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Abstract

Wave forces acting on a vertical cylinder at different locations on a slope beach in the near-shore region are
investigated considering solitary waves as incoming waves. Based on the Reynolds-averaged Navier—Stokes
equations and the k—¢ turbulence model, wave forces due to the interaction between the solitary wave and cylinder
are simulated and analyzed with different incident wave heights and cylinder locations. The numerical results are
first compared with previous theoretical and experimental results to validate the model accuracy. Then, the wave
forces and characteristics around the cylinder are studied, including the velocity field, wave surface elevation and
pressure. The effects of relative wave height, Keulegan—Carpenter (KC) number and cylinder locations on the wave
forces are also discussed. The results show that the wave forces exerted on a cylinder exponentially increase with the
increasing incident wave height and KC number. Before the wave force peaks, the growth rate of the wave force
shows an increasing trend as the cylinder moves onshore. The cylinder location has a notable effect on the wave
force on the cylinder in the near-shore region. As the cylinder moves onshore, the wave force on the cylinder initially
increases and then decreases. For the cases considered here, the maximum wave force appears when the cylinder is
located one cylinder diameter below the still-water shoreline. Furthermore, the fluid velocity peaks when the
maximum wave force appears at the same location.
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1 Introduction

Vertical cylinders are widely used as an important com-
ponent of coastal structures, such as sea-crossing bridges
and offshore wind turbine foundations. These structures in-
evitably undergo wave forces owing to complicated envir-
onmental conditions, especially for vertical cylinders. Be-
cause the wave forces acting on a cylinder have significant
engineering relevance to the safety of such coastal struc-
tures, it is important to investigate the wave forces exerted
on cylinders to ensure structural safety. For practical reas-
ons, many cylinders are constructed in the near-shore re-
gion (FEMA, 2004) where wave breaking frequently occurs.
The resulting flow patterns and hydrodynamic loading of
breaking waves on cylinders differ significantly from those
for non-breaking waves (Alagan Chella et al., 2015; Xiao
and Huang, 2015), which makes it more difficult to accur-

ately estimate the wave forces on cylinders in the near-shore
region.

The interaction between waves and cylinders has re-
ceived considerable attention over the past several decades.
There have been a few widely accepted results for wave
forces on structures located on a flat bed (Zhao et al., 2007,
Yang et al., 2015; Bonakdar et al., 2015; Kamath et al.,
2015; Aristodemo et al., 2017; Tripepi et al., 2018). For in-
stance, the Morison formula is often used to estimate the
wave force acting on a single small-scale pile (Morison et
al., 1950), which accounts for the inertial and drag compon-
ents of wave forces using empirical coefficients. However,
when a wave propagates into the near-shore region, it be-
comes asymmetric and the wave front steepness increases,
which results in wave breaking (Hsiao et al., 2008; Chang et
al., 2009; Hsieh et al., 2016; Kuai et al., 2018a). The Moris-
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on formula can thus not be directly applied in this case to
estimate the wave forces because the breaking waves are as-
sociated with extreme impact forces over a short duration
(Bredmose and Jacobsen, 2010; Choi et.al., 2015). To calcu-
late such impact forces, an impact force term is considered
in the Morison equation in addition to quasi-static forces to
describe the total force owing to breaking waves (Goda et
al., 1966). However, several involved parameters, such as
the slamming coefficients, curling factor and breaker shape,
are not easily determined.

Wave forces on structures in the near-shore region have
been investigated by several numerical studies. For instance,
Mo et al. (2013) studied a plunging solitary wave and its in-
teraction with a slender cylinder on a slope beach using
filtered Navier—Stokes equations with large eddy simula-
tion turbulence modeling. Correspondingly, the surface el-
evation, velocity and wave profile during wave—cylinder in-
teraction were well illustrated. Choi et al. (2015) investig-
ated the breaking wave impact forces on vertical and in-
clined cylinders based on the modified Navier—Stokes equa-
tions to study the dynamic amplification factor owing to the
structural response. Kuai et al. (2018b) studied wave forces
acting on complex bridge substructures in the near-shore re-
gion based on the Reynolds-averaged Navier—Stokes
(RANS) equations and k—¢ turbulence model. However, the
water depth at the structure location was large and the wave
deformation was unclear and non-breaking.

Some studies have shown that cylinder location plays an
important role in its interaction with waves in the near-shore
region (Wienke and Oumeraci, 2005; Alagan Chella et al.,
2017). For instance, Xiao and Huang (2015) examined wave
forces on a cylinder in the near-shore region located at sev-
en different locations, including locations above and below
the still-water shoreline on a slope beach. However, they
mainly focused on snapshots of wave—cylinder interaction
and the time history of wave forces on the cylinder. Kamath
et al. (2016) investigated the effects of breaker location on
the wave force of a vertical cylinder on a slope bottom. The
location of the cylinder was changed according to the wave
breaking stage, including a smaller range of cylinder loca-
tions. Alagan Chella et al. (2017) explored the effect of rel-
ative distance between the breaking point and cylinder on
the breaking wave forces, and mainly focused on the rela-
tionship between the characteristics and geometric proper-
ties of breaking solitary waves and the resulting impact
forces on structures. Although the aforementioned studies
reported many useful results regarding wave forces on cyl-
inders at different locations, few studies have addressed the
change rule of the velocity field and pressure around a cyl-
inder when the cylinder moves onshore.

