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This paper illustrates the application of the n@nsion of a nonlinear shallow water numerical mpABAZON,
to study the mean wave overtopping discharge areug breakwater that protects the Portuguese haftibvoa
de Varzim. The results are compared with two-dinwera physical model data collected at the NaticDail
Engineering Laboratory, Portugal. The implicatiafisusing different porous flow parameters in thechbeimer
equation for stationary turbulent flow within therpus layer of the breakwater are discussed. Thenma
velocity that the water can reach during the exghdretween the free-flow and porous layers has inegrded as
an input to AMAZON and its impact on the overtogpnesults is analyzed. A suitable choice of theieslof the
porous flow parameters and of the maximum veldeityls to a good agreement between the AMAZON reanld
the data. The specified maximum velocity was foumble the parameter which mostly affects the obthnesults.

ADITIONAL INDEX WORDS: Breakwaters, Mean overtopping discharge, AMAZON nonlinear shallow

water model, physical model data

INTRODUCTION

In recent years, due to the continuous increaserimputer power,
numerical models of wave overtopping have beenldped further
and their use is becoming increasingly attractidewever, for
realistic simulations of wave overtopping, numdriceodels must
be able to simulate all the important hydrodynarpiocesses
involved and should be capable of running sufficeandom waves
to give reasonably consistent results.

At present, there are still no numerical modelsabdg of being,
simultaneously, both accurate and computationalfficient.
Nevertheless, there are different kinds of modedeh capable of
meeting some of the required criteria. The use Factral
engineering applications of the more comprehensivedels,
based on the fuller Navier-Stokes equations @AgRYMPLE and
RoGERs 2006; LosADA et al, 2008), still has limitations, mainly
because these models are computationally very dgingni.e,
their results cannot be obtained within manageablaputation
times, especially within the time limits usually aglable to
consultants. The nonlinear shallow water (NLSW) atipun
models (e.gVAN GENT, 1994; Dopp, 1998; HJ, 2000; CARKE et
al., 2004,) in spite of their restrictions (mainly atthg to the
shallow water assumptions and to the fact that waveering the
computational domain will already have broken ol Wegin to
break), allow realistic, but simplified, fast siratibns. These
models are already being used for the purposesesigad and
flood forecasting, since they enable trains of salvéhousand
random waves to be rapidly simulated.

The existing NLSW models have mainly been validated
impermeable structures (eDopp, 1998; HJ et al, 2000) and for

permeable beaches (eMaN GENT, 1996; CARKE et al, 2004).
They have not been systematically validated to ysting wave
overtopping of porous structures. Furthermore,ghasdels have
assumed that the pressure gradient at the intelfateeen the
free-flow and the porous layers of the model is gi@ater than
unity. This assumption means that the maximum vigidbat the
water can reach during the exchange between thelayas is
constant for given values of the layer porositypresentative
particle diameter and porous flow parameters, dnid nhot an
input to the models. Consequently, these modelaalaconsider
the impact of the maximum velocity on the overtopgpiesults.

In the present work, the NLSW model AMAZON §H2000) is
applied, together with physical model tests, tagtilne overtopping
of a porous breakwater protecting a Portuguese oharbhe
maximum velocity that the flow can attain during texchange of
water between the porous and the free-flow layassieen included
as an input to AMAZON. The physical model results ased to
check AMAZON's applicability to porous structur@$ie end result
of this study is the development of a user-friendlymerical
overtopping model incorporating a porous layethia $tructure and
that provides a good compromise between computdteffort and
accuracy in terms of overtopping results.

Following this introduction, the paper begins with brief
description of AMAZON. Next, the case study is mred,
together with the physical model tests carried atuthe National
Civil Engineering Laboratory (LNEC), Portugal. Thethe
AMAZON results are shown, compared with the phyisinadel
data and discussed. Finally, conclusions are draavd
suggestions on future developments of AMAZON aréena
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THE NUMERICAL MODEL AMAZON
The AMAZON model was originally developed, at Maaster

Metropolitan University (4, 2000) and it comes as both a one-

dimensional model and as a two-dimensional plan ehctihe
one-dimensional version is used and described here.

