These parameters are summarized in Table 3.1 for clarity and detailed in this section.

Once the grid size is set, as defined in the previous section, the computation of the timestep needs
to be limited. The CFL criterion can be used for this purpose,and a CFL number of 0.5 is adopted
throughout the domain. Although the Adams—Bashforth time integration scheme is stable up to a CFL
number of 0.67 (Deriaz & Haldenwang, 2020), a conservative value is preferred to ensure numerical
stability.

Due to the high number of cells, the use of a morphological acceleration factor (Morphac) is proposed.
This is a multiplier applied to the bed level change per hydrodynamic time step in order to simulate
longer-term morphological development (Ranasinghe et al., 2011). The selection of the value will be
discussed and specified for each numerical model in the regarding section.

For clarity in this report, morphological time refers to the evolution of bed levels under the influence of
the morphological acceleration factor (Morphac). Computation time denotes the actual runtime required
to execute the simulation, while simulated time corresponds to the hydrodynamic time duration defined
as input in the model.

A spin-up time is incorporated to allow the flow field to reach a quasi-steady state before sediment
transport calculations begin. In this context, the spin-up period refers to the initial phase during which
no bed updates occur, not taken into account on the morphological time. Its minimum duration is
assumed as the time required for a fluid particle to traverse the domain more than two times along the
z-axis, based on the depth-averaged inlet velocity.

Boundary conditions are defined as follows: a prescribed inflow is imposed at the left boundary, using
velocity values derived from the experimental cases presented in Welzel et al. (2023). At the right
boundary, an outflow condition with zero pressure is applied. Free-slip boundary conditions are used
at the top and side boundaries.
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At the bed, an erodible surface is defined with morphological updating enabled, with both erosion and
deposition, combined with a partial slip boundary condition. In TUDflow3D, a wall model is employed to
compute the bed shear stress based on the near-bed flow velocity. This approach avoids the need for
near-wall mesh refinement, which would otherwise be required to resolve the velocity gradient near the
bed. By relying on wall functions, the simulation becomes significantly more efficient and stable—an
important advantage in morphodynamic modeling. The generalized wall function model by Shih et al.
(1995) is used in this case. This model accounts for both pressure gradients and near-wall velocities
in the estimation of bed shear stress. For further details on its formulation and implementation, refer to
Shih et al. (1995).

The Nikuradse roughness length k,, is set to 2.5 times the median sediment grain size D5, which
is consistent across all cases. The threshold concentration for initiating bed update is set to 0.6, in
accordance with the formulation described in Section 3.1. The settling velocity is estimated using the
formulation for intermediate grain sizes proposed by van Rijn (1984), yielding a value of approximately
0.0195 m/s.

The model can include relaxation factor for the near bed velocities and pressure gradient terms. In this
case, a relaxation factor for the terms involving the bed load is chosen based on previous experiences
de Wit et al. (2023) where it was found that this factor allows a better prediction of local scour. This
relaxation factor acts to avoid big gradients on the computation of the near bed velocities, and it mul-
tiplying this factor to the new values in comparison to the previous ones. The one selected both for
near bed velocities and pressure gradients is 0.001. On the following equation the computation of the
relaxed value on time can be observed, where i serves as an index for the timesteps.

relaxed value,; = relaxation factor - new value;; + (1 — relaxation factor) - relaxed value; (3.1)

The von Karman constant is set to 0.41, while the avalanche slope is defined as 1:1.6 (V:H) to ensure
physically realistic bed slope transitions. The roughness coefficient k,, for both sand pickup and bed
load transport remains fixed at 2.5 Ds(. Erosion scaling parameters are initialized to 1.0, as the focus
of the validation is on assessing sensitivity to numerical parameters rather than empirical calibration.

Table 3.1: Summary of model parameters for all simulations

Parameter Value

CFL number 0.5

Time discretization method Adams-Bashforth
Convection scheme HY6

Sub grid scale model WALE-LES

Depth average velocity at the boundary in x Case-dependent (Welzel et al. (2023))
Depth average velocity at the boundary iny and z  No velocity (0 m/s)
Nikuradse roughness k., 2.5 x Dsxg

Settling velocity 0.0195 m/s

Pick up formula Van Rijn, 1984
Bed load formula Van Rijn, 2007
Bed threshold concentration 0.6

Von Karman constant 0.41

Avalanche slope 1:1.6 (V:H)
Calibration factors for erosion Initially set to 1

3.3. Model Assessment - Laboratory scale numerical model

In this section is explained the methodology to evaluate the performance of the model by comparing
its results with the laboratory experiments reported by Welzel et al. (2023). It is specified the specific
parameters for the setup of the laboratory scale numerical model. It also includes the methodology for
the observation of flow dynamics and for the sensitivity analysis. The results of this methodology will
be presented in Chapter 4.
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3.3.1. Model Parameters — Lab Scale

For the lab scale numerical model, the total morphological simulation time was set to 7 hours, consistent
with the experimental duration reported by Welzel et al. (2023). A morphological acceleration factor
(Morphac) of 100 was applied, reducing the total simulated hydrodynamic time to approximately 272
seconds while preserving the desired morphological response. As shown by de Wit et al. (2023), this
acceleration factor does not significantly affect local scour development, thus supporting its use in this
study. Further justification is provided in the sensitivity analysis (see Section 3.3.4).

Following the methodology described in the previous section, the spin-up time was determined based
on the time required for a fluid particle to traverse the domain more than twice along the z-axis, using
the depth-averaged inlet velocity. This resulted in a spin-up duration of approximately 26 seconds for
the clear-water regime and 16 seconds for the live-bed regime. A conservative value of 30 seconds
was adopted for both regimes in all simulations.

Given the presence of different flow regimes and distinct morphodynamic phenomena of interest, spe-
cific numerical setups were selected to accurately represent each case.

The configuration summarized in Table 3.2 was adopted for simulating local scour. This included a bed
load relaxation factor of 0.001, a minimum grid size of D /10, and a domain extending 12 times the pile
diameter in the x-direction and 4 times in the y-direction. For the live-bed regime, where global scour is
expected to be more dominant, there was no relaxation factor on bed load, as this better captures the
magnitude and temporal development of global scour. The rationale behind these parameter choices
is further discussed and evaluated in the sensitivity analysis (see Section 3.3.4).

Table 3.2: Final setup — Lab scale

Regime Morphac Relaxation factor Grid size Domain extension

Bed load Susp. load

Clear water regime 100 0.001 1 D/10 12x vs 4y
Live bed regime — Local scour 100 0.001 1 D/10 12x vs 4y
Live bed regime — Global scour 100 1 1 D/10 12x vs 4y

3.3.2. Morphodynamic comparison

The assessment is conducted through the morphodynamic response of the numerical model. The
assessment will be divided into local scour and global scour, as it will be structure for the whole report,
and inside each the different regimes will be analyzed.

For local scour, to facilitate a clearer comparison of the results, an error assessment methodology is
introduced as part of the assessment process, which will be used in the sensitivity analysis and in the
comparison of the morphodynamics results. It focuses on evaluating local scour at the locations of the
echo sounders in the lab shown in Figure 2.2.

The primary metrics used for this comparison include the root mean square error (RMSE), expressed
both as a percentage (RMSE%) of the maximum scour per pile to provide a relative measure, and in
millimeters for an absolute perspective. The RMSE is computed between the lab data and the results
of a model configuration. Additionally, the temporal evolution of scour is qualitatively assessed to
complement the quantitative indicators. The RMSE percentage is defined as:

RMSE% = RMSE — x 100
Max.scour at each location

To complement the analysis, the average scour depth around the pile is calculated at the three available
time steps from the 3D bed scans, for both the numerical model and the laboratory measurements. This
provides a spatially integrated assessment of scour evolution and enables direct comparison between
the two datasets.



3.3. Model Assessment - Laboratory scale numerical model 28

For the global scour assessment, two complementary approaches are adopted. First, a qualitative
comparison is conducted using plan-view plots at the same three time steps, allowing visual evaluation
of overall bed evolution and identification of key scour patterns in the model relative to the laboratory
results. This is supplemented by echo-sounder data and the quantification of average scour depths of
different areas around the jacket on the three timesteps available of the 3D scans, which supports a
time series comparison and spatial comparisons at specific areas. Together, these allow for a more
quantitative assessment of scour behavior at the time steps where 3D spatial bed information is avail-
able.

3.3.3. Observation of flow conditions

Understanding the flow behavior around the structure is crucial for evaluating the scour response in a
morphodynamic model, given the strong relationship between flow amplification, bed shear stresses,
and the resulting scour patterns (Satari et al., 2024). To investigate this, both velocity amplification
and bed shear stress amplification are analyzed around the piles and across the entire structure, as
it has been done before for these type of structures (Satari et al., 2024). Velocity fields are examined
through horizontal slices at different elevations to assess the influence of the piles along the vertical
extent of the flow, while bed shear stresses are evaluated on the bottom layer of the computational
domain, representing the interface with the sediment bed.

TUDflow3D enables the storage of hydrodynamic variables such as velocity and bed shear stress during
the spin-up phase of the simulation—when the bed is still fixed and not yet subject to morphological
updating. This allows the model to effectively act as a purely hydrodynamic simulation during this
period. For the laboratory-scale conditions, flow variables are stored between 20 and 30 seconds, and
time-averaged values are computed over this interval.

This 10-second averaging interval is justified by Taylor’s frozen turbulence hypothesis (Taylor, 1938),
which assumes that turbulent structures are advected past a point with negligible change over time.
Given the characteristic flow velocities used in the simulations—approximately 0.24 m/s for the clear-
water regime and 0.42 m/s for the live-bed regime—and a turbulence macro-scale approximated by
the jacket pile diameter, one can expect between 60 and 105 large eddy structures to pass during this
10-second window, which is statistically sufficient to provide meaningful time-averaged flow fields for
interpreting hydrodynamic patterns.

Analyzing the flow field during this initial phase provides valuable insights into the expected bed re-
sponse, particularly regarding regions of intensified shear that may trigger scour development, as well
as the magnitude of this amplification both in velocities and bed shear stresses. Moreover, this ap-
proach facilitates comparisons with field-scale conditions by isolating hydrodynamic influences from
morphodynamic feedback.

3.3.4. Sensitivity analysis

To evaluate the accuracy of the model in predicting scour development and to understand the influence
of numerical parameters a sensitivity analysis is carried out. Different model configurations are tested
and compared with experimental results. This analysis assesses how numerical choices affect model
performance related to scour evolution.

For consistency, all simulations in the sensitivity analysis follow the same comparison methodology
as used in the morphodynamic comparison section. The scour evolution is evaluated quantitatively
using echo-sounder data and qualitatively through plan-view comparisons of global scour patterns.
The analysis focuses on the influence of four key parameters: relaxation factors, Morphac, grid size,
and model domain.

Although previous studies have shown that TUDflow3D is relatively not sensitive to morphac values
below 400, it is important to verify this behavior in the present context, particularly for both local and
global scour. This is especially relevant given that the morphac parameter significantly improves com-
putational efficiency. Without its application, simulations could take several weeks or even months to
complete, potentially limiting the model’s feasibility for practical use. Therefore, confirming that Mor-
phac does not significantly alter morphodynamic results is essential. Based on the sensitivity results,
a value of 100 was selected for all other scenarios, representing a suitable compromise between sim-
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ulation speed and accuracy.

The relaxation factor is included due to its key role in ensuring numerical stability and convergence
in sediment transport computations. While it has been successfully applied in previous scour mod-
eling studies, particularly for local scour around jacket foundations (de Wit et al., 2023), its effect on
simulations involving the J4L configuration—especially in relation to global scour—has not yet been as-
sessed. For the control setup in this sensitivity analysis, the same values used by de Wit et al. (2023)
are adopted: 0.001 for bed load and 1 for suspended load.

The grid size is evaluated for two main reasons. First, it influences the resolution of the flow field and
the scour patterns around structural elements. Second, grid refinement improves the geometric repre-
sentation of the structure, which is expected to enhance the accuracy of scour predictions. However,
finer grids significantly increase simulation time and computational demand, raising the question of
feasibility for large-scale or long-duration morphodynamic models.

In this study, the minimum grid size, which serves as a reference on the mesh size dimensions, is
defined based on the pile diameter. Two configurations are considered: a base case with a minimum
grid size of D/10, and a finer mesh with D/13. A coarser grid was not tested, as it did not adequately
represent the obstacle, making it unsuitable for producing accurate results.

The need for the extension of the domain upstream is also examined, both from a physical and com-
putational perspective. A larger domain allows for the proper development of turbulence as stated
before, which is essential for accurately capturing velocity fields around the structure. However, it also
increases the total number of computational cells, thereby affecting simulation runtime. In this study, a
domain of 12 times the jacket footprint on the current direction, compared to the 6 times used by (de
Wit et al., 2023), results in nearly a 50% reduction in computation time. This highlights an important
trade-off between physical accuracy and computational efficiency, particularly for long-duration mor-
phodynamic simulations. For practical purposes, the control domain selected for the other sensitivity
analysis was the 6x vs 4y, for a more efficient runtime, while also studying the effects and necesity of
the extension of the domain upstream.

In summary, the simulations conducted for this section are presented in Table 3.3. These were per-
formed under both clear-water and live-bed conditions to evaluate the model’s sensitivity across regimes
where experimental data is available for comparison.

Table 3.3: Sensitivity analysis simulations parameters

Model name ‘ Morphac Relaxation factor Min. Grid size  Domain

‘ Bed load Susp. load

M10 10 0.001 1 D/10 6x vs 4y
M50 50 0.001 1 D/10 6x vs 4y
M100 100 0.001 1 D/10 6x vs 4y
M200 200 0.001 1 D/10 6x vs 4y
RFA 100 0.001 1 D/10 6x vs 4y
RFB 100 0.001 0.001 D/10 6x vs 4y
RFC 100 1 1 D/10 6x vs 4y
D/10 100 0.001 1 D/10 6x vs 4y
D/13 100 0.001 1 D/13 6x vs 4y
Smaller domain 100 0.001 1 D/10 6x vs 4y
Ext. Domain 100 0.001 1 D/10 12x vs 4y

1 Bold values indicate the parameters being varied in each sensitivity scenario.
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3.4. Scaling to field conditions

Following the model assessment and the evaluation of its performance, the next step is to leverage
the validated setup to simulate scour under field-scale conditions. According to Welzel et al. (2023),
the original laboratory experiments were conducted at a 1:45 scale. Then, this scaling number is used
as reference to define the geometry and boundary conditions for the field-scale simulations under both
flow regimes. The results of this methodology will be presented on Chapter 5.

3.4.1. Scaling methodology

For a dimensionally consistent scaling law that enables the comparison of laboratory and field condi-
tions, mobility similarity is proposed as the scaling for this project. This criterion ensures that the ratio
between the Shields parameter and the critical Shields parameter is preserved when transitioning from
lab to field scale. Within this approach, sediment properties such as the median grain size D5, and
relative density s are assumed constant. As a result, scale effects are primarily introduced through the
equilibrium scour depth S.q, the flow velocity U, and the geometry of the structure — typically character-
ized by the pile diameter in laboratory and field conditions. These parameters are adjusted to maintain
a consistent mobility number /6., as described in Equation (2.5).

The domain configuration also needs to be scaled. As in the laboratory-scale numerical models, the
jacket footprint is used as a reference unit to define the domain extension. Specifically, the domain ex-
tends four times the jacket footprint in the y-axis, and either six or twelve times in the x-axis, depending
on the case.

Table 3.4 summarizes the key geometric and sediment properties used in both scales. Most notably, the
pile diameter increases from 0.04m in the laboratory to approximately 1.8 m at field scale, and the water
depth scales up to nearly 30 m—values that align with typical offshore jacket foundation conditions.
Sediment characteristics, such as grain size and density, are kept constant between scales.

Table 3.4: Geometric and sediment parameters for lab and field scale

Lab scale Real scale
Parameter Value Unit | Parameter Value Unit
Scale to real conditions  1:45 - Scale number 1:1 -
Diameter of pile 0.04 m Diameter of pile 1.8 m
Water depth 0.66 m Water depth 29.7 m
D50 0.19 mm D50 0.19 mm
Density of sand 2.65 glcm® | Densityofsand 2.65 g/cm®

From a hydrodynamic perspective, adjustments are made to the imposed flow velocities to maintain
the same mobility criterion at full scale. Specifically, the boundary current velocity is increased by
approximately 40%, resulting in a target depth-averaged velocity of 0.59m/s for the live-bed regime
and 0.34m/s for the clear-water regime.
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Table 3.5: Hydraulic and mobility parameters under different flow regimes for both lab and field scale numerical models

Lab scale Field scale
Parameter Value Unit | Parameter Value Unit

Live Bed Regime

Depth averaged current velocity 0.42 m/s | Depth averaged current velocity 0.59 m/s
Critical velocity 0.29 m/s | Critical velocity 0.41 m/s
Critical Shields number 0.049 - Critical Shields number 0.049 -
Shields number 0.089 - Shields number 0.090 -
Reynolds 16,680 - Reynolds 17,523,000 -
Mobility criterion 1.8 - Mobility criterion 1.8 -
Clear Water Regime
Depth averaged current velocity 0.24 m/s | Depth averaged current velocity 0.34 m/s
Critical velocity 0.29 m/s | Critical velocity 0.41 m/s
Critical Shields number 0.049 - Critical Shields number 0.049 -
Shields number 0.030 - Shields number 0.030 -
Reynolds 158,400 - Reynolds 10,098,000 -
Mobility criterion 0.6 - Mobility criterion 0.6 -

A time scaling approach was not applied in this study due to the current lack of a validated framework
for translating scour development times from laboratory to field conditions for jacket foundations. Re-
cent work by Silva-Muioz and Broekema (2025) proposes a correlation between hydrodynamic and
morphodynamic parameters and dimensionless scour times for monopiles. Based on this, it was antic-
ipated that the response time for the clear-water regime would be significantly longer than for live-bed
conditions.

3.4.2. Model parameters - Field scale

To determine a suitable timeframe for the field-scale numerical model, an alternative approach was
adopted to balance model detail with computational feasibility. Due to runtime constraints, the total
simulation duration was limited based on practical considerations. For most cases, a maximum of 12
physical days was used. This corresponded to a morphodynamic simulation time of 30 days for the
clear-water regime and 12 days for the live-bed regime.

This difference arises primarily from two factors: (1) the live-bed regime required a longer upstream
domain extension to prevent numerical instabilities, and (2) the higher flow velocities characteristic of
this regime resulted in smaller time steps due to the fixed CFL condition. These considerations are
summarized in Table 3.6.

Table 3.6: Summary of computational time implications and morphological time across regimes on field conditions

Variable Clear-water regime Live-bed regime
Characteristic Computational Characteristic Computational
time implication time implication
Domain 12x vs 4y domain - 6x vs 4y domain ++ (100% increase)
Velocities Lower velocities - Higher velocities + (20% increase)
Morphological time 30 days 12 days

It can be observed that, for the same computational time, the clear-water regime allows for a longer
morphological response. This is advantageous, as the scour response under clear-water conditions is
generally slower compared to that in the live-bed regime.

The increase in domain size and flow velocity at field scale directly impacts the required spin-up time.
As described in the laboratory-scale numerical model, a minimum threshold is defined based on the
time it takes for a fluid particle to traverse the domain more than twice along the x-axis, using the
depth-averaged inlet velocity.
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The remaining model parameters—such as the Morphac factor, relaxation factors, and grid size—were
kept consistent with the laboratory-scale setup. Only the relaxation factor for bed load transport was
actively applied, while the suspended load relaxation factor remained at its default value. The adopted
configuration for the field-scale simulations is shown in Table 3.7.

