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ABSTRACT: Full-scale tests are performed in this study to investigate the penetration resistance of skirts which are commonly 
employed as foundation elements of offshore wind structures. While the penetration resistance of such foundations in sand and clay is 
well studied, not much attention has been paid to their penetration into gravel, which is commonly used as a scour protection system. 
Full-scale penetration tests using double-plate skirts with different spacings in gravel are performed to study the effect of grain size on 
the penetration resistance of skirts and the interaction between skirts in a group. The results show that the penetration resistance of 
double-plate skirts of different spacing follows the same response. Both double-plate skirt foundations show some noise in their 
penetration response, which is attributed to the effect of grain size.  
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1 INTRODUCTION 

 In recent decades, renewable energy has gained significance as 
a key solution for meeting global goals to cut greenhouse gas 
emissions while maintaining energy security. Wind energy has 
attracted significant attention among various renewable energy 
sources. Both onshore and offshore wind turbines can be 
utilized to harness wind energy; however, as space for onshore 
wind farms becomes increasingly limited, offshore wind energy 
is emerging as an attractive alternative due to its vast energy 
potential (Breton & Moe 2009). In Europe, offshore wind 
presents the potential to harness 80% of wind resources by 
enabling access to shallow and deep-water sites. By 2030, the 
EU plans to invest nearly 20 billion Euros in the wind power 
sector, with 60% of the funding allocated to offshore wind 
energy (Wu et al. 2019). 

As the harnessing of offshore wind energy is accelerating 
in waters, the foundation of offshore wind turbines and 
structures has become a topic of interest due to their crucial role 
in ensuring the stability of offshore wind structures. In some 
cases, the installation of the foundation of offshore structures, 
such as offshore substation structures (OSS), becomes 
challenging because some steel elements of the foundation of 
OSS (e.g., skirt foundations) needs to penetrate into the seabed 
with its own self-weight to guarantee the structure's stability. 
Although there are some standards and recommended practices 
(API RP 2GEO 2011; DNVGL 2017) for the penetration 
resistance of these steel elements into cohesive and granular 
sand materials using bearing capacity analytical solutions or 
empirical correlations with CPT data, not enough information 
is available for predicting their penetration resistance in gravel. 
This research aims to address the penetration resistance of skirts 
into a gravel layer, which is commonly used in scour protection 
systems before installing the foundation of an OSS. 

Andersen et al. (2008) and Houlsby and Byrne (2005) 
studied the penetration resistance and design procedure for 
installing skirt foundations in sand. However, none of them 
considered the particle size effect on the penetration resistance 
of the foundation. Bolton et al. (1999) studied the effect of grain 
size on the penetration resistance of a CPT test in sand, and the 
results showed that this effect is pronounced when the ratio 
between the cone diameter and the mean grain size of sand (d50) 
is less than 20. Some studies on the bearing capacity of open-
ended piles have shown that when the ratio between pile wall 
thickness and d50 is more than 10, the particle size issues can be 
reduced (De Nicola 1996; De Nicola & Randolph 1997). 

Some researchers have studied the effect of grain size on 
the penetration resistance using discrete element modelling 
(DEM) (Arroyo et al. 2011; Lin & Wu 2012; Miyai et al. 2019; 

Cerfontaine et al. 2023). Arroyo et al. (2011) found that the 
particle size effects can lead to some noise in the penetration 
curves of CPT simulations. Lin and Wu (2012) used DEM for 
three-dimensional numerical analysis of the penetrometer into 
the soil. The ratio between the penetrometer diameter to mean 
grain size (d50) was considered to range from 3 to 12, which 
significantly affected the penetration resistance because of 
grain size issues. Cerfontaine et al. (2023) used DEM to show 
that in open-ended piles, when the pile wall thickness is 
comparable to the size of the particles, scaling effects can 
impact the behaviour because of whether or not a soil plug 
forms. Miyai et al. (2019) studied the effect of particle size on 
the penetration resistance of vertical plates into granular 
materials using DEM. The numerical results indicated that the 
breadth of the wedged-flow zone developed ahead of the plate 
tip was greater than the plate thickness. The width of this zone 
increased as particle size increased. 

