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ABSTRACT: Rock material placement around Wind Turbine Generator (WTG) foundations is a common scour mitigation 
solution. The rapid expansion of Offshore Wind Farm (OWF) developments has led to high demands for installation of 
Scour Protection System (SPS) around the foundations. The availability of rock installation vessels becomes difficult to meet 
the high demands in the industry and install the required rock adhered to project schedule. Alternatively, developers opt to 
install scour protection prior to monopile installation to avoid expensive project scheduling and high operational cost. Jack-
up Vessels (JUV) are commonly used for the installation of monopile and other components of the WTGs. The JUV spudcan 
could induce deep depression holes, particularly in soft soil conditions, which may affect the pre-installed or the post-
installed SPS. Desktop risk-based approach is performed to minimise commercial impact while reducing potential risk of 
interaction. This paper provides a qualitative assessment of spudcan depression interaction with scour protection. First, the 
diameter of the cavity hole induced by the spudcan penetration is determined. A risk profile is assigned to locations 
depending on cavity hole diameter and prevailing soil stratigraphy. A series of 2D Finite Element Analyses (FEA) is 
performed thereafter to assess the stability of cavity hole and SPS. The risk profile is updated based on the analysis results 
and guideline is developed for offshore installation. 
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1 INTRODUCTION 

Scour development around monopile foundations can 
affect foundations behaviour and alter the structural 
performance. A scour allowance is usually considered 
in the design where the foundation and structural 
responses are assessed. However, it is industry practice 
to install a SPS around the foundation, typically 
comprising rock, to avoid scour development. The SPS 
design needs to satisfy the hydrodynamic stability and 
the filter layer criteria. This results in the requirement 
to install either a single layer or a two-layer SPS 
comprising filter and armour layer. The filter layer is 
designed to prevent the winnowing effect of seabed 
sediments through the rock particles, Deltares (2023) 
and DNV-RP-0618 (2022). It is usually of smaller 
effective median rock particle, D50, compared to that 
of the armour layer which is designed to be 
hydrodynamically stable. Post-installed SPS 
(following foundation installation) has been the 
primary protection method. 

Figure 1 shows longitudinal cross section of a 
typical two-layer SPS; where MP refers to Monopile 
with R is the radius of MP, armour or filter layer. 

 
Figure 1. Longitudinal cross section of SPS around MP 

 
The rapid expansion of OWF developments over 

the past decade combined with the limited availability 
of rock installation vessels have made post-installed 
SPS challenging. SPS installation is often on the 
projects critical path and failure to execute can lead to 
delay in electrification. Recently, pre-installed filter 
layer has become preferrable by developers to 
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overcome these challenges. This is also encouraged by 
the recent research on MP penetration through SPS, 
Barbuntoiu and Thijssen (2024), Cengiz et al., (2024) 
and Miranda et al., (2024). However, there is still 
limited information available in the public domain 
relating to MP penetration in SPS. 

2 PROBLEM DEFINITION 

JUVs are often used for the installation of WTGs 
foundations and other components, Figure 2. 

 

 
Figure 2. Seaway7 Ventus JUV 

 
When JUVs are used at any stage of the installation 

sequence, it is very likely that they will leave 
depressions or footprints in the vicinity of the 
foundation. Spudcan depression and SPS interaction 
should be considered whether the SPS is pre-installed 
or post-installed. This interaction would entail some 
risks to be addressed such as: 

• Spudcan position is within the SPS design 
envelope: the effect of the as-left depression 
prior to SPS installation should be assessed and 
included in the schedule to ensure achieving the 
required SPS design, i.e. retuning the seabed 
level at the depression to the same level prior to 
jack-up operations, 

• Spudcan position outside SPS design envelope: 
if the as-left spudcan depression is close to the 
toe of the SPS, the edge of the SPS could be 
unstable whether the SPS is pre- or post-
installed, 

• Risk of jacking on top of the pre-installed SPS: 
if the spudcan position is on the top of the pre-
installed SPS, spudcan-SPS interaction should 

be evaluated to ensure any potential 
eccentricities do not cause unacceptable stresses 
and bending moments in the leg. Leg sliding 
should be also assessed, and 

• Spudcan position is outside SPS design 
envelop: deep spudcan penetration is usually 
expected in soft to medium clay. If the spudcan 
is of close proximity to the SPS then the stability 
of the SPS could be jeopardised during a 
spudcan penetration and retrieval. 

