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Abstract

An integrated computational structure for non-cohesive sediment-transport and bed-level changes in near-shore regions has been devel-
oped. It is basically composed of: (1) three hydrodynamic sub-models; (2) a dynamic equation for the sediment transport (of the Bailard-
type); and (3) an extended sediment balance equation. A shallow-water approximation, or Saint-Venant-type model, is utilized for the
computation and up-to-date field currents, initially and after each characteristic computational period. A Berkhoff-type wave model allows us
to determine the wave characteristics in deep water and intermediate water conditions. These computations make it possible to define a
smaller modeling area for a non-linear wave—current model of the Boussinesq-type, including breaking waves, friction effects and improved
dispersion wave characteristics. Bed topography is updated after each wave period, or a multiple of this, called computational sedimentary
period. Applicability of the computational structure is confirmed through laboratory experiments. Practical results of a real-world application
obtained around the S. Lourenco fortification, Tagus estuary (Portugal), with the intention of preventing the destruction of the Bugio

lighthouse, are shown. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Shallow coastal areas are extremely dynamic regions
where the fluid motions associated with both surface
waves and currents interact with the bottom sediments. As
pointed out by Grant and Madsen [1] and Asano and
Iwagaki [2], among others, in these regions the wave and
current motions cannot be treated separately and then super-
posed. Indeed, the fluid dynamics of the combined wave and
current motions and, as a consequence, the response of the
movable seabed are significantly altered from that expected
for a linear superposition of a pure wave motion with a pure
current.

Moreover, the prediction of the waves effect on sediment
transport in shallow water and in intermediate depth is still
frequently restricted to monochromatic and unidirectional
wave models. In real shallow water conditions, the non-
linear process of sediment transport responds in a rather
different way to the idealized regular wave case. Therefore,
in these regions, the wave non-linearity and the wave—
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current interaction become important factors to be
considered.

Other effects must be also considered, such as those
resulting from the bottom friction and the wave breaking
process, the latter being also responsible for producing
littoral currents.

Actually, the problem must be treated considering all
resulting complex interactions effects their entirety. Of
course, all other relevant near-shore processes, such as
shoaling, reflection, refraction, diffraction and decomposi-
tion must also be taken into account.

The purpose of this paper is to present an integrated
computational structure of near-shore processes; it is mainly
composed by:

1. A refraction-diffraction model, based on linear theory, to
relate the agitation characteristics from different points
situated in deep or intermediate water conditions, and
namely for the transportation of information relative to
wave characteristics from offshore to the near-shore region.
For large regions, this is done in two phases: firstly refrac-
tion planes are obtained and then results are improved using
Berhoft’s equation. This procedure provides initial and
boundary conditions for the near field simulation;

2. A current model, based on the classical Saint-Venant or
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shallow-water equations, taking into account the radiation
stresses, for the computation of the current field;

3. A wave—current model based on an extended form of modi-
fied Boussinesq equations, applicable to the computation of
the wave deformation due to combined effects of shoaling,
reflection, refraction, diffraction, breaking waves and
wave—current interactions from intermediate to very
shallow water conditions (kh = 1) over slowly varying
slopes of the bed;

4. A sediment-transport model based on a Bailard-type
dynamic formula, to compute the bed load and suspended
transport rates, combined with an extended sediment
balance equation to compute the bed evolution.

Theoretical aspects are treated in the next section. Numer-
ical computations, together with a comparison with
experimental data and a real-world applications will come
afterwards.

2. Formulation
2.1. Wave propagation from offshore to the near field

The linear approximation to the sea surface elevation
caused by the propagation of a small amplitude time-harmo-
nic wave can be obtained as the solution of the extended
mild-slope equation:

i(ccga—n) + i(ccga—n) + C—ngﬁ +iwWqn =0 (1)
ox ox dy dy c

where 7 = 7(x,y) is a complex function including both
amplitude and phase of the surface elevation; ¢ and c, are
the Airy’s phase celerity and group celerity, respectively;
and w is the wave angular frequency. W is the ratio between
the energy dissipation per surface unit area per unit time and
the energy per unit area. A linear approximation for the
velocity field is derived as:

_; 81, _ ;80

u= ;
w ox w dy

As discussed earlier, for large regions this procedure may be
considered as an improvement to the method of refraction
planes. Besides, refraction planes are also useful to define
impermeable boundaries (u - n = 0) for the Berkhoff model.
Refraction planes are obtained from a linear wave
propagation model, considering the wave direction (6)
and the wave celerity (C) as dependent variables. In intrinsic
coordinates (s and n), such that s is in the wave direction and
n normal to it, defined as:
x = scosf — nsinf

y = ssinf + ncosf
the following expression yields [3]:
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where k is the wave number.

