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Abstract: This paper presents new data from large-scale wave flume experiments. It shows the
beach profile evolution and sediment transport for two different bed slopes (1:15 and 1:25), and
three irregular high-energy erosive wave conditions and one low-energy accretive wave condition.
The bulk cross-shore net sediment transport was investigated for the total active profile and for the
surf and swash zone separately. It is shown that the steep slope is morphologically more active
than the gentle slope, with faster and more pronounced morphological changes and larger sediment
transport rates. For both slopes, the total and surf zone net sediment transport were offshore-directed
for erosive waves and onshore-directed for the accretive wave condition. However, the net swash
zone transport for the erosive wave conditions was offshore-directed for the steep slope and onshore-
directed for the gentle slope. The direction and magnitude of the total and surf zone sediment
transport correlate well with the slope-corrected Dean criterion with increasing offshore-directed
sediment transport (erosion) observed for increasing wave energy and bed slope. This relation
does not hold for the swash zone sediment transport along the gentle slope, suggesting that swash
zone sediment transport processes are not well captured when using a simple predictor such as the
(modified) Dean number. Differences in sediment transport in the swash for the different slopes are
likely influenced by differences in incoming wave energy, wave–swash interactions and the relative
importance of long- and short-waves.

Keywords: beach morphology; sediment transport; large-scale wave flume experiments; swash zone;
surf zone; irregular waves

1. Introduction

Natural beaches have an equilibrium morphology that is determined by the interplay
between their grain size and the prevailing wave climate. Any changes in the wave forcing
induce morphological changes as a consequence of the beach readjustment to this new
condition. In the last few years, the influence of the hydrodynamics on the morphological
developments and sediment transport in the surf and swash zone have received increasing
attention [1–8]. Studies have demonstrated that under high-energy erosive waves the
overall net sediment transport of the beach is offshore-directed, resulting in offshore bar
migration and shoreline retreat. Conversely, under low-energy accretive waves the net
onshore-directed sediment fluxes cause onshore bar migration and shoreline accretion [2,4].
However, under the same wave forcing differences in sediment transport between the surf
and swash zones [9,10] and within the swash zone may occur [11,12].
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Wave breaking induces large amounts of turbulence that enhance sediment entrain-
ment from the bed. This process depends on the characteristics of the breaking wave,
with plunging breakers being more efficient in sediment stirring and mobility than spilling
breakers [13]. The wave breaking-induced turbulence in the surf zone can be injected into
the swash zone and advected by the swash front with the turbulent face in contact with
the bed which promotes local sediment stirring [14,15]. This turbulence depends on the
bore height, local water depth, and wave dissipation [15,16], which in turn are directly
related to the beach slope [17,18]. For steeper beaches, with narrower and deeper surf
and swash zones, higher bore turbulence is expected due to the spatial concentration of
energy dissipation from plunging breakers, contributing to higher suspended sediment
concentrations [15].

The overall time-averaged direction and magnitude of the net sediment transport in
the swash zone under irregular waves is determined by the occurrence of a small number
of larger erosive/accretive events that disturb the normally distributed net bed level
changes [19–21]. The erosive/accretive nature of a single swash event has been attributed
to a combination of several processes such as sediment advection [22], interactions between
the surf and swash zone [18,23–25], or local wave–swash interactions occurring in the outer
swash [23,25–27].

Wave–swash interactions occur when the incident bore interacts with the preceding
swash event. Three main types of wave–swash interactions are generally considered, for
example [24]:

1. Wave capture. The second wave captures the previous one; both are in the uprush
stage.

2. Weak wave–backwash interaction. The uprush of the second wave overruns the
backwash of the previous one.

3. Strong wave–backwash interaction. This is similar to type 2, but now the backwash is
stronger than the incoming uprush. This results in a stationary bore and the resulting
flow is offshore-directed.

All wave–swash interaction types produce high levels of turbulence that increase
the sediment stirring and mobility [26]. Cáceres and Alsina [26] have found that strong
wave–backwash interactions tend to result in erosion events, while weak wave–backwash
interactions and wave capture events tend to induce accretion. The dominant spectral
band of the waves in the swash zone and the phase of the short waves within the group
influence the amplitude of the swash motions and the dominant type of wave–swash
interactions [25,28]. The degree of wave–swash interactions can be quantified by the
ratio of the natural period of individual swash events Ts and the incident wave period T
through the parameter T̂ = Ts/T [25]. For T̂ < 1 little or no interactions occur, while the
degree/number of wave–swash interactions increases as T̂ increases.

Only a limited number of studies have investigated the influence of the beach slope on
sediment transport in the surf and swash zone [12,20,23,29,30]. Studies have demonstrated
that on intermediate beaches, characterized by steeper slopes, the sediment transport is
dominated by incident short waves with a relatively high numbers of uprushes and back-
washes resulting in relatively high suspended sediment concentrations. Conversely, on
dissipative beaches, characterized by a gentle slope, the sediment transport in the swash is
infragravity-dominated. This leads to lower suspended sediment concentrations, as the
transfer of energy from the incident wave band to the infragravity band results in a reduc-
tion in the number of uprushes passing over the bed [12]. Furthermore, Alsina et al. [23]
showed that the number of wave–swash interactions is slope-dependent, as well as the
magnitude and frequency of large backwashes. For a gentler sloping, more dissipative
beach, there is an increase in the number of wave–swash interactions. At the same time,
the magnitude and frequency of large backwashes (responsible for strong wave–backwash
interaction) are reduced, leading to a reduction of offshore suspended sediment transport.

Previous studies have shown that simple wave and beach parameters can be used
to predict the tendency of a beach to erode or accrete due to wave-induced cross-shore
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sediment transport [31–36]. The Dean parameter [32] is a widely used parameter that
relates the offshore wave forcing with a sediment-related descriptor:

ΩD =
H0

wsTp
, (1)

where H0 is the offshore (significant) wave height, Tp is the peak wave period and ws is
the sediment settling velocity. Values of ΩD < 3.2 indicate beach accretion and values
ΩD > 3.2 indicate erosion [36]. Later, a slope-corrected version of the Dean’s parameter was
developed by Hattori and Kawamata [33] in order to include the effect of the beach slope
on the net sediment transport in the surf:

ΩHK =
H0

wsTp
tan β, (2)

where β is the beach slope. According to Hattori and Kawamata [33], for ΩHK < 0.08
onshore-directed transport dominates and for ΩHK > 0.08 offshore-directed transport
dominates, and a mix region is found between 0.05 < ΩHK < 0.11. Although these criteria
have been widely applied to predict erosion/accretion in the surf zone, the applicability of
these criteria in the swash zone has yet to be investigated.

Large-scale laboratory experiments are well-suited to investigate beach morphodynam-
ics and sediment transport under controlled and repeatable conditions. However, previous
large-scale laboratory experiments that investigated sediment transport and morphody-
namics all considered relatively steep slopes (1:15 is a commonly used slope [2,26,37,38]).
The extent of the influence of a gentler slope on the swash zone sediment transport and
morphodynamics, as well as its impact on the swash–surf interactions have not been
thoroughly investigated yet.