Recently, Varela et al. (2022) and Miranda et al. (2024) 
investigated the penetration resistance of skirts into gravel 
using field tests to shed further light on the effect of grain size 
on penetration resistance. The experimental tests showed that 
the penetration resistance increases as the plate thickness, 
gravel grain size, and penetration depth increase. Also, the 
interpretation of experimental results showed greater 
consistency when using a new method based on an equivalent 
plate thickness proposed by Miyai et al. (2019), along with the 
bearing capacity formulas. Later, Varela et al. (2025) used 
small-scale laboratory test results to validate a new proposed 
approach based on an equivalent plate thickness that uses d99 
instead of the mean grain size, which enhances the theoretical 
interpretation. 

Building on these recent experimental tests (Varela et al. 
2022, 2025; Miranda et al. 2024), the aim of this paper is to 
study the interaction between the penetration of two plates at a 
given distance. If the distance or the spacing is large enough, no 
interaction is expected, but if the spacing is small, the 
penetration resistance of both plates will increase. The depth of 
penetration is also expected to play some role in this problem. 
In order to investigate this problem, full-scale tests of the 
penetration resistance of double plate skirts into limestone 
gravel at two different spacings are presented here. Firstly, the 
theoretical framework to study the penetration of steel plates 
into gravel, accounting for its grain size is summarised, the set-
up of the tests is presented, and the results of the penetration 
tests are compared and discussed. Finally, some conclusions are 
drawn. 
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2 THEORETICAL APPROACH 

This section presents some of the existing methods for assessing 
the penetration resistance, focusing on the method recently 
proposed by the authors to take into account the soil grain size. 
The penetration resistance of skirts can be calculated as follows, 
as suggested by API RP 2GEO (2011) and DNVGL (2017): 
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In Equation (1), R (kN) is the penetration resistance of the 
penetrating skirt, Atip (m2) is the skirt's tip area, Awall (m2) 
considers the area of side wall in the soil, qtip (kPa) and fs (kPa) 
are the mobilized end (tip) resistance and side resistance during 
the penetration of a skirt, respectively, as seen in Figure 1. For 
a single skirt element, these areas can be expressed as Atip = t × 
L and Awall = 2 × z × L, where t and L denote the skirt’s thickness 
and length, and z is the penetration depth. 

 
Figure 1. Mobilizing forces on a skirt during penetration. 

The tip resistance and side frictional resistance can be 
calculated as follows using the strength parameter of granular 
materials (i.e., friction angle, ϕ) as follows: 

𝑞௧௜௣ ൌ 0.5𝛾ᇱ𝑡𝑁ఊ ൅ 𝑞𝑁௤ (2) 

𝑓௦ ൌ 𝐾𝛾ᇱ𝑧 𝑡𝑎𝑛𝛿 (3) 

Where γ' is the effective unit weight, t is the tip thickness of the 
skirt, Nq is the bearing capacity factor [Nq = eπtanϕ tan2 (45° + 
ϕ/2)], Nγ is the other bearing capacity factor [Nγ = 1.5 (Nq - 1)], 
q is the effective vertical soil pressure [q = γ' z], and K is the 
lateral earth pressure coefficient. API RP 2GEO (2011) and 
Andersen et al. (2008) suggested values of 0.8 and 1.1 for K, 
respectively. δ is the friction angle between the granular 
material and the skirt's wall, which is usually estimated as a 
fraction of the soil friction angle, ϕ (e.g., Andersen et al. 2008, 
Varela et al. 2025). 

Varela et al. (2025) proposed Equation (4) to make the 
penetration resistance dimensionless and enhance the 
interpretation of the results from field and laboratory tests with 
analytical values as follows:  
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Where L is the length of the skirt. Equation (4) represents the 
dimensionless penetration resistance as a quadratic function 
whose independent variable is the normalised depth (z/t). In this 
function, the coefficients of the quadratic and linear terms and 
the constant value are sensitive to ϕ. 

As seen in Figure 2, when the skirt tip thickness becomes 
comparable to the grain size, it can affect the penetration 
resistance. In order to account for this effect, Varela et al. 

(2025) suggested using teq = t + d99 instead of the real thickness 
of the plate in Equation (4) to back-calculate the friction angle 
of the granular material. The proposed approach improved the 
theoretical interpretation compared to using the actual thickness 
of the plate (t). 

 
Figure 2. Schematic view of plate penetration problem in coarse grain 
granular materials (particles are assumed to be spherical in shape with 
a diameter of d50, and the biggest sphere with a diameter of d99 was 
placed just below the plate tip, ideally). 