Table 3.7: Final setup for field-scale simulations

Regime ‘ Morphac Relaxation factor Grid size Domain extension

‘ Bed load Suspended load

Clear-water regime 100 0.001 1 D/10 12x vs 4y
Live-bed regime 100 0.001 1 D/10 6x vs 4y

3.4.3. Results of the field scale simulation

The discussion then moves on to the topic of applying a methodology to scale up the lab results for the
41.J, comparing the field-scale results to expectations from the literature and evaluating the applicability
of the scaling methodology developed for monopiles by Broekema and de Wit (2025).

It is also observed the hydrodynamic response on the numerical model, in the same way of section
3.3.3. This allows for the assessment of how hydrodynamic processes scale and enables interpretation
of the resulting morphodynamics for both flow regimes.

3.5. Analysis of model results

The final stage of this research focuses on the post-processing, analysis, and interpretation of the
numerical simulation results obtained from both the laboratory-scale and field-scale models. This will
be done on Chapter 6.

This chapter leverages the flexibility and high spatial and temporal resolution of the numerical model
to investigate the evolution of scour magnitudes and timescales. The analysis includes a detailed
examination of local scour footprints and their associated equilibrium times, as well as an evaluation of
global scour magnitudes across various spatial regions. Including this comparison here aligns with the
broader scope of the results and provides a more comprehensive understanding of model performance.

The applicability of the results is further explored by comparing scour magnitudes against the empirical
relation proposed by Sheppard and Miller Jr. (2006), as well as the field observations for local scour
and overall knowledge of global scour.

Finally, the relevance of both local and global scour findings is discussed in a broader context, with at-
tention given to the limitations of the current study and the interpretation of the results on the discussion
chapter.

The final chapters of the thesis presents the discussion, where the limitations are addressed and the
main conclusions of the research, directly addressing the stated objectives and research questions.



Numerical model assessment -
Laboratory scale

This chapter presents a detailed comparison between the numerical model results and experimental
data to evaluate the model’s ability to simulate both local and global scour processes around a 4LJ
foundation. The evaluation is conducted under two sediment transport regimes: clear-water and live-
bed conditions. The objective is to assess how accurately the model captures the spatial distribution
and temporal evolution of scour, as observed in laboratory experiments by Welzel et al. (2023).

The chapter is organized as follows. It begins with an assessment of local scour development, based
on both point measurements from echo sounders and spatially averaged scour depths around each
pile. Comparisons are made for upstream and downstream piles in both regimes, with particular focus
on the agreement between the numerical and experimental time series and scour magnitude. Next,
global scour is analyzed using data from selected monitoring locations and average bed level changes
across defined zones within and around the jacket footprint. This spatially integrated approach provides
a more comprehensive view of large-scale morphological changes.

In addition to scour predictions, the chapter examines flow behavior near the jacket structure by an-
alyzing velocities and bed shear stress distributions. These hydrodynamic features are key to under-
standing sediment transport mechanisms and validating the model’s ability to replicate flow-induced
scour. Finally, a sensitivity analysis is presented, focusing on the effects of key numerical parameters
on model outcomes. These insights support the evaluation of the model’s robustness and at the same
time the effect of these parameters on the model results.

4.1. Morphodynamics comparison with lab experiment

In this section, the comparison between the numerical results and the experimental data for both local
and global scour is presented. The numerical model setup used for this comparison is described in
Section 3.3.1. Results are evaluated against laboratory experiments conducted by Welzel et al. (2023)
under both clear-water and live-bed conditions.

Although the model has previously been calibrated for local scour around a different jacket foundation
(de Wit et al., 2023), its performance in predicting global scour and its robustness across different flow
regimes needs to be studied. This evaluation addresses these aspects.

Local scour is assessed using data from echo-sounders E1-E3 and E5-E7, positioned near the up-
stream and downstream piles (Figure 4.1 b—c). In addition to point measurements, spatial scour pat-
terns are evaluated by computing the average scour depth within a concentric ring of thickness D/2
around each pile, allowing comparison with 3D laser scan measurements from the physical model.

To evaluate the model’s ability to reproduce global scour, measurements from echo-sounders E4 and
E8 are compared (Figure 4.1a). Furthermore, the spatial distribution of global scour is assessed by

33
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comparing the average bed level within predefined rectangular areas, extracted from both the numerical
results and the experimental 3D scans shown on Figure 4.1a.

These combined analyses provide a comprehensive assessment of the model’s capability to reproduce
both the magnitude and temporal evolution of local and global scour processes.
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Figure 4.1: (a) Overview of monitoring areas for global scour and positions of echo-sounders E4 and E8. (b) Zoom on pile P1,
showing the local positioning of echo-sounders E1-E3 and the corresponding scour evaluation zone. (c) Zoom on pile P4,
showing the local positioning of echo-sounders E5-E7 and the corresponding scour evaluation zone.

4.1.1. Local scour

For the upstream pile (P1), the scour depth predictions from echo sounders E2 and E3 closely match
the measured values, while E1 slightly overestimates scour depth. The time evolution of scour depth
follows a nearly exponential trend for all three probes, consistent with laboratory observations. E1
displays a steeper increase in scour depth during the initial phase, but eventually converges with E2 and
E3 toward the end of the simulation. As noted by Welzel et al. (2023), local scour around the upstream
piles did not reach equilibrium during the clear-water regime. This behavior is accurately reproduced
by the numerical model, where a continued positive growth trend is observed in the upstream echo-
sounder measurements toward the end of the simulation.

In contrast, the downstream pile (P4) shows more dynamic scour development and a lower magnitude
of scour, as observed in the lab. While some oscillatory behavior is present in the laboratory data, the
model tends to amplify these variations, probably due to the existence of considerable sand dunes
passing over the piles on the downstream area.
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Figure 4.2: Scour depth time series under clear-water conditions for experiments E1 and E2
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Figure 4.3: Scour depth time series under clear-water conditions for experiments E3 and E5
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Figure 4.4: Scour depth time series under clear-water conditions for experiments E6 and E7

To complement the qualitative assessment, the RMSE is computed between model predictions and
experimental data. Results are summarized in Table 4.1, confirming that upstream probes generally
show higher accuracy—with errors around 10%—while downstream probes exhibit larger deviations,
round 20%. Overall the absolute error is around order of magnitude of 4 mm upstream and 8 mm
downstream.
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Table 4.1: RMSE analysis of scour depth predictions under clear-water conditions.

Echo Sounder RMSE (mm) RMSE (%)

E1 12 24%
E2 3 5%
E3 4 9%
ES 5 12%
E6 8 19%
E7 9 28%

A complementary spatial analysis of local scour was performed by averaging scour depth values within
a ring-shaped zone surrounding each pile. This ring was defined with a thickness of D/2, and values
were spatially averaged over this region. Table 4.2 presents the resulting averaged scour depths for
both upstream and downstream piles. When compared to laboratory measurements, the numerical
model shows an error range of 5-15%, demonstrating good agreement not only at discrete points but
also in terms of the overall spatial scour behavior.

The numerical model reliably captures key features of the local scour process, including greater scour
depths around the upstream piles and in front of the piles, and the inward tilting of the scour footprint
to the center of the 4LJ. Furthermore, the close agreement in slope profiles radiating from the max-
imum scour depth—observed in both the numerical and experimental cross-sections—demonstrates
the model’s ability to accurately replicate the spatial progression of scour away from the pile. This re-
inforces the model’s effectiveness in reproducing the broader patterns of local scour observed in the
laboratory. These cross sections can be observed in Appendix B.

Table 4.2: Clear-Water Regime — Spatial analysis of local scour

Simulation Time Upstream piles (S/D) Downstream piles (S/D)

Lab Data Simulation Error Lab Data Simulation Error

15 min -0.39 -0.34 15% -0.42 -0.36 14%
90 min -0.76 -0.79 5% -0.71 -0.83 16%
420 min -1.11 -1.05 5% -0.94 -0.89 5%

For the live-bed regime, the numerical results also show overall good agreement with experimental
measurements of local scour evolution. As expected under live-bed conditions, the scour development
is more dynamic, following the asymptotic behavior expected but with small oscillations, with a steeper
initial rate of erosion indicating a faster approach to equilibrium. This behavior aligns well with the
known physical response of sediment transport in live-bed conditions.

Results in E1 slightly over predicts the final scour depth, while E2 and E3 converge closely with the
measured values. A similar pattern is observed for the downstream piles, where the model generally
reproduces the scour evolution well. In E7, the final scour depth is slightly overestimated. Despite this,
the model successfully replicates the key trends observed in the laboratory, confirming its reliability
under live-bed conditions.

The initial steepness in the scour evolution curves reflects the pile-specific response and provides a
valuable indicator for analyzing scour timescales. The agreement between model and experiment in
this early phase suggests that the model captures not only the final scour depths but also the dynamic
process leading to them.

The scour depth time series for all experiments under live-bed conditions are shown in Figures 4.5, 4.6,
and 4.7.
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Figure 4.5: Scour depth time series under live-bed conditions for experiments E1 and E2
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Figure 4.6: Scour depth time series under live-bed conditions for experiments E3 and E5
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Quantitative assessment through RMSE reveals good overall accuracy in the live-bed simulations.
Most probes show errors from 5% to a maximum of 28% representing an absolute error value of around
7mm in average(Table 4.3).

Table 4.3: RMSE analysis of scour depth predictions under live-bed conditions.

Echo Sounder RMSE (mm) RMSE (%)

E1 9 14%
E2 7 9%
E3 8 10%
E5 7 10%
E6 6 9%
E7 14 27%

Table 4.4 presents the spatial scour analysis under live-bed conditions. This is the same analysis done
in the clear water regime of average scour around the pile with half a diameter span area. Upstream
values show excellent agreement, with errors as low as 1-4%. Downstream results are also satisfactory,
except at 90 minutes, where the error rises to 52%. This is attributed to a local overprediction that does
not persist at later times. At the final timestep, both upstream and downstream values exhibit minimal
error (0—1%), demonstrating the model’s reliability in capturing the equilibrium scour state spatially.

Similar to the clear-water case, the live-bed regime also exhibits the key spatial characteristics of lo-
cal scour. The numerical model successfully reproduces greater scour depths at the upstream piles,
preferential erosion in front of the piles, and the inward tilting of the scour footprint toward the center
of the four-legged jacket structure. In addition, the agreement in slope profiles extending from the
point of maximum scour—validated against experimental cross-sections—further supports the model’s
capability to capture the morphological evolution under more dynamic, sediment-transport-active con-
ditions. These consistent patterns across regimes confirm the model’s robustness in simulating local
scour behavior for different sediment transport scenarios.

Table 4.4: Live-Bed Regime — Spatial analysis of local scour (non-dimensionalized by D = 0.04 m)

Simulation Time Upstream (S/D) Downstream (S/D)

Lab Data Simulation Error Lab Data Simulation Error
15 min -0.92 -0.89 4% -0.92 -0.92 1%
90 min -1.18 -1.14 3% -0.97 -1.36 52%
420 min -1.49 -1.48 1% -1.50 -1.50 0%

In summary, the numerical model demonstrates strong performance in capturing the spatial and tempo-
ral development of local scour for both clear-water and live-bed regimes. It accurately reproduces the
characteristic features of scour behavior around jacket foundations. The results not only match well
with point-based experimental measurements but also show consistent agreement in spatially aver-
aged scour depths and same extent of local scour footprint observed on the cross sections comparison
(see Appendix B), confirming the robustness of the model across different flow and sediment transport
conditions.

Quantitative validation using RMSE and spatial averaging shows that prediction errors remain within
acceptable limits, with an average absolute error of approximately 7 mm and a range between 3 and
14 mm. Errors are generally lower for upstream piles, while slightly higher values are observed down-
stream. This does not necessarily indicate reduced model accuracy; rather, the increased error in
downstream regions reflects the more dynamic scour behavior, including temporal oscillations, which
naturally lead to higher variability and thus higher error values. These error levels are consistent with
those reported by de Wit et al. (2023), who applied the same numerical model to a different jacket
geometry and found comparable errors of around 8 mm. This consistency highlights the robustness of
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the present model in capturing realistic scour behavior and reinforces its reliability for predicting local
scour in offshore engineering applications.

4.1.2. Global scour

To evaluate global scour development, measurements at locations E4 and E8 were analyzed to esti-
mate the bed level on the inner side of the jacket structure. However, these isolated measurements
sometimes can not adequately represent global scour, given that this is a more spatially distributed phe-
nomenon. Inside the jacket, the scour environment is highly dynamic, making it difficult for a single point
measurement to reflect the general lowering of the bed. For this reason, a more spatially-integrated
comparison is required. In order to asses the behavior it is compared the plan view of the 3D scans
from the lab with the model to compare the overall behavior of bed, to then uantify it comparing specific
areas of the jacket on different timesteps.

In the clear-water regime, no bed lowering is observed upstream at location E4 for the laboratory mea-
surements, while the numerical model shows a small increase in scour depth (Figure 4.8a). At the
downstream position E8, laboratory results indicate a scour depth reaching approximately 0.5D by the
end of the simulation (Figure 4.8b). In contrast, the numerical model predicts a slightly lower absolute
scour depth, in the range of 0.3D to 0.4D. While the numerical model exhibits a more dynamic re-
sponse, this variability is considered acceptable given the natural fluctuations in bed morphology under
clear-water conditions, as observed in both the laboratory and numerical results.
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Figure 4.8: Scour depth time series under clear-water conditions for echo sounders E4 and E8

From the plan view, it can be observed that the scour magnitudes—both local and global—are of the
same order of magnitude for the laboratory and the numerical model results. This is shown in Figure 4.9,
which presents a plan view after 7 hours of morphological time. A deposition zone is also visible
downstream in both datasets, although the patterns differ slightly. Upstream of the jacket, the numerical
model does not show any dune formation or scour/deposition features, as expected for the clear-water
regime—consistent with the lab observations. Another similarity is the scour footprint around the piles,
which appears consistent in both spatial extent and depth between the lab and the model.

However, some differences are observed in the bedform patterns. The numerical model reproduces
distinct ripples or dune-like features, particularly evident after 90 minutes. In contrast, the laboratory
results exhibit a smoother scour pattern shaped by the pile geometry, where the eroded region migrates
downstream at an angle of approximately 30 degrees from the pile center. These contrasting patterns
highlight the model’s tendency to generate larger and more defined dunes, whereas the lab data reflect
a more diffuse scour pattern influenced by turbulence and structural interference.
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Figure 4.9: Comparison of bed levelat 420 minutes for clear water regime - a) Lab 3D scan - b) TUDflow3D Model results

For a more quantitative assessment, the average bed level within predefined monitoring areas is com-
pared between the laboratory 3D scans and the numerical model, as illustrated in Figure 4.1. The
results of this comparison are summarized in Table 4.5.

At 90 minutes, no significant scour is observed in the laboratory measurements; in fact, slight depo-
sition occurs in Areas 5 and 6. The numerical model captures this general trend, except in Area 1,
where it predicts a small scour depth of approximately S/D=0.2, indicating a slight overestimation in the
upstream region. This was already observed on echosounder 4, with a higher order of magnitude.

By 420 minutes, clear scour patterns are present in both the laboratory and numerical results. Areas
1, 2, and, to a lesser extent, Area 3 exhibit the most pronounced scour, suggesting the development
of global scour around the structure. In the laboratory data, scour depths in these regions reach ap-
proximately S/D=0.2, while the numerical model predicts higher values around S/D=0.3, particularly
overestimating in Area 1 and in the lateral zones (Areas 5 and 6).

Overall, while the model correctly identifies the zones of maximum scour concentration—mainly Areas
1 to 3—it tends to overpredict the magnitude of scour, especially in upstream and side regions. Also
the time response of the bed lowering is after 90 minutes, something that can be observed both in the
numerical model and on the lab experiment results.

Table 4.5: Comparison of normalized scour depth S/ D between numerical model and laboratory data

Time ‘ Area1 Area2 Area3 Aread4 Area5 Areab

0.25 0.00 0.10 0.00 -0.10 -0.10
0.00 0.00 0.00 0.00 -0.10 -0.10

90 min (Model)
90 min (Lab)

420 min (Model) | 0.40 0.35 0.30 -0.05 0.20 0.15

420 min (Lab) 0.15 0.25 0.25 0.05 -0.05 -0.05

In the live bed regime, the numerical model exhibits an oscillatory scour development from the be-
ginning of the simulation, consistent with the behavior observed in the laboratory experiments (see
Figures 4.10a and 4.10b), which is the behavior of global scour when observed on an isolated point.
This can also be associated to the oscillating behavior observed on the echo sounders around the piles
(E1 to E3 and ES5 to EB8) for the live bed regime, therefore accounting for the effect of global scour on
local scour.
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In terms of magnitude, the model shows good agreement with the experimental data, particularly for the
downstream echo-sounder. For the upstream sensor, the numerical scour depth oscillates around 0.5
S/D, which closely matches the laboratory value of approximately 0.4 S/D. For the downstream location,
the model predicts a scour depth that converges to about 0.8-0.9 S/D, whereas the lab results span
between 0.4 and 0.7 S/D with a higher amplitude of values in the oscillation.

Echo Sounder E4 Echo Sounder E8
25 25

Lab mean Lab mean
- — = Model — — = Model
2+ 10% error 2F 10% error

) 35 70 105 140 175 210 245 280 315 350 385 420 - 0 35 70 105 140 175 210 245 280 315 350 385 420
Time [min] Time [min]

(a) E4 - Live Bed (b) E8 - Live Bed

Figure 4.10: Scour depth time series under live-bed conditions for experiments E4 and E8

The plan-view representation of bed level evolution provides a valuable overview of the scour footprint
around the jacket structure on Figure 4.11 present a comparison between the laboratory measurements
and the numerical model results after 7 hours of morphological time.

The global scour pattern is well represented by the numerical model results, with scour observed both
within the jacket footprint and downstream of the structure. The scour features inside and beyond the
jacket resemble those from the laboratory experiment, indicating that the global scour induced by flow
disturbance around the jacket structure peaks near the center and downstream. The scour extends
beyond the footprint of the jacket and is accompanied by a deposition zone further downstream.

These results demonstrate the improved performance of the current model setup. However, local scour
depths are somewhat underestimated compared to the experimental data, which aligns with the deci-
sion to apply a different configuration for capturing local and global scour processes.

Figure 4.11: Comparison of bed levelat 420 minutes for live bed regime - a) Lab 3D scan - b) TUDflow3D Model results
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As done for the clear-water regime, a more quantitative analysis of the bed level response in the live-
bed regime is performed by comparing average scour depths across defined monitoring areas, as
shown in Table 4.6. After 90 minutes, both the numerical model and laboratory data indicate a clear
scour response, particularly in Areas 1 to 3, with normalized scour depths around S/D=0.5. At this
early stage, the numerical model shows good agreement in the central areas but tends to overestimate
scour in lateral Areas 5 and 6 compared to the lab results, where little to no scour is observed.

After 420 minutes (7 hours), scour deepens further, especially in downstream Areas 2 to 4. Both the
model and lab results indicate scour depths between S/D=0.7 and S/D=0.9, confirming the progression
of global scour in the live-bed regime. The agreement in magnitude between the model and laboratory
measurements is strong across all areas, with a maximum difference of 0.05 S/D. This consistency
demonstrates the model’s ability to capture not only the spatial distribution but also the overall magni-
tude of scour development under live-bed conditions.

