New design parameters for biparabolic beach profiles (SW Cadiz, Spain)
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Abstract

165 profiles of seventy-one beaches along the Gulf of Cadiz (SW, Spain) were studied to improve the formulation of the beach profile in tidal seas.
Maritime climate, degree of energy exposure and size of the sand grains were taken into account to study the two sections of the biparabolic profile.
The objective of the study was the determination of more accurate formulations of the design parameters for the equilibrium profile that involves
tidal seas. These formulations were modelled and validated based on existing profiles to quantify the error existing between the real profile and the
modelling. This comparative analysis was extended by considering the formulations proposed by other authors. The best results were obtained with
the proposal presented herein.

Keywords: Beaches, equilibrium profile, biparabolic, tide, sediment size, nourishment.

Houston (1996) and other authors (King, 1999; Mufioz-Perez et al., 2003) have studied the economic importance of
beaches and their direct link to tourism in some countries. Moreover, generalized coastal erosion is going on worldwide
(Valderrama-Landeros et al., 2019). This erosion is attributed to sea-level rise, retention of sand in dams, occupation of
dry beaches by urbanized areas and removal of sand as a material for building construction (Gomez-Pina et al., 2005).
Thus, a need for beach regeneration, in general, exists everywhere.

Therefore, after the regression of a stretch of beach and once the causes have been analysed, it is necessary to draft an
artificial sand nourishment project. The project author must follow a series of aspects within the project to meet the
desired expectations. These aspects must include at least (Gdmez-Pina, 2001) technical, environmental, integration in
the environment (physical and social), aesthetic, sustainability, economic, archaeological, compliance with the specific
Shore Act of each country and integration in the Coastal Management strategy.
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Within the technical aspects, once the compatibility of borrowed sediment with native is established by comparing both
grain size distributions (Krumbein & James, 1965; Stauble, 2007; Pranzini et al., 2018), the most important point is to
quantify the nourishment volume.

However, in addition to quantifying the volume of sand, the engineer author of the project must try to minimize this
volume, guaranteeing the stability of the regenerated profile. To do this, knowledge of the fundamental parameters
that define the beach profile is necessary, and, thus, the equilibrium profile can be determined.

Design parameters are always applied for beach nourishments, but these parameters, if not correct, result in a faulty
design of the beach profile with a wrong quantification of the nourishment volume. Thus, these parameters must be
adjusted to find the best possible fit that minimizes the nourishment volume.

A beach regeneration project requires identifying the fundamental parameters that define the equilibrium profile.
Different authors (Fenneman, 1902; Johnson, 1919; Schwartz, 1982; Moore, 1982; Larson & Kraus, 1989; Larson, 1991;
Kriebel et al., 1991; Pilkey et al., 1993) have defined the concept of equilibrium profile. In general, the equilibrium profile
can be defined as the situation, or state, to which a beach profile arrives in a situation of constant swell and over a
sufficient period of time.

Dean (1977) obtained the widely used mathematical formulation for the equilibrium beach profile after analysing 504
beach profiles along the Atlantic Coast of the United States, from Long Island to Mexico, and by using a least-squares
adjustment to the exponential function proposed by Bruun (1954):

h=A-x%/3 1

where h is the depth, x the distance from the edge (origin of coordinates) and A is a shape parameter related to the
velocity of the grain fall (w), given by:

A=0.51 w0 2

However, the previous formula does not fit tidal seas well. To solve this problem, numerous authors have developed
several modifications, including Masselink & Short (1993), Inman et al. (1993), Gonzalez (1995), Gdmez-Pina (2001) and
Bernabeu et al. (2002). These authors presented a formulation of the equilibrium profile in two sections, namely the
emerged profile (surf profile) and submerged profile (shoaling profile), which has been referred to as a biparabolic
profile. The cyclical variation of the sea level (tide) produces changes that affect the morphodynamics of the beaches
and the equilibrium profile (Munoz-Perez & Medina, 2005). However, the design parameters of the previous biparabolic
profiles do not fit adequately to the actual offshore profiles of SW Spain, so it was necessary to define new parameters
that best fit the natural or native profile. The new parameters may depend on the energetic conditions to which the
profile is subject, the sedimentological characteristics of the sand and the tide level.

