Influence of coastal structures on equilibrium beach
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ABSTRACT

An equilibrium beach profile model for a beach affected by a coastal structure is presented. The model is
based on the well-known energy flux approach proposed by Dean (1977). The effect of the structure is taken
into account by considering the modification that the structure generates on the wave energy flux. The model
is then applied to several cases that are usually found along the littoral, namely a perched beach and a reef-
protected beach. Several field and laboratory data are used to analyze the merit of the proposed model for
describing the equilibrium condition of a beach profile affected by a coastal structure. A good comparison is

obtained.

1 INTRODUCTION

It is well known that coastal structures may modify
both beach shoreline and beach profile. Actually
many coastal structures are built in order to change
the existing shoreline configuration and to generate a
broader dry beach. Several authors have studied the
shoreline response due to offshore breakwaters using a
numerical approach (e.g. Hanson and Kraus 1989,
1990 and Gravens et al, 1991) or an empirical
approach (e.g. Hsu and Silvester 1990, Gonzalez and
Medina 1999). However, the effect of coastal
structures on the modification of the beach profile
has received much less attention.

Investigators have long recognized that beach
profiles can be complex and may exhibit series of
bars and troughs. However, in overall form they tend
to be concave upwards and have a progressively
decreasing slope as the water depth increases in the
offshore direction. This regularity has inspired
several attempts to develop mathematical
expressions to describe the profile shape.

One of the most important approaches used for the
determination of profile shape is that of the
equilibrium profile of beaches. In a broad sense, the
equilibrium beach profile is the result of the

constructive and destructive forces acting in a beach
profile. The hypothesis behind the equilibrium beach
profile is that beaches respond to wave forcing by
adjusting their form to an equilibrium or constant
shape attributable to a given type of incident wave or
sediment characteristic.

Various expressions have been proposed over the
years (see Gonzédlez et al 1997 as a general
reference). The most widely used formulation, very
simple and easy to apply, is the 2/3-power profile
shape proposed by Bruun (1954) and Dean (1977).
Both authors concluded that the beach profile shape
could be adequately represented by:

h=Ax*" (1)

where h is the total water depth, 4 is a dimensional
shape parameter that depends on the grain size
(Moore, 1982) and x is the horizontal distance from
the shoreline. However, none of the presently
proposed equilibrium beach profile expressions are
able to adequately represent the interaction between
the beach profile and a coastal structure.

The aim of this paper is to develop a general
formulation of equilibrium for a beach profile
affected by a coastal structure. First the
fundamentals of the model are presented. The
starting point of the model is the well-known energy



flux approach proposed by Dean (1977). The effect
of the structure is taken into account in the energy
flux balance. Different hypotheses are made in order
to consider different kind of coastal structures. The
modification of the energy flux balance yields a new
expression for the beach profile configuration. The
model is then applied to several cases that are
usually found along the littoral, namely a perched
beach and a reef-protected beach. All the fitting
parameters needed in the developed expressions are
calibrated using field and laboratory data.

2 FUNDAMENTALS OF THE MODEL

Several approaches have been pursued in an attempt
to characterize equilibrium beach profiles. One of
the most popular is to consider the time-averaged
wave energy flux equation for straight and parallel
contours:

where F is the net shoreward energy flux per unit
width and € is the energy dissipation rate per unit
area. An extension of equation (2) for cases in which
refraction or diffraction processes are important can
be found in Gonzalez et al (1997).

Equation (2) involves three variables, namely: the
wave height, H, the water depth, A4, and the energy
dissipation, €. Several authors have used equation (2)
to develop a model for the wave energy dissipation
by means of field or laboratory data of wave height
and water depth (e.g. Battjes and Janssen 1978,
Thornton and Guza 1983, Dally et al 1985). Many
numerical models take advantage of equation (2) to
solve the wave height modifications during its
propagation cross-shore, given the water depth and
an energy dissipation model. In the equilibrium
beach profile problem one seeks the water depth and,
consequently, an appropriated energy dissipation
model and wave height variation across the profile
must be provided. The key point of the present work
is that the equilibrium beach profile of a beach
affected by a coastal structure can be obtained if the
adequate energy dissipation model and wave height
variation across the profile is used in the energy flux
balance.

3 PERCHED BEACHES

Introduction

The basic concept of the perched beach is to
reproduce the existing profile to some convenient
seaward point and then intersect this profile with a
submerged toe structure to retain the beach in a
perched position, see Figure 1.

