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ABSTRACT

A series of laboratory experiments and high-fidelity numerical simulations were carried
out to investigate the scour induced by a solitary wave around a non-slender, vertical structure of
a square cross-section on a sandy berm. Various wave and water level combinations, structure
layouts, and dimensions were studied. The flow separation at the sharp edges resulted in
counterclockwise rotating out-of-plane vortices that extended from the free surface to the sandy
berm. These energetic vortices were found to be the primary driving mechanism of the scouring
through entraining, and entrapping the sand particles into their cores, keeping them in suspension,
carrying them, and releasing them as the vortices propagate along a spiral trajectory. The analyses
also showed that the flow blockage by the structure could result in flow field modulation and
exacerbate the scour processes. The structure dimension appeared to be the most influential factor
in the scouring process, drastically altering the characteristics of the non-equilibrium scour holes.
Irrespective of the structure dimension or layout, the scour depth was greater around the seaside
edge of the structure while the scour width was larger on the leeside edge. The uncertainties
associated with the maximum non-equilibrium scour depth were quantified via Monte Carlo
simulations which showed that the impact of the structure dimension on the maximum scour depth
was almost twice more significant than that of the layout. The three-dimensional (3D) Eulerian

two-phase flow numerical model, SedWaveFoam, was shown to be able to simulate sediment
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transport and scour around sharp-edged square structure at a low Keulegan-Carpenter (KC)

number.
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1.INTRODUCTION

Understanding and quantification of scour around riverine and coastal structures have been
a popular research topic. Scour around slender cylindrical structures has particularly received more
attention (Baykal et al., 2017; Kobayashi, 1993; Kobayashi and Oda, 1995; Sumer et al., 1993,
1992; Sumer and Fredsge, 2002; Whitehouse, 1998), mainly due to its implications for a broad
range of structures from offshore platforms in the oil industry to piers and bridges in the
transportation sector. However, relatively less is known about scour processes for non-slender,
non-cylindrical structures. Rance (1980) investigated the wave and current-induced scour around
large monopiles of various shapes where the width of the pile, D, was greater than 10% of the
wavelength, L. Rance (1980) concluded that the scour depth for a structure with a square cross-
section could be significantly greater than that for the structures of cylindrical and hexagonal cross-
sections. Katsui et al. (1993, 1989), and Toue et al. (1993) studied the scour around large vertical
piles exposed to regular waves. They identified wave-induced steady-streaming as the main
driving mechanism of the scouring. To predict the bed evolution around large cylindrical piles,
Saito et al. (1991) developed a numerical model which was later improved by Katsui and Toue
(1993) with the implementation of a wave-current friction component. The model was limited to
planar slopes and did not account for the effects of undertow currents, an important scour-inducing
process on sloping bottoms (Saito and Shibayama, 1993). Kim et al. (1995) studied the scour
around two large cylindrical structures and concluded that the depth and width of the scour hole
depended on the number of structures, diffraction parameter (D /L), incident wave angle, and
sediment size. Sumer and Fredsge (2002) showed that, for large cylinders, the scour depth
increased with the diffraction parameter, owing to the wave-induced steady-streaming. Consistent
with the findings of Rance (1980), Sumer and Fredsge (2002) reported greater scour depths around
a square pile than those for a cylindrical pile under both wave and combined wave and current
flow condition. Furthermore, by investigating the scour around a large cylindrical pile, Sumer and

Fredsge (2001) indicated that the scour occurs because the sediment is brought into suspension
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and carried away by the wave actions and that the scour depth was a function of both Keulegan-
Carpenter number (KC) and diffraction parameter. Sumer and Fredsge (2002) argued that the time
scale for the establishment of an equilibrium scour around a large cylindrical pile exposed to
progressive waves increased with the Keulegan-Carpenter number and diffraction parameter and
decreased with the Shields parameter (6). A study by Whitehouse (2004) on the scour of three
different large marine monopile structures showed that the foundations were less susceptible to
scouring in a wave-dominated regime while scour protection measures were necessary under a
combined wave and current flow condition. Haddorp (2005) stated that under extreme and
moderate wave conditions, the scour depth around a pile could be on the order of one and one-
third the pile diameter, respectively. Q1 and Gao (2014) experimentally studied the scour around a
large diameter monopile by the actions of combined wave and current. They indicated that wave-
induced seepage reduced the buoyant unit weight of the surrounding sand under the wave trough—
also known as liquefaction—making the sandy bed more prone to scour. Furthermore, they found
that because of the nonlinear interactions between waves and currents, the combined wave and
current flow leads to a greater scour depth than that of waves or currents. Nakamura et al. (2008)
investigated tsunami-induced local scour around a land-based square structure on a sandy bed via
laboratory experiments and numerical simulations. They discovered that the maximum scour depth
is a function of the inundation depth and embedment depth of the footing. The numerical
simulations also revealed that effective stress is an important parameter in the development of the
scour hole. McGovern et al. (2019) conducted a series of experiments on tsunami waves
propagating over a sloping bottom and impinging upon a square structure on a flat erodible bed.
The non-equilibrium scour depth was found to be affected by sediment slumping.

The majority of the past studies, some of which are briefly reviewed above, focus on the
equilibrium scour of various types of structures under different flow conditions. Among these
studies, slender structures are well-studied, leading to the development of several empirical
relationships for the scour depth (Breusers et al., 1977; Raaijmakers and Rudolph, 2008; Sumer et
al., 1992; Sumer and Fredsge, 2002; Whitehouse, 1998; Zanke et al., 2011). On the other hand,
less is known about the non-equilibrium scour characteristics of non-slender structures—which
motivated the authors to undertake the present study. The formation and evolution of vortical
structures around non-slender structures were previously studied using high-fidelity, eddy-

resolving, numerical simulations, and experiments (Sogut et al., 2020, 2019; Velioglu Sogut et al.,
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2021). Here, the authors present the results of their experimental studies on the formation and
evolution of the vortical structures under various wave and water levels, structure sizes, and
layouts on a sandy berm. Moreover, the morphological evolution of the sandy berm in the vicinity
of a non-slender structure with a sharp-edged square cross-section under a non-breaking solitary
wave is quantified. For that purpose, the characteristics of the scour holes, i.e., depth, width, and
volume, as well as the sediment deposits forming near the structure are analyzed. Because the
observed non-equilibrium scouring process entails more uncertainties than the equilibrium scour,
an uncertainty quantification based on the Monte Carlo simulation is presented.