The objective of this article is determining a methodology to find better calibration values for the parameters in the
existing formulations of the equilibrium profile for tidal seas. These parameters can be applied to future projects for
beach regeneration on the coast of the Gulf of Cadiz but the adjustment methodology can be applied worldwide.

Study area

The study area included 71 beaches (165 profiles) between the Guadalquivir River and the Strait of Gibraltar (Figure 1).
Approximately 1 profile was determined every 800 meters of beach littoral. From NW to SE, the tidal range decreased
from 3.8 meters to 1.40 meters and the wave energy, Hs 12, varied from 5 meters to 3.5 meters (Hidtma, 2013). With
respect to sediment, as a general rule, Dso increased from NW to SE.
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Figure 1. Location of the study area on the coast of the Gulf of Cadiz in SW Spain next to the Strait of Gibraltar, where the location (identification) of the different
beaches and the wave buoys is shown.
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After analysing the existing beaches in SW Spain and using the beach profile classification proposed by Contreras et al.
(2017), it was determined that 94% of the profiles are of the biparabolic type.

The design parameters of biparabolic profiles in tidal seas (TBP) will be defined.

The profiles were identified by the degree of energy exposure to which they were subjected. Unexposed beaches are
those that are protected either by artificially constructed defences (breakwaters) or natural defences (e.g. those
beaches within the Bay of Cadiz and the Bay of Algeciras, see Figure 1). The rest of the beaches were considered exposed
beaches (Table 1).

Field data

The topobathymetric and sand size data, come from a generalized survey designed by the Coastal Department of the
Ministry of Environment and carried out by Hidtma (2013). The topographic data were obtained with GPS equipment
(precision 1 cm). For the bathymetric survey, an integrated sonar and sonar probe system was used (1 cm bathymetric
range resolution). The data collected by the probe were corrected by tide gauges installed along the coast. The data
campaign began in early January 2012 until July of the same year.

The maritime climate was obtained from the real (REMRO) and virtual (SIMAR) buoy data set available at
www.puertos.es (Figure 1).
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Table 1. Identification of beaches with the length and number of profiles analysed. Source: Authors.

Id Name Lenght N2 Profiles Id Name Lenght Ne Profiles
PO1 Bonanza Beach 2131 3 P37 Fuente del Gallo Beach 1288 3
P02 Bajo de Guia Beach 2451 3 P38 La Fontanilla Beach 2197 3
P03 La Calzada/Piletas Beach 2485 3 P39 Los Bateles Beach 1386 2
P04 LaJara Beach 1136 2 P40 Castilnovo Beach 1586 2
PO5 Montijo Beach 2508 3 P41 El Palmar Beach 5003 3
P06 Cruz del Mar Beach 666 2 P42 Zahora Beach 2890 3
P07 Las Canteras Beach 378 1 P43 Cafos de Meca Beach 3246 3
PO8 La Regla Beach 2081 3 P44  Hierbabuena Beach 1301 2
P09 Camardn/Tres Piedras Beach 2415 3 P45 El Carmen Beach 1854 3
P10 La Ballena Beach 3915 3 P46 Cafillos/Pajares Beach 6560 3
P11 Aguadulce/Peginas Beach 3886 3 PA7 Zahara de los Atunes Beach 4979 3
P12 Punta Candor Beach 567 1 P48 Los Alemanes Beach 1363 2
P13 Piedras Gordas Beach 2555 3 P49 El Cafiuelo Beach 370 1
P14 La Costilla Beach 1389 2 P50 Bolonia Beach 4033 3
P15 El Rompidillo Beach 1203 1 P51 Valdevaqueros Beach 4414 3
P16 Fuentebravia Beach 1028 2 P52 Los Lances Norte Beach 3854 3
P17 Santa Catalina Beach 2958 3 P53 Los Lances Sur Beach 3158 3
P18 La Calita del Agua Beach 275 1 P54 Chica Beach 99 1
P19 La Puntilla Beach 1002 2 P55 Cala Arenas Beach 882 3
P20 Valdelagrana Beach 1685 2 P56 Getares/San Garcia Beach 1545 3
P21 Levante/Los Torufios Beach 3061 3 P57 ElRinconcillo Beach 2887 3
P22 La Cachucha Beach 282 1 P58 Palmones Beach 683 2
P23 La Caleta Beach 410 1 P59 Gaudarranque Beach 626 1
P24 Santa Maria del Mar Beach 607 1 P60 Campamente Beach 1310 3
P25 La Victoria Beach 2815 3 P61 Poniente Beach 300 1

