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Abstract

As novel coastal structures, pile row structures, such as breakwaters, have received increasing attention owing to their advan-
tages in coastal protection and coastal landscape improvement. In this study, a nonlinear sediment model is developed based
on OpenFOAM® to explore the effect of the pile row structure on the evolution of sandy beaches by waves. Its robustness
was proved by published data related to two typical cases, that is, a pure sandy beach and a single pile on a sandy beach.
Subsequently, the beach evolution and pile row with varied pile spaces S/D (the D is the pile diameter and S indicates the
space between adjacent piles) on the beach were modeled. In addition, a long-term simulation was performed. The results
revealed that the backrush-induced beach scour was larger than that induced by the uprush during wave propagation along
sandy beaches. Sandy beach morphology changes because of the construction of the pile row structure by adjusting the
wave motion, and local vortices and their evolution did not exhibit a simple linear relation following the variation in S/D.
The local scour decreased with the increase in S/D when the S/D was less than 1.6, but it increased on the seaside of the
piles and both side faces, except the leeside for S/D increased from 1.6 to 1.8. Meanwhile, in the nearshore zone, the pile
row structure was effective in trapping beach sand, and its effectiveness was more remarkable as the S/D decreased. The
findings would be useful in assessing the influence of pile row structures on beach evolution by waves and provide a basis
for coastal protection engineering.
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1 Introduction

The pile row structure, an active measure, was used to pro-
tect the coasts. In view of the relatively low cost and capa-
bility of both protecting the landscape and maintaining the
coastal environmental quality, those in the form of pile-type
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breakwaters are becoming increasingly popular in coastal
areas (Jiang et al. 2019). An example of a pile row break-
water in Langkawi, Malaysia, can be found in Reedijk and
Markus (Reedijk and Muttray 2007). Compared with com-
mon environments, extreme cases such as tsunami waves can
result in disastrous potential destruction, including damage
to beach erosion and structural failures of buildings (Mo
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et al. 2013). Such destructive disasters occurred in coastal
areas during the American Samoa Tsunami on September
29, 2009 (Roeber et al. 2010), and the Japan Tsunami on
March 11,2011 (Mori and Takahashi 2012), leading to cata-
strophic life and economic losses (Fig. 1).

Historically, the instability of the foundation structure
induced by extreme environments has been proven to be
one of the damaging causes of coastal structures, which
may further cause more casualties (Kuswandi et al. 2016;
Tonkin et al. 2003; Saatcioglu et al. 2004; FEMA 2008;
USGS 2010). Recently, the 2011 tsunami that struck Japan
also caused deep scours around large coastal structures,
as delineated by Takahashi et al. (Takahashi et al. 2011).
They pointed out that scouring is the most typical failure
of coastal structures. Apart from the aforementioned scour
around coastal structures, Reedijk and Markus (Reedijk and
Muttray 2007) discovered that pile rows are effective in trap-
ping nearshore sand during the Indian tsunami event. How-
ever, owing to the lack of limited field information on local
wave conditions and topography, this phenomenon could not
be clearly clarified. Therefore, they recommended conduct-
ing further studies for pile rows, such as varying the pile
row spacing to evaluate the effect on shoreline changes and
to formulate reasonable design criteria for such structures.
Physical and numerical experiments can simulate some
interesting scenarios through effective control over critical
factors, which are helpful in improving the understanding
of these processes.

Numerous studies have been conducted on the local scour
on pile structures under steady flows (Rambabu et al. 2003;
Nielsen et al. 2013), steady waves (Sumer et al. 2007; Larsen
et al. 2018), and the combination of steady flows and waves
(Sumer and Fredsge 2001; Qi and Gao 2014). It is worth men-
tioning that the pile structures were placed on a horizontal seabed
in the aforementioned studies. In practical applications, many
structures are constructed on sloping beaches, where extremely
large wave forces are caused by wave breaking and high-speed
roller run-up (Xiao and Huang 2014). These wave behaviors lead
to substantial erosion and scour (Kato et al. 2001). Additionally,
the scour mechanism induced by a tsunami bore, which is defined

Fig. 1 Pile row breakwater in
Langkawi. The left figure is
the front view of the southern
pile row in the beach of the
Pelangi Beach Resort in 1998;
the right figure is the side
view. (Reprinted from “Pile
row breakwaters at Langkawi,
Malaysia, 10 years of beach
development” (Reedijk and
Muttray 2007))
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as supercritical flow owing to its Froude number, which is much
larger than one is different from a steady current and consist-
ent wave field (Pan and Huang 2012). Kato et al. (Kato et al.
2001, 2000) and Tonkin et al. (Tonkin et al. 2003) conducted a
series of large-scale physical experiments to examine scouring
mechanisms induced by tsunami-like solitary waves around a
cylinder on a sandy beach and discovered that the most rapid
scour occurred at the end of the drawdown process after the flow
velocity subsided. This contributed to a reduction in the effec-
tive wave stress on the sediment particles. Recently, Kuswandi
et al. (Kuswandi et al. 2016) investigated erosion and deposition
patterns around an onshore cylinder after a tsunami-like surge.
The results revealed that compared to the final scour caused by
sediment redeposition, the maximum depth of the local scour
around a vertical cylinder was deeper during the tsunami attack,
and the maximum local scour could reach approximately 0.60
of the tsunami height.