Table 4.6: Estimated normalized scour depth S/ D for live-bed regime at 90 and 420 minutes

Time / Source ‘ Area1 Area2 Area3 Aread4 Area5 Areab

90 min (Model) 0.40 0.50 0.50 0.15 0.40 0.40
90 min (Lab) 0.25 0.45 0.35 0.15 0.00 0.20

420 min (Model) | 0.50 0.75 0.95 0.70 0.45 0.50
420 min (Lab) 0.55 0.70 0.90 0.75 0.55 0.55

These results demonstrate a clear improvement in the representation of global scour with the adopted
morphodynamic model setup. The combination of upstream domain extension and removal of the
relaxation factor allows for a more realistic simulation of the large-scale sediment dynamics observed
in the experiments.

The numerical model demonstrates a strong capability in capturing both local and global scour pro-
cesses under clear-water and live-bed conditions. For local scour, model predictions align closely with
laboratory echo-sounder data and spatially averaged scour depths, with RMSE values around 8 mm.
Scour initiation and asymptotic evolution are well represented, showing the robustness of the model to
predict this phenomenon.

Global scour is also realistically reproduced. In the clear-water regime, the model correctly predicts
minimal scour development with moderate spatial variability, while in the live-bed regime, it captures
the formation of scour within and downstream of the jacket structure. Spatial analyses using defined
monitoring areas show that the model reliably predicts both the magnitude and distribution of scour,
with deviations generally within 0.05 S/D from experimental values.

Overall, the model shows consistent performance across regimes, both in temporal evolution and spa-
tial scour patterns. The adopted morphodynamic setup—including domain extension and removal of
relaxation factor for global scour—proves effective in simulating complex sediment dynamics, reinforc-
ing the model’s applicability for engineering-scale scour prediction.

4.2. Observation of flow conditions

The objective of this section is to observe the behavior of the hydrodynamics around the jacket struc-
ture and with this try to understand their link to the scour response observed previously. This will be
done through the observation of the amplification of horizontal velocities, when compared to the inflow
velocity, the patterns of vertical velocities and amplification of bed shear stresses, when compared to
the bed shear stress value without the structure placed.

It should be noted that the velocity fields presented in this section are derived from time-averaged flow
data over a 10-second window (from 20s to 30s), taken after the model spin-up phase and prior to the
initiation of any morphodynamic processes or bed evolution. While this interval may be relatively short
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to capture fully developed flow conditions typically associated with steady currents, it is considered
statistically meaningful based on Taylor’s frozen turbulence hypothesis.

4.2.1. Flow Velocities

The amplification of horizontal velocities along the lateral sides of the jacket piles, as well as the forma-
tion of a lee-side wake vortex immediately downstream of each pile, are clearly visible in Figures 4.12
and 4.13, which present results for both flow regimes. In both cases, velocity amplification reaches up

to 1.5 times the inflow velocity around the upstream piles, while slightly lower amplification is observed
around the downstream piles.

For the live-bed regime, the horizontal velocity amplification is less pronounced compared to the clear-
water regime, and the downstream velocity deficit is less distinctly defined. As with the clear-water case,
the velocity amplification near the downstream piles is reduced to approximately 1.3 times the inflow
velocity, indicating a decrease of about 15% due to the shadowing effect imposed by the upstream
structures. The overall amplification pattern is more confined to the interior of the jacket foundation,
reflecting the influence of the intensified flow interactions in the live-bed regime.
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Figure 4.12: Normalized horizontal velocity magnitude on a horizontal plane above different distances: (2 cm, 5 cm, and 15
cm) for clear water regime
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Figure 4.13: Normalized velocity magnitude on a horizontal plane above different distances: (2 cm, 5 cm, and 15 cm) for live
bed regime

The vertical velocity components are presented in Figures 4.14 and 4.15 for both flow regimes. Neg-
ative vertical velocities observed in front of the piles indicate downward flow, commonly referred to as
downflow, while positive vertical velocities downstream of the piles reflect flow separation and potential
sediment pickup. At higher elevations above the bed, these upward velocities tend to shift toward the
interior of the jacket structure. This behavior is likely due to the geometric transparency of the jacket,
which allows for complex flow recirculation between the piles and braces.
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Figure 4.14: Vertical velocity magnitude on a horizontal plane above different distances: (2 cm, 5 cm, and 15 cm) for clear
water regime

Figure 4.15: Vertical velocity magnitude on a horizontal plane above different distances: (2 cm, 5 cm, and 15 cm) for live bed
regime

4.2.2. Bed Shear Stress Amplification

This section examines the amplification of bed shear stress caused by the presence of the jacket struc-
ture. Understanding the behavior provides valuable insight into the hydrodynamic effects induced by
the structure at laboratory scale, which can be linked to velocity amplification, scour development, and
ultimately scaled up to field conditions.

TUDflow3D computes various types of bed shear stress. For this analysis, we focus on the time-
averaged flow-induced bed shear stress, which reflects the direct interaction between the flow and
the bed surface. Although this specific value is not directly used in sediment transport computations
(e.g., bed load or suspended load fluxes), due to relaxation factors and the instantaneous nature of it,
the calculation methodology is the same and remains relevant for identifying hydrodynamic drivers of
scour.

The results are presented as normalized bed shear stress fields, using the reference value of an unob-
structed bed (i.e., without the structure). Figures 4.16 and 4.17 show the distribution of average bed
shear stress for the clear-water and live-bed regimes, respectively. All four piles (upstream piles A and
B, and downstream piles C and D) are identified within the domain.
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Figure 4.16: Normalized time-averaged bed shear stress for the clear-water regime

For both regimes, the amplification of bed shear stress reaches values of approximately 9 near the
upstream piles, whereas slightly lower values between 7 and 8 are observed around the downstream
piles. This trend confirms the shadowing effect created by the upstream piles, as also seen in the
velocity fields. It helps explain the higher scour intensity observed at the upstream legs compared to
the downstream ones.

In addition, the region of elevated bed shear stress exhibits an inward tilt toward the center of the
structure, particularly on the upstream-facing side of the piles. This directional pattern mirrors the
shape of the local scour footprints seen in the simulations, reinforcing the physical connection between
hydrodynamic forcing and morphological response.

These spatial trends emphasize that local scour is likely to initiate and develop more aggressively
around the upstream piles, while the downstream piles experience reduced forcing and thus milder
scour. Also that bed shear stresses can serve as a predictor for the shape of the scour hole.
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Figure 4.17: Normalized time-averaged bed shear stress for the live bed regime

The hydrodynamic comparison confirms that the model developed in this study accurately reproduces
the expected flow characteristics and bed shear stress distribution around the piles of a J4L structure.
Key flow parameters—such as increased streamwise velocities near the upstream piles, the presence
of downflow zones and lee-wake vortices, and the formation of inward-tilted shear stress amplification
zones—are clearly captured. These patterns are consistent with well-established hydrodynamic be-
havior around pile groups and reflect the realistic performance of the model under both clear-water and
live-bed regimes.

A notable aspect is the relation between velocity and bed shear stress. Since bed shear stress scales
with the square of velocity, even moderate variations in flow speed have a significant impact. For ex-
ample, a velocity reduction of approximately 25% near the upstream piles leads to a drop in normalized
bed shear stress from roughly 8.5 to 6.5. This highlights the strong sensitivity of shear stress to local
velocity variations and the influence of structural interference on both parameters.

It is important to note that the bed shear stress values presented here are time-averaged over a hy-
drodynamically stable period prior to the onset of morphodynamic changes. As such, they represent
the imposed flow forcing before any feedback with the evolving bed morphology occurs. While they do
not capture the dynamic interaction during active scour, they provide a reliable baseline for identifying
regions where scour is likely to initiate.

The full picture of the time averaged bed shear stresses on the jacket for both regimes can be observed
on Appendix B.

Comparable magnitudes were reported by Satari et al. (2024), who evaluated the same J4L configu-
ration using CFD RANS model that was compared to velocity measurements from a lab experience.
Their results—showing horizontal velocity amplifications of approximately 1.5 and bed shear stress
amplifications up to 8—exhibited similar spatial patterns and magnitudes, reinforcing the validity of the
present model and confirming the characteristic hydrodynamic behavior of jacket structures.

For the purpose of this chapter, the presented results are sufficient to demonstrate that the model seems
to replicate the dominant flow features expected for a J4L configuration at laboratory scale. The spatial
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correspondence and amplification trends confirm the model’s ability to resolve relevant hydrodynamic
patterns that influence scour initiation.

4.3. Sensitivity analysis
This chapter presents a comprehensive sensitivity analysis focused on the main modeling assumptions
and configurations that affect the scour evolution around a 4LJ.

The objective of this analysis is twofold: (1) to identify which numerical setups best replicate the
laboratory-scale scour measurements, and (2) to evaluate the sensitivity of model outputs to variations
in key parameters. Four aspects are systematically analyzed: the morphological acceleration factor
(Morphac), the relaxation factors, the grid resolution, and the size of the computational domain. For
each parameter, simulations were performed under both clear-water and live-bed regimes to evaluate
consistency across conditions.in.

4.3.1. Morphological acceleration factor Sensitivity Analysis

To assess the impact of the morphological acceleration factor morphac on model predictions, simula-
tions were conducted under both clear-water and live-bed conditions. Four different morphac values
were tested: 10, 50, 100, and 200. Due to computational time constraints, the simulation with morphac
= 10 was only run up to 90 minutes of equivalent physical time, as it would otherwise require several
weeks to complete. This has been done before for a jacket, where it was obtained a result of not much
sensitivity until 400. Either way, 100 was selected, to be on the safe side and then the sensitivity will
be made for 200 as well, as an upper threshold.

The importance of this sensitivity analysis comes with the importance of applicability of this factor. As
explained before, part of the feasibility of these models is the timeframe where the simulations can be
done. With a Morphac of 10, the whole simulation could take weeks, which will limit how applicable
these type of simulations are. Table 4.7 summarizes the tested cases.

Table 4.7: Morphac assigne value for each case evaluated

Case Name Morphac

M10 10
M50 50
M100 100
M200 200

Forlocal scour, the model results were evaluated against laboratory measurements at the echo-sounder
locations, following the same approach used in the previous section. For the clear-water regime, the
average RMSE was approximately 18% or 8 mm, with the lowest error observed for the simulation us-
ing Morphac = 100. In the live-bed regime, the average RMSE was slightly lower, at around 16% or 9
mm as an absolute value. A slight trend was observed in which higher Morphac values led to increased
predicted scour depths when observed the time series of the echo sounder, particularly under live-bed
conditions.

For global scour, further insights are obtained from a plan-view perspective. Figure 4.18 presents the
bed level at the final timestep for each case on the clear water regime. The M50 simulation exhibits
smaller, less defined bedforms both upstream and downstream of the jacket, indicating a more local-
ized sediment response. In contrast, the M100 and M200 cases show more pronounced and developed
dunes, suggesting a broader morphodynamic impact. Downstream of the jacket, all cases show sed-
iment deposition; however, the extent and magnitude of this deposition increase progressively from
M50 to M200.

For the live bed regime Figure 4.19 further confirm this trend. These figures compare the final timestep
for the different morphac cases, and it becomes clear that while the scour footprint maintains a sim-
ilar shape, its magnitude increases with higher morphac values. The use of a consistent color scale
across all images facilitates this comparison: for instance, in the case of M50, the maximum scour
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downstream of the jacket reaches approximately 0.05 m, whereas for M200, it rises to around 0.10 m.
This represents a significant difference in the global scour behavior downstream of the structure.

When comparing these results with the laboratory measurements, the numerical model does not fully
replicate the global behavior. In the physical experiments, bedforms were confined to the downstream
region of the jacket, as expected under clear-water conditions where the bed is not yet mobilized up-
stream. In contrast, the TUDflow3D simulations with this setup produce bedforms both upstream and
downstream of the structure, indicating a more active sediment transport response. This discrepancy
suggests that in the numerical model, sediment mobilization is overestimated, potentially influencing
global scour behavior.

Despite these differences, the general morphological behavior remains consistent across cases and
aligns well with the experimental observations on local scale.
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Figure 4.18: Plan view of bed scour development at 420 minutes for a morphac of (a) 50, (b) 100, and (c) 200 under the
clear-water regime.
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Figure 4.19: Plan view of bed scour development at 420 minutes for a morphac of (a) 50, (b) 100, and (c) 200 under the live
bed regime.

This highlights the importance of a combined interpretation measures for complex structures like a 4LJ.
Relying solely on one indicator focus on local scour, such as RMSE, may not show the sensitivity of
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the model to varying parameters. Therefore, a comprehensive analysis incorporating both quantitative
and qualitative comparisons is essential.

Overall, it can be concluded that local scour is not influenced by this order of magnitude of morphac.
The differences locally are negligible and are a good representation of the lab experiments, as expected
by the validation process of de Wit et al. (2023). On the other hand, for global scour the increase in
morphac does have an effect on the overall level of the bed, over estimating the scour processes
happening around the jacket.

In Appendix B, it can be observed the comparison of the echo sounders data of the lab for each simu-
lation mentioned in this section as well as the bed state for 15, 90 and 420 minutes. These figures also
show the amplified scour trend, showing as well the positive trend that with a higher morphac, there is
an higher absolute value of scour for global behavior.

4.3.2. Relaxation Factor Sensitivity
As discussed on section 3.1, the relaxation factor plays a key role in smoothing near-bed velocities
and pressure gradients across time.

The motivation for analyzing the relaxation factor lies in its expected impact on the global scour patterns.
By damping sharp gradients in pressure and near-bed velocities, the relaxation factor promotes a more
continuous and field-like behavior across the computational domain, as opposed to abrupt cell-by-cell
variations. This more physically consistent behavior better reflects observed phenomena in real-world
conditions.

Such damping also manifests as a smoothing effect on the bed shear stress fields, which are central
to sediment mobilization and transport processes. Because of this, it becomes important to investi-
gate and interpret how this smoothing affects the morphology outcomes, particularly the broader scour
patterns rather than just isolated local effects.

Additionally, the initial model configuration applies a relaxation factor to suspended load-related vari-
ables. This provided further motivation to explore how varying the relaxation strategy—whether applied
to suspended load, bedload, both, or neither—affects the model outputs.

To systematically evaluate the influence of relaxation factors on the computed bed shear stresses and
sediment fluxes, multiple configurations were tested under both clear-water and live-bed regimes.

Three configurations are analyzed:

* RFA: A relaxation factor is applied to bed load.
* RFB: A relaxation factor is applied to both the suspended load and bedload transport.
* RFC: No relaxation factor is applied to either the suspended load or the bedload transport.

These configurations are tested under both clear water and live bed regimes.

For local scour, the model responses vary significantly between configurations. RFA shows the best
overall performance in both regimes, with an average RMSE of approximately 15% and an absolute
error around 8 mm. In contrast, RFB exhibits substantially higher errors—around 26% RMSE for the
clear-water regime and up to 40% for the live-bed regime. RFC yields intermediate results, with RMSE
values close to 20%.

These findings suggest that RFA provides the most accurate representation of local scour, which aligns
with expectations, as it follows the configuration used by de Wit et al. (2023). However, these RMSE
values alone do not capture the full behavior of the scour evolution. When analyzing the time series
from each echo sounder (see Appendix), both RFB and RFC consistently show reduced scour depths,
indicating a general underestimation of scour magnitude. This becomes more evident when examining
the overall bed evolution in plan view, where spatial patterns reinforce the limitations of those two cases
in capturing the correct scour development.

To assess scour behavior from a more global perspective, plan view plots are analyzed for each case,
as shown in Figure 4.20.
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For the clear water regime, a consistent feature across all simulations is the presence of sediment
deposition behind the piles—though the morphology and extent differ between cases. In RFA and
RFB, where a relaxation factor is applied to the bedload, dune forms can be observed again, which are
not observed on the lab. In contrast, RFC, which does not include any relaxation factor, shows a bed
morphology behind the piles that does not form these dunes.

A particularly notable feature in RFC is the migration of a dune from upstream to downstream, influ-
encing the long-term scour pattern.. Early in the simulation, a slight reduction in horizontal velocity
upstream was observed, initiating a feedback mechanism that originates the migration of the dune. In
RFA and RFB, this migrating dune dissipates approximately 30 minutes into the simulation probably
because of the applied bedload relaxation.

For the live bed regime, the impact of the relaxation factor is significantly more pronounced than in the
clear water case. This result is intuitive: since the relaxation scheme targets the velocity fields used
to compute sediment transport, higher velocity magnitudes amplify the effect of temporal smoothing
introduced by relaxation, or in other words the damping of this relaxation factor and the absence of it
is more noticeable.

The global deposition pattern is clearly visible in plan view, as shown in Figures 4.21 where it is pre-
sented the bed level for the last timestep of each simulation. RFB shows significantly more sediment
accumulation across the domain, consistent with the dampened velocity field caused by relaxation. An
important finding is what happens globally to RFC, which behaves similarly to RFA inside the jacket
footprint but shows less intense scour downstream, with deposition downstream, which resembles what
happens in the lab experience.

It should be noted that, similar to the clear-water regime, a disturbance in the velocity field was observed
at the beginning of the simulations. In most cases, this initial instability is effectively mitigated by apply-
ing the bedload relaxation factor. However, in RFC—where no relaxation was used—the disturbance
persists.
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Figure 4.20: Plan view of bed scour development at 420 minutes for Case (a) RFA, (b) RFB, and (c) RFC under the clear
water regime.
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Figure 4.21: Plan view of bed scour development at 420 minutes for Case (a) RFA, (b) RFB, and (c) RFC under the live bed
regime.

Finally, RFA emerges as the most suitable configuration for capturing local scour behavior in both
flow regimes. In contrast, for global scour, RFC demonstrates the closest agreement with observed
downstream deposition patterns. However, its performance is affected by the presence of upstream
dune formations that disrupt the overall bed morphology.

These findings indicate that activating the relaxation factor for suspended load (as in RFB) tends to
induce excessive deposition across the entire bed, while suppressing the relaxation factor for bed load
(as in RFC) helps better represent global scour patterns. Nonetheless, this improvement comes at the
cost of underestimating local scour depths. Therefore, a trade-off exists between accurately capturing
global bed evolution and maintaining precision in local scour predictions.

The figures showing the scour evolution over time for all simulations, along with the corresponding
model error comparison, are presented in Appendix B. These results highlight the influence of the
relaxation factor on scour behavior and gives a better overview. This figures where also used to interpret
the results given in this section.

4.3.3. Grid size Sensitivity Analysis

To assess the influence of mesh resolution, a finer mesh was tested by reducing the minimum grid size,
which in turn controls the resolution in all spatial directions. While all simulations used the same physical
domain (6x vs 4y), they differed in their grid resolution, directly impacting computational demand.

Although decreasing the grid size improves numerical accuracy, it significantly increases the computa-
tional cost. Since refinement occurs in all three directions (X, Y, and Z), the total number of cells—and
consequently the simulation time—can rise exponentially. This becomes especially critical in morpho-
dynamic simulations using a morphological acceleration factor (Morphac), where runtimes can extend
from several days to multiple weeks depending on the mesh setup.

For the D/10 simulation, a simpler mesh was used, with uniform cell size across the entire jacket
footprint and no additional local refinement. In contrast, the D/13 simulation employed an optimized
mesh distribution with coarser cells on the center of the jacket, which reduced the total number of cells
by approximately 30% compared to the uniform mesh, while maintaining adequate resolution near
critical regions. Therefore not only the grid size was tested but also a different mesh configuration.

The refined configuration adopts a minimum grid size of 3 mm instead of 4 mm, offering a notable
improvement in resolution without excessively compromising simulation time.

The mesh configurations and details are summarized in Table 4.8.
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Table 4.8: Mesh configurations and simulation time details.

Configuration Xcells Ycells Zcells Total Cells (M) Sim. Time (days)

D/10 434 352 224 34.2 4-5
D/13 519 414 288 61.1 8-9

For the clear-water regime, the results indicate that reducing the minimum grid size from 1/10 to 1/13 of
the structure’s characteristic length does not significantly impact the scour response. This is evident in
Figure B.23, where both configurations yield nearly identical scour depths, locally and globally, around
the expected value of 0.04 m.