3 TEST SET-UP 

A container with respective width, length, and depth values of 
5 m, 5 m, and 2.5 m was available from previous field tests 
(Varela et al. 2022). Designing a steel container reduced the 
volume of gravel necessary for performing the tests. The 
hydraulic jack used in the tests had a maximum capacity of 
1,000 kN. The container was embedded into the ground, and the 
top of the container was almost level with the ground surface. 
A reaction beam was rigidly attached to the container, and an 
auxiliary crane was added to assist in manoeuvring the load, as 
shown in Figure 3. 

 
Figure 3. Testing tank used for the field tests. 

Limestone gravel was used in this study. The unit weight of the 
gravel in the tank was determined by dividing the weight of the 
gravel used in the experimental tests by the volume of the tank, 
resulting in a value of 13.7 kN/m³. Figure 4 shows the grain size 
distribution of the limestone gravel. 

In order to study the effect of spacing between two side-
by-side penetrating skirts, double plate skirts were designed, 
and the top parts of the parallel plates were connected together 
using another horizontal plate. In this study, the distance 
between the inner walls of the parallel plates was considered as 
the spacing value. A schematic view of the skirts used in the 
penetration tests is shown in Figure 5. 
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Figure 4. Schematic view of double-plate skirts. 

 
Figure 5. Schematic view of double-plate skirts. 

The double plate skirts had a tip thickness of t = 15 mm. Two 
different spacings, s = 700 mm and s = 1000 mm, were designed 
and used in the experimental tests. The length of each plate was 
L = 1 m. The configuration of the skirts used in this study is 
shown in Figure 6. A summary of the physical properties of the 
skirts is shown in Table 1. 

 

 

Figure 6. Double plate skirts used in experimental tests. 

Table 1. Physical properties of skirts. 

Skirt ID 
Tip thickness 

(t) 
Length (L) 

Spacing 
(s) 

DP1 
15 mm 1000 mm 

700 mm 

DP2 1000 mm 

The test method used for both skirts was the same. After placing 
the gravel in the container, the skirts were pushed into the gravel 
using a hydraulic jack. Vertical displacement of the skirts was 
measured using ultrasonic sensors on both sides of the skirts 
(Figure 7). This approach enabled the identification and 
assessment of any potential skirt tilting during the penetration 
tests. Also, the cross-base beam utilised in field tests assisted 
with transferring the loading to the skirts without tilting issues. 
The maximum penetration depth was about 0.5 m. The vertical 
load was also measured during the penetration tests using a load 
cell. 

This paper presents preliminary tests for a more detailed 
experimental campaign to be carried out later. For these 
preliminary tests, a repetitiveness of 1 has been used, i.e. only 
2 tests, one per each spacing. 

 
Figure 7. Test assembly: (1) limestone gravel; (2) skirt; (3) 
displacement sensors; (4) load cell; (5) hydraulic jack; (6) cross-base 
beam. 

4 EXPERIMENTAL RESULTS 

Figure 8 shows the penetration resistance versus penetration 
depth response of double plate skirts in gravel. As expected, 
both skirts' penetration resistance increased with the penetration 
depth. As seen, despite having different spacings, both skirts 
showed the same penetration resistance response. This is 
attributed to the spacing between the plates being large enough 
to avoid their interaction. Both skirts showed oscillations in 
their response to the penetration force as the plate thickness to 
the gravel grain size (t/d50) was comparable. 

This was also reported by Varela et al. (2022) for full-scale 
penetration tests of single-plate skirts into gravel. The 
oscillations in the response were observed to increase as the 
t/d50 ratio decreased. 
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Figure 8. Penetration resistance of double plate skirts in limestone 
gravel 

5 CONCLUSION 

This paper presents preliminary full-scale tests conducted to 
investigate the penetration resistance of double plate skirts in 
gravel. Although the penetration resistance of skirts has been 
extensively investigated in sand and clay, information on 
penetration resistance in gravel, which is commonly used in 
scour protection systems, is rather scarce. This gap in the 
literature was addressed using field test experiments on double-
plate steel elements of different spacings. The experimental test 
results demonstrated that the penetration resistance increases 
with greater penetration depths. However, both skirts showed 
similar responses during the penetration test, as the individual 
behaviour for this spacing had already been achieved. 