Since the main hypothesis behind the equilibrium
beach profile model is that the wave energy flux
dissipated along the beach profile, the equilibrium
beach profile for a perched beach will depend on the
amount of energy flux that is transmitted over the toe
structure. Consequently, the design of perched
beaches requires an understanding of how waves are
reflected at the submerged structure and how they
are dissipated as they travel across the structure-top.

A large body of literature is available on wave
transformation on a reef breakwater (see Ahrens
(1987) as a general reference). An important
conclusion of these studies, related with the stability
of the perched beach, is that, although the
submerged breakwater may induce wave breaking, it
occurs well beyond the breakwater crown (Grilli et
al, 1994).

An estimation of the structure width for the waves to
break on the structure can be obtained from Gourlay
(1994). In this work, Gourlay (1994) studied the
wave transformation of waves approaching a
fringing reef with a steep face and outer reef-top
slope gently decreasing in the landward direction.
From Gourlay’s results it can be concluded that, at
least, at a distance from the edge of the reef, |, of 1 =
T Jng , the wave height can be greater than the
incoming wave and the wave energy flux can exceed
the stable value of wave energy flux given by the
constant breaker-to-depth ratio y = 0.8 for that
particular depth, d. Furthermore, the breaking
process will take a distance (one or two wave
lengths) to reduce this wave energy flux to a stable
value. This result agrees with Muii6z et al (1998)
field data which show that for a natural reef-
protected beach to exist, the reef width must exceed
three wave lengths.

According to these studies it is clear that in wide
natural reefs, wave breaking over the reef limits the
amount of energy reaching the beach profile and it is
the most important factor affecting the beach profile
shape (Mufioz-Pérez, 1996). In most of the man-
made structures, however, wave breaking over the
structure can be neglected since the breakwater crest
width is usually much smaller than the wave length
and breaking occurs at the perched beach.
Furthermore, frictional damping over the breakwater
can also be neglected and, consequently, wave
reflection at the breakwater is the main process that



determines the beach profile shape in a perched
beach.

Energy Flux Balance

In order to solve equation (2) for a perched beach,
the beach profile is divided into three regions as
shown in Figure 2.

Region 1 is the offshore part of the profile. In this
area Dean's (1977) hypothesis of constant breaker-
to-depth ratio and uniform wave energy dissipation
per unit water volume is assumed. According to
Dean's (1991) work, a beach profile located in front
of a seawall can be adequately represented by a
profile extending behind the seawall as if the seawall
did not exist. In other words, the reflection of the
seawall, F., does not modify the beach profile
shape. Consequently, beach profile in region 1 is not
affected by the submerged structure and can be
determined using the virtual x-origin (see figure 1).
This profile defines the water depth at the seaward
side of the structure, h., and also the amount of
energy flux reaching it, F, (see Figure 2).

Region 2 is the breakwater domain. This region is
defined by the breakwater crest width, B, the water
depth over the breakwater, d, and the water depth at
the seaward and leeward, /. and 4; respectively. The
above mentioned parameters (B, d, h., h;) determine
the energy flux, F;, which reaches the perched
profile.

Region 3 is the leeward part of the profile. In this
domain Dean's (1977) hypothesis, stated in region 1,
is also assumed. Consequently, the perched beach
profile shape in region 3 is defined by the parabolic
equation (1).

Notice that the perched beach profile is
completely defined if h; is given which, due to the
constant breaker-to-depth ratio, can be determined if
F; is known. In order to calculate the value of F;, the
energy balance in region 2 must be solved:

where F is the wave energy flux reflected by the
structure.

Assuming linear shallow wave theory, constant
breaker-to-depth ratio and that only the oscillatory
(non-breaking) part of the wave contributes to the
reflected flux of energy, Baquerizo (1995), equation
(3) can be written as:

where R is the reflection coefficient (R = H, / H.), He
is the incoming wave and H; is the reflected wave
height.

The solution for the reflection coefficient, R, for the
wave propagation over an impermeable step
problem, can be found in several previous works (eg.
Losada et al. (1992)). The main characteristics of the
solution are also showed in Figure 3, where the
reflection coefficient, R, is plotted as a function of
the dimensionless breakwater crest width, B/L, for
different values of the dimensionless water depth,
d/h.. In this figure, the well-known feature of wave
resonance is clearly observed. Due to this
phenomenon, the reflection coefficient goes to a
value close to zero for some particular sets of
parameters (d/h., B/L).

In order to solve equation (4) an iterative process
must be carried out, in which a first estimation of 4;
is specified to solve the reflection coefficient. This
reflection coefficient is then used to determine a new
value for 4;.

