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Abstract: Scour is a phenomenon that affects structures deployed in rivers or seas, favoring the
transport of sediments around their foundations, which can expose their structural stability. This
work aimed to develop a physical model of a mobile bottom to determine the scour-hole extensions
around a group of four vertical piles of circular sections subjected to irregular waves. For this purpose,
a beach profile and a typical slope were constructed and subjected to 24 h of storm waves, divided
into 12 h intervals in the prototype. Additionally, three wave periods were studied according to the
Mexican Institute of Transportation wave data and three scenarios of a rise in sea level. The data
suggest that the length of the scour hole was greater in the piles in the front for all cases, which
may be reflected in a reduction in scour protection costs. The results obtained for the extent of the
scour hole suggest a setting of less than four times the pile diameter in most cases. Finally, it is
inferred that a rise in sea level by itself is not a decisive factor in the increase in the values obtained;
therefore, it is necessary to consider the variations in wave heights and wave periods associated with
such increases.

Keywords: scour; wave–structure interaction; sediments transport; sea-level rising

1. Introduction

Due to the nature of the environment to which an offshore marine structure is exposed,
the sediment around its foundation undergoes increased hydrodynamic loads, resulting in
the process of scour [1].

Scour is a phenomenon that occurs around the foundations of structures located in
rivers or seas, which, when interacting with the flow of the medium, favor the transport of
sediments, representing a hazard for their stability [2], which are the horseshoe vortices,
and the lee–wake is the primary governing mechanism. However, in certain types of
erosion, such as downstream scour in a stationary bed, these two vortices usually do not
form [3]. The area on the floor where this phenomenon occurs is known as the scour hole.
Its shape and dimensions depend on both the wave characteristics and the shape of the
structure, as well as the type of material in the bed. It is measured from the center of the pile
around which the maximum scour depth occurs to the point where the bed level returns to
zero [4]. Therefore, the prediction of the evolution of the scour phenomenon is essential in
the design of marine structures [5].

The phenomenon of local scour around monopiles resulting from the combination
of wave and current implies the interaction between the fluid, structure, and sediment,
which adds further complexity compared to conditions where only the current or wave
is present [6,7]. There are some equations in design manuals that allow the estimation of
the depth and extent of scour; however, most of the equations for local scour are empirical.
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In addition, it has been found that the values estimated for scour using standard design
equations can be substantially exceeded [8].

In order to evaluate the advance of scour in the area near the piles and, in addition, to
observe the movement of water and sediment around them, some researchers have used 3D
laser scanning devices [9], photogrammetry with a 70% image overlap [10], and numerical
models [11], obtaining differences of up to 2 mm. However, from an economic point of
view, their implementation is not always profitable.

In contrast, advances have been made in the real-time detection of structural damage
in vibrating systems. Since scour modifies the dynamic response of the structure, the
implementation of methodologies based on eigen perturbations becomes feasible. The
basis of eigen perturbation theory is based on the idea that faults and anomalies in the
system become evident through modifications in the arrangement of the data in terms of
covariance. This methodology has been extensively investigated in recent times to detect
structural problems in scour bridges, wind turbines, and other structures [12–15].

Moreover, due to the growing global interest in reducing fossil energy consumption,
the implementation of offshore wind farms has increased, mainly using Monopile, Tripod,
and Jack-up structures [16,17]. This brings about challenges for the design of these struc-
tures, since scour is related to the reduction in the lateral resistance of the structures [18],
which directly affects the regular operation of these wind turbines [19,20].

The alignment of the piles relative to the wave and the current direction holds sig-
nificant significance in the occurrence of the scouring phenomenon. In the scenario of a
tripod-type structure subjected to both influences, it has been ascertained that the maximum
scouring depth is observed in the central pile across all orientations investigated. However,
this maximum scouring depth is encountered in the lateral piles when the structure is
positioned at a right angle with respect to the wave direction [21]. In laboratory experi-
ments, achieving Froude similarity in all parameters between the model and prototype is
often difficult due to scaling effects. For example, sediment does not scale in proportion to
geometric size, resulting in differences in bed roughness between the model and prototype,
which affects scour evolution. This can lead to an increase in sediment suspension or
sediment settling at a higher velocity, influencing the interaction between the flow and the
bed and generating scour patterns different from those of the prototype [22,23].