To further enhance the analysis, measured data are compared with the simulation results of
a high-fidelity numerical model, SedWaveFoam—a three-dimensional (3D) Eulerian two-phase
flow model in the Open Field Operation And Manipulation (OpenFOAM) environment. This
model is adopted for the present study because, unlike single-phase models (Baykal et al., 2017;
Henderson et al., 2004; Kranenburg et al., 2013, 2012) which employ bedload/suspended load
assumptions and bed shear stress models, two-phase flow models directly solve continuity and
momentum equations for the sediment, water and air phases (Kim et al., 2018). The SedWaveFoam
model’s capability in simulating surface wave propagation together with sheet flow sediment
transport enabled quantification of the wave-driven sediment transport in wave bottom boundary
layer (Kim et al. 2018). This work expands the model’s capability by simulating the sediment

transport and scour around a sharp-edged square structure at a low KC number.
2.EXPERIMENTS

The flume experiments were conducted at Stony Brook University Coastal and Hydraulic
Engineering Research Laboratory’s (CHERL) integrated wave and bi-directional current flume,
which is 25 m long, 1.5 m wide, and 1.5 m high. The flume is equipped with an active wave
absorption system to reduce reflected wave effects. Further, a honeycomb mesh, shown in Figure
1 at the end of the wave flume, acted as a passive wave energy absorption to reduce wave
reflections. The plan and side views of the experimental setup and the adopted coordinate system,
as well as the three-dimensional visualization of each layout, are shown in Figure 1.

The flume experiments included two structure layouts and three combinations of wave and
water depth conditions. The structures were two sharp-edged, wooden blocks, with cross-sectional

dimensions 0.5 m X 0.5 m and 0.25 m X 0.25 m. The structures were placed on a mobile bed of
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0.18 m thick, composed of sand with a median grain diameter of D5y,=0.27 mm, and exposed to
incident solitary waves. The heights of the solitary waves at the paddle were 10 cm, 7.5 cm, and 5
cm and propagated on the still water of 48 cm, 40.5 cm, and 33 cm deep, respectively. The main
objective of this study was to assess and quantify the possible impacts of the inundated non-slender
structure position on the non-equilibrium scour characteristics. Two layouts, the structure: (1)
attached to the sidewall (side), and (2) positioned at the centerline (center) were considered. The
side wall-attached case was assumed to represent an abutment wall subject to wave impact where
the wall effect tends to influence the morphodynamic processes. Although this study was not
designed to replicate a specific real-life condition, the ranges of structure dimensions and the
corresponding flows may be considered having a A=1:40 length scale according to the Froude

similitude (e.g., Sumer and Fredsge, (2002)).
2.1.Wave and Water Level

Table 1 summarizes the waves and water levels considered for the experiments. The wave
specifications were selected such that the diffractions and consequently the potentials for the
formation of undesired oscillations in the flume are minimized. This was achieved by employing
the criterion proposed by Isaacson (1979) in which the diffraction coefficient (D /L) is presented
as a function of the Keulegan-Carpenter (KC) number.

The solitary wave was assumed as a representative wave in a wave train where the distance
between the two consecutive crests is the wavelength (). Subsequently, the equivalent wave
period (T) was defined as the ratio of the wavelength to the wave celerity, c, following Huang and
Yuan, (2010) and Xu et al. (2019). In Table 1, the variable h is the water depth, A, ¢, and T are
the wave height, celerity, and period, respectively. These variables are all the offshore quantities
in front of the wave paddle. The parameter U, represents the maximum undisturbed near-bottom
flow velocity, measured at ~2 mm above the sandy berm. The Keulegan-Carpenter number is

defined as KC = U,,T/D where D is the width of the structure.
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Table 1: Specifications of flow conditions and structure dimensions

H L h; ¢ T U, D KC DJL
[m] [m] [m] [m/s] [s] [m/s] [m] [-] []

0100 7.63 0480 239 320 049 020 314 066

0.25 6.28 0.33
0.50 2.55 0.73
0.075 6.83 0.405 2.17 3.15 041 025 511 037
0.50 1.87 0.81
0.050 6.15 0330 193 3.19 029 025 375 041

2.2.Measurements

The instrumentation and procedure of measuring the flow field and bed elevation are

elaborated in the following subsections.
2.2.1. Water level and velocity measurement

Edinburgh Designs WG8USB resistive wave gauges (WG), with a sampling frequency of
128 Hz, recorded the free surface elevations at various locations in the flume, particularly around
the structure. The locations of the wave gauges are marked in Figure 1.

Prior to placing the structure on the berm, the undisturbed near-bed velocity profile was
measured using a Vectrino Profiler at a sampling frequency of 25 Hz. The near-bed flow velocity
profile was measured along a 30 mm water column (between ~2 mm to 32 mm from the berm) at
a resolution of 1 mm. Furthermore, the velocity field was measured using three Nortek Vectrino
Acoustic Doppler Velocimeters (ADV) at a sampling rate of 25 Hz. The ADVs recorded the flow
velocity at one-third the still water depth above the sandy bed. The positions of the WGs and ADVss

are shown in Figure 1, and their coordinates are summarized in Table 2.
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Figure 1: Schematic of experimental setup including WGs and ADVs locations. Panels (a) and (b)
show two different layouts with structure on side, and at center of flume, respectively. Yellow

circles and red rectangles represent WGs and ADVs, respectively.

Table 2: Coordinates of WGs and ADVs for different test cases

Side Center
Instrument D=0.50m D=0.25m D=0.50 m D=0.25m

x[m  y[m] x[m] y[ml x[m] y[m] x[m]  y[m]
WG1 -4.800 0.750 -4.800 0.750 -4.800 0.750 -4.800 0.750
WG2 -1.850 0.750 -1.850 0.750 -1.850 0.750 -1.850 0.750
WG3 -0.100 0950 -0.010 1.365 -0.110 0.340 -0.040 0.305
WG4 -0.100  0.500 -0.010 0.330 -0.020 0.750 -0.010 0.750
WG5S -0.020  1.250 0.050 1.230 0.020 1.300 0.020 0.985
WG6 0.110  0.780 0.100 0.600 0.145 0.250 0.080 0.425
WG7 0.120  0.480 0.180 1.135 0.335 1.135 0.175 0.230
WGS 0.260  0.660 0.220 1.225 0.340 0.320 0.175 0.890
WG9 0.350 0.770 0.250 0.240 0.500 1.035 0.280 1.220
WGI10 3.680  0.750 3.680 0.750 3.680 0.750 3.680 0.750
ADV1 0.110  0.920 0.040 1.175 0.150 1.250 0.125 1.180
ADV2 0.260  0.510 0.125 0.750 0.580 0.445 0.240 0.570
ADV3 0.380  0.900 0.300 1.180 0.580 1.100 0.225 0.950
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2.2.2.Bathymetry measurement

A HR-Wallingford’s HRBP-1070 bed profiler, operating in a three-dimension setting, was
used to scan the berm surface before and after each test. The profiler’s laser probe had an accuracy
of 0.5 mm and could function in both air and water. Before each test, the surface of the berm was
leveled at 0.18 m above the flume bottom, then the water level was gradually increased to the
target level. Subsequently, the profiler was calibrated to eliminate potential reading error due to
ambient temperature variations and other factors. The scanned area included a total length of 5D,
2D upstream, and 2D downstream of the structure. A blind zone of ~2 cm wide around the structure

could not be fully scanned due to the maneuvering restrictions imposed by the probe arm assembly.

