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Abstract

Scouring around vertical piles in ocean environments, especially under wave action, can significantly affect the stability of structures.
Therefore, accurately predicting scour depth is essential for proper pile design. While empirical methods are commonly used, they often lack the
accuracy required to model such complex processes, whereas data mining techniques provide more reliable predictions. This study evaluates the
predictive performance of a morphological model for caisson breakwaters supported by piles under clear-water conditions, using the Flow-3D
HYDRO mathematical modeling tool, addressing a gap in its application. In this study, a series of three-dimensional numerical models were
developed to investigate the mechanisms of local scour around semi-immersed caisson breakwaters supported by piles. The investigation
focused on key parameters such as the spacing between the piles and the gradual increase in the draft of the caisson barrier, subjected to
different wave actions. The Reynolds-averaged Navier-Stokes (RANS) equations, along with the renormalization group (RNG) turbulence
model and the Van Rijn sediment transport model, were used to simulate the morphological changes around the caisson breakwater. A numerical
contour map was generated to assess the scour topography and sediment deposition beneath the breakwater and around the piles. A three-
dimensional numerical model is developed to investigate modifying the caisson’s cross section for different two scenarios on controlling the
scour progress around a semi-immersed caisson suspended on piles under wave action. The simulation results were compared to previous
experimental data, showing a high level of agreement. The effects of pile spacing on the flow field, bed elevation contours, deposition height,
scour length, and scour depth were examined in two different scenarios with varying breakwater drafts. The findings reveal that pile spacing
significantly affects the flow dynamics, local scour around the piles, and beneath the breakwater. This influence leads to distinctly different
patterns of scour holes and variations in scour depth under the barrier. Detailed discussions are provided on the relationships between these
effects and the dimensionless wave number. The attempt to increase the overall width of the breakwater by 0.25 W successfully moved scour
away from the breakwater and the piles while maintaining its constant value
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1 Introduction

Article Highlights

* FLOW-3D HYDRO accurately reproduced the hydrodynamic and Groups of piles are typically accustomed to sustenance

seabed responses of pile-supported caisson breakwaters.

e Maximum scour occurred at Kz = 0.7-0.9, with relative scour
depths of 0.10-0.12.

* Increasing the breakwater width by 0.25 W effectively redirected
scour away from the piles without increasing scour depth.
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maritime constructions, with their procedure carefully
selected to ensure strong structural integrity against wave
forces. However, the piles arrangement also affects wave
hydrodynamics, leading to changes such as flow contrac-
tion and the formation of stormy vortices everywhere in
the piles. This results in increased bed shear stress, leading
to scour that can significantly threaten the structural stabil-
ity of the piles. The risk is especially elevated during storm
conditions, when wave flow characteristics shift dramati-
cally, causing rapid scouring. Consequently, a thorough
analysis of wave-induced scour around a group of piles is
essential.

In many coastal areas, breakwaters are traditional struc-
tures constructed along the shore to prevent erosion from
strong waves. As noted by Vitousek et al. (2017), break-
waters will likely need to adapt to various climate change
impacts, including rising sea levels, more forceful waves,
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alterations in the cradle outline, and intensified storms.
These alterations result in heightened wave effects on
coastal barriers. The interaction of waves with the barrier
causes significant barrier scour, which is considered a
major factor in seawall failure, particularly because verti-
cal seawalls are ineffective at dissipating wave energy
(Kraus and McDougal, 1996). Consequently, although sea-
walls are effective in safeguarding against coastal erosion,
it is essential to evaluate the scour around breakwaters to
maintain their structural integrity.

The breakwater scour occurs when a wave strikes the
barrier, causing water to rush up the structure and form a
vertical jet at the still water level. This consequences in
increasing scour at the breakwater’s toenail. Additionally,
as the water is replicated back seaward after impact, the area
near the seawall becomes more prone to scour. Seawall
scour has been examined in prior studies through a combi-
nation of observational and laboratory research. Dean (1987)
evaluated the impact of seawalls on the shoreline, discov-
ering that their presence results in a steeper seabed profile
and heightened scour at the base of the seawall.

Kamphuis et al. (1992) carried out a three-dimensional
experimental study on seawall scour and longshore sedi-
ment transport. They found that as the scour depth at the
seawall increases, the rate of longshore sedimentation in
front of the barrier decreases. In a significant two-dimen-
sional scour experiment, Sumer and Fredsoe (2000) stud-
ied a vertical breakwater located on a smooth seabed and
exposed to both regular and irregular waves. Their results
indicated that the patterns of scour and deposition alter-
nated between the two processes. Additionally, they found
that irregular waves resulted in shallower scour depths
compared to regular waves. Sutherland et al. (2006) exam-
ined how inclined and vertical seawalls affect seabed scour
and found that the maximum scour depth is prejudiced by
the surf similarity parameter and the relative water depth
at the seawall’s toe. Their study also indicated that the sea-
wall’s slope does not impact the maximum scour depth;
inclined seawalls produced scour depths similar to those of
vertical seawalls. Tsai et al. (2009) investigated seawall
scour caused by breaking waves and discovered that an
increase in water level at the base of the seawall leads to a
decrease in maximum scour depth. Heikal et al. (2022) con-
ducted experimental research on the effectiveness of cais-
son breakwaters supported by piles, examining their impact
on erosion and sedimentation processes in nearby coastal
areas. Progress in mathematical modeling of cross-shore
sediment transport under breaking waves has been limited.
Roelvink and Stive (1989) explored the mechanisms affect-
ing cross-shore flow and seabed profile changes caused by
random waves, suggesting that these changes result from
return flow and increased bed shear forces due to wave
breaking on sloped beds.

