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A B S T R A C T

Beaches are eroded and accrete under the effect of storms and calm marine conditions, respectively. Normally, 
beaches reach their narrower state in spring, after the action of winter storms. Accretion processes are slow, and 
maximum beach recovery doesn’t occur until late summer. Sometimes this recovery is not enough to reach the 
width the beach had the previous year, producing a progressive shoreline retreat and an increased risk of dune 
erosion and inland flooding during the following winter seasons. The need for wider beaches in early summer for 
touristic purposes and social support to soft-engineering measures, have increased the interest in Nature-Assisted 
Beach Enhancement (NABE) techniques. In this study, reduced-scale laboratory experiments on beach ploughing 
and scraping allowed the comparison of various of these techniques and their effectiveness in controlled con-
ditions for the first time. The beach widening and accretion achieved for five different NABE geometries were 
analysed and contrasted with natural (control) conditions. Our results show that the best technique is goal- 
dependent. For dry beach widening, ploughing is recommended as an effective and easy-to-design technique. 
Scraping the lower intertidal area and placing the sand on an intertidal bar or the beachfront are also effective 
alternatives if adequately designed. For dune nourishment, the best option is scraping the upper intertidal area 
and using the borrowed sand for dune regeneration. In general, all the analysed techniques enhance natural 
beach accretion, in collaboration with natural processes, thus reducing the human action required to achieve the 
desired objectives from a Building with Nature perspective.   

1. Introduction

Beach erosion and coastal flooding are major concerns in coastal
areas. Ten percent of the world’s population lives in a nearshore region 
at less than 10 m above sea level (McGranahan et al., 2007). Luijendijk 
et al. (2018) found that 31% of the world’s ice-free shorelines are sandy, 
and 24% of those beaches are eroding at rates exceeding 0.5 m/yr. 
Coastal erosion and sea level rise effects threaten an important per-
centage of the world’s population. Progressive narrowing of dry beach 
width and dune deterioration increase the risk of damages to coastal 
areas. 

Beach erosion is clearly visible during winter storms. On the con-
trary, accretion processes occur during calm weather periods and are 
slow (Gallagher et al., 1998; Yoo et al., 2021) taking several months to 
achieve a noticeable widening of the upper dry beach area. In locations 
subject to anomalous energetic winter storms, accretion processes are 
not enough to re-establish the original shoreline’s position after winter 
(Gordon, 2015; Yoo et al., 2021), and progressive shoreline retreat may 

occur both in eroding or long-term equilibrium shorelines (that are in 
equilibrium when anomalous energetic winter storms do not occur). 

The boom of coastal tourism in the last decades has increased the 
demand for wider beaches during the spring and summer seasons. 
Usually, in early spring, beaches are in their narrower state, due to the 
recent erosion produced by winter storms. It is not until late summer 
that accretion processes restore beaches to their wider state (Aubrey, 
1979). 

Coastal decision-makers demand soft engineering tools to deal with 
coastal erosion threats while providing beach widening for touristic 
purposes. In this sense, beach nourishment is a widespread measure 
(Hamm et al., 2002), that may provide a solution for both issues if 
performed in early spring. The drawback of this kind of solution lies in 
the difficulty to find reservoirs with appropriate sand characteristics 
(size, colour) and where sand dredging does not pose an environmental 
problem. To tackle these problems, previous studies propose the use of 
nature-assisted beach enhancement (NABE) techniques (Gordon, 2015). 
These techniques aim to accelerate the accretion processes occurring 
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naturally on the beach in a Building with Nature philosophy. Specif-
ically, two NABE techniques are analysed here: (1) beach scraping and 
(2) beach ploughing. 

Bruun (1983) describes beach scraping as the removal of material 
from the lower part of the aerial beach and subsequent deposition on the 
upper part of the beach or at the dune’s toe. This technique has been 
used since the 19th century, but few scientific studies have analysed its 
effects (Carley et al., 2010). One advantage of this technique is that the 
borrowed sand belongs to the same beach system and therefore its 
characteristics are those of the native sand, so it can be used both for 
dune nourishment and to generate a wider beach (Dare, 2003). How-
ever, such scraping must be done responsibly, following specific rules to 
avoid adverse effects on the ecosystem or adjacent beaches (Bruun, 
1983). For example, the recommended maximum depth of the borrow 
area is 0.3 m for fine sand beaches, and the volume must not exceed 
natural accretion rates integrated over the whole summer season 
(McNinch and Wells, 1992; Tye, 1983) to allow the beach to recover. An 
additional interesting statement about beach scraping is that it accel-
erates natural beach accretion (Smutz et al., 1980), capturing more sand 
from the offshore part of the beach profile that moves naturally to the 
upper part of the intertidal region or beachfront. This Building with 
Nature strategy allows the mobilization of a larger volume of sediment 
with fewer human actions (less cost and less ecosystem disturbance). 
Carley et al. (2010) and Smutz et al. (1980) state that removing the 
borrowed sand turns the beach profile flatter or more dissipative, aug-
menting the disequilibrium between the scraped profile and the equi-
librium profile of low energy waves, thus increasing the associated 
accretion. This is the main reason why scraping is also called 
nature-assisted beach enhancement although, to date, no field or labo-
ratory study supports this statement. 