Consequently, the bed elevation in that zone was manually measured.

2.3.Test Cases

To make it easier to refer to a particular test case, a naming convention is adopted here.
This naming convention reflects the important specifications of each test—a letter S or C referring
to the layouts, Side or Center, respectively, followed by the structure dimension in centimeters,

and a dash followed by the wave height in centimeters. The specifications of the experimental

setup for all test cases are summarized in Table 3.

Table 3: Specifications of all test cases

Test hq h,, H L D Ly m Un KC
Case [m] [m] [m] [m] [m] [m] [m] [m/s] [-]
S50-10 0.480 0.300 0.100 7.63 0.50 220 1:15 0491 3.14
S50-7.5 0.405 0.225 0.075 6.83 0.50 220 1:15 0.406 2.55
S50-5.0 0.330 0.150 0.050 6.15 0.50 220 1:15 0.294 1.87
C50-10 0.480 0.300 0.100 7.63 0.50 220 1:15 0.491 3.14
C50-7.5 0405 0.225 0.075 6.83 050 220 1:15 0406 2.55
C50-5.0 0.330 0.150 0.050 6.15 0.50 220 1:15 0.294 1.87
S25-10 0.480 0.300 0.100 7.63 0.25 245 1:15 0.491 6.28
S25-7.5 0.405 0.225 0.075 6.83 0.25 245 1:15 0406 5.11
S$25-5.0 0.330 0.150 0.050 6.15 0.25 2.45 1:15 0.294 3.75
C25-10 0.480 0.300 0.100 7.63 0.25 245 1:15 0491 6.28
C25-7.5 0405 0.225 0.075 6.83 0.25 245 1:15 0406 5.11
C25-5.0 0.330 0.150 0.050 6.15 025 245 1:15 0294 3.75
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In Table 3, h,, is the still water depth on the berm, [}, is the berm length from the leeside

of the structure, and m is the slope of beaches on either side of the berm.
2.4.Experimental Procedure

In each test the following experimental procedure was followed:

1. Prior to each test, the surface of the berm was leveled, the water level in the flume
was gradually increased to the target level, and an area of 3D X 5D around the
structure was scanned using the bed profiler.

ii.  Wave gauges and ADVs were calibrated and positioned in their pre-designated
positions.

iii.  The solitary waves were generated by providing the wavemaker with the solitary
wave time series.

iv.  The flow field, i.e., the free surface elevations and 3D velocity fields, were
recorded.

v.  After the fluctuations in the flume were settled, the same area (3D X 5D) was
scanned.

vi.  The bed elevation variation was calculated by subtracting the post and pre test bed

elevations.
3.NUMERICAL MODEL: SedWaveFoam

The SedWaveFoam model (Kim et al., 2018), constructed using the open-source CFD
toolbox, is an extension of the Eulerian two-phase model for sediment transport, SedFoam
(Chauchat et al., 2017), by further merging the InterFoam (Berberovi¢ et al., 2009) which resolve
free-surface wave propagations and waves2Foam (Jacobsen et al., 2012) which handles wave
generation and absorption boundary conditions.

The SedWaveFoam model solves the Reynolds-averaged mass conservation equations for
air, water, and sediment phases (Berberovi¢ et al., 2009; Drew, 1983). The governing equations

arc
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where the variables ¢p%; ¢" and ¢° represent the volumetric concentration and u®; u" and u® are
the velocities of air, water, and sediment phases, respectively. The global mass conservation
imposes ¢+ +p°=1.

The air and water phases are modeled as two immiscible fluids and their interface is
resolved numerically by an interface tracking scheme (Berberovi¢ et al., 2009). The sediment
phase, however, is modeled as a miscible phase in the fluids. Therefore, the mass conservation for

the air and water phases is combined as the fluid phase, written as

o’ opTu!
i =0 4)
at + axi

where the mixture of air and water phases is represented by superscript "f" with ¢p*+¢* =¢/ and
w = (@t + pMur)/¢.

The use of air-water mixture as fluid phase results in simplification of three phases to two
miscible phases which are air-water mixture (fluid) and sediment (solid) phases. Then, the
simplified Reynolds-averaged momentum equations for fluid phase and sediment phase are given

as

fo.f f
op’ ¢l o7 dTuju op7 8¢ 0]
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where p® and p/ are the densities of sediment and air-water mixture with fluid density calculated
as pf = (¢%pair + ¢V p)/P”. The terms P/ and PS are the fluid and the particle pressures,

respectively. The surface tension is defined as the multiplication of the surface tension coefficient,

!

0, and the surface curvature, y;. The terms T; i

and Tisj are fluid stress and particle shear stress,
respectively. M/S and M5/ represent inter-phase momentum transfer between fluid - sediment and

sediment - fluid phases, which follows Newton's third law, i.e., MTs = MST, Mif * is calculated by
drag due to Reynolds-averaged velocity difference between the fluid and sediment phase and

sediment flux due to turbulence.

fta(;bs
fs _ f v
M]® = —¢°B(uf —uf) +/30—C o,

(7

where 8, v/t and o, represent the drag parameter (Ding and Gidaspow, 1990), fluid turbulent
viscosity, and Schmidt number, respectively. The turbulent eddy viscosity, v/?, is calculated by
turbulent kinetic energy (TKE), k/, and turbulent dissipation rate &/ as v/t = Cy (k")? /e where

C, is an empirical coefficient (Table 4).

The fluid stress, 7/°

, T;; (Eq.5), is composed of turbulent Reynolds stress (Rifjt) which represents

the effect of turbulent fluctuations larger than grain scale and grain-scale components (riﬁ.c )

representing the small-scale viscous stress.

2
T{j = lejt+ri§ =plof [Z(Uft +vf)5fjt—§kf6ij ®)
where v/ is the kinematic viscosity of fluid and calculated as

vl = (pair¢ava + p¢wvw)/(pair¢a + pd)w) ©)

The terms v® and v" are the kinematic viscosity of air and water, respectively. Sifjt is the

deviatoric part of the fluid phase strain rate and it is defined as

11
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242 To model fluid turbulent viscosity, the standard balance equations of turbulent kinetic

243  energy (TKE) and its dissipation rate are modified for two-phase flow, and they are written as
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244 where g.= 1 is the empirical TKE Schmidt number (e.g., Rodi, (1993)) and s is the specific gravity
245  of the sediment. The last two terms on the right-hand side of Eq. (11) and Eq. (12) represent the
246  effect of sediment on modifying carrier flow turbulence (Chauchat et al., 2017). Cy,, Cy¢, C3¢, Cye,

247  and o, are the empirical coefficients summarized in Table 4.