The aim of this study is to obtain a quantitative understanding of the effect of the bed
slope on beach morphology evolution and sediment transport in the surf and swash zone,
for both erosive and accretive wave conditions. These effects are investigated through
real-scale experiments with a “standard” bed slope of 1:15 and a gentler 1:25 slope, with
identical sediment size. These slopes are exposed to a series of irregular wave conditions.

This paper first describes the experimental set-up, data-processing, and data analysis
in Section 2. Results of the beach morphology, sediment transport, and hydrodynamics are
presented in Section 3 and discussed in Section 4. The conclusions follow in Section 5.

2. Experiments
2.1. Experimental Set-Up

The experiments were conducted in the large-scale CIEM wave flume at the Univer-
sitat Politècnica de Catalunya (UPC, Barcelona, Spain) as part of the Shaping the Beach
project The CIEM flume is 100 m long, 3 m wide, and 4.5 m deep (Figure 1). Two sets of
experiments were conducted with different initial beach slopes. The horizontal x-coordinate
has its origin at the initial shoreline and is negative towards the wave paddle (offshore)
and positive towards the beach face (onshore) (see Figure 2). The still water depth h0
was 2.47 m. One set started with an initial 1:15 slope, similar to previous experiments in
this flume [1,26,37]. The second set of experiments started with an initial 1:25 slope. The
1:25 slope had a steeper 1:10 slope beach face offshore of the maximum depth of closure to
be able to fit the gentle beach slope in the flume (Figure 2). In both cases, the bed consisted
of well-sorted medium sand with grain diameters d50 = 0.25 mm, d10 = 0.15 mm, and
d90 = 0.37 mm, and a measured mean settling velocity ws = 0.034 m/s. Following Bal-
dock et al. [3], two dividers were added on the upper beach to reduce cross-flume flows
and bed asymmetries in the swash zone (Figure 1). The dividers consisted of two (three)
metal plates in the 1:15 (1:25) slope of 3 mm width, 0.70 m high, 3 m long, buried approxi-
mately 0.40 m into the initial bed (extending approximately 0.30 m above the initial bed).
The dividers were positioned between approximately x = 0.60 m and x = 6.60 m for the
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1:15 slope and x = 0.95 m and x = 9.95 m for the 1:25 slope dividing the flume in three parts
of similar width (approximately 0.90 m on the sides and 1.2 m in the middle because of
instrument positioning).
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Catalunya: (a) view down the beach towards the wave paddle and (b) view towards the beach.
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Figure 2. Experimental set-up: (a) initial 1:15 slope and (b) initial 1:25 slope. The water levels were
measured by resistive wave gauges (RWGs, vertical black lines), acoustic wave gauges (AWGs,
squares) and pressure transducers (PPTs, triangles). Velocities were measured with acoustic Doppler
velocimeters (ADVs, stars).
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2.2. Wave Conditions

The waves were generated at intermediate water depth by the wedge-type wave maker.
A sequence of irregular wave conditions was generated for each bed slope. Tables 1 and 2
summarize the wave conditions in each series, including the target offshore significant wave
height Hs, the peak period Tp, Jonswap spectrum with peak enhancement factor γ, the Dean
parameter ΩD, the slope corrected Dean parameter ΩHK, and the surf similarity parameter
or Iribarren number ξ0 for corresponding deep water wave height H0. After building
each hand-made bed profile, the profile was exposed to a Benchmark (B) wave for 15 min
(176 individual waves) in order to compact the bed. The first sequence (Table 1) started
from the 1:15 slope and consisted of a series of three consecutive increasing wave energy
waves (E1, E2, and E3) interrupted by a low-energy wave (A1) after the first energetic
wave (E1). The second sequence (Table 2) started from the hand-made 1:25 slope and
consisted of a series of three consecutive increasing wave energy waves (E1, E2, and E3)
followed by the low-energy wave (A1). In contrast to the wave sequence on the 1:15 slope,
the low-energy accretive wave condition (A1) on the 1:25 slope was moved to the end
of the sequence because of the slow morphological development observed during the
first erosive wave condition (E1). Each high-energy wave condition was run for a total of
180 min (except for E3 on the 1:25 slope that ran for a total of 210 min) in runs of 30 min
(611 individual waves) and the low-energy wave condition was run for 600 min in runs of
60 min (896 individual waves).

Table 1. Wave sequence for 1:15 slope.

Wave Condition Hs
(m)

Tp
(s)

γ
(−)

ΩD
(−)

ΩHK
(−)

ξ0
(−) Time (min)

B Benchmark 0.42 4.0 3.33 3.31 0.22 0.43 15
E1 High energy 1 0.45 3.5 3.33 4.12 0.27 0.42 180
A1 Low energy 1 0.25 5.2 1.33 1.42 0.09 0.58 600
E2 High energy 2 0.55 3.5 3.33 5.04 0.34 0.38 180
E3 High energy 3 0.65 3.5 3.33 5.95 0.39 0.35 180

Table 2. Wave sequence for 1:25 slope.

Wave Condition Hs
(m)

Tp
(s)

γ
(−)

ΩD
(−)

ΩHK
(−)

ξ0
(−) Time (min)

B Benchmark 0.42 4.0 3.33 3.31 0.13 0.39 15
E1 High energy 1 0.45 3.5 3.33 4.12 0.16 0.37 180
E2 High energy 2 0.55 3.5 3.33 5.04 0.06 0.34 180
E3 High energy 3 0.65 3.5 3.33 5.95 0.20 0.31 210
A1 Low energy 1 0.25 5.2 1.33 1.42 0.24 0.52 600

2.3. Measurements and Data Treatment

The water surface elevation was measured by 13 resistive wave gauges (RWG),
26 acoustic wave gauges (AWG), and 14 pressure sensors (PPT). These were deployed along
the full extension of the flume, from the deeper part to the high end of the beach (Figure 2).
All water level measurements were obtained at a sampling frequency of 40 Hz. The wave
gauge and pressure measurements were vertically referenced with respect to the still water
level. In the swash zone, the AWGs measured the water surface elevation when the bed
was submerged, and the bed level when exposed. The measurement accuracy of the RWGs
and PPTs placed seaward of the shoreline is estimated to be about 1 mm. Three different
AWGs were deployed in the study area with long, medium, and short vertical ranges of
2.3, 1.3 and 0.3 m, respectively. The long-range AWGs (with a 1 mm accuracy according to
the manufacturer) were deployed in the deeper part of the profile and shoaling region up
to x = −7 m (Figure 2). The medium range AWGs were deployed in the surf and swash
zones between x = −7 and x = 3 m, while the short-range AWGs (with a 0.025 mm accuracy
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according to the manufacturer) were deployed in the upper swash from x = 3 m up to the
end of the measured bed profile. The AWG measurements were de-spiked. Subsequently, a
low-pass filter with a cut-off frequency 8 Hz was applied to eliminate spurious electronic
noise contributions [27]. The water level was retrieved from the pressure measurements by
the non-linear, weakly dispersive approach by Bonneton et al. [39] using a low-pass filter
with a cut-off frequency of 4.5/Tp Hz.