For local scour both relative (%RMSE) and absolute (mm) errors are comparable across grid sizes,
with minor variations. Additionally, the time series comparisons for each echo sounder (provided in the
Appendix A) confirm the strong agreement between simulations, reinforcing the conclusion that grid
sensitivity has limited impact on model accuracy in this regime as observed by De Wit (2023).

The plan view evolution over time, shown in Figure 4.22 also shows no different response when different
grid sizes are used. While finer grids slightly smooth out dune formations, the overall scour patterns
remain consistent, suggesting no notable difference in global behavior. A grid refinement of 30% does
not significantly influence the final outcomes.
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Figure 4.22: Plan view of bed scour development at 420 minutes for different grid resolution - Cases (a) D/10 and (b) D/13
under the clear water regime.

For the live-bed regime, simulations with the finer grid could not be completed due to computational
limitations caused by the large number of cells. This sensitivity case remains to be verified, although
based on the findings by De Wit (2023) and the similar behavior observed in the clear-water regime,
no significant impact is expected. Further investigation is needed to confirm this assumption.

Grid resolution was found to have limited impact on the resulting scour patterns, both locally and glob-
ally, when refining the mesh beyond the baseline setup. Furthermore, the adoption of the optimized
mesh configuration did not alter the simulation outcomes but provided a significant reduction in the total
number of computational cells. This improvement in efficiency justified its use in all subsequent simula-
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tions, as it offered a more favorable balance between computational cost and numerical performance.
The details of this configuration are discussed in Section 3.2.1.

While coarsening the grid could reduce computational time, it would compromise the geometric fidelity
of the structure. In the current configuration, the inclined members of the jacket are resolved by approx-
imately five grid cells, and the main pile by ten. Halving the resolution would reduce the number of cells
representing these components, significantly degrading the accuracy of the structural representation.

Conversely, using a finer grid would substantially increase simulation time—extending to several weeks—
posing challenges for the practical feasibility of these models. This is especially critical given the rela-
tively short simulation time window available to capture the key stages of scour development. Since the
finer grid did not yield significant differences in local or global scour behavior, maintaining a resolution
of approximately ten grid cells across the key structural dimensions appears to be a reasonable and
efficient compromise between accuracy and computational cost.

4.3.4. Influence of the Domain

As observed in previous simulations, the formation of dunes upstream in the numerical domain can
significantly impact model performance. If not properly controlled—particularly through the application
of bedload relaxation factors—these bedforms may propagate downstream, eventually altering the
morphology across a large portion of the computational domain, as illustrated in Figure 4.21.

As presented in section 3.2.1 a recommendation of extending the domain upstream by 5 water depths
for the correct development of turbulence is important for the correct representation of the morphody-
namic development, presented by de Wit (2015) . In this section it is tested the effect of this enlargement
of the domain vs the domains used by De Wit (2023). This results in a larger domain of 12 times the
jacket footprint, vs a domain of 6 times the jacket footprint on the current direction, respectively.

Table 4.9 summarizes the impact of this domain enlargement, including the increase in cell count and
associated computational cost. For this case, the number of cells nearly doubled, resulting in a similar
increase in simulation time. This modification was implemented for both flow regimes.

Table 4.9: Mesh configurations for different domains

Configuration Xcells Ycells Zcells Total Cells (M) Sim. Time (days)

6x vs 4y 434 352 224 34.2 4-5
12x vs 4y 679 352 224 53.5 8-9

On Figure 4.23, the bed at the second timestep of the smaller domain reveals a pronounced dune on
the upstream side at the edge of the domain as mentioned, which would propagate downstream if no
relaxation factor is applied to the bed load. In contrast, Figure 4.24 showing the same timestep but with
an extended upstream domain and no morphological updates in the first four water depths exhibits no
dune formation. This behavior persists throughout the simulation, confirming that the chosen relaxation
approach successfully suppresses the dune.
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Figure 4.23: Plan view of bed scour development for the second timestep where the dune formation is observed - Smaller
domain
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Figure 4.24: Plan view of bed scour development for the second timestep with the larger domain

These results highlight the importance of including an upstream domain extension to avoid disturbances
in the global and also local scour patterns. Proper development of turbulence upstream has a notable
influence on the morphodynamic response, particularly on the large-scale evolution of scour features.
This suggests that hydrodynamic stability and flow conditioning play a critical role in accurately capturing
global scour behavior.

For local scour, although the final magnitude of the scour hole was not altered by extending the up-
stream domain, omitting this extension may still lead to important consequences due to the influence
of migrating bedforms. This is illustrated in Figure 4.25, which compares the scour depth evolution at
Echo Sounder 2 under clear-water conditions for both the smaller domain (6x vs 4y domain) and the
extended domain configuration (12x vs 4y).

While the overall spatial scour patterns and temporal trends around the piles appear similar between
both setups, this comparison was specifically performed to evaluate whether the upstream domain
extension also affects local scour.

The results reveal a difference in behavior towards the end: in the smaller domain without upstream ex-
tension, migrating dunes lead to a stagnation or even a slight reduction in scour depth toward the end of
the simulation. This could falsely suggest that equilibrium has been reached. In contrast, the extended
domain allows for more natural dune evolution, resulting in a continuous increase in scour depth over
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time. This behavior matches experimental observations at the upstream piles, where equilibrium was
not reached by the end of the test (Welzel et al., 2023). These findings underscore the importance of
adopting an extended domain configuration to accurately replicate the ongoing development of both
local and global scour processes.
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Figure 4.25: Scour depth time series under clear-water conditions for the final setup and the base case at Echo Sounder 2

Summary of Findings for the model assessment chapter
This section highlighted how each numerical setting affects both the local and global scour behavior:

Morphac values up to 200 had minimal impact on local scour predictions, but significantly affected
global scour patterns, especially under live-bed conditions. A value of 100 was found to offer a good
balance between accuracy and computational feasibility.

Applying a relaxation factor to the bed load (RFA) yielded the best local scour performance. However,
for global scour, the case without any relaxation (RFC) better captured the downstream sediment de-
position patterns observed in experiments, though in this case there was a disturbance on the overall
bed patterns, coming from the migration of dunes upstream.

Reducing the grid size improved spatial resolution but did not result in significant changes in scour
magnitude or shape. An optimized mesh configuration maintained model accuracy while reducing
computational cost by approximately 30%, and was thus adopted for subsequent simulations.

Extending the domain upstream improved the development of turbulence and eliminated artificial dune
formation at the domain boundary, allowing for improvement in both global and local scour behavior.

These results demonstrate that TUDflow3D provides a robust representation of local scour, when fol-
lowing the numerical setup proposed by de Wit et al. (2023), now successfully applied to a different
jacket geometry such as a 4LJ foundation. For global scour, however, the model performance is more
sensitive to specific numerical parameters. In particular, the morphac and the relaxation factors sig-
nificantly influence the predicted large-scale bed evolution. The combination of omitting the relaxation
factor while extending the computational domain upstream was found through the results observed in
this sensitivity analysis. which offers the most realistic reproduction of global scour patterns, represent-
ing a favorable trade-off between numerical accuracy and computational feasibility.



Field scale numerical model

This chapter investigates the morphodynamic and hydrodynamic response of scour around a J4L foun-
dation under field-scale conditions, for both clear-water and live-bed regimes. Although scour pro-
cesses have been extensively studied at laboratory scale, significant uncertainty persists when extrap-
olating these results to field conditions—particularly for complex structures such as four-legged jackets.
Currently, no widely accepted framework exists for reliably predicting either the equilibrium scour depth
or the associated timescales at field scale for jacket foundations.

To address this gap, the use of numerical modeling proves particularly advantageous. A series of
field-scale simulations are performed using the mobility criterion as the foundation for scaling. One
of the key methodological challenges lies in defining a simulation duration that balances physical rep-
resentativeness with computational feasibility. To evaluate scale effects, the field-scale results are
directly compared to laboratory-scale simulations. In addition, the laboratory data are scaled up using
the methodology proposed by Broekema and de Wit (2025), which combines geometric similarity with
empirically derived correction factors to predict field-scale scour behavior.

The objective is to evaluate the extent to which field-scale simulations reproduce key features observed
at laboratory scale—such as local and global scour evolution, velocity amplification, and bed shear
stress—and to assess the applicability of the scaling methodology for predicting scour around jacket-
type foundations on field dimensions.

5.1. Field scale results - Morphodynamics

To analyze the morphodynamics at field scale, the same methodology as in the laboratory-scale com-
parison is applied. Echosounder locations are scaled accordingly and positioned at equivalent locations
within the field-scale domain. The resulting scour depth and timescales are evaluated using dimension-
less axes, enabling a direct comparison with the laboratory measurements.

In addition, the overall bed evolution is assessed using plan-view plots of the bed level at selected time
intervals. This allows for a qualitative evaluation of the global morphodynamic response across the
domain.

5.1.1. Local scour

The evolution of local scour around the piles is analyzed for both clear-water and live-bed regimes
using data from echo-sounders positioned and scaled to represent field-scale conditions. Each figure
presents the comparison between laboratory- and field-scale results for multiple echo-sounder loca-
tions, distinguishing between upstream and downstream piles.

Figure 5.1 shows the scour development under clear-water conditions. Both lab and field-scale results
are plotted using the same vertical axis (S/D) for consistent comparison. Although an attempt was
made to use a dimensionless time scale based on the formulation by Sumer and Fredsge (2002), this
proved ineffective; the dimensionless time failed to align the scour evolution across scales. Therefore,
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each scale is plotted with its original time axis: hours for the laboratory and days for the field, while
maintaining the same dimensionless vertical scale.
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Figure 5.1: Local scour evolution at upstream and downstream piles under clear-water conditions: comparison between
laboratory- and field-scale results.

For the clear-water regime, the results indicate that equilibrium conditions are not yet reached after
30 days of morphological time at field scale. However, the scour envelope appears well developed.
Although the final scour depth cannot be precisely determined on this plot, the current results suggest
slightly lower magnitudes compared to the laboratory case. The temporal evolution of scour at field
scale appears less dynamic than in the laboratory-scale numerical model, exhibiting a smoother and
more consistent hyperbolic trend.

Figure 5.2 presents the scour development under live-bed conditions. In this case, equilibrium is
reached much faster—approximately within 2—3 days of morphological time in the field-scale model.
The scour evolution follows a smoother exponential trend at field scale, whereas the laboratory data
show more dynamic fluctuations. The final scour depths stabilize around S/D = 1.1 for upstream while
for downstream locations is below 1. A slight reduction in downstream scour is observed after three
days, which is not an expected behavior of scour. This happens because of the sediment deposition
downstream which affects the local scour.
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Figure 5.2: Local scour evolution at upstream and downstream piles under live-bed conditions: comparison between
laboratory- and field-scale results.
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In both regimes, the magnitude of scour is consistently greater at upstream piles than at downstream
ones. This trend is consistent with both laboratory measurements and numerical model results. Ad-
ditionally, field-scale simulations yield lower scour depths than lab-scale cases as expected. The
timescale required to reach equilibrium in the live-bed regime is on the order of days, whereas in the
clear-water regime it appears to extend to several weeks or even months, as equilibrium is clearly not
achieved within the simulated period of 30 days.

5.1.2. Global scour

Regarding global scour for clear water regime, echo-sounders E4 and E8 display minimal scour, main-
taining values below 0.1 S/D with limited temporal variability—much lower than what was observed in
the lab and lab-scale numerical simulations.

To complement the time-series analysis, bedform patterns are shown in Figure 5.3. The results confirm
that the scour development remains in its early stages, likely far from equilibrium. The observed state
is comparable to that of the lab experiments later than 90 minutes of lab time.

Two key observations can be drawn from the plan view results. First, the dynamic scour behavior typ-
ically observed downstream is not yet present in the field-scale simulations. This absence has been
apparent since the early stages of scour development and differs from the lab-scale results, where dy-
namic fluctuations were evident. No dunes are present in the field-scale case—unlike in the laboratory
model—suggesting that the dynamic downstream behavior may not develop under these conditions.
Also, lower magnitude of global scour or better said, no global scour is present, therefore raising the
question if this is the case for the field.

Second, the overall scour footprint, especially the characteristic downstream pattern oriented at ap-
proximately 30 degrees from the flow direction, aligns well with the patterns documented in laboratory
experiments, indicating that some spatial features of the scour geometry are preserved across scales.
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Figure 5.3: Bed level results at field scale for the clear-water regime — a) After 5 days; b) After 30 days.

Figure 5.4 shows the plan view of bed level evolution under live-bed conditions at two time instances: af-
ter 2 days and after 12 days of morphological time. The extended upstream domain effectively prevents
the upstream migration of dunes. However, significant sediment deposition is observed downstream,
which appears to influence the local scour behavior near the downstream piles filing back the scour
holes, contradicting what it was observed on the lab scale models. The causes of this deposition and
whether it represents a realistic morphodynamic response were not investigated in this study due to
time constraints.

Given that equilibrium for local scour appears to be reached within the first 2-3 days, and that the
influence of downstream sedimentation becomes significant afterward, the analysis of results will focus
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primarily on this early time window. This ensures that the assessment reflects the undisturbed scour
development more accurately.

Values on E4 and E8 reach approximately 0.4 S/D, which is lower than those observed in the lab-scale
model. However, these values should be interpreted with caution, as they may still be influenced by
downstream sediment accumulation, and are therefore not conclusive.
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Figure 5.4: Bed level results at field scale for the live-bed regime — a) After 2 days; b) After 12 days.

The field-scale morphodynamic results provide a comprehensive view of both local and global scour
development under clear-water and live-bed conditions. For local scour, the magnitude is consistently
lower than in laboratory simulations, and equilibrium is achieved only under live-bed conditions. The
timescale for reaching equilibrium in the live-bed regime is on the order of 2—3 days, whereas for the
clear-water regime, equilibrium is not attained even after 30 days, suggesting that the characteristic
timescale lies in the order of weeks to months.

In both regimes, scour is more pronounced at upstream piles than downstream ones. This spatial
asymmetry aligns with patterns observed in laboratory experiments and numerical lab-scale models.

Regarding global scour, the clear-water regime shows minimal development, with echo-sounders E4
and EB8 registering values below 0.1 .5/ D, and plan-view plots confirming the absence of dune formation
or significant bed-level change. The global scour footprint is still in an early stage, and no dynamic
downstream behavior—such as scour amplification or sediment wave migration—is observed within
the 30-day window.

Under live-bed conditions, global scour behavior is more complex. Although equilibrium local scour is
reached early, downstream sediment deposition becomes dominant in later stages, partially filling the
scour holes and disturbing the long-term trends. This sediment infill process, which was not observed
in the laboratory-scale model or physical tests, introduces uncertainty regarding the realism of the
morphodynamic response at field scale. Due to time constraints, the origins and implications of this
behavior were not investigated further.

Overall, the field-scale model successfully captures the primary features of local scour development,
including equilibrium behavior under live-bed conditions and the spatial distribution of scour depths
around the jacket foundation. However, global scour remains less developed in both regimes compared
to the laboratory results, and sediment dynamics downstream— under live-bed conditions—require
further investigation to assess their physical validity.

5.2. Hydrodynamics Comparison — Field Scale Results

To understand the effects of scaling, the hydrodynamic behavior and response is compared to the
results obtained in the observation of flow conditions at lab scale. This allows for the assessment of
how hydrodynamic processes scale and enables interpretation of the resulting morphodynamics for
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both flow regimes. As discussed in Section 2.1.5, smaller-scale models typically exhibit more frequent
eddies and higher vorticity due to reduced pile size. This section evaluates these effects using results
from validated and in-house numerical models.

The comparison focuses on horizontal and vertical velocity magnitudes, as well as the amplification of
bed shear stresses. These quantities were extracted at the end of the spin-up period—when the bed
remained fixed and morphodynamic updates had not yet begun—ensuring a meaningful comparison
of hydrodynamic patterns, consistent with the approach used in Chapter 4.

A key distinction in the field-scale model is the use of a longer spin-up period, which was necessary
due to the larger domain when compared to lab scale. To ensure statistically reliable time-averaged
flow fields, a recording duration of 300 seconds was selected. This timeframe guarantees the capture
of at least 50 macroscale structures, based on the pile diameter and inflow velocity, providing a robust
basis for hydrodynamic comparison following the same approach that in the lab scale.

5.2.1. Horizontal Velocities
Figures 5.5 and 5.6 show the normalized horizontal velocities for the clear-water and live-bed regimes,
respectively.
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Figure 5.5: Time averaged normalized horizontal velocity at a plane 2 cm above the bed in lab scale (a) or 90 cm in field scale
(b) (clear-water regime).

0 0.25 0.5 0.75 1 1.25 1.5

|U]/U —— L —
(a) (b)
b < - J— T
b ) ! T b

Figure 5.6: Time averaged Normalized horizontal velocity at a plane 2 cm above the bed in lab scale (a) or 90 cm in field scale
(b) (live bed regime).

In the clear-water regime, both lab and field-scale results from TUDflow3D show similar horizontal
velocity amplification, with a factor of approximately 1.5 compared to the inflow velocity. However, the
field-scale simulation shows this amplification extending beyond the footprint of the jacket structure,
unlike the lab-scale model where it remains confined.

For the live-bed regime, both models show similar amplification magnitudes (around 1.5) around the
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piles. In both regimes, a consistent observation across all models is that upstream piles experience
greater velocity amplification than downstream piles, which aligns with expected flow behavior.

5.2.2. Vertical Velocities
Figures 5.7 and 5.8 present the vertical velocity distributions for both flow regimes. |
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Figure 5.7: Time averaged vertical velocity at a plane 2 cm above the bed (lab scale) or 90 cm (field scale) for: (a) TUDflow3D
model — lab scale, and (b) TUDflow3D model — field scale (clear-water regime).

Figure 5.8: Time averaged vertical velocity at a plane 2 cm above the bed (lab scale) or 90 cm (field scale) for: (a) TUDflow3D
model — lab scale, and (b) TUDflow3D model — field scale (live bed regime).

In the clear-water regime, the field-scale results replicate the patterns observed from the lab scale
model result, such as downflow in front of the pile and upward motion along the sides due to vortex
shedding. These vortices appear larger and more intense at field scale.

For the live-bed regime, both models show similar vertical flow patterns, with stronger magnitudes in
the field-scale case. The consistent trend of higher velocities around upstream piles remains evident
across all models.

5.2.3. Bed Shear Stresses

To interpret the scour response, bed shear stresses are analyzed next. Since bed shear stress is
proportional to the square of velocity, a velocity amplification of 1.5 theoretically results in a shear
stress amplification of approximately 2.25. However the lab-scale model show actual shear stress
amplifications of around 8, due to vortex-induced turbulence and flow separation.

Figure 5.9 compares the bed shear stress distributions for the live-bed regime around an upstream pile.
The behavior fo the clear water regime was comparable on terms of magnitude of the amplification and
shape.
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Figure 5.9: Normalized time-averaged bed shear stress for (a) lab scale and (b) field scale model results for the live bed regime

The lab-scale model show peak amplification near the pile of around 9 for the upstream piles, while the
field-scale model shows a lower amplification of approximately 4 to 5. For the downstream piles the
amplification of the lab scale results is around 7 to 8 while for the field scale si around 3 and 4. The
spatial pattern is consistent across all models, with the highest stresses at the front of the pile, slightly
tilted inward. The influence area in the field-scale case is smaller, likely due to reduced wake vorticity
and turbulent intensity.

These results are consistent with the findings of Ettema et al. (2006), who showed that smaller struc-
tures generate stronger vortices and higher vorticity, leading to increased bed shear stress. Conse-
quently, this suggests that scour magnitudes at field scale may be lower due to these reduced hydro-
dynamic intensities.