McDougal et al. (1997) were pioneers in developing a
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numerical model of the cross-shore profile involving a sea-
wall. Their analysis utilized a simple computational frame-
work based on empirical formulas for sediment and wave
dynamics, examining how reflected waves impacted sedi-
ment movement along the shore and revealing that reflected
waves from the seawall significantly influence nearby sea-
bed profiling. Gislason et al. (2009) used a sediment trans-
port model to address the Reynolds-Averaged Navier-
Stokes (RANS) equations, investigating standing wave for-
mation and the subsequent scour at a breakwater on a flat-
bed. Their findings, consistent with those of Sumer and
Fredsoe (2000), indicated that the ratio of scour depth ()
to wave height (/1) decreases with increasing water depth,
although their estimates did not consider the effects of a
sloped seabed and wave breaking. To model non-breaking
waves, they employed a kinematic boundary condition
based on free surface volume flow. Myrhaug and Ong
(2009) introduced a stochastic method to estimate random
wave-induced scour depth at the trunk section of vertical
wall and rubble-mound breakwaters. By treating the waves
as a stationary Gaussian narrow-band random process, they
applied formulas for scour depth induced by regular waves,
as outlined by Sumer and Fredsoe (2000) and Xie (1981),
to calculate the scour depth for random waves. Baykal et al.
(2015) found that excluding the suspended load resulted in
a 50% reduction in the calculated scour depth around a
vertical pile in a steady current.

Baykal et al. (2015) found that neglecting the suspended
load led to a 50% reduction in calculated scour depth
around a vertical pile under a steady current. Baykal et al.
(2017) investigated the effect of wave conditions on equi-
librium scour depth and found encouraging results for
backfilling the scour hole under wave action. Ahmad et al.
(2019) studied the mathematical modeling of an arctic
bluff with a sloping bed, simulating the scouring process
using RANS equations and a sediment transport model.
They used the level-set method (LSM) to capture the free
surface, including breaking waves. The study illustrated
how wave breaking and scour develop along a vertical
bluff through hydrodynamic analysis.

Yang et al. (2024) investigated local scour around an
artificial reef in steady currents, finding that increased
opening numbers led to reductions in both scour volume
and depth. Currently, physical modeling remains the most
effective method for evaluating local scour around com-
plex breakwater shapes that exceed the assumptions of
existing scour equations. Although three-dimensional (3D)
numerical modeling (FLOW-3D HYDRO) has been suc-
cessful in simulating local scour around a single cylindri-
cal pile, there remains a significant gap in numerical stud-
ies of scour under caisson breakwaters, particularly those
focusing on groups of piles as foundations subjected to
wave action. This study aims to assess; (1) The skill of the
model to forecast the scour mechanism around the semi-
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immersed caisson breakwater suspended on a group of
piles, and (2) The scour (scour depth and hole contours)
around semi-immersed caisson breakwater suspended on a
piles system under various environmental conditions.

2 Description of the FLOW-3D model

Underwater flow conditions can be modeled using the
FLOW-3D HYDRO model to assess seabed and suspended
load rates. This model solves the 3D Navier-Stokes equa-
tions with a non-hydrostatic finite variation approach, mak-
ing it effective for simulating free surface flow and sedi-
ment transport, including deposition and entrainment. The
FLOW-3D HYDRO model predicts sediment migration
and degradation through empirical equations, a nonlinear
drift flux method, and a bed load transfer model. Addition-
ally, it employs a volume tracking algorithm and vortex
analysis in box tests. The FAVOR approach is used to
delineate domain boundaries and identify areas of flow
obstruction (Lin et al., 2014).

2.1 Hydrodynamic model

In this study, the RANS equations were numerically
solved using the simpler renormalization group (RNG)
turbulence model to enhance computational efficiency.
The RNG model was chosen for the following reasons:
(1) It performs well in simulating turbulent flow in general
and is more broadly applicable than the conventional (k-¢)
model for scenarios involving breakwater piles, (2) It is
considered one of the most robust and accurate models for
scour simulations, and (3) the RNG model is particularly
effective for scour predictions in situations where the fluid
generates a high degree of turbulence as it flows through
breakwater structures.

2.1.1 Reflection, and transmission coefficient
The reflection (X,) and the transmission (K,) coefficients
can be expected as:

H,

K= (1)
H

K=" @)

where K, is the reflection coefficient, and K, is the trans-
mission coefficient, H, is the incident wave height, H, is
the transmitted wave height, and H, is the reflected wave
height.

2.2 Sediment scours model

This model assumes the presence of non-cohesive sedi-

ment and estimates sediment transport by predicting the
processes of erosion, advection, and deposition. The
Soulsby-Whitehouse equation (Wei et al., 2014) is utilized
to estimate the critical Shields parameter. The dimension-
less parameter, 7, is calculated as follows:

1/3
ey p(ps—p)g) 3

2

u

where u represents the dynamic viscosity of the fluid, p,
denotes the sediment density, p indicates the fluid density,
d is the particle diameter, and g is the acceleration due to
gravity. The Soulsby-Whitehouse equation is used to com-
pute the dimensionless critical shields parameter 6, in the
form of formulas:

0.3

O =T+ 027

+0.055(1 - exp(-0.027)) (4

The local shields parameter &, in (5) is calculated using
the local bed shear stress z:

T

0 =" 5
T lelalri-r) ¥
The entrainment coefficient can be employed to scale
scour rates or calibrate experimental data with a value of
0.005 yielding satisfactory results. The volumetric sediment
transport rate per width of bed Van Rijn Equation (6) which
has been defined as follows is used,

2.1
0
Q= ﬁVR’ id.":i{el‘ - 1:| Chi (6)

cr, i

where ﬁVR 18 a coefficient that is naturally equal to

0.053, ¢, ; is the volume fraction of species i in the bed
material, and ¢, is the dimensionless cradle consignment
conveyance degree, which is assumed to be 0.05.