Levante/Santa Barbara
P26 Cortadura Beach 2619 3 P62 Beach 1598 2
P27 El Chato/Torregorda Beach 1532 2 P63 La Atunara Beach 1359 2
P28 La Anegada Beach 3217 3 P64 ElBurgo/Torrenueva Beach 4588 3
P29 Camposoto Beach 1405 2 P65 La hacienda Beach 1928 3
P30 Lavaculos/Sancti Petri Beach 838 2 P66 La Alcaidesa Beach 1087 2
P31 Punta de las Piedras Beach 1343 2 P67 Torrecarbonera Beach 1566 3
P32 LaBarrosa Beach 5889 3 P68 Guadalquiton Beach 2151 3
P33 El Puerco Beach 1482 2 P69 Sotogrande Beach 1200 2
P34 Roche Beach 853 1 P70 Torreguadairo Beach 1195 2

El Cabrero/Cala Taraje
P35 Poniente Beach 1268 3 P71 Beach 862 2
P36 Cala del Aceite Beach 204 1

Data treatment

Using the ArcMap and AutoCAD tools, representative transversal profiles of each beach were extracted and the lowest
low water level (LLWL) was chosen as the datum line. Once the profiles were obtained for every beach, the geometry
of every profile was edited in CAD and the horizontal and vertical coordinates (x, h) of the significant points were
obtained and integrated into the database.

Database

The profile number was selected from a macro created in Excel using the data of the native profile of the land. The
graphic representation of the beach profile was then obtained. Once the natural cross-sectional profile of the beach
was known, along with the morphology of the terrain, the profile modelling was carried out.

To model the profiles, the different parameters were manually adjusted through the database. The parameters were

optimized to find those that best fit the profile of the real beach, and they included the origins of the emerged and
submerged parabola, parameters of emerged and submerged form and distance, /2, between the origins of both
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parabolas. The best adjustment was achieved quantitatively and involved minimizing the mean square error between
the real profile and the proposed profile. Figure 2 shows the different parts of the profile.

Figure 2. lllustration of the parameters in the biparabolic equilibrium profile in tidal seas (TBP). Source: Authors.
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Once all the data were added to the database, graphs and tables of relationships between the different parameters
were extracted and are presented in the Results and Discussion section. These parameters were defined as:

Ae: Parameter associated with the shape of the emerged parabola (m¥?)

As: Parameter associated with the shape of the submerged parabola (m*?)

LLWL: Lowest low water level or datum Line (m)

C: Coordinate on the x-axis for the changing point from the emerged parabola to the submerged parabola (m)

dc: Berm crest elevation (m)

Dso: Characteristic diameter of the sand sample (mm)

Dc: Mean diameter, Dso, characteristic of compound (emerged and submerged) samples (mm)

De: Characteristic diameter, Dso, of the emerged samples (mm) (obtained as average from three samples emerged in the
same profile)

Dest: Characteristic diameter, Dso of the samples (mm)

Ds: Characteristic diameter, Dso, of the submerged samples (mm) (obtained as average from three samples submerged
in the same profile)

h*: Depth of closure (m)

Hs,12: Wave height exceeded only 12 hours per year

h: Vertical distance of a determined point of the transversal profile with respect to the LLWL

hc: Vertical distance with respect to the MWL of the point of intersection between the emerged and submerged
parabolas (m)

he: Vertical distance with respect to the LLWL of the points of the emerged parabola (m)

hs: Vertical distance with respect to the LLWL of the points of the submerged parabola (m)

I2: Horizontal distance between the origins of both parabolas (emerged and submerged) (coordinate "x") (m)