In view of the high cost and limited measurement capabil-
ity employed in laboratory experiments and field observations,
numerical simulations enable us to use an alternate approach to
explore the scour mechanics of tsunami—wave interactions with
pile structures. Pan and Huang (Pan and Huang 2012) performed
anumerical simulation of the experiment in Tonkin et al. (Tonkin
et al. 2003) using the linked 2D hydrodynamic and sediment
scour model and found that the simulation reproduced the experi-
mental results well, except for the short-term bottom profile near
the maximum scour. Practically, the interaction of the wave-pile
structures-sandy beach is highly nonlinear and local, but strong
turbulence exists near the seabed and the free surface. However,
the aforementioned models driven by shallow water equations do
not consider these factors. Kuswandi et al. (Kuswandi et al. 2017)
simulated the three-dimensional (3D) flow pattern of a tsunami
surge around a cylinder pile using DualSphysics software. They
pointed out that the local maximum scour around the cylinder
occurred along both sides, whereas the front and rear scours were
not completely developed. To the best of our knowledge, the
aforementioned studies have primarily focused on the case of a
cylinder on a beach slope, and the arrangement in a row of piles
was not considered. However, the influence of the interference
between adjacent piles on hydrodynamic and sediment transport
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cannot be ignored (Roeber et al. 2010), and the corresponding
scour mechanisms of this process are still not well understood.

To improve the understanding of the aforementioned prob-
lems, a 3D numerical model was developed to analyze the
effects of piles on hydrodynamic and sediment transport based
on Open Field Operation and Manipulation (OpenFOAM).
OpenFOAM has been effectively applied to simulate wave
dynamics using an interFoam solver combined with the bound-
ary conditions of wave generation and absorption, such as
waves2Foam (Jacobsen et al. 2012) and IH-FOAM (Higuera
et al. 2013). Accordingly, we developed the sediment transport
and bed morphological change module in OpenFOAM owing
to unavailability in the official version. Moreover, the local
flow field of pile row breakwater is typically simulated by LES
turbulence model, primarily because it is difficult to model the
violent jet and flow separation in the slots of the piles using the
RANS turbulence model (Yao et al. 2018). However, for sedi-
ment motion, the stochastic nature of the flow reflects nonlin-
early onto the bed change and results in larger spatial gradients
when using the LES turbulence model, and the allowable cal-
culation stability will be lowered considerably. Therefore, the
RANS turbulence model was considered in this study because
it is preferable to predict seabed scour than the LES turbulence
model (Liang et al. 2005; Jacobsen and Fredsge 2011).

To achieve our objectives, this study had the following primary
objectives. Mathematical methods, including hydrodynamic and
sediment controlling equations, boundary conditions, and numeri-
cal schemes, are introduced in Section 2. Model validations of
the free surface elevation, velocity, and sandy beach scour are
presented to demonstrate the robustness of this self-extended
model in Section 3. A detailed analysis of the sandy beach change
without the pile structure, as well as the three-dimensional vortex
structure, bed shear stress, and beach scour with the pile structure,
is described in Section 4. The effect of pile-row breakwaters on
beach evolution is discussed in Section 5. Finally, a summary of
the study is presented in Section 5.

2 Mathematical model
2.1 Hydrodynamic model

The RANS equations were employed to model unsteady and
incompressible flows, and the continuity and momentum
equations are as follows:

V-u=0 (D

dpu T

TS +V. [puu ] =-Vp*x—g-xVp+ V. [uVu+pr *] + o7k, Vy
2

where x = (xi, X, xk) indicates the Cartesian coordinate sys-

tem and u = (ui, u;, uk) indicates the velocity vector under

this coordinate system. p denotes the density of the fluid, p*
represents the pressure exceeding the hydrostatic pressure,
and g represents the acceleration due to gravity. The o7k, Vy
represents the surface tension term, where o and k, denote
the surface tension coefficient and surface curvature, respec-
tively; y is the proportional field with tracking fluid motion.
7* denotes the turbulence stress tensor, which is expressed as

2 2
==uS— =kl
7= SuS = 3 3)

where y is the eddy viscosity, § = (Vu + (Vu)") /2 is the
strain-rate tensor, and k is the turbulent flow energy. I is
the Kronecker delta function, where I is equal to 1 if i=},
otherwise 0.

To close the RANS equations in this study, the k — ¢ tur-
bulent model with a second-order term was employed, as
follows:

k= %u -ul 4)
COT5) 1S5
e= L 7 &)

where ¢ indicates the rate of turbulent dissipation, C, rep-
resents a dimensionless coefficient specified as 0.09, and /
denotes the turbulence length scale.
The k and ¢ is described as follows, respectively.
v
%+V(ku)= V(-LVk)+2-L|Vu)? —¢ (6)

v
Oy P

o€ v € e2
s V(eu) = V(G—'Ve) + 2C15v,|Vu|2E - CZS? )

where v, is the turbulence kinematic viscosity coefficient and
Ci., C,,, 04, and o, represent empirical coefficients of 1.44,
1.92, 1, and 1.3 in the present study.