3 MOTIVATION 

This paper presents a qualitative assessment of SPS 
interaction with spudcan induced depression as 
depicted in Figure 3. The main goals of assessment are 
to qualitatively determine the potential adverse effect 
of JUV footprint on SPS in order to minimise any 
unnecessary remedial works on the SPS and to 
engineer potential mitigation measures that could be 
put in place to reduce the risk of interaction. 

 
Figure 3. Spudcan interaction with SPS 

4 SITE CONDITIONS 

The current assessment has been developed for a site 
in the North Sea where SPS spudcan depression 
interaction was expected. The spatial variability of the 
soil is evident at the site. The ground conditions at the 
OWF site comprise medium dense to dense sand layers 
and soft to stiff clay layers with varying depth ranges 
and thicknesses. The site was categorised into three 
clusters for the purpose of spudcan Leg Penetration 
Assessment (LPA): 

• Cluster 1: clayey seabed (25 locations), 
• Cluster 2: sandy seabed (10 locations), and 
• Cluster 3: sand over clay seabed (65 locations). 

5 SPUDCAN LPA RESULTS 

The Ventus spudcan has hexagonal shape. The 
maximum bearing area of spudcan is 165 m2 with an 
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equivalent diameter of 14.5 m. The spudcan tip height 
is 2.7 m. 

Spudcan LPA was performed in accordance with 
ISO 19905-1, using the spudcan geometry and soil 
parameters acquired (boreholes and cone penetration 
tests) and interpreted at WTG locations. The expected 
minimum and maximum leg penetration depths were 
determined considering the lower and upper bound soil 
parameters with the maximum pre-load. The site was 
grouped into three categories in term of expected 
penetration depths, Table 1. 

 
Table 1. Expected minimum and maximum spudcan 

penetration depths 

MP 

Nos. 

Cluster Expected 

minimum 

penetration 

(m) 

Expected 

maximum 

penetration 

(m) 

14 1 14.0 19.5 

22 2 2.5 6.5 

59 3 7.0 14.0 

6 METHODOLOGY 

A case study consisting of 100 WTG locations is 
considered in this paper. A desktop risk-based 
approach was performed for this case study to provide 
a qualitative informed decisions for various 
stakeholders for planning and project scheduling 
purposes to avoid unnecessary remedial works. 

6.1 SPS design 

The two-layer SPS was planned to be pre-laid prior to 
MP installation. Ventus JUV was planned to install the 
MPs. The circular SPS design was elongated to an 
elliptical shape, with inline, 𝐷𝑓 𝑖𝑛𝑙𝑖𝑛𝑒 , and transverse, 𝐷𝑓 𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒, diameters, Table 2, to minimise 

potential interaction with the spudcan depressions. 
 
Table 2. SPS normalised top diameters by the MP diameter 

SPS 

Layout 

No. 

MPs 

𝑫𝒇 𝒊𝒏𝒍𝒊𝒏𝒆𝑫𝑴𝑷  
𝑫𝒇 𝒕𝒓𝒂𝒏𝒔𝒗𝒆𝒓𝒔𝒆𝑫𝑴𝑷  

GR1 31 4.6 4.1 

GR2 23 4.7 4.2 

GR3 20 4.7 4.3 

GR4 19 5.1 4.6 

GR5 5 5.3 4.9 

GR6 2 6.7 5.7 

 
Various SPS designs were developed and grouped 

into 6 groups (GR), Table 2, based on the top diameter 
of the filter layer and the proximity of the spudcan 
edge. The radius of the filter layer (at crest) from the 
edge of the MP ranges between 1.55𝐷𝑀𝑃 to 2.85𝐷𝑀𝑃 

while the radius of the armour layer from the MP edge 
is about 1DMP. The nominal design filter and armour 
layer thicknesses were 0.6 m. The side slopes of the 
filter and armour layers are 1(vertical) to 3(horizontal) 
and 1(V):2.5(H), respectively. 