3 Computational domain

The FLOW-3D HYDRO model was validated using
experimental data from Koraim (2005). Before the simula-
tion, a numerical wave flume and the geometry of a semi-
immersed caisson breakwater supported by a pile system
on sandy soil were created using FLOW-3D HYDRO.
Figure 1 illustrates the breakwater models and the cradle
geography data. The cradle geography around and beneath
the breakwater models were recorded to assess equilib-
rium erosion and accretion, with the mean water depth
maintained at 20 cm. The dimensions and conditions of
the tested models are detailed in Table 1 by Koraim (2005).
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Figure 1 The details of the models on a sandy be (Koraim, 2005)
Table 1 The details of the models were tested on a sand bed
Parameter Values
Breakwater width (B) (cm) 20
Breakwater draft (D) (cm) 4and 8
Pile diameter (d) (cm) 33 « 304
Water depth () (cm) 20 Figure2 Numerical model length
Relative pile diameter (d/h) 0.165
Pile gapping (G) (cm) 10 In FLOW-3D, the grid spacing plays a vital role in the
Relative pile gapping (G/h) 0.5 simulation process. The r'nesh resolgtion directly. affects
Pile spacing (S) (cm) 10 Fhe compute}tlonal time, with ﬁr.ler grids generally increas-
ing the runtime. To accurately simulate the development of

Bed slope () 0%

Wave periods (7)) (s) 1.0,1.2,1.5,2.0, and 3.0

1.32, 1.00, 0.80, 0.62, 0.46,
and 0.26

0.085, 0.088, 0.073, 0.049,
and 0.045

Dimensionless wave number (K/)

Wave height (H;) (m)

Before validating the model, it needed to be dimension-
ally calibrated. The morphological domain dimensions
were set to match those of the experimental flume used
by Koraim (2005), with a width of 30 cm and a height of
45 cm. Considerable effort was invested in ensuring that
the domain length was adequate to accurately capture the
scour behavior observed in the experiments.

A sufficient gap was needed between the pile system
and the wave absorber to ensure proper wave reflection.
This gap should be 80 times the pile diameter (d), while the
distance between the wave inlet and the pile system should
be 32 times the pile diameter (d), as shown in Figure 2. To
allow the wave to fully develop and to prevent initial scour,
a fixed bed was established at the inlet of the domain.

@ Springer

scour, smaller mesh elements were applied around the
piles and along the beach bed. In particular, cell sizes of
30, 25, 20, 15, 10, 5, and 1 mm were tested in these areas
to determine the most suitable resolution for the study. The
optimal cell size was identified by assessing when the sim-
ulated scour depth became stable and showed no signifi-
cant variations, as illustrated in Figure 3.

— N W R 0
4 T

Scour depth (cm)

0 10 20 30
Cell cize (mm)

Figure 3  Effect of cell size on scour depth

Figure 3 indicates that the scour depth stabilizes and
becomes independent of the grid resolution when the cell
size is smaller than 5 mm. However, using a coarser grid,
such as a 30 mm cell size, led to noticeable inaccuracies.
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Consequently, a 5 mm cell size was selected as the optimal
resolution to achieve accurate results and a reliable repre-
sentation of the scour depth around the piles. The computa-
tional domain was divided into three mesh blocks of differ-
ent sizes and boundary conditions to simulate the experi-
mental flume. Among these, Mesh Block 2 contained the
pile model and was assigned the finest grid to enhance the
accuracy of the simulation outcomes.

To better capture the scour development around the piles,
two mesh regions with higher refinement were generated
on both sides of the piles along the x and y directions. The
smallest cell size near the piles was set to 5 mm and gradu-
ally expanded to 20 mm away from them to optimize com-
putational efficiency. These mesh parameters were deter-
mined through a trial-and-error approach to ensure good
agreement between the simulation and experimental results.
The final mesh consisted of 316 700 cells assigned to the
workstation, as illustrated in Figure 4.

Figure 4 The meshing plane structure around the piles

One of the main challenges in the numerical modeling
process lies in selecting suitable scour parameters to
achieve results that closely align with experimental obser-
vations. Extensive effort was dedicated to this task, as
parameters such as the critical Shields parameter, entrain-
ment coefficient, and bed load coefficient play a crucial
role in model accuracy. Through multiple trial-and-error
simulations, the optimal parameter values were identified
as follows: critical Shields parameter = 0.045, entrainment
coefficient = 0.005, and bed load coefficient = 0.053.
Among these, the entrainment coefficient proved to be the
most influential, as even minor adjustments to its value led
to significant variations in the predicted erosion results.

Table 2 displays the mechanical properties of the sedi-
ment, based on the experimental work of Koraim (2005)
and utilized in this numerical study. The values presented
in the table were determined during the model calibration
process.