The water surface elevation measurements were decomposed in the mean (η), long-
wave (ηl), and incident short (ηs) wave components by applying a low-pass filter with a
cut-off frequency of half the deep water peak frequency (fsplit = 0.5fp) [40]:

η = η + ηl + ηs. (3)

Furthermore, the crest-to-through asymmetry or wave skewness Sk and wave asym-
metry As indicators of onshore/offshore bottom fluxes—and thus, sediment transport—are
calculated from the time series of surface elevation [6]:

Sk =

〈
(η − η)3

〉
〈
(η − η)2

〉3/2 and (4)

As =
〈
H3(η − η)

〉〈
(η − η)2

〉3/2 , (5)

where H denotes the Hilbert transform. A standing wave (seiche) was generated in the
flume with a period of 40–50 s (0.02–0.025 Hz), corresponding to the flume natural resonance
period. The seiching amplitudes are with ~0.01 m significantly smaller than the amplitudes
at the short-wave peak (0.2–0.3 Hz) and long-wave frequency (0.05–0.1 Hz) band width
of ~0.2 m and ~0.1 m, respectively. As a result, the seiche orbital velocities are an order of
magnitude smaller than the short- and long-wave velocities. Furthermore, the correlation
between seiche orbital velocities and sand suspension is weak. Hence flume-seiching does
not lead to a significant net sand transport contribution.

Between each run, bed levels were measured by a mechanical profiler in still water
conditions. These profiler measurements were done along the centerline of the flume,
measuring the emerged and submerged bed with a spatial resolution of ∆x = 0.02 m and
a vertical accuracy of 0.01 m. The run-up and run-down limits were obtained by visual
observations during each run and confirmed by video recordings and AWG measurements.

2.4. Profile Definitions

Beach parameters such as the shoreline, breaker bars, and berm are indicators of the
profile evolution [3,41]. Each parameter was identified for each measured profile as shown
in Figure 3. The shoreline location xs is the cross-shore location at which the still water level
(SWL) intersects with the bed. The erosion (or recovery) of the shoreline is determined by
the cross-shore difference between two consecutive shoreline positions. In a double-bar
system, the main (outer) breaker bar crest is defined as the maximum height difference
(zMbar) between the initial profile and the studied profile (seaward from the shoreline) with
cross-shore coordinate xMbar. The main bar area AMbar is found via the integration between
the initial and the studied profile delimited by its length, defined by the distance between
the points at which the profiles intersect. Similarly, the secondary (inner) bar is defined as
the largest difference (z Sbar) between the two bed profiles for the section between the main
breaker bar and the shoreline (xSbar). The main bar is generally defined as the “active” bar
where most waves break [4] which is generally of larger size and located seaward compared
to the secondary bar. In a single-barred system, there is only a main trough in-between
the main bar and the beach with no secondary bar. Landward from the shoreline a berm
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location xBerm is defined as the maximum difference zBerm between the initial profile and
the studied profile.
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2.5. Sand Transport

The time-averaged sand transport rate qs(x) was obtained from the bed level change
∆z over the corresponding time interval ∆t using the mass balance equation [2]:

qs(xi) = qs(xi−1)−
∫ xi

xi−1

(
1− εp

)∆zi
∆t

dx, (6)

where εp = 0.36 the porosity of loosely packed sand. Based on the assumption that no
sediment transport occurs past the active profile, Equation (6) is applied for the profile
between the depth of closure xmin, and the run-up limit, xmax. The depth of closure is
defined as the most offshore location where no significant bed level change is observed.
Following the correction methodology by Baldock et al. [3], the remaining closure error
was distributed uniformly along the profile. Negative and positive values of qs represent
offshore- and onshore-directed sediment transport rates, respectively.

The beach response (erosive or accretive) was categorized using the bulk cross-shore
sediment transport Qs over a time interval, and Qs (m3) is determined from integrating qs
along the profile between the same closure limits [3,42]:

Qs = ∆t
∫ xmax

xmin

qs(x)dx. (7)

Positive values of Qs indicate net shoreward sediment movement (accretion), and negative
values indicate net offshore movement (erosion).

To investigate the bulk sediment transport Qs within different nearshore zones, the
active profile was divided in two main zones: the swash and surf zone. The swash zone
includes the outer swash region, where wave–swash interactions occur, and the inner swash
region, where pure swash motions occur. By definition, the sediment transport in the outer
swash is influenced not only by the wave–swash interactions but also by occasional inner
surf processes due to the irregularity of the wave forcing [29]. The swash zone was defined
as the cross-shore area between the maximum run-up limit and the minimum backwash
limit (minimum offshore location where the backwash encounters the incoming bore). The
surf zone, for the sake of simplification, includes the remaining nearshore zone where there
is sediment movement due to wave shoaling and breaking. Consequently, the surf zone
was defined as the cross-shore area between the swash limit and the depth of closure, xmin.
The sediment transport Qs was calculated for the total active profile (Qs,tot) as well as for
the surf (Qs,sur f ) and swash (Qs,swash) zones separately.
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In the analyses below, we assume the beach to be in a so-called quasi-equilibrium
state when the bed level changes are relatively small after large initial adjustments. This is
reflected in a fully developed bar and beach profile that still shows some minor change of
the bar and shoreline position. Cumulative bulk sediment transport rates tend towards a
constant value in this quasi-equilibrium state [3,4].

3. Results
3.1. Beach Profile Evolution
3.1.1. General Observations

The beach profile evolution for the initial slopes of 1:15 and 1:25 is shown in Figure 4.
The figure includes the profiles at the end of each wave condition (Figure 4a,c) and time-
stacks of elevation changes ∆z0 (Figure 4b,d). The time-stack plots also mark the shoreline
(black solid line), the crest of the main bar (filled circles), the crest of the secondary bar
(empty circles), and the crest of the berm (black diamonds).
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Figure 4. Profile evolution for (a,b) the 1:15 slope and (c,d) the 1:25 slope, both exposed to similar
sequences of wave conditions (see Tables 1 and 2): (a,c) profiles at the end of each wave condition
and (b,d) time-stacks of elevation changes ∆z0 from the initial profile over time. The shoreline (black
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circles, only for the 1:15 slope), and the berm (solid diamonds) and the swash limits (dashed black
line) are indicated.

