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Abstract: One of the main problems associated with the generation of wind energy in offshore wind
platforms is the analysis of the behavior of the soil when the pile is driven into the seabed. Nowadays,
due to the large dimensions of the foundations (hollow steel piles up to 8 m in diameter and 15–20 cm
thickness), there are no scale studies carried out that analyze the mechanical and deformational
behavior of soil where piles are driven as well as the material of the pile that supports the motor.
This paper presents the results obtained from scale submerged tests in a steel pool to analyze the
behavior of sand in the presence of water where piles were installed. These tests use a hydraulic
press to carry out the penetration of the steel tube in the sand. The results were compared with three
different speeds for three tubes with different diameters and two types of termination at the end of
the tested element. The results of the submerged tests were compared with the tests in dry conditions
and with the results obtained through the finite element Plaxis program.
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1. Introduction

The aim of this article is to estimate the penetration force and the stress state in soil
and its application to real work driven from the results obtained in tests on a submerged
scale. Nowadays, due to the large dimensions of the foundations (hollow steel piles up
to 8 m in diameter and 15–20 cm in thickness), there are no scale studies carried out that
analyze the mechanical and deformational behavior of soil where piles are driven. The
tests carried out onshore have not taken into account the presence of water, and this is a
very important factor when analyzing the results. In addition, on the seabed, there are
several phenomena (such as corrosion, marine currents, scour, high pressure due to great
depth, etc. [1–4]) that cause oversizing of monopile foundations to ensure the stability of
the structure [4–12].

Previously, tests were carried out in dry conditions [13]. The following conclusions
were reached:

• For the same tube, a greater speed required a greater force to achieve the same pene-
tration.

• In addition, there were differences in the results obtained for hollow and flat situations.
For flat penetration, a greater force was required to achieve the same drive length,
which is a vital factor to take into account when designing offshore structures.

It is necessary to determine the behavior of the sands on which offshore foundations are
installed. These sands settle to the seabed over time due to transport from the shore [14–18].
The sand is composed of fractions of different grain sizes, and each fraction has a particular
distribution along the coastline. The distribution decreases towards the dune and offshore,
up to 6 m deep, where its percentage increases again towards the sea. The maximum in the
relative distribution is located around the coastline (0 m depth).

Energies 2023, 16, 4612. https://doi.org/10.3390/en16124612 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16124612
https://doi.org/10.3390/en16124612
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en16124612
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16124612?type=check_update&version=2


Energies 2023, 16, 4612 2 of 13

Due to its similarity to sea sand, silica sand was chosen for the scale tests. A total of
1 ton of limestone sand and 4 tons of silica sand were used. These weights were necessary
to fill the pool to carry out the tests. This choice was because silica sand does not have a
large amount of fines and sea sand has fines [19]. Therefore, the grain size was 0.769 mm.

Nowadays, a large number of tests, such as those of PISA (Pile Soil Analysis) [14]
have been carried out. The PISA project consists of scale tests of pile driving to learn the
behavior of the soil. These tests were carried out onshore. Due to this, the tests carried out
in this article were carried out in submerged conditions.

The most important conclusions obtained in Pisa Project were as follows: the results
obtained in the onshore tests provide a new database with which design models in clay
and sand can be compared, developed and validated; and adoption of the PISA design
approach will allow for optimization of the design of monopiles for the development of
wind farms.

The amortization period of the installation of a wind farm is also an important calcula-
tion to take into account when carrying out windfarm feasibility studies [20].

The aim of this article is to reproduce some scale submerged tests with characteristics
and restrictions related to those of PISA, as described in Section 2.2.1.

2. Materials and Methods
2.1. Previous Tests

Various tests were carried out to determine the mechanical and granulometric charac-
teristics of the sand [21–25] (Table 1).

Table 1. Summary of the main characteristics of material test.

Mechanical and Granulometric Characteristics of the Sand

Granulometric Analysis Density Test Direct Shear Test Triaxial Shear
Test

Grain
Diameter

(D50)

Uniformity
Coefficient

(Cu)

Coefficient of
Curvature

(Cc)
Density Friction

Angle (φ) Cohesion (c) Young’s
Modulus (E)

0.769 mm 2.935 1.367 2.626 g/cm3 34.08◦ 0 kg/cm2 21,570 kN/m2

2.2. Scale Tests
2.2.1. PISA Model: Dimensions and Speed Test

In PISA project [14], 28 piles were tested with varied wall thickness, length and
diameter, with both monotonic and cyclic loads.