Another factor that can influence the scour phenomenon when working with groups
of piles is their spacing. Generally, it is considered that scour has a group effect for
spacings smaller than three times the pile diameter, while for larger spacings, it behaves
independently [24]. In addition, the critical pile inclination is reached when the angle
formed between the longitudinal axis of the pile and the horizontal plane is 90◦, that is,
when the pile is in vertical orientation [25,26].

Furthermore, scour protection has an essential role in the design and maintenance of
marine structures since scour avoidance helps to maintain the dynamic structure behavior
by preventing modifications in its fundamental period [21,27–29]. The most widely used
type of protection is rip-rap due to the availability of materials and its relatively low cost. In
addition, it is possible to find other methods such as artificial reefs, concrete matrices, and
soil–cement bagging, among others. The feasibility of each will depend on the conditions
associated with both the environment and the structure to be protected [30].

On other hand, the impacts of a rise in sea level induced by climate change on coastal
infrastructure constructions are of utmost importance, particularly in coastal and port areas.
Thus, it is crucial to prioritize this phenomenon’s technical and economic assessment [31].
In the Gulf of Mexico, estimates of an average rise in sea level range from 1.79 mm/year in
Alvarado, Veracruz, to 9.16 mm/year in Cd. Madero, Tamaulipas [32–34]. However, it is
essential to consider that the data series used for these estimations do not correspond to
the same periods.

Considering the above, uncertainty arises regarding the possible impact of a rise in
sea level, mainly due to climate change, on the scour phenomenon. This paper aimed
to determine the minimum and maximum scour extent around a group of four vertical
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piles of circular sections subjected to waves. In addition, an analysis of the influence of the
variation in the wave period for the same depth was performed. On the other hand, the
values of the theoretical maximum scour extent, calculated through the maximum scour
depth, and the one measured in the model were compared. Finally, a comparison was
made between the results obtained for three different depths and three wave periods for
each level.

2. Materials and Methods

A mobile bed model experiment was conducted in a wave flume at the facilities of the
Maritime and Environmental Hydraulics Laboratory, affiliated with the Mexican Institute
of Transportation. The wave flume, depicted in Figure 1, has an internal width of 4.60 m
and an effective length of 24.20 m.
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Figure 1. (a) Plan view of large wave-flume dimensions and sand slope definition and (b) cross-
section A–A’, dimensions in cm.

Both incident and reflected wave heights were measured using resistive-type sensors
spaced 60.00 cm apart and coupled to elevators used for the calibration of the measurements
(Figure 2). Due to the channel dimensions, it was necessary to use a distorted scale with
distortion ∆ = 5. Therefore, the scales implemented were EX = 1:240 and EY = 1:48, where
EX corresponds to the scale with respect to the longitudinal axis of the flume and EY to the
scale with respect to the vertical.
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2.1. Flume Preparation

The reference slope was selected based on the bathymetric information obtained by
Ocaña-Espinosa de los M. [35]. This slope had a horizontal extension of 14.50 m, measured
between the concrete slope and the lowest point of the sloping beach. Sand with a mean
diameter (Ds) equal to 0.16 mm was used for its construction. The reference levels were
marked on each side of the flume with the help of topographic equipment, verifying that
they were square. Finally, the slope and reference profile were formed once the previous
steps was completed.