Furthermore, the free surface was simulated using the
modified VOF method, which is defined as
Jda
E+V'ua+V-ura(1—a)=0 ¥
where each phase of air and water is represented by the vol-
ume fraction (@), varying from 0 (air) to 1 (water). When
compared with the traditional VOF method, the last term of
Eq. (8) introduces an additional compression term (u,. is the
relative velocity) to control excessive diffusion and smearing
of the interface (Jacobsen et al. 2012).

Bed shear stress is a fundamental parameter that connects
hydrodynamic characteristics to sediment transport. Some
formulas, such as the wall function method (Babaeyan-
Koopaei et al. 2002), friction-based method (Schlichting
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1979), turbulent viscosity-based method (Zeng et al. 2005),
and turbulent kinetic energy-based method (Galperin et al.
1988), have been introduced to estimate bed shear stress.
In this study, the method proposed by Arzani et al. (Arzani
et al. 2016) was employed, and the detailed configurations
are as follows.

T=1,—(7,-N)N )

where 7, indicates the wall traction force expressed as ¢ - n,
n is the unit normal vector perpendicular to the surface, and
o is the stress tensor calculated by

oc=—-pl+2uS (10)

where p denotes the pressure in the pressure-induced stress
term of —pI and 2uS is the viscous stress term, which is
determined by the bottom fluid movement.

2.2 Morphodynamic model

Accurate modeling of the evolution of sandy beaches
requires consideration of multiple mechanisms of sediment
transport and erosion. The details of each component of the
sediment modules in this study are described below. To bet-
ter capture the bed load transport process, we adopted the
formula proposed by Engelund and Fredsge (Engelund and
Fredsge 1976). This formula has been rigorously verified
to solve the question of sandy beach evolution in published
studies (Engelund and Fredsge 1976; Allen 1982).

g = { 18.74(0 — 6,)(6°5 — 6°%)\/Rgdsyds, if 0 > 6,
=

0 if 0 <0,
Y
_ T
pgRds, (12)
Psed — P
R=—
; (13)

where g, denotes the bed load transport across a unit width,
ds, indicates the median sand diameter, R indicates the rela-
tive sediment density, € symbolizes the Shields number, and
the critical Shields number of 6, is different owing to dif-
ferent bed slopes; thus, we have updated it referring to the
research of Allen (Allen 1982).
i = cosf + sinj

tang

co

(14)

It can be observed from Eq. (14), the value of 8, decreases
(i.e., negative slope) when the sediment moves downward
along the slope and the value of 6. increases (i.e., positive
angle) when the sediment moves upward along the slope.
Here, @ denotes the angle of repose of the sediment. 6,

@ Springer

indicates the critical Shields parameter for a flat sand bed,
which is given (Soulsby and Whitehouse 1997) by

0.3

w=m +0.055[1 — exp(—0.02D,)] (15)

D, is dimensionless sand size
D,=[=-1"7dy, (16)

The rates of bed load transport in different directions are
calculated by
T; on

=g, —~ — Clg,|—
dpi ‘]bm lqbl()x- a7

1

where # indicates the bed surface elevation and C denotes
a constant parameter varying from 1.5 to 2.3, which could
characterize the influence of the bed slope on the sediment
flux. In this study, C was set to 1.5, as per to Brgrs (Brgrs
1999) and Liu and Garcia (Liu and Garcia 2008).
Generally, the suspended sediment transport process can be
expressed by the classical convection—diffusion equation, as follows:
dc g

—+V-(u+w

=V (Xy
o1 g =V GO (18)

where ¢ denotes the concentration of suspended sediment,
v, corresponds to the diffusivity coefficient of the sediment,
o, is the turbulent Schmidt number, and w, indicates the fall
velocity of the sediment that could be influenced by different
particle concentrations.

Wy = (1 - C)gw.m (19)

where { indicates a constant and w, represents the settling
velocity in clear water given (Allen 1982) by

W = dl[(10.362 +1.049D%)'"2

—10.36]
50 (20)

In fact, there were clear interaction processes in the
shallow water zone. To ensure that the sediment drops out
immediately when accidentally left in the air phase, an addi-
tional volume fraction a term was introduced in Eq. (18) as
follows:
dc

SV (au+wS|§|)c —V.(a

v+,

O

Ve) 2n
where the velocity term is multiplied by a. Additionally, v in
Eq. (21) was used to maintain the stability of the numerical
model. If v, is zero, numerical instability occurs. Therefore,
v guarantees an effective solution for the advection—diffu-
sion problem and avoids the occurrence of the convection
problem, which is more difficult to solve in the numerical
model (Leveque 2002).
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The Exner equation was adopted to model the bed elevation
change by solving the sediment continuity:
0z 1
—=——(-Vq,+D-E
=T (Vg ) 22)
where n indicates beach porosity; the deposition rate D is
given by

D=cw, (23)

where c, represents the bed surface’s sediment concentration.
The sediment concentration at a reference height A, above
the bed can be calculated using the following formula:

_0.015ds,T"

= TA,DO3 24

in which 7 indicates the non-dimensional excess shear stress,

HseT 15

T=( -1 (25)

cr
where p,. indicates the effective shear stress coefficient and
7. denotes critical shear stress.
The E in the Eq. (22) represents the entrainment rate calcu-
lated by van Rijin (Rijn 1984):

v+,
E = - Ve (26)