Using the above mentioned procedure values of the
water depth ratio 4;/h, are plotted in Figure 4 versus
the dimensionless water depth, d/h., for different
breakwater crest widths, B/L. From Figure 4 it can
be concluded that for dimensionless water depths
d/h. greater than 0.5 minor benefits are achieved
with the construction of a submerged breakwater (4;
~ h.). A considerable reduction in 4;/h, is obtained
for d/h. less that d/h. < 0.1. In this area, however,
resonance effects may modify this picture resulting
in an inefficient structure.

Model Validation

Several lab data sets can be used in order to analyze
the merit of equation (4) for describing the
equilibrium condition of a perched beach. Chatham
(1972) carried out two-dimensional studies to
determine the amount of sand which would be lost
seaward over the submerged toe structure by normal
and storm wave action. The model beach was
subjected to test waves until equilibrium was
reached for a wide range of wave conditions. The
values of parameters tested are listed in Table 1.
Calculated values of the ratio d/h; are also presented
in Table 1.

Sorensen and Beil (1988) conducted two-
dimensional experiments of perched beach profile
response to storm waves. Five test cases were
investigated. The first consisted of a nourished
profile without a toe structure. The remaining four



cases were perched beach conditions with a sill
located at various depths. A complete list of the
parameters studied are listed in Table 2. Calculated
values of the ratio d/h; are also presented in Table 2.
From Tables 1 and 2, it can be concluded that
equation (4) gives an adequate estimation of the
equilibrium water depth at the breakwater for a
perched beach.

between the local wave height and the mean water
depth decreases from 0.8, at the initial wave
breaking point, to become almost constant, about
0.5, in the inner zone.

Several wave-decay expressions have been proposed
(e.g. Dally et al, 1985; Andersen and Fredsoe, 1983).
Fredsoe and Deigaard (1992), for example, gave the
following exponential decay:

he(m) [d(m) | hi(m) | T(s) | L(m) | B(m) B/L d/h. (me:ézlred) (calcdlﬁla:ted)
5.72 3.43 5.55 7.0 50.2 2.3 0.046 |0.600 0.610 0.606
8.23 5.72 |8.19 7.0 55.8 2.3 0.041 |0.695 0.698 0.697
7.10 4.60 |7.00 7.9 60.9 2.3 0.038 |0.648 0.657 0.651
6.28 3.43 6.20 10.0 |75.2 2.3 0.031 |0.546 0.553 0.551
7.43 6.63 7.35 10.0 |81.1 2.3 0.028 |0.892 0.902 0.892
6.29 3.43 6.10 16.0 123.6 2.3 0.019 |0.545 0.562 0.548
7.43 7.20 [7.35 16.0 133.9 2.3 0.017 [0.969 0.980 0.969
where h; is the water depth over the reef, H is the
d/hi d/hi

h(m) | d(m) | b(m) | T) | L) | Bm) | BL | dhe (measured) | (calculated)

0.187 (0.091 |0.18 1.6 [2.06 0.06 |0.029 |0.490 0.506 0.49%4

0.140 |0.046 |0.14 1.6 1.81 0.06 |0.033 {0.330 0.330 0.340

0.130 [0.023 |0.12 1.6 1.80 0.06 |0.033 |0.180 0.192 0.205

0.140 10.001 ]0.07 1.6 1.81 0.06_10.033 ]0.007 0.015 0.016

4 REEF-PROTECTED BEACHES

Introduction

There are many locations in which the entire beach
profile is not sand rich and areas of hard bottom or
mud are encountered (e.g. coral reefs, perched
barriers). Many characteristics and informative
details about these kinds of beaches, which will be
denoted as reef-protected beaches, have been
previously studied ( see Muifoz-Pérez 1996 as a
general reference). In a special way, wave breaking
and wave attenuation over submerged horizontal
shelves have been considered (Horikawa and Kuo,
1966; Gourlay, 1994; Nelson, 1994).

It is well known that the spilling-wave breaking
assumption with a constant wave height to water
depth ratio, v, is not adequate for waves breaking on
a shelf. Horikawa and Kuo (1966), computed
theoretical curves that have a consistent agreement
with experimental data in the case of wave
transformation on a horizontal bottom. The ratio

wave height and | is inshore distance from the edge
of the shelf (see Fig. 5). From eq. (5) it can be
concluded that the wave height that reaches the
sandy beach toe, which is located at the depth h;, is
less than the wave height that would reach that
particular depth in a beach without the hard shelf.
Consequently, the total amount of energy that has to
be dissipated by the sandy profile is minor.