The beach development for the steeper slope is characterized by the development of a
well-defined main and secondary bar during the first energetic condition E1, accompanied
by deepening of the beach face with the retreat of the shoreline and appearance of a berm.
These features become more accentuated with increasing wave energy, with the biggest
difference between the initial slope and the obtained profile seen at the end of the highest
wave energy condition E3 over the main bar (∆z0 = 0.36 m). The interruption of the
high wave energy sequence by a lower-energy wave A1 induced a break in the erosive
development of the steeper profile. During this wave condition, the main bar reduced in
size accompanied by the near extinction of the secondary bar. This was accompanied by a
strong deepening of the inner swash and berm growth, producing a difference between
the initial slope and the profile at the end of A1 of ∆z0 = −0.21 m in the inner swash and
∆z0 = 0.07 m over the berm.
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The profile is seen morphologically active between approximately x = −18 m to
x = 9 m and x = −14 m to x = 7 m for the higher and lower energy wave conditions,
respectively. The overall beach development for the 1:15 slope is in accordance with
observations from previous studies for the same slope and grain size and similar wave
conditions [1,4,26].

On the other hand, the morphological development of the gentler slope during the
higher wave energy conditions was characterized by the development of a single flat bar
accompanied by deepening of both the trough and shoreface and berm growth. Similar to
the steeper slope, these features’ growth followed the increase in wave energy reaching their
maximum growth by the end of E3 with ∆z0 = 0.18 m over the bar. During the low-energy
wave condition A1, the bar flattened out followed by deepening of the trough and inner
swash and recovery of the beach accompanied by berm growth. Again, the trough/inner
swash and the berm reached their maximum deepening/growth by the end of A1 with
∆z0 = −0.08 m and ∆z0 = 0.06 m, respectively. Furthermore, the profile on the gentler
slope is morphologically active between approximately x = −22 m to the end of the flume
at x = 10 m for all wave conditions as opposed to the shorter active profile seen for the
steeper slope.

Another characteristic that contrasts between the two sequences is the occurrence of
perturbations in the profiles. The profile development for the 1:15 slope shows distinct
small ripples only in the bar troughs between the two well-defined bars (mainly in the
secondary bar trough), whereas the profiles for the 1:25 slope show the presence of ripples
in both the bar and trough region. The breaker bar and shoreline evolution are studied in
more detail in the subsequent sections.

3.1.2. Breaker Bar

In the following we discuss the main bar for the 1:15 bed slope cases and the single
bar present during the 1:25 bed slope cases, which we refer to as “bar”. In the present
study, the stepwise increase in wave energy (E1, E2 and E3) for both slopes lead to the
generation and growth of a (main) bar that progressively migrates offshore (Figure 5).
These observations are in agreement with the tendency for offshore sandbar migration
towards an equilibrium location for increasing wave heights [43]. However, the rates of bar
development and migration are different for each slope. For the steeper slope, the main
bar evolves rapidly, reaching a well-defined shape in the early stage of condition E1 and
continues to grow at a steady rate while the wave energy increases (Figure 5c,d). This
bar development is accompanied by the offshore migration in all high-energy conditions
reaching a final position of x = −10.1 m, x = −12.1 m, and x = −13.3 m for E1, E2, and E3,
respectively (Figure 5a). This offshore migration was accompanied by an increasing water
depth above the bar for E2 and E3, reaching depths of hMbar = 0.50 m and hMbar = 0.53 m at
the end of these conditions, respectively (Figure 5b). The offshore migration during the first
90 min of E1 and E2 is fast compared to the observed migration for E3. This increase in the
migration rate at the beginning of a wave condition is related to how far the profile is from
its morphological equilibrium state. For energetic conditions, beach profiles tend to change
quickly in case of a larger disequilibrium [44]. On the steeper slope, the E1 case starts from a
smooth slope and E2 starts after a beach recovery under the low-energy A1 wave condition.
Both initial profiles are further away from the equilibrium states for the respective wave
conditions than the profile at the beginning of wave condition E3. In all high energetic
wave conditions on the steeper beach, the breaker bar reaches a quasi-equilibrium position
after approximately 90 min, where the change in bar location between consecutive runs
becomes minimal.
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crest xMbar, (b) water depth above the main bar crest hMbar, (c) main bar steepness zMbar/LMbar and
(d) total area of the main bar AMbar. Note that there was only a single bar for the 1:25 bed slope cases.

On the other hand, on the gentler slope the bar starts to emerge as a wide shallow
bar during condition E1 and only starts to gain substantial height during condition E2
(Figure 5c,d). Moreover, the bar for the 1:25 slope remains approximately at the same
cross-shore location during E1 and E2 at approximately x = 13.2 m, starting its offshore
migration only after it reached a considerable height during condition E2 (approximately
at t = 375 min—note that the variability of bar location for condition E1 is the result of the
development of perturbations in the bed and not attributed to bar migration) (Figure 5a,c,d).
By the end of E2, the bar reached a position of x = −13.8 m, reaching its maximum offshore
position at the end of E3 at x = −16.6 m. Due to the growth of the bar while at the
same location, the water depth above the bar for condition E1 and E2 decreased, being
approximately hMbar = 0.45 m and hMbar = 0.47 m at these conditions, respectively. The water
depth slightly increased upon the offshore migration during E3 reaching hMbar = 0.50 m.

For the 1:25 slope the bar was first detected at about x = −13 m, i.e., about 5 m
further offshore than the bar generated in the 1:15 slope at x = −8.0 m. For both slopes
the (main) bar reached its maximum offshore location by the end of the highest wave
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energy condition E3, at x = −13.3 m on the 1:15 slope and at x = −16.6 m for the 1:25 slope
(Figure 5a). On the gentler slope, the bar thus reached its maximum offshore location
about 3 m further offshore for 1:15 slope. The latter had approximately double the area
(A = 1.14 m2 for the 1:15 slope and A = 0.67 m2 for the 1:25 slope) and a significantly more
pronounced shape compared to the bar on the gentler slope (Figure 5c,d). Additionally, the
water depth above the (main) bar on both slopes is similar, varying about 0.03 m between
the main bars (hMbar = 0.53 m for the 1:15 slope and hMbar = 0.50 m for the 1:25 slope;
Figure 5b).

During the low-energy accretive wave condition (A1) the (main) bars for both slopes
have the same overall onshore migration tendency. However, this tendency displays
different dynamics. For the 1:15 slope the main bar continuously migrated onshore reaching
a final position of x = −7.5 m while slowly decreasing in height (Figure 5a,c). Due to the
fast initial decrease in bar height, the water depth above the main bar crest first slightly
increases to then be reduced by approximately 0.1 m due to the onshore migration of the
bar (Figure 5b). In contrast, for the 1:25 slope the bar remains at its overall offshore position
at x = −16.6 m in the first 300 min while slowly flattening out, after which it migrates
onshore reaching x = −15.1 m by the end of condition A1 (Figure 5a,c). Due to this initial
bar height reduction while maintaining its overall offshore position, the water depth above
the crest increases from hMbar = 0.5 m to hMbar = 0.6 m (Figure 5b). Although the onshore
migration and the evolution of the bar shape are not equivalent for both slopes, the changes
of the area of the bar are about the same throughout the entire A1 condition reaching a
similar final area of A = 0.53 m2 (Figure 5d).