Darcy equation: | =u/K 1)
Forchheimer equation:| = au + bu|u| 2

where | is the pressure gradient, u is the depénamed velocity
in the porous layer, K is the hydraulic conductivahd a and b are

AMAZON is based on solving the NLSW equations asd icoefficients taken as constant in time and spagpreSsions for

numerically very stable and robust. The pressuesssimed to be
hydrostatic and the equations describe the watéion®in terms
of the instantaneous total water depth and of #yetldaveraged
velocity. The equations are solved using a higltg®n finite
volume method that is second-order in time and epdthe
employed MUSCL-Hancock scheme AV LEER, 1979; AN
ALBADA et al, 1982) is a Godunov-type method that uses
monotonic reconstruction of the conserved varialitesobtain
values at cell interfaces that prevent spuriousllagons in the
solution. Solutions to local Riemann problems that mequired
for the corrector stage are calculated using thé fHarten, Lax
and Van Leer) approximate Riemann solver, capabtapfuring
bore waves and of simulating supercritical flowsagFEN et al,
1983). It uses a “zero-equation” turbulence modal. full
description of the computation scheme can be fouitl (2000).

AMAZON is capable of generating flexible computatd
meshes, i.e. grid cells with any shape (such asamgalar,
triangular, hexagonal, etc., in two dimensional ejodallowing
the definition of complex shaped grids, a finerdgwhere a
precise calculation is needed and a coarser gsedlere in the
calculation domain.

the laminar coefficient, a, and the turbulent ceefht, b, are
prescribed by many authors; see, for instane®d® (2007). In
AMAZON, the following are used:

1-n)®> v
a:a( 3) 2
n gD
a 3
1-n 1

n® gD

where D is a representative particle diameteis the kinematic
viscosity of water, n is the layer porosity awod and  are
dimensionless coefficients which depend on theigargradation,
aspect ratio and shape, the Reynolds number andehkegan-
Carpenter number. In the numerical model, constaoes ofa and
3 are used. The flows into and out of the porousrldinfiltration

and exfiltration, respectively) are limited by thaximum velocity
that the water can reach during the exchange bettieefree-flow
(surface) and the porous layers of the model, Ftereaalled the
interface permeability, IP. In the present versidAMAZON, the

parameters Kg, 3 and IP should be calibrated.

AMAZON simulates random waves which travel as bores The two model layers use the same computationah mies

Across the bores, mass is conserved but energissgpdted, as
would be expected in natural breaking waves. Itsuaenon-
reflective wave inlet boundary condition, whichaisle to remove
at the seaward boundary more than 98% of the enefgny
waves reflected from the modeled structures. Asrsequence,
the seaward boundary can be set close to the wteutd avoid
deep water conditions,
According to HU and MEYER (2005), AMAZON produces good
results when its seaward boundary is located &tarte from the
structure toe of approximately one wavelengthwhere L is the
shallow water wavelength in depthy @t the structure toe,
calculated using the peak period of the incidenvesa T,
(Ls= p(gds)0 Sin which g is the acceleration due to gravity).

AMAZON can model sloping structures, with or withidxerms,
and with or without a crown wall. Since it is a thepveraged
model, it does not model curved wave return wallsttical and
nearly-vertical structures can be approximated ksteep slope
and the results have been satisfactony, (BD00). At the crest of a
structure, AMAZON is able to continue computingthe flows,
either side of the crest, separate, overtop ormefthe model also
includes a bottom friction coefficient, f, to acewdor dissipation
of wave energy across the structure and the forestioe, for
example, to slope roughnessyt2000).

The original version of AMAZON did not explicitlycaount for

each grid cell in the surface layer has a corredipgngrid cell in

the porous layer. Flow exchange between the twersays

updated at each time step:

« If a porous cell is not full and the correspordsurface cell is
wet, water moves downward to the porous cell,inéltrates,
limited by IP (Figure 1a).

where AMAZON has limitationse« |f 3 porous cell is full and water pressure froeighboring cells

is higher than pressure from the surface cell, wetdiltrates,

limited by IP (Figure 1b).

