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ABSTRACT
Long-term observations along the Polish Baltic Sea coast show that a
safe beach with sufficient flood and erosion resilience should contain
the volume of sand of at least 1500 m3/m in a cross-section between the
elevations z1 = 2 m and z2 = -6 m, with respect to mean sea level (the
so-called active volume). These observations can be schematized by
Dean-type equilibrium profiles, relating the Dean coefficient A to a
mean sediment diameter D50. For the Polish coast the volume of
1500 m3/m corresponds to A = 0.094 and to D50 = 0.21 mm. This
sediment diameter is typical for the prevailing number of coastal
segments in Poland. In this way, a purely empirical beach resilience
concept can be embedded in one of the most important parameters (D50)
that is responsible for beach morphology. Thus, the beach safety
(resilience) criterion in the form of volumes of sediment between +2 m
and -6 m can be generalized to shores with different grain sizes by
computing the corresponding Dean coefficients and then the related
cross-shore volumes.
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INTRODUCTION
The beaches in Poland are located on the southern shores of the Baltic
Sea. Basically, they feature dissipative coastal systems with gently
sloping seabed and multiple sandbars, flat and relatively wide emerged
beach and from one to several dunes. An exemplary photo of a
dissipative beach in Poland is shown in Fig. 1.

Fig. 1 Typical dissipative beach with wide and flat emerged beach and
vegetated dune strip at Świnoujście, Poland

Long-term monitoring of the beaches along the entire Polish coast
revealed that a resilient beach should be some 40 m wide with the 1:20
inclination, the dune foot elevation should be +2 m above the mean sea
level (msl) and the seabed should have a mean slope of 1:100
(dissipative system). Also, it should include several bars, demonstrating
sufficient volume of sediment in the system. The volume of sand in a
safe profile between z1 = 2 m and z2 = -6 m should equal V =1500 m3/m.
This concept is presented in Fig. 2.

Fig. 2 Safe beach configuration
The parameter V has been defined in accordance with the Dutch
approach and adapted to the Polish conditions by Cieślak (2001).

GENERALIZATION OF BEACH RESILIENCE CRITERION
Relation to Dean Equilibrium Profiles
The safe beach configuration can be schematized by the Dean-type
equilibrium profile, see Fig. 3.

Fig. 3 Safe beach for Polish conditions schematized by Dean profile
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The schematized safe beach configuration was obtained for the Polish
conditions using the following two equations:

z2 = A ⋅ xc 3
2

(1)

5
1
V = (z1 + 2 z 2 )⋅ L + z 2 ⋅ xc − 0.6 ⋅ A ⋅ xc 3
2

(2)

The first equation features the line of Dean-type equilibrium profile
(see Dean 1976, 1985) at the intersection with -6 m elevation (point xc),
the second one represents the active shoreface volume between +2 m
and -6 m. It originates from integration of Eq. (1) from the shoreline to
xc. The first element on the right hand side of Eq.(2) represents the
emerged beach volume and equals 280 m3/m for z1 = 2 m, |z2| = 6 m
and L = 40 m. The remaining two elements describe the wet volume.
The solution to these two equations yields xc = 508.33 m and
A = 0.094 m1/3.

Relation to mean sediment diameter D50

The examination of Tab.1 shows that the shoreface volume is very
large for fine sediments but declines rapidly for coarser sediment
diameters. For the finest sediments the volume of emerged beach seems
to be exaggerated, resulting in beach widths above 100 m. By contrast,
for coarser D50 (near 1 mm) we can see that the volumes do not differ
much. It indicates that coarser beaches are becoming less dissipative
and (much) more reflective. This is clearly visible in Fig. 4; for D50 ≥
04 mm the shoreface volumes are very similar, indicating that the
response of such coasts to waves does not depend significantly on the
shoreface volume. This illustrates the reflective character of such
beaches, which basically reflect the wave energy. On the other hand,
for fine sediments, between 0.1 – 0.2 mm, the shoreface volumes
change dramatically. This signifies dissipative character of such
beaches, which absorb the wave energy predominantly by sediment
transport. The intermediate diameters between 0.2 and 0.4 mm have a
transitional character, where both reflective and dissipative properties
can be present. Such beaches are the prevalent coastal systems.
Table 1 Elements of beach resilience criterion for various mean
sediment diameter D50 and z1 = 2 m, z2 = -6 m