6.2 Analytical estimation of spudcan cavity 
hole geometry 

The cavity hole depth in clay (e.g. cluster 1 and 3) is 
estimated as suggested by Hossain and Randolph 
(2010), which was derived for uniform clay and stiff 
over weak clay layer. The clay at the examined 
locations is either stiff (constant undrained shear 
strength with depth; 100 kPa) or stiff overlying very 
stiff layer. It is believed that adopting the following 
expression will lead to higher cavity hole depths and 
considered as extra caution in the assessment. 𝐻𝑐𝑎𝑣𝐷  =  ( 𝑠𝑢𝐻𝛾𝐻′  𝐷)0.55

 (1) 

where 𝐻𝑐𝑎𝑣 refers to the cavity hole depth, 𝑠𝑢𝐻 and 𝛾𝐻′  
are the undrained shear strength and submerged unit 
weight of the soil at the backfill depth (9.5 kN/m3 is 
considered). Cavity hole diameter in clay was 
considered to be the same as the spudcan diameter. 
Sand layers (cluster 2 & 3) were considered to form a 
slope equivalent to the angle of repose. A schematic 
diagram showing the cavity shape and terminologies is 
shown in Figure 4. 

 
Figure 4. Schematic diagram of cavity hole 

 
The lateral extent of the cavity hole diameter , Dcav 

was predicted using the repose angle of the sand and it 
was assumed that cavity can be formed dependent on 
internal sand friction angle. A repose angle of 25 is 
considered when calculating the cavity hole diameter. 

In sand over clay profiles, the maximum cavity 
depth within the clay layer was estimated as the 
minimum of that derived from Hossain & Randolph 
(2010) method and the maximum penetration. The 
cavity hole will be partially infilled by the backfill 
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sand dependent on the surficial sand layer thickness 
and the internal friction angle. 

For simplicity, it was assumed that spudcan 
extraction will not result in deeper and/or wider 
cavities compared to those during penetration. The 
analytical predictions neglected the infilling of the 
cavity due to potential seabed mobility or the potential 
fall of clay during the extraction phase. The analytical 
estimation of cavity depth and diameter induced by the 
spudcan for the shallowest and deepest penetration 
cases in each soil cluster are presented in Table 3. 
These values are used next for risk categorisation. 

 
Table 3. Analytical estimation of spudcan cavity hole depth 

and diameter for the shallowest and deepest penetration 

cases in each cluster 

Soil 

Cluster 

Hcav (m) Dcav (m) 

Min Max Min Max 

1 1.5 8.5 14.5 15.0 

2 2.5 3.0 14.5 15.0 

3 1.5 9.5 16.5 29.0 

6.3 Spudcan-SPS interaction 

The cavity hole depth and its lateral extent, Table 3, 
are utilised to assess the interaction between the 
depression and the SPS. A schematic diagram (side 
view) for the problem is illustrated in Figure 5. It is 
assumed that the SPS material within the predicted 
overlap area will be affected. A risk-based approach 
based on engineering judgement was developed and 
categorised the WTG locations in terms of depression 
size (diameter and depth) and SPS interaction to assist 
decision making by all stakeholders for assessment of 
the required remedial work and/or employing 
mitigation measures to minimise the risk. Three Risk 
Categories were defined considering the predicted 
maximum overlap based on the sand shearing angle of 
25 and that all scour protection materials over the 
overlap distance will fall into the predicted created 
cavity hole: 

• Low risk category: represents the locations 
where overlap distance between the spudcan 
depression hole and the filter layer is ≤ 2.0 m 
and with no overlap distance between the 
depression hole and the armour layer, 

• Medium risk category: represents the locations 
where overlap distance between the spudcan 
induced depression hole and the filter layer is > 
2.0 m and ≤ 6.0 m, and overlap distance between 
the spudcan induced depression hole and the 
SPS armour layer is < 2 m, and 

• High risk category: represents the locations 
where overlap distance between the spudcan 
depression hole and the filter layer > 6.0 m, and 

overlap distance between the spudcan 
depression hole and the armour layer is ≥ 2 m. 

The spudcan induced depression hole and SPS 
interaction and the number of the locations for each 
risk category is summarised in Table 4. 

 

 
Figure 5. Schematic diagram of theoretical interaction 

between spudcan depression and SPS 

 
Table 4. Risk categories for spudcan depression with SPS 

Category Overlap distance 

(m) 
No. 