High loads on offshore structures caused by extreme
events (e.g., tsunamis) also are of great significance in en-
gineering design. Tsunamis are very long waves generated
by earthquakes or landslides that can produce highly de-
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structive damage to coastal structures (Mori et al., 2011).
Because tsunami characteristics depend on the seabed de-
formation conditions, it is difficult to develop a universally
applicable tsunami wave model (Aristodemo et al., 2020).
For simplicity, solitary waves are usually used as an incid-
ent wave to study tsunami characteristics (Adityawan et al.,
2013; Salevik et al., 2013), sediment transport (Alsina et
al., 2009; Sumer et al., 2011), and coastal structures (Alagan
Chella et al., 2017; Kuai et al., 2018b; Zhao et al., 2019; Ar-
istodemo et al., 2020).

In this study, numerical investigations were carried out
on wave forces acting on a cylinder at different locations in
the near-shore region owing to solitary waves. The interac-
tion between the solitary waves and cylinders was simu-
lated based on the unsteady RANS equations coupled with a
k—e¢ turbulence model. The variation of the wave force with
different incident wave heights and KC numbers were cor-
respondingly studied and the effects of cylinder locations on
the wave forces, velocity fields, pressure and wave surface
elevation were analyzed.

2 Numerical model
2.1 Governing equations and numerical schemes

2.1.1 Governing equations

The unsteady RANS equations are incorporated into
standard k—¢ turbulence model. The model is then applied to
simulate wave—cylinder interaction on a uniform slope
beach. The governing equations for an incompressible fluid
are expressed as follows:

Continuity equation:
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where i and j are the cyclic coordinates in an orthogonal co-
ordinate system whose values are 1, 2 and 3; x; is the spatial
coordinates; ¢ is the time coordinate; u; is the time-averaged
velocity components; p is the pressure; p is the fluid dens-
ity; g; is the gravitational acceleration; v is the kinematic
viscosity; —Fu;. denotes the turbulent Reynolds stresses,
which can be expressed as —W: vi(Ou;/Ox;+ Ou;/0x;)—
2ko;;/3, where vy is the turbulence eddy viscosity. In this
study, v is simulated using the standard k—e turbulence
model proposed by Launder and Spalding (1974), which are
as follows:
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where & is the turbulent kinetic energy; ¢ is the turbulent
kinetic dissipation rate; G is the turbulent production term,
and five related coefficients suggested by the original au-
thor are used: C,=0.09, Ci, =1.44, C3,=1.92, 54, = 1.0,
o, =1.3.

2.1.2 Numerical schemes

Egs. (1) and (2) are numerically solved by a two-step
projection method with finite volume spatial discretization
(Issa, 1986). The linear least square reconstruction method
is adopted to evaluate the gradients at the cell centers
(Barth, 1992). The time derivative is discretized by the for-
ward time difference method. The first and second-order ac-
curacy is obtained for the temporal and spatial terms, re-
spectively.

The volume of fluid (VOF) method is used to trace or
capture the free surface (Hirt and Nichols, 1981). The gov-
erning equation is as follows:

OF 6u,~F
—+ =0, 5
ot ox; )
where F is the volume fraction, which is defined as:
0 air
F(x,n=4 0<F<1 interface (6)
1 water

The piecewise-linear interface calculation method is
used to solve the VOF governing equation (Youngs, 1982).
It assumes that the interface between the air and water has a
linear slope within each cell and uses this linear shape to
calculate fluid advection through the cell faces.

2.2 Computational setting and initial and boundary condi-
tions

2.2.1 Computational setting

The computational domain for calculating the wave
force acting on a cylinder in the near-shore region is shown
in Fig. 1, in which the seabed is simplified to a uniform
slope and the coordinate origin is located at the toe of the
beach slope. The computational domain is 440 m long, 20 m
wide and 22.8 m high. The wave-maker is located on the
left side and the solitary wave travels in the x-direction. The
simulations are carried out by using a computer with § cores
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and 16 threads, and the computation for each case lasts
about 2—-3 days.

In Fig. 1, S represents the angle between the slope beach
and x-coordinate, x and y are the horizontal coordinates, and
z is the vertical coordinate. The wave model is applied to
simulate wave—cylinder interaction with the cylinder loc-
ated at eleven different locations on the slope beach, labeled
as —@ in Fig. 1. For comparison, Cylinder O is located
on the flat bed where the flow field is not affected by the
slope beach. Cylinder is located at the still-water
shoreline and Cylinder @ is located 10 m above the still-
water shoreline. Cylinders @—@©) are located on the slope
beach between the toe of the slope and still-water shoreline.

2.2.2 Initial and boundary conditions

In the computational domain, the piston-type wave-
maker is located on the left and the nonlinear algorithms de-
veloped by Goring (1978) are used to generate solitary
waves. The motion of piston-type wave-maker is governed
by equations as follows (Katell and Eric, 2002):

X(#) = Sgtanh[7.6(1/1" = 0.5)]; )

_ At H].
- [tanh (0.999) + h] (8)

Sc=4+Hh/3, p= = +g(H+h), ©)

where X(f) is the dlsplacement of the piston-type wave-
maker varying with time; H is the solitary wave height; % is
the still water depth; ¢ is the time; ¢ is the wave celerity.