The equations (1) and (2) describe the geometry of the schematized
safe beach. As is widely known, Dean-type equilibrium profiles are
related to a mean sediment diameter D50. Equations (3) and (4) provide
such relationships, derived by Hanson and Krauss, 1989:

A = 0.41 ⋅ (D50)0.94

for

D50 < 0.4 mm

(3)

A = 0.23 ⋅ (D50)0.32

for

0.4 mm ≤ D50 ≤ 10 mm

(4)

D50
(mm)
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Equations (3) and (4) can be rearranged to evaluate D50 for a given
Dean coefficient A. For A = 0.094, determined by equations (1) and (2),
we obtain the value D50 = 0.21 mm using Eq. (3). This value very well
corresponds to the predominant value of D50 for the entire Polish coast.
Therefore, a relation between the safe shoreface volume and the
predominant mean sediment diameter for coastal systems in Poland was
established.

A (m1/3)
0.047
0.09
0.132
0.171
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The establishment of a relationship between the purely empirical beach
resilience criterion, derived from a number of nearshore bathymetric
records measured over decades, and the mean sediment diameter D50 is
the major advance, achieved by our study. It allows for generalization
of this criterion to other shores, with different D50. To do so one should
use the equations (3) and (4) for various values of D50 and calculate the
corresponding Dean coefficients A. Next, we can use the equations (1)
and (2) in order to calculate the safe shoreface sediment volumes. The
results are put together in Tab. 1. Naturally, an immediate question
emerges if the elevations z1 = 2 m and z2 = -6 m were chosen correctly
irrespective of variations of the mean sediment diameter. Since no
sufficient data on shoreface volumes from other sites is available, we
were unable to verify these elevations and adopted the same values for
all diameters D50. For the same reason we made another auxiliary
assumption that the ratio of emerged beach volume to the total safe
volume is constant and equals 280 / 1500 = 14 / 75 ≈ 0.187 . We
understand that these assumptions can be inaccurate, so further
refinement of the resilience criterion is necessary by follow-up research.
It can only be done by execution of numerous in-situ measurements of
shoreface volumes for beaches with varying D50, though.
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Fig. 4 Safe shoreface volumes for D50 ≥ 0.1 mm and D50 ≤ 1 mm
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SHOREFACE VOLUME AND OTHER PARAMETERS OF
BEACH MORPHOLOGY
The shoreface volume as means of determination of safe beach
condition must be interrelated with other beach parameters. To gain
insight into this issue, bathymetric measurements along a coastal
segment in the northernmost part of the Polish coast was examined, see
Fig. 5

at Władysławowo) and different coastal morphology in general (soft
cliff), whose granulometry may differ from standard dissipative
segments. Therefore, sediment in this area should be investigated to
determine the local value of D50. The established link between D50 and
shoreface volume allows for such inference.
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Fig. 6 Beach width in 2005 and 2011 at studied coastal segment

Fig. 5 Coastal segment in Poland investigated with shoreface volume
method
This segment encompasses the area between Km 125 and 174 of the
National Coastal Chainage from the town of Władysławowo to Lake
Łebsko. Bathymetric cross-shore profiles were recorded in this area in
2005 and 2011 every 500 m, yielding 202 transects. These transects
served for determination of shoreface volumes, Dean coefficients,
emerged beach volumes and beach widths.
Fig. 6 demonstrates beach widths at the studied segment in 2005 and
2011. We can say that the widths between Km 125 and 137 are narrow
(below 40 m), whereas between Km 138 and 174 are sufficiently wide.
It is associated with the presence of soft cliff west of Władysławowo
and typical dissipative beaches with dunes west of Km 137. The
narrowest beach (Km 131 – 132) results from the presence of massive
revetment there (cliff support), and the associated beach loss and
seabed scour.
Fig. 7 shows the corresponding shoreface volumes for +2 and -6 m
elevations. We can see that the safe volumes are present west of Km
137, confirming the observations of beach widths. However, the
volumes in 2011 are somewhat less than in 2005, which is in contrast
with the associated beach widths. It indicates that the beach width does
not capture all aspects of beach safety (apparently wide beaches
coincide with relatively steep seabed). Still, it must be stressed that in
both 2005 and 2011 the beach west of Km 137 is safe. Also, the beach
between Km 124 and 137 remains in relative equilibrium, despite
insufficient shoreface volumes. This state is related to both engineering
activities in that area (revetment at Km 131-132 and harbor breakwaters