Concerning the maximum water depth, it is possible to reach a level of 0.80 m, mea-
sured from the bottom of the flume, in the vicinity of the blade of the wave generator;
therefore, the first depth had to be 0.18 m below it to consider the two subsequent incre-
ments and leave a margin of 0.05 m. In order to measure incident and reflected waves,
two resistive-type sensors were placed at 2.60 m (Sensor 1) and 3.20 m (Sensor 2) from the
lowest point of the profile.

The piles were placed at 1.45 m from the sloping beach and 1.15 m from Sensor 1; in
this way, it was possible to know the wave data present during the modeling (Figure 3). The
piles were placed at an initial depth (d) of 12.5 cm, equivalent to 6.00 m in the prototype.
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2.2. Test Program

The study was carried out in nine experimental tests. These trials were divided by
taking into account the wave period (T) and the rise in sea level as a consequence of
climate change (ICC). Additionally, two stages were considered in each experimental series,
with the aim of representing the characteristics of the estimated storm surge in the study
area indicated in [35]. The first stage, with a duration of 12 h in the prototype, considers
wave heights of 2.00 m, while the second stage, with the same duration, considers wave
heights of 4.00 m. Table 1 presents each of the tests and their associated variables. The
storm surge, indicated above, was determined using a numerical model developed in MIke
21 software. Input data were obtained from measurements taken by directional wave-
measuring buoys, considering the wave pattern documented during 2019 in the study area.
The outcomes derived from the numerical simulations, conducted with various orientations,
were employed to determine the significant wave heights and their corresponding periods,
accounting for the projected rise in sea level in the region. The values corresponding to the
Keulegan–Carpenter number were KC = 6.08, 7.49, and 9.23. As indicated in the literature,
this is the parameter that governs the scour behavior around a pile [21].
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Table 1. Considerations for testing according to the programmed experimental schedule.

Essay T (s)
Wave Height (m)

ICC 1 (m)
0–12 h 12–24 h

E01 9.04 2.00 4.00 0.00
E02 12.16 2.00 4.00 0.00
E03 15.57 2.00 4.00 0.00
E04 9.04 2.00 4.00 2.00
E05 12.16 2.00 4.00 2.00
E08 15.57 2.00 4.00 2.00
E07 9.04 2.00 4.00 4.00
E08 12.16 2.00 4.00 4.00
E09 15.57 2.00 4.00 4.00

1 ICC, rise in sea level due to climate change.

The physical model was carried out using random waves. This is induced by using
a wave generator located at one end of the flume, as shown in Figure 1. This generator
is controlled by a software (Figure 4) that employs the Bretschneider energy-frequency
spectrum S(f) to model the wave characteristics, utilizing the peak frequency and significant
wave height as input parameters. These parameters are then used to generate the wave
signal, which is subsequently fed to the wave generator [36]. This is written as

S(f) =
5H2

S
16f0

1(
f
f0

)5 exp

[
−5

4

(
f
f0

)−4
]

(1)

where Hs is the significant wave height and f0 is the peak frequency. In several investiga-
tions it has been proven that this spectrum is appropriate for the existing wave conditions
in the study area, being successfully used in the design, remodeling, and adaptation of
marine structures [37,38].
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Based on the collected data, it was ensured that the significant wave height closely
matched the specified values mentioned earlier. In order to validate this correspon-
dence between the input data and the resulting incident wave heights, additional tests
were conducted.

2.3. Scour Length Measurement

Figure 5 shows the locations of Piles A, B, C, and D, these had an outside diameter of
0.023 m and were driven vertically into the soil. After each test, a photographic record was
taken by placing a reference measurement for the subsequent image processing. The pho-
tographs were taken with a GoPro Hero 11 camera with horizontal and vertical resolution
of 72 ppi, which equals 0.0353 cm per pixel. The scour diameters were measured using the
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IC Measure 2.0.0.286 software, since it allows calibrating the measurements from a known
length in the image.
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Furthermore, the reference value of four diameters (4D) was adopted as the maximum
theoretical extent of scour. It is important to note that this value remains constant across
all cases, as the diameter of each pile was consistent in all conducted tests. Nonetheless,
including this value aids in the description of the obtained results. In addition, the values
of the scour hole associated with the maximum scour depth were calculated as shown
in (2).