Energy Flux Balance

The beach profile form of a reef-protected beach can
be determined by means of Larson and Kraus's
(1989) derivation of the equilibrium profile, taking
into account the available wave energy at the toe of
the beach and assuming the dissipation model of
Dally et al (1985). The resulting beach profile form
will be given by an expression similar to eq. (1).
However, for the same grain size, the profile shape
parameter for a reef-protected beach will not be the
same as the A value used in the usual Dean
equilibrium profile in eq. (1) due to the shelf wave-
decay dependence.



A simple relationship between the shape parameter
for reef-protected beaches, hereafter denoted as A,
and non-reef-protected beaches can be obtained
considering that the energy flux, Ec,, at h, must be
dissipated along the beach profile in both cases.

Assuming linear wave theory and that eq. (1) is valid
along the entire profile, it yields:

where H is wave height, W is the total length of the
profile and the subscript ( ), indicates the reef-
protected beach (see Figure 6).

Since Hy, at h; is less than H at the same depth, the
total length of the profile for the reef-protected
beach will also be less than the non-reef-protected
beach and, consequently, the beach profile slope will
be steeper.

Equation (7) can also be written in terms of the
breaker-to depth ratio as:

EQUACION(8)

where I' is the breaker-to-depth ratio for a reef-
protected beach (e.g. equation (5)) and 7y is the
breaker-to-depth ratio in a non-reef-protected beach.
For a wide shelf (l=e0), typical values of I range
between 0.55 to 0.35 (Nelson, 1994). Values of vy
depend on beach slope and wave steepness, and have
a wider range of variability. Kaminsky and Kraus
(1993) compiled a large database of wave breaking
parameters and showed that for typical field beach
slopes (1/30 to 1/80) most of 7y wvalues are
encountered in the range 0.65 to 1.1 with an average
value of 0.79.

Introducing equation (1) in equation (8), a
relationship between the shape parameters can be
found as:

where A, is the shape parameter for the reef-
protected beach and A is the non-reef-protected
beach shape parameter.

Model Validation

Using the set of field data compiled by Gomez-Pina
(1995), beach profile data from reef-protected
beaches along the Spanish coast have been collected
to verify the proposed model. Over 50 profiles from
seven beaches have been. The main characteristics
of these beach profile data are shown in table 3. It is
noted that the values of A, listed in Table 3 have
been determined by best fitting and the values of A
by means of Moore's (1982) relationship.

The predicted values of A, using equation (9) and
the best-fitted values listed in Table 3 are compared
in Figure 7. The predicted values are computed using
Fredsoe and Deigard's (1992) model for I'. It is seen
in Figure 7 that equation (9) provides a good
representation of the beach shape parameter A,,. The
asymptotic best fit for a wide shelf (I/h>60) is
Ap=1,48 A which corresponds to a value of Wy, =
0.56 W.

5 CONCLUSIONS

This study has focused on the equilibrium shape of a
beach profile affected by a coastal structure. The
new shape has been obtained on the basis of the
well-known energy flux approach proposed by Dean
(1977). The main assumption of the present work is
that the equilibrium beach profile of a beach affected
by a coastal structure can be obtained if the adequate
energy dissipation model and wave height variation
across the profile is used in the energy flux balance.
In this way the effect of the structure can easily be
taken into account in the energy flux balance by
considering the modification that the structure
generates on the wave energy flux.

The model has been applied to a perched beach and
a reef-protected beach. Several field and laboratory
data have been used to analyze the merit of the
proposed model for describing the equilibrium
condition of a beach profile affected by a coastal
structure. A good comparison has been obtained

For the case of the perched beach it is concluded that
the maximum advance of the perched beach
shoreline depends substantially on the dimensionless
water depth. Minor advance is obtained for large d/he
(>0.5) while a considerable advance is achieved for
d/h. less than 0.1. In this area, however, resonance
effects induced by the structure may modify the final
picture resulting in an inefficient structure depending
on the value of B/L.

For the case of the reef-protected beach it is
concluded that although the resulting beach profile
form is similar to the one proposed by Dean (1977),
the shape parameter is not the same as the A value
used in the usual Dean (1977) equilibrium profile
due to wave decay dependence. A simple expression
has been proposed for the shape parameter A, for
reef-protected beaches based on Andersen and
Fredsoe's (1983) wave decay model.
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