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MODELLING INTERACTION BETWEEN WAVES AND SEAWALLS
USING A NUMERICAL WAVE FLUME

N.Q. Chien' and T.T. Tung'

Abstract: Numerical wave flumes are useful in predicting detailed flow patterns due to wave breaking
in the surf zone, which is very important in design of coastal structures. In this study, the CADMAS-
SURF model (2001) is used to get insight into cross-shore wave and flow processes in the surf zone, and
to some extent, to evaluate the impact of waves to a typical seawall in Vietnam. The model is first
verified against Suzuki's (2011) laboratory-scaled experiment, then against a field survey on a barred
beach (Eldeberky 2011). The tuneable parameters include porosity of the seabed layer, drag coefficient,
and inertia coefficient of the flow in this layer. As CADMAS-SURF includes a k-epsilon turbulence
model, certain wave parameters e.g. wave breaking and dissipation do not need to be specified.
Simulation is then performed for extreme wave conditions offshore Do-Son beach (Vietnam). Storm
waves and water levels are chosen for annual exceedance probabilities of 1%, 3.33%, and 5%. The
simulation outputs including water surface profile, wave heights, flow-, and pressure-fields are
summarized to show possibly severe impacts on various parts: toe, slope, and crest of the structure.
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1. INTRODUCTION

For designing or evaluating performance of
coastal structures, numerical wave flumes (NWF)
are important tools. An NWF simulation provides
flow velocity and pressure fields in the vicinity of
the coastal structure, which helps the modeller to
identify key structure parts where the wave action
is most intense and protection is needed.

The CADMAS-SURF model (CDIT 2001) was
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in which v, , vy, 7. are the volume porosity and
surface permeability in x- and z-directions,
respectively; A, , 4. , A, are the corresponding
coefficients with inertia factor (Cy) taken into

account, 4 = y + (I - vy) Cyu, whereas
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Oz

originally developed to study wave-structure
interaction, especially wave impact on coastal
structures. The model is based on Reynolds-
Averaged Navier-Stokes (RANS) equations,
which adequately describe the behaviour of
unsteady, turbulent, viscous fluid flows. For a 2-D
version of the model used in this study, the
equations read:
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ivation of the velocity component (¢), D, and D.
are the coefficients of energy dissipation, v, is the
eddy viscosity; S,, Su, and S, are source terms
associated with wave generation; R, and R. are the
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resistant forces from the porous structure:
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The computatlonal domain is discretized on
rectangular grids, where each grid cell holds
information regarding fluid velocity vector (u) and
pressure (p).

To model the fluid-structure interaction, the
water surface must be correctly delineated. An
effective method is Volume-of-Fluid (VoF) (Hirt
and Nichols 1981), where the volume of fluid in
each grid cell is tracked using a function ' (F' = 0 or
1 represents the cell is fully occupied by air or water,

D(1k) =V (yv, k) +7,(Gg + G, —&)

respectively). The advection equation for F'is:
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In addition, a predefined index (NF) is chosen
for each cell to indicate how the air-water
interface cuts through the cell. This VoF-based
model is suitable for simulating complex waves
deformation, e.g. plunging, in the surf zone.

The donor-acceptor technique is used to
compute the advection term in Eq. (6); this helps
to limit the flux between cells close to the surface.

The turbulence model is k-¢ type where the
kinetic energy, k, and rate of energy dissipation, ¢,
are described by the following equations:
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where G is related to velocity strains, Gt — to
buoyancy, and R¢ = G1/(Gs + Gt) (Suzuki 2011).
The coefficients are generally taken as C, = 1.44,
¢,=192,6=0,C,=0.090,=1,and g, = 1.3,
which are the default values for the standard k-¢
model developed by Launder and Spalding
(1974).

2. MODEL VERIFICATION

2.1. Against Suzuki’s (2011) experiment

Suzuki (2011) conducted experiment on a
scale model representing a synthetic coastal
profile with a short slope (1/4.7) followed by a
longer gentle slope (1/20.5) (Fig. 1). The water
depth at the seaward boundary was 0.375 m and
the incident waves were regular with period 7 =
1.6 s. Three scenarios were considered with wave
heights H; =5.4 cm, 7.4 cm, and 11.0 cm.