Lext =
D
2
+ Smaxcot ∅ (2)

where Lext is the maximum extent of the scour hole, D is the diameter of the pile, Smax is
the maximum scour depth, and ∅ is the angle of internal friction of the sediment [30].

3. Results and Discussion
3.1. Test Program

Based on the tests performed for the determination of the input values necessary to
produce the 2.00 m and 4.00 m wave heights using the Bretschneider spectrum, the results
shown in Table 2 were obtained.

Table 2. Determination of the input data needed to generate the design wave heights for each essay.

Essay Frequency
Model (Hz) Inlet Hs (cm) Hs Prototype

(m) Inlet Hs (cm) Hs Prototype
(m)

E01 1.3044 3.85 2.18 7.80 4.16
E02 1.7555 3.40 2.12 7.00 4.00
E03 2.2474 3.60 2.15 7.10 4.01
E04 1.3044 3.80 2.07 8.30 4.11
E05 1.7555 3.59 2.16 7.21 4.19
E08 2.2474 3.15 2.04 6.89 4.08
E07 1.3044 3.6 2.11 7.40 4.06
E08 1.7555 3.15 2.09 7.07 4.13
E09 2.2474 3.20 2.18 7.00 4.07

Due to the randomness of the generated wave, a maximum difference of 10% with
respect to the target wave heights was established. A total of 2048 readings were recorded
with a time interval of ∆t = 0.05 s for each case. The differences between the heights
measured in the model against the target height, for 2.00 m, ranged from 2.00% to 9.00%,
while for 4.00 m, the values obtained ranged from 0.00% to 4.75%. It is important to consider
that due to the nonlinearity in the waves, very different values can be obtained with slight
variations in the input data.
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3.2. Scour Depth and Scour Extension

The scour depth results obtained from the physical model for each of the piles in all
tests are shown in Table 3. The data suggest a reduction in scour depth as the wave period
increases.

Table 3. Maximum scour depth for each of the tests.

Essay
Maximum Scour Depth (m)

Pile A Pile B Pile C Pile D

E01 4.55 5.65 4.26 3.76
E02 5.33 3.94 4.49 4.77
E03 4.08 4.08 3.19 2.94
E04 3.38 3.07 1.59 2.69
E05 5.20 4.72 2.45 3.20
E08 3.38 2.60 2.55 2.00
E07 2.25 2.89 1.36 1.76
E08 3.08 3.75 3.17 2.36
E09 3.81 2.80 2.55 3.56

As mentioned above, the extent of the scour hole is measured from the center of the
pile and extends to any point on its boundary where the depth of the bed is zero with
respect to its initial position. Thus, the maximum scour extent can be defined as the greatest
length, in the horizontal direction, measured from the center of the pile to the furthest point
on the scour hole’s perimeter. Conversely, the minimum scour extent would be defined
by the shortest distance between the center of the pile and the scour hole’s contour. From
the image processing, the scour extensions were obtained for each pile associated with
each test indicated in Table 1. Figure 6a–c show the results of tests E01 to E03, respectively,
measured from the center of the piles. The bold solid lines represent the extent of the scour
hole, while the rest of the lines represent the ripples formed in the sand. The graphic scale
is at 1:240 in meters.
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ICC = 0.00 m and T = 12.16 s; and (c) E03, with ICC = 0.00 m and T = 15.57 s.