Beach ploughing is an innovative technique that consists of me-
chanically ploughing the intertidal area of a beach by terrestrial means 
during low tide. Ploughing is expected to modify marine dynamics in the 
intertidal area and accelerate beach accretion. It is also presented as a 
nature-assisted beach enhancement technique. Monge-Ganuzas et al. 
(2017) applied ploughing for the first time at Laida beach (northern 
Spain). The intertidal area of Laida beach was ploughed 22 times, be-
tween July and September 2015, generating ridges and furrows with a 
length of 1.42 m and a height of 0.27 m (right panel of Fig. 4). Gainza 
et al. (2019) analysed the evolution of the beach and found that 
ploughing accelerated natural onshore bar migration. Given these 
promising results, Pellón et al. (2023) performed laboratory experi-
ments to analyse ploughing effectivity under controlled conditions. They 
compared the accretion between a natural intertidal segment of a beach 
profile and a ploughed one, both at a real scale. The comparison was 
performed for seven different tidal levels and the same accretive wave 
conditions during 1 h. The main results indicated that ploughing gen-
erates extra bottom roughness of the intertidal bottom, which leads to 
extra wave dissipation and accretion enhancement. Pellón et al. (under 
review) extended this analysis to longer-duration tests. The results 
showed that ploughed bedforms migrate onshore while adopting a 
softened form as waves act on the ridges and furrows. The artificially 
generated bedforms enhanced accretion during the first 2–3 h of wave 
action, after which they almost disappeared. The cumulative effect of 
repeating beach ploughing at every low tide and the combined effect of 
waves and tides on the whole beach profile are key factors to quantify 
the success of ploughing as management option. None of these factors 
have been considered in previous studies, and will be analysed here for 
the first time. 

Few laboratory experiments have been performed on soft- 
engineering techniques. Larsen et al. (2023) presented a review of lab-
oratory studies about beach nourishment, but most of them analysed 
nourishment of the submerged part of the beach profile (bar or through) 
and therefore their findings do not apply to assessing beach scraping or 
beach ploughing techniques. Alsina et al. (2012), conducted large-scale 
experiments and assessed bar migration with two different beachfront 

morphologies. This morphology can be considered as the reshaping that 
would be applied in tideless beaches (it only affects the aerial part of the 
beachfront). The results showed that the bar had a greater tendency to 
accrete when the beachfront was more dissipative. Sánchez-González 
et al. (2017) performed large-scale laboratory experiments on beach 
scraping with the combined effect of waves and tides. They analysed the 
suitability of two different filling locations for the particular conditions 
of Orzán and Riazor beach (A Coruña, Galicia). This beach is composed 
of medium-coarse sediment and present a beach profile shape that is not 
commonly observed in other beaches. Therefore, the results cannot be 
extrapolated to places with different characteristics. Additionally, 
Sánchez-González et al. (2017) described the experimental layout, but 
the results and main conclusions extracted from their research have not 
been published yet, and therefore cannot be compared to the ones ob-
tained here. 

The aim of this study is to investigate the strenghts and weaknesses of 
NABE techniques to enhance beach natural recovery. To achieve this 
goal, we present an analysis of the effect of beach scraping and 
ploughing based on reduced-scale laboratory experiments. The experi-
ments were conducted to consider the simultaneous effect of waves and 
tides on a fine sand beach. To the authors’ knowledge, this is the first 
time that beach scraping is assessed under these conditions in the lab-
oratory, allowing the validation of Carley’s et al. (2010) and Smutz’s 
et al. (1980) statements that scraping enhances beach accretion. We also 
compare beach scraping effectiveness with natural and ploughing 
behaviour. The document is structured as follows: The laboratory ex-
periments scaling design and setup are described in section 2. The results 
are shown in section 3 and discussed in section 4. Finally, section 5 
presents the main conclusions. 

2. Laboratory experiments description/methodology 

Reduced-scale laboratory experiments were performed at the 
Directional Wave Tank (Tanque de Oleaje Direccional, TOD, in Spanish) 
at IHCantabria’s facilities. The beach profile was reproduced with low- 
density synthetic sediment to reduce scale effects on sediment transport 
processes. Both techniques, scraping and ploughing were analysed 
under three different accretive wave conditions including simultaneous 
tide simulation. In this section, the scaling design and the experimental 
setup are described. 

2.1. Scaling design 

Movable-bed, reduced-scale laboratory modelling is still a challenge. 
Reproducing all the dimensionless parameters that determine coastal 
hydrodynamics and sediment transport at these reduced scales has not 
been achieved yet. The state-of-the-art covers two approaches: (1) the 
use of real sediment with the same density as in nature, and (2) the use of 
low-density synthetic sediment. The use of real sediment makes scale 
effects inevitable, and some authors do not even indicate a scale or 
prototype (Baldock and Alsina, 2013; Guannel et al., 2007; Larsen et al., 
2023). Sánchez-González et al. (2017) scaled sediment grain size to 
reduce scale effects in the breaking zone. Few studies use low-density 
sediment although it allows the similarity between 4 out of 5 of the 
desired dimensionless parameters. The use of low-density materials re-
duces scale effects but should be designed with care and is costly. 
Different approaches can be followed, such as the one proposed by 
Grasso et al. (2009) or the methodology described in Appendix I. The 
advantage of the methodology proposed in Appendix I is that the cal-
culations can be made with simpler expressions. 

The length scale used for the calculations of the experiments con-
ducted in this study, λl = 8 was determined by the capabilities and size of 
the wave tank where the model was built. The details of the calculations 
are given in Appendix I, where Table 3 summarizes the known param-
eters, the target values for the sediment characteristics (among others), 
and the resulting values and scales of the relevant parameters. 
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The density of the sediment used for physical models is restricted by 
the densities of available materials. In this study, we used a synthetic 
sediment which was very similar to the targeted one (i.e. plastic blast of 
density ρs = 1 500 kg/m3, gradation 40/60, mean grain size d50 = 0.37 
mm, and porosity of 0.5, see Table 3 of Appendix I). With this sediment, 
all parameters (Froude, Shields, Reynolds grain and Rouse) were similar 
in the prototype and the model. The dimensionless fall velocity however 
was higher in the prototype than in the model, meaning that the 
modelled beach would tend to be more reflective than the prototype (see 
more details on the implications of a higher dimensionless fall velocity 
in Appendix I). 