The comparison between lab- and field-scale hydrodynamic results shows that velocity amplification—
both horizontal and vertical—scales consistently across regimes. For both clear-water and live-bed
conditions, similar amplification factors of approximately 1.5 (relative to the inflow velocity) were ob-
served, with upstream piles consistently exhibiting higher flow intensities.

In contrast, differences were found in bed shear stress amplification. While the lab-scale simulations
showed peak amplifications up to nine times the reference stress, the field-scale model produced values
closer to five. This 45% reduction in amplification occurred despite maintaining the same mobility ratio.
The observed discrepancy is attributed to weaker vortex generation and reduced turbulent intensity at
larger scales.

These findings align with the hypothesis of Ettema et al. (2006), who proposed that a decrease in
relative roughness D/ Dsq at larger scales results in diminished vortex-induced turbulence. As a result,
lower bed shear stress intensities may emerge, contributing to the reduced scour magnitudes observed
at field scale for both flow regimes. This gives an insight on an over estimation of vorticty, bed shear
stresses and consequently scour magnitude at lab experiments.

5.3. Scaling up lab results

Until now, the main scaling effects relevant to scour have been described as twofold. First, the di-
mensionless scour depth S/ D is expected to decrease at field scale due to the increased pile diameter
relative to a fixed sediment grain size. This has also been observed on the reduction of the amplification
of be shear stresses around the structure.

Second, the characteristic timescale of scour development is influenced by the ratios of equilibrium
scour depth and velocity according to Silva-Mufioz and Broekema (2025). These effects have been
discussed for monopile foundations. In this section, however, we apply and analyze these principles for
jacket-type foundations, which have more complex geometries and potentially different hydrodynamic
responses.
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To account for these scaling effects, Broekema and de Wit (2025) proposed the relations discussed
in Section 2.1.5, which allow estimation of the field-scale equilibrium scour depth based on laboratory
results, and a consistent approach for timescale transformation from lab to field conditions.

Table 5.1 summarizes the geometric and empirical parameters used, along with the resulting scaling
factors for both clear-water (CW) and live-bed (LB) regimes. When working with dimensionless scour
values (such as S/D), the geometric factor n cancels out. Therefore, the only correction needed is
through n for the clear-water regime, and n; - w, for the live-bed regime, yielding factors of approxi-
mately 0.51 and 0.64, respectively, that will reduce the magnitude of scour fo the lab scale results. This
matches the behavior already observed in both model results and previous literature.

It is also worth noting that the timescale scaling factor is significantly larger in the clear-water regime
compared to the live-bed regime. This is consistent with physical expectations, as higher flow velocities
in the live-bed regime lead to a more rapid scour response, which is reflected in the smaller scaling
correction factor.

Table 5.1: Summary of geometric scaling parameters, correction factors, and resulting scaling factors for equilibrium scour
depth and timescale.

Regime n Ng ng Nip W Wy Seq scaling T, scaling
Ccw 45 051 142 - - - 23 185
LB 45 051 140 016 1.26 0.27 29 80

These scaling factors are then applied to scale the laboratory results to field-scale predictions for av-
eraged scour profiles for upstream and downstream piles. The results of this transformation, for both
numerical models, are presented and compared in Figures 5.10 and 5.11.
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Figure 5.10: Comparison of scaled laboratory results and field-scale predictions for averaged scour depth (S/D) under
clear-water regime. Results are shown for both upstream (up) and downstream piles (down).
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Figure 5.11: Comparison of scaled laboratory results and field-scale predictions for averaged scour depth (S/D) under
live-bed regime. Results are shown for both upstream (up) and downstream (down) piles.

For the clear-water regime, the scaled laboratory results tend to underestimate the scour magnitude,
particularly for the upstream piles. Downstream pile magnitudes initially match well between the lab
and field data. After 30 days, the scaled up laboratry results start to show a dynamic beavior, influenced
by the dunes downstream on the lab scale numerical model. This was no observed on the field scale
model, but in order to be sure if they will appear or not a longer simulation needs to be done. These
dynamics ultimately influence the scour envelope and its temporal evolution.

The time scaling appears appropriate for both clear and live bed regime, showing the evolution of the
envelope with the same shape and scour rate.

The live-bed regime shows a better agreement between the scaled laboratory and field-scale results,
both in terms of scour magnitude and temporal evolution. The scaled lab data successfully capture
the steep initial growth observed in the field, which is characteristic and very important for live-bed
conditions.

One discrepancy arises after approximately 3 days, where a reduction in scour is observed in the field-
scale model. This is related to boundary effects specific to the numerical setup and is not present in
the lab. Despite this, the final scour depth remains around 1 in both cases, confirming a strong match.

These results highlight the importance of incorporating the correction factors for velocity scale (w,) and
time scale (w;), which are critical for accurately reproducing the live-bed scour behavior using scaled
laboratory data.

To assess the accuracy of the predicted scour magnitudes, Table 5.2 presents a quantitative compari-
son between the results from the numerical model on laboratory scale, the results from the numerical
model on field scale, and the analytically derived values from Broekema and de Wit (2025) for the
equilibrium scour depth (S.q/D). For the clear-water regime, the scaled values underestimate the field-
scale scour, as also observed in the plotted results. Although the largest visual discrepancy appears
upstream, the greatest relative difference in S., occurs for the downstream piles, reaching up to 40%.
This deviation is attributed to the presence of dunes in the laboratory model, which reduce the scour
depth over time by interrupting the exponential growth phase. These bedform-induced effects are not
present in the field-scale clear-water regime, reinforcing the earlier observation that dune dynamics
in laboratory conditions significantly influence scour development and may not accurately reflect field-
scale behavior.
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Table 5.2: Comparison of equilibrium scour depths (S.q /D) between lab scale model results, field-scale model results and
field scale scaling predictions.

Regime Seq/D Lab  S.q/D Field S.q/D Scaled (Broekema, 2025) Difference (%)
CW upstream 1.40 1.00 0.71 29
CW downstream 1.00 0.85 0.51 40
LB upstream 1.60 1.10 1.02 7
LB downstream 1.50 1.02 0.95 6

In contrast, the live-bed regime shows significantly better alignment. Both upstream and downstream
locations display low discrepancies (7% and 6%, respectively) between laboratory and field-scale val-
ues. This consistency confirms the effectiveness of the applied scaling laws, particularly the inclusion of
the velocity and time correction factors (w; and w;), in accurately reproducing live-bed scour behavior.

Overall, the analysis presented in this section demonstrates the utility and limitations of applying ge-
ometric and empirical scaling factors for laboratory models to scour predictions around jacket-type
foundations. While the clear-water regime reveals some limitations due to physical processes not di-
rectly transferable between scales (e.g., dune migration), the live-bed regime validates the robustness
of the applied framework.

This confirms that, when appropriate correction factors are applied, scaled laboratory experiments can
yield meaningful and realistic predictions of scour development at field scale. Moreover, it demonstrates
that the methodology proposed by Broekema and de Wit (2025) is effective not only for monopiles
but also for more complex structures such as jacket foundations. The consistency observed in both
upstream and downstream scour patterns further supports the robustness of the scaling approach for
different regions around the structure.

5.4. Field scale results summary

The field-scale simulations presented in this chapter provide detailed insights into the development of
scour around jacket foundations and offer a solid basis for evaluating the applicability of laboratory
results at realistic scales. Local scour was found to exhibit consistent spatial patterns across scales,
with scour magnitudes at upstream piles exceeding those at downstream ones in both regimes. How-
ever, field-scale scour magnitudes were systematically lower than their laboratory counterparts. While
the live-bed regime reached equilibrium within 2—3 days of morphological time, the clear-water regime
continue developing after 30 days, suggesting a much longer characteristic timescale.

Global scour development showed more variability. Under clear-water conditions, minimal global scour
and no dunes downstream were observed at field scale, in contrast to dynamic behaviors seen in the
laboratory simulations. In the live-bed regime, local scour reached equilibrium around 3 days, but
downstream sediment deposition began to affect the scour footprint in later stages. This downstream
infill was not observed in lab-scale results and remains an open question, potentially influenced by the
extended field domain and unsteady sediment dynamics.

The comparison between field- and laboratory-scale results, reinforced by the scaling approach of
Broekema and de Wit (2025), demonstrates that scaled laboratory data can provide realistic predic-
tions of field-scale scour magnitudes and timescales. The strong agreement observed in the live-bed
regime highlights the robustness of the applied methodology—not only for monopile foundations, for
which it was originally developed, but also for more complex jacket structures. In contrast, the discrep-
ancies identified under clear-water conditions—particularly those associated with dune migration and
delayed scour development—underscore the limitations of direct scaling when regime-specific physical
processes are not adequately accounted for.



Analysis of model results: Enhancing
scour understanding

This chapter directly addresses one of the core research objectives: enhancing the understanding of
scour behaviour—both local and global—around 4LJ foundations. The chapter is structured into sepa-
rate sections for local and global scour, each assessing magnitude, spatial distribution, and temporal
development under clear-water and live-bed regimes at both laboratory and field scales. As well in
this chapter are evaluated empirical scour relations developed for monopiles to determine their appli-
cability and limitations when applied to jackets. By doing so, the study investigates how well monopile-
based formulations capture regime-dependent behavior, upstream—downstream differences, and scale
effects.

A further research objective is to demonstrate the advantages and flexibility of numerical modeling for
scour assessment. The use of a CFD morphodynamic model enables high-resolution analysis of both
hydrodynamic and morphological processes, providing outputs that are difficult to obtain experimentally.
Collectively, the results in this chapter provide both process insight and practical guidance for the design
and maintenance of jacket foundations in diverse marine environments.

6.1. Local scour

To characterize scour around jacket foundations, it is essential to assess different aspects of the scour
depth. The spatial extent of its influence and its evolution over time are of interest. While these aspects
have been extensively studied for monopile structures, research on 4LJ remains relatively limited. In
this section, the validated numerical model is leveraged to go beyond existing efforts by providing a
detailed, time-resolved analysis of local scour patterns around jacket-type foundations under lab and
field-scale conditions.

6.1.1. Local Scour Footprint
This section explores different methods to define a representative scour footprint. In this context, the
local scour footprint refers to the area of the bed that is directly influenced by the presence of the pile.

According to Bolle et al. (2010), which based their findings on monopile foundations, the region within
approximately 0.5 D of the pile generally forms a plateau corresponding to the maximum local scour
depth. Beyond this plateau, the bed profile transitions into a sloping region where the bed level gradually
recovers to its undisturbed state. A similar range for the horizontal influence of local scour—around
1.5 D-1.9 D—is reported by Welzel et al. (2023).

To estimate the horizontal extent of local scour influence, Bolle et al. (2010) proposed approach is
used with an additional term. While this method was originally formulated for monopiles—where global
scour is negligible—jacket foundations also experience global scour, which must be accounted for. In
this study, a modified formulation is tested in which the global scour depth is subtracted from the local
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scour depth before multiplying by the slope, thereby isolating the extent attributable to local scour. This
adapted approach is applied to both flow regimes and to piles located upstream and downstream.

The resulting formulation is given by:

Local scour footprint = 0.5D + sediment slope x (Local scour depth — Global scour depth)

The results for the extent of local scour influence, expressed as multiples of D, are summarized in
Table 6.1. The resulting distances represent the expected reach of local scour from the pile perimeter
on both the inner (facing the other pile) and outer sides.

Table 6.1: Extent of local scour influence (from pile perimeter) for upstream and downstream piles under clear-water and
live-bed regimes. Distances are expressed in multiples of D.

Clear-water Live-bed

Location Upstream Downstream Upstream Downstream

Inner Outer Inner Outer Inner Outer Inner Outer

Distance  2.5D 3D 2D 25D 25D 25D 15D 2D

From this it can be observed that the scour footprint is smaller towards the inner side of the jacket, this
mainly because global scour is much higher inside than outside. Also, for the live bed regime the scour
footprint is smaller, even if the scour depth magnitude is higher. This is mainly due to the significant
magnitude of global scour.

To evaluate these results, the calculated distances were compared using plots such as Figure 6.2,
which illustrates their application for the live-bed regime on the upstream piles at 420 minutes. In the
cross-section view, the horizontal extent of local scour is shown on either side of the pile, while the plan
view depicts the corresponding extent for each pile footprint.

The results show that the proposed distances delimit the region influenced by each pile, thus defining
a clear boundary between local and global scour. Furthermore, it has shown the role of global scour
in the temporal evolution and spatial extent of local scour. This analysis was carried out for both flow
regimes and for piles located upstream and downstream, showing the same results as on the figure in
this section; the complete set of figures is presented in the Appendix C.
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Figure 6.1: Example application of the local scour footprint results for the live-bed regime on upstream piles. The cross-section
view shows the extent of local scour from the pile perimeter, while the plan view indicates the corresponding extents for each
pile footprint.
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To assess this behavior over the entire morphodynamic evolution, a ring-based method is applied to
track the temporal and spatial evolution of the scour footprint on all the timesteps of the model. In this
approach, the scour depth is averaged within concentric rings centered on the pile, starting at the pile
perimeter. The first ring is a zero-thickness boundary at the pile edge, followed by successive rings of
uniform thickness D/2 (0.02 m), extending outward to a radial distance of 3D, resulting in seven discrete
rings. This setup captures the radial variation in scour intensity over time. An example of the ring layout
is shown in Figure 6.2.
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Figure 6.2: Layout of concentric rings used for average scour depth analysis around a specific pile.

The analysis is performed averaging the upstream and downstream piles, given the different nature of
each and for both clear-water and live-bed regimes. Figure C.5 illustrates the results for the clear-water
regime on the upstream piles. The live bed regime results are presented on Appendix C.
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Figure 6.3: Scour evolution for upstream (Left) and downstream (Right) piles for the clear water regime.

The results show that the average scour depths for the first two rings — up to 0.5D — are nearly
identical thought the whole morphological time, confirming the idea of the plateau described by Bolle
et al. (2010). Beyond this region, a geometrical decrease in scour depth is observed up to a distance of
three times the diameter replicating the effect of contour lines for the clear water regime. This supports
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the idea of a maximum value around 0.5D and also suggests that local scour effects can extend to 3D
through the almost the whole scour time evolution, as calculated on the last timestep.

When analyzing the results by regime, some differences emerge between the clear-water and live-bed
conditions. In the clear-water regime, the scour response in the outer rings develops gradually. Even
after 30 minutes, the first signs of scour appear on the outer rings, indicating that the footprint of local
scour evolves over time.

In contrast, the live-bed regime exhibits an immediate and fully developed scour footprint from the start
of the simulation. Another observation is on the downstream piles for live bed regime, after the 200
minutes there is a sudden rise on scour not following the exponential behavior, and it coincides when
global scour almost reaches this magnitudes of scour, so this is a clear presence of interaction of global
scour affecting the time development and magnitude of local scour.

Another important observation is that, for the live-bed regime, the area of influence is smaller than in
the clear-water regime. At a radial distance of 2.5 D, the scour depths are nearly identical. This finding
is consistent with the previously computed areas of influence.

The same analysis is conducted for the field scale model results, as illustrated in Figure C.7. Similar to
the laboratory-scale observations, the results show that the maximum scour depth occurs within the first
two rings, indicating that the scour depth remains at the same magnitude around approximately 0.5D.
Additionally, for both the clear-water and live-bed regimes, the scour footprint extends up to around
2.5D.

Ring Averaged scour - Upstream Ring Averaged scour - Downstream
12 i h ! | ! ! | ! | i
14 F 14 F
0.8 - 0.89 [ |Ring Range|
—0D
T = —0-0.5D
i L N L|—05-1D
S\ 0.6 K06 1-1.5D
gl e 152D
2-25D
0.4+ F04+ 253D
0.29 r 029 L
0~ T T T T T 0~ T T T T T
0 5 10 15 20 25 30 0 =3 10 15 20 25 30
Time [days] Time [days]

Figure 6.4: Scour evolution for upstream (Left) and downstream (Right) piles for the clear-water regime.

For the clear-water regime, no delay is observed in the development of the scour footprint, contrary to
what was noted in the lab-scale model. The scour evolution follows a clear exponential trend without
the oscillatory behavior seen in the laboratory results.

In the live-bed regime, the field-scale model also exhibits a smoother trend, likely due to a less dynamic
sediment bed. It can also be noted that on the downstream piles the values after 3 days are disturbed
by the boundary condition observed in section 5.1. The presence of sand waves is notably reduced in
the field-scale results for both regimes, highlighting a possible scale effect.

The average scour trends align well with the data collected by echo-sounders on laboratory and field
scale, showing their usefulness in capturing local scour development. In both regimes, upstream piles
consistently experience higher scour magnitudes. Overall, the field-scale simulations demonstrate
similar patterns to those in the lab-scale model—both in terms of scour footprint extent and the plateau
of maximum scour depth at approximately 0.5D.

The adapted method to determine the area of influence of local scour, modified to account for global
scour in jacket foundations, proved effective in delineating the boundary between local and global scour.



6.1. Local scour 70

Temporal analysis using the ring shows that this behavior is achieved through the whole morphody-
namic evolution in time.

6.1.2. Equilibrium scour depth — Local Scour

In order to proceed to calculate the time response of scour for different models, first it needs to be
assess the reliability of the fitting procedure. It was chosen the hyperbolic relation used by Welzel et al.
(2019) as it has already been used before for 4LJ foundations equilibrium time determination.

To assess this fitting, the timescale of local scour for the numerical model was compared to the labora-
tory experiment. This approach was individually applied to each echo sounder. The resulting fits are
provided in Appendix C.

The analytical formula captures the early scour development, with the fitted curves showing good agree-
ment with the initial slopes of the laboratory measurements. Results suggest that downstream piles
have likely reached equilibrium, while upstream piles have not, with estimated equilibrium times ap-
proaching 500 minutes for the clear water regime. Some upstream echo sounders even show values
exceeding 600 minutes. This asymmetry in timescales is consistent with the observations from Welzel
et al. (2023).

A summary of averaged equilibrium times across the echo sounders upstream and downstream is
presented in Table 6.2.

Table 6.2: Mean equilibrium times (tgo) [min] for upstream and downstream echo sounders for both the laboratory experiment
and numerical model

Condition Lab Fit Model Fit
Clear Water
Upstream 486 451
Downstream 193 263
Live Bed
Upstream 93 106
Downstream 106 187

In the live-bed regime, the averaged scour evolution from the upstream echo-sounders closely matches
the timescale to equilibrium observed in the laboratory model. However, for downstream locations, the
lab-scale numerical model overestimates the time required to reach equilibrium, suggesting a slower
response caused by the interaction of global scour with local scour. Under clear-water conditions, the
overall trend is consistent, with the average equilibrium times for upstream piles exceeding the 420-
minute morphological simulation time. While the averaged timescales suggest reasonable agreement,
this can be misleading, individual sensor responses vary considerably. For instance, echo-sounders
E1 and E2 show equilibrium around 250 minutes, whereas E3 continues evolving past 800 minutes, for
the lab scale numerical model.

To better assess the equilibrium time of the upstream piles under clear-water conditions, additional
plots were generated using a logarithmic scale, with a focus on the tail of the scour evolution curve to
identify the growth pattern at the end.

Figure 6.5 presents both the full scour evolution and a zoomed-in view of the tail for upstream sensor E1.
The results indicate that the exponential trend in scour growth persists, suggesting that true equilibrium
has not yet been reached. In contrast, the fitted hyperbolic curve prematurely converges toward an
equilibrium value, with a t9g value of 287 minutes, failing to capture the ongoing scour development.
This discrepancy implies that the estimatedtgy may be unreliable, particularly when the scour curve has
not fully stabilized.
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Figure 6.5: Model scour evolution for upstream sensor E1 under clear-water conditions.