248 Table 4: List of Model Coefficients for Fluid Turbulence Closure

Cu Cie Gy C5¢ Cye 0. 0O
0.09 144 192 12 10 1.0 1.3

249

S

250 The particle pressure, P°, and particle shear stress, ; ;> are expressed as the summation of

251  a collisional component and a frictional contact component caused by intergranular interactions
252  (Hsu and Hanes, 2004). The superscripts "sc" and "sf" in Eq. (13) and Eq. (14) corresponds to a

253  collisional component and a frictional contact component, respectively.

P$ = PS¢ 4 psf (13)

12
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The concept of granular temperature, @, in the kinetic theory of granular flow (Ding and
Gidaspow, 1990; Jenkins and Savage, 1983) is used to model the collisional component of particle
pressure, P5¢, and particle shear stress, Tisjc. The reader is kindly referred to Chauchat et al. (2017)
for more details.

The particle pressure due to enduring contact, P57 is calculated as

0 ¢° < ¢f
psf = (¢° - o2)° (15)

005 s o) " =9

To model the solid-like behavior of sediment bed in high concentration, the frictional

viscosity, ,usf ,1s calculated as

_ V2PSf sin 6,
- , (16)
2 Sistisj

where 6; is the angle of repose, taken to be 28° for sand. Then, the particle shear stress due to

sf
ij >

uss
enduring contact, 7;7 , is calculated as

;] = —2uI'S5 (17)

4.RESULTS

Changes in the bathymetry at the end of each test as well as the skill of the SedWaveFoam
model in simulating the flow field and bed evolution for Case S50-10 are presented and discussed

in the following subsections.

13
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4.1.Experiments

Figure 2 shows the plan view of the normalized final bathymetric change (S/D) for all test
cases. The cold color represents the scour (§/D < 0) and the hot color shows the sediment
deposition (S/D > 0). The scour holes appear in the vicinity of the sharp edges, both on the seaside
and leeside of the structure. It is evident that the scour footprint is larger on the leeside of the
structure. The scour holes, whose depths vary between 0.017D to 0.044D, appear to be stretched
and oriented at ~45° with respect to the incident wave direction. The traces of sediment deposits,
with a thickness ranging between 0.037D and 0.07D, appear near the scour holes as well as along
the green spiral curves marked in Figure 2. These spiral curves show the trajectories of the
migrating wake vortices originated at the sharp edges. These energetic vortices are believed to be
the primary driving mechanism of the scouring, entraining, and entrapping the sediment particles,
keeping them in suspension, carrying them along, and releasing them while propagating along the
spiral trajectories. For the cases with the smallest wave height (i.e., H = 0.05m), however, the wake
vortex dissipates rapidly before being able to transport the suspended sediment away from the
structure—contrary to those of the cases with the larger waves (i.e., H=0.1m and 0.075m) in which
the suspended sediment is transported to a distance of ~D away from the structure. .

Figure 3 shows the scour footprint dimension, defined as the arithmetic mean of the width
of the scoured area in x and y directions, R, for each test case. The average width and maximum
depth of the scour holes are summarized in Table 4. The results indicate that the largest scour
depths, ranging between 0.028D and 0.044D, are associated with the test cases in which both wave
height and water level are the greatest. (i.e., S50-10, C50-10, S25-10 & C25-10). Also, the scour
depth and width increase with the structure dimension. More importantly, a measurable variation
of the scour characteristics, both width and depth, can be spotted between the two layouts. The
side layout leads to a greater scour than the center layout. It is also worth mentioning that in all
cases, the scour depth on the seaside is greater than that of the leeside. On the contrary, the width
of the scour hole is larger on the leeside than the seaside. For the center layout, a symmetric scour
pattern near the corners of the structure can be observed. This pattern is the signature of the
symmetric vortices generated near the corners of the structure, following the impingement of the

solitary waves on the sharp-edged structure (Sogut et al., 2019).
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Table 5: Specifications of scour depth and width for all test cases

Test Seaside Leeside |Seaside — Leeside|/Leeside
Caso S/D R,/D S/D R,/D S/D R,/D
[-] [-] [-] [-] [%] [%]
S50-10 0.033 0.225 0.032 0.375 3.1 40.0
S50-7.5 0.030 0.190 0.029 0.240 34 20.8
S50-5.0 0.017 0.155 0.015 0.180 13.3 13.9
S25-10 0.044 0.270 0.042 0.480 4.8 43.8
S25-7.5 0.034 0.250 0.032 0.410 6.3 39.0
S25-5.0 0.032 0.220 0.031 0.360 32 38.9
C50-10 0.028 0.185 0.023 0.298 21.7 37.9
C50-7.5 0.021 0.175 0.020 0.240 5.0 27.1
C50-5.0 0.018 0.088 0.017 0.188 5.9 53.2
C25-10 0.035 0.250 0.030 0.330 16.7 242
C25-7.5 0.031 0.220 0.028 0.285 10.7 22.8
C25-5.0 0.028 0.185 0.025 0.250 12.0 26.0

4.2.Numerical Model: Validation

Case S50-10 is selected to evaluate the SedWaveFoam model performance as it entailed
the most energetic flow condition with the highest shielding effect.

The sensitivity of the model to the mesh size in simulating the flow field and bed evolution
is assessed using (i) nested, and (ii) hybrid meshes as illustrated in Figure 4. In the nested mesh,
the mesh size around the structure is locally refined, with the finest mesh size of 0.5cm in all
directions. On the other hand, the mesh in the hybrid mesh is gradually refined from the numerical
wave flume (NWF) boundaries towards the structure as well as towards the surface of the erodible
bed. In this mesh alternative the finest mesh sizes are 0.45m in the x and y directions, and 0.15m
in the z direction. The total numbers of grid points in the nested and hybrid mesh settings are 6.4 X
10° and 9.8 X 10°, respectively. The clock time required to complete a 15-second simulation for
Case S50-10 is ~67 h for the nested mesh, and ~176 h for the hybrid mesh on a cluster of five Intel
Xeon E5-2670 nodes, each with 16 cores (i.e., 80 cores, in total).
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Figure 4: Plan and side views of numerical wave flume showing mesh sizes for [a] nested and [b]
hybrid mesh alternatives. Figure not to scale. dx, dy and dz are grid sizes in x, y and z directions,
respectively.