3.1.3. Shoreline Evolution

The relative cross-shore shoreline position xs is an indicator of beach accretion/erosion
(Figure 6). For both slopes the shoreline has the same overall tendency: erosion during the
high-energy erosive wave conditions (E1, E2 and E3) and accretion during the low-energy
accretive wave condition (A1). However, the shoreline change rates differ for each slope
and wave condition.
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The shoreline position during the high-energy waves for the 1:15 slope evolves in
a opposite pattern than the main bar position during these conditions, with the shore-
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line progressively moving landward. For this slope, the shoreline final location was at
x = 0.66 m, x = 1.52 m and x = 1.72 m for condition E1, E2 and E3, respectively. The
largest shoreline erosion occurred during E1 and E2, eroding approximately 0.7 m and 0.9,
respectively, and the smallest during E3, eroding 0.2 m. This suggests that, as for the main
bar, the shoreline was closer to its equilibrium position for the E3 condition compared
to E1 and E2 [44,45]. On the other hand, the shoreline final location for the high-energy
wave conditions on the gentler slope was at x = 0.38 m, x = 0.70 m, and x = 1.10 m for
condition E1, E2, and E3, respectively, resulting in a more or less steady shoreline erosion
of approximately 0.3 to 0.4 m during each wave condition. The maximum cumulative
shoreline retreat occurred at the end of wave condition E3 for both slopes, with the final
location of the shoreline on the steeper slope being about 0.7 m further onshore than on the
gentler slope.

During the low-energy wave condition A1, the shoreline advanced for both slopes
(Figure 6), while the (main) bar migrated offshore (Figure 5a). The largest shoreline advance
of about 0.6 m occurred on the gentler slope with the shoreline reaching x = 0.48 m after
the beach recovered from erosion by the previous condition E3. For the steeper slope, the
shoreline firstly slightly retreats about 0.1 m in the first 60 min of the low-energy wave
condition, then slightly advances, and maintains a similar initial position of x = 0.64 m.
Nevertheless, the final shoreline position for both slopes is close to each other, differing by
about 0.15 m only.

The shoreline position at the end of each wave condition is presented against the
Dean and the slope-corrected Dean parameters (Figure 7). Large ΩD numbers correspond
to more shoreline retreat; however, the Dean number poorly represents the effect of the
beach slope on shoreline retreat/advance (Figure 7a). On the other hand, ΩHK adequately
captures the increased erosion and decreased accretion for increasing beach gradients under
the same wave condition (Figure 7b), except for high wave condition E3 due to the initial
condition (see Section 3.2).
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3.2. Sediment Transport

The evolution of bulk sediment transport for the total profile and separated bulk
transport for the surf and swash are presented in Figure 8. The cumulative Qs is computed
based on the profile at the beginning of each wave condition for the active profile (from
depth of closure to run-up limit).



J. Mar. Sci. Eng. 2023, 11, 2244 13 of 23
J. Mar. Sci. Eng. 2023, 11, 2244  13  of  23 
 

 

 

Figure 8. Evolution of the cumulative total bulk cross‐shore sediment transport 𝑄௦,௧௧  as function 

of time for each wave condition (a), the bulk sediment transport in the surf zone 𝑄௦,௦௨  (b) and the 

bulk sediment transport in the swash zone 𝑄௦,௦௪௦  (c). Note that the vertical axis limits vary be‐

tween panels. 

The direction and magnitude of the total bulk sediment transport (Figure 8a) for the 

high‐energy wave conditions (E1, E2 and E3) varies in time and per slope. For the 1:15 

slope the bulk sediment transport is offshore‐directed in all runs of the erosive conditions, 

reaching  the highest magnitudes  in  the  first E2  runs. This  supports  the  idea  that  the 

steeper profile at the beginning of E2 is far from its equilibrium state, inducing a greater 

amount of sediment transport related to the rapid offshore bar migration (Figure 5a) and 

shoreline erosion (Figure 6) [3,4,44]. Once the beach profile got close to its quasi‐equilib‐

rium state in the final E2 runs, with the main bar reaching an overall stable position, the 

change  to  a more  energetic  regime  (E3)  induced  smaller  bed  level  changes  and  sand 

transport rates. The total sediment transport for the higher‐energy waves (E1, E2 and E3) 

on the 1:25 slope are of smaller magnitude than on the 1:15 slope. Furthermore, during 

some E1 and E3 runs the sediment transport in the swash was onshore‐directed. 

During the low‐energy condition A1, the total sediment transport was onshore‐di‐

rected for both slopes (Figure 8a). However, there was more sediment transported in the 

first  180 min  of  this wave  condition  on  the  gentle  slope,  but magnitudes  decreased 

throughout the condition to values similar to those measured for the steeper 1:15 slope. 

For both slopes, it is possible to see the tendency of 𝑄௦  towards a constant value, indicat‐

ing a quasi‐equilibrium condition. 

The sediment transport in the surf and swash zones is different in magnitude and 

direction depending on the bed slope (Figure 8b,c). On the steeper slope, the high‐energy 

erosive waves (E1, E2, and E3) induce offshore‐directed transport both in the surf and in 

the swash zone that reflects the offshore migration of the main bar and shoreline erosion. 

Figure 8. Evolution of the cumulative total bulk cross-shore sediment transport Qs,tot as function
of time for each wave condition (a), the bulk sediment transport in the surf zone Qs,sur f (b) and
the bulk sediment transport in the swash zone Qs,swash (c). Note that the vertical axis limits vary
between panels.

The direction and magnitude of the total bulk sediment transport (Figure 8a) for the
high-energy wave conditions (E1, E2 and E3) varies in time and per slope. For the 1:15 slope
the bulk sediment transport is offshore-directed in all runs of the erosive conditions,
reaching the highest magnitudes in the first E2 runs. This supports the idea that the steeper
profile at the beginning of E2 is far from its equilibrium state, inducing a greater amount of
sediment transport related to the rapid offshore bar migration (Figure 5a) and shoreline
erosion (Figure 6) [3,4,44]. Once the beach profile got close to its quasi-equilibrium state
in the final E2 runs, with the main bar reaching an overall stable position, the change to a
more energetic regime (E3) induced smaller bed level changes and sand transport rates.
The total sediment transport for the higher-energy waves (E1, E2 and E3) on the 1:25 slope
are of smaller magnitude than on the 1:15 slope. Furthermore, during some E1 and E3 runs
the sediment transport in the swash was onshore-directed.

During the low-energy condition A1, the total sediment transport was onshore-
directed for both slopes (Figure 8a). However, there was more sediment transported
in the first 180 min of this wave condition on the gentle slope, but magnitudes decreased
throughout the condition to values similar to those measured for the steeper 1:15 slope. For
both slopes, it is possible to see the tendency of Qs towards a constant value, indicating a
quasi-equilibrium condition.