As observed, the scour holes exhibited a greater extent for the front piles (A and B)
in comparison to the back piles (C and D). However, it is worth noting that this pattern
was not consistent for Piles A–D in the case of E02, as the scour values for Pile D surpassed
those of Pile A; this may be due to the presence of ripples in the bed, generating turbulence
in the flow, which facilitates sediment transport, thus increasing the extent of the scour
hole. Furthermore, the scour holes displayed a tendency towards eccentricity in relation
to the center of the piles. While this may be due to the nature of the vortices generated
around the pile, it may also be the effect of the asymmetry in the flow caused by the change
in bed roughness due to the formation of ripples. To provide a comprehensive analysis
of the recorded data, minimum, maximum, and average values were determined and are
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presented in Tables 4–6. Additionally, the results for each category are expressed in terms
of the equivalent length based on the diameter of the piles (D).

Table 4. Maximum, minimum, and mean scour extent around each pile, associated with experiment
E01, measured from the center of the pile and their equivalent diameters.

E01 Min. (m) (D) Max. (m) (D) Mean (m) (D)

Pile A 7.13 2 4/5 10.97 4 2/7 8.96 3 1/2
Pile B 7.61 3 11.06 4 1/3 9.28 3 5/8
Pile C 6.36 2 1/2 9.55 3 3/4 7.90 3
Pile D 5.71 2 1/4 9.55 3 3/4 7.52 3

Table 5. Maximum, minimum, and mean scour extent around each pile, associated with experiment
E02, measured from the center of the pile and their equivalent diameters.

E02 Min. (m) (D) Max. (m) (D) Mean (m) (D)

Pile A 5.23 2 10.94 4 2/7 7.91 3
Pile B 6.55 2 4/7 9.70 3 4/5 7.79 3
Pile C 6.72 2 5/8 10.46 4 8.08 3 1/6
Pile D 6.77 2 2/3 12.96 5 9.83 3 6/7

Table 6. Maximum, minimum, and mean scour extent around each pile, associated with experiment
E03, measured from the center of the pile and their equivalent diameters.

E03 Min. (m) (D) Max. (m) (D) Mean (m) (D)

Pile A 8.54 3 1/3 9.89 3 7/8 8.96 3 1/2
Pile B 7.32 2 6/7 9.91 3 7/8 8.73 3 2/5
Pile C 6.22 2 3/7 8.95 3 1/2 7.37 2 8/9
Pile D 5.52 2 1/6 7.94 3 1/9 6.79 2 2/3

Across all instances, the recorded minimum values fell below the reference value of 4D.
However, the maximum results obtained from tests E01 and E02 surpassed this threshold
by 8.03% and 25.00%, respectively. Notably, the average scour lengths remained below the
aforementioned reference, with test E01 yielding values of up to 3 5/8 D, test E02 reaching
3 6/7 D, and test E03 exhibiting a maximum length of 3 1/2 D. Moreover, it is evident that
the values for Piles A and B consistently exceeded those of Piles C and D, except in the case
of test E02.

Figure 7a–c present the outcomes of tests E04 to E06, respectively, with measurements
taken from the center of the piles and an ICC value of 2.00 m.
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Similarly, it can be observed that the scour holes in Piles A and B exhibited greater
extents compared to those in Piles C and D across tests E04 to E06. Furthermore, as
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noted previously, there is a notable disparity in the values obtained for the 12.16 s period,
with the test where eccentricity in relation to the center of the piles is more pronounced.
Tables 7–9 provide a comprehensive representation of the maximum, minimum, and aver-
age measurements corresponding to Figure 7, along with their corresponding equivalences
in diameters.

Table 7. Maximum, minimum, and mean scour extent around each pile, associated with experiment
E04, measured from the center of the pile and their equivalent diameters.

E04 Min. (m) (D) Max (m) (D) Mean (m) (D)

Pile A 5.76 2 1/4 7.68 3 6.62 2 3/5
Pile B 6.10 2 2/5 8.09 3 1/6 6.85 2 2/3
Pile C 4.87 2 5.54 2 1/6 5.28 2
Pile D 4.87 2 7.30 2 6/7 6.17 2 2/5

Table 8. Maximum, minimum, and mean scour extent around each pile, associated with experiment
E05, measured from the center of the pile and their equivalent diameters.