O

Finally, the computational mesh is moved such that the
bottom mesh is conformal to the sediment bed to realize
model coupling between hydrodynamic and morphologi-
cal dynamics. The mesh movement primarily adopted the
method proposed by Jasak and Tukovi¢ (Jasak and Tukovic
2006). Meanwhile, an additional mass conservative sand
slide algorithm proposed by Khosronejad et al. (Khosrone-
jad et al. 2011) was utilized to maintain the bed slopes so as
not to exceed the repose angle of the sediment. The Exner
equation at both points P and its ith neighbor is given by:

(25p + Azpy) = (20 + Azyy)
Al

pi

= tang 27)

where z,,, denotes the bed elevation at point P, z,, indicates
the bed elevation at the i-th neighbor, Al signifies the hori-
zontal distance between two cell centers, and Az, and Az,
symbolize the corresponding corrections imposed to satisfy
the repose angle of the sediment. By balancing the cell mass,
Az, and Az, can be expressed as

Ay - Az, — ZAM Az, =0 (28)

where A, indicates the projection of the bed cell P and A,
is the projection of its ith neighbor.

2.3 Boundary conditions

Boundary conditions are central for reproducing the physical
experimental process. In the proposed numerical model, the
active wave-absorbing boundary was applied at the inlet and
outlet of the model, which was developed by Higuera et al.
(Higuera et al. 2013). Compared with the approach given by
Jacobsen et al. (Jacobsen et al. 2012), this approach reduces
the computational domain because no relaxation region is
required. Additionally, the expressions proposed by Lee
et al. (Lee et al. 1982) were applied to describe the free
surface and velocity of the inlet boundary:

3H
= Hsech’[y/ ==X 29
1= Hseeh’[y/ 22x] 29)
u N In hh, 322 d7
A2 hhy_2zyam
Jeh Hoan T3 T e (30)
W -z Ilndyg 1, 122 dn
L T DAV ALY R- PO O e
A= T33! GD

N

where 7 denotes the wave free surface elevation, H indi-
cates the wave height, 4 denotes the water depth, X = x — ct,
¢ = \/g(h + H) indicates the wave propagation velocity, and
u and w denote the velocities along the flow direction and
vertical direction, respectively.

The other boundary conditions are as follows: The no-
slip condition was applied to the surface between the sand
layer and pile (Lee et al. 1982), in which the yPlus value
was approximately 10 mm, the first layer of the mesh was
approximately 0.2 mm, and the normal pressure gradient was
zero. The top boundary is the atmospheric interface, and the
total pressure is zero in the atmospheric interface. The verti-
cal movement speed of the sandy-bed boundary was con-
sistent with the changing speed of the sandy-bed elevation.
Moreover, a symmetrical boundary condition was adopted
on both sides of the domain to improve the computational
efficiency, allowing for the symmetrical distribution of the
domain along the flow direction. Regarding the numeri-
cal model grid resolution, from the inlet of the domain to
the fore-slope toe, the grid size decreased gradually from
20 to 4 mm (see Supplementary Fig. 1). The core region,
starting from the still water level to the outlet, maintained a
constant smaller cell size (0.2 mm) to capture the breaking
wave-induced run-up. A finer mesh reduced to 0.2 mm was
employed around the surfaces of the piles.

2.4 Numerical schemes

The Euler scheme was employed to solve the time deriva-
tive, and the finite-volume method was utilized to discretize

@ Springer
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the 3D computational space. The pressure—velocity solver
used the PIMPLE algorithm that combined the pressure
implicit, operator split (PISO), and pressure link equation
semi-implicit (SIMPLE) methods. Meanwhile, the multi-
dimensional universal explicit solution limiter (MULES)
scheme was employed to maintain the boundedness of the
volume fraction. The gradient term and Laplacian term were
solved using the Gaussian linear scheme and Gaussian linear
modified scheme, respectively.

In addition, different sediment forms were addressed
separately. First, the bed load transport process was solved
using the shear stress with the hydrodynamic model. The
suspended sediment was then transported passively based on
the convection—diffusion equation. Once sediment transport
was addressed, the Exner equation was employed to solve
the beach profile change. Generally, the beach morphology
change occurs in a 3D space, whereas the Exner equation
is a two-dimensional (2D) equation. This process of flow
information mapping from 3D space to 2D space was solved
using the finite area method (FAM). The details can be found
in the OpenFOAM® user guide.

3 Model validation

3.1 The beach profile change without the presence
of structure

To ensure the transport capacity of the water and sediment
in our model, we first calibrated the model using the experi-
mental data of Kobayashi and Lawrence (Kobayashi and Law-
rence 2004). The beach with a slope of 1:12 was applied by
sediment with grain size of 0.18 mm and porosity of 0.4. The
experimental setup is presented in Fig. 2, where wave gauges
were employed to capture the wave elevation change along the
wave flume, in which G1 was placed at the toe of the slope to

measure the incident solitary wave, G2—-G5 were utilized to
measure the solitary wave shoaling and breaking, and G6-G8
were used to measure the breaking wave run-up and rundown
in the swash zone. The velocity was measured using a veloci-
meter installed at the location 13.5 cm from the flume center-
line at the cross-shore location of G3 and 6 cm above the bed
surface. The initial wave height was 21.6 cm, and the wave
propagated on the beach at a water depth of 80 cm. When the
water surface became stable after the action of the first soli-
tary wave, the second solitary wave began traveling toward the
beach with the same wave height as the first solitary wave, and
the cycle was repeated. The beach profile and hydrodynamic
changes were measured at the end of the fourth wave.