Figure 5 illustrates the comparisons of the measured and simulated free surface elevations
(n) at various wave gauge positions and time instants. The performance of the SedWaveFoam
model is quantified using the Normalized Root Mean Square Error (NRMSE) metric (Table 6).
Overall, the SedWaveFoam model is found to be relatively insensitive to the mesh size in

simulating the free surface elevations along the NWF.
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Figure 5: Comparisons of measured and simulated free surface elevations () at various wave
gauges. Black circles represent measured #. Blue solid and red dashed lines indicate the modeled
n for nested and hybrid mesh settings, respectively.

Table 6: SedWaveFoam model performance metric for free surface elevation.

WG
Mesh
Alternative 3 4 5 6 7 8 9
nested 34 3.1 32 26 29 37 33 32
hybrid 26 22 24 23 31 37 33 33

NRMSE [%]

The noise originated from the air entrainment and sediment suspension is removed from
the measured velocity data by applying a band-pass filter that takes into account the correlation
(=70%) and Signal-to-Noise Ratio (SNR) (=10-15) criteria regarding the reliable velocity signals.
Figure 6 depicts the temporal variations of the streamwise (u), spanwise (V), and vertical (w)
velocity components, at ADV1, ADV2, and ADV3. Table 7 summarizes the model performance
metrics for replicating the velocity field. The NRMSE values, ranging between 12.1% — 21.1%,
indicate that the SedWaveFoam model performs well in predicting the velocity field. The
computed streamwise and vertical velocity components show the most and the least agreements
with the measured data, respectively. The residual noise may be responsible for some of the

discrepancies between the simulated and measured velocities.
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Figure 6: Comparisons of normalized filtered-measured and simulated streamwise (), spanwise
(v), and vertical (w) velocities. Black circles represent measured velocity components. Blue solid
and red dashed lines indicate the modeled velocity components for nested and hybrid mesh
settings, respectively.

Table 7: SedWaveFoam model performance metric for velocity field

ADVI ADV2 ADV3

Mesh
setting
nested 153 164 20.7 12.1 199 147 208 13.0 16.7

hybrid 15.6 17.2 209 109 21.1 189 203 155 20.6

|4 w u |4 w u |4 w

NRMSE [%]

Figure 7 compares the measured and modeled bathymetric changes based on the two mesh
settings. Although the SedWaveFoam model appears to be only slightly sensitive to the mesh size
in resolving the flow hydrodynamics, the bathymetric changes are highly sensitive to the mesh
size—mesh refinement in the hybrid setting considerably improves the predicted bathymetry.
Thus, the analysis is proceeded based on the results of the hybrid mesh setting. The mesh
refinement significantly improves the predictions of the leeside scour; however, the leeside scour
is underpredicted. This discrepancy is probably associated with the use of the k — € model which
inherently underpredicts the intensity of the vortex in the case of the adverse pressure (Menter and

Esch, 2001; Menter et al., 2003; Pope, 2001; Wilcox, 1998) induced due to the flow blockage.
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Figure 7: Plan views of [a] measured and [b-c] simulated bed elevation variation. Panels [b], and
[c] indicate nested and hybrid mesh alternatives, respectively. Right bottom panel is cross-
sectional view of measured and simulated bed elevation variations along A-A line shown in [a].
Black solid line represents measured bed elevation variation. Blue and red dashed lines indicate
simulated bed elevation variations for nested and hybrid mesh alternatives, respectively.

S.DISCUSSIONS

In the following, the scour characteristics are synthesized in detail followed by the
sensitivity analysis of the scour with respect to the flow characteristics, i.e., wave height, and water

level.
5.1.Blockage Effect on Near-bed Velocity

Although the flow blockage is typically disregarded when studying the scour around a
slender cylinder in the laboratory, such an assumption may not be acceptable for non-slender
structures as the blockage could potentially modify the flow (e.g., Goseberg and Schlurmann

(2012, 2011)). Consequently, the scouring processes could be affected by the flow blockage. To
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address this issue, the undisturbed near-bed velocity, U,,, was measured—in the absence of the
structure—at a single location where, later, ADV1 (Figure 1-[b]) and ADV2 (Figure 1-[a]) were
positioned. In order to account for the blockage effects on the scouring process on the leeside of
the structure where the blockage resulted in a flow velocity gradient and, in turn, the formation of
stronger eddies (Sogut et al., 2020, 2019), the velocity is first adjusted before being used to develop
the quantitative description of the scour patterns, following Sogut and Farhadzadeh (2020). The
blockage ratio, By, is defined as the ratio of the projected width of the structure, perpendicular to
the incident wave, to the width of flume. Subsequently, a relationship is developed linking the
blockage ratio and the maximum undisturbed flow velocity, U,,;,, measured at an elevation of one-
third the still water depth above the berm, to the maximum disturbed flow velocity, U, measured
at the same depth in the presence of the structure. The velocities, Uy, and U,, were measured at
the representative locations as shown in Figure 8 - [a]. The resulting relationship, based on the
measured data for all test cases, is presented by Eq. (18). Figure 8 - [b] shows the comparison of

the measured and predicted Uj,.
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Figure 8: [a] Position of ADV used for assessing blockage effect on flow velocity; [b] Comparison
of predicted (Up)preq and measured (Up)meqsVelocities for all test cases. Black circle and blue
diamond represent side and center layouts, respectively
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U
U—b:0.1224(BR)+ 1.00 (18)

ub

Eq. (18)is valid for 0.167 < B < 0.33, the range of the blockage in the present experiment.
Assuming that the near-bed velocity follows the same trend as Uy, the disturbed near-bed
velocity (Up,m,) is calculated by adjusting the measured undisturbed near-bed velocity (U,,)
according to Eq. (18). It should be noted that this adjustment is applied only to the analysis of the
scour on the leeside where the blockage is thought to modify the velocity more significantly. For
the assessment of the scour on the seaside, the measured near-bed velocity, U,,, is used without
further adjustments. The measured and modified near-bed velocity data, as well as the calculated
KC values, are summarized in Table 8. The table shows that the streamwise velocity increases by
~4% when the blockage is the highest (i.e., B = 0.33). For the smaller structure with B = 0.167,

the velocity increases ~2%.