It was accepted that the trials would be carried out onshore on a reduced scale due to
the technical limitations of the equipment that could be mobilized onshore and the high
cost of offshore testing. Scaled pile geometries and loading regimes were adopted, which
were commensurate with offshore wind foundations, including:

• Velocity load: diameter/300 or diameter/500 per minute;
• Pile diameters of 0.27 m, 0.76 m and 2 m;
• Pile thickness of 0.7 cm to 3.8 cm, with the condition of 30 < diameter/thickness < 80
• Entered lengths between 1.43 m and 10.5 m with the condition of 3 < length en-

tered/diameter < 10.

2.2.2. Characteristics and Dimensions of Scale Submerged Test

• Characteristics of pool (Figure 1):

# 2 × 2 × 1 m pool and 5 mm thickness;
# Plate of 2.3 × 2.3 and 3 mm thickness that serves as the base of the pool.
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There were three tubes employed, with the following characteristics (Table 2): 
  

Figure 1. Scheme of steel pool.

There is no standardized test to be found in the ABS or DNV-GL. These pool dimen-
sions were enough to avoid the contour effects with the side walls and the floor.

The gauges were placed on strips perpendicular to each other, installed at a height of
50 cm and halfway between the center of the pool and the side, as can be seen in Figure 2.
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Figure 2. Distribution of gauges.

There were three tubes employed, with the following characteristics (Table 2):

Table 2. Tube characteristics and PISA conditions.

Dimensions (mm) T1 T2 T3

Total length 910 700 600
Entered length 450 375 350

Diameter 194 115 80
Thickness 4 3 3

3 < E, length/diam < 10 2.3 3.26 4.06
30 < Diam/thick < 80 48.5 38.3 26.7
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Table 2 shows that the thicknesses chosen for this test achieved the restrictions given
by the PISA test [26] (mentioned in Section 2.2.1). The thickness of the tubes can easily be
found in factories, and the tubes chosen were not excessively large. In addition, the tubes
were closed at one end. A flat position denotes where it is carried out using the closed side
and a hollow position denotes where the driving is carried out using the open side.

The penetration speeds for the tests were different from the PISA project, where
D/300 per minute and D/500 per minute were chosen. In our case, these speeds repro-
duced very long tests. Therefore, an estimate was made on the basis of the three diameters,
and speeds of 5, 10 and 20 mm/min were obtained with test durations of 1 h, 30 min and
15 min, respectively [27].

The depth of the penetration was 325 mm. This length was sufficient to determine the
mechanical behavior of the steel tube with the sand, and thus avoid contour effects. As the
test was submerged, there was a thickness of water of 15 cm above the sand.

2.2.3. Scale Test

The test consisted of using a hydraulic press (Figure 3); the penetration of the steel
tube into the sand was carried out. A distributor plate was placed on top of each tube to
avoid eccentricities. The nomenclature used for each test was as follows: 5–10–20 mm/min
(three speeds), 80–115–194 mm (three tube diameters) and H-F (hollow–flat) [9,28]. Each
time a penetration was made, the soil was compacted. To solve this problem, a kneading
machine was used to release the sand particles and loosen the soil (Figure 3b) [29].
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Figure 3. Phases of project: (a) testing a pile of 80 mm in submerged conditions; (b) sand decompressing.

2.2.4. Finite Element Modeling (FEM)

The tests carried out in the laboratory were modeled using Plaxis, a finite element
software (release 2023.1.0.136). The aim was to compare the results obtained in the scale
tests with those corresponding to the finite element models. The scale tests were measured
by gauges inserted in frames in the ground. The dimensions of the model are the same as
those used in the scale tests (2 × 2 × 1 m) (Figure 4). Two types of pile models were used in
the scale tests: hollow and closed at the bottom. The pile material had the same mechanical
and geometric characteristics as the one used in the tests. The calculation procedure was
the one corresponding to prescribed displacements, applying displacement values between
0 and 30 cm with load steps of 5 cm. The average number of nodes in each case was 11,650,
with an average size of each element of 0.2022 m and a minimum of 0.0402 m.
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Figure 4. Model of pool in Plaxis.