WTGs 
Low risk ≤2.0 2 

Medium risk 2.0 - 6.0 35 

High risk >6.0 63 

6.4 Numerical analyses 

Although a conservative approach has been adopted in 
analytical assessment, a series of 2D FEA was 
performed to assess the stability of cavity hole and 
SPS. Plaxis 2D commercial software package was 
utilised to model the problem with 15 nodded 2D 
plane-strain elements with soil domain width of 45 m. 
Mohr-Coulomb constitutive soil model with 
“Drained” and “Undrained (B)” conditions was 
adopted for sand and clay layers respectively. Three 
phases were considered in the analysis; i) initial phase 
to model the soil and SPS prior to spudcan depression 
creation (SPS overburden is <12 kPa and is unlikely to 
have detrimental effect on the results if modelled in 
this stage), ii) cavity phase to model the creation of the 
cavity above the fully penetrated spudcan and iii) 
Factor of Safety (FS) phase for the cavity case. The 
cavity hole lateral extent adopted for stability 
assessment was estimated based on the friction angle 
of the sand as an angle of repose. While the problem is 
a 3D, the purpose of the analyses is to determine the 
stability of the cavity hole while its geometry 
estimated from the available analytical solutions. 

FEA are performed at representative WTG 
locations from Table 4 for worst case per soil cluster. 
Cavity depth was determined analytically as worst 
case and as limiting case for bounding scenario with 
maximum cavity depth which could trigger global 
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instability with FS less than unity. Table 5 shows the 
modelled cavity hole height, diameter, sand layer 
thickness and FS results for the most onerous WTG 
locations per soil cluster. 
Table 5. Most onerous locations for cavity hole stability, 

cavity hole geometry per soil cluster and FS results 
WTG 

ID 

Soil 

Cluster 

Sand 

thickness 

(m) 

𝑯𝒄𝒂𝒗 

(m) 

𝑫𝒄𝒂𝒗 

(m) 
FS 

WTG1 1 - 8.5 15 2.62 

WTG2 2 13 3.0 15 2.05 

WTG3 3 6.3 6.3 29 1.00 

WTG4 3 3.9 9.5 24 1.20 

 
Figure 6 presents the slope stability failure contour 

for the safety case of WTG3 (the most onerous 
location with the deepest cavity hole in sand). Slope 
failure (FoS = 1) is predicted to occur as depicted in 
the figure.  

 
Figure 6. Slope stability failure contour for the safety case 

(FoS = 1) for the maximum sand thickness case (WTG3) 

 
The spudcan leg penetration/extraction sequence is 

likely to disturb the soil in proximity to spudcan edge. 
The undrained shear strength and the stiffness of the 
clay were degraded around the depression to represent 
the effect of loading and unloading (stresses induced 
from loading to the clay). A global reduction factor of 
30% was applied on both the strength and stiffness 
parameters of the clay and the safety case was run in 
Plaxis. Figure 7 presents the slope stability failure 
contour for the safety case for the deepest cavity hole, 𝐷𝑐𝑎𝑣, in clay with representative surficial sand 
thickness (WTG4). As it is shown in Figure 7, slope 
failure is taking place along the sand layer (Fos = 1.2) 
and the cavity hole is stable. 

 
Figure 7. Slope stability failure contour for the safety case 

(FoS = 1.2) for the maximum cavity depth case (WTG 4) 

6.5 Risk profile update and mitigating 
interaction 

The results of the categorisation presented in (Section 
6.3) suggested that 35 and 63 locations were expected 
to fall within the medium and high risk categories. 
Nonetheless, the results of numerical analysis 
demonstrated global stability for the locations with the 
most onerous spudcan depression hole interaction with 
the SPS. 
The interaction between the SPS and cavity hole can 
be reduced by partial lay of the SPS and increasing the 
clearance distance between the SPS and the spudcan 
edge. Risk profile was assessed and updated for 
reduced filter layer extent from the edge of the MP as 
2.3𝐷𝑀𝑃 compared to 2.85𝐷𝑀𝑃. This led to increasing 
number of low risk locations to 99 with only one 
location predicted to be of medium interaction risk. 