The wave propagates from left to right. The boundaries
of the computational domain include the pressure-inlet
boundary on the top, a solid no-slip wall at the bottom and
on the slope. Both the front and back of the computational
domain are set to symmetric boundaries. At the initial time,
the water velocities in the entire computational zone are set
to zero.

2.3 Mesh description and model validation

2.3.1 Mesh description
Both the structured and unstructured grids are used in
the simulation, as shown in Fig. 2. Finer meshes are used in

Fig. 1. Sketch of the calculation model.
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(b) Side view

Fig. 2. Diagram of the mesh.

areas near the water surface and cylinder. The influence of
grid size on the computational results is firstly investigated.
Four different grid sizes were examined, which are defined
as M1, M2, M3 and M4, shown in Table 1. The computed
time histories of wave surface elevations and wave forces
with these four grid sizes as well as experimental data
(H/h=0.40, Yates and Wang, 1994) are shown in Fig. 3 and
Fig. 4, respectively. The results show that the numerical res-
ults with the coarser grid (M3 and M4) are much smaller
than the results of the experiment. However, the numerical
results of M1 and M2 show a good agreement with the ex-
perimental results. But it should be noted that no significant
improvement can be achieved for wave surface elevations

Table 1 Detail of mesh sizes

and wave forces when the grid is refined from M2 to M1.
To balance the calculation precision and speed, the mesh

L L H
—) and Azpin = T (Grid

i f AXmin = ——
size of AXmin = 775 115

M2) is adopted.

Based on the comparison of numerical results and ex-
perimental data, this method of mesh grid choice has been
proved accurate. Therefore, the same method is used to de-
termine the grid sizes for all the cases in this paper. The
grids are non-uniform in the horizontal direction with sizes
varying from Axp;, (0r AYpmin) = 0.3 m to Ax,, (OF Ay =
0.8 m, and in the vertical direction with sizes varying from
Azin = H/18 to Az, = 1.2 m, where H is the solitary wave
height. The selected mesh size represents a compromised

(A)’min =

Mesh label Ml M2 M3 M4
Number 2805600 1907698 1231758 874620
Ax i (M) L/153 L/115 L/92 L/77
AV min (M) L/153 L/115 L/92 L/77
Az, () H/20 H/16 H/13 H/10
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Fig. 3. Comparison of time histories of wave surface elevations (H/k = 0.40).
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o Yates and Wang (1994)
---- Ml M2

M3 M4
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e

Fig. 4. Comparison of time histories of wave forces (H/h = 0.40).

choice in accordance with the calculation accuracy and
computational resources. The optimization of the time step,
At, is subject to the Courant number constraint Cr =

VehAt/Ax < 1.

2.3.2 Model validation

The model is validated to examine the accuracy of the
wave generation and wave force exerted on the cylinder
based on the theoretical solution of a solitary wave and ex-
periments conducted by Yates and Wang (1994). To valid-
ate the accuracy of solitary wave generation, a reference
gauge is used to monitor the wave surface elevation (Syno-
lakis, 1987), where the flow is considered as the potential
flow, and nonlinear effects and viscosity have little effect on
wave propagation. A comparison of the solitary wave sur-
face elevation calculated by the simulation and the first-or-
der theory of Boussinesq et al. (1872) (Eq. (10)) is shown in
Fig. 5, in which the wave surface elevation # is normalized
by the still-water depth / and the time ¢ is normalized by
\/}Tg . This indicates that the computed solitary wave sur-
face is slightly smaller than the theoretical result owing to
energy dissipation. Overall, the validation demonstrates that
the solitary waves can be well numerically generated using
our simulation.

0.3

Numerical result /A
----—"Theoretical result

Fig. 5. Comparison of incident wave profile between numerical and theor-
etical results.

n= Hsech? [K(x—ct)], (10)
3H

where K = [ —.
4h3

By following Madsen et al. (2008), values for the effect-

ive wavelength and effective period can be defined by
E, T = Z_n 1
K Kc

The free surface elevation and wave forces on the cylin-
der are examined and validated by comparing the present
numerical results with the experimental data of Yates and
Wang (1994), who studied solitary wave scattering by a ver-
tical cylinder. The cylinder radius R and water depth 4 are
0.0635 m and 0.04 m, respectively. The relative incident
solitary wave height H/h is 0.018—0.40. Four wave gauges
are set to monitor the time histories of the wave surfaces,
which are located at 1.66R (gauge 1) and 1.03R (gauge 2)
from the front of the cylinder and 1.03R (gauge 3) and
1.35R (gauge 4) from the rear of the cylinder.

The wave force acting on a cylinder is obtained by the
integral of pressure and viscous stress, which is expressed
as follows:

L=

n
F=[(-p+n)ds =) (-p+z)an, (12)
s i=1
where 7, is the viscous stress, which corresponds to
v0u;/0x; in Eq. (2); S is the wetted cylinder surface; dS is
the surface integral element; » is the number of surface ele-
ments; 4 is the element area, and n is the unit of the normal
vector pointing out of the surface element. The dimension-
less horizontal wave force Cr, is defined as:

Fy
Cre= Ty (13)
where F is the horizontal wave force acting on the cylinder;
h is the still-water depth at the flat bed, and D is the cylin-
der diameter.