Figure 6.6 illustrates the model results at upstream sensor E3. The tail of the time series displays a
clear exponential growth, indicating that equilibrium has not yet been reached, as well as the fiiting
hyperbolic relation to estimate the time to reach equilibrium. The hyperbolic fit estimates a time to
equilibrium of approximately 800 minutes, which may serve as a representative value for the upstream
piles, but not conclusive. This highlights the limitations of the current formulation, already highlighted
by Silva-Munoz and Broekema (2025) when defining that scour behavior around the pile behavior is
characterized by a double hyperbolic or exponential formulation.
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Figure 6.6: Model scour evolution at upstream sensor E3 under clear-water conditions.

Although the limitations of the exponential fitting approach are acknowledged, it remains a valuable tool
for comparative analysis of scour development across different areas examined with the same method,
but it does not mean that the timescales calculated will be the true equilibrium depth.

Once this limitation was determined, the post processing of only the numerical model results were
done for characterizing better the scour behavior around the pile. It was of interest to explore the
spatial variation of the timescale to reach equilibrium, average scour values within concentric rings (as
previously defined) were fitted using this method. The results for both the clear-water and live-bed
regimes are provided in the Appendix C.

Comparing the equilibrium times derived from the averaged scour depth within the 0.5 D0.5D ring to
those obtained from the echosounder measurements shows good agreement. For the clear-water
regime, the downstream piles reached equilibrium in approximately 300 minutes. In the live-bed regime,
equilibrium times were about 93 minutes for the upstream piles and 150 minutes for the downstream
piles, thereby supporting the validity of the results.

The result shows that regions closer to the pile reach equilibrium more rapidly for both regimes, increas-
ing the equilibrium time as there is more distance from the pile. For instance, in the clear-water regime,
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the outermost downstream ring requires more than twice the time to stabilize compared to the inner-
most ring. A similar pattern is observed under live-bed conditions (Table C.2), although the absolute
timescales are shorter.

While the exact magnitudes derived from the fitting should be interpreted with caution, the observed
spatial trends provide useful insights. In particular, they offer a trend of how scour behavior evolves
radially from the pile. This can inform expectations of scour development in regions farther away, even
if precise values remain uncertain due to the limitations of the fitting method.

To extend the analysis to field scale model results, exponential fits were also applied to the first ring
(0 D) of the field-scale model results for both regimes. These results are summarized in Table 6.3.

Table 6.3: Exponential fit results for the 0 D ring under both regimes (field scale).

Clear-Water Regime
Ring tQO,Up (days) tQO,Down (days) Seq,Up ['] Seq,Down [']
0D 60 160 1.00 0.85
Live-Bed Regime
Ring t90,Up (days) tQO,Down (days) Seq,Up ['] Seq,Down [']
0D 2.2 3.0 1.05 1.02

Several key observations can be made. For both regimes, the downstream pile requires longer to
reach equilibrium, which contrasts with the lab-scale results. In the clear-water regime, equilibrium at
the upstream pile is reached in approximately 60 days, compared to 160 days downstream. Scour
depth magnitudes are lower than in the lab scale, ranging from 0.85 to 1.0 S/D. In the live-bed regime,
equilibrium times are significantly shorter—around 2 to 3 days—and align with was is observed in the
scour evolution of time. This reinforces the idea that the fitting procedure is useful when the scour
evolution already reached equilibrium, or the scour has stabilized. When this has not happened (clear
water regime) the results can be taken as an order of magnitude, but not with certainty that after that
period of time the equilibrium has been reached.

Important to mention, for the live-bed regime was applied only to the first 3 days of simulation, to ensure
undisturbed conditions. A more detailed discussion of scale effects is provided in the section of scaling
from this chapter.

This section has shown that a single term hyperbolic equation can have limitations at the time of deter-
mining equilibrium for scour depth. This might be to the lack of a second term that can account for the
later development of scour, as observed on piles. The model matches laboratory and field scale model
results well for the live bed regime, where scour already reached equilibrium. Furthermore, spatial
trends indicate that areas closer to the pile reach equilibrium faster, a pattern observed consistently
in both lab and field simulations. Finally, field-scale results show longer times to equilibrium in the
clear-water regime, with the downstream pile reaching stability later than upstream, in contrast to the
lab-scale behavior, and the order of magnitude for clear water regime for equilibrium is in the order of
magnitude of months, while for live bed regime is in days.

6.2. Global scour

In this study, global scour is investigated under both clear-water and live-bed regimes at laboratory and
field scales, looking as well at the extension of the footprint of the scour, the scour magnitude around
the jacket and the timescale of it.

These objectives are addressed through the definition of a measurement methodology and detailed
spatial-temporal analysis of scour development.
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6.2.1. Global scour footprint
This section analyses the magnitude of scour and the spatial extent of the jacket foundation’s influence
on the surrounding sediment.

To quantify the magnitude of global scour, both a reference area and a consistent analysis framework
are required. Global scour refers to the general lowering of the seabed across a wider region, beyond
the immediate vicinity of the piles. In this study, a structured approach is applied to define both the
spatial footprint and the temporal evolution of global scour.

As shown in Figure 6.7, a series of concentric square regions are defined around the centre of the jacket
structure. Each square represents a fraction of the total jacket footprint (0.55 m), allowing the results
to be expressed in dimensionless form and relative to the structure’s overall extent. The average scour
depth within each square is computed by subtracting the value of the previous inner square, yielding
the mean scour depth for the strip between the two boundaries. This method is analogous to the
ring-based approach previously applied to local scour, but employs square regions to better capture
the development of scour patterns over time. In addition, the effect of local scour is removed from the
global scour analysis by excluding a circular area with a diameter equal to three times the pile diameter,
in line with the previously determined local scour footprint.
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Figure 6.7: Square regions used for computing the global scour footprint.

Based on literature, it was hypothesized that the timescale of global scour development is slower than
that of local scour, and that the associated scour depths are of lower magnitude. To test this, three
timesteps are examined for both regimes using the square regions described above, with the jacket
footprint taken as the unit length. The results are presented in Tables 6.4 and 6.5.

Table 6.4: Normalized scour depth (S/ D) for the clear-water regime at different times, across concentric square regions
(multiples of the jacket footprint .J).

Time Dimensionless scour depth S/D for each area analyzed in terms of J

05 05-0.75 0.75-1.0 1.00-1.25 1.25-1.5 1.5-1.75 1.75-2.0 2.0-225 2.25-2.5

90 min  -0.02 -0.01 0.02 0.03 0.08 0.03 -0.04 -0.03 -0.02
210 min  0.13 0.09 0.01 0.03 0.09 0.08 0.04 0.01 0.00
420 min  0.35 0.32 0.31 0.24 0.20 0.11 0.01 0.02 0.04
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For the clear-water regime, even after 210 minutes, seabed changes remain relatively small, with max-
imum values around 0.10 D. After 420 minutes, global scour reaches magnitudes of approximately
0.30 D, but the affected area is limited to between 0.75 J and 1.0 J. Outside the jacket footprint, scour
depths range from 0.10 to 0.20 D, and beyond 1.75 J the values are negligible, cloase to 0.

Table 6.5: Normalized scour depth (S/ D) for the live-bed regime at different times, across concentric square regions (multiples
of the jacket footprint .J).

Time Dimensionless scour depth S/D for each area analyzed in terms of J

05 05-0.76 0.75-1.0 1.00-1.25 1.25-1.5 15-1.75 1.75-2.0 2.0-2.25 2.25-2.5

90 min  0.77 0.72 0.58 0.42 0.32 0.18 0.04 -0.03 -0.07
210 min  0.72 0.70 0.60 0.52 0.47 0.31 0.18 0.11 0.04
420 min  0.85 0.80 0.69 0.52 0.47 0.36 0.28 0.17 0.12

In contrast, the live-bed regime shows an almost immediate seabed response. After only 90 minutes,
scour depths within the jacket already reach values of 0.70-0.80 D. By 420 minutes, scour inside the
jacket is in the range of 0.70-0.90 D, and at a distance of 2 J it still reaches approximately 0.30 D,
indicating that the global scour footprint extends well beyond the jacket footprint.

To compare the magnitude and spatial distribution between regimes, both cases are plotted on the same
scale in Figure 6.8. These results show that scour magnitude decreases with distance from the jacket
center. For the clear-water regime, significant scour is largely confined within the jacket footprint, while
for the live-bed regime, the influence extends to approximately 2 J, well beyond the jacket boundary.
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Figure 6.8: Average dimensionless scour depth around the jacket footprint under both regimes: a) Clear-water; b) Live-bed.

For the field-scale results, the clear-water regime did not exhibit any measurable global scour depth.
This absence is likely linked to the limited simulated duration. Using the scaling approach proposed by
Broekema and de Wit (2025), 200 minutes of simulation time corresponds to approximately 30 days
in the field, suggesting that the lack of global scour may be due to a delayed morphological response.
Nevertheless, differences in scour patterns are also evident. In the laboratory clear-water case, dunes
on the downstream side appear as early as 90 minutes. These features are absent in the field-scale
simulation, leaving the actual magnitude of global scour under clear-water conditions uncertain.

For the live-bed regime, the global scour results were also inconclusive. The measurements were influ-
enced by an unexpected upstream migration of dunes, a phenomenon not observed in the laboratory
experiments or on field campaigns and not anticipated in the physical behavior. Consequently, the
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field-scale live-bed results do not provide a definitive estimate of global scour magnitude, though it is
plausible that it is lower than the values observed at laboratory scale.

6.2.2. Timescale Analysis for Global Scour

The timescale of the scour response is also evaluated for global scour. As discussed in the previous
sections, the temporal behavior differs significantly between the two flow regimes, requiring distinct
approaches for each case.

For the clear-water regime, it was observed that in the innermost regions—particularly around the
perimeter of the piles—the scour initiation began around 200 minutes into the simulation, displaying
a near-linear increase before the end of the experiment. Although the simulation duration was insuf-
ficient to capture the full development, it can already be concluded that the global scour response is
substantially slower than that of local scour, if there is a response. To better capture the full evolution,
longer simulation times would be required.

In contrast, for the live-bed regime, the response is markedly different. The spatial analysis made on
the section before indicate that the scour values from 210 minutes and 420 minutes were close, hinting
to approaching equilibrium or at least having developed almost fully. This allows for a fitting procedure
to be applied, using the same exponential model proposed by Welzel (2023) for local scour. The fit is
applied to two regions: the strio of the jacekt footprint, 1J and another one outer around 1.75 J.
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Figure 6.9: Scour evolution in time for the strips of 1.0-1.25 J and 1.5-1.75 J with the fitting of the hyperbolic equation.

Evolution seems to follow an exponential trend with oscillations in the evolution, as observed before in
global scour. To identify whether equilibrium has been reached, the same fitting hyperbolic equation
is fitted, as done for local scour. Figure 6.9 shows that the fitted curves match the numerical model
results. The estimated times to reach equilibrium scour depth are approximately 17 hours for the 1J
strip and around 20 hours for the outer strip. This implies that even at 420 minutes, equilibrium is not
attained, and that outer regions require more time to develop, although their timescales are of similar
magnitude to the inner regions.

Additionally, the global scour under live-bed conditions develops significantly faster and reaches a more
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extensive footprint than in the clear-water regime. These findings also support the conclusion that
global scour evolves on a considerably longer timescale—at least five times longer—than local scour
equilibrium under live-bed conditions. However, this estimate remains uncertain due to limitations.

6.3. Comparison with Bibliography

This section compares numerical results for scour around a jacket foundation with the monopile-based
formulation of Sheppard and Miller Jr. (2006) and other literature. The analysis covers both laboratory
and field scales, distinguishing between upstream and downstream piles, and evaluates the formula’s
accuracy, its ability to capture scale effects, and the observed differences in scour magnitude and
variability.

According to the literature, Sheppard and Miller Jr. (2006) proposed a formulation to estimate the equi-
librium scour depth under different flow regimes for monopiles. By applying the expression introduced
in Section 2.1, the resulting values are summarized in Tables 6.6 and 6.7. The numerocal model results
where the averaged scour depths around the pile with the ring 0.5 D for both lab-scale and field-scale
model results. To quantify the spatial variability of scour around the piles, the standard deviation of the
scour depth was computed. The computation of this standard deviation was made for the both the last
timestep and 10 time steps before the end of the simulation, where equilibrium was reached for most of
the piles. The results showed almost the same magnitude of 0.16, showing consistency on the spread
of the values of scour on time.

Table 6.6: Comparison of equilibrium scour depth (Seq) and standard deviation for upstream and downstream piles between
analytical relations and numerical models on lab scale results

Analytical calculation Numerical model results

Regime Seq (S/D) Sheppard (2006) Upstream piles Downstream piles

Seq (S/D) Stddev  Seq (S/D)  Std dev

Clear water 1.70 1.40 0.14 1.00 0.15
Live bed 2.10 1.60 0.14 1.50 0.14

For the lab-scale simulations, it was observed that the Sheppard and Miller Jr. (2006) formulation slightly
overestimates the equilibrium scour depth in both flow regimes. The results align more closely with the
upstream pile scour values. The spatial standard deviation remains on the order of 0.16 D, which differs
with the standard deviation obtained by Sumer and Fredsge (2002) for monopiles, which was around
0.7 S/D.

These results are also comparable to the observations by Chen et al. (2023), who reported upstream
scour depths around 1.5 S/D. Notably, the setup in Chen et al. (2023) involved a lower pile spacing ratio
(G/D = 6) compared to the configuration in this study (G/D = 12). This difference in spacing resulted
in @ more pronounced reduction in scour depth at downstream piles—approximately 30% in this study,
versus 70% in Chen’s case, which highlights the importance of the G/D ratio for the difference between
upstream and downstream scour values.

Table 6.7: Comparison of equilibrium scour depth (Seq) and standard deviation for upstream and downstream piles between
analytical relations and numerical models on field scale results

Analytical calculation Numerical model results

Regime Seq (S/D) Sheppard (2006) Upstream piles Downstream piles

Seq (S/D) Stddev  Seq (S/D)  Std dev

Clear water 0.90 1.00 0.20 0.85 0.15
Live bed 1.05 1.10 0.20 1.00 0.16
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At the field scale, the comparison with Sheppard’s prediction shows good agreement. It is worth high-
lighting that the formulation implicitly includes scale effects by incorporating the pile-to-grain-size ratio
(Dp/Dso), a parameter also emphasized in Broekema and de Wit (2025). This enhances the appli-
cability of Sheppard’s approach for field-scale predictions. The standard deviation values are again
consistent with the lab results, remaining around 0.2 S/D.

Finally, field data from other studies confirm the validity of these results. For example, Bolle et al. (2012)
reported live-bed scour depths in the range of 0.9-1.35 S/D, while Harris and Whitehouse (2021) ob-
served values between 1.1-1.3 S/D. These ranges align well with the outcomes of the present numer-
ical model and suggest that the computed variability falls within typical bounds observed in real-world
conditions.

Analytical formulas developed for monopiles are not well suited to capture the complex interactions
between piles in a jacket foundation, such as the differences in scour behaviour between upstream and
downstream locations. These formulations can overestimate scour depths, but they may still provide
a reasonable order-of-magnitude estimate for the expected scour at the front pile. Moreover, they are
capable of reflecting scale effects, as observed in the present results, and can be used to approximate
scour magnitudes at field scale.

The standard deviation of scour depth, calculated across different timesteps and for both laboratory
and field scales, remains of the same order of magnitude. This consistency suggests that the stan-
dard deviation could serve as a robust indicator of the spread of local scour values. Furthermore, the
similarity in spread between laboratory and field scales indicates potential scalability of the results.
However, to properly assess the distribution characteristics and the shape of the frequency curve, a
more comprehensive statistical analysis would be required.

Regarding global scour, there are limited studies mentioning the magnitudes of it, making this study a
first for tackling the study of magnitudes and time evolution of it. When compared to groups of piles in a
live bed regime, the magnitudes for global scour surpasses what was observed by Sumer and Fredsge
(2002) which was 0.5 S/D for a group of piles with 4 piles. Also in terms of footprint, field campaigns
by Rudolph et al. (2004) observed a footprint of 2J, for a 4LJ, although the shape was different due to
different orientation, the overall footprint is similar to what was observed here.

6.4. Summary of the chapter

This chapter advanced the understanding of scour processes around jacket foundations by examining
both local and global scour under clear-water and live-bed regimes, at laboratory and field scales.

The modified approach by Bolle et al. (2010) proved effective in quantifying spatial footprints and dis-
tinguishing between local and global effects. Analysis of the full time series revealed that this scour
footprint persists throughout scour evolution. Field-scale simulations reproduced the same patterns but
with reduced magnitudes, highlighting scale effects. Timescale analysis showed that scour equilibrium
occurs later at locations farther from the pile, with estimated equilibrium times on the order of months
for the clear-water regime and days for the live-bed regime at field scale.

For global scour, live-bed conditions produced a footprint extending up to twice the jacket footprint
radius, with rapid initial development. In contrast, clear-water conditions led to slower, more localized
scour, while field-scale results were influenced by simulation duration and, in some cases, unexpected
morphological behavior. The square-based method provided a consistent framework for quantifying
global scour magnitude and extent.

Comparison with empirical formulas for monopiles showed that these relations tend to overestimate
scour, particularly downstream, but can still provide reasonable order-of-magnitude estimates for up-
stream piles and capture scale effects. As well, campaign field results show consistency with the
equilibrium values obtained in field scale model result-

Overall, the numerical model demonstrated strong flexibility in generating detailed, process-based out-
puts, enabling direct observation of scour development in field conditions and supporting the evaluation
of empirical relationships as well as allowing comparison with real field data.



Discussion

The purpose of this chapter is to convey all the numerical modeling results presented in the preceding
chapters, placing them in the context of the research objectives and existing literature. Rather than reit-
erating the outcomes, the focus here is on extracting their practical meaning, assessing their reliability,
and identifying their implications for both engineering design and scientific understanding.

It considers both the performance of the numerical model and the applicability of its results to real-
world conditions. By reflecting on the patterns, magnitudes, and timescales observed for local and
global scour, this discussion aims to connect the individual analyses into a coherent interpretation that
addresses the overarching questions of this research.

7.1. Performance of the CFD LES Model

This study has shown the performance of TUDflow3D at the time of recreating scour patterns for a 4LJ
foundation on both local and global scour for lab and field scales.

On this section is discussed the performance of the model when compared to the lab experiment results
from Welzel et al. (2023) and the field scale model, as well as the observation of the hydrodynamic and
sensitivity analysis. This is based on the findings from Chapters 4 and 5.

7.1.1. Morphodynamics evolution

For the lab scale numerical model, the numerical model results was compared against laboratory data
using echo-sounder measurements and spatial bed-level maps. The model reproduced local scour
development accurately, with absolute errors of approximately 6 mm and 8 mm for the clear-water and
live-bed regimes which represent around 10-12% of the maximum scour for both regimes , respectively.
When averaged over areas around the piles, relative errors were below 15% for clear-water and 5% for
live-bed conditions when compared to lab results, showing the robustness of the model to reproduce
local scour.

In terms of timescale, the evolution of the echo sounders show same rates of evolution for both regimes,
reaching equilibrium in the same order of magnitude.

For the field scale model results on local scour, the model showed also a scour time evolution com-
parable to the one on the lab, with a comparable area of influence and a hyperbolic evolution of local
scour. The magnitudes were of smaller magnitude when compared to the lab scale model results, of
around 30% when compared on dimensionless scour depth (S/D).