Figure 3 shows the numerical and experimental wave
surface elevations, streamwise velocity, and beach profile
changes obtained through the model simulation. We found
that the simulated results agreed well with the experimental
results, particularly for the wave height and velocity. How-
ever, the simulated value of the beach near the coastline
(approximately at x=10 m) was higher than the measured
value, which could be attributed to the overestimation of
turbulent dissipation and some underestimation of the cur-
rent velocity induced by the backwash. Nevertheless, in this
study, the self-developed coupled model could reasonably
simulate reproduced wave propagation and the associated
beach profile changes.

3.2 The beach evolution with the presence
of monopile

A physical experiment of a solitary wave producing scour
around a pile conducted by Tonkin et al. (Tonkin et al. 2003)
was used to validate the sediment transport capacity in the
presence of a pile structure. The sandy beach was constructed
with a constant slope of 1:20, where the sediment median
diameter was 0.35 mm and density was 2643 kg/m>. The water

Fig.2 Side view (top) and plan s Nl Gl G2 G3G4 G5 G6 G7 G8 G: wave gauge
view (bottom) of experimental Wave Maker
setup of solidary wave propaga- SWL
tion along the sandy beach . z 5
(adapted from “Cross-shore 12 S
sediment transport under break- 0.8 m absorption )
ing solitary waves” (Kobayashi -
and Lawrence 2004)) }: 17.5m :{
Side view
4 |
LISm| o ° ° o e o o o wave
o Ve ] absorption y (m)
Wave propagation | miC et
—_—
|
v

30m N|
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Fig.3 Comparison between the simulated and experimental
results for the wave surface elevations, streamwise velocity, and
beach profile (ADV is the acoustic Doppler velocimeters. The red
cycle represents the experimental data. The solid line denotes the
wave height of the numerical data in Fig. 3(a)—(i) and the sandy

z (m)

beach morphology evolution of the numerical data in Fig. 3(j). In
Fig. 3j, the dash line corresponds to the original sandy beach, and
the dotted line is the water level. (Adapted from “3D modeling and
mechanism analysis of breaking wave-induced seabed scour around
monopile” (Liu et al. 2020).)
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depth and wave height were 2.45 m and 0.22 m, respectively. A
pile with a diameter of 0.5 m, as shown in Fig. 4, was placed at
the coastline. Several measurement instruments were arranged
to capture the water and sediment motion, in which the wave
surface in a typical location (A, C, D) was measured using a
wave gauge and the flow velocity at station B was measured
using an electromagnetic flowmeter located at 2.525 m above
the bed surface. The bed change at three locations, that is, C,
D, and E, around the monopile was recorded using a digital
camera. Detailed information regarding this experiment can
be found in Tonkin et al. (Tonkin et al. 2003).

Figure 5 shows the numerical and experimental wave surface
elevation, streamwise velocity, and beach change around the
monopile through the model simulation, in which satisfactory
agreement could be found for the hydrodynamic parameters at
all locations except for the velocity at station B, since =13 s. This
is because of the shallow water depth during the wave drawdown
that the electromagnetic flowmeter cannot measure the flow veloc-
ity. The beach scour in terms of around the monopile (i.e., the
seaside point C, leeside point D, and side point E) was captured
using a numerical model, which was consistent with the physical
result in the variation trends and magnitude. We also found that
the numerical maximum scour depth was slightly smaller than the
physical result, which resulted from the beach seepage flow phe-
nomenon observed by Tonkin et al. (Tonkin et al. 2003). However,
this cannot be simulated using the proposed model.

Overall, this self-developed model can not only simulate
the propagation of breaking waves on sandy beaches, but also
the wave interaction with the pile structure on the sandy beach.
Based on this model, we developed several scenarios to explore
the effect of pile row breakwaters on beach evolution. The model
scenario configuration, scouring monitoring probes, and mon-
itoring profiles can be found in Fig. 6. In this study, the ratio
of center space between piles to pile diameter (S/D=1.2, 1.4,
1.6, 1.8, the pile diameter D is 0.5 m and S indicates the space
between adjacent piles) was changed, while other factors were

Fig.4 Experiment setup of
solitary wave interaction with

Wave Maker

G: wave gau

kept unchanged. The constant parameters are as follows: the
water depth £ is 2 m, wave height H is 0.6 m, beach slope m
is 1:20, and the horizontal distance between the slope toe and
offshore pile model is 3 m. In addition, following the aforemen-
tioned water—sediment parameters, an additional scenario with-
out the presence of a pile structure on the beach was modeled.