The comparisons of the wave surface elevations and
wave forces between the calculated and experimental res-
ults of Yates and Wang (1994) are presented in Figs. 6 and
7. Fig. 6 shows that the time histories of the wave surface
elevations for four different locations under conditions of
H/h = 0.40 agree well with the experimental results. The
time histories of wave forces Cp, obtained by calculation
and experiment are also compared in Fig. 7. The calcula-
tions and experimental results are in notably good agree-
ment. Therefore, it can be concluded that the model used
here can accurately reproduce wave forces acting on a cylin-
der.

3 Simulations and analysis of wave forces

3.1 Computational conditions

We mainly focus on wave—cylinder interaction on a
slope beach and the solitary wave is used as an initially in-
coming wave. In consideration of the influence of various
factors, a total of 35 cases are simulated, as listed in Table 2.
Herein the applied solitary waves have a ratio of wave
height to water depth H/h ranging from 0.109 to 0.424. The
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Fig. 6. Comparison of time histories of wave surface elevations (H/h = 0.40).
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Fig. 7. Comparison of time histories of wave forces for different wave heights.

seabed in the near-shore is simplified as a uniform slope and
the angle of beach slope is y = tanf = 1/10. The diameter of
the cylinder D is 2.5 m and the cylinder location is ex-
pressed as x/h, varying from —4.43 to 10.63. The location
with x/h = —4.43 is where the cylinder is located at the flat
bed and not affected by the beach slope, which corresponds
to Cylinder D in Fig. 1. The location with x/ =10 is where
the cylinder is located at the still-water shoreline, which cor-
responds to Cylinder (0 in Fig. 1. The location with x/h =
10.63 is where the cylinder is located above the still-water
shoreline, which corresponds to Cylinder @D in Fig. 1. The

location with x/h =3.37-9.92 is where the cylinder is loc-
ated on the slope beach between the slope toe and still-wa-
ter shoreline, which corresponds to Cylinders @—(©) in Fig. 1.

According to Grilli et al. (1997), the type of wave break-
ing, based on values of a non-dimensional slope parameter
Sp, depends on the relative wave height and beach slope,
which is shown in Eq. (14) as follows:

4

So=1.521 NeT (14)

When S, < 0.025, the breaking type is spilling. When
0.025 < §; < 0.3, the breaking type is plunging. When 0.3 <
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Table 2 Calculation conditions and parameters settings.
Cases D (m) h (m) x/h y Hih HI/L So KC
0.109 0.005 0.461 15.124
0.191 0.011 0.348 20.030
1-5 2.5 15.8 —4.43 0 0.274 0.018 0.291 24.004
0.320 0.022 0.269 25.943
0.424 0.032 0.234 29.846
0.109 0.005 0.461 15.124
0.191 0.011 0.348 20.030
6—-10 2.5 15.8 3.67 1/10 0.274 0.018 0.291 24.004
0.320 0.022 0.269 25.943
0.424 0.032 0.234 29.846
0.109 0.005 0.461 15.124
0.191 0.011 0.348 20.030
11-15 2.5 15.8 5.57 1/10 0.274 0.018 0.291 24.004
0.320 0.022 0.269 25.943
0.424 0.032 0.234 29.846
0.109 0.005 0.461 15.124
0.191 0.011 0.348 20.030
16—20 2.5 15.8 8.10 1/10 0.274 0.018 0.291 24.004
0.320 0.022 0.269 25.943
0.424 0.032 0.234 29.846
21 2.5 15.8 8.73 1/10 0.274 0.018 0.290 24.004
22 2.5 15.8 9.37 1/10 0.274 0.018 0.290 24.004
23 2.5 15.8 9.68 1/10 0.274 0.018 0.290 24.004
24 2.5 15.8 9.84 1/10 0.274 0.018 0.290 24.004
25 2.5 15.8 9.92 1/10 0.274 0.018 0.290 24.004
0.109 0.005 0.461 15.124
0.191 0.011 0.348 20.030
26-30 2.5 15.8 10 1/10 0.274 0.018 0.291 24.004
0.320 0.022 0.269 25.943
0.424 0.032 0.234 29.846
0.109 0.005 0.461 15.124
0.191 0.011 0.348 20.030
31-35 2.5 15.8 10.63 1/10 0.274 0.018 0.291 24.004
0.320 0.022 0.269 25.943
0.424 0.032 0.234 29.846

Sy < 0.37, the breaking type is surging. Thus, the breaking
type is plunging for H/h = 0.274-0.424, surging for H/h =
0.191, and no wave breaks for H/h = 0.109.

The KC number is the ratio between the excursion
length of the fluid particles to the width of the cylinder in
the flow, which ranges from 15 to 30. The computational
formula is given as follows:

UnT

KC=—"—; (15)
D

Un=H %, (16)

where U,, is the maximum horizontal velocity of the water
particle (Rayleigh, 1876).