This equation relates the curvature of the wave ray to the
logarithmic derivative of C normal to the wave direction. It
can be efficiently solved by an explicit finite-difference
scheme applied to the two initial phase lines (i.e. crests)
of a wave propagating in deep water conditions. A refraction
plane is presented later.

It is necessary to establish a procedure when the sea
surface characteristics are known (from measured records)
at some points near the coast but far from the area of
interest. In these situations, the corresponding wave
characteristics in these points are calculated in two stages.

In the first stage, the characteristics of the sea surface are
carried to the open sea by inversion of the natural propagation
of the wave, considering an initial phase line of reduced exten-
sion. In the second stage, a rectilinear phase line of long exten-
sion may be considered, assuming deep water, and the wave is
then propagated from the open sea to the region of interest,
where the information is passed to the non-linear model.

This procedure was utilized by the authors to obtain the
sea surface characteristics at the entrance of the port of
Figueira da Foz (Portugal). These characteristics were
then used as boundary conditions to a non-linear Serre
wave model utilized to compute the results presented in
Antunes do Carmo et al. [4].

As discussed in Avilez-Valente et al. [5], when the
domain length is large in the wave propagation direction,
Berkoff’s linear solution may be used as an initial condition
for the non-linear wave—current model of the Boussinesq-
type. This numerical procedure allows a faster convergence
with considerable saving in computing time.

2.2. Current computations

The current model is based on the classical Saint-Venant
or shallow-water equations, and provides stationary current
field (relative to the time scale of the wave simulation), over
which waves propagate.

Taking into account the radiation stresses (S, Sy, Sy, and
S,y) as defined by Longuet-Higgins and Stewart [6], the
governing equations for the current field computation are
as follows:

h Nhuy) | d(hv,)

+ —+ —==0
o ox ay
. . + S,y
o, +uc% + v, ' +g—&(h d + L(as’“‘ + )‘}>
ot ox ady ox ph\ Jx dy
Ts Tp
_ X x :0
ph ph
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where (u,,v,) represent the current field; h=H — § + 7,
being H — ¢ and 7 the still water depth and the surface
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elevation, respectively; H is a constant characteristic depth,
relative to a datum, & represents bed levels, and 7 represents
surface variations; 7, and 7, represent stresses at the bottom
and at the surface, respectively.

Equation system (3) is solved iteratively using a finite
element method. Accordingly to this method, considering
a function p any of the computational variables (%, u,, v. and
&) this is approximated within each element by:

n
p=p= ZN iPi

i=1
where p; is the value of the function p at the node i of a
generic element A°, n is the number of nodes of the element
and N, is the interpolation (shape) function N corresponding
to the i-node of the element A°.

The substitution of p in any equation (k) of the system (3)
(k=1,2,3) generates a residual R;. The weighted residual
technique utilized here requires the ‘orthogonality’ of the
residuals R; to a set of weighting functions W, i.e.

J WideAe =0
A

where the weighting functions W; are functions of N, and its
derivatives [7].

2.3. Extended Boussinesq equations

These equations have been derived by vertical integration
of the fundamental equations relating to a three-dimensional
and quasinon-rotational flow of a viscous and incompressible
fluid. A complete set of these equations is presented in Antunes
do Carmo et al. [4] and Antunes do Carmo [8] without current
interaction, although with time-varying movable bottoms.

Another set of these equations, taking into account wave—
current interactions, and with improved dispersive charac-
teristics, are presented in Antunes do Carmo and Seabra-
Santos [7] and Antunes do Carmo [9].

With dimensional variables, taking mean quantities of the
horizontal velocity components U = (u,, + u.) and
V = (v, + v.), this latter set of equations may be written
as follows:

h HRU) | HRV) _
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where h = H — £+ m, representing & and H bottom levels
and a vertical distance, both relative to a fixed datum; 7
represents surface variations;

1 KH-9
A _ﬁ{tanh[k(H—g)] 1}’

where k is the wave number; and v is the kinematic viscos-
ity, assumed constant.