Determining the appropriate boundary circumstances for
the hydraulic investigation is a crucial step in the numeri-

Table2 Mechanical properties of the sediment

Density Entrainment Bed load The angle Maximum

Diameter (kg/m®)  coefficient coefficient ofrec;)) 08¢ packllng
©) fraction
0.0002 2050 0.005 0.053 32 0.52

cal imitation. After applying these boundary circumstances
to the numerical model and calibrating several key parame-
ters that directly influence the results, the simulation’s accu-
racy was verified by comparing the numerical outcomes
with experimental data. The boundary circumstances for the
computational field are outlined in Figure 5. The FLOW-3D
model defined the top surface for each run, corresponding
to stagnation pressure and atmospheric pressure (P) across
the three blocks. A sediment layer 0.15 meters thick was
placed at the bottommost of the model with a wall bound-
ary condition (W) applied there. Additionally, wall bound-
aries (W) were set on the right and left sides of the numeri-
cal domain.

Figure5 Boundary conditions of the numerical model

For block 1, the inlet boundary condition was set to a
Sth-order Stokes wave (WV), while the outlet was assigned
a symmetry boundary condition (S). To improve computa-
tional efficiency, the inlet and outlet boundary conditions
for block 2 were also set as symmetry boundary conditions
(S). In block 3, the inlet boundary condition was set to
symmetry (S), and the outlet boundary condition was con-
figured as a wall condition (W) with an absorbing wave
block. The boundary circumstances of the numerical model
were designed to match the physical conditions of the prob-
lem. Once these requirements are met, the model is ready
for use in various scenarios. Calculations requiring 10 min-
utes of physical time typically need about one day’s worth
of workstation processing (using 14 processors).

4 Results and discussion
4.1 Verification of hydrodynamic model

Figure 6 presents a comparison of the transmission coef-
ficient K, values between Koraim (2005) experimental
results and the present FLOW-3D HYDRO results when
the dimensionless wave number K4 = 0.8. Five ethics of
breakwater drafting D (D = 0, 0.04, 0.08, 0.12, and 0.16 m)
were applied. The percentage errors for different values of
changing the relative breakwater gaping G/h are 9.52% for
G/h = 0.50, 7.60% for G/h = 0.75, and 12.50% for G/h =
1.50, Table 3.

Figure 7 presents a comparison of the transmission coef-
ficient K, values between Koraim (2005) experimental
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Figure 6 The CFD results versus Koraim (2005) the experimental
results of the effect of KD on K, at different G/h values

results and the present FLOW-3D HYDRO results when
the dimensionless wave number K. = 0.8. Five ethics of
breakwater drafting D (D = 0, 0.04, 0.08, 0.12, and 0.16 m)
were applied. The percentage errors for different values of
changing the relative breakwater gaping G/h are 9.47% for
G/h = 0.50, 7.60% for G/h = 0.75, and 8.57% for G/h =
1.50, Table 4.

4.2 Verification of morphological model

4.2.1 Seabed changes for Kh = 0.8

Figures 8 and 9 present a comparison contour maps
between the Koraim (2005) experimental results and the
present FLOW-3D HYDRO model for the seabed changes
under and around the pile system supported the caisson
breakwater when the dimensionless wave number K/ =
0.80, For two cases of changing the relative breakwater

Table 3 Percentage relative error on K, values

--e- G/h=0.50 (Koraim, 2005)
--a- G/h=0.75 (Koraim, 2005)
--e- G/h=1.50 (Koraim, 2005)
—e— (G/h=0.50 (present study)
—— G/h=0.75 (present study)
—— G/h=1.50 (present study)

0.2 0.4

0.8 1.0 12

0.6
KD

Figure 7 The CFD results versus Koraim (2005) the experimental
results of the effect of KD on K| at different G/h values

drafting D/h =0.20 (closely spaced piles), and D/h= 0.40
(large spaced piles). The Figures indicated that the maxi-
mum sea bed scours were induced at a distance away from
the seaward tip breakwater. Also, there are random small
deposition zones appear in a different location along the
contour maps. From Figure 8, the observed seaward D /h
is 0.120 for the experimental and numerical contour map
as the D, seaward represents 12% relative to the water
depth. Also, D /h around the supporting piles is 0.030
from the experimental model and 0.020 from the numeri-
cal model with Dsmax equal to 3% and 2% relative to the
water depth for the experimental and numerical results
respectively. The maximum shoreward deposition height
D, ../h is 0.050 from the experimental model and 0.060
from the numerical model. The experimental scour hole
length L /I seaward and everywhere the piles are 0.160
and 0.060 while 0.140 and 0.040 from the numerical

model.

G/h=0.5 G/h=0.75 G/h=1.50
P Exp. Num. Relative error (%) Exp. Num. Relative error (%) Exp. Num. Relative error (%)
0.00 0.70 0.67 4.29 0.77 0.73 5.19 0.84 0.79 5.59
0.21 0.59 0.54 8.48 0.68 0.62 8.82 0.71 0.65 8.45
0.41 0.45 0.42 6.67 0.52 0.49 577 0.54 0.5 7.41
0.62 0.30 0.29 1.67 0.36 0.33 8.33 0.46 0.43 6.52
0.83 0.18 0.17 5.56 0.24 0.235 2.08 0.28 0.26 7.14
Table 4 Percentage relative error on K, values
G/h=0.5 G/h=0.75 G/h=1.50
KD
Exp. Num. Relative error (%) Exp. Num. Relative error (%) Exp. Num. Relative error (%)
0.00 0.68 0.64 5.88 0.49 0.74 4.08 0.52 0.49 5.71
0.21 0.72 0.68 5.56 0.61 0.59 3.28 0.55 0.52 5.45
0.41 0.88 0.82 6.82 0.80 0.74 7.50 0.70 0.64 8.57
0.62 0.95 0.86 9.47 0.88 0.83 5.68 0.75 0.69 8.00
0.83 0.96 0.88 8.33 0.92 0.85 7.60 0.81 0.78 3.70