Two types of models were used: totally hollow and closed at the bottom, simulating
the two fundamental procedures for driving existing piles. The existence of water was
considered, as it appears in Figures 3 and 5, with the mechanical and geometric parameters
of the modeled elements being those used in the scale tests (see Table 1).
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Once the tests were carried out, the results obtained in the in situ tests were compared
with those corresponding to the finite element models. To carry this out, the nodes closest
to the coordinates of the gauges in each of the models were selected, as can be seen in
Table 3. This is the case of the flat tube model of 115 and 194 mm in diameter, in the dry
and submerged tests. The positions of gauges 5 and 6 are not included because of reading
errors occurring during the tests.



Energies 2023, 16, 4612 6 of 13

Table 3. Gauge position (scale test) and node position (FEM).

GAUGE POSITION NODE POSITION

AXIS GAUGE X (m) Y (m) Z (m) 194-Submerged 194-Dry 115-Submerged 115-Dry

X 1 −0.5 0 −0.55 4121 4121 7103 7103

X 2 −0.5 0.5 −0.55 6956 6956 7225 7225

Y 3 0 0.5 −0.5 7064 7064 4030 4030

Y 4 −0.5 0.5 −0.5 6956 6956 9951 9951

3. Results
3.1. Scale Submerged Tests

The results obtained in the 18 submerged tests are shown below. First, the comparison
between the three tubes is shown for each velocity and type (H or F) (Figures 6–8).
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The comparison between the three velocities is shown for each tube and position
(hollow or flat) in the graphs below (Figures 9–11).
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It was verified that when a greater diameter of the tube led to a greater penetration
force, for the same tube, a higher penetration speed would lead to greater force. On the
other hand, it was verified that for the same tube, a higher penetration speed would lead
to greater force. However, it was shown that for the same tube, the driving force was
practically the same for the different speeds.

For the case with a 194 mm diameter in the flat position, the maximum value of
penetration force obtained was 12.98 kN, and for the case with a 80 mm diameter in the
hollow position, the minimum value obtained was 1.38 kN.

3.2. Finite Element Models

The values obtained in the models show disparity of the results with respect to those
obtained in the scale tests. The following Tables 4–7 show a summary in the case of a
tube closed at the bottom for the diameters of 115 and 194 mm in a dry and submerged
conditions.

Table 4. Displacements to scale test and FEM to 194 mm and submerged conditions.

194-Submerged Gauge_1 Gauge_2 Gauge_3 Gauge_4

NODE 4121 6956 7064 6956

Force (kN) 0.696 0.696 0.696 0.696

Nodal Displacement 9.1090 × 10−5 2.2710 × 10−5 7.2610 × 10−5 2.7160 × 10−5

Real Displacement 7.4124 × 10−5 5.1947 × 10−6 7.4124 × 10−5 5.1947 × 10−6

Table 5. Displacements to scale test and FEM to 194 mm and dry conditions.

194-Dry Gauge_1 Gauge_2 Gauge_3 Gauge_4

NODE 4121 6956 7064 6956

Force (kN) 5.824 5.824 5.824 5.824

Nodal Displacement 2.5250 × 10−4 7.2110 × 10−5 2.7760 × 10−4 6.5070 × 10−5

Real Displacement 6.2026 × 10−4 4.3469 × 10−5 6.2026 × 10−4 4.3469 × 10−5

The results in the 80mm diameter tube, in the flat and hollow positions, were clearly
affected by the scale factor between the diameter of the tube (with the corresponding
thickness) and the granulometry of the soil in which it was located. Furthermore, the values
were practically identical in the tests at different speeds for the different diameters, so only
the most significant ones have been reflected, which correspond to the speed of 20 mm/min
and diameters of 115 and 194 mm.
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Table 6. Displacements to scale test and FEM to 115 mm and submerged conditions.

115-Submerged Gauge_1 Gauge_2 Gauge_3 Gauge_4

NODE 7103 7225 4030 9951

Force (kN) 0.297 0.297 0.297 0.297

Nodal Displacement 1.2800 × 10−5 6.8590 × 10−6 3.2340 × 10−5 9.9330 × 10−6

Real Displacement 1.3312 × 10−5 2.2167 × 10−6 3.1631 × 10−5 2.2167 × 10−6

Table 7. Displacements to scale test and FEM to 115 mm and dry conditions.