Assuming a quadratic friction law, the 7,/ph term may be
written as

7, 1

oh = %fcw ‘7|‘7,
where
v=w, vy |V|=VUrvE
Vi v,
Jow =13 —ft = — /e
|VW| +|v, |VW| .

where f.,, is the wave—current friction factor, with

-

Vw = (uw’ Vw)’ ‘70 = (uc’ Vc)’

—022
os( & 12h\ 2
fw=0.00278e465("N) : ﬁ=0.06<log10 - )
and with the equivalent Nikuradse roughness length
ky = 2.5Ds;, a current-related bed-roughness coefficient
kv = 3Dgq (bed-forms are not taken into account),

V2V, T 1 ¥,
A: rms , V — _ V',
a 277_ rms N; m

being V;, signal input velocities, and N = T/At with T the
characteristic wave period.

As can be seen in Antunes do Carmo and Seabra-Santos
[7], a general expression for the energy dissipation term due
to the wave breaking process is

&V, PV,
= -7, g +—&y2 s

7
ph
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where 7, is a parametric expression representing the
viscosity of generated turbulence.

Equation system (4) is solved using a finite element
method, after grouping the (U, V) derivatives in time and
third spatial derivatives in two equations. For details about
the solution procedure and numerical implementation, refer
to Refs. [4,7].

The grid can be the same for both the current and the
wave—current computations. However, computational
requirements for the wave—current model are very restric-
tive. Strictly, the element side should be lower than the local
depth, and a minimum of about 20-25 elements per
wave-length is needed. In practice, it could be more efficient
to use two grids. The current velocity field is obtained in a
computational coarse grid and results are then interpolated
to a more re-fined grid, which is used to run the Boussinesg-
type model.

Several regular and highly irregular quadrilateral grids
have been used to the present, and the computational struc-
ture behaves well. The numerical procedure requires a time
increment (A¢) determined according to the Courant—Frie-
drich—Lewy condition, with the Courant number always
less than one over the whole domain (see reference biblio-
graphy for details).

2.4. Sediment transport and mobile bed evolution

2.4.1. Improved Bailard dynamic equation

Based on the pioneering works of Bagnold [10,11], the
energetics approach was extended for alongshore and cross-
shore bed load sediment transport in a parallel development
to Bowen [12], Bailard and Inman [13] and Bailard [14]
extended this theory to account for suspended load. The
resulting vector form of the total sediment transport rate

<é.§‘l> iS,

-\ _ Y € eole | ne ) o
= =L s [ 737 — i

+ ES[(|\7,3,|\7,,> ~ 5 tana (|\7f,|)i]}
Wr Wr

where (---) denotes average quantities; c; is a friction coeffi-
cient; tane is the slope of the bed; ¢ is the internal angle of
friction of the sediment; w, represents the fall velocity of
the sediment. The total near-bed fluid velocity is
\7,, =V, + V,, with V, the oscillatory velocity component
and V,, the steady current component.

Considering in Eq. (5) the vertical mean horizontal fluid
velocity v, resulting from equations system (4), and the
friction coefficient ¢, = /0.5f,,,, from comparisons of
numerical computations with experimental data, the effi-
ciencies €, and €, seem to have values in the intervals:

(&)

€, ~ 0.05 — 0.25

€, ~ 0.01 — 0.03

As it is well reported in the literature [15,16], Eq. (5) consti-
tutes a good model when sediments grain diameter is equal
to or greater than about 0.15-0.20 mm, which is normally
the case dealing with non-cohesive sediments in near-shore
coastal regions.

A threshold condition for sheet flow based on the Shields
diagram limit, with Vi, = \/7y/p and 7, = 0.05p(s — 1)Ds,
taking into account the slope of the bed, is given by Eq. (6)
below [9]:

\/O.Sfcw‘7 =V. > ‘7==0\Jcosascosat(1 -

2 2 .
tan” o Simaoy
tan’ ¢ tan¢

(6)

where \7*0 is the critical friction velocity in horizontal
conditions; tane is the local bed slope in the flow direction.
Considering tane, the bed slope in normal direction of the
flow, a, is the angle that satisfies tana, = cosa tana,.