@_ Springer



R.N. Zedan et al.: Three-Dimensional Numerical Modeling of Wave-Induced Scour Around Caisson Breakwater Suspended on Piles 1151

-0.30 -0.20 -0.10 0

0.10 020 0.30

0 0
-0.30 020 -0.10 0  0.10 020 0.30

x/L
(a) Koraim (2005)
-0.1200  -0.0400 0 0.0400 0.0600

-0.30 020 -0.10 0 0.10 020 0.30

0.15
= 0.10
=

0.05

0.10 020 0.30O

07030 020 -0.10 0
x/L

(b) FLOW-3D HYDRO

Figure 8 Comparison between two contour maps for the case of
Kh=0.80 and D/h = 0.20 (closely spaced piles)
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Figure 9 Comparison between two contour maps for the case of
Kh=0.80 and D/h = 0.40 (large spaced piles)

Figure 9 indicated that the experimental and numerical
contour maps confirmed that there are two scour holes, the
biggest one formed seaward with D /h and L /I are
0.120 and 0.160 for the experimental contour maps while
0.120 and 0.180 for the numerical contour maps. While
the smallest formed shoreward with D /h and L_, /I are
0.060 and 0.120 for the experimental contour map and
0.050 and 0.120 for the numerical contour map. Also, the
maximum shoreward deposition height is 0.030 for the
experimental contour map and 0.050 for the numerical
contour map. That means that the FLOW-3D model suc-

ceeds in predicting the sea bed scour and deposition for

the intermediate wave with different cases of changing the
relative breakwater drafting.

Figures 10(a) and 10(b) compare the longitudinal sea-
bed profiles at the center of the flume domain, showing
both the experimental results from Koraim (2005) and the
current FLOW-3D numerical results for K4 = 0.80. The
comparisons are made for different configurations: D/h =
0.20 (closely spaced piles), and D/h = 0.40 (widely spaced
piles). The figures reveal a high degree of conventual
between the experimental and mathematical outcomes in
the patterns of erosion and deposition.

0.20 : :
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0.10f . 1—— FLOW-3D results
005 A | i
< "L s A s
Q054 WJD J 0.0 02703 04
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(b) D/h=0.40 (large spaced piles)

Figure 10 Comparison between the experimental and numerical
longitudinal cross-section of the seabed profile when Ki = 0.80 for
different breakwater drafting

4.2.2 Seabed changes for Kh = 0.26

Figures 11, 12 and 13 present an assessment contour
maps between the Koraim (2005) experimental results
and the present FLOW-3D HYDRO model for the seabed
changes under and around the pile system supported the
caisson breakwater when the dimensionless wave number
Kh = 0.26, For three cases of changing the relative break-
water drafting D/h = 0.20 (closely spaced piles), and D/h =
0.40 (closely spaced piles), and D/h = 0.40 (large spaced
piles).

For Figure 11 and Figure 12, different scour zones formed
around the pile system and there is deposition zones formed
near shoreward for both numerical and experimental con-
tour maps. Figure 11 indicated that D__/h, and L_ /I sea-
ward are 0.050 and 0.010 for the experimental contour
map but 0.040 and 0.010 for the numerical contour map.
While D, /h is 0.040 for the experimental contour map
and 0.035 for the numerical contour map. Figure 12 indi-
cated that D__/h seaward is 0.090 for the experimental

smax’

contour map and 0.080 for the numerical contour map.
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Figure 12 Comparison between two contour maps for the case of
Kh=10.26 and D/h = 0.40 (closely spaced piles)

D,../h is 0.090 for the experimental contour map and
0.080 for the numerical contour map. Also, L /I is 0.040
for the experimental contour map and 0.050 for the numer-
ical contour map. Figure 13 indicates that the effect of

increasing D/h to 0.40 in the case of large-spaced piles

@ Springer

on the sea bed profile is very minor and can be ignored.
Figure 14 presented a comparison between the numerical
and experimental longitudinal cross-section of the sea bed
pattern at the middle of the wave flume when K& = 0.26
for different D/h values. The figure proved that the seabed
profile is not regular because of the high confusion caused
by the interaction between the incident and the reflected
waves beside the wave breaking and the horseshoe vortex
formed in front of the breakwater system for both numeri-
cal and experimental profiles. Figure 14 presented a high
matching between the sea bed profile for the experimental
and numerical results.