Table 8: Near-bed velocities and corresponding KC

Seaside Leeside

D h H T B Upnm — Unl/U
w0 On KC U KUl
mis] 1 [l [
0.300 0.100 3.20 1/3 0.491 3.14 0.511 3.28 4.1
0.50m 0.225 0.075 3.15 1/3 0.406 2.55 0422 2.66 4.1
0.150 0.050 3.19 1/3 0.294 1.87 0306 1.96 4.1
0.300 0.100 3.20 1/6 0.491 6.28 0.501 6.41 2.0
0.25m 0.225 0.075 3.15 1/6 0.406 5.11 0414 5.21 2.0
0.150 0.050 3.19 1/6 0.294 3.75 0.300 3.82 2.0

5.2. Flow Regime in Solitary Wave Boundary Layer

The flow regime in a solitary wave boundary layer can be described by the Reynolds
number (Re), similar to an oscillatory boundary layer (Sumer and Fuhrman, 2020). The Reynolds
number of a solitary wave boundary layer is defined as

al,

Re =— (19)
v
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where U,, is the near-bed velocity (U, or U, here), v is the kinematic viscosity of water, and a

is the free stream amplitude, given by

(20)

with T being the wave period which is calculated as described in Section 2.1. Even though this
relationship was proposed for a smooth bed, it is adopted here as an approximation to understand
the flow regime in the boundary layer. However, further studies need to be conducted to accurately
predict the flow regime in the solitary wave boundary layer for transitional/rough beds.

A Reynolds number greater than 2 X 10° indicates that the boundary layer transitions
from laminar to turbulent (Carstensen et al., 2010; Fredsge and Deigaard, 1992; Fuhrman et al.,
2009a, 2009b; Sumer et al., 2010). The corresponding bed shear stress can be expressed as
(Fredsge, 1984; Fredsge and Deigaard, 1992)

1
T =5pfuUn’ @1
where f;, is the wave friction factor, and p is the density of water.

The friction factor for a hydraulically smooth surface is a function of the Reynolds number.

Ry =kyUsm/v < 5 (22)

where Ugpy,, ky and R; are the maximum friction velocity, the Nikuradse roughness, and the
roughness Reynolds number, respectively.

The friction factor is independent of the Reynolds number for a hydraulically rough (Rz>
70) or transitional regimes (5< R;< 70), instead it is a function of the dimensionless parameter
a/ky (Carstensen et al., 2010; Fuhrman et al., 2009b, 2009a; Sumer et al., 2010; Sumer and
Fuhrman, 2020). Here, the adopted Nikuradse roughness is ky = 2.5D5, (Soulsby, 1997; Sumer
et al., 2007). The empirical wave friction coefficient may be expressed as (Fuhrman et al., 2013;

Sumer and Fuhrman, 2020).
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f, = exp[55 (%)—0-16 —6.7]

(23)

Table 9 summarizes the magnitudes of the Reynolds number (Re) and dimensionless bed

shear stress (t* = t/pgh,,). It becomes evident from Table 9 that for all test cases, the boundary

layer on either side of the structure is laminar and the sandy berm is classified as a hydraulically

transitional boundary. The normalized bed shear stress on the seaside ranges between 3.67 X104

and 4.26 x10*, and on the leeside varies between 3.71 x10* and 4.58 x10*. The relatively small

enhancement of the bed shear stress on the leeside is because of the flow blockage, which is

discussed in regard to the scour characteristics in the following.

Table 9: Summary of flow regime in solitary wave boundary layer for all test cases

Seaside Leeside

Test . Re fw T . fw Re T
Case  Whw e a0y <109 exaoh BN R a0y xi0) a0

[-] [-] [-] [-] [-] [-]
(Ség'_llg 3864 248 1.026 1279  4.58
Ss1o 3699 239 1225 1041 426
oo 3723 240 1.039 1232 430
(Sjgg'_;‘g 3145 212 1102 861 448
Ssa2 30L1 205 825 L1119 417
ooyl 303.0 206 1.116 830 422
gg‘g'g 2306 163 1231 458 3.94
Sesy 2208 157 438 1251 367
oot 2200 158 1249 441 3.71

5.3.Scour Characteristics

Linking the equilibrium scour depth to the Keulegan—Carpenter number, and the Shields

parameter have been attempted by several researchers in the past. Some of those studies are

reviewed in this paper. In the following, the relationships between these important parameters and

the characteristics of the solitary wave-induced non-equilibrium scour are examined.

25



455

456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478

5.3.1.Correlations between Keulegan—Carpenter number and scour characteristics

Figure 9 shows the variations of the dimensionless scour depth, S/D, and width, R, /D,
with respect to KC. The figure demonstrates that irrespective of the structure dimension or layout,
S/D increases with KC more rapidly on the seaside than the leeside. On the other hand, R,/D
increases with KC more rapidly on the leeside than the seaside, owing to the formation of larger
eddies associated with the greater KC which entails a higher bed shear stress on the leeside corner
of the structure. The magnitudes of S/D and R, /D vary relatively linearly with KC. Figure 9 also
shows that the variation of the dimensionless scour volume, V, /V,, with respect to KC follows a
power-law. Since the scour holes have a conical geometry, their volumes are calculated by setting
S/D and R, /D as the height and diameter of the cone, respectively. It is evident that a larger
amount of sediment is removed from the leeside of the structure than the seaside—the scour hole
volume is ~50% larger on the leeside. This may indicate that most of the sediments deposited near
the structure, as shown in Figure 2, are supplied by the sediments entrained in the wake vortices
following the formation of the leeside scour. The difference between the seaside and leeside scour
volumes becomes much greater with the increase of KC.

Figure 10, another representation of the data shown in Figure 6, helps visualize how the
scour depth, average width, and volume vary with KC for the two structure dimensions. Both
parameters, S/D and R, /D, increase with KC—subsequently the scour volumes on both sides of
the structure increase with KC. For a given KC, the larger the structure, the deeper and wider the
scour hole. This is because KC is inversely related to the structure dimension and maintaining the
KC constant for the larger structure requires a stronger velocity. Subsequently, the stronger flow
leads to the greater shear velocity and larger scour. Thus, the scour characteristics for the non-

slender structure appear to be controlled by the structure dimension.
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5.3.2.Correlations between Shields parameter and scour characteristics

In this study, the primary driving mechanism of scouring by the solitary wave is shown to
be the wake vortices which entrap the suspended sediment particles at the sharp edges of the
structure and carry them away. The dimensionless grain size (D, ) and the associated critical Shields
parameter (6.,) are the two important factors often used to describe the particle suspension
threshold (Soulsby, 1997; Soulsby and Whitehouse, 1997; Whitehouse, 1998). Whitehouse (1998)
established relationships between D, and 8., of cohesionless sediment under wave, current, and

combined wave-current actions. The dimensionless grain size can be defined as

— /3
where g is the acceleration due to the gravity; and s is the sediment’s specific gravity.
The Shields parameter (Sumer and Fredsge, 2002; Sumer and Fuhrman, 2020) is stated as
Upm®

g=—Jm (25)
(s —1gDso

where Uy, represents the maximum value of the friction velocity which is defined as (Fredsge,

1984; Sumer et al., 2007; Sumer and Fredsge, 2002; Sumer and Fredsge, 2001)

Urm = /0.5fy Umm (26)

Soulsby (1997) and Soulsby and Whitehouse (1997) suggested a critical Shields parameter,

0., applicable to sediment particles with D,<10.