6 ACKNOWLEDGEMENTS 

This work is part of the Grant “Fluid-structure-soil interaction 
for the development of offshore wind solutions at deep and very 
deep waters using taut or semi-taut mooring systems 
(INFLUET)” (PID2023-153306OB-I00) funded by 
MICIU/AEI/ 10.13039/501100011033 and by “ERDF/EU”. 
This work is also part of the Grant “Advanced Methodology for 
Foundation of Critical Structures in Offshore Wind Farms 
(CREMA)” (TED2021-130780B-I00) funded by MICIU/AEI/ 
10.13039/501100011033 and by the “European Union 
NextGenerationEU/PRTR”. It is also part of the ThinkInAzul 
program, supported by Ministerio de Ciencia e Innovación with 
funding from the European Union NextGenerationEU (PRTR-
C17.I1), and by Comunidad Autónoma de Cantabria through 
the project entitled: “Tools for the Analysis of the Interaction 
Between the Seabed and the Foundations of Offshore 
Renewable Energy Structures (CIMA)”. 

7 REFERENCES 

Andersen, K.H., Jostad, H.P. and Dyvik, R., 2008. Penetration 
Resistance of Offshore Skirted Foundations and Anchors in Dense 
Sand. Journal of Geotechnical and Geoenvironmental 
Engineering 134(1), 106–116. 

API (American Petroleum Institute), 2011. Petroleum and natural gas 
industries—Specific requirements for offshore structures, Part 
4—Geotechnical and foundation design considerations. API 
Recommended Practice 2GEO (RP 2GEO). 

Arroyo, M., Butlanska, J., Gens, A., Calvetti, F. and Jamiolkowski, M., 
2011. Cone penetration tests in a virtual calibration chamber. 
Geotechnique 61(6), 525–531. 

Bolton, M.D., Gui, M.W., Garnier, J., Corte, J.F., Bagge, G., Laue, J. 
and Renzi, R., 1999. Centrifuge cone penetration tests in sand. 
Géotechnique 49(4), 543–552. 

Breton, S.-P. and Moe, G., 2009. Status, plans and technologies for 

offshore wind turbines in Europe and North America. Renewable 
Energy 34(3), 646–654. 

Cerfontaine, B., Ciantia, M.O., Brown, M.J., White, D.J. and Sharif, 
Y.U., 2023. DEM study of particle scale effect on plain and rotary 
jacked pile behaviour in granular materials. Computers and 
Geotechnics 161, 105559. 

DNVGL, 2017. Offshore soil mechanics and geotechnical engineering. 
Recommended Practice DNVGL-RP-C212. 

Houlsby, G.T. and Byrne, B.W., 2005. Design procedures for 
installation of suction caissons in sand. Proc. Institution of Civil 
Engineers - Geotechnical Engineering 158(3), 135–144. 

Lin, J. and Wu, W., 2012. Numerical study of miniature penetrometer 
in granular material by discrete element method. Philosophical 
Magazine 92(28–30), 3474–3482. 

Miranda, M., Castro, J., Varela, E., Jahanshahinowkandeh, M., 
Sarmiento, J. and Guanche, R., 2024. Experimental tests to 
evaluate skirt penetration resistance in scour protection for 
offshore foundations. In: Geotechnical Engineering Challenges to 
Meet Current and Emerging Needs of Society. London: CRC 
Press. 3145–3148. 

Miyai, S., Kobayakawa, M., Tsuji, T. and Tanaka, T., 2019. Influence 
of particle size on vertical plate penetration into dense 
cohesionless granular materials (large-scale DEM simulation 
using real particle size). Granular Matter 21(4), 105. 

De Nicola, A., 1996. The performance of pipe piles in sand. University 
of Western Australia, Perth, Australia. 

De Nicola, A. and Randolph, M.F., 1997. The plugging behaviour of 
driven and jacked piles in sand. Géotechnique 47(4), 841–856. 

Varela, E., Miranda, M. and Castro, J., 2025. Laboratory tests of skirt 
penetration in loose granular soils. Marine Georesources & 
Geotechnology 43(4), 622–634. 

Varela, E., Miranda, M., Castro, J., Sarmiento, J. and Guanche, R., 
2022. Full-Scale Tests of Skirt Penetration Resistance in Gravel 
for Offshore Wind Structures. Journal of Geotechnical and 
Geoenvironmental Engineering 148(11). 

Wu, X., Hu, Y., Li, Y., Yang, J., Duan, L., Wang, T., Adcock, T., Jiang, 
Z., Gao, Z., Lin, Z., Borthwick, A. and Liao, S., 2019. Foundations 
of offshore wind turbines: A review. Renewable and Sustainable 
Energy Reviews 104, 379–393. 

 
 
 
 
 
 

3422