3.2 Wave transformation and evolution

The time histories of wave surface elevations at differ-
ent locations under the conditions of H/h = 0.274 are shown
in Fig. 8. The locations where the time histories of wave

surface elevations are monitored are from the flat bed to the
positions above the still-water shoreline. The locations with
x/h =-4.43, 0, and 10 are where the cylinders are placed on
the flat bed, at the slope toe, and the still-water shoreline, re-
spectively. Fig. 8 shows that the incident wave is not af-
fected while propagating in the constant water depth region
(Figs. 8a—8b). As the wave shoals on the slope, the steepen-
ing of the wave front face becomes increasingly clear and
the wave gradually transforms into an approximately trian-
gular shape (Figs. 8c—8f). During this process, the wave sur-
face elevation gradually increases and reaches the maxim-
um at x/4 = 8.71 with a value of 5/h = 0.29. The solitary
wave then breaks and the wave height significantly de-
creases (Figs. 82—8;).

Fig. 9 demonstrates the transformation and evolution of
a solitary wave in the process of propagation over a beach
slope with a relative wave height H/A of 0.274. This illus-
trates that the wave crest remains stable while traveling
across the constant water depth region until reaching the
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Fig. 8. Time histories of wave surface elevations for a relative incident
wave height of H/h = 0.274.
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Fig. 9. Spatial wave surface elevations for the relative incident wave
height H/h = 0.274.

slope toe (i.e., x/h = 0 at t\/g/_h = 15.76 shown in Fig. 9a).
Afterwards, the solitary wave shoals over the slope and
front face of the wave crest becomes steeper until the wave
eventually breaks (Figs. 9b—9f). The breaking wave then
continuously runs up along the slope (Figs. 9g—9j).

The above analysis indicates that wave breaking point is
located at x/i = 8.71 for H/h = 0.274. Cylinders @-® (i.e.,
x/h = 3.67-5.57) are located at the area where the wave is
non-breaking, and Cylinders ®—©) (i.e., x/h = 8.73-9.92)
are located in the coastal zone where the solitary wave
breaks. The wave characteristics vary significantly before
and after breaking, which leads to large differences of the
wave forces exerted on the cylinders in different locations.

3.3 Time histories of wave forces

To investigate the influence of cylinder location on the
wave force, we analyzed the time histories of wave forces
for H/h=0.274 at six different locations: from the flat bed to
the still-water shoreline, as shown in Fig. 10. When the cyl-
inder is located on a flat bed or beach slope where the local
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Fig. 10. Time histories of wave forces on cylinders (H/h=0.274).

still-water depth is deeper (x/2 = —4.43 and x/h = 3.67), the
wave force exerted on the cylinder initially increases. After
the wave force reaches its positive maximal value, it de-
creases with wave propagation. Then a negative maximum
wave force appears when the wave crest passes by the cylin-
der. As the cylinder locations are moved to x/4 = 5.57 and
8.10, the positive maximum values are larger compared with
those with x/h = —4.43 and x/h = 3.67 while the negative
maximum almost disappears. Furthermore, for x/A = —4.43
to 8.10, a longer time is required for the wave force to in-
crease from zero to the maximum value because the solitary
wave is non-breaking. When the cylinder is located near the
still-water shoreline, the initial water depth around the cyl-
inder is zero or very small (x/2 = 9.84, 10.00, 10.63). The
time history of the wave force shows that there are two
peaks of the wave forces exerted on the cylinder. The wave
force increases from zero to the maximum value over a
short duration, which strongly impacts the cylinder. Thus,
the time histories of the wave forces are considerably more
complex than that on a cylinder at constant depth (Mo et al.,
2007), which is worthy of attention.

3.4 Maximum wave force

The relative wave height H/h is a parameter that de-
scribes the characteristics of a solitary wave, and the KC
number is an important parameter that denotes the interac-
tion between the wave and cylinder. For the same H/h, the
maximum wave force on the cylinder for the same location
x/h is defined as Cpy_ax, Whereas the largest wave force on
the cylinder for all locations x/h is defined here as
(CFx—max)maX'

Fig. 11 shows the variations of Cp,_.x With different re-
lative wave heights and KC numbers. It can be seen that
both the relative wave height and KC number exert an evid-
ent influence on Cpy_pay- As shown in Fig. 11a, the maxim-
um wave force Cpymax acting on the cylinder at the same
location increases with relative wave height according to the
rule of power exponent, which can be expressed by Eq.
(17). The growth rate of the maximum wave force Cpry_ax
with relative wave height increases with x/4 when the cylin-
ders are located at x/h = —4.43 to 10.00. The growth rate of
the wave force then decreases at x/A=10.63. Fig. 11b shows
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Fig. 11. Influence of the relative wave height H/h and KC number on wave forces.

the variation of wave force with KC number, which illus-
trates a similar changing trend as those in Fig. 11a. And the
changing trend can be represented by Eq. (18).

b

H
Cromn=a(7 ) Rip=0.9885; (17)
Cremax = c(KO)Y, R2. =0.9880, (18)

where a, b, ¢, and d are coefficients which are related to sol-
itary wave conditions and cylinder locations; Rzmin is the
minimum correlation coefficient.