4 Results and discussions
4.1 Beach profile evolution by wave action

Figure 7 shows the wave surface, suspended sediment, and
beach profile changes during the wave propagation along
the sandy beach. During the wave run-up, the incident wave
became steepened and skewed toward the beach, and the
wave broke as a plunging breaker owing to wave shoaling
on the slope. Subsequently, the breaking waves immediately
injected fluid with air entrainment on the free surface. How-
ever, no remarkable sediment suspension was observed. As
the wave moved onshore, the breaking wave-induced bore
picked up amounts of sediment from the sandy beach into
suspension, but the beach had not been obviously eroded,
which could be due to the fact that the wave direction was
inconsistent with the sediment gravity and bottom friction.
During the wave drawdown, a hydraulic jump formed by
retreating the water tongue collided with the offshore still
water and then evolved into a turbulent flow roll. Mean-
while, sediment transport was obvious by high-speed sheet-
flow and induced remarkable offshore net deposition and
onshore net erosion near the location of the hydraulic jump.
Lastly, the sea was calm when the backrush energy was
insufficient to sustain the hydraulic jump. The above sandy
beach evolution is consistent with the physical experimental
results of Kobayashi and Lawrence (Kobayashi and Law-

rence 2004).
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4.2 Vortex structure around pile row 1 Ou; Ou
S=5(=+=) 34
Y 2%0x; ox; (34

The flow blockage induced by the interference between
adjacent piles enhances hydrodynamic complexity (Roeber
et al. 2010), thereby affecting nearshore sediment transport.
Typically, this interaction is accompanied by a certain law
of turbulence-ordered movement, that is, a quasi-ordered
structure, which is often described by the deformation,
stretching, and breaking characteristics of three-dimen-
sional vortices (Baykal et al. 2017). In this study, the Q
criteria method (Jeong and Hussain 1995), which is a quad-
ratic invariant of the velocity gradient tensor, was employed
to illustrate the motion of a large-scale vortex structure in
turbulence, defined as
0 = 23191 - I8, (32)
o R ij

where the Q; and S; denote the vorticity and the rate of
strain tensor,

1 au[ a“j

Q=
2 dxj ox;

ij

= (33)

1
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In particular, Q indicates the extent to which the vor-
ticity is greater than the strain-rate tensor. If Q is greater
than zero, it indicates that the vortex structure dominates
in that region.

Figure 8 shows the variations in the vortex structure of a
typical case (i.e., h=2 m, H=0.6 m, m=1:20, S/D=1.6),
where the isosurface was displayed by Q=1 s~!'. We found
that a horseshoe-shaped vortex structure formed around the
foundation of the pile structure before the wave crest impacted
the piles (e.g., t/\/% = 36.08), where the vortices in the
frontal zone were not obvious compared with those in the
lateral zone. This is attributed to the adverse pressure gradi-
ent induced by the blocking of the structure and high-speed
shear flow on the surface of the structure. During the impact-
ing process (e.g., t/ \/% = 36.63), the horseshoe structure
(see Supplementary Fig. 2) was elongated in the z direction
following the wave run-up along the pile surface; however, it
did not exhibit significant changes in the x and y directions.
Subsequently (e.g., 7/ \/m = 40.51), the reflected and trans-
mitted waves are separated in the vicinity of the piles and
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form a sequence of large-scale vortices, impacting the sandy
beach. The stretched tail vortex gradually broke when the
wave further ran up along the beach (e.g., 7/ \/% =43.17).
Compared with the run-up process, it was found that the
deformation of the vortices in front of the piles was extremely
remarkable during drawdown (e.g., t/\/% = 81.90).
Meanwhile, a notable velocity gradient appeared because
the velocity near the wave surface was higher than that near
the bed. When the backflow continually moved seaward
(e.g.t/ \/% = 85.67), the three-dimensional vortex struc-
ture was elongated and twisted until the wave energy could
not support its development. Ultimately, the vortex structure
broke around the piles (e.g., ¢/ \/% = 87.05), in which one
part was directly dissipated on the bed, and another part was
separated into numerous small vortices, which then disap-
peared offshore (e.g., t/ \/m = 93.86). Moreover, we also
found that the influence scope of the vortices during run-up
was less than that during drawdown.

The difference in the space between adjacent piles also
affects vortex shedding near the piles. Figure 9 shows the
variations in vortex shedding with pile space at two typical
moments of t/\/% =40.51 and t/+/h/g = 87.05. It was
found that the flow blockage was enhanced as the pile space
decreased during the run-up and generated a larger jet flow
that impacted the beach. However, during drawdown, vortex
shedding on the seaside of the pile row exhibited an opposite
trend. This was attributed to the smaller pile spaces, which
reduced the transmission of incident waves during the run-
up, thereby resulting in a short duration of vortex shedding
in front of the piles.