In AMAZON, IP is assumed to be constant and itrisreut to
the model. At present, reports on values of IP rare. Some
authors (e.gVAN GENT, 1994; CARKE et al, 2004) have assumed
that the pressure gradient, I, at the interfacevben the two layers
is not greater than one, which leads t& IR for the Darcy equation
and to IP< [-a+(&+4bY9/(2b) for the Forchheimer equation.

AMAZON is written in C++ and has a friendly, effeati and
easy-to-use interface. Its input includes:

» Cross-sections of the overtopped structure aresfare.

« Characteristics of the porous layer: geometry, opity,
representative particle diameter and porous flommupeters.

« Bottom friction coefficient (which may vary acrae structure
and foreshore).

« Water level (which may vary by adopting a sindabtide curve).

porous flow. The development of the porous flow elpdbriefly —

reported in this paper, includes the addition af porous layer to
the original model design and the porosity is talierconstant for
the whole porous element. For a structure with mben one
permeable layer with different characteristics andyith a core,
the choice has to be made whether the structutdevinodeled as
a homogeneous permeable structure or as a struelitiiean

impermeable core.

To govern the water exchange between the porois, deth
the Darcy equation (valid for laminar stationargwis) and the
Forchheimer equation (valid for turbulent statignflows) are
implemented in AMAZON:

a)

Figure 1. Water exchange between the free-flowfgsej and the
porous layers.
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 Incident waves: AMAZON allows the input of sinudal
waves, random waves defined by an empirical specieLg.
JONSWAP, Bretshneider-Moskowitz) or a user-defigpdctrum,
or a wave train obtained, for example, from physisadeling.

e Computation grid (uniform/non-uniform).

« Other parameters (e.gninimum wet depth in each grid cell).
The output defines the free surface, depth-averagéutities

and, based on these values, discharge time-serézs) discharges

and peak discharges.

AMAZON has been validated for a variety of repreaatne test
problems involving both steady and unsteady, ingisand
viscous, and subcritical and supercritical flows(l2000). It has
also been validated and extensively used to stuelyptertopping
of impermeable dikes.

CASE STUDY: SOUTH BREAKWATER OF

POVOA DE VARZIM HARBOR

The case study is of a proposed cross-section e
rehabilitation of the root of the South BreakwatérPdvoa de
Varzim Harbor, located on the west coast of Poittufae root of
this breakwater directly protects the local NautiCub building
(Figure 2) and, therefore, it is the stretch foriakhovertopping
should be minimal. Any overtopping that occurs bis tstretch
may cause unacceptable damage to the building amdusiding
area and may disrupt local activities.

The proposed cross-section is basically a conuetical wall
with a double-layer rock slope and berm in fronit@Figure 2). It
was obtained by adding to the current cross-sedigrism of
75 KN to 100 KN rocks. For the inner layer, the geiof the rock
ranges from 10 KN to 50 KN.

To verify the efficiency of the proposed solutiar the cross-
section of the root of the South Breakwater, twosetigional
physical model tests of wave overtopping were peréa at
LNEC. Firstly, for each target test condition, diffat wave trains
were produced, all conforming to the same targelNS@AP
spectrum, for three different test durations. Thmber of random
waves ranged from about 300 to 2400. Secondly,ofriee main
test conditions was again considered, but for tevelifferent test
durations. In this case, the number of waves rarfgad about
150 to 1900. For each test condition, the testtitemes enabled
the analysis of the variability of the wave ovepop discharge,
providing a range of measured values of the meanrtapping
discharge (with a minimum and a maximum value)each wave
condition. The differences in overtopping are w atto the
different characteristics of the waves that appnahe breakwater
and their different breaking types.

A detailed description of the tests can be foundr@as et al.

1500 | £00
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Figure 2. Proposed cross-section for the root af fouth
Breakwater (values shown are for the prototype, wWithels
relative to datum, ZH).

significant wave height, )4 and the peak period,J and in front

of the structure (K T) refer to incident values obtained using the
tMANSARD and FNKE (1980) method applied to the data measured

by three gauges located in front of the wave-maiet by three

gauges positioned in front of the structure (atstadce from the

structure toe of approximately one wavelengt, tespectively.