So, in order to have transport, condition (6) should be
satisfied.

As shown in the next section, the Bailard dynamic Eq. (5)
together with Eq. (6) form the basis of our sedimentary
model.

2.4.2. Seabed evolution: sediment balance equation

As included in the Bailard formula, slope effects in the
bed load as well as the suspended load part are very impor-
tant in coastal profile evolution. Due to this effect, the sedi-
ment will be transported more easily downslope than
upslope, which has a stabilizing effect on the profile evolu-
tion.

Another way to take the slope effect into account is to
adjust the transport vector as described in Horikawa [17].
Representing ¢, and g, the bed load and suspended load,
respectively, the following expressions can be written:

e for bed load:

-

qp, = 9p0, — €b,

43

ox

qr0,
23
~q;,‘, = 4qr0, — Gb‘.|%oy| @

e for suspended load:

- (?g
qs, = 4950, — €s,|9s0, (9_
X

43

L qs, = 450, — &,[9s0, 5

As total load formulae in each direction are: g, = q;,_ + ¢,
and gy, = q; + q,,, we can write:
)%
ox

173
)

+ €.

9st, = 9o, T 950, — (ebx|Qb0X qs0

x

(7
qsOy

qst, = dpo, T 50, — (Eb‘.|LIb0y| * €,
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Substituting these transport vector components (7) into the
sediment balance equation, assuming some simplifications,
yields the following equation:

& | Kqp t g0k n Kqpo + qs0dy

a- )\)E + pe PR
7 7
~ (ol Felgal 5.5 ~ (eulaol +elaol) 53
=0 ®)

where A represents the porosity of the bed (in general
A =0.35) and £ is a vertical distance relative to a fixed
datum.

According to Eq. (5), it can be seen that:

(gpo= % taerfqﬁ <|u|2u>,

@ gy P

(@rody= % ta?¢<|v|2v>;

(aoh= % ;—;<|V|3v>; €&, = €, = tarllqs’
€, = € wif and €, = & wa

For the solution of Eq. (8), a numerical procedure based on
finite elements is also employed.

3. Numerical computations

The integrated computational structure presented above is
based on depth-averaged current and wave—current
modules, a sediment transport equation and a bottom evolu-
tion module based on sediment conservation; it may be
considered a short to medium-term morphodynamic
model, which is applicable under the following assump-
tions:

1. The time and length scales associated with the wave
motion are normally much lower than the corresponding
current scales;

2. The transport material does not influence the water
motion;

3. The time scale associated with the wave motion is much
lower than the time scale associated with the mobile bed
evolution.

The first assumption allows the current module to be
uncoupled from the wave—current model. So, the current
and the wave—current velocities are computed separately.
The Saint-Venant or shallow-water Eq. (3) are able to

provide the current velocity field installed, at a given
moment, and the wave—current model (4) is used to
compute the wave propagation and breaking over this steady
current.

The second and third assumptions allow the hydrody-
namic model to be uncoupled from the sediment transport
equations. So, the calculated hydrodynamic values are used
as known in solving the extended sediment balance Eq. (8)
after each characteristic computational period.

The computations sequence of the present morphody-
namic model is described in the flowchart shown in Fig. 1.

Resuming, computations are performed as follows:

e the Saint-Venant or shallow-water equations model is
utilized to update the current field after some wave peri-
ods (computational sedimentary period);

e the extended wave—current Boussinesq model is utilized
to obtain hydrodynamic characteristics, namely depths,
mean velocities and stresses on the bed during each
current-wave computational period,

¢ bed levels are updated after each computational sedimen-

INPUT:
* Hydrodynamic characteristics:
- Current field (#,, v,);
- Wave parameters (amplitude,
(period/length and direction)
* Sediment characteristics: Dy, Doy, wy 5, ¢, A
¢ Initial bathymetry

Current field Current field
up-to-date (Saint-Venant with
? radiation stresses)
A\ 4
N <

A

Hydrodynamic computations, with a few wave periods
signal collected in representative nodes of the mesh.

v

Total transport rate computation (g and ¢,
A in representative nodes of the mesh.

A 4

Bed evolution, during the time AZ,
taking into account all values of ¢ and gy,.