E05 Min. (m) (D) Max. (m) (D) Mean (m) (D)

Pile A 5.28 2 13.94 5 1/2 8.85 3 1/2
Pile B 6.50 2 1/2 11.30 4 3/7 8.54 3 1/3
Pile C 4.49 1 3/4 7.25 2 5/6 6.03 2 1/3
Pile D 4.27 1 2/3 8.83 3 1/2 6.26 2 4/9

Table 9. Maximum, minimum, and mean scour extent around each pile, associated with experiment
E06, measured from the center of the pile and their equivalent diameters.

E06 Min. (m) (D) Max. (m) (D) Mean (m) (D)

Pile A 5.98 2 1/3 8.54 3 1/3 7.16 2 4/5
Pile B 5.09 2 7.99 3 1/8 6.36 2 1/2
Pile C 5.81 2 1/4 7.25 2 5/6 6.38 2 1/2
Pile D 4.32 1 2/3 5.98 2 1/3 5.36 2

In this series of analyses, it is evident that, with the exception of Piles A and B in
case E05, all obtained values remain below four times the diameter of the piles. However,
for these specific instances, the reference threshold was surpassed by 37.50% and 10.71%,
respectively. Once again, we observe that the front piles exhibit higher values compared to
the back piles. Generally, there is a decrease in the obtained results in relation to tests E01
to E03, except for the specific test associated with the 12.16 s period. Finally, Figure 8a–c
illustrates the outcomes of tests E07 to E09, respectively, with measurements taken from
the center of the piles and an ICC value of 4.00 m.
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Similar to the previous cases, it is evident that the extent of the scour hole around
piles A and B is more pronounced compared to piles C and D. Furthermore, as the wave
period increases, a more consistent pattern is observed among the recorded results. Addi-
tionally, a decrease in eccentricity and a more circular contour of the scour holes are noted.
Tables 10–12 present the maximum, minimum, and mean values associated with Figure 8,
along with their respective equivalences relative to the diameter of the piles.

Table 10. Maximum, minimum, and mean scour extent around each pile, associated with experiment
E07, measured from the center of the pile and their equivalent diameters.

E07 Min. (m) (D) Max. (m) (D) Mean (m) (D)

Pile A 5.45 2 1/8 7.54 3 6.50 2 1/2
Pile B 6.70 2 5/8 8.04 3 1/7 7.38 2 8/9
Pile C 3.84 1 1/2 4.94 2 4.43 1 3/4
Pile D 3.91 1 1/2 5.45 2 1/8 4.84 1 8/9

Table 11. Maximum, minimum, and mean scour extent around each pile, associated with experiment
E08, measured from the center of the pile and their equivalent diameters.

E08 Min. (m) (D) Max. (m) (D) Mean (m) (D)

Pile A 6.46 2 1/2 8.26 3 2/9 7.15 2 4/5
Pile B 7.46 3 8.59 3 1/3 7.97 3 1/8
Pile C 6.41 2 1/2 8.54 3 1/3 7.26 2 5/6
Pile D 6.34 2 1/2 7.37 2 8/9 6.93 2 5/7

Table 12. Maximum, minimum, and mean scour extent around each pile, associated with experiment
E09, measured from the center of the pile and their equivalent diameters.

E09 Min. (m) (D) Max. (m) (D) Mean (m) (D)

Pile A 5.88 2 1/3 9.26 3 5/8 7.60 3
Pile B 6.91 2 5/7 8.98 3 1/2 7.98 3 1/8
Pile C 5.88 2 1/3 7.03 2 3/4 6.27 2 4/9
Pile D 6.41 2 1/2 8.95 3 1/2 7.81 3

Reviewing the data, we notice that none of the values exceed the value of four diame-
ters, with 3 5/8 D being the closest value to such a reference. Similarly, it is observed that
the maximum values recorded increased as the wave period increased, which suggests a
correlation between these factors, being congruent with what is indicated in the literature.