For global scour, the laboratory-scale numerical model successfully reproduced the main scour and de-
position patterns. In the clear-water regime, no scour was observed upstream of the jacket—consistent
with expectations—while scour developed inside the jacket footprint and deposition occurred down-
stream. The downstream scour behavior was dynamic, influencing the evolution of the echo sounder
and producing oscillations similar to those recorded in the laboratory. The model also reproduced the
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general time frame of global scour evolution, although it tended to overestimate average scour depths
on the clear water regime.

In the live-bed regime, the numerical model reproduced the same patterns as the laboratory experi-
ments: higher scour magnitudes in the central area of the jacket and between the downstream piles,
with comparable magnitudes and similar timescale evolution, as well as deposition downstream the
jacket.

For the field-scale numerical model, global scour behavior differed from the laboratory-scale results. In
the clear-water regime, no measurable global scour was observed, raising the question of whether it
occurs at all under these conditions. However, the short simulated morphological time frame may be
the cause, as global scour typically develops later, and in this case even local scour remained in its
early stages.

In the live-bed regime at field scale, the response deviated from expectations. Deposition features
downstream began migrating upstream, disrupting the development of global scour. The reason for
this behavior was not identified in this research.

It can be said that TUDflow3D shows strong performance in reproducing scour features both locally
and globally on lab scale conditions and for local scour in field scale conditions for a 4LJ foundation.
However for global scour at field scale conditions, the results were non conclusive.

7.1.2. Hydrodynamic observation

In terms of replicating hydrodynamics, the model’s time averaged velocities and bed shear stresses
fields were observed. It was observed a shadow effect for both quantities, even for a higher G/D ratio
than 10, differing from what is expected in groups of piles.

For the laboratory-scale numerical model, bed shear stress was amplified by up to 8-9 times the ambi-
ent values in the regions surrounding the pile bases, particularly on the upstream side. The field-scale
model reproduced similar spatial amplification patterns, but with lower magnitudes. Peak amplifica-
tion reached approximately 4-5 times the undisturbed bed shear stress. This reduction aligns with the
observations of Ettema et al. (2006), who reported that smaller structures tend to generate stronger
vortices and higher vorticity levels, leading to greater bed shear stress amplification. The reduced am-
plification at field scale is directly related to the smaller scour magnitudes observed in the simulations,
with reductions of about 40-45% in bed shear stress corresponding to a reduction in local scour.

7.1.3. Sensitivity Analysis

Based on the validation done by de Wit et al. (2023) assumptions were made on domain, grid size,
morphac and relaxation factors for the model setup. Therefore, a series of sensitivity analyses were
conducted to investigate the influence of numerical setup parameters on model results and to enhance
the scour prediction accuracy.

» Mesh resolution: A grid size of D/10 was used and verified to be sufficient. Finer meshes did
not significantly improve results, while incurring in high computational costs.

» Morphological factor: As shown in de Wit et al. (2023), the morphac parameter does not in-
fluence the magnitude of local scour considerably, but it does influence global scour magnitude.
Increasing morphac from 50 to 200 doubled the depth of global erosion for the live bed regime.

* Relaxation factors: The suspended load relaxation factor had a strong effect on scour evolution.
Its use resulted in excessive sedimentation. Conversely, turning off bedload relaxation improved
results by allowing more realistic deposition dynamics on the live bed regime, but it also reduced
the scour magnitude locally.

» Domain size and morphology: Domain extension was necessary to mitigate the formation of
dunes that disrupted the evolution of the scour in the clear water regime and the amplification
of scour on the live bed regime observed on the downstream area. This happened because
of the formation of migrating dunes on the upstream boundary for a not correct development
of turbulence caused by the SEM. Following recommendations from de Wit (2015), five water
depths were added to the upstream boundary without morphological updates. This adjustment
prevented turbulence instabilities and eliminated the propagation of artificial dunes.
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Based on the findings of this section, it can be said that TUDflow3D is a robust and reliable tool for
predicting local scour around four-legged jacket (4LJ) foundations. The model, previously validated for
a different jacket geometry using the same numerical setup, produced similarly accurate results in this
study, with the same order of magnitude for the error assessment. The extended upstream domain
implemented here improved the replication of the global flow field, which at the end influences local
scour development. The model performed well under both clear-water and live-bed regimes, further
demonstrating its robustness across different hydraulic conditions.

Regarding global scour, TUDflow3D was able to reproduce the overall behavior in both magnitude and
spatial extent for lab scale. The results showed sensitivity to numerical parameters such as computa-
tional domain size, relaxation factors, and the morphological acceleration factor (Morphac). For global
scour simulations, disabling the relaxation factor yielded a more realistic large-scale response.

Furthermore, TUDflow3D successfully replicated local scour patterns at field scale, with scour magni-
tudes aligning well with empirical predictions and reported field measurements. These findings highlight
the model’s applicability for both laboratory- and field-scale scour assessment around jacket founda-
tions.

7.1.4. Simulation time

To evaluate the computational demand of the simulations performed in this study and assess their
feasibility for engineering applications, Table 7.1 summarizes the runtimes for local and global scour
simulations at both laboratory and field scales. At laboratory scale, simulations required approximately
eight days, with the clear-water regime completing slightly faster due to the larger timestep permitted
by lower velocities under a fixed CFL condition. At field scale, runtimes were identical for both regimes;
however, in the live-bed case, the total computational time could be reduced by up to 50%, as equilib-
rium was reached after roughly one-third of the simulated morphological time.

Table 7.1: Comparison of computational time at laboratory and field scales.

Scale Clear-water regime Live-bed regime
Laboratory scale 7 days 8 days
Field scale 12 days 12 days

These results highlight that, while the CFD LES approach is computationally expensive—requiring
several days to over a week per simulation— for these mega structures, it is still feasible for new
geometries given the robustness of the model. This also highlights the necessity of the morphac of
100 in all simulations, which significantly reduced computational time without compromising model
performance.

7.2. Applicability

To place the results of this research in a practical, field-oriented context, this section discusses both
local and global scour outcomes. The aim is to interpret the findings, identify their limitations, and high-
light the aspects that can be reliably applied in practice. By linking the numerical results to real-world
conditions, this discussion extracts actionable insights while acknowledging the constraints inherent to
the modeling approach.

7.2.1. Local scour applications

Beyond the magnitudes and variability of local scour, it is essential to consider their practical implica-
tions for the design and protection of subsea infrastructure. Field-scale models consistently produced
smaller scour depths than laboratory-scale results. This difference is supported by previous monopile
scaling studies, the observed reduction in bed shear stresses, and field measurements for jacket foun-
dations, which indicate local scour magnitudes of 0.9-1.3 D. These values align with the field-scale
numerical model and are lower than the 1.4-1.7 D observed in laboratory-scale models and experi-
ments, confirming that laboratory results may overestimate the in-situ scour response.

The adapted relation from Bolle et al. (2010) was effective in defining the spatial extent of local scour,
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which ranged from approximately 1.5 to 3 D depending on the regime. This footprint provides a ref-
erence for the placement of subsea cables and armour layers, ensuring that protective measures are
focused where they are most needed. The standard deviation of scour depth around piles remained con-
sistent across regimes and scales, making it a robust measure for assessing spatial variability. While
higher scour depths typically occurred at the front of piles and upstream piles were more affected than
downstream ones, this distinction becomes less relevant in environments dominated by tidal currents.
In locations such as the North Sea, where this mega structures will be placed, flow direction reverses
every six hours, causing the “front” and “back” of piles to alternate, which redistributes scour and makes
the entire pile perimeter part of the influence zone. Moreover, the transition zone between local and
global scour—identified in this study—shows that the two processes interact and should be considered
jointly in design.

The timescale of scour development showed marked differences between regimes. In clear-water con-
ditions, even the laboratory-scale experiments did not conclusively reach equilibrium, and field-scale
modeling suggests that equilibrium could take several months—or even years when tidal variability
and wave action are considered. This has direct implications for construction planning, as offshore
campaigns are often scheduled during summer for 1—-2 months of optimal access, meaning cable in-
stallation may occur before the bed reaches equilibrium. In contrast, live-bed conditions at field scale
reached local equilibrium in roughly three days, highlighting the strong regime dependence of scour
timescales and its importance in scheduling infrastructure installation.

7.2.2. Global scour applications

For the clear-water regime, the primary scour footprint is located within the jacket structure, even be-
tween the piles, with magnitudes reaching approximately 0.3 D. The time evolution of scour in this
regime was significantly delayed—such development was not yet observed in the field-scale results. A
key question remains whether this delayed scour will occur at the field scale at all. In the field-scale
model, the bed inside the jacket appeared less dynamic than in the laboratory, and no dune forma-
tion or downstream deposition was observed. Using the scaling parameter derived from the lab-scale
clear-water model, global scour initiation is expected after 30 to 35 days. Therefore, the presence of
this feature in field conditions remains to be confirmed.

The live-bed regime presents a significantly different behavior. While for the lab experiment and nu-
merical model the orders of magnitude reach until 1 D, the field scale numerical model does not show
the same patterns or evolution, while even accreting towards the end of the simulation. This is atypical
for live-bed conditions, where global scour has been consistently observed in the lab scale numerical
model, on the lab experiment and in field campaigns such as Bolle et al. (2012) and Rudolph et al.
(2004). Consequently, the actual magnitude of global scour under field-scale live-bed conditions re-
mains uncertain, but it can be said that what was observed on the field scale numerical model was not
what is expected to happen in terms of global scour.

Additionally, scour patterns under live-bed conditions were found to be asymmetrical. Specific down-
stream regions within the jacket—particularly in the zones between the piles—exhibit maximum scour
depths, while otherwise upstream it gets significantly reduced.

Laboratory-scale results indicate that the time required to reach equilibrium for global scour can be at
least eight to ten times longer than that for local scour. While this relationship could not be directly con-
firmed under field-scale conditions, the observation remains relevant, particularly because the live-bed
regime is characterized by significantly shorter timescales. Understanding when global scour stabilizes
is of practical interest. What can be confirmed is that, under live-bed conditions, global scour evolves
rapidly during the early stages of the simulation.

It is important to note that these global scour patterns are likely influenced by the current direction as
well. As discussed earlier, alternating tidal currents can affect the observed scour orientation and distri-
bution. While the spatial patterns may shift, the scour magnitudes and sheltering effects are expected
to remain of similar magnitude.



Conclusions and recommendations

In this chapter, the main conclusions of the research are presented in direct response to the research
objectives outlined in Chapter 1. To address these systematically, the chapter is structured into separate
sections, each corresponding to one of the main research objectives.

Finally, recommendations for further research are provided, aimed at building upon the findings of this
study and supporting the continued advancement of knowledge in this field.

8.1. Conclusions

Performance of the CFD LES Model TUDflow3D

This research presents the first application of the CFD LES model TUDflow3D to 4LJ foundation for
offshore wind turbines. It was evaluated the model’s capability to reproduce scour patterns observed
in laboratory experiments and to validate the physical processes represented.

The results demonstrate that TUDflow3D can accurately simulate both local and global scour at labora-
tory scale. The robustness of TUDflow3D is in the simulation of local scour. The model shows accurate
prediction of scour behavior near the piles and low sensitivity to numerical parameters.

In the case of global scour, the numerical model could replicate the large-scale bed deformation pat-
terns; however, this requires specific adjustments to the numerical setup that differ from those used
for local scour, needing calibration. Three parameters of the sensitivity analysis (morphac, relaxation
factors, and domain size) were found to influence global scour outcomes.

For the hydrodynamics, the model was able to reproduce the characteristic downflow and horseshoe
vortex, as well as the expected amplification of velocities and bed shear stresses around the piles.

It was also able to produce a numerical model at field scale, which presented realistic results for local
scour development around a 4LJ foundation. The mobility similarity method accounted for the main-
taining of bed shear stresses, showing as a strong scaling methodology for scour numerical models
between field and lab scale. However for global scour, the results were not conclusive, as it differed to
lab scale models and field campaign observations.

Although CFD LES models are computationally demanding, the simulations in this study were com-
pleted within a copmutation time of less than two weeks, while still producing reliable results across all
cases. In the live-bed regime, both laboratory- and field-scale reached equilibrium within approximately
a computation time of one week, demonstrating the practical feasibility of applying such models within
reasonable computational limits.

The main advantages of TUDflow3D lie in the flexibility of post-processing, which enables a level of
detail hard to achieve in laboratory experiments, and in its capability to scale results up to field conditions
while maintaining validity. These strengths make it a powerful complement to laboratory studies, rather
than a replacement, advancing both research and engineering practice in scour prediction.
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Local scour characteristics

In this study, the local scour footprint for lab scale was found to range between 1.5—2.5 D for the live-bed
regime and 2.5—3 D for the clear-water regime. This was found understanding that its extent depends
on the local scour depth and the sand repose angle (as in a monopile) but also including the influence
of global scour around the pile. Furthermore, ring-based analysis revealed that the footprint remains
nearly constant throughout the entire simulation, showing a radial decay of scour after 0.5 D.

This radial decay in scour depth is accompanied by an increase in the time required to reach equilibrium.
Although the magnitude of this increase varies depending on the flow regime, a consistent trend is
observed: regions located further from the pile take longer to stabilize.

The evolution of scour around jacket structures was also found to be comparable to that observed
for monopiles. In both cases, it was observed that a single-hyperbolic function is insufficient to fully
capture the time evolution of scour. Instead, a two-phase exponential process might be closer to the
scour evolution, as observed for monopiles.

Scour magnitudes in the field-scale model were smaller than those obtained in the laboratory-scale
simulations, around 30% when compared in dimensionless scour (S/D). This difference is attributed
to the reduced amplification of time-averaged bed shear stresses at larger scales. These findings
are consistent with field measurements from campaigns. This supports the notion that local scour
magnitudes in the field are generally smaller than those observed in laboratory-scale studies.

The time for equilibrium on field conditions seems to be of the order of magnitude of months for clear
water regime, and for the live bed regime, in the order of magnitude of days.

The spatial distribution of peak bed shear stresses around the jacket piles corresponds closely with the
location of the scour footprint. This relationship, previously observed for monopiles, is also evident for
4LJ foundations.

The shadowing effect by the upstream piles is strong for the clear water regime, showed in decreasing
of velocities on the downstream piles, regardless of a high G/D ratio (12) when compared to data from
bibliography, which limits it until 10. This was observed for both laboratory and field scale results.

Global scour characteristics
At laboratory scale, both the magnitude and timescale of global scour vary markedly between flow
regimes.

In the clear-water regime, scour in the central bed area remains limited—around 0.3 D—and its onset
is delayed. This confirms the slower morphodynamic response characteristic of clear-water conditions
and indicates that global scour, if present, evolves over much longer timescales.

In contrast, live-bed conditions produce substantially larger scour magnitudes, reaching up to 1 D,
with notable spatial variability across the measurement domain. The scour footprint extends beyond
the footprint of the jacket, up to twice its width, behavior observed on field campaigns, with the most
pronounced erosion observed within the central region and downstream of the structure. Although
the response is slower than for local scour, global scour in the live-bed regime follows an exponential
growth pattern, similar to local scour.

Empirical formulations for monopiles

The findings from the field scale model results were further validated using the scaling relationships
proposed by Broekema and de Wit (2025) to scale up lab scale results to field scale, which showed good
agreement for both the rate of scour development and the final equilibrium scour depth. Although the
scaling factors slightly underestimated scour magnitudes—by approximately 5 to 30%—the predictions
remained within a reasonable range. Is confirmed that this relation for scaling up lab results can also
be applied on jacket foundations, when it was developed for monopiles.

When comparing the model results—both at laboratory and field scale—with the empirical relationship
proposed by Sheppard and Miller Jr. (2006), remains a useful approximation for estimating equilibrium
scour depth for the front piles of the 4LJ. While it is overestimated the scour at lab scale, it closely
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matched the field-scale results. As such, this formula can serve as a reliable first estimate for scour
magnitude in field-scale applications.

8.2. Recommendations

It is recommended to extend the simulation duration for the clear-water regime at field scale to better
capture the full evolution of local and global scour. Additionally, for the live-bed regime at field scale it
is important to study the global response of the bed as it does not align to what is observed on the field
or on the lab scale models. While it can be expected a possible reduction in global scour magnitude
at field scale, this would be likely driven by the reduced intensity of horseshoe vortices and lower bed
shear stresses. However, since these mechanisms are not present all over the bed, the hypothetical
reduction in magnitude can also be non existent and global scour depth might scale similarly as in the
laboratory numerical model.

To address limitations of the current study, it is also recommended to incorporate tidally reversing cur-
rents in future numerical modeling. At field scale, equilibrium timescales were found to be at least 3
days for the live-bed regime, and potentially on the order of months for the clear-water regime. In con-
trast, tidal reversals occur over much shorter periods—typically hours. This mismatch in timescales
can significantly influence both local and global scour behavior, altering the interpretation of upstream
and downstream effects, as well as the distribution of scour around the structure. Although not included
in the present study, this effect should be considered in future work to improve the reliability and appli-
cability of scour predictions. Nevertheless, the current results provide a solid foundation and first step
toward understanding scour magnitudes and timescales at larger scales.

Another suggestion to assess scale effects and validate what was observed here, it can be suggested
to replicate the same laboratory experiment of the 4LJ foundation on a bigger scale than the one used
by Welzel et al. (2023). In this way the scaling can be validated for global scour, using TUDflow3D for
this validation as well, and also observe the scale effect of global scour which still remains a question.

Several physical parameters were not investigated in this section, such as the effect of varying sediment
grain size on scour development, changes in current direction, and the influence of water depth relative
to pile diameter. It is therefore recommended that, using the same setup and the validated model
as a baseline, future studies assess the impact of these variables on scour processes around 4LJ
foundations.
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Appendix A: Formulas used for
calculation

This appendix compiles the detailed formulations applied throughout this research project.

The equations presented here are those discussed in the literature review, Chapter 2 and subsequently
implemented in the calculations described in the project chapters. They include threshold conditions for
sediment motion, empirical scour depth relationships, and scaling laws for translating laboratory-scale
results to field conditions.

For the calculation of the critical Shields number the following equations is used basd on Soulsby
(1997):
0.3

907‘ = 3T 1on
1+1.2D,

+0.055 [1 — exp(—0.02D,)] (A1)

where the dimensionless grain size D, is given by:

D, = D <9(”S;p)> v (A.2)

14

with:
* D5o = sediment grain diameter [m],
- g = gravitational acceleration [m/s?],
* ps, p = sediment and fluid densities [kg/m?],
* v = kinematic viscosity of water [m?/s].

For the estimation of the maximum scour depth of monopiles Sheppard (2003) proposed these formu-
lations varying by regime:

In the clear-water scour range (0.47 < U/U. < 1):

Sl;ej =25 (g) fa (5;) {1 175 {m G]])r} (A.3)

In the live-bed scour range up to the live-bed peak (1 < U/U. < U;p/U.):

Seq _ (O [y U/U=1 D"\ Un/U. = U/U
5 = h (D*) [2.2 A 2.5 fo <D50> /U= 1 (A.4)
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In the live-bed scour range above the live-bed peak (U/U. > U;p/U.):

Se H
Dj =221 (D*> (A.5)

For scaling up lab experiment result of scour for monopiles, Broekema and de Wit (2025) proposed
relations, as well different per regime.

For the determination of the equilibrium scour depth:

I3 (5) — tanh l( g* )0'4] (A.6)

D* D*/D
2 ( ) - 1.2 [Deo ~0.13 (A.7)
D50 0.4 (D*/D{,o) + 10.6 (D*/D50)

In these equations, Seq is the equilibrium scour depth, V' is the depth-averaged approach velocity of
the flow, U. represents the critical velocity for the initiation of sediment motion, and U,p is the velocity
at which maximum scour occurs in the live-bed regime. The variable H denotes the water depth.