TR: Tidal range (m)

mc: Slope of the aerial berm (m/m)

maq: Slope of the bottom beyond the depth of closure (m/m)

Mest: Slope of the beach face (m)

MWL: Mean water level (m)

O1: Coordinate (x, y) of the origin of the emerged parabola

Oix: Coordinate on the x-axis of the origin of the emerged parabola (m)

O1y: Coordinate on the y-axis of the origin of the emerged parabola (m)

02: Coordinate (x, y) of the origin of the submerged parabola
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O2x: Coordinate on the x-axis of the origin of the submerged parabola (m)

O2y: Coordinate on the y-axis of the origin of the submerged parabola (m)

HHWL: Highest high water level (m)

X: Distance of a determined point of the transversal profile with respect to the reference origin

Xc: Distance in the coordinate "x" between the origin of the emerged parabola and the change of curvature between
the emerged and submerged parabola

Zc: Coronation height of the beach face (m)

The exponent (2/3) of the parabola equations was not adjusted because it was already well fitted to the profile.
Adjusting the origins of emerged and submerged parabolas

Once the database was generated, the previous parameters were modified until the modelled profile was adjusted to
obtain the minimum error when compared to the real profile.

The definition of the emerged (Ae) and submerged (As) shape parameters depended on identifying the origin of the
emerged (O:) and submerged (O2) parabolas. Depending on where each of the parabola origins was located, different
form parameters were obtained for the same profile. Therefore, as a first step, it was necessary to identify the origin of
both parabolas.

To identify the origin of the emerged parabola, a coefficient of the emerged parabola origin (CO:) was defined as the
relationship between the elevation of the emerged parabola origin (O:) and the value of the HHWL for each of the
profiles studied. If the coefficient (CO:) had a value of 1, the origin of the emerged parabola (O1) coincided with the
HHWL. If its value was 0, the origin of the emerged parabola was located in the LLWL. If the coefficient was greater than
1, the origin (O:) was above the HHWL. In mathematical form:

To identify the origin of the submerged parabola, the coefficient of the origin of the submerged parabola (CO:) was
defined as the relationship between the level of the submerged parabola origin and the mean water level (MWL). A
coefficient of the origin of the submerged parabola (CO:) of 1 indicated that the origin of the submerged parabola was
in the middle level of the sea. If the value was 0, then the origin of the submerged parabola was on the LLWL. In
mathematical form:

0y
€0, = MWL 4

Modelling the parameters deduced from the real profiles

The parameters derived from the relationships discussed above, which defined the emerged and submerged beach
profiles, were applied to the same real profiles. The error between the modelled and real beach profiles was then
guantitatively determined. This error was determined using Equation 5 below. The origins on the x-axis for the emerged
and submerged parabolas in the modelised profile were both taken from the same real profile. The modelling
methodology was also carried out with the design parameters set forth by other authors so that errors between the
different theories can be compared.

For comparative analysis of the different models of the studied beach profiles, the mean square error between the
proposed model and the real profile was determined using Eq. 5.

n 2
1 h;’eal _ hmodel
Error = — E M 5
n h}“eal

i=1

where n is the number of profile points analysed and hi® and h°4¢! are the real and model ground levels, respectively,
at point “i” of the profile.

The calculated error has units of metres. To make it dimensionless and comparable to the single-parabolic model initially
proposed by Dean, the relationship between the error of each of the models was determined with respect to the error
of Dean's model (Eq. 6). These data, already dimensionless, indicate the improvements of the proposed model with
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respect to the one proposed by Dean. Therefore, a dimensionless error of 1 indicates that the model did not improve
anything compared to that proposed by Dean, while a dimensionless error of 0 indicates that the model fits the real
profile perfectly:

Error
Error (dimensionless) = w 6

(EI‘I‘OI‘) Dean

For qualitative analysis of the profiles, a distinction was made between those profiles that visually adapt better or worse
to the real profile. In this way, depending on the degree of adaptation to the real beach profile, the profiles have been
classified into R for regular adaptation, G for good adaptation and VG for very good adaptation.

New formulations for beach regeneration could, therefore, be obtained from the methodology presented herein.