Since the maximum wave forces Cr, .x acting on the
cylinders vary largely with cylinder location, the maximum
wave forces Cp,_na. On the cylinder changing with cylinder
locations under conditions of H/A=0.109-0.424 are shown
in Fig. 12a. It can be seen that when the cylinder is located
on the flat bed, the maximum wave force Cpr, . 1S the
smallest for the same H/h. With increasing x/h, Cry_pay 0i-
tially increases and then decreases with the maximum value
(Cry-max)max appearing when the cylinder is located near the
still-water shoreline.

Previous research has shown that the hydrodynamic
loading on structures in shallow waters is mostly governed
by the loading caused by plunging breaking waves (Alagan
Chella et al., 2012). Therefore, one type of the plunging
breaking wave, H/h =0.274 is chosen for many cases dur-
ing our simulation to clarify the relative location of the cyl-
inder and still-water shoreline when (Cpry.max)max a2Ppears, as
shown in Fig. 12b. The results show that Cpy_n.x reaches the
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(a) H/h=0.109 — 0.424

maximum of 0.22 when the cylinder is located at about
x/h = 9.84, i.e., one-cylinder diameter distance below the
still-water shoreline. It is different from the result that the
wave force is the largest when the cylinder is located at
0.63D below the still-water shoreline in Xiao and Huang
(2015), which can be attributed to the difference of the
beach slope. Moreover, the value of Cp,_,,,, increases by ap-
proximately three times compared with that on the flat bed.
Compared with the breaking point x/4 = 8.71, the maxim-
um wave force occurs when the cylinder is located between
the breaking point and still-water shoreline and is closer to
the still-water shoreline. The mechanism for this process is
analyzed in Section 4, including analysis of the velocity
field, wave surface elevation, and pressure distribution.

4 Discussion

The wave force on a cylinder is obtained by the integral
of pressure and viscous stress, as shown in Eq. (12). The
analysis shows that more than 95% of the total wave force is
resulted from pressure. The fluid velocity, wave surface el-
evation, and pressure around the cylinder are therefore ana-
lyzed herein.

4.1 Wave characteristics around the cylinder varying with
time

4.1.1 Velocity fields and wave surface elevations varying
with time
The velocity fields and wave surface elevations around
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Fig. 12. Wave forces on cylinders at different locations x/A.
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the cylinder at different times in the process of wave
propagation under conditions of x/hA = —4.43 and 9.84 for
H/h = 0.274 are illustrated in Figs. 13 and 14, respectively,
in which the velocity is normalized by \/g_h and the time is
normalized by \/}Tg

Figs. 13a—13d correspond to the moments when the
wave force Cr, = 0.56Cry max> Crymaxs 0 @nd Cry_pmin- It can
be observed that the solitary wave is non-breaking when the
cylinder is located at x/h =—4.43 and the largest fluid velo-
city appears at the wave crest. As shown in Fig. 13a, the
wave crest is far from the cylinder and the wave surface el-
evation around the cylinder is small. As the solitary wave
propagates, the wave crest gradually approaches the cylin-
der. Thus, the wave force on the cylinder increases and the
maximum occurs at t4/g/h = 16.78 before the wave crest
reaches the cylinder (Fig. 13b). The wave force then de-
creases, and the wave crest passes by the cylinder
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(Fig. 13c). At t\/ﬁ = 20.17, the wave surface elevation in
the front of the cylinder is smaller than that in the rear of the
cylinder (Fig. 13d), which leads to a negative maximum
value in the time history of wave force for x/h = —4.43
(Fig. 10).

As shown in Fig. 14, the cylinder is located at
x/h = 9.84, which is close to the still-water shoreline.
Figs. 14a—14e demonstrate the velocity fields and wave sur-
face elevations when the wave force Cr, = 0, Cr, = Crymaxo
0.60Crmax>s 0-40Crmax> 0.16CE 0 and 0.12Cg, ... At
t\/g/_h = 26.40, the solitary wave breaks before the wave ar-
rives in the front of the cylinder and the largest fluid velocit-
ies appears in the wave front at this moment (Fig. 14a).
Then, the wave front touches the cylinder and the velocity
on the side of the cylinder peaks (Fig. 14b). At this moment,
the wave surface elevation in the front of the cylinder in-
creases compared with that shown in Fig. 14a. And the
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Fig. 13. Velocity fields and wave surface elevations at different times (x/h = —4.43, H/h = 0.274).
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wave force on the cylinder increases and the maximum ap-
pears at 1+/g/h = 26.63 before the wave surface elevation in
the front of the cylinder reaches the maximum. As the wa-
ter wraps around the rear of the cylinder, the maximum flu-
id velocity in the wave front decreases and the wave sur-
face elevation in the front of the cylinder increases
(Fig. 14c). At t\/gW=27.18 (Fig. 14d), the separated wave
fronts complete their merging in the rear of the cylinder and
then move forward on the beach (Fig. 14e). The maximum
fluid velocity in the wave front decreases and the maximum
wave surface elevation in the front of the cylinder increases
during this process. Afterwards, as the solitary wave runs up
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on the slope beach, the kinetic energy is converted into po-
tential energy with energy dissipation, which leads to re-
duced fluid velocities and reduced the maximum wave sur-
face elevation in the front of the cylinder (Fig. 14f).