115-Dry Gauge_1 Gauge_2 Gauge_3 Gauge_4

NODE 7103 7225 4030 9951

Force (kN) 2.170 2.170 2.170 2.170

Nodal Displacement 8.3450 × 10−5 3.2190 × 10−5 8.0750 × 10−5 3.8550 × 10−5

Real Displacement 2.3110 × 10−4 1.6196 × 10−5 2.3110 × 10−4 1.6196 × 10−5

The order of magnitude is similar in the results, although in some cases, as in gauges 1
and 3 in the submerged test for both diameters, these are very close, with practically the
same values between those obtained in the tests and those of the finite element models
(ratio ≈ 100%, red line). Figure 12 shows the relationship between the values obtained in
the tests with respect to the models for the same position of the gauges and the nodes.

Energies 2023, 16, x FOR PEER REVIEW 9 of 13 
 

 

Table 7. Displacements to scale test and FEM to 115 mm and dry conditions. 

115-Dry Gauge_1 Gauge_2 Gauge_3 Gauge_4 
NODE 7103 7225 4030 9951 

Force (kN) 2.170 2.170 2.170 2.170 
Nodal Displacement 8.3450 × 10−5 3.2190 × 10−5 8.0750 × 10−5 3.8550 × 10−5 
Real Displacement 2.3110 × 10−4 1.6196 × 10−5 2.3110 × 10−4 1.6196 × 10−5 

The results in the 80mm diameter tube, in the flat and hollow positions, were clearly 
affected by the scale factor between the diameter of the tube (with the corresponding 
thickness) and the granulometry of the soil in which it was located. Furthermore, the 
values were practically identical in the tests at different speeds for the different diameters, 
so only the most significant ones have been reflected, which correspond to the speed of 20 
mm/min and diameters of 115 and 194 mm. 

The order of magnitude is similar in the results, although in some cases, as in gauges 
1 and 3 in the submerged test for both diameters, these are very close, with practically the 
same values between those obtained in the tests and those of the finite element models 
(ratio ≈ 100%, red line). Figure 12 shows the relationship between the values obtained in 
the tests with respect to the models for the same position of the gauges and the nodes. 

 
Figure 12. Relationship between the values obtained in the tests with modeling values. 

However, the results obtained in the case of a hollow position in finite element 
models cannot be compared with those obtained in scale tests. There are differences in the 
measurements well above 500% (i.e., five times) in all of the gauges, as is the case in those 
corresponding to the closed tube of 80 mm. 

4. Discussion 
The results obtained across 325 mm of deformation are recapitulated in Figures 13 

and 14. These figures show the logarithm of the force for each tube and each type in the 
dry conditions [13] and submerged conditions. 
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However, the results obtained in the case of a hollow position in finite element models
cannot be compared with those obtained in scale tests. There are differences in the mea-
surements well above 500% (i.e., five times) in all of the gauges, as is the case in those
corresponding to the closed tube of 80 mm.

4. Discussion

The results obtained across 325 mm of deformation are recapitulated in Figures 13
and 14. These figures show the logarithm of the force for each tube and each type in the
dry conditions [13] and submerged conditions.
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For the y axis, a 10 logarithmic scale is used so that a good correlation of results can be
observed since the values are very different.

Figure 13 shows the variation as a function of speed, with 0.9 or 1.31 greater values
obtained at a speed of 10 mm/min and 0.97 or 1.23 greater values obtained at a speed of
20 mm/min with respect to 5 mm/min in submerged conditions.
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Figure 14 instead shows the variation as a function of diameter, with 1.76 and 2.71 greater
values obtained at a diameter of 115 mm and 3.08 and 4.10 greater values obtained at a
diameter of 194 mm with respect to 80 mm in submerged conditions.

In this study, some of the results obtained previously were compared with those
derived from the presence of water and their comparison with finite element models. The
object of the study was to be able to optimize the driving procedure and the monopile
elements, for which displacement measurements were carried out on the ground in the
presence of water (the real situation of the monopile). This situation has not occurred
before, since the tests in water show how the values of displacements obtained in the finite
element models in dry material are much higher than the real ones.