0.30

= 40.55[1 — exp(—0. 27
0., 1+1.2D*+055[1 exp(—0.02D,)] (27)

The parameter 6., is used to determine the initiation of the particle motion. To determine
whether the sediment particles are entrapped and transported by wake vortices, the critical Shields

parameter for the suspended sediment entrapment, 6, is employed (Sumer et al., 2007).
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Ug D Ug D Ug D
0,= (%) [0.7exp (—0.04 %)] +0.26 [1 — exp (—0.025 %)] (28)

where Uyfp, 1s the maximum shear velocity at the edge of the structure, which can be linked to

U,um using (Sumer et al., 1997)

UOfm =V 2fw Unm (29)

The criterion for sediment suspension, entrapment, and transport by a wake vortex leads to
0 > 6,/4 (Sumer et al., 2007). For the median grain diameter in the current study (i.e.,

Dsy=0.27mm), the dimensionless grain size is D, = 6.83, with s = 1.65 and v = 107® m?/s.
Consequently, Eq.(27) yields the critical Shields parameter 8., = 0.04.

Figure 11 depicts the variation of the scour depth on the leeside of the structure with respect
to the Shields parameter. The sediment particles on the leeside which begin to move (8/6.,->1) are
suspended and entrapped by the wake vortex (8 > 65/4) in all test cases. Although, for a given
Shields parameter, the scour depth increases with the structure dimension, the greater

dimensionless scour depth (§/D) is associated with the smaller structure.
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Figure 11: Variation of S/D on the leeside of structure with respect to 8 /6., for: [a] side layout;
[b] center layout; circles and diamonds represent D=0.50m and D=0.25m, respectively; black and
gray dashed-dot lines are fitted curves for D=0.50m and D=0.25m, respectively; dashed vertical
lines represent critical Shields parameters for sediment suspension and entrapment by wake
vortices (i.e., 8 = 65/4), green, blue, and red colors correspond to wave heights 0.05, 0.075, and
0.10m, respectively.

5.4.Uncertainty Analysis

To quantify the uncertainties associated with the maximum non-equilibrium scour depth
around the structure (S/D)pax, the Monte Carlo simulations are carried out. First, empirical
relationships between (S/D)nqx and KC are developed by fitting curves to the presented data in
the previous section. To generate KC for a broad range of waves and water levels, relationships
are established for the maximum near-bed velocity, Uy, as a function of the wave celerity, c, wave
height (H), and water depth (h;), using the data measured for the twelve test cases (Figure 12).

The wave period is calculated as described in Section 2.1.
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Figure 12: Maximum near-bed velocity (U,) as a function of wave celerity (c), wave height (H)
and water depth (hy). Black circle and blue diamond represent seaside and leeside, respectively.
Subsequently, a large population of water depths and wave heights are randomly generated.
The random wave heights and water levels range between Hy,q,,= 0.10 m and H,y,;,= 0.05m, and
hyw max=0.30m and h,, ;= 0.15 m, respectively. These uniformly distributed data, which include
a million combinations of wave height and water level, are used as input to the Monte Carlo model
to produce the maximum normalized scour depths. The empirical relationships and the procedure
for the Monte Carlo simulation are presented in the flowchart presented in Figure 13. The Monte
Carlo simulation is carried out based on two different approaches, (1) to develop the maximum
dimensionless scour depth relationship for each layout and structure dimension, separately, and
(2) to establish a generic relationship for the maximum dimensionless scour depth that is applicable

to various structure dimensions and layout settings.
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Figure 13: Structure of Monte Carlo model for scour depth (S/D)mqy,j» 4; and oj are mean and
standard deviation, respectively. a4, a,, az and by, by, b3 are constants obtained via curve-fitting
exercise. rand is the uniformly distributed random number ranging between O to 1. j indicates each
value from population. z; is thickness of sandy berm.

The mean (u) and standard deviation (o) are used as the metrics to quantify the degree of
variation of (S/D) 4 With changes in the structure dimension and layout (Figure 14). The mean
and standard deviation are calculated from the Gaussian distribution which fits well to the
probability distribution of the simulated scour depths. The analysis shows a difference of less than
20% between the mean scour depths of the two layouts, for a given structure dimension. A greater
magnitude of u is obtained for the side layout. Furthermore, the magnitude of u for the larger
structure is found to be ~36% greater than the one for the smaller structure, irrespective of the
layout. This may indicate that (S/D),qx 1S more sensitive to the structure dimension than the

layout.
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To quantify the variation of (S/D)mer With respect to the layout, the empirical
relationships and corresponding statistical properties are established, similar to those above
(Figure 15 - [a] and [b]). The difference between the magnitudes of u for the two layouts is ~15%.
Furthermore, a generic relationship for the maximum dimensionless scour depth encompassing the
two structure dimensions and layouts is established as shown in Figure 15-[c]. When the two
layouts are combined, the u values deviate nearly 9% and 5% from those of the cases with side

and center layouts, respectively (Figure 15 - [c]).
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5.5.Numerical Model Results

Figure 16 depicts the plan views of the surface horizontal velocity (U = Vu2 + v2) as well
as the vertical velocity component (w) at two different depths, h,,/3 above the sandy berm (z;)
and on the surface of the sandy berm (z,). The figure also shows the normalized bathymetric
changes at various time instants. Furthermore, the cross-sectional views of the volumetric sediment
concentration (¢y) are illustrated for the same time instants. As the incident wave approaches the
structure, the flow velocity is significantly intensified especially near the edges, which results in a
lateral pressure gradient. Soon after the wave impinges on the structure, a vortex forms at the edge
of the structure due to the flow separation. Upon the formation of this out-of-plane vortex, the
strongest surface horizontal velocities are detected close to the vortex core, and the intensity of U

reduces with the increase of the water depth (t = 7 s). Furthermore, the circular pattern of U at
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t = 7 s stipulates that the vortex width is reduced with the depth. Even though at the core of the
vortex at z; the flow is downward-directed (w<0), near the bed at z,, an upward-directed flow
forms (w>0), which may enhance the sediment suspension. Contrary to U and w at z,, the surface
horizontal and vertical velocities at z; intensify as the wake vortex propagates along its spiral
trajectory, t = 8 s. However, the similar intensities of U and w at z, at two different time instants
(t = 7sand t = 8 s) indicate that the sediment suspension does not necessarily need to be affected
by the fluctuations in the vortex intensity above the bed. Furthermore, as the wake vortex drifts
further seaward, it can no longer sustain its energy and starts to dissipate, t = 9 s — 11 s, leaving
the sediment deposits along the vortex trajectory.