A
r=t+AT,

New cycle of hydrodynamic | Y
and/or sedimentary conditions.

Fig. 1. General formulation of the present morphodynamic model.
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tary period according to the extended sediment balance
transport model results.

It is important to note that both the computational sedi-
mentary period and the current-wave computational period
are strongly dependent on the problem characteristics.
Depending on the bed level changes, the current-wave
computational period will be normally much less than the
period to update bed levels and the current (sedimentary
period). A sub-multiple of the smallest period will be
taken as the time step for the extended sediment balance
computations along the bigger one, assuming unchanged
current-wave characteristics.

4. Experimental validation of the integrated
computational structure

In order to calibrate the integrated computational struc-
ture presented above for non-cohesive sediment transport,
several sets of experiments have been performed by the
authors. One of these experiments is presented in this
section.

This experiment concerns the evolution of a sand dune
under combined effects of a wave and a current. It is
performed within a 7.5 m long by 0.30 m wide rectangular
channel. The bottom was formed by sand with grain
diameters between 0.25 and 0.30 mm (mean diameter,
D5y = 0.27 mm).

The initial elevation of the dune was given by

£= gsin’] T (- xo)|

with &, =6.2 cm and xy =2 m.
The current was generated by a centrifugal pump, with a
mean velocity of 18 cm/s and 0.20 m depth outside the dune.
A plunging piston located at the beginning of the channel,
section x = 0, has generated a surface wave of 1.28 s period

and 3.8 cm height, whose form was captured by gauges
located at four positions. The signal at the first gauge
(x=1.60 m) was used as wave boundary condition for the
hydrodynamic numerical model.

In this case, current field and bed levels were updated
after each 24 wave periods (computational sedimentary
period). A comparison between numerical results and
experimental data 3 h after the beginning of the wave
motion is presented in Fig. 2.

It is evident that the integration of this hydrodynamic
with a mobile bed leads to small-scale rhythmic features
called ripples. These bed forms have a major influence on
the sediment transport, via the apparent bed roughness and
the associated turbulence characteristics, and via the sedi-
ment transport mechanism. Having this in mind, general
results could be considered satisfactory.

Other comparisons with laboratory experiments, such as
the propagation of a wave over a steady current in a channel
with irregular geometry, and the propagation and breaking
of a wave over a varying-depth movable beach [9,16], have
been shown to be good approximations; as good as can be
expected in sedimentary dynamics.

As experimental data is necessary to calibrate and vali-
date numerical models, we present in Table 1 initial and
measured bottom results 3 and 6 h after the beginning of
the wave motion. It is important to note that current alone is
not able to produce sand movement.

5. Real-world application
5.1. The S. Lourenco fortification—Tagus estuary (Portugal)

With the intention of preventing the destruction of the
S. Lourenco fortification (or Bugio lighthouse), an initial
protective structure was designed consisting of two break-
waters, topped at +4 m (ZH), forming a quadrant opened to
the West occupied by an artificial triangular horizontal

— Points line: initial dune position
— Continuous line: experimental data

— Hatched line: numerical results

T T T T T T T I T T T T | T T T
6 — —
- 4 —
g - .
A L 4
N [~ —
2 — —
0 —
L L]
4

x (m)

Fig. 2. Bed levels: comparisons between numerical results and experimental data (3 h).
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Table 1
Initial and measured bottom results 3 and 6 h after the beginning of the

Table 1 (continued)