The following Table 5 depicts the mean square error (M.
S.E) values between the experimental and the numerical
results for the longitudinal seabed changes at the middle of
the contour maps for different cases of changing K/ under
various scenarios of D/h. The results are based on the fol-
lowing (Eq. 7):

MSE = nig(yp - Y,,)2 (7)

where n_ is the number of samples, ¥,  is the experimental
values, and Y, is the numerical values. Table 5 indicated that
in the case of KA = 0.80 for D/h = 0.40 (closely spaced piles)
the M.S.E recorded a high error with 0.002 092 compared
with the other values. The best M.S.E value is 0.000 031 for
the case of Ki = 1.32 when D/h = 0.40 (large spaced piles).
That means that the validation of the medium wave for
example KA = 0.80 with FLOW-3D HYDRO recorded low
convergence between the numerical results and the experi-
mental results, especially in the case of existence piles.
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Figure 14 Comparison between the experimental and numerical
longitudinal cross-section of the seabed profile when Ki = 0.26 for
different breakwater drafting

Table5 Mean square error for different validated data

Kh Dh MSE
D/h=0.2
(closely spaced piles) 0.0002433
1.32
D/h=04
(large spaced piles) 0.000031
D/h=0.2
(closely spaced piles) 0.001765
D/h=04
0.80 (closely spaced pils) 0.002092
D/h=04
(Targe spaced piles) 0.000161
D/h=0.2
(closely spaced piles) 0.00017
D/h=04
0.26 (closely spaced piles) 0.000135
oin=04. 0.0000578947
(large spaced piles)

While the results of large-spaced piles recorded high con-
vergence between the numerical results and the experimen-
tal results.

Figures 15(a) and 15(b) show a comparison of the results
of the bed topography at ( = 20 min) observed experimen-
tally and numerically by Wang et al. (2017) and simu-
lated numerically in this research by FLOW-3D HYDRO.
Figure 15(c) presents the simulated scour contour map by
FLOW-3D HYDRO. It is noticed that the maximum scour
depth is 0.0450, and 0.0470 for the experimental and numer-
ical results of Wang et al. (2017), respectively. The maxi-
mum scour depth received by the present model is 0.046 5.
For that, the present FLOW-3D HYDRO model gives the
perfect agreement with the experimental and numerical
(Wang et al., 2017) with a mean square error equal to
0.000 012 5. Therefore, the FLOW-3D HYDRO simulates
the bed changes around piles with high accuracy.

(a) Experimented by
Wang et al. (2017)

(b) Simulated by
Wang et al. (2017)

-0.0470 0.0009

-0.0363

-0.0129 0.0148

= —-,‘f’i“n
(¢) Model results

Figure 15 Scour hole contours at (# = 20 min)

4.2.3 Seabed changes for Kh = 1

Figure 16 presents the numerical sea bed morphology of
the three breakwater models when KA = 1 for three cases
of changing the relative breakwater drafting D/h. The first
model for D/h = 0.2 (closely spaced piles), the second
model for D/h = 0.4 (closely spaced piles), and the third
model for D/h = 0.4 (large spaced piles). The figure pre-
sented that for the three breakwater models, two scour holes
were formed, the first scour hole was formed seaward
while the second scour hole was formed around the piles
under the breakwater system with a big erosion under one
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Figure16 Contour maps of the seabed changes around the different
caisson breakwater models when K/ = 1

side pile. Also, one big deposition height formed shore-
ward. For the first model given in Figure 16(a) the maxi-
mum relative seaward scour depth D__/h is 0.08. The
D_, . /h around-the-side pile is 0.09 and under the breakwa-
ter system is 0.03. The maximum shoreward relative depo-
sition height D, /h is 0.02. The relative scour hole
lengths L /I seaward and around the piles are 0.18 and
0.10. For the second model given in Figure 16(b) the maxi-
mum relative seaward scour depth D_ /h is 0.08. The
D, /h around the side pile is 0.10 and under the breakwa-
ter system is 0.03. The maximum shoreward relative depo-
sition height D, /h is 0.04. The extreme relative scour
hole lengths L /I seaward and around the piles are 0.18
and 0.10. As shown in the first and the second models,
there is little difference observed in changing sea bed mor-
phology when increasing the relative breakwater drafting
for Kh = 1. For the third model presented in Figure 16(c),
different scour and deposition zones appear along the con-
tour map. The extreme relative seaward scour depth D___/h

is 0.06. The extreme relative scour depth under the break-

@ Springer

/h is 0.02. The maximum relative depo-

water system D
/18 0.06. The extreme relative scour

sition height D,
hole length L /s 0.16.

Figure 17 presented the numerical longitudinal sea bed
pattern at the center of the contour map for the three break-
water models when K/ = 1 for different ethics of changing
the relative breakwater drafting D/h. The figure shows that
the sea bed morphology is not uniform but varies from
scour zones to deposition zones. Also, increasing D/h from
0.2 to 0.4 in the case of closely spaced piles doesn’t give
more changes in the seabed profile. As there are little scour
holes around the piles and big deposition height shoreward.
But in the case of D/h = 0.4 (Large spaced piles), the scour
decreased under the breakwater system and concentrated
under the tip of the breakwater with a big deposition
height shoreward. The distribution of the scour and deposi-
tion zones exerted from FLOW-3D Hydro when Kh = 1
for the three breakwater models is presented in Figure 18.
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Figure 17 Longitudinal seabed outline at the middle of the contour
map around the breakwater models for KA = 1

1

(a) D/h=0.2
(closely spaced piles)
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(closely spaced piles)

-1
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Figure 18 Distribution of scour and deposition zones around the
three breakwater models for K =1
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4.2.4 Seabed changes for Kh=0.46

Figure 19 presents the numerical sea bed morphology of
the three breakwater models when Kk = 0.46 for three
cases of changing the relative breakwater drafting D/h.
The first model for D/h = 0.2 (closely spaced piles), the
second model for D/h = 0.4 (closely spaced piles), and the
third model for D/h = 0.4 (large spaced piles). The first
model showed a big scour hole formed seaward with vari-
ous deposition heights distributed along the contour map.
The extreme relative seaward scour depth D /h is 0.05.

smax’