As previously mentioned in the methodology for the proposed typology, it is necessary to define the origin of the
emerged (O:) and submerged (O2) parabolas, the relationship between the sediment size (Dso) and the typology of the
profile, the shape parameter of the emerged (Ae) and submerged (As) parabolas, and the adjustment parameter, /2
(iError! No se encuentra el origen de la referencia.).

Origin (0O1) of the emerged parabola

Seventy per cent of the profiles analysed in the study area had the origin of the emerged parabola around the HHWL
(CO: between 0.9 and 1.1). The remaining profiles (30%) had the origin below the HHWL, with CO: values ranging
between 0.65 and 0.85. This decrease was due to the existing step in certain profiles caused by storms. Therefore, most
of the profiles had the origin of their emerged parabola in the HHWL.

Origin (O2) of the submerged parabola

After a first review of the 165 studied profiles, it was observed that 92.9% of the profiles had the origin of the sub-
parabola of the biparabolic profile around the MWL elevation. In the rest of profiles (only 7.1%), the origin was around
the LLWL, exactly as was stated by Gomez-Pina (2001) who defined the origin of the submerged parabola at the LLWL
after studying six beaches on the SW coast of Spain. Thus, the above data supported the location of the origin of the
submerged parabola in the MWL as a general rule and, moreover, also demonstrates the importance of the process of
selection of the beach profiles to study when drawing conclusions.

Relationship between sediment size and profile typology

The Dso of the emerged samples, Dem, in the biparabolic profiles had a mean value of 0.294 mm and a standard deviation,
Cem Of 0.081 mm. Regarding the Dsp of the submerged samples, Dsy was 0.192 mm with a standard deviation (osu) of
0.044 mm. Therefore, submerged sediment was better sorted but also shows a higher proportion of fines.

The influence of the tide with regard to the mean diameter (emerged, submerged and medium) was also analysed.
Figure 3 (top) shows that as the tidal range decreases, the mean diameter for the emerged case increases from 0.21 to
0.35 mm. With respect to the submerged and middle samples, something similar occurs but with a smaller characteristic
diameter.

The ratio of the quotient between the emerged diameter, De, and submerged diameter, Ds, with respect to the tidal
race, TR, can be seen in Figure 3 (bottom). This indicates that as the tide level increases, the quotient between the size
of the emerged and submerged sample decreases. This means that as the easternmost part of the coast (Strait of
Gibraltar) is approached (Figure 1), the ratio of the sample diameter for emerged case over the submerged case
increases.

Relationship between sediment size and the shape parameter, A
The expressions obtained from 4, ; = f(De‘s) are required to correctly define the fill profile, where the subscripts “e”

and “s” refer to the emerged and submerged diameters, respectively. These expressions also enable quantification of
the fill volume for a beach nourishment project.
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In the subsequent paragraphs, the A vs D functions are compared with the theoretical value of the A shape parameter
from Dean. The trend lines, representative of the A-D relationship, have been fitted to a parabolic function as Dean did.

Figure 3. Top image: Mean diameter emerged (Dem) and submerged (Dy,) depending on the tidal range (TR) for biparabolic profiles in tidal seas (TBP). Bottom image:
Relationship between the quotient of the mean diameter emerged and submerged with respect to the tidal range also for TBP. Source: Authors.
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Figure 4 (top) shows a comparative analysis of the adjustment of all profiles and the theoretical relationship proposed
by Dean. Exposed beaches have a lesser shape parameter (A) than unexposed beaches because the ratio of the
composite-sample diameter to the emerged shape parameter was practically equal to that defined by Dean. This result
seems logical because beaches that are not exposed (protected by some natural or artificial defence) should present a
steeper slope. Thus, correctly identifying the degree of exposure of the profile under study is clearly essential because
of the large differences between exposed and unexposed values.

Submerged shape form parameter "As"

Exposed profiles (64.2%) and unexposed profiles (35.8%) were studied for the submerged shape parameter (As). As
showed smaller differences than the emerged shape parameter for the different degrees of exposure (Figure 4 bottom).