The sediment transport in the surf and swash zones is different in magnitude and
direction depending on the bed slope (Figure 8b,c). On the steeper slope, the high-energy
erosive waves (E1, E2, and E3) induce offshore-directed transport both in the surf and in
the swash zone that reflects the offshore migration of the main bar and shoreline erosion.
On the gentler slope, the transport in the surf zone is also offshore-directed but of smaller
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magnitude, reaching values close to zero in some runs during E1 and E3 (Figure 8b),
corresponding to a relatively slow development of the main bar. However, in the swash
zone of the gentler slope the sediment transport for the high-energy erosive wave conditions
oscillates around zero. During E1, the sediment transport in the swash is alternately
offshore/onshore-directed per run. During conditions E2 and E3, the sediment transport
in the swash was offshore-directed in the first 60 min, whilst positive transport rates were
dominating towards the end of these wave conditions. The highest energy wave condition
(E3) induced the highest, mainly onshore-directed transport in the swash for the 1:25 slope.
The positive swash zone sediment transport reflects the berm growth and the shoreline
erosion by the beach-face steepening.

A comparison between the bulk sediment transport for each wave condition on dif-
ferent slopes and for the two variations of the Dean parameter is presented in Figure 9.
No trend is obtained when linking the bulk sediment transport on different slopes with
ΩD. The same value of ΩD is associated with substantially different bulk sediment trans-
port for the two different slopes (Figure 9a). However, a clear trend is found for the
total bulk sediment transport with the slope-dependent ΩHK parameter (Figure 9b). A
maximum onshore-directed transport occurs at small values of ΩHK, i.e., lower energy
and gentle slope. For higher values of ΩHK, i.e., increasing wave energy and bed slope,
the sediment transport becomes increasingly offshore-directed. Note that the relatively
high (low) sediment transport for E2 (E3) for the steeper slope is associated with the
initial beach state being far from (close to) its quasi-equilibrium state (as discussed in
Sections 3.1.1 and 3.1.2). The transition from net onshore to net offshore total transport
at ΩHK ≈ 0.1 agrees reasonably well with the threshold value proposed by Hattori and
Kawamata [33].
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Figure 9. Cumulative bulk sediment transport Qs for total profile (circles), surf zone (downward-
pointing triangles) and swash zone (upward-pointing triangles) against ΩD (a) and ΩHK (b) based
on bed evolution during each wave condition. Open symbols: 1:25 slope; closed symbols: 1:15 slope.
The solid line represents the limits between accretion/erosion for both criteria (mix region within
dashed line).

Although a clear relation is observed between the ΩHK and the bulk sediment trans-
port for the total profile and the surf zone, this does not hold for the swash zone sediment
transport. The swash zone transport rates were generally onshore-directed for the 1:25 slope
(open symbols), even for large ΩHK, while they were offshore-directed for the 1:15 slope.
This difference is directly reflected in its contribution to the bulk sediment transport mag-
nitude relative to the surf zone contribution. While for the steep slope both the swash
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and surf zone contribute to the offshore-directed total transport, for the gentle slope the
onshore-directed transport in the swash zone results into a decrease of the total offshore-
directed transport.

3.3. Hydrodynamics and Sediment Transport

Figures 10 and 11 compare hydrodynamic parameters and sediment transport for the
last 30 min of wave condition E1 and for the last 60 min of wave condition A1 for both
slopes. In order to inter-compare the results for both slopes, the results are presented as
function of the slope-corrected cross-shore position x∗ = xtan(β) which is a proxy for the
local water depth. The hydrodynamics and sediment transport for the higher energetic
wave conditions E2 and E3 resulted in similar patterns as shown in Figure 10, but with
greater magnitudes in accordance with the respective Hs (Tables 1 and 2). We focus on
condition E1 since that followed for both slopes after the same (benchmark) wave condition
(Tables 1 and 2).

The sediment transport during wave condition E1 for the 1:15 slope is mainly offshore-
directed reaching a peak at the bar crest (Figure 10e,f), remaining offshore-directed until the
top of the berm. Wave shoaling occurs on top of the bar (Figure 10a) and is accompanied
by an increase in wave skewness and asymmetry (increase of Sk and As, Figure 10c,d)
with a peak of As on top of the bar crest. Wave energy dissipation occurs mostly during
the breaking over the bar crest with the wave asymmetry reaching its peak in the outer
breaking region (x∗ = −0.8 to −0.5 m). The pronounced breaking induces large amounts of
sediment resuspension and a locally strong undertow [46], which combined explain the
peak on the offshore-directed transport at x∗ =−0.65 m. The increasing water depth behind
the bar combined with the decreasing wave energy and breaking turbulence induces the
decrease in the transport rates at x∗ = −0.5 m. A new peak in offshore-directed sediment
transport is seen again over the secondary bar at x∗ = −0.4 m. During the shoaling and
breaking, the short-wave energy is transferred into long-wave energy that progressively
increases up to rundown limit (Figure 10b).

On the 1:25 slope the sediment transport is an order of magnitude smaller than on the
1:15 slope (Figure 10f). Sediment transport is offshore-directed up until the limit between
surf and swash at approximately x∗ = −0.2 m and becomes onshore-directed from that
point landward. Thus, the bar generation and migration are driven by an offshore transport
(similar to the 1:15 slope), but the bed level changes in the swash zone are driven by onshore
transport (gradients). Wave shoaling on the 1:25 slope leads to relatively lower (smaller Hs)
and less asymmetric waves compared to the 1:15 slope (Figure 10a,d). In addition, wave
breaking occurs over a larger cross-shore distance and leads to a larger wave energy
dissipation, as shown by the lower Hs at the surf-swash transition (vertical lines).