The tests are numbered in order of increasing digeh As
expected, the variation about the mean was grdatesmall
magnitudes of overtopping discharges. The rangemefan
discharges presented for each test confirms thHégreit wave
trains (all conforming to the same JONSWAP specjrbave a
somewhat different impact on the total overtoppiolyime.

AMAZON RESULTS

To check the applicability of AMAZON to porous sttures,
use was made of the data collected at LNEC in oppitg
physical model tests. AMAZON was applied (at mosiele) for
the four test conditions shown in Table 1.

AMAZON's landward boundary was a full absorptiorundary
set 0.16 m behind the crest of the wall. The lacatdf the
seaward boundary suggested by ldnd Mever (2005) was
adopted in this study; that is, it was located diséance from the
structure toe of approximately one wavelength,Tihus, the wave
series input to AMAZON were the incident wave semdtained
using the M\NSARD and FUNKE (1980) method applied to the data
measured by the three gauges positioned at a déstaom the
structure toe of approximately one wavelength,donsequently,
they are likely to have been somewhat differentfitbe incident
wave series in the physical model, due to the mtelimitations
of this method (In and HiAaNG, 2004). Furthermore, as mentioned
above, the differences in the wave trains had mifgignt impact
on the total overtopping volume. To account forsthdifferences,

(2008b). This paper concentrates on the resulfewftests, with AMAZON's performance was evaluated by comparingésults
duration, D, of 270 s. In Table 1, the mean ovepiog discharges with data in which this variability was accounteat.fThus, the
per meter length of structurep\y are presented for these four AMAZON result for each test was compared with the
tests, together with the variability ofg obtained for the whole corresponding range of mean discharges obtaingdeimphysical
set of tests (minimum and maximum values). In taisle, the model (see Table 1), instead of comparing simpihe result
values for the wave conditions in front of the wawaker (the of the corresponding physical model tesi{q

Table 1: Mean overtopping discharges per meterthend structure, gy, obtained for each one of the four physical madsts
considered in this study and range gf @btained for the whole set of tests.

Test D (s) Hs (M) Top () H (m) T, () G (M¥/s/m) Range of g, (m*/s/m)
1 270 0.09 1.69 0.07 1.75 1.66E-5 0.90E-5 to 2.B3E-
2 270 0.08 2.24 0.07 2.24 2.65E-5 2.65E-5 to 8.B4E-
3 270 0.11 2.28 0.08 2.33 1.65E-4 1.15E-4 to 2.02E-
4 270 0.14 2.21 0.09 2.93 4.44E-4 3.43E-4 to 4.69E-
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For tests 1 to 4, the values of the relative weltgth, d/l,p, at
AMAZON's seaward boundary ranged from 0.020 to 5,08
which Ly, is the deep water wavelength corresponding tgéak
of the incident wave spectrum and calculated, atingrto linear

wave theory, as J.p:gTOPZ/ZTL Researchers have reported different

maximum permissible values of df{L which were found to
provide good results when used with the NLSW eguati they
varied from 0.016 to 0.19 approximatelyu(PEN and ALSOP,
2003).

The total computational domain was 2.4 m long amal tbtal
number of cells was 555. A non-uniform computatgmd was
used: 1 cm for the foreshore at the deeper paheo€omputational
domain and for the area behind the vertical walnm for the
foreshore at the toe of the structure; and 2 mnthferbreakwater.
The minimum water depth at each cell was set td2xtn. Any
cell with a water depth below this minimum valuesvieeated as
dry and was excluded from the computation. The mimh value
was sufficiently small to represent a dry bed; aalten value
would have resulted in more computational effortliittle gain.

The physical model geometrical characteristicshefforeshore
and of the breakwater's envelope were reproducethirwi
AMAZON. The foreshore and the vertical wall wer@nesented
as impermeable and frictionless, since any roughnes likely to
be small, especially when compared to that of tio& mrmor. The
permeability of the lower prism of rock was ignar€xhly the top
prism of rock was considered as a permeable |aytr,a porosity
of 0.54 and a mean rock diameter of 33.2 mm. Tlecebf its
permeability was accounted for by applying, firstthe Darcy
equation and, secondly, the Forchheimer equatidre fesults
obtained with AMAZON using the Darcy equation at®wn in
Reis et al.(2008a), so they are not presented here.