7 CONCLUSIONS 

This paper has examined the potential interaction 
between spudcan depression and pre-installed SPS 
around the foundations of WTG structures. A risk-
based approach was developed and presented based on 
the available analytical solution. 2D FEA was 
performed on the stability of the cavity hole and 
adjacent SPS. The risk profile was updated based on 
the FEA results. The following remarks are drawn 
from this assessment: 

• Spudcan depression interaction with SPS should 
be assessed and planned at early stage of a 
project to avoid delays in project schedule, 

• A risk-based approach can be adopted by setting 
out a criterion that suits all stakeholders, and 

• FEA can be performed to further optimise the 
risk-based approach. 

The following mitigations can be applied: 
• Elimination interaction by adopting post-lay 

SPS, 
• Partial lay of the SPS and increasing the 

clearance distance between the spudcan hole 
edge and the SPS. A safe distance between the 
SPS and spudcan that SPS may not be affected 
could be as low as 2 m in clay. For sandy 
locations, this distance will depend on the 
surficial sand thickness and the effective 
shearing angle of the sand, 

• Jack-up trial can be an effective way to confirm 
any potential interaction. However, this entails 
considerable cost to stakeholders, 

• Rock pads as foundations for spudcan in soft 
clay can be installed to provide foundation for 
the spudcan and reduce interaction. Although it 
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is costly solution but it can be adopted at critical 
locations, and 

• SPS repairs post jack-up spudcan retrieval. 

AUTHOR CONTRIBUTION STATEMENT 

Buket Yenigul: Formal analysis, Investigation, 
Methodology and Writing-original draft. Nawras 

Hamdan: Concept, Data curation; Writing, review 
and editing. Eleni Stathopoulou & Morten 

Pedersen: Review and Editing. 

ACKNOWLEDGEMENTS 

The authors would like to thank Seaway7 to allow 
authors to write up the paper. 

REFERENCES 

Deltares (2023). Handbook of Scour and Cable 

Protection Methods. JIP HASPRO, December 
2023. 

DNV-RP-0618 (2022). Rock scour protection for 
monopiles. 

Hossain, M.S., and Randolph, M.F. (2010). Deep-
penetration spudcan foundations on layered clays: 
numerical analysis. Geotechnique 60, No. 3, pp. 
171-184. 

ISO 19905-1 (2016). BSI Standard Publication. 
Petroleum and natural gas industries – Site-specific 
assessment of mobile offshore units, Part 1: Jack-
ups. 

Barbuntoiu, T. and Thijssen, R. A. (2024). Monopile 
penetration through scour protection – Full scale 
testing and discrete element analysis. Offshore 

Technology Conference (OTC-35312-MS), 
Houston, TX, USA, 6-9 May 2024. 

Cengiz, C., Macaro, G., Martinelli, M., Peters, T., 
Elkadi, A., Shi, H., Jovanova, J., Schott, D., 
Yenigul, B., Alderlieste, E., Linden, T., Karnebeek, 
T., Gharsallaoui, H., Raymackers, A., Roo, C., 
Falke, E., and Wisotzki, E. (2024). Optimising pile 
installation through scour protection (OPIS) project 
and preliminary findings. Proceedings of the 5th 

European Conference on Physical Modelling in 

Geotechnics, 2-4 October, 2024, Delft, the 
Netherlands. 

Miranda, M., Castro, J., Varela, E., 
Jahanshahinowkandehm Sarmemiento, J., and 
Guanche, R. (2024). Experimental tests to evaluate 
skirt penetration resistance in scour protection for 
offshore foundations. Proceedings of the XVIII 

European Conference on Soil Mechanics and 

Geotechnical Engineering. ISBN 978-1-032-54816-

618. 
 
 

 



INTERNATIONAL SOCIETY FOR 
SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 

the International Society for Soil Mechanics and 

Geotechnical Engineering (ISSMGE). The library is 

available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 

of papers published under the Auspices of the ISSMGE and 

maintained by the Innovation and Development 

Committee of ISSMGE. 

The paper was published in the proceedings of the 5th 
International Symposium on Frontiers in Offshore 
Geotechnics (ISFOG2025) and was edited by Christelle 
Abadie, Zheng Li, Matthieu Blanc and Luc Thorel. The 
conference was held from June 9th to June 13th 2025 in 
Nantes, France.

https://www.issmge.org/publications/online-library
https://issmge.org/files/ECPMG2024-Prologue.pdf