The extreme relative scour deepness around the piles D /h
is 0.12, and the maximum relative shoreward deposition
height D, . /h is 0.05. Different small deposition zones
formed round the piles with D, /h 0.025. Extreme rela-
tive scour hole length L /I seaward and round the piles
are 0.02 and 0.06. The second model is given that big
scour zones formed around the second shoreward raw of
piles with D__/h is 0.05. Also, the big deposition height
viewed at the nose of the piles D, /h is 0.06. A very small
scour zone formed seaward with D, /his 0.02. L /I sea-
ward and around the piles are 0 and 0.03. The conse-
quence of the third model on the seabed changes is actual
minor as it can be ignored. Successive areas of scour and
deposition are formed along the contour map. The extreme
relative scour depth under the breakwater system D /h is
0.025. The extreme relative seaward scour deepness D /h
is 0.005. The maximum relative deposition height shore-
ward D, /h is 0.03. The scour hole length L /I seaward
is 0.08. The numerical longitudinal sea bed shape at the
center of the contour plan for the three breakwater models
for different values of changing the relative breakwater
drafting D/h is offered in Figure 20. The figure displays
that the sea bed morphology is not uniform but varies from
scour zones to deposition zones due to the high confusion
caused by the interaction among the partial standing waves
and the reflected waves from the breakwater body beside
the breaking waves causing horseshoe vortex in front of the
breakwaters. The distribution of the scour and deposition
zones exerted from FLOW-3D HYDRO when KA = 0.46
for the three breakwater models is presented in Figure 21.
Figure 22 presents the relation between the dimension-
less wave number K/ and the seaward maximum relative
scour depth D /h. The figure illustrated that the equilib-
rium scours are induced when K7 increases to 0.80 and
then starts to decrease. That refers to the rise in the orbital
velocity and the maximum bottom pressure. The extreme
relative scour depth ranged between 0.10 and 0.12 when
the dimensionless wave number K/ oscillated from 0.70 to
0.90 seaward represents 12% relative to the water depth.
Figure 23 presents the relation between the dimension-
less wave number K/ and the extreme relative seaward
hole length L_ /I for three models. The three models indi-
cated that the maximum relative seaward hole length
increased by increasing the dimensionless wave number
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Figure 19 Contour maps of the seabed changes around the
different caisson breakwater models when Ki = 0.46
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Figure 20 Longitudinal seabed outline at the mid of the contour
map around the breakwater models for Ki = 0.46

Kh. For the first and the second model, it increased when
the Kh reached 1.00 while for the third model, it increased
when the K/ reached 0.85. Then it began to decrease for
the three models.

Figure 24 presents the relation between the dimension-
less wave number K/ and the extreme relative shoreward
deposition height D, /h for the three models. For the first

model, the maximum relative deposition height increased
when Kh reached 0.80. Then it decreased until reached
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Figure 21 Distribution of scour and deposition zones around the
three breakwater models for K/ = 0.46
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Kh =1.00 and started to increase slowly again. For the sec-
ond model, it decreased when K& reached 0.80 and then
started to increase slowly again. For the third model, it
increased when K/ reached 1.00 and then started to decrease
again. The maximum deposition height D, shoreward
was found to be 9% relative to the water depth.

Figure 25 presents the relation between dimensionless
wave number Ki and the maximum relative scour depth
around the piles D__/h for the two models. For the first
model, the maximum relative scour deepness increased
when Kh reached 0.50 and then started to decrease until
Kh reached 0.85 and then started to increase again. For the
second model, the maximum relative scour depth decreased
when Kh reached 0.60 and then started to increase again.
The extreme scour deepness around the piles D
tiated to be 8% relative to the water depth.

was ini-

smax

0.160 1 o p/h=0.2 with piles
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=
£ 0.080 |
Q
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Figure 25 The consequence of the dimensionless wave number Kk
on the shoreward maximum relative deposition height D__ /A

smax’

Figure 26 presents the relation between dimensionless
wave number K4 and the maximum relative hole length
around the piles L /I for two models. For the first model,

smax’

L__ /I increased until KA reached 0.45 then decreased until

Kh reached 0.80 and started to increase again quickly to
Kh = 1.00 and gradually slowly increased to Ki = 1.32.
For the second model, L, /I decreased until Ki reached

0.45 and then started to increase again.
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Figure 26 The effect of the dimensionless wave number K4 on the
maximum relative scour depth around the piles L__ //

smax’

4.3 Influence of changing the breakwater section
on the scour process

The primary objective of this analysis is to determine
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the optimal cross-section of the caisson breakwater and
assess its impact on the progression of scour. To achieve
this, two scenarios were considered. In the first scenario,
the caisson base is increased by 0.25 W and 0.50 W on
both sides. The second scenario the breakwater width is
increased by 0.25 W and 0.50 W on both sides.

4.3.1 Increasing the breakwater base (Both Sides)
The second configuration examines widening the break-

water base symmetrically on both sides by 0.25 W and
0.50 W, as illustrated in Figure 27.

Figure 27 The second scenario of increasing the breakwater base
from two sides with two values

Figure 28 presents the influence of these base exten-
sions on scour development and highlights the differences
in scour and deposition patterns between the original
design and the two modified geometries.

As shown in Figure 28(b), enlarging the caisson base
shifts the scour zone further seaward. A pronounced scour
region develops offshore, with a maximum normalized
scour depth of D_ /h = 0.130, representing an increase of
128.07% relative to the baseline model. A notable deposi-
tion zone also forms between the two pile rows, reaching
D,../h=0.100.