0.\°
Seq,ﬁeld = (1 + <0) (1 - nlp)) nsn Seq,lab = WsNsN Seq,lab~ (AB)

Where the velocity scaling factor n;, is defined as:

= ()
— =Ny | — . (A.9)
( Ulp field g Ulp lab

Once the field-scale equilibrium scour depth Seq se1a iS Obtained, it can be used in the time scale formu-
lation (Equation (2.5)) to yield the expression for the characteristic scour time at field scale:

2,.,2Q2 2 92

ngn Seq,lab o ngn T A.10
33 - 3 +clab- (A.10)
"gY1an g

Tc,ﬁeld =

For the live-bed regime, additional correction factors are necessary to account for the increased sed-
iment mobility. The term w; has already been included in the equilibrium scour formulation to adjust
for live-bed conditions. To balance this effect in the time scaling, a temporal correction factor w; is
introduced, defined as:

1
w = 5 - (A.11)
1+ (1—ny) (91)
The complete scaling law for the characteristic scour time in live-bed conditions becomes:
2,2
THB g = we-w? - 0T, (A.12)
’ n

d

For clear-water conditions, the live-bed correction factor is not applied, implying w, = 1. In such
cases, the expression reduces to a straightforward scaling involving only flow velocity and structural
dimensions.



Appendix B: Model assessment

This appendix presents the results of the hydrodynamics observation, the sensitivity analysis and the
morphodynamics comparison, all part of Chapter: 4.

B.1. Morphodynamics comparison

This section presents cross-sections of the upstream and downstream piles for both flow regimes at the
final timestep, allowing assessment of the horizontal extent of scour. The analysis illustrates how the
model captures not only localized scour depths or maximum values, but also the overall scour pattern
and spatial distribution.

B.1.1. Clear water regime

e

05

05

S/ID

——Lab DEM Profile

—TUDflow3D

D) i 1 1 1 1 | 1 ! |
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

y [m]

Figure B.1: Cross section of the upstream piles for the numerical model and the laboratory experiment at 420 minutes for the
clear water regime
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S/D
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Figure B.2: Cross section of the downstream piles for the numerical model and the laboratory experiment at 420 minutes for
the clear water regime

B.1.2. Live bed regime
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Figure B.3: Cross section of the upstream piles for the numerical model and the laboratory experiment at 420 minutes for the
live bed regime
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Figure B.4: Cross section of the downstream piles for the numerical model and the laboratory experiment at 420 minutes for
the live bed regime
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B.2. Hydrodynamics observation
In this section is shown the complete plan view of the amplification of the time averaged bed shear
stresses for both regimes at laboratory scale.

y [m]

0

T [m|

Figure B.5: Plan view of flow-induced time averaged bed shear stress — Clear-water regime.

0.6 0.4 0.2 0 0.2 0.4
7 [m)

Figure B.6: Plan view of flow-induced time averaged bed shear stress - Live bed regime
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B.3. Sensitivity analysis
In this section the plots of the sensitivity analysis are presented per numerical parameter varied. It is
followed the same structure for all of them, including the error assessment per echo sounder (RMSE),
cross section, plan view for all the variations as well as the timeseries for all the echosounders. The

last one was only done for the morphac and

B.3.1. Relaxation Factor Sensitivity
It will be started by the clear water regime, followed by the live bed regime.

Clear water regime

Table B.1: %RMSE and RMSE (mm) between lab data and models for each Echo Sounder (E1-E7) on clear water regime

Echo RFA RFB RFC
Sounder | %RMSE RMSE (mm) | %RMSE RMSE (mm) | %RMSE RMSE (mm)
E1 19% 10 9% 4 10% 5
E2 8% 4 22% 13 20% 11
E3 6% 3 25% 1" 17% 8
E5 15% 6 32% 13 24% 10
E6 25% 10 43% 17 39% 15
E7 30% 9 17% 5 22% 7

E
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-0.03 —

Elevation [m]

-0.04 —

-0.06 —

——Lab DEM Profile
.07 {——S8im Case A
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Sim Case C
-0.08 L

—

CW - downstream - 420 min

4

Figure B.7: Cross section downstream of the laboratory results and RFA,
regime

-0.5

0.5

RFB and RFC at 402 minutes for the clear water
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[em]

a) b) c)

Figure B.9: RFB - Scour on the bed from a plan view after (a)15min, (b) 90 min and (c) 420 min for clear water regime

[em]

- B & £ £

£ 2 2 B

Figure B.10: RFC - Scour on the bed from a plan view after (a)15min, (b) 90 min and (c) 420 min for clear water regime
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These Figures show the scour depth evolution for Experiments E1 to E7 under the clear-water regime.
For each case, the influence of the relaxation factor on the computed scour depth is evaluated, high-
lighting model sensitivity during initial and long-term scour development.
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Figure B.11: Scour depth time series for E1

Echo Sounder E3

Echo Sounder E2
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and E2 under clear-water regime.

Echo Sounder E4
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Figure B.12: Scour depth time series for E3 and E4 under clear-water regime.
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Figure B.13: Scour depth time series for E5 and E6 under clear-water regime.
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Figure B.14: Scour depth time series for E7 under clear-water regime.

Live bed regime
Table B.2: %RMSE and RMSE (mm) between lab data and models for each Echo Sounder (E1-E7) for the live bed regime

251

Echo Sounder E7

Lab mean
— _CWA(‘) mm)

CWB (5 mm)
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-0.5
0

35 70 105 140 175 210 245 280 315 350 385 420
Time [min]

Echo RFA RFB RFC
Sounder | %RMSE RMSE (mm) | %RMSE RMSE (mm) | %RMSE RMSE (mm)
E1 14% 9 34% 22 12% 8
E2 9% 7 44% 32 23% 17
E3 10% 8 51% 35 25% 17
ES 10% 7 44% 28 14% 9
E6 9% 6 51% 31 18% 11
E7 27% 14 31% 16 14% 8

0.02
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Elevation [m]
S & & & &
= = =t = °
& 4 8 8 = =
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—e—Lab DEM Profile
L|——Sim Case A
——Sim Case B
Sim Case C
I

-0.07

LB - downstream - 420 min

-0.08
-1

-0.5

0.5

Figure B.15: Cross section downstream of the laboratory results and RFA, RFB and RFC at 402 minutes for the live bed regime
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Figure B.18: RFC - Scour on the bed from a plan view after (a)15min, (b) 90 min and (c) 420 min for live bed regime

These Figures present the same analysis under the live-bed regime. The comparison enables the
assessment of relaxation factor effects under mobile bed conditions, where sediment transport occurs
throughout the simulation period.
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Figure B.19: Scour depth time series for E1 and E2 under live-bed regime.
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Figure B.20: Scour depth time series for E3 and E4 under live-bed regime.
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Figure B.21: Scour depth time series for E5 and E6 under live-bed regime.
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Figure B.22: Scour depth time series for E7 under live-bed regime.
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B.3.2. Grid Resolution Sensitivity

Table B.3: Relative and absolute RMSE between lab data and model results for each echo sounder (E1-E7) under the
clear-water regime.

Echo
Sounder

E1
E2
E3
ES
E6
E7

Case D/10
%RMSE RMSE (mm)
19% 10
9% 4
6% 3
15% 6
25% 10
30% 9

Case D/13
%RMSE RMSE (mm)
25% 12
9% 5
10% 5
16% 7
28% 11
33% 10
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CW - downstream

Elevation [m]
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Figure B.23: Cross-section of downstream piles at 420 minutes, comparing numerical results (D/10 and D/13 grid sizes) with
lab measurements.

a)

Figure B.24: Plan view of bed scour development (M100) at (a) 15 min, (b) 90 min, and (c) 420 min under the clear-water
regime.
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Figure B.25: Plan view of bed scour development (M200) at (a) 15 min, (b) 90 min, and (c) 420 min under the clear-water
regime.

These Figures show the scour-depth evolution for Experiments E1—E8 under the clear-water regime,
evaluating the effect of grid resolution.
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Figure B.26: Grid[Isensitivity time series for E1 and E2 (clear(Iwater).

ot Echo Sounder E3 275 Echo Sounder E4
Lab mean Lab mean
= = =D/10 (3 mm) = = =D/10 (7 mm)
2 || D/13 (5 mm) 2 [ [ D/13 (10 mm)
15 15F
= el
5
051 ]
o e “-:»...,,...._.—“""" = Iy
e L B =T N e - - AT
0 D st =7 7 R
[ o T
05 . . . . . . . . . . . , 05 . . . . . . . . . . .
35 70 105 140 175 210 245 280 315 350 385 420 0 35 70 105 140 175 210 245 280 315 350 385 420
Time [min] Time [min]

Figure B.27: Grid[Isensitivity time series for E3 and E4 (clear[Iwater).
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Figure B.28: Grid[Isensitivity time series for E5 and E6 (clear[Iwater).
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Figure B.29: Grid[Isensitivity time series for E7 and E8 (clearwater).

B.3.3. Morphac Sensitivity
Clear-Water Regime

Table B.4: %RMSE and RMSE (mm) between lab data and models for each Echo Sounder (E1-E7) for the clear water regime

Echo Case M50 Case M100 Case M200
Sounder | %’ RMSE RMSE (mm) | %RMSE RMSE (mm) | %RMSE RMSE (mm)
E1 17% 8 20% 10 17% 8
E2 15% 9 9% 5 13% 7
E3 14% 7 6% 3 10% 5
E5 21% 8 15% 6 16% 6
E6 30% 12 26% 10 19% 8
E7 26% 8 30% 9 40% 13
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Figure B.30: Cross section downstream of the laboratory results and M50, M100 and M200 at 420 minutes for the clear water

regime
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Figure B.31: M10 - Scour on the bed from a plan view after (a)15min and (b) 90 min for clear water regime
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Figure B.34: M200 - Scour on the bed from a plan view after (a)15min, (b) 90 min and (c) 420 min for clear water regime
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These Figures show the scour-depth evolution for echo sounders E1—-E8 under the clear-water regime,
evaluating the effect of morphac on the scour magnitude and evolution .
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Figure B.35: Scour evolution for M50, M100 and M200 for E1 and E2 (clear-water).
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Figure B.36: Scour evolution for M50, M100 and M200 for E3 and E4 (clear-water).
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Figure B.37: Scour evolution for M50, M100 and M200 for E5 and E6 (clear-water).
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Figure B.38: Scour evolution for M50, M100 and M200 for E7 and E8 (clear-water).

B.3.4. Live bed regime
Table B.5: %RMSE and RMSE (mm) between lab data and models for each Echo Sounder (E1—E7) for the live bed regime

Elevation [m]

-0.04

-0.1

Echo Case M50 Case M100 Case M200
Sounder | %RMSE RMSE (mm) | %RMSE RMSE (mm) | %RMSE RMSE (mm)
E1 10% 7 14% 9 20% 13
E2 17% 12 10% 7 13% 9
E3 19% 13 11% 8 14% 10
E5 13% 8 11% 7 15% 9
E6 14% 9 10% 6 15% 9
E7 20% 10 27% 14 40% 21
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Figure B.39: Cross section downstream of the laboratory results and M50, M100 and M200 at 420 minutes for the clear water

regime
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Figure B.41: M50 - Scour on the bed from a plan view after (a)15min, (b) 90 min and (c) 420 min for live bed regime
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Figure B.43: M200 - Scour on the bed from a plan view after (a)15min, (b) 90 min and (c) 420 min for live bed regime
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These Figures show the scour-depth evolution for echo sounders E1-E8 under the live bed regime,
evaluating the effect of moprhac on scour magnitude and time evolution.
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Figure B.44: Scour evolution for M50, M100 and M200 for E1 and E2 (live-bed).
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Figure B.45: Scour evolution for M50, M100 and M200 for E3 and E4 (live-bed).
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Figure B.46: Scour evolution for M50, M100 and M200 for E5 and E6 (live-bed).
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Figure B.47: Scour evolution for M50, M100 and M200 for E7 and ES8 (live-bed).

This methodology was applied to both hydrodynamic regimes. For the clear-water case, the highest
scour magnitude occurred in Area 2, with values reaching approximately 0.25 S/ D, consistent with the
square-based analysis. Areas 1 and 3, still within the jacket footprint, also exhibited significant scour
of about 0.2 S/D. Areas 4, 5, and 6 showed more stable behavior, although the numerical model tends
to overestimate scour in the outermost zones.

In the live-bed regime, the insights are more pronounced due to the extension of global scour beyond
the jacket footprint. Results for Areas 1 and 3, representing upstream and downstream regions between
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piles, are shown in Figure B.48. The scour evolution in these areas aligns with the trends observed
in the strip analysis, gradually approaching equilibrium. The downstream region (Area 3) reaches up
to 1.0 S/ D, while the upstream region (Area 1) remains lower at around 0.5 S/D, closely matching the
laboratory data.
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Figure B.48: Scour evolution in Areas 1 (upstream) and 3 (downstream) from both numerical and laboratory data under
live-bed conditions.

Areas 2 and 4, located inside the jacket footprint and immediately downstream, are presented in Fig-
ure B.49. Both zones show increasing scour magnitudes, reaching approximately 0.7 — 0.8 S/D by the
end of the simulation. The trend suggests continued bed lowering, indicating that equilibrium may not
yet be achieved.
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Figure B.49: Scour development in Areas 2 and 4 from model and lab results under live-bed flow.

Tthe results for Areas 5 and 6, which lie between piles along the current axis, are shown in Figure B.50.
These areas display nearly uniform scour evolution, with limited differences between them and lower
magnitudes of around 0.5 S/D. However, the numerical model does not fully capture the initial scour
response in these zones, potentially suggesting premature equilibrium. In contrast, the lab data indicate
that equilibrium has not yet been reached.
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Figure B.50: Comparison of scour evolution in Areas 5 and 6 based on model and experimental results (live-bed regime).

Overall, under live-bed conditions, the highest scour occurs between the downstream piles (Area 3),
reaching values close to 1.0 S/D. This is followed by the central region of the jacket (Area 2) and the
downstream wake zone (Area 4), both exhibiting scour depths around 0.75 S/D. In contrast, the least
affected regions are the upstream zone between piles (Area 1) and the lateral outer areas (Areas 5
and 6), where scour magnitudes remain comparatively lower.



Appendix C: Analysis of model results

This appendix provides the figures referenced on the chapter 6.

C.1. Scour footprint
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Figure C.1: Example application of the scour extent method for the clear water regime on upstream piles. The cross-section

view shows the extent of local scour from the pile perimeter, while the plan view indicates the corresponding extents for each
pile footprint.
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Figure C.2: Example application of the scour extent method for the clear water regime on downstream piles. The cross-section
view shows the extent of local scour from the pile perimeter, while the plan view indicates the corresponding extents for each
pile footprint.
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Figure C.3: Example application of the scour extent method for the live bed regime on upstream piles. The cross-section view
shows the extent of local scour from the pile perimeter, while the plan view indicates the corresponding extents for each pile
footprint.
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Figure C.4: Example application of the scour extent method for the live bed regime on downstream piles. The cross-section
view shows the extent of local scour from the pile perimeter, while the plan view indicates the corresponding extents for each
pile footprint
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Figure C.5: Scour evolution for averaged scour values over rings for upstream (Left) and downstream (Right) piles for the clear
water regime at laboratory scale
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Figure C.6: Scour evolution for averaged scour values over rings for upstream (Left) and downstream (Right) piles for the live
bed regime at laboratory scale
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Figure C.7: Scour evolution for averaged scour values over rings for upstream (Left) and downstream (Right) piles for the clear
water regime at field scale
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Figure C.8: Scour evolution for averaged scour values over rings for upstream (Left) and downstream (Right) piles for the live

bed regime at field scal
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Figure C.9: Contour lines of erosion for a downstream pile at the end of simulation or model in the clear-water regime. (a) Lab

results (b) TUDflow3D result at lab scale (c) TUDflow3D result at field scale
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Figure C.10: Contour lines of erosion for a downstream pile after 420 minutes of simulation in the live-bed regime. Left: Lab
results. Right: TUDflow3D results.
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Figure C.11: Contour lines showing pattern of scour after 90 minutes of simulation for clear water regime - Left:lab results -
Right: TUDflow3D results
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Figure C.12: Contour lines showing pattern of scour after 420 minutes of simulation for clear water regime - Left:lab results -
Right: TUDflow3D results
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Figure C.13: Contour lines showing pattern of scour after 90 minutes of simulation for live bed regime - Left:lab results - Right:
TUDflow3D results
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Figure C.14: Contour lines showing pattern of scour after 420 minutes of simulation for live bed regime -Left:lab results - Right:
TUDflow3D results

C.2. Time to reach the equilibrium depth fitted to the lab results
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Figure C.15: Time evolution of scour depth (S/D) under clear water conditions at E1 and E2 locations.
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Figure C.16: Time evolution of scour depth (S/D) under clear water conditions at E3 and E4 locations.
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Figure C.17: Time evolution of scour depth (S/D) under clear water conditions at E5 and E6 locations.
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Figure C.18: Time evolution of scour depth (S/D) under clear water conditions at E7 and E8 locations.
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Figure C.19: Time evolution of scour depth (S/D) under live bed conditions at E1 and E2 locations.
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Figure C.20: Time evolution of scour depth (S/D) under live bed conditions at E3 and E4 locations.
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Figure C.21: Time evolution of scour depth (S/D) under live bed conditions at E5 and E6 locations.
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Figure C.22: Time evolution of scour depth (S/D) under live bed conditions at E7 and E8 locations.
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Figure C.23: Time evolution of scour depth (S/D) under clear water conditions at E1 and E2, fitted to the numerical model
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Figure C.24: Time evolution of scour depth (S/D) under clear water conditions at E3 and E4, fitted to the numerical model
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Figure C.25: Time evolution of scour depth (S/D) under clear water conditions at E5 and EB, fitted to the numerical model
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Figure C.26: Time evolution of scour depth (S/D) under clear water conditions at E7 and ES8, fitted to the numerical model
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Figure C.27: Time evolution of scour depth (S/D) under live bed conditions at E1 and E2 locations fitted to the numerical model
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Figure C.28: Time evolution of scour depth (S/D) under live bed conditions at E3 and E4 locations fitted to the numerical model
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Figure C.29: Time evolution of scour depth (S/D) under live bed conditions at E5 and E6 locations fitted to the numerical model
results.
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Figure C.30: Time evolution of scour depth (S/D) under live bed conditions at E7 and E8 locations fitted to the numerical model
results.
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Figure C.31: Time fitting of average scour evolution around the piles for ring sizes of 0.02 m, 0.04 m, 0.06 m, and 0.08 m
under clear water regime. (a)—(d) show upstream and downstream values.
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Figure C.32: Time fitting of average scour evolution around the piles for ring sizes of 0.02 m, 0.04 m, 0.06 m, and 0.08 m
under live bed regime. (a)—(d) show upstream and downstream values.
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Table C.1: Equilibrium times (t90) and scour depths (Seq) for upstream and downstream regions by ring (clear-water regime).

Ring t90,Down (min) Seq,Up ['] Seq,Down [']
oD 305 14 1.0
0-0.5D 330 1.3 1.0
0.5-1D 454 1.2 0.8
1-15D 652 1.0 0.6
1.5-2D 784 0.9 0.4
2-25D 731 0.8 0.2

Table C.2: Equilibrium times (t90) and scour depths (Seq) per ring (live-bed regime).

Ring too,up (MIN)  t90 pown (MIN)  Sequp [-]  Seq,Down []
0D 89 138 1.6 1.5
0-0.5D 93 151 1.5 1.5
05-1D 122 226 1.4 1.3
1-1.5D 174 435 1.2 1.2
1.5-2D 228 908 1.0 1.2
2-25D 294 1392 0.9 1.3
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