The computation grid comprises 600x120
cells, with grid spacings Ax =2 cm and Az = 0.5
cm. By specifying so, each wave height can be
vertically resolved within at least 10 grid cells and
each wave length — 80 grid cells (Hanzawa et al.
2012). An adaptive time step has been autom-
atically chosen; for this case A¢ appears to be in
the range from 0.0065 s to 0.0066 s.
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In this simulation, no porous structure presents.
The gradually varying bed slope causes waves to
dissipate in ‘spilling’ pattern (corresponding to
Iribarren number of §) = 0.42).

The waveform and velocity field are shown in
Fig. 1. The waves are periodic but not sinusoidal,
with sharper crests and flatter troughs. This 5%
order Stokes waveform is the default option for
generating waves at the offshore boundary. The
waves become asymmetric from the location x = 5
m shoreward.

The orbital velocity shows that fastest motion
occurs under the wave crest during shoaling (x =
5.2 m), incipient breaking (x = 7.2 m), and run-up
(x=8.8 m).
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Fig 1. Snapshot of wave form and velocity field
for a regular wave (H; = 5.4 cm) propagating
across a synthetic bed profile
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Fig 2. Distribution of wave height across
shorefor various incident wave heights (H,):
comparison between CADMAS-SURF simulation
and measured data by Suzuki (2011)

By analysing the time series of water level, the
simulated wave height across the bed profile is
obtained for three cases of incident wave heights
(H) (Fig. 2). For each case, apparently wave
shoaling occurs along halfway of the upper slope,
until the wave height reaches a peak,then wave
breaking and intense dissipation follows. Also for
higherH;, wave breaking occurs earlier and further
from the shore.

Generally, the cross-shore distribution of
simulated wave height has similar trend to that
measured. Thewave breaking index (y) by
simulation is approximately0.78, which matches
the theoretical value for regular waves. The
difference between computed and measured data
mainly occurs in the wave breaking zone, which is
likely due to imprecise estimation of the water
surface in the complex wave breaking condition.

2.2. Against Arcilla et al. (1994)’s
experiment

As part of a systematic (benchmark) test case
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collection, Arcilla et al. (1994) performed
experiments regarding random wave propagation
over a barred beach in the Delft Hydraulics’ Delta
wave flume. The apparatus included a 200-m long
profile (Fig. 3, bottom) consisting of two sections:
a roughly 1:20 planar slope followed by a concave
one. A sand bar (0.4 m high) was located on the
concave section. The bed elevation varied from 5
m to 0 m, the still water level was 4.1 m, and the
offshore random wave boundary condition is
taken as Hmo = 0.6 m, 7, = 8 s.
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Fig. 3 Cross-shore distribution of wave height:
comparison between CADMAS-SURF simulation,
measured data (Arcilla et al. 1994), and
simulation using a spectral wave model
(Eldeberky 2011)

To achieve adequate resolution, the grid
spacings Ax = 0.1 m and Az = 0.05 m are chosen.

In-situ beach sand is considered as a porous
material with vy, = 0.4. The transmittance
coefficients are chosen as y, =y, = 0.3. The non-
spherical sand grains (with shape factor generally
about 0.7) exhibits a drag coefficient of Cp = 1.2
against turbulent flows. The inertia factor Cyu
should be chosen through calibration. Phung et al.
(2006) investigated the cross-shore wave height
distribution for a range of Cy from 0.5 to 2.0
(rubble mound with size Dy,: Hi/Dn, = 3.68), and
found that the results vary complicatedly. In the
case with sand material, Phung (personal
communication) suggested a value of 0.8. Corr-
espondingly, 4, = 0.88.
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The simulated wave height distribution follows
the trend of measured data (Fig. 3), although the
magnitude does not match well.However, it
should be noted that Archilla et al. (1994) used
wave gauges with integrated system to post-
process wave data and obtained Hyodirectly, while
the authors used the relationship Hpo = 4\my.This
simple formula was used in other wave models
such as that of Elderberky (2011), but is suitable
only for linear waves in deep water; in shallow
water the wave spectrum changes therefore the
formula is no longer accurate.