wave motion X; (m) Initial (cm) Measured (3 h) Measured (6 h)
X; (m) Initial (cm) Measured (3 h) Measured (6 h) 3.050 0.597 0.650 2.050
3.100 0.419 0.350 1.000
0.000 0.000 —0.500 —1.700 3.150 0.270 0.350 0.850
0.050 0.000 —0.450 —0.300 3.200 0.153 0.000 0.550
0.100 0.000 0.150 —1.850 3.250 0.068 0.000 0.250
0.150 0.000 —0.900 —1.000 3.300 0.017 0.300 0.550
0.200 0.000 0.700 —0.200 3.350 0.000 0.000 ~0.050
0.250 0.000 —0.850 —0.750 3.400 0.000 —0.200 0.400
0.300 0.000 0.450 —0.100 3.450 0.000 —0.200 0.250
0.350 0.000 1.000 1.000 3.500 0.000 —0.100 0.400
0.400 0.017 —0.300 0.100 3.550 0.000 —0.200 0.150
0.450 0.068 0.800 0.900 3.600 0.000 —0.200 —0.050
0.500 0.153 —0.200 0.400 3.650 0.000 0.150 —0.250
0.550 0.270 0.700 —0.100 3.700 0.000 0.250 —0.100
0.600 0.419 1.100 1.000 3.750 0.000 0.700
0.650 0.597 0.150 —0.050 3.800 0.000 0.500
0.700 0.803 1.150 1.050 3.950 0.000 0.000
0.750 1.034 0.400 1.050
0.800 1.288 1.250 0.400
0.850 1.563 1.000 1.700
0.900 1.854 2350 0.950 projection beach with 10% slope and with the fortification
(1)3(5)8 g};g ;188 iizg located at its East vertex. This solution was proposed by
1,050 2708 2050 2650 LNEC—.Natl(.)nal.Laboratory of C1\.111 Engme.enng (Portugal).
1.100 3.125 2.100 2350 The main objectives of the studies described afterwards
1.150 3.452 3.250 2.300 were:
1.200 3.775 3.350 3.350
1.250 4,091 2.550 3.100 o )
1.300 4396 3.950 3.300 e to analyze the validity of the solution proposed by LNEC
1.350 4.687 2.800 3.150 with respect to the beach capacity feeding under the
1.400 4.962 4.400 3.250 Summer agitation effect;
1.450 3.216 3.100 3.350 e to analyze and justify an alternative solution.
1.500 5.447 4.850 2.650
1.550 5.653 3.700 3.700
1.600 5.831 4.750 3.750
1.650 5.980 5.350 3.000
1.700 6.097 4.500 4.800 5.2. Selection of the agitation and tide characteristics
1.750 6.182 6.000 3.600
1.800 6.233 4.900 2.350 A group of hydrodynamic actions representative of the
1.850 6.250 6.900 3.900 . . .
1.900 6.233 4950 5350 real conditions that the structure will be subjected to, have
1.950 6.182 6.000 5.950 been selected. The following two waves and selected four
2.000 6.097 5.450 4.050 tide plus wave cases were considered representative in terms
2.050 5.980 5.300 5.300 of sedimentary dynamics:
2.100 5.831 6.250 -
2.150 5.653 6.000 - Wave 1:height (offshore) 3.0 m; period 12s; direction
2200 5.447 5.800 - 205
32(5)8 i'gég 2' 41128 - Wave 2: height (offshore) 2.0 m; period 8s; direction
b N N - o
2350 4.688 6.500 4700 287.5°.
2.400 4.396 5.800 6.050 .
2.450 4091 5.950 5.100 Selected cases:
2.500 3.775 6.200 6.450 Case 1: max flood with wave 1;
2:530 3.452 2.000 3.350 Case 2: mid flood with wave 2;
2.600 3.125 5.900 6.400 . . .
2650 2798 4550 5350 Case 3: mfix ebb Wlth wave 1;
2.700 2.475 3.950 5.800 Case 4: mid ebb with wave 2.
2.750 2.159 3.250 6.850 . . . .
2800 1.854 2350 5600 In order to validate the physical deel d}{namms SlII?llaI:lty
2.850 1.563 1.750 5.800 adopted (LNEC), and for the analysis of different grain size
2.900 1.288 1.700 3.850 diameters for the artificial beach feeding, other simulations
2.950 1.034 1.700 4.800 were conducted. In the following, the first two cases are
3.000 0.803 0.950 3.000

described, as well as a proposed solution and conclusions.
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Fig. 3. Refraction plane corresponding to wave 1 (obtained by LNEC).

5.3. Analysis of the two first cases

5.3.1. Analysis of Case 1

The analysis of the refraction plane corresponding to
wave 1 (Fig. 3) reveals a pronounced change in direction
from off shore to the proximity of Bugio.

The following wave boundary characteristics for the non-
linear wave—current model were determined:

Wave height: 3.4 m
Period: 12
Direction: 180°

Current field calculated by Saint-Venant equations model
reveals a maximum value of about 1.5 m/s, with a predomi-
nantly south—north direction. A time-dependent hydrody-
namic characteristics of the joint action of the wave 1
over the high flow tide current field were obtained with
resort to the wave—current extended Boussinesq model
previously described.