It should be noted that, in all cases, the curve with the D-A ratio was above the theoretical defined by Dean, which
means that the real submerged parabola has a more vertical profile than the theoretical (Dean’s) one.
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Parameter “I;”

To fully define the biparabolic profile, it is necessary to know the centre of the submerged parabola. Parameter I,
indicates the distance between the focus of the emerged and submerged parabolas Figure 2.

Figure 4. Top Image: Comparative analysis of the fit to a power or parabolic function between the emerged mean diameter, D, vs the emerged parameter, A, on
exposed and unexposed beaches in complete biparabolic profiles in tidal seas (TBP). The theoretical profile of Dean is also represented. Bottom image: the same for
submerged profiles. Source: Authors.
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The |2 parameter was initially defined by Gonzalez (1995), and Gomez-Pina (1995) validated it but did not provide good
results. It was Bernabeu (1999) who later proposed the new theoretical formulation of parameter I> (I5;) as:
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3/2

B — (hc + M)

where M is the HHWL.
In this theoretical formulation, the C correction factors have been provided and depend on the different tidal coastline
(Gomez-Pina, 2001):

I, = 1By » CFace 8

In the present article, the coefficient C has been analysed again with the purpose of a better adjustment thanks to a
higher number of analysed profiles.

Table 2 shows the correction coefficient according to the degree of exposure for the beach.

Table 2. Correction factor “C" for exposed, unexposed and both sets of beaches on the coast of Cadiz. Source: Authors.
Degree of exposure for the

beaches Correction coefficient “C”
Exposed 1.006
Unexposed 0.821
Exposed and unexposed 0.983

Gomez-Pina (2001) proposed a corrective coefficient of 0.93 for high-energy coastlines and 0.968 for medium-energy
coastlines. Given that the Cadiz coast can be considered medium energy (Puertos del Estado, 2014), the results
regarding the correction coefficient of parameter |2 presented in this article (for the set of exposed and unexposed
beaches) approximately are similar to those presented by Gomez-Pina (2001).

Variation of parameter Iz as a function of the tidal range (TR)

As the tidal range rises, that is, as the Northwest area of the Cadiz coast was approached, parameter I, should tend to
be higher because the intertidal zone is larger. To verify this assumption, the tidal range (TR) was plotted against
parameter |2 for exposed and unexposed beaches.

Figure 5 shows how the value of parameter l2 is greater for beaches with a higher degree of exposure as the tidal range
increases.

Figure 5. Comparative analysis between the tidal range (TR) and the real |, parameter on exposed and unexposed beaches. Source: Authors.
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Application of the design parameters on the real profiles

Once the design parameters of the beach profile were calculated according to the size of the sediment and the degree
of exposure of the profile, they were validated by their application on real profiles.

A total of 165 profiles were modelled and results with acceptable adjustments were obtained.
Comparative analysis with other authors

Once the practical application of the parameters deduced in this work was completed, the study was finished with a
comparative analysis between the different theories from different authors, namely Dean (1977), Gonzalez (1995) and
Gomez-Pina (2001).

In this comparative analysis, the proposed general model, by Bernabeu (1999), was not used given that this model is
valid for Q in the range between 1 and 5 (Dean parameter, Q= %). In other words, it is valid for reflective beaches,
whereas the profiles being studied on the Cadiz coastline are of the dissipative type (Q =10).

Table 3 summarizes the formulation of the different parameters calculated according to each author. As previously
mentioned, in the comparative analysis between the different models, only the parameters that define both the
emerged parabola and the submerged parabola were applied, and the rest of the profile (dry beach and sea bottom
beyond the depth closure) was adjusted to the actual geometry of the profile beach.

In this comparative analysis, the proposed general model, by Bernabeu (1999), was not used given that this model is
valid for Q in the range between 1 and 5 (Dean parameter, Q= %). In other words, it is valid for reflective beaches,
whereas the profiles being studied on the Cadiz coastline are of the dissipative type (Q =10).

Table 3. Formulation used for the different design parameters based on models proposed by Dean (1977), Gonzélez (1995) and Gémez-Pina (2001).