The maximum wave surface eclevation of the solitary
wave in the front of the cylinder, R, is defined as the height
from the still-water level to the highest position where the
wave arrives in the front of the cylinder, which is normal-
ized by the still-water depth 4. The maximum value vari-
ations of the wave forces, wave surface elevation, and fluid
velocity with time are demonstrated in Fig. 15, thus, the re-
lationship among these parameters can be investigated.
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Fig. 15. Maximum fluid velocity, wave surface elevation in the front of the cylinder, and wave force being a function of time (H/h = 0.274).

The fluid velocity initially increases and then decreases,
with the maximum at /g/h=18.60 for x/h = —4.43 (Fig. 15a)
and 1+/g/h=26.63 for x/h = 9.84 (Fig. 15b). In Fig. 15a, the
maximum wave surface elevation in the front of the cylin-
der shows a similar changing trend with fluid velocity, and
the maximum value is also observed at 7+/g/h=18.60 when
the maximum fluid velocity appears. In addition, both the
maximum fluid velocity and wave surface elevation appear
after the wave force reaches its maximum value. However,
Fig. 15b shows that the wave force exerted on the cylinder
exhibits a similar changing trend as fluid velocity, and the
maximum wave force is observed at t\/gW=26.63 when the
maximum fluid velocity appears. Furthermore, both the
maximum fluid velocity and wave force appear before the
wave surface elevation reaches its highest point. The fluid
velocity therefore plays a more significant role in wave
forces on cylinders for breaking solitary waves.

4.1.2 Pressure around the cylinder varying with time

To further analyze the variation of wave force on the
cylinder, the distribution of pressure around the cylinder at
the still-water level is investigated, and the relative pressure
Cp is defined as:
3 P,—Py

pgh
where P, is the pressure above the still-water level when the
wave force Cp, arrives at the maximum and P is the static

(19)

Cp

pressure above the still-water level at the initial state.

To further clarify the pressure around the cylinder, the
circumference angle is defined as from —180° to +180°
(Fig. 16). The wave incident direction in the front of the cyl-
inder is defined as 0° and the rear of the cylinder is defined
as —180° (+180°). The circumference angles for the cylin-
der facing the wave is from —90° to 90°, and the angle for
the rear of the cylinder in this case is from —180° to —90°
and from 90° to 180°.

YA

180°
0° +180° .

Y

Fig. 16. Diagram of circumference angle.

The distribution of relative pressure around the cylinder
above the still-water level (i.e., z = 0) at different times for
the conditions of x/h = —4.43 and 9.84 is shown in Fig 17.
When t@=15.76— 18.60, the largest relative pressure is
located in the front of the cylinder (e = 0° and 360°) and
begins to decrease from the front of the cylinder towards



328

— H(g/h)"*=15.76 — 1(g/h)**=16.78
03— f(g/h)'>=18.60 — 1(g/h)'?=20.17

02F

0l1F

0‘0 1 1 L 1 I
180 120 60 0O 60 120 180

]

(*)
(a) x/h=—4.43
Fig. 17.

both sides. The largest pressure difference appears at
t4/g/h=16.78 when the maximum wave force is observed.
At t\/g/_h=20.17, the wave crest has passed by the cylinder,
which leads to higher pressure at the rear of the cylinder. As
a result, there exists a negative maximal value in the time
history of wave force for x/h = —4.43, as shown in Fig. 10.
Fig. 17b shows that the largest relative pressure is loc-
ated in the front of the cylinder (a = 0°) and lower relative
pressure is detected in the rear of the cylinder (« =—180° and
+180°) for x/h = 9.84. At 1+/g/h=26.63 —26.79, the solitary
wave has not wrapped in the rear of the cylinder and a high-
er pressure difference is observed between a = 0° and
+180°, which leads to a larger wave force. As time pro-
gresses, the wave wraps at the rear of the cylinder. The pres-
sure at the rear of the cylinder increases significantly, lead-
ing to the decrease of pressure difference between o = 0°
and +180°, such as t+/g/h=27.18—27.58. Therefore, the
wave force exerted on the cylinder decreases largely during
this process. At t\/gW=27.97, the reduction of pressure in
the front of the cylinder is resulted from the decreasing
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Distribution of relative pressure around the cylinder varying with time (H/h = 0.274).

wave surface elevation, which leads to decreasing wave
force on the cylinder.

4.2 Wave characteristics around the cylinder at different
locations

4.2.1 Velocity fields and wave surface elevations around

the cylinders at different locations

Fig. 18 shows the velocity fields and wave surface elev-
ations around the cylinders at different locations for a solit-
ary wave of H/h = 0.274 when the wave forces acting on
cylinders reach the maximum Cpy_ .. It is indicated in
Figs. 18a—18c that the solitary wave does not break before
arriving at the front of the cylinder. Larger fluid velocity is
observed at the wave crest. Correspondingly, the maximum
wave force occurs before the solitary wave crest reaches the
front of the cylinder. Moreover, the maximum wave surface
elevation in the front of the cylinder is relatively small. As
the cylinder moves onshore, breaking occurs for the solit-
ary wave before it arrives in the front of the cylinder, and
larger fluid velocity can be detected at the wave front, as
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Fig. 18. Velocity fields and wave surface elevations around the cylinder at different locations (H/h = 0.274).
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shown in Figs. 18d—18f.