Sediment transport in the breaking region is strongly connected to the shoaling and
breaking process, which drives onshore wave-related transport, turbulent resuspension,
and offshore-directed current-related transport by the undertow [47]. Hence, because
waves on the 1:25 slope are lower and less steep, and because breaking and turbulence
production occurs over a larger area, both bedload and suspended load transport can be
expected to be lower than for the 1:15 slope. This is indeed reflected in the smoother and
smaller offshore-directed sediment transport peak over the wider bar for the 1:25 slope
as opposed to the pronounced offshore-directed sediment transport peak corresponding
to the more localized area of wave breaking over the bar for the steep slope (Figure 10e).
Further onshore, as the wave energy decreases, the sediment transport for the 1:25 slope
becomes onshore-directed, which is likely due to wave skewness and asymmetry effects.
The long waves start becoming more predominant right at the beginning of the outer swash
and are relatively more important than for the 1:15 slope (Figure 10b). This agrees with
the empirical predictor by Guza and Inman [48] and observations by Hughes et al. [49] in
which long-waves become more important in the swash of gentle sloping beaches than for
steeper beaches.
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Figure 10. Comparison between the two slopes 1:15 (blue) and 1:25 (red) for the last 30 min of wave
condition E1: (a) significant wave height Hs, due to overestimation by AWG and underestimation of
PPT in the breaking zone a moving average is shown by the dashed line; (b) ratio between long-waves
and short-waves ηlw/ηsw; (c) wave skewness Sk; (d) wave asymmetry As; (e) and sediment transport
qs calculated as the difference between the final and the precedent profile (∆t = 30 min); (f) initial
profile (black line) and last profile of the wave condition. The vertical lines represent the limit between
surf zone and swash zone for the 1:15 slope (dashed black line) and for the 1:25 slope (dashed-dotted
black line).
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Figure 11. Comparison between the two slopes 1:15 (blue) and 1:25 (red) for the last 60 min of wave
condition A1: (a) significant wave height Hs due to overestimation by AWG and underestimation of
PPT in the breaking zone a moving average is shown by the dashed line; (b) ratio between long-waves
and short-waves ηlw/ηsw, (c) wave skewness Sk; (d) wave asymmetry As; (e) sediment transport qs

calculated as the difference between the final and the precedent profile (∆t = 60 min); (f) initial profile
(black line) and last profile of the wave condition. The vertical lines represent the limits between surf
zone and swash zone for the 1:15 slope (dashed black line) and for the 1:25 slope (dashed-dotted
black line).

During the low-energy wave condition A1, the sediment transport for both slopes is
mainly onshore-directed and shows a similar pattern, having two positive peaks over the
main bar and in the swash zone (Figure 11f). For the 1:15 slope, the sediment transport
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reaches its maximum onshore-directed peak at the main bar between x∗ = −0.7 m and
−0.5 m, matching the peak in wave energy, the decrease of As and the increase of Sk
(Figure 11a,c,d). The weak and scarce wave breaking over the breaker bar results in the
concentration of wave dissipation in the inner swash. The combination of undertow and
the backwashes induces the offshore-directed sediment transport rates, with erosion of
the inner swash and filling up of the trough, and the turbulent uprushes contributing to
the onshore-directed sediment transport [27]. On the 1:25 slope, although the sediment
transport curve generally has a similar pattern as the 1:15 slope, the sediment transport is
mainly onshore-directed in the inner surf and swash zone, with the peak over the main
bar is considerably smaller (Figure 11e). The absence of a pronounced main bar on the
1:25 slope induced wave shoaling and breaking over a wider cross-shore distances and at a
more onshore location in comparison to the 1:15 slope (Figure 11a), resulting in an increase
in transfer of short-wave energy to long-wave energy (Figure 11b).

4. Discussion
4.1. Order of the Wave Conditions and Quasi-Equilibrium Profiles

Despite the difference in initial beach profiles between the consecutive runs, the rapid
establishment of a quasi-equilibrium state (with relatively small changes in bar dimensions
and shoreline position, after large initial adjustments) for high energetic conditions allowed
for the comparison of the different dynamics for the two slopes studied. In the present
experiments, although the same wave conditions were applied for the two slopes, the
increasing wave energy sequence was interrupted by a lower-wave energy (A1) for the
1:15 slope (Table 1) whereas this lower-wave energy was ran after all erosive wave condi-
tions for the 1:25 slope (Table 2). For the steep slope, this led to the largest morphologic
changes in the first 90 min of the following wave condition (E2). Independent of the initial
beach profile, previous studies have shown that the beach evolves towards the same quasi-
equilibrium morphology that is imposed by the wave condition [43–45,50]. The difference
between this quasi-equilibrium beach morphology and the initial beach morphology at the
change of wave conditions (A1 to E2 in this case) only affects the rates of morphological
change and sediment transport, which tend to be larger in the short period following the
change in hydrodynamics [45,50]. These rates reduce strongly in the quasi-equilibrium
state. For similar experiments as discussed in the present paper, Eichentopf et al. [4] found
that for energetic conditions the profile would rapidly evolve into a quasi-equilibrium state,
with the main bar reaching a stable position after about 90 min, independent of the initial
profile with a slower development of the shoreline. This is consistent with the results from
this study (Figures 4 and 5). Consequently, after this initial adaptation period for each of
the wave conditions, the morphology and sediment transport on the two slopes can be
intercompared, although the E2 condition after 180 min still bears some influence of the
initial bed level on the final shoreline position and the cumulative bulk sediment transport
(see Figures 6 and 9). Nevertheless, this does not affect the observed relation between bed
slopes and beach morphodynamics.

4.2. Beach Recovery under Low-Energy Conditions

Morphological changes towards an equilibrium under low energetic wave conditions
are slower than under more energetic conditions [4,51,52]. The underlying mechanisms
contributing to this difference are not fully understood. In the present experiments, for
both slopes the lower-energy condition (A1) started on a developed profile with a main
bar, which favours intercomparison of the general beach behaviour between slopes. Beach
recovery, onshore bar migration and shoreline advance occurred in both cases but at
different rates (Figures 5 and 6). The bar flattening was followed by a slower onshore
migration on the gentler slope, as opposed to the faster onshore bar migration and decay
on the steeper slope, suggesting that differences in bed slope influence the main bar
morphodynamics. However, even though results in Figure 6 show a greater shoreline
advance for the 1:25 slope and an overall arrest of the shoreline for the 1:15 slope, the latter
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seems more a local phenomenon controlled by the inner surf/outer swash erosion and
the swash berm growth, and not so much directly related to the larger-scale differences in
hydrodynamics related to beach slope. During condition A1 for the 1:15 slope the inner
surf/outer swash eroded as the result of the energy dissipation closer to the shoreline. The
eroded sediment was deposited at the berm, resulting it to increase in height. Combined,
these dynamics result in the arrest of the shoreline position. The increase in deepening
of the inner surf/outer swash is not only associated to the inner surf breaking turbulence
but can also likely be associated with the occurrence of wave–swash interactions which
increase the sediment stirring in this area. For the 1:25 slope the steepening of the beach
face was not as intense as for the 1:15 slope, associated with the shallower (but wider)
trough between the beach and the main bar. Since only one lower-energy wave condition
was tested, it is not possible to attribute a clear relation between the beach slope and the
overall accretion dynamics of the shoreline. Further investigation is needed to understand
the influence of the bed slope on beach recovery under low-energy conditions.