Shoreface volumes between +2 and - 6 m in 2005 and 2011 (m3/m)
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Fig. 7 Shoreface volumes in 2005 and 2011 at studied coastal segment
In order to summarize mutual relationships among various
morphological parameters correlation matrices were computed for both
measurements (2005 and 2011) among the shoreface volumes, Dean
parameters, beach width and emerged beach volumes (between +2 and
0 m above msl). They are presented in Tab.2 and 3.
Table 2 Correlation coefficients for 2005 seabed configuration
Shoreface vol.
Dean coeff.
Beach width

Dean coeff.
-0.87

Beach width
0.71
-0.49

Emerged beach vol.
0.68
-0.46
0.98
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Table 3 Correlation coefficients for 2011 seabed configuration

Shoreface vol.
Dean coeff.
Beach width

Dean coeff.
-0.75

Beach width
0.76
-0.43

Emerged beach vol.
0.73
-0.41
0.92

We can see there is a very high negative correlation between the
shoreface volumes and Dean coefficients. It demonstrates the obvious
rule that steeper profiles (associated with coarser grains – greater D50)
exhibit smaller shoreface volumes and that this relationship is very
strong (close to perfect negative correlation). Next, negative but less
pronounced correlations of Dean coefficients with beach widths and
emerged beach volumes point to the same conclusion. Furthermore,
high positive correlations of the shoreface volume with beach width
and emerged beach volume point to the conclusion that shoreface
volumes describe beach resilience with a pattern that greater wet
volumes correspond to greater emerged volumes. Again, this is related
to D50 and underlines the importance of this morphological parameter.
Finally, almost perfect correlation of beach width and emerged beach
volume is obvious.

CONCLUSIONS
A physical background of purely empirical beach resilience criterion in
Poland, which was derived solely from numerous observations and
some engineering intuition, was investigated. A clear relationship
between the safe shoreface volume and mean sediment diameter D50
using the concept of Dean-type beach equilibrium profile was
established. The relationship is a 1D criterion and its elaboration is
justified by the main underlying process – wave breaking induced
energy dissipation in wave-dominated environment. Results of multiple
physical experiments also confirm the selection of the 1D criterion, cf.
Users Guide to Physical Modelling and Experimentation (2011).
Determination of the relationship between the shoreface volume and
mean sediment diameter allowed for generalization of the safe
shoreface volume concept to beaches with other granulometries. This
generalization displayed a clear division between dissipative,
transitional and reflective beaches as the function of beach
granulometry.
Very strong negative relationship between the shoreface volume and
Dean coefficient demonstrates that the steeper the profile the less the
needed shoreface volume.
The shoreface volume criterion works as a ‘global’ criterion,
integrating both emerged and submerged elements of beach

morphology. Beach width and emerged beach volume reflect only the
emerged beach. Significant correlations between the shoreface volume
and emerged beach parameters illustrate the fact that they all describe
beach safety. However, the shoreface volume includes the entire
morphology, as can be seen in Figs. 6 and 7, where greater beach
widths coincide with lower shoreface volumes. It shows that despite
greater beach widths the beach is less safe in 2011 than in 2005 west of
Km 137.
Significant but moderate and negative correlations of Dean coefficients
with beach width and emerged volume confirm the fact that beaches
made of coarser sediment usually feature steeper shoreface and
narrower beach widths.
The major practical conclusion for future management practices related
to beach maintenance should include the measurements of sediment
granulometry. Detailed knowledge of mean sediment diameters in
various locations will be helpful for cost-effective maintenance
practices, such as determination of re-nourishment intervals.
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