The maximum wave force and fluid velocity values cor-
responding to different cylinder locations are shown in
Fig. 19 alongside the maximum wave surface elevation in
the front of the cylinder. The fluid velocity at different loca-
tions initially increases and then decreases, and the fluid ve-
locity reaches the maximum when the cylinder is located at
x/h = 9.84. The wave force exerted on the cylinder shows a
similar changing trend with fluid velocity. Moreover, the
wave force and fluid velocity reach their maxima when the
cylinder is located at the same location. The variation of the
maximum wave surface elevation in the front of the cylin-
der at different locations is complex because the wave
breaks at x/h = 8.71.
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Fig. 19.
the cylinder, and wave force for different cylinder locations (H/h = 0.274).

Maximum fluid velocity, wave surface elevation in the front of

4.2.2 Pressure around the cylinder at different locations
Fig. 20 shows the distribution of relative pressure
around the cylinder above the still-water level (i.e., z = 0)
when Cp, arrives at the maximum for the conditions of x/A =
—4.43 t0 9.84 and H/h = 0.274. The largest relative pressure
is located in the front of the cylinder (o = 0°). The relative
pressure begins to decrease from the front of the cylinder to-
wards both sides and lower pressure is detected in the rear
of the cylinder (o =—180° and +180°) owing to the cylin-
der’s shielding effect. When the cylinder is located at x/h =
—4.43 to 3.67, the water depth is relatively large, which
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Fig. 20. Distribution of relative pressure on the cylinder when Cy, arrives
the maximum.
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leads to obscure deformation of the solitary wave. As a res-
ult, a smaller pressure difference is observed between o = 0°
and 180°. Smaller wave forces are therefore exerted on cyl-
inders at these locations.

When the cylinder moves onshore, e.g., x/4 = 8.10, the
local still-water depth around the cylinder decreases. The
deformation of solitary waves owing to shoaling leads to an
increase of wave surface elevation. Consequently, the pres-
sure in the front of the cylinder significantly increases,
which leads to an increase of the pressure difference
between a = 0° and 180°. As the cylinder further moves on-
shore, the local still-water depth around the cylinder de-
creases. The wave front becomes steeper and eventually the
wave breaks, which leads to a decrease of wave surface el-
evation and an increase of fluid velocity. For these condi-
tions, the maximum wave force appears before the wave
wraps in the rear of the cylinder. Thus, the pressure in the
rear of the cylinder decreases significantly, which leads to
an increase of the pressure difference between o = 0° and
180°, e.g., x/h = 8.73—9.84.

The maximum wave force appears when the cylinder is
located at x/h = 9.84. The pressure difference between the
front and rear of the cylinder is smaller compared with that
at x/h = 9.68, as shown in Fig. 20. This can be attributed to
that when the wave force reaches the maximum, no wrap
occurs on the cylinder in the domain of o= —180° to —90°
and 90° to +180° for x/h=9.84, causing the pressure on the
cylinder for a = —180° to —90° and 90° to +180° equal to
zero in this case. However, part wrap can be observed on
the cylinder in the domain of o= —180° to —90°and 90° to
+180° for x/h=9.68. The relative pressure on the cylinder for
a=-180° to —90° and 90° to +180° ranges from 0 to 0.1 for
x/h = 9.68, which counterbalances some pressure from the
front of the cylinder (& = —90° to 90°). As a result, the
largest wave force on the cylinder appears at x/A = 9.84 in
this study.

5 Conclusions

Wave forces on a cylinder located on a slope beach are
numerically investigated using the Reynolds-averaged Navi-
er—Stokes equations and standard k—e¢ turbulence model.
The model is validated by comparing the numerical results
with the existing experimental data. The wave forces and
wave characteristics around the cylinder are studied. The ef-
fects of the relative incident wave height, KC number and
cylinder location on the wave forces are analyzed and dis-
cussed. The following conclusions are drawn.

(1) Cylinder location strongly influences the maximum
wave force exerted on the cylinder. When the cylinder is
located in the water at a shallow local still-water depth, the
wave forces acting on the cylinder can increase dramatic-
ally over a short time period owing to wave deformation
and breaking, which shows that wave forces are evidently
dependent on the cylinder location on the beach.
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(2) The wave force exerted on the vertical cylinder in-
creases power-exponentially with incident wave height and
KC number. The wave force growth rate increases as the
cylinder moves onshore, but when the location of the cylin-
der is above the still-water shoreline, its growth rate de-
creases.

(3) The wave force on the cylinder tends to initially in-
crease and then decrease when the cylinder moves onshore.
The maximum wave force appears when the cylinder is loc-
ated at one cylinder diameter below the still-water shoreline.

(4) The fluid velocity initially increases slowly before
x/h=8.00 and rapidly reach its maximum at x/4=9.84 and
then decreases when the cylinder moves onshore. The fluid
velocity arrives at its maximum with the maximal value of
the wave force appearing at the same location. These max-
imum values appear prior to the wave surface elevation
reaching its maximum in the front of the cylinder.
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