Fig. 4 represents the water surface elevation 60 s after
the beginning of the input wave boundary. Decomposition,
refraction and diffraction figures are well represented, in
general, as can be seen at the site and observed in the
physical model.

Results of time-bed evolution are represented in Fig. 5.
Sediment characteristics are approximately: dso = 2.0 and
doy=3.0 mm. In respect to zero initial bed values, the
ones calculated 1 h after are varying from +1 to —1 m.

5.3.2. Analysis of Case 2

Refraction planes analysis corresponding to this situation
reveals an instability of the orthogonal lines as a conse-
quence of marked irregularities in the depth. We have

decided to retain results up to point S (Fig. 3), where the
wave has the following characteristics:

Wave height: 1.5m
Period: 8s
Direction: 280°

Between point S and S. Lourengo fortification, a
Berkhoff’s model has been utilized to propagate this signal
wave as input boundary conditions. Wave height and phase
results of this model are shown in Fig. 6.

As aresult of this analysis, the following wave character-
istics in the proximity of the Bugio lighthouse have been
obtained:

Wave height: 0.8 m
Period: 8s
Direction: 290°

Once more, the extended wave—current Boussinesq
model was applied to obtain the time-dependent hydro-
dynamic characteristics of the joint action of wave 2
over the mid flow current field. Results at time 64 s,
corresponding to eight propagation wave periods, are
shown in Fig. 7.

Results of time-bed evolution are represented in Fig. 8.
The considered sediment characteristics were: dso= 0.40
and dop=0.60 mm. As can be seen, sediment transport
only has significance near the fortification and in the break-
ing zone, where these variations are in the order of 10 cm.
So, it is obvious from this situation that the associated
hydrodynamic conditions do not guarantee the natural
beach feeding.
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Fig. 4. Case 1: computed perspective view of the free surface elevation (five wave propagation periods after the wave action).

5.4. Proposed solution

As a general result of the studies conducted, for all cases
presented in this section, both physical and mathematical
approaches proved the inadequacy of the proposed solution.
Therefore, the project evolved successively into: (1) a
general increase of the breakwater height, (2) a spiral struc-
ture.

Finally, another proposed solution was tested; it is based
on a circular dissipation platform with a level of +2 m (ZH)
(Fig. 9).

Fig. 10 shows a perspective view of the free surface
elevation, in quasi-stabilized conditions. As can be seen,
the wave action on the fortification was drastically reduced
as a consequence of typical shallow-water phenomena, like
reflection, refraction, diffraction and breaking on the dissi-
pation platform constructed around the Bugio lighthouse.

6. Conclusions

A short to medium-term morphodynamic model was
developed to predict the variation of bed topography in
coastal regions.

Laboratory comparisons of measured and predicted bed-
level changes were performed. Although the laboratory
conditions were generally very severe and theoretically
out of range of applicability of this computational structure
(high slopes, ripples formation and generation of vorticity)
the simulated results showed reasonable agreement with the
experimental ones.

A real-world application is described, and the main
results and conclusions of the conducted studies are
presented.

Results have shown that the computational structure
presented is a valuable tool for studying the flow and the

Fig. 5. Case 1: time-bed evolution. Computed bed changes 1 h after the current and wave action.
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Fig. 6. Wave height (above) and phase results obtained by Berkhoft’s model.
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Fig. 7. Case 2: computed perspective view of the free surface elevation (eight wave propagation periods after the wave action).

Fig. 8. Case 2: time-bed evolution. Computed bed changes 2 h after the current and wave action.

Fig. 9. Tested solution. Circular dissipation platform constructed around the fortification (with a level of +2 m (ZH) and a base with about 150 m diameter).
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Fig. 10. Tested solution. Perspective view of the free surface elevation in quasi-stabilized conditions.

bed evolution in natural channels and coastal regions.
However, it could be considered costly in terms of time
nowadays, so only areas of a few thousands of elements
may realistically be treated.

Anyway, the performance of the morphodynamic model
in a real-life coastal behavior, considering this approach, is
encouraging enough to proceed further research in order to
extend this methodology to long-term analysis.
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