The cross-sectional views of ¢ at four different locations show that the sediment brought
in motion by the vortex-induced vertical velocity at z, is entrapped by the vortices. However, the
temporal variations of ¢, indicate that the suspended sediment transport is confined mostly
between z = -0.3 m and z =-0.24 m. This can be related to a the underprediction of the vertical
velocity, w, by the model which is unable to predict the suspended sediment further upward to z;.
Thus, the suspended sediments, especially in the vicinity of the wake vortex, are relatively non-
existent as the near-bed w vanishes (t = 11 s). Furthermore, the SedWaveFoam model predicts
sediment deposits on the downstream sides of the scour holes (Figure 7 — [c] and Figure 16 — [c])
contrary to the measurement (Figure 7 — [a]). This discrepancy is probably associated with the
poor performance of the k — & model which underpredicts the vertical velocity and thus the

suspended load, yielding a higher bed load.
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Figure 16: Plan views of [a, b] surface horizontal velocity (U) and vertical velocity component
(w), and [c] bed elevation variation (S/D) for various time instants. [d] Cross-sectional views of
normalized volumetric sediment concentration (¢;) at various time instants. U and w shown in [a]
and [b] are at h,,/3 above sandy berm, and on the surface of sandy berm, respectively.
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Figure 17 illustrates the out-of-plane vorticity (w,) at the two depths, z; and z,, as well as
the 3D vortex tubes at various time instants. In Figure 17 — [a, b], the positive and negative
vorticities indicate the vortex duplet, one rotating counterclockwise (CCW), and the other
clockwise (CW), respectively. The vortex detection technique known as Q-criterion (Eq. 30),

proposed by Hunt et al. (1988), is utilized to identify and visualize the 3D vortices.

Q =0.5(l2)2 = IsI*) (30)

where (2 and S denote the symmetric and antisymmetric components of the velocity tensor,
respectively. Here, Q = 5, 7.5, and 10 are adapted for better visualization of the primary vortex
tubes.

The intensity of w, ranging between — 30 Hz and + 30 Hz proves that the wake vortices
(w,p) are greater in size and more intense compared to the out-of-plane vortices on the seaside of
the structure (w,,) at the two selected depths. The relative positions of the CCW rotating out-of-
plane vortices at different time instants follow a spiral trajectory (t = 7 s — 11 s). Furthermore,
the relative difference in the intensities of U along the water column suggests that the out-of-plane
vortices bend as they propagate. This phenomenon is more apparent in the wake vortex. The plan
views of w, at t = 11 s illustrate that the vortex dissipates more rapidly at z, than z;—the
dissipation is initiated at the bed and expands to the surface. The offshore-directed flow which
leads to the formation of CW rotating vortices, w,, and w,,,, next to w,, and w,}, is attributed to
the water surface depression following the wave crest (Figure 5).

The Q-criterion plots show that the turbulence-averaged vortex tubes on both sides of the
structure are approximately cylindrical and extend throughout the water column. These obliquely
oriented vortex tubes are attributed to the relative vertical gradient of U as noted earlier. As the
vortices duplet spin in opposite directions and propagate along the spiral trajectories, they become
separated. The comparisons of the Q-criterion plots for the three different Q values also indicate

that the wake vortex (w,p) is the strongest vortex among the others, as noted earlier.

38



Q=7.5 Q=10 t=60s
g & g ¥

Q=75 Q=10 t=70s
WA

YV.X

$ W 4 W
Q=75 Q=10 t=80s
y “x

218 VA2 19
Q=75 Q=10 t=9.0s
L

‘%/X

Q=75 Q=10 t=1005s

00 05 00 05
639 X [m] x [m]
640  Figure 17: Plan views of [a, b] out-of-plane vorticity (w,) and [c] Q-criterion plots for various time

641 instants. w, shown in [a] and [b] are at h,,/3 from sandy berm, and on the surface of sandy berm,
642  respectively. Q =5, 7.5 and 10.

643

39



644

645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673

6.CONCLUSIONS

This paper presents the results of experimental and numerical investigations of the
characteristics of the solitary wave-induced scour around non-slender, vertical structures of square
cross-section. The solitary wave boundary layer over the hydraulically transitional sandy berm is
laminar in all test cases.

The analyses of the experimental data show that S/D, characterized as a function of KC,
increases with KC more rapidly on the seaside than the leeside, irrespective of the structure
dimension or layout. On the other hand, the scour’s average width and volume increase with KC
more rapidly on the leeside than the seaside. The primary cause of such phenomena is the higher
bottom shear stress on the leeside corner of the structure, which is associated with the flow
modification and the formation of larger eddies due to the flow blockage. Most of the sediments
deposited near the structure are likely supplied from the material on leeside corner of the structure.
Once the Shields parameter exceeds the threshold value, the sediment is brought into suspension,
entrapped, and transported by the wake vortices up to a distance nearly equal to the structure
dimension. Thus, the main driving mechanism of the scour around the structures is identified as
the wake vortices. It is found that, for a given KC, deeper and wider scour holes are created when
the structure dimension is larger, regardless of the layout. Although the structure dimension
appeared to be a more important parameter than the layout for the maximum scour depth, the
variation of the mean values of the maximum scour depths for all dimensions and layouts
combined, deviate approximately 9% and 5% from those of the side and center layouts,
respectively.

The numerical analysis carried out using SedWaveFoam shows that the mesh size is more
critical for predicting the bed evolution than the flow field. As the incident wave approaches the
structure, the intensified flow field near the sharp edges induces lateral pressure gradients leading
to flow separations and the formation of vortices at the edges. The strongest surface horizontal
velocity can be detected at the vortex core. The two-dimensional counterclockwise rotating out-
of-plane vortices evolve into 3D cylindrical vortex tubes that extend throughout the water column.
The gradient of the surface horizontal velocity along the water column; however, deforms these
cylindrical vortices to obliquely oriented vortex tubes as they propagate along the spiral

trajectories.

40



674
675
676
677
678
679
680
681

682

683
684
685
686
687

The main sediment transport mode is determined as the vortex-induced suspended
sediment transport, confined within the lowest 20% of the water column. Overall, the
SedWaveFoam model is found to be well-suited for simulating scours around non-slender
structures and bed evolution under low Keulegan—Carpenter number flow conditions.

The findings of the present study are limited to the flow conditions and structure sizes
considered. A more comprehensive study encompassing a wider range of flow conditions, layouts,
and structure dimensions needs to be undertaken for conclusive analyses of scour around non-

slender structures by wave actions.
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