In Figures 9–11, we can find the relationship between the maximum scour extent
calculated from (2) considering the maximum scour depth values presented in Table 3
against the values obtained from the model. Each figure is grouped by wave periods, so it
can be seen how the change in depth affects the extent of the scour hole. This comparison is
made only with the maximum extent in order to have congruence between the contrasted
values. As can be seen, in general, as the depth increases, the maximum extent of the scour
hole decreases.

On the other hand, the variation in the extent of scour was analyzed by grouping the
experiments according to their ICC. In this way, it was possible to observe the variation
in the results as the wave period varied (Figures 12–14). The data show that there is an
increase in the maximum scour extent as the abscissae increase. However, atypical readings
are observed in experiment E05, as shown in Figure 10.
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According to the results shown above, it is observed that, overall, the extent of the
scour hole was greater for Piles A and B since they were exposed to the incident wave. This
corresponds with what was reported in [39], where it is indicated that the intensity of the
horseshoe vortices is proportional to the wave heights close to the structure, considering
that once impacted, these reduce their amplitude in the interaction zone. On the other
hand, when analyzing the results concerning the period, that is, grouping E01, E04 and E07;
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E02, E05, and E08; and E03, E06 and E09, it was observed that the extent of the scour hole
decreased as the ICC level increased. This makes sense when considering how the wave
interacts with the seabed, having less influence as the depth increases [40].

The findings indicate that, under constant depth conditions, the scour extent tends
to increase as the wave period increases. The variations in the shape of the scour hole
are mainly due to the value of the Keulegan–Carpenter number, since for values lower
than 8, the maximum scour depth is expected to occur at the sides of the pile, whereas for
higher values, the greatest depth is at the back of the pile [41,42]. This relationship can be
attributed to the fact that, for a fixed wave height, an increase in the period corresponds to
an increase in the wavelength. Consequently, the wave interacts with the soil surrounding
the piles for a longer duration, leading to a greater scour extent.

As emphasized earlier, the incorporation of scour-protection measures is crucial.
Consequently, it becomes necessary to establish the outcomes based on the diameter of the
pile, as it represents a significant parameter in pile design. The results indicate that the
scour extents fall within the range of 1 1/2 D to 4 3/7 D, aligning with the findings reported
in previous studies [28,30]. These studies documented the values for scour-protection
extent of up to 11 D, as obtained from physical models.

Finally, it can be inferred that the increase in sea level by itself does not represent a
decisive factor in the increase in the extent of the scour hole; however, it is necessary to
consider other factors associated with this phenomenon, such as the increase in significant
heights and wave periods; therefore, complementary studies that consider the above would
be necessary.

4. Conclusions

A physical model for determining the extent of the scour hole around a group of
circular section piles was developed. The following conclusions are established from the
results obtained:

(1) It was observed that the largest scour hole extension was recorded in the tests corre-
sponding to the period of 12.16 s, both for ICC equal to 0.00 m and 2.00 m.

(2) A lower eccentricity with respect to the center of the piles was recorded in tests E07
to E09 compared to the previous tests. Additionally, its shape was more regular,
increasing its extension as the wave period increased.

(3) In general, higher values are expected in Piles A and B. This can serve as a reference
to properly design scour protection, protecting each pile to the expected extent, which
could have a positive economic impact. This was true for all ICC values and periods
studied.

(4) The results obtained for the values of the extent of the scour hole suggest a setting
of less than four times the pile diameter, which is suitable according to the literature
consulted.

(5) The ICC likely did not have a negative effect on the extent of the scour hole. Therefore,
it is necessary to carry out complementary studies considering the increase in wave
heights and their periods to establish their relationship with the scour phenomenon.

(6) Finally, it is recommended that a complementary analysis be carried out through
other methodologies that allow the evaluation of the behavior of scour development
in real time, such as monitoring through eigen perturbations, and to evaluate the
scour behavior at different sea level increments.
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