T 1 JhTg=36.63 [0S

4.3 Effect of pile row to beach evolution

To discover the sediment transport and seabed scour around
the pile row on a sandy beach and the effect of different pile
spaces, the later moments of wave run-up and drawdown are
shown in Fig. 10. It can be observed that the bed changes
induced by sediment transport were more notable with a
decrease in pile spaces during wave run-up. In particular,
for the smaller pile space, that is, S/D = 1.2, there was an
obvious cross characteristic of seabed scouring and infill-
ing around the piles affected by the irregular vortex motion.
During the wave drawdown, the scour depth on the seaside
of the piles increased rapidly and extended further upstream;
however, it did not exhibit a declining tendency with the
increase in pile spaces, such as for the cases from S/D=1.6
to S/D=1.8. The final scouring depth around the piles for
S/D =1.8 was larger than that for S/D =1.6, which could
be related to the backwash, and it induced shear stress, as
shown in Fig. 9 and Supplementary Fig. 3, respectively.
The scouring process and maximum scouring depth at the
front, side, and back of the most centered pile in a row of piles
(probe position is shown in Fig. 6) are shown in the left and
right panels of Fig. 11, respectively. It can be observed that the
bed was sharply scoured during the wave interaction with the
piles and that the scouring depth at both sides was larger than
the front and rear scours. The high-speed shear flow between
adjacent piles induced a strong bottom shear stress, which
resulted in considerable downcutting of the seabed, and this
phenomenon was more obvious for smaller pile spaces (e.g.,
S/D=1.2). Subsequently, the scouring depth also increased

=
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Fig.8 Time series of the vortex structure (Q=1 s~’. The blue color represents the water surface changes, and the yellow color represents the

turbulent structures.)
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1/ Jhig=4051
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SiD=18

1/ Jhig=87.05

Fig.9 Variations of the vortex structure with pile spaces (Q=1 s~’. The blue color represents the water surface changes, and the yellow color

represents the turbulent structures.)

Fig. 10 Variations of local
scour morphology around the
piles with pile spaces ((a)—(d)
are local scour morphology
changes in the process of the
wave run-up under different
S/D, respectively. (e)—(h) are
local scour morphology changes
in the process of the wave draw-
down with corresponding S/D,
respectively.)
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because of sediment erosion by the reversed currents; however,
the seabed at the back of the piles did not experience serious
scouring compared with that at the front and side of the piles.
Additionally, we also found that the maximum scouring depth
exhibited an upward tendency as the pile spaces decreased at
the three typical locations, particularly for the rear. The scour-
ing depth reduction at the front and two sides from S/D=1.6to
S/D=1.8 can be attributed to the following two aspects. First,
the seabed evolution did not show obvious differences between
S$/D=1.6 and S/D=1.8, according to the scouring morphology
around the piles (Fig. 10) and time series of scouring depth
(left panel of Fig. 11). This indicates that the hydrodynamic
characteristics caused by the blocking of the piles share some
similarities between the two scenarios. Second, the wave
transmission increased from S/D=1.6 to S/D =1.8; thus, the
intense reversed currents could lead to obvious net erosion in
the nearshore region of the piles, which was proved by the sedi-
ment degradation direction shown in the right panel of Fig. 11.

Besides inducing local scour around the piles, waves affect
nearshore beach evolution. Figures 12a and b show the nearshore
beach profile changes (profile position is shown in Fig. 6) and
the maximum scour depth. The scouring scope of sandy beaches
increased with increasing space between piles, and a larger pile
space induced a larger seabed change. This demonstrates that a

smaller distance between adjacent piles leads to smaller wave
transmission because of the enhanced flow blockage effect,
which then dissipates additional wave energy, correspondingly
decreasing the impact on the sandy beach.

Subsequently, comparisons of nearshore beach evolu-
tion without and with piles on the beach are shown in
Fig. 13. The sand bar and scour hole moved landward
under the effect of a row of piles, and the scope of the
beach profile change decreased to some extent. Further-
more, the smaller pile space caused the beach to evolve
further landward, which is similar to the beach profile
variation with wave height given by Liu et al. (Liu et al.
2019). Meanwhile, in view of the sandy beach elevation
over beach profile changes, the sediment transport vol-
ume per unit width (V) was calculated to estimate the
beach morphological development. Accordingly, it was
found that larger pile space led to the increasing trans-
ported sediment volume (V,/H?), owing to the fact that
the transmitted wave energy increased with the adjacent
pile space increasing. Therefore, it is anticipated that
the aforementioned sediment transport volume was less
than the scenario without piles on a sloping sandy beach
(i.e., the+inf in Fig. 13, which is denoted as the case in
Section 4.1).

Fig. 11 Local scour depth 1
around the piles ((a), (c), and (a)
(e) are the scour depth changes

along the time at the front, side,
and back of the most centered
pile, respectively. (b), (d), and
(f) are maximum scour depth
changes under different S/D at
the front, side, and back of the —S/D=16
most centered pile, respec- S/D=18
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Fig. 12 Profile change of 5
nearshore beach and the maxi-
mum scour depth (a the profile
change of nearshore beach
under different S/D; b relative
maximum scour and deposition
changes with different S/D)
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4.4 Analysis of long-term wave impacting

A long-term simulation using the wave, beach, and pile
information provided by Reedijk and Markus (Reedijk and
Muttray 2007) was performed to comprehend the role of pile
rows in the evolution of sandy beaches in the real world. The
beach slope is approximately 1:25, with an average beach
grain size ds; = 0.2 mm. The pile diameter was 350 mm,
and the center-to-center spacing is 70 mm. Near the location
of the pile row, the significant wave height is approximately
1.5 m during the extreme atmosphere. Figure 14 shows
the local beach evolution around the pile row after several
waves. The local beach evolved into a deep scour hole under
wave impact, and the erosion hole reached equilibrium after
the fifth wave.