This test case shows that,by using CADMAS-
SURF, the wave propagation process across a sandy
(porous) seabed can be reproduced with reasonable
accuracy.The processes of wave shoaling then
breaking above the sand bar is apparent.

3. APPLICATION TO DO-SON COAST

The northern coast of Vietnam (latitude 18°N to
21.5°N) is home to millions of inhabitants with fast
economic development. Although the seawalls had
been constructed systematically along Haiphong and
Namdinh coasts to protect local residents and
infrastructure, recent climate changes with strong
typhoons such as the Doksuri in 2017 have caused
potential threats and required further improvement
in structural design and construction.
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2m
‘ ‘ ‘ozs Tasnw

WAVE MAKER

Fig 4. Dimensions of the scale model for a
typical profile of Do-Son coast with a stepped sea-
wall. The locations of wave gauges (WG| to
WG6) are shown.

A new pilot project (Research Code TD 145-
17) carried out by the Faculty of Marine and
Coastal Engineering, Thuyloi University (TLU),
in the framework of Vietnam Ministry of Con-
struction aims to improve the sea wall of Do-Son
coast (20°40'N, 106°48'E) in Haiphong. A typical
coastal profile (Fig. 4) consists of a sandy beach
with an average slope of 1:100 followed by an
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impermeable revetment (slope 1:2), and then a
stepped seawall (Fig. 4).

In this study, the model 1is established
conforming to a hydraulic lab experiment with
geometrical scaling of 1:15. The purpose is to
verify the results of simulation against that of
experiment. However, at present only numerical
simulation result is available; the verification is
presented in a later study.

3.1. Design hydraulic condition

Each design hydraulic condition combine still
water depth (%), incident wave height (H;), and
wave period (7), which correspond to an annual
exceedance probability P. The following three
conditions are considered, in which figures are
scaled from design values:

e h=0.70m, H;=0.18m, 7=2.0 s (P =1%);

e h=065m H;=017m T=16s (P =
3.33%);

e 1=0.60m, H;=0.16m, T=1.5s(P=5%).

3.2. Model setup and parameters

For this realistic simulation, the grid must be
chosen fine enough, to show details of the flow-
and pressure-fields at the vicinity of the sea wall.
The grid spacings are Ax = 0.025 m and Az = 0.01
m. The size of each step on the seawall is
equivalent to one cell.

Fig 5. Distribution of maximum pressure

on the stepped seawall
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Fig 6. Flow field close to the revetment during various phases of incoming wave

3.3. Simulation result

The simulation time period is 120 s. It takes
about 60s for the system to reach almost
equilibrium. Table 1 represents the wave height
variation from intermediate depth (WGI1) to
shallow water zone (WG6), for three scenarios.

Table 1. Wave height at locations
indicated on Fig. 4

Location Scenarios
P=1% | P=333% | P=5%
WGl1 0.210 m 0.213 m 0.138 m
WG2 0.133 m 0.134 m 0.151 m
WG3 0.216 m 0.130 m 0.119 m
WG4 0.161 m 0.141 m 0.115m
WG5 0.113 m 0.185 m 0.142 m
WG6 0.125m 0.173 m 0.165 m
The distribution of temporal maximum

pressure on the seawall is shown in Fig. 5.
Apparently, the waves in case P = 1% may have
remarkable impacts on the seawall. For the case P
= 5% the impact is negligible and not shown here.

The velocity field adjacent to the revetment is
shown in Fig. 6. The upper subfigure shows
dominant wave run-up when the wave crest
approaches  the  structure.  Thelower left
subfigurecorresponds to highest run-up, but the
uprush flow velocity decreases. In the lower right
subfigure, the water surface lowers and induced a
steep slope, causing dominant wave run-down.