Contreras (2019)

Dean Gonzalez Gomez-Pina
Parameter (1977) (1995) (2001) Exposed No exposed
Emerged parabola origin - HHWL HHWL HHWL HHWL
“0,”
Emerged parabola - h=A4,x"s h=A4,x"3 h=A4,x"3 h=A4,x/s

Shape parameter emerged - A, = 0.65 DI** A, =0437D, A, =0.197 D3** A, =0.299 D34*
”Ae" (mg)

Submerged parabola origin MWL LLWL LLWL MWL MWL

“0y”

Submerged parabola h=Ax7s h=A,x/3 h=A4,x/s h=Ax"3 h=A4x"3
Shape parameter A=0214D3%** A, = 055D Ag = 0.441 Dg A, = 0286 DI** A, =0.265D{**

submerged “As” (m3)

Distance between poles - I, = I2¢" I, = 0.910 IZ¢" I, = 1.006 I2¢" I, = 0.821 I8¢
IIIZII (m)
Closing depth, h* (m) h*=175H,,,  h*=175H,,,  h*=178H,,, - ;

The comparative (quantitative) analysis between the different authors is shown in Table 4.

Table 4. Mean square error (dimensionless according to Formula 6) for each of the authors studied for biparabolic type (PB)
profiles. This table shows the number of profiles studied (number of profiles), the degree of adaptation to the real profile (R,
G, VG) and the lower relative error of each case. "R" for regular adjustment; "G" for good and "VG" for very good
adjustment. Source: Authors.

Mean square error

Adaptation Ne Profiles Contreras Gomez-Pina Gonzalez
R-G-VG 165 0.39 0.67 0.73
G-VG 131 0.25 0.66 0.63
VG 47 0.05 0.37 0.13

As can be seen, the model that best fits the real profile is the one proposed in this article. Generally speaking, no value
is greater than unity and, therefore, all models significantly improved the results initially presented by Dean’s
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formulation. Among them, the models by Gomez-Pina (2001) and Gonzalez (1995) presented very similar results but a
worse adjustment than the model proposed here.

Dean (1967) defined the profile of beaches without a tidal race through a parabolic function. Beach profiles in tidal seas
resemble a biparabolic beach profile based on the models of authors such as Inman et al. (1993), Gonzalez (1995),
Bernabeu (1999) and Gomez-Pina (2001). The beach profile is composed of emerged and submerged parts. In the case
of tidal beaches, there is a difference between the emerged, the intertidal and the submerged parts. Given that the
energy conditions across the studied zone (SW coast of Spain) are very similar, the 165 profiles considered must be
classified according to their degree of exposure (exposed and unexposed beaches).

Applying the proposed formulations, the mean square error ranges from 0.05 to 0.39, taking as a reference the error
with Dean’s formulation (1), versus Gonzalez (0.13-0.63) and Gomez-Pina (0.37-0.67).

The emerged part of the biparabolic profile has its origin at O1, developing to the point of change of curvature, c, located
between the emerged and submerged parabola. The origin, O3, is in the HHWL. The shape of the parabola is of the Dean
type, he = Ae x¥3, where Ae is the parameter of emergent shape directly related to the sediment diameter Ae=f(De). For
exposed profiles, Ae = 0.197 D %°. For unexposed profiles, Ac=0.299 D.%°. The submerged part of the profile is of the
parabolic (Dean) type, where hs = Asx*3, As is the submerged shape parameter directly related to the sediment diameter
and As=f(De). For exposed profiles, As = 0,265 D%°. For unexposed profiles, As = 0.286 D%,

The biparabolic profile model is similar to that presented by other authors (eg Gonzalez (1995) and Gomez-Pina (2001)),
with the difference of providing new design parameters. The application of these new parameters was accurately
adapted to the existing real profiles. When the design parameters proposed by other authors (e.g. Dean (1977),
Gonzalez (1995) and Gomez-Pina (2001)) were compared and applied to real profiles, the model presented in this study
was an improvement.

Thus, the proposed parameters will help optimize the volume of fill sand in future beach regeneration projects in SW
Spain, although the methodology based on topobathymetric data, sediment and marine climate, can be applied
worldwide.

The authors wish to thank the Atlantic Andalusia Coastal Demarcation (Cadiz, Spain) for their collaboration in providing
data for the preparation of this article.
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