Figure 28(c) demonstrates that extending the breakwater
base by 0.50W on both sides produces a substantial deposi-
tion zone seaward beneath the expanded base (D,,,./h =
0.080) and a significant offshore scour area (D /h =
0.080), corresponding to a 40.35% increase compared to
the original configuration. This indicates that widening the
caisson base by 0.50 W on each side is more effective in
mitigating scour progression around the piles. The modifi-
cation successfully redirects the scour away from the cais-
son structure, though it results in a 40.35% increase in
scour depth offshore.

The seabed deformation along the centerline of the
domain for the three configurations is presented in Figure 29.

4.3.2 Increasing the breakwater width (two sides)

The two scenarios of increasing the breakwater cross
section with two values is shown in Figure 30.

Figure 31 illustrates the effect of increasing the break-
water width from both sides by 0.25 W and 0.50 W, respec-
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Figure 28 The effect of increasing the breakwater base (two sides)
on the scour process for Kh = 1.32, and D/h =0.20
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Figure 29 Longitudinal seabed profile at the middle of the contour
map around the three caisson models in case of increasing the
breakwater base on two sides for K4 =1.32

Figure 30 The third scenario of increasing the breakwater cross-
section with two values
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tively, on scour development. It also shows the differences
in scour and deposition distributions between the original
model and the two optimized sections. Figure 31(b) shows
that increasing the caisson width by 0.25 W on both sides
results in the scour zone moving farther away from the
piles and concentrating seaward, with (D, /h = 0.057),
which represents no increase in scour depth, As the scour
depth remains constant. Deposition areas form shoreward
and around the piles, with a deposition zone appearing
between the two rows of piles, having (D, /# = 0.018).
Figure 31(c) shows that increasing the caisson width by
0.50 W causes the scour zone to shift even farther sea-
ward, with (D_/h = 0.070), an increase of 22.81% com-
pared to the original case. All areas around the piles and
shoreward are deposition zones, with the maximum deposi-
tion height appearing between the piles at (D, /# = 0.070).
Therefore, increasing the breakwater width by 0.25 W is
more effective in controlling scour progression than increas-
ing it by 0.50 W. This approach successfully redirects the
scour away from the breakwater while keeping the scour
depth constant. The deformation of the seabed profile along
the contour map for the three models at the center of the
domain is shown in Figure 32.
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Figure 31 The effect of increasing the breakwater width (two sides)
on the scour process for K4 = 1.32, and D/h =0.20
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Figure 32 Longitudinal seabed profile at the middle of the contour
map around the three caisson models in case of increasing the
breakwater width for K =1.32

5 Conclusions

The study employed the FLOW-3D HYDRO model to
investigate the morphological impacts of a semi-immersed
caisson breakwater supported by a group of piles, sub-
jected to regular waves. The primary focus was to assess
the changes in the seabed beneath and around the breakwa-
ter structure. Several factors were considered, including
wave height, wavelength, wave period, the draft of the
breakwater, and the spacing between the piles, all under a
constant water depth. The study led to significant conclu-
sions regarding the influence of these parameters on sea-
bed alterations. Two scenarios were considered, including
the effect of altering the caisson’s cross-section on control-
ling scour progression.

(1) The results revealed a strong agreement between the
numerical simulations and experimental data for scenarios
involving widely spaced piles, as indicated by a low mean
square error. In contrast, cases with intermediate wave con-
ditions exhibited lower convergence between the numeri-
cal and experimental outcomes, particularly in the pres-
ence of piles, which was associated with a higher mean
square error.

(2) The maximum relative seaward erosion depth (D, /%)
ranged between 0.10 and 0.12 when the dimensionless
wave number (K#) was between 0.7 and 0.9. Equilibrium
scours were observed when K/ reached 0.80. Additionally,
the extreme virtual scour hole length (L, _//) varied between
0.16 and 0.18 when the dimensionless wave number (K%)
ranged from 0.9 to 1.0.

(3) At a dimensionless wave number of K4 = 0.80, the
highest recorded maximum relative shoreward deposition
height (D,,./h) was 0.08, observed with a relative break-
water draft of D/d = 0.2 for pile-supported structures. Con-
versely, a lower value of 0.015 was recorded when the rel-
ative breakwater draft (D/d) increased to 0.4, also in the
presence of piles.

(4) The maximum virtual scour depth around the piles
(D,,./h) peaked when the relative breakwater draft (D/d)
was 0.2 for pile-supported structures. However, as the rela-
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tive breakwater draft increased to 0.4, a lower value was
observed, occurring when the dimensionless wave number
Kh was 0.46.

(5) The extreme relative scour depth around the piles
(D,,/h) was highest for structures with piles and a rela-
tive breakwater draft (D/d) of 0.2, while it was lowest
when the draft increased to 0.4 at Ki = 0.46.

(6) In the case of increasing the breakwater width by
0.25 W, it was found to successfully divert the scour away
from the breakwater while maintaining a constant scour
depth. In contrast, increasing the width by 0.50 W resulted
in both the diversion of the scour and an increase in its
depth. Therefore, increasing the breakwater width by 0.25 W
is considered one of the best outcomes and an ideal solu-
tion for controlling scour.

(7) Increasing the caisson base by 0.50 W on both sides
proved more effective in controlling the progression of
scour around the piles. This approach successfully diverted
the scour away from the caisson breakwater, resulting in a
40.35% increase in scour depth with restricting the scour’s
location.
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