5. Conclusions
5.1. Submerged Tests

Figure 13 shows that for the same tube, the driving force was practically similar for the
different speeds to reach a penetration of 325 mm [30]. For example, for a tube in a hollow
position with 80 mm diameter and a speed of 5 mm/min, a log10 force of 0.15 (1.40 kN) was
obtained; in contrast, at a speed of 20 mm/min, a log10 force of 0.14 (1.38 kN) was obtained.

In addition, there were differences in the results obtained for the hollow and flat
situations. For flat penetration, a greater force was required to achieve the same drive
length, which is a vital factor to take into account when designing offshore structures. The
ratio for a force in a flat position and a force in a hollow position is about 2 times.

In terms of diameter, for the 194 diameter, the increase in force in relation to the small
diameter is 3.7 times. For the 115 tube, the ratio is 2 to 2.2 times. This ratio is very important
for the estimation of penetration force values for larger-diameter tubes such as those used
in offshore foundations.

5.2. Comparison between Dry and Submerged Tests

As can be seen in Figures 13 and 14, the dry tests provide much higher values than the
submerged tests. For example, for a diameter of 194 and a speed of 20 mm/min, a value of
log10 force of 1 (9.91 kN) is required for dry testing and a log10 force of 0.71 (5.17) kN is
required for submerged testing in a hollow position.

This is the most important conclusion. For a real study of driving offshore platform
foundations, the presence of water is necessary. In addition, the presence of water improves
the driving of the pile, which reduces the dimensioning of both the substructure and
the offshore structure, as well as the elements and hammers necessary for driving it into
the seabed.

5.3. Comparison Scale Tests with Finite Elements Models

The results show the feasibility of applying finite element models in the analysis of
tests at the scale of pile driving, although some comments should be made regarding the
results obtained.

The best results (194-CA and 115-CA) were produced in the models with the presence
of water (a situation very similar to the real one that occurs in a marine environment during
the process of driving the monopiles), and especially in gauges 1 and 3, with values very
similar to those obtained in laboratory tests (81 and 102%; 104 and 98%, respectively).
However, these values differed considerably in the cases of gauges 2 and 4 (23 and 19%; 32
and 22%, respectively). This situation is due to the physical location of the gauges, which,
in the case of gauges 1 and 3, were perpendicular to the closed tube used in the test. In the
cases of gauges 2 and 4, these were at an angle of 45◦ with respect to the closed tube used;
this circumstance led to gauges 2 and 4 being located at much greater distances than those
of gauges 1 and 3 with respect to the closed tube, specifically

√
2, resulting in much lower

deformations, and therefore, displacements. The values obtained in the tests in the driving
processes at different speeds were very similar to those presented in this section.
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However, the displacement values in the cases of tests without water (194-SA and
115-SA) were clearly higher than those obtained in submerged tests in all gauges, as can
be seen in Figure 12. This circumstance is due to the fact that the granular structure of the
test ground, compacted by the weight of the material, is capable of transmitting the force
due to the displacement of the material entirely during the process of driving the test tube.
In the case of submerged tests, part of the force is assumed by the water, which transmits
a lower horizontal force than the vertical force transmitted by the tube in the process of
driving the test.

Furthermore, the results in the 80 mm diameter tube, in flat and hollow positions, were
clearly affected by the scale factor between the diameter of the tube (with the corresponding
thickness) and the granulometry of the soil in which it was located. Tests were carried out.
For this reason, in subsequent studies, only the largest tube sizes will be used, in flat and
hollow positions.

Finally, the feasibility of using finite element models to simulate the mechanical and
deformational behavior of the ground in a simulated pile driving situation was demon-
strated. The next step will be the optimization of the driving process to reduce the force
(load) used, through the use of different execution procedures. This will make it possible to
compare the results obtained through scale tests with the estimation of results in the finite
element models.

Therefore, the most important conclusions are:

• Results in submerged conditions are smaller than results in dry conditions;
• Results in a flat position are more reliable than those in a hollow position;
• Finite element models can be applied, since the results were consistent in simulating

the same conditions as full-scale tests;
• For the same tube, the driving force was practically the same for the different speeds.

The objective for the future is to be able to verify the results obtained in power plants
in the sea, but we still do not have aid from companies or the state to be able to carry out
these tests on a real scale because they are more expensive.
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