3.4. Discussion

Although NWF provides simulation result in
finer detail, the fact that wave transformation
undergoes various processes such as shoaling and
wave breaking. At WGI1 the wave shoaling is
prominent for Cases ‘1%’ and ‘3.33%’ but early
incipient wave breaking causes the wave height to
decrease (which is apparent at WG2). Then waves
reform and due to larger water depths of cases
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‘1% and ‘3.33%’ at WG3, wave heights are
greater than that of case ‘5%’.

The capability of CADMAS-SURF to produce
detailed flow- and pressure-fields is important to
evaluate the performance of coastal structure.
However a higher grid resolution is required to
represent highly turbulent flows.

Further verification needs to be carried out
regarding flow velocity, especially the fluid layer
close to seabed. A first impression on the velocity
field between the fluid and porous media is that
there is a change in flow direction at this interface.
The flow velocity is not necessarily smaller in the
porous medium. In some situations this might be
harmful to the structure as reverse pressure is
formed.

4. CONCLUSION

Numerical wave flumes (NWF) such as
CADMAS-SURF have been proven to be useful
in simulation and helps evaluate the performance
of structures. Certain simulation cases have been
carried out to verify the model against measured
data from literature, namely:

e wave propagation toward and breaking on
an impermeable slope;

e wave propagation and dissipation on a
natural barred beach.

The computed wave heights match reasonably
well with data, except for a section immediately
after incipient wave breaking.

The model is then used to simulate wave
impact on a cross-section of the seawall at Do-
Son, Haiphong, Vietnam. The highest pressure on
the seawall is presented in Case ‘1%’. For this
case, even some overtopping is expected.

For simulations involving wave-structure
interaction, the standard set of parameters for k-
emodel can be adopted. The porous material is
specified in terms of void fraction, v,, the
transmittance coefficients, y, and v., the drag

149



coefficient Cp, and the inertia factor Cy.Withan
appropriate choice forthe above parameters, NWF
is a good tool, which can provide an overall
picture of wave propagation and interaction with
structure. On the other hand, results obtained from
an NWF simulation need to be analysed.
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. ] Tom tf’lt: ] . )
MO HINH HOA TUONG TAC SONG - TUONG BIEN
BANG MANG SONG SO

Mang song $6 la cong cu hitu ich dé wée tinh truong dong chay chi tiét gdy ra béi song vo viing ven bo,
von rat quan trong trong vigc thiét ké cong trinh bo bién. Nghién ciru nay sir dung mé hinh CADMAS-
SURF (2001) dé tim hiéu cdc quda trinh song va dong chday ngang bo trong viing séng v, va mét phan
xdc dinh lye tac dong ciia séng 1én cong trinh twong bién, dién hinh & Viét Nam. Truéc hét, mé hinh
duoe kiém dinh theo thi nghiém do Suzuki (2011) thuwc hién, sau dé la kzém dinh theo két qua do dac
hién truong voi bai blen co dai dao chan (Eldeberky 2011). Céc tham sé hiéu chinh duwoc bao gom dé
rong I6p day bién, hé so can, va hé sé qudn tinh cua dong chay trong I6p nay. Do CADMAS-SURF da
bao gom mot mé hinh roi k-epsilon, nén khong can quy dinh mét vai tham sé lién quan dén séng vé va
tiéu tan nang heong séng. Tiép theo, mé phong duoc thwe hién cho cdc diéu kién séng cuc tri cho viing
ngoai bién D6 Son (Viét Nam). Song va muc nudc dang trong bdao da duoc chon cho cac tan sudt vt
1%, 3.33%, va 5%. Két qud mé phong bao gom dang dwong mdt nude, chiéu cao séng, ciing nhw truong
dong chay dwoc tong hop lai, tir d6 cho thdy nhitng téc ddng phd hoai c6 thé xay ra t&i chdn, mdi, va
dinh cong trinh.

Tir khod: mang song sd; dong luc song; twong tac song — cong trinh; tuong bién; Viét Nam.
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