As explained before, in the present version of ANDN, the use
of the Forchheimer equation requires the calibmataf three
parametersa, 3, and IP. In this study, the calibration is madsdoa
on the values suggested in the literature (esgro@, 2007). Figure
3 shows the AMAZON results for tests 1 to 4 obtdibg applying
the Forchheimer equation using valuesoofind 3 in the ranges
1106<0<1800 and 0.583<1.1. For these ranges ofandf3, values
of IP<[-a+(&+4bY%/(2b) have been tested, that i=0P43 m/s and
IP<0.31 m/s, approximately, fo=0.55 andf3=1.1, respectively.

Values of 0.05IP<0.125 m/s are shown here. The two dashed lines _ 2
represent values of g/ig associated with the range of mean

discharges obtained in the physical model for Téstis 4. As the
graphs suggest, if only these values of IP (0.43and 0.31 m/s)
had been considered in running AMAZON (such asrathenerical
models do), the overtopping results would have hematisfactory
when compared to the physical model data. Thisagiydue to
the fact that the simulated overtopping rates seeme sensitive to
the value of IP than to the choice of the poroow fparametersy
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Figure 3. AMAZON results obtained using the Fordhtes
equation with different combinations efandf3 for Tests 1 to 4.

and B. The impact of IP on the results depends on tis¢ te

considered: this impact reduces for tests with tgreavertopping
discharges (tests 3 and 4). However, the impacinlg weekly

related to the quantity of overtopping water fag thigher values of
IP. The graphs also show that the best results lese obtained for
values of IP of about 0.075 m/s, where the resarés nearly all
within the required ranges.

Figure 4 shows in more detail the impactcofand 3 on the
results, for a value of IP=0.075 m/s. As expecteds clear that
the impact tha has on the results is greater than the impaat of

The numerical tests were all run on an Intel(R) Cov®2 Duo

to a 270 s physical model test.

CONCLUSIONS

The paper illustrates the application of the newsiom of the
NLSW numerical model, AMAZON, to study the mean wav
overtopping discharge over a porous structure. ddse study is
the root of the South Breakwater of Pévoa de Varkanbor,
Portugal. This cross-section of the breakwaterdsrabination of
a concrete vertical wall with a double-layer rotspe in front of
it. Physical model data of overtopping over thictiem were

CPU E6550 @2.33GHz with 2.00GB of RAM. The timecollected at the National Civil Engineering Laborgtd®ortugal.
AMAZON required for each run with the Forchheimeuation ~ The physical model results are used to check AMAZON
increased with increasing values of IP: it tookwssn 4 and 5 applicability to porous structures. The experimentasults
hours, approximately, to complete each run, whistresponded confirm that the differences in the wave seriekgahforming to
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the same spectrum) have a significant impact onnteasured
overtopping volume. In order to account for thispant in the
evaluation of AMAZON's performance, its results ammpared
with the ranges of mean discharges obtained ipliysical model
tests carried out specifically to take accounthdd variability.

A suitable choice of the values of the porous flmavameters in
the Forchheimer equation, used to govern the watehange
between the porous cells, leads to a good agreelpetneen the
AMAZON results and the data: the results are nealtlwithin the
ranges of mean discharges found in the physicakinod

Unlike some other NLSW models, the maximum velo¢itst
the flow can have during the exchange of water betwthe
porous and the free-flow layers, IP, has been deduas an input
to AMAZON. The results show that the simulated éweping
rates are more sensitive to the value of the maximelocity than
to the choice of the porous flow parameters. Thpaith of the
maximum velocity on the results reduces for tesith \greater
overtopping, but the impact is only weakly relatedhe quantity
of overtopping water for the higher values of IPsidered.

Further testing of the model is required, employtitferent
structural configurations and different arrangerseot rock or
concrete armor blocks, in order to cover the moshrmon types
of sea defense structures. Due to the impact treatmaximum
velocity has on the results, research concernimg nttaximum
infiltration and exfiltration velocities may als@dd to further
improvements of the model. Finally, it is importantnote that
AMAZON is computationally very efficient, especialiwhen
compared to more comprehensive overtopping nunieriodels.
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