4.3. Morphological Activity

Overall, the morphological development of the gentle beach was substantially slower
and less pronounced than for the steep beach, with differences in ∆z0 of the main beach
features of about half those for the steeper beach (Figure 7). Furthermore, the steep beach
developed into a double-barred system (previously also observed by Baldock et al. [2],
Cáceres and Alsina [26], Eichentopf et al. [50]) while for the gentle beach a secondary
bar is absent. This suggests that for the same wave conditions, a steep slope induces
faster morphologic changes (resulting in a well-formed double-barred system at an early
stage) while the gentle slope induces slower morphologic adjustment. This is in line with
Jacobsen and Fredsoe [42] who predicted a more active morphological response for steeper
beach slopes. The differences between the morphological activity for both slopes can be
associated with wave breaking along the profile. While for the steeper slope plunging
wave breaking was focused around the two breaker bar locations (Figure 10) (similarly
as observed in Eichentopf et al. [4]), for the gentler slope the breaking occurred over a
length of approximately 8 m (between x = −20 and x = −11.6 m) with breaking waves
showing characteristics closer to the spilling type. Thus, the more energetic local breaking
at the main and secondary bar on the 1:15 slope acted as positive feedback promoting
bar development. While on the gentle slope, the shallow depths further offshore induced
energy dissipation over an extended area along the profile resulting in less energetic wave
breaking which reduced the morphological activity.

4.4. Swash Zone Dynamics

The total sediment transport and the sediment transport in the surf zone correlate with
the beach-slope modified Dean parameter by Hattori and Kawamata [33], both in terms of
direction and magnitude, with increasing offshore-directed net sand transport (erosion) for
increasing wave energy and bed slope (Figure 9). This is in line with findings from Jiménez
and Sánchez-Arcilla [34] and Jiménez et al. [53] who argued the importance of including the
beach slope in the prediction of direction and magnitude of surf zone sediment transport.
However, although the magnitude of sediment transport in the swash zone is lower for
the gentler slope than for the steeper slope, the erosion/accretion threshold of ΩHK = 0.08
suggested by Hattori and Kawamata [33] does not fit the onshore-directed sediment trans-
port seen for the high-energy wave conditions on the gentler slope. Nevertheless, this
net onshore sediment transport was accompanied by shoreline retreat (Figure 6) which
indicates erosion of the shoreface. Thus, while it is possible to attribute a reasonable relation
between the ΩHK predictor and the accretion/erosion of the beach, this parameter does not
seem to fit as a predictor for the swash zone sand transport. This suggests that swash zone
sediment transport cannot be described by the offshore wave conditions, beach slope and
sediment fall velocity only.
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According to the distribution of wave dissipation along the profile (Figure 10a), wave
breaking is concentrated locally at the breaker bars for the steep slope. This induces an
increase of energy entering the swash zone compared to the gentler slope where the wave
energy was dissipated along the profile. Thus, the amount of wave energy entering the
swash is defined by the slope, with more energy for steeper slopes. The higher energy in
the swash increases the potential of suspended sediment and sheet flow stirring during the
turbulent uprushes and the end of the backwashes, resulting in an increase in sediment
transport [12,54].

Both sediment transport magnitude and direction in the swash zone can also be
affected by the wave–swash interactions. The turbulence induced by wave–swash interac-
tions results in increasing sediment mobilization and suspended sediment transport. The
degree of wave–swash interactions can be quantified by the ratio of the natural period
of individual swash events Ts and the incident wave period T through the parameter
T̂ = Ts/T [25]. The parameter T̂ is directly related to bore height Hb and the beach gradient:
T̂ ∼ Hb/(Tsin β) [25,55]. Therefore, for the same beach slope, an increase in bore height
will induce longer swash periods Ts and therefore larger T̂ resulting in a higher number of
wave–swash interactions. Analogously, for the same wave condition, a decrease in beach
slope will increase the number of wave–swash interactions. For the current experiments,
the latter effect seems to prevail. The effect of the bed slope difference is greater than the
effect of the difference in incoming bore height. As such, swash periods are longer on the
1:25 slope than on the 1:15 slope resulting in higher number of wave–swash-interactions,
but these wave–swash interactions may be less intense and of a weaker type because of the
lower level of wave energy, compared to the steeper slope (Figures 10 and 11).

Previous studies have indicated a tendency towards offshore-directed transport for a
strong backwash and an onshore-directed transport for weak backwash and wave capture
interactions [23,26,56]. Cáceres and Alsina [56] found that the type of interactions is con-
trolled by the long-waves that determine the location and timing at which wave–backwash
interactions occur. Long-waves induce longer backwashes, promoting weak-backwash
type of interactions, and therefore, promoting onshore-directed transport. Results from
Figure 10b show that the ratio between short waves and long waves is slightly greater at
the steeper slope than at the gentler slope, indicating the characteristic predominance of
long waves in the swash zone of dissipative beaches [11,12]. Thus, our results suggest
that there is a greater predominance of weak-backwash swash interactions at the gentler
beach, whereas the strong-backwash interactions dominate at the steeper beach. Similarly,
Alsina et al. [23] observed a predominance of weak-backwash interactions over strong-
backwash interactions for the same wave condition after reshaping the swash zone to a
gentler slope. Note that Alsina et al. [23] left the bed in the surf zone and parts further
offshore unchanged, unlike the experiments reported in this paper where the slope of the
entire profile was modified. This suggests that for gentler swash slopes the predominant
sediment transport is onshore-directed, while for steeper swash slopes the transport is pre-
dominantly offshore-directed, in line with the swash transport rates presented in Figure 8c.

Besides the controlling processes discussed above, the cross-shore advection of the
sediment within the swash zone and between the surf and swash zones could be an
important factor [27]. The effect of the bed slope on such sediment advection effects is not
well known. Further detailed intra-swash scale investigations are needed to determine the
controlling mechanisms, and their relation to the beach slope.

5. Conclusions

The influence of the beach slope on cross-shore beach morphology and sediment
transport is studied using experimental data from a large-scale wave flume. Beaches with
an initial slope of 1:15 and 1:25 were exposed to two sequences of irregular 3 high-energy
erosive wave conditions and 1 low-energy accretive wave condition.

The morphological activity increases with the beach slope, with faster and more pro-
nounced morphological changes and larger sand transport rates at the steeper beach. This
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is accompanied by local wave breaking above the well-developed breaker bars, allowing
more energy to enter the swash at the steeper beach. The gentler beach slope induced more
offshore and spread-out wave energy dissipation, reducing the wave energy entering the
shallower swash.

The total (surf + swash) sediment transport rates as well as the transport rates for the
surf zone only were offshore-directed for the high-energy wave conditions and onshore-
directed for the low-energy wave condition for both slopes. The net swash zone sediment
transport was offshore-/onshore-directed for the high-energy waves at the steeper/gentler
slope, respectively, and onshore-directed for the low-energy wave condition at both slopes.

The direction and magnitude of the total and surf zone sediment transport correlate
well with the modified Dean number ΩHK , taking into account the beach slope. Increasing
offshore net transport (erosion) was observed for increasing wave energy and a steeper
slope. This relation did not hold for the high-energy swash zone sediment transport on the
1:25 slope.

Differences in swash zone net transport depend on the bed slope and are likely
to be associated with slope-induced differences in incoming wave energy, wave–swash
interactions and the relative importance of long- and short-waves.
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