Figure 15 shows the beach profile evolution with and
without pile rows after the impact of several waves. Evi-
dently, significant erosion occurred around the waterline,
and sand was transported along the offshore direction where
a bar formed. The sandbar size increased as the wave num-
ber increased, while the sandbar center moved seaward. As
the pile row clearly formed an obstacle for the sediment
moving in the offshore direction, the erosion around the

o

38 40 L1 1.2 13 14 15 1.6 1.7 1.8 1.9
S/D

waterline was reduced. Nevertheless, the obvious beach ero-
sion around piles is found, and the scour depth was larger in
the gap between adjacent piles where the maximum scour
depth reached about 0.5 m for this wave condition. Overall,
the observations of the present study conform with the report
by the resort manager that the pile row not only reduced
the tsunami impact but was also effective in trapping sedi-
ments during the tsunami event that struck South East Asia
in December 2004 (Reedijk and Muttray 2007).

To the best of our knowledge, the scouring condition of
a single pile in this area is necessary to determine the group
of piles built on a coastal beach, and an empirical coefficient
is used to amplify its influence to calculate the scour around
the pile group. However, in contrast to the scour on the flat
seabed, nearshore profile changes also need to be considered,
apart from the local scour around the piles associated with the
sandy beach in the design. Unfortunately, there are no refer-
ences in the design manuals to comprehensively predict the
local and nearshore scour during the interaction between the
wave and the sandy beach. In the present study, we propose
a numerical approach to resolve the aforementioned predica-
ments. Based on the current results, the nearshore scour scope
and transported sediment volume decreased as S/D decreased,

Fig. 13 Nearshore beach evolu- T T

tion affected by the piles ((a) 3/D=12
beach evolution under d{fferent L —S/D=14 Sediment transport
S/D; (b) transporte.d sefhment 1.9 —S/D=16 direction
volume changes with different —S/D=18 /
D
S/D) 18+ No piles = 03 N
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(a) after 1 wave
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Fig. 14 Local 3D scour morphology around pile row after impacting of several waves (the color represents geomorphologic differences between

adjacent waves)

Fig. 15 a Beach morphody-
namic evolution along the
monopile. b Beach morphody-
namic evolution along the gap
between adjacent piles. ¢ Beach
morphodynamic evolution
without pile row
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and in extreme cases, the pile row tended to have a seawall
structure. However, the local scour around the piles increases,
which may cause structural instability. Alternatively, based
on existing scenarios, the S/D has been discussed preliminar-
ily to weigh the potential hazards between local scour and
nearshore scour. Moreover, we remarked that the S/D may
also be affected by the beach slope and arrangement of the
slotted piles; thus, the conclusions may be more or less dif-
ferent for other beaches with different pile configurations.
Despite the aforementioned uncertainties, it is believed that
the findings drawn from this study can significantly enhance
our understanding of the efficiency of pile rows on sandy
beaches in trapping sand, providing them as an engineering
practice to prevent coastal communities and infrastructures
from the devastating outcomes of extreme tsunamis.

5 Conclusions

A 3D coupled model of hydrodynamic and sediment trans-
port based on OpenFOAM® was developed to explore the
effect of the pile row breakwater on trapping sand and beach
protection under waves. Typical formulae for the bedload
and suspended load were employed to reproduce the sedi-
ment transport. The Exner equation was solved numeri-
cally, and the evolution of the bed morphology was updated
closely once the resulting erosion and deposition were calcu-
lated. The robustness of the current model was validated by
experimental data, and the results indicated that the numeri-
cal model was suitable for reproducing the hydrodynamics,
local scour around the piles, and beach evolution.

The beach profile change under extreme waves, that is, tsu-
nami waves, was first assessed, and it was found that beach
scour was not obvious during wave run-up; however, the scour
depth quickly increased owing to the rapid sheet downrush
flow and hydraulic jump during wave drawdown. As the wave
number increased, the sandbar size increased, and the sand-
bar center moved seaward. Subsequently, the effect of pile
row structure on sandy beach evolution was analyzed, and
the role of the space between adjacent piles was considered
in detail. This shows that the construction of the pile row
structure would change the wave propagation along the beach,
resulting in the vortices around the piles experiencing seri-
ous fluctuations, such as deformation, stretching, and break-
ing, whose influence area on the leeside of the piles during
run-up was less than that on the seaside during drawdown.
Moreover, the vortex structures became more intense as S/D
decreased during run-up, and they exhibited an opposite ten-
dency during drawdown. When the S/D was less than 1.6,
local scour decreased with the increasing of S/D. In contrast,
when S/D increased from 1.6 to 1.8, the scour increased on
the seaside of the piles and both side faces except the leeside.
Meanwhile, the nearshore beach change moved landside under

@ Springer

the influence of the pile row, and the sediment transport vol-
ume and maximum scour depth decreased with the decrease
in S/D; however, they were smaller than in the case without
piles. This demonstrated the effectiveness of pile rows in trap-
ping sand and beach protection.

The real processes of the effect of pile row structure on
sediment transport and sandy beach evolution tend to be more
complicated than those modeled by existing simulations, such
as the hydrodynamic and morphological processes near piles
affected by currents and debris. Furthermore, different com-
binations of wave height, water depth, and beach slope are
suggested, and an optimized S/D is proposed by weighing the
hazards between local scour and nearshore scour.
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