The scaling analysis was performed for the design of the experiments. 
Nevertheless, the experimental results shown here are not seen as a 
model scale version of a prototype scale. 

2.2. Experimental setup 

The experiments were carried out in the Directional Wave Tank 
(TOD) at IHCantabria’s facilities. The TOD (see Fig. 1) is 28 m long, 8.6 
m wide, and 1.2 m high. The tank was divided longitudinally into 10 
channels, six of them were used to test different nature-assisted beach 
enhancement (NABE) techniques under the same marine dynamics, and 
the remaining four were used as aisles to access the testing profiles while 
scraping and ploughing. Each channel was 0.8 m wide, minimizing 
boundary effects, with a cross-channel standard deviation of the ge-
ometry below 0.01 m on the whole beach profile, and below 0.001 m on 
the beachfront (characterized by 3D laser scanner measurements 
randomly realized). On the central part of each channel, geometric 
measurements were taken every low tide with a laser profiler with 
horizontal and vertical precision of 0.002 m. 

Experimental channels were filled with low density (d50 = 0.37 mm 
and ρs = 1 500 kg/m3) synthetic sediment to reduce scaling effects (see 
previous section). The sediment was placed with an initial uniform slope 
of 1/21, and two tidal cycles of slightly energetic waves (“pre-test 

waves”, Table 1) were simulated to obtain a dissipative beach profile 
which is typical in spring, at the beginning of the good weather season 
(Fig. 2). Then, the marine climate of each Test (A, B, or C, see Table 1) 
was simulated until the maximum accretion on the beachfront was 
reached. At least one tidal cycle more than the one shown here was 
simulated for each Test, which allowed the verification that the 
maximum accretion had been achieved. The waves simulated during the 
Tests were low energetic, typical of spring and summer marine condi-
tions. This process was repeated for each Test, manually restoring the 
sediment layout with a uniform slope of 1/21 after them, which ensured 
the same initial conditions for each Test. The thickness of the synthetic 
sediment layer varies between 0.1 and 0.25 m depending on the cross- 
shore position and the Test. The “pre-test waves” simulation was used 
to check the repeatability of the experiments. Two tidal cycles of “pre- 
test waves” were not enough to achieve an equilibrium profile, but were 
considered enough to reach a dissipative profile typical of spring. The 
geometry of this initial profile was equal for all channels, and therefore a 
comparative analysis could be performed. Four channels lying between 
the test-channels were used as working aisles (so as not to tread on the 
experimental channels) and filled with gravel with the same uniform 
slope to avoid wave reflections. 

Three Tests were simulated (A, B, and C) with different wave char-
acteristics, all of them ensuring that accretion was produced (Ω < 2.4, 
indicating highly probable accretion according to Kraus et al. (1991), 
see Table 1). All the simulations included a simultaneous sea level 
variation according to a semidiurnal tide (4 h duration, approximately 
Froude scaled) with 0.3 m of tidal range for Test A and 0.2 m for Test B 
and C. The bottom of the channel next to the wave generators was 0.4 m 
below the low tide level for all Tests. Pre-test waves were run before 
each Test, with the same tidal range as that of their corresponding Test, 
to achieve the initial profile (a dissipative profile generated with waves 
with Ω > 4). Test C waves were small enough to test the lower limit of 
accretion that can be produced with natural waves but also had similar 
Ω parameter to Test A for comparison. The wave characteristics were 

Fig. 1. Directional Wave Tank (TOD) during the experiments.  

Table 1 
Model and prototype marine dynamics simulated.  

Wave config. Model Prototype 

Hsm (m) Tpm (s) Tidem (m) Ωm Hsp (m) Tpp (s) Tidep (m) Ωp 

Pre-test A 0.19 2.23 0.30 4.24 1.54 6.30 2.40 7.78 
Pre-test B 0.19 2.24 0.20 4.09 1.49 6.35 1.60 7.50 
Pre-test C 0.18 2.29 0.20 3.88 1.44 6.48 1.60 7.12 

Test A 0.06 2.93 0.30 1.01 0.48 8.28 2.40 1.85 
Test B 0.04 2.96 0.20 0.69 0.33 8.38 1.60 1.27 
Test C 0.03 1.64 0.20 0.97 0.26 4.64 1.60 1.78  
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measured by 6 capacitive wave gauges (WGs) that recorded the free 
surface elevation at 50 Hz (see sensors location in Fig. 2). Other sensors 
were installed for the control of the experiments (2 additional capacitive 
WGs, 12 ultrasonic WGs [2 on each channel], top view images every 
minute, and 3D laser scanners) Table 1 shows the model and prototype 
wave and tide characteristics of each Test. The wave spectrum used was 
JONSWAP (Hasselmann et al., 1973) for Test waves and TMA (Hughes, 
1984) for pre-test waves. The reflection coefficient for pre-test waves 
oscillates between 0.15 and 0.18, and the coefficient for Test waves 
oscillates between 0.15 and 0.23. 

These marine dynamics affect the six channels filled with synthetic 
sediment equally. Each of them was used to test a different NABE 
technique. Table 2 summarizes the characteristics of the techniques 
tested on each channel. Channel 2 was used as control, with no NABE 
applied, and represents the natural evolution of the beach. Ploughing 
was applied in the intertidal area of Channel 1 every low tide. Scraping 
was applied in Channels 3 to 6, with different locations of the borrow 
and filling areas. The borrow area was 0.25–0.3 m deep (as recom-
mended by Carley et al., 2010) and had 11.2 m of cross-shore extent at 
the prototype scale (0.03 m deep and 1.4 m cross-shore at model scale). 
This means that around 3 m3 of sediment were mobilized per meter of 
beach (0.045 m3 at model scale). 

Fig. 3 shows the ploughing and scraping borrow and filling areas for 

each channel. The borrow area was the low intertidal part of the beach 
profile for Channels 3, 4, and 5, next to the low tide limit to perform the 
scraping by terrestrial machinery. In Channel 6 the borrow area was the 
upper part of the intertidal area, just below the high tide level. All this 
sediment was placed on an intertidal bar in Channel 3, on the beachfront 
for Channel 4, and on the dune (taken out of the experimental tank) for 
Channels 5 and 6. The sand extracted from those channels for dune 
nourishment was placed back in the next Test to ensure the same amount 
of sand. 

The left panel in Fig. 4 displays a zoom of the ploughing area shown 
in the top-left panel of Fig. 3. Ploughing was designed to be performed 
by a ploughing tractor at a prototype scale. This machinery can perform 
ridges and furrows on the sand with a wavelength of ~1.5 m and an 
amplitude of ~0.25 m. Therefore, the plough performed in the labora-
tory (model scale) had a wavelength of 0.18 m and an amplitude of 0.03 
m. Ploughing was conducted from the lower part of the intertidal area, 
next to the low tide level, to the upper part of the intertidal zone. The 
tidal range was larger for Test A, and therefore the cross-shore extent of 
the ploughing area was 5 m for Test A and 2.5 m for Tests B and C (both 
at model scale), corresponding to 28 and 14 ridges and furrows, 
respectively. 

3. Results 

This section shows the results obtained from the laboratory experi-
ments. The analysis was based on the geometry of the beach profile 
measured at each low tide during the experiments. This section shows 
(1) the formation of the beach berm during calm wave conditions, (2) an 
analysis of the degree of widening of the dry beach and the geometric 
characteristics of the berm at the maximum accretion state achieved, 
and (3) the study of the accretion volume. These results allow the 
comparison among NABE techniques and the analysis of their effec-
tiveness in terms of widening of the dry beach area and accretion 
enhancing. All the results shown in this section are presented at the 
model scale. 

Fig. 2. Setup, initial profile, and maximum accretion achieved for Test B at prototype scale. h* is the depth of closure for test waves. Green circles show the position 
of the free surface sensors (WGs). The bottom of the tank was at − 0.6 m. 

Table 2 
Characteristics of the NABE technique conducted in each channel.   

Acronym Technique Borrow area Filling area 

Channel 1 PLOUGH Ploughing Ridges and furrows 
Channel 2 NAT Natural No sand movement – Control 
Channel 3 L2B Scraping Lower 

intertidal 
Intertidal bar 

Channel 4 L2BF Scraping Lower 
intertidal 

Beachfront 

Channel 5 L2D Scraping Lower 
intertidal 

Dune or upper dry 
beach 

Channel 6 U2D Scraping Upper 
intertidal 

Dune or upper dry 
beach  
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Fig. 3. NABE techniques applied to each channel and Test. Borrow and filling locations for scraped channels (3–6) and ploughing extent (channel 1).  
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3.1. Beach berm formation 

Fig. 5 shows the beach profile’s evolution for each Test and channel. 
Fig. 6 shows a zoom-in of the beach profile around the high tide level, 
showing the beach berm’s formation. Each panel of both figures shows 
the beach evolution, including the initial profile obtained after the 
simulation of the pre-test waves, the initial profile after NABE tech-
niques were applied, and the maximum accretion achieved on the beach 
berm. The high tide, setup, and runup levels are also presented for 
reference. The setup (η) and runup (R2) levels were computed with 
Stockdon’s et al. (2006) formulas, as shown in equations (1) and (2), 
respectively. 

setup= η= 0.35βs(H0L0)
0.5 (1)  

runup=R2= 1.1

(

0.35βs(H0L0)
0.5

+

(
H0L0

(
0.563β2

s+0.004
))0.5

2

)

(2)  

where βs is swash zone slope, H0 is deep-water wave height, L0 = gT2/2π 
is deep-water wavelength and T is wave period. In this study, the 
following approximations were considered; T = Tp and H0 = Hs. The 
swash zone slope (βs) was computed as the slope of the final beach 
profile of maximum accretion (red line in Figs. 5 and 6) at high tide 
level, considering a range of ±0.8 Hs around high tide level, where the 
beach slope was quite uniform. Only the slope at high tide was consid-
ered, as it determines the wave runup at high tide and consequently the 
berm’s height. The tidal ranges in this experiment were meso-tidal (tidal 
range of 2–4 m in prototype; Short, 1991), and therefore the waves only 
reached the berm during high tide (but not during the falling, rising, and 
low tides). 

A berm was observed in the final beach profile for all Tests and in all 
channels. There was a resemblance in the shape of the final berm of all 
channels in each Test (A, B or C). This indicates that the NABE technique 
used does not determine the geometry of the berm. On the other hand, 
the shape of the berm was different among Tests carried out in the same 
channel. The berm’s height and slope at the beachfront changed ac-
cording to marine dynamics, as shown in the following section. 

3.2. Dry beach widening and accreted berm characteristics 

Shoreline progradation was computed as the difference between the 
shoreline’s position at the beginning of the test, and at the moment of 
maximum accretion. Shoreline position was taken as the point where the 
profile elevation is equal to the high tide plus wave setup levels. The 
setup level was estimated by Stockdon et al. (2006) formulation. The 
shoreline progradation measurement indicates the beach width incre-
ment due to sand accretion on the berm and it is indicative of the dry 
beach gain achieved. 

Berm height was directly measured on the beach profiles as the 
highest point of the berm and referred to high tide level. Fig. 6 shows 
that the berm height achieved at the maximum accretion state was close 
to that of the runup level. During the experiments, the highest waves 
overtopped the maximum height of the berm during high tide. The 
sediment load carried by the waves during these events was discharged 
on the top of the berm making it progressively higher (see for instance 
the sand layer accumulated on top of the berm between − 0.13 and 0.08 
m cross-shore in Fig. 6e; the height step observed at 0.08 m indicates the 
onshore limit reached by wave overtopping). Fig. 7 shows a scatter plot 
of berm height and shoreline progradation for each Test. Dashed lines 
act as a reference of the characteristics of the berm under natural con-
ditions (Channel 2). The empty marker shows the characteristics of the 
berm formed artificially by the “machinery” during the L2BF scraping of 
Channel 4. The berm height achieved by all the NABE experiments was 
similar to the naturally formed one. The height varied mainly between 
Tests, which means that the different incoming wave conditions were 
responsible for this variation but not the NABE techniques used. In 
Channel 4, when the artificially generated berm’s height was not equal 
to the height of the naturally formed berm, it changed under wave action 
(Fig. 6j, k and l). In Test A, the artificial berm was lower than the 
equilibrium one, and therefore wave overtopping was produced during 
high tide. Those waves progressively moved the sand from the beach-
front to the upper part of the berm (Fig. 6j), generating a retreat of the 
shoreline and a higher berm. In Tests B and C, the height of the artifi-
cially created berm was higher than the natural one, and therefore the 
upper part of the scraped sand was not necessary for protection during 
summer conditions. In these cases (Channel 4 – L2BF, Test B and C, 
Fig. 6k and l, respectively) a new and shorter berm was formed seaward 
of the position of the artificially created one with the new sediment 
accreted through wave action. 

The final shoreline progradation achieved due to beach ploughing 
(Channel 1) was between 4.32% and 37.35% larger than in natural 
conditions for all Tests (mean of 23.41%). These results indicate that 
ploughing is an innovative and effective technique for beach accretion 
enhancement. The effect of beach scraping on shoreline progradation 
depended on the location of the borrow and filling areas. Channel 3 
(L2B) showed an enhanced shoreline progradation compared to natural 
conditions between 6.79% and 63.26% (mean of 25.76%). The initial 
position of the shoreline in Channel 4 (after L2BF beach scraping) 
ranged from shorelines located landward to shorelines located seaward 
of the final shoreline position achieved under natural conditions (from 
65.43% less to 110.84% more progradation in comparison to the profile 
with no NABE applied). Wave action modified the shape of the berm and 
the final shoreline progradation ranged between 24.07% less and 
81.93% more (mean of 38.33%) than natural progradation. In this 
Channel 4, shoreline progradation did not exceed the natural one only 
for Test B, where the artificially created shoreline progradation 

Fig. 4. Ploughing. Left: Zoom of a profile of the ploughing performed in Channel 1. Centre: Picture of ploughing being conducted at the model at a reduced scale. 
Right: Example of ploughing at prototype scale at Laida beach (Source: Gainza et al., 2019). 
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Fig. 5. Profile evolution up to the maximum accretion achieved at the beachfront. Each graph indicates the number of tidal cycles that were necessary to achieve the 
maximum accretion. 
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Fig. 6. Zoom-in of Fig. 5. Profile evolution up to the maximum accretion achieved at the beachfront. Each graph indicates the number of tidal cycles that were 
necessary to achieve the maximum accretion. 
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retreated considerably compared to the expected final natural shore-
line’s position. In this case, the reduced amount of sediment due to 
removing sand and not using it to artificially induce shoreline pro-
gradation prevented the waves to produce the desired accretion. A 
similar scenario was found for Channels 5 and 6 (L2D and U2D 
respectively). In both Channels there was a lack of sediment on the 
active beach profile due to the volume of sand removed from the borrow 
area and placed on the dune (out of the area of wave action during 
summer). L2D achieved a final shoreline progradation between 44.58% 
less and 2.04% more (mean of 25.70% less) than under natural condi-
tions. U2D showed shoreline progradations that were smaller than under 
natural conditions in all Tests, with values ranging between 38.27% and 
89.80% less (mean of 62.77% less). 

Fig. 8 shows the swash zone slope (βs, the same used for runup 
calculation, see how it was computed in section 3.1) obtained for each 
Test and channel as a function of the shoreline progradation previously 
described. As with berm height, the swash zone slope only varied among 
Tests but not among Channels. This means that the swash zone slope was 
also determined by marine dynamics, while NABE techniques did not 
affect the final accreted equilibrium geometry. The empty marker shows 
the swash zone slope of the artificially generated beach berm in Channel 
4 during the L2BF scraping operations. As berm height, the swash zone 
slope also changed toward the equilibrium slope of the accreted berm 
under wave action. 

In Fig. 8 the black dot next to the vertical axis of each graph indicates 
the initial swash zone slope and shoreline progradation (0 m because it is 
the reference) of the pre-test waves profile. The slope was around 0.67 
for all Tests, which is typical of an intermediate beach. After the low- 
energy wave action, the swash zone became steeper, with slopes be-
tween 0.10 and 0.15, which is common for reflective beaches. 

3.3. Accreted volume 

The volume of sediment accreted on the beach berm was measured 
by integrating the area between the initial profile obtained after the pre- 
test waves and the profile corresponding to the maximum accretion 
achieved. Only positive accretion areas around the beach berm were 
considered, which means from − 1.5 m to 1.25 m cross-shore (i.e. from 
the dry beach to around 0.09 m below high tide level). For Channels 4 
and 6 (L2BF and U2D), due to the location of the filling and borrow 
areas, the profile in which the NABE technique was applied was also 
considered for volume calculation. Therefore, two volume calculations 
were obtained for Channels 4 and 6, one referred to the pre-test waves 
profile and the other to the profile obtained after NABE techniques were 
applied. Fig. 9 shows the results obtained for each Test and channel. 

Channel 2 shows the natural behaviour of the beach. In such natural 
conditions, the accreted volume varied depending on the different ma-
rine dynamics simulated. The largest accretion volume was obtained for 

Fig. 7. Berm height and shoreline progradation achieved at maximum accretion. Dashed lines are plotted as a reference of the natural behaviour of the beach. The 
empty marker indicates the characteristics of the artificial berm created by scraping Channel 4. 

Fig. 8. Swash zone slope and shoreline progradation achieved at maximum accretion. Dashed lines are plotted as a reference of the natural behaviour of the beach. 
Empty markers indicate the characteristics of the berm created artificially by scraping Channel 4. 
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Test B, which had the lowest dimensionless fall velocity (Ω), indicating 
more reflective conditions (the lower the dimensionless fall velocity, the 
higher the beach slope). Test A and C had similar Ω (higher than Test B) 
and achieved lower accretion volumes, as expected. Although the 
dimensionless fall velocity was similar for both Tests, in Test C wave 
height and peak period were lower, as well as sediment transport ca-
pabilities, resulting in a smaller accreted volume. These considerations 
were also valid for all the other channels that had undergone the same 
simulated wave conditions. 

The ploughing technique was tested in Channel 1. The accreted 
volumes obtained were 31.79% and 37.62% larger than the control for 
Test A and C respectively, and equal to the control for Test B. This 
demonstrates that the ploughing technique can enhance beach accretion 
by achieving a larger accreted volume of sediment and a wider dry beach 
(as shown before). 

Channel 3 tested a scraping technique that moved the sediment from 
the lower intertidal area to an intertidal bar (L2B). The accreted volume 
was 4.23% larger than the control for Test A, 8.90% smaller for Test B, 
and 56.21% larger for Test C. The three Tests showed more shoreline 
progradation than the control. Test A and B showed similar accreted 
volumes to Channel 2, while the additional shoreline progradation was 
7.23% and 6.79%, respectively. Besides, Test C achieved an additional 
63.27% shoreline progradation, which agrees with the extra 56.21% 
accreted volume. The filling volume on the intertidal bar was around 
0.045 m3/m, a value larger than the accreted volume for Tests A and C. 
This means that for these Tests, part of the sand from the bar was moved 
offshore by the waves. 

The L2BF beach scraping that moved the sediment from the lower 
intertidal area to an artificially created beach berm was carried out in 
Channel 4. In this case, the final berm was composed of both the arti-
ficially moved sand and the naturally accreted sediment due to wave 
action (see both components represented by the purple bars in Fig. 9). In 
all Tests, the final berm volume was larger than the control one 
(110.68% for Test A, 21.55% for Test B, and 491.26% for Test C), 
although the naturally accreted sediment volume was smaller than the 
control in all tests (77.75% in Test A, 50.89% in Test B, and 26.36% in 
Test C). It is remarkable that the amount of artificially moved sediment 
(around 0.045 m3/m) was larger than the naturally accreted sediment 
volume for Tests A and C in the control profile. This fact can be related to 
the low portion of sediment that was accreted by waves in those Tests, 
which was 10.56% of the volume of the final berm for Test A and 12.46% 
for Test C, respectively. The required sand volume to form the berm was 

already moved by the “machinery” and therefore natural accretion only 
moved the sediment required to reach the final equilibrium geometry 
according to the swash zone slope and berm height that matched the 
simulated waves. In Test B, the artificially moved sand volume was 
lower than the volume of the berm of the control profile. In this case, the 
waves were able to mobilize 40.41% of the total berm volume of 
Channel 4. Despite that, shoreline progradation in Test B was smaller 
than in the control. Altogether, the scraped sediment deposited on the 
beachfront was not eroded by wave action, and an additional natural 
accretion occurred. Therefore, the L2BF scraping technique was efficient 
to increment dry beach sand volume, which may act as backup for 
winter storms. 

Channel 5 (L2D) shows the results of scraping the sediment from the 
lower intertidal area and taking it out of the summer’s wave action area 
(sand used for inland operations to nourish the dune or the upper part of 
the dry beach). In this case, the accreted volume was 46.44% smaller 
than the control for Test A, and 40.92% smaller for Test B. Both Tests 
showed smaller shoreline progradations than the control. In Test C, the 
accreted volume was 4.22% larger than the control, corresponding to an 
extra 2.04% of shoreline progradation achieved. Note that for all Tests, 
the volume of sand that was removed from the active beach profile was 
around 0.045 m3/m (taken from the borrow area, not showed in Fig. 9), 
which, summed to the naturally accreted volume, exceeded the accreted 
volume in the control. Therefore, a larger volume of sand was recovered 
from the lower part of the beach profile and deposited on the beachfront 
and on the artificially nourished area to act as a buffer for winter 
erosion. 

The location of the borrow area was the same (the lower intertidal 
area) for Channels 3, 4, and 5 (L2B, L2BF and L2D scraping techniques). 
However, the final volume accreted due to wave action was different, 
with more accretion occurring in L2B, followed by L2D, and finally 
L2BF. These differences can be explained by the fact that L2B had more 
volume of sand available in the active beach profile (the filling area was 
an intertidal bar). In the other two, the sand was moved completely 
(L2D) or partially (L2BF) out of the area affected by waves. It is note-
worthy that the lowest natural accretion was achieved when filling was 
performed on the beachfront (L2BF). This may be due to the more 
reflective beach profile geometry created when filling the berm. Such 
reflective conditions reduced the disequilibrium between the equilib-
rium and the actual beach profile and, consequently, reduced sediment 
transport. The Tests performed for L2BF resulted in wider dry beaches 
than L2D but a smaller volume of sediment in the upper beach, which 

Fig. 9. Maximum accreted volume on the berm. The bar for Channel 4 shows the volumes of sediment manually mobilized by scraping (white fill with purple 
descending lines legend on top of purple bars) and by wave action (purple fill) filling the berm. The bar for Channel 6 represents all the volume mobilized by wave 
action, including the volume of sediment on the berm (blue fill) and the volume of sediment that filled the borrow area partially next to the high tide level (white fill 
with blue cross-squared legend on top of blue bars). 
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reduces the protection capacity during eventual erosive winter storms. 
As in Channel 5 (L2D), in Channel 6 (U2D) the sediment was also 

extracted from the area under the effect of summer waves but was 
borrowed from the upper intertidal area, next to the high tide level. In 
this case, the accreted sediment partially filled the borrow area. 
Therefore, the berm’s accreted volume was composed of the sum of the 
sediment that filled the borrow area and the sediment accumulated on 
the initial beach profile (without using NABE). Fig. 9 shows both com-
ponents. The accreted volume was 32.68% smaller than the control in 
Test A, 10.33% smaller in Test B, and 106.18% larger in Test C. A 
considerable amount of this sediment filled the borrow area: 48.98% of 
the accreted volume in Test A, 51.86% in Test B, and 83.25% in Test C. 
As a consequence, the volume that generated a new berm and produced 
shoreline progradation was lower than the control for all Tests, match-
ing the results of less shoreline progradation presented before. In fact, 
U2D showed the most retreated shoreline positions at the end of the 
experiments, although the total amount of sediment captured from the 
lower part of the beach profile was the largest one of all channels (taking 
into account the volume accreted by waves and the 0.045 m3/m 
extracted from the borrow area). By comparing the results from L2D and 
U2D, it can be stated that sand extraction from the upper intertidal area 
leads to more accretion on the beach profile due to the generation of a 
more dissipative beach profile geometry, as suggested by previous 
authors. 

4. Discussion 

NABE techniques are widely applied on many beaches, although 
their actual effect on beach accretion had not been checked until now. 
The design of NABE techniques should match the aim of the project 
(Carley et al., 2010), and take into consideration local marine and 
aeolian dynamics, as well as ecological concerns. The recommended 
maximum depth of the borrow area to be scraped is 0.3 m for sandy 
beaches (Bruun, 1983) and the volume should be less than the natural 
recovery rate of the beach (McNinch and Wells, 1992; Tye, 1983) inte-
grated over the whole summer season. These guidelines were followed 
during our laboratory experiments although it was difficult to estimate 
the natural recovery rate of the beach without monitoring previous 
summer seasons (on the prototype) or formerly testing experiments of 
the natural conditions (on the laboratory). Additionally, the recovery 
rate was found to depend on marine dynamics and change from one 
beach to another. This result indicates that it is necessary to monitor the 
evolution of beach profiles during summer before designing scraping 
actions on them. 

The innovative NABE ploughing technique has proved to accelerate 
natural beach accretion in field experiments (Gainza et al., 2019), and in 
the laboratory at both a real scale (Pellón et al., 2023) and a reduced one 
(this study). The main advantages of the ploughing technique are: its 
easy design, the fact that it is inexpensive, it minimizes ecological 
disturbance, takes advantage of natural processes, and achieves wider 
dry beaches. Furthermore, the ploughing technique may be easily 
applied on beaches during routine daily cleaning operations. Due to the 
novelty of this technique, some questions are still to be answered in 
future studies, such as: what is the effect of a spring storm acting over the 
ploughed bedforms?, and, is it possible to optimize the distance between 
consecutive ridges to enhance accretion even more and reduce the need for 
machinery? 

This study shows that the selection of the most appropriate NABE 
technique should be determined by the aim of each specific coastal 
management project. To achieve a wider dry beach the most appropriate 
techniques were either ploughing (PLOUGH) or scraping the low inter-
tidal area filling the beach berm (L2BF) or scraping creating an intertidal 
bar (L2B). For dune nourishment or protection against winter storm 
purposes, the best solution is scraping, either the low or upper intertidal 
area (L2D or U2D), and using the sand for the nourishment of the sub-
aerial area of the beach. Note that only low-energy marine conditions 

were tested in the laboratory. This means that the results obtained are 
only valid for NABE actions performed in the spring when fair weather is 
expected afterwards (during the spring and summer seasons). 

Smutz et al. (1980) stated that, when carrying out a beach scraping, 
the flatter the nearshore profile, the larger the accretion. This statement 
has been confirmed in our experiment. Such relationship with the 
nearshore profile can be seen, for example, through a comparison of the 
L2D and U2D (channels 5 and 6). In U2D, the borrow area was located 
next to high tide level which caused a more dissipative beach profile 
during the high tide, while in L2D, the borrow area was located at the 
lower intertidal area and took the profile to more dissipative conditions 
only during mid-tide. During high tide, the water level stays almost 
stationary for longer periods than during mid-tide periods, when the 
water level changes rapidly. The longer duration of the wave action 
under the dissipative profile of U2D during high tide resulted in a 
stronger accretion effect. On the contrary, the short duration of dissi-
pative conditions during mid-tide in L2D was not enough to obtain the 
same effectiveness in terms of accretion. Based on that, in places with a 
large tidal range, it is recommended to borrow the sediment from areas 
of the intertidal beach at the limit of the high tide level, in a way that 
more dissipative conditions are obtained during that tidal period. 

Our experiments show that wave overtopping can cause an increase 
in berm height but not necessarily shoreline progradation. In nature, 
such processes frequently occur at the end of the summer season 
(September), when the wave period starts to grow and the wave runup 
increases. The accreted volume of sand generates a higher berm while 
beach width is preserved. It is important to highlight that a proper 
prediction of beach berm height is key for the success of NABE actions 
that intend to produce beach widening by placing the filling material on 
the beachfront (L2BF). By identifying the berm’s height, it is possible to 
place the sediment just above the height of the future accretion berm 
and achieve an optimal use of the sediment to provide the maximum 
progradation of the shoreline. Fig. 10 shows a scheme of two non- 
optimal design possibilities. If the sediment is placed above the height 
of the future berm (where no waves will reach), this sand could be 
reshaped to the beachfront, widening the dry beach even more (Fig. 10b, 
6k and 6l). On the other hand, without a proper estimate, the artificially 
generated berm may be placed below the current height level of the 
berm. In this case, the wave overtopping the berm will remove the 
sediment from the beachfront and place it over the berm, reducing 
progradation (Fig. 10c and 6j). In our experiments, we used the wave 
runup (computed with the slopes shown in Fig. 8) over high tide level as 
a proxy to estimate the water level that induces the formation of the 
berm and related it to berm height. Following this approach, our results 
showed that Stockdon’s et al. (2006) runup formulation overpredicted 
berm height in Test A and C but fell below the resulting berm’s height in 
Test B (see reference levels in Fig. 6). This can be explained by the fact 
that such formula was based on data from field experiments and some 
differences are expected when they are applied to scaled laboratory 
conditions (Gomes da Silva et al., 2020). However, despite the fact that 
the prediction did not match the resulting berm height perfectly, we 
consider that such values are accurate enough to be used as a first proxy 
estimate of berm height for scraping purposes on beaches. Obviously, 
more accurate formulations for the prediction of runup on reflective 
beaches are desirable for the design of beach scraping actions (note that 
this requires good estimates of the swash zone slope too). 

Using sand from the borrow area to nourish the dune did not enhance 
progradation of the shoreline and further beach widening. However, 
such a technique may still be useful in areas where dune recovery is a 
priority. When sand is scraped for dune nourishment purposes, some 
aspects must be considered, such as dune design, space availability, and 
aeolian dynamics (Coastal Dune Management, 2001). Pellón et al. 
(2020) provided useful tools for the design of foredunes. The dune toe 
location and foredune volume can be determined as a function of local 
aeolian and marine conditions. Fencing and planting are also recom-
mended, as the scraped sand may be removed and lost to offshore areas 
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by future extreme wave events, or to inland areas through aeolian 
sediment transport (Conaway and Wells, 2005). 

Another point to consider when applying beach scraping is the 
ecological impact of such a technique. The upper part of the intertidal 
area is a habitat for macrofauna, and also a foraging, nesting, and 
breeding location for avifauna and turtles (Dare, 2003; Govarets and 
Lauwerts, 2009). The intertidal area is a highly variable and dynamic 
environment that changes frequently due to wave and tidal action. Thus, 
the species that live in this environment are expected to be adapted to 
frequent changes and therefore able to recover quickly from distur-
bances (Batton, 2007). Additionally, recolonization processes are 
determined by the duration and intensity of the works. In this sense, the 
analysed techniques are a ‘short-term pulse’ disturbance (Speybroeck 
et al., 2006) and it is believed that species can recover more easily than 
under the effect of other hard-engineering solutions. Smith et al. (2011) 
assessed the impact of beach scraping on macroinvertebrates and did not 
find a detectable effect on biodiversity. Besides, a correct management 
of the beach can provide new habitats such as a healthy and stable beach 
and dune. Furthermore, some authors propose timing the actions to 
avoid turtle nesting periods (Crain et al., 1995) or effects on migratory 
species (Erskine and Thompson, 2003). Both aspects are site-specific and 
must be considered during NABE design. Further studies on the specific 
effect of scraping and ploughing actions over the entire ecosystem, from 
the submerged area to the dune, are still necessary to have a complete 
view of the ecological impact of these techniques. 

Finally, it should be mentioned that the morphologic changes caused 
by the Test waves in the laboratory occurred fast, in a period of only 2 to 
4 tidal cycles. This might have been caused by the low-density sediment 
used, as a scale effect. The reduced dimensionless fall velocity in the 
model compared to the prototype may accelerate beach accretion as 
well. Such a quick response of the sediment impeded the development of 
accretion speed comparisons between the various NABE techniques used 
in our experiments. This study only analysed beach width and accretion 
on the beach berm achieved at the maximum accretion state. The 
obtention of larger accretion volumes could be interpreted as the result 
of a faster accretion process once wave action begins, wider beaches 
being formed earlier in the summer by using these techniques. However, 
further research must be developed to ensure this desirable effect for 
touristic purposes. 

5. Conclusions 

The use of low-density synthetic sediment allowed the reduced scale 
simulation of a full beach profile under the simultaneous action of waves 
and tides. Five different Nature-Assisted Beach Enhancement (NABE) 

techniques were tested and their effectivity was determined by com-
parison to natural beach behaviour (control). 

Beach berm geometry was mainly determined by marine dynamics. 
Incoming wave height and peak period conditioned berm height and 
swash zone slope with no effect from the NABE techniques on these 
variables. However, beach ploughing and scraping were related to 
shoreline position and dry beach width. When using these techniques, 
accretion volume was mainly determined by waves and the geometry of 
the berm, with variations due to the effect of NABE techniques. Gener-
ally speaking, the smaller the dimensionless fall velocity, the larger the 
accretion. Nevertheless, wave height and period may play a role, as Test 
A and C had similar dimensionless fall velocity, but for Test C the ac-
cretion could have been reduced by the low energy of the simulated 
waves. 

The recommended NABE technique depends on the objective. For 
beaches where a wider dry beach is sought, the recommended actions 
are ploughing or scraping, borrowing the sand from the low intertidal 
area and filling an intertidal bar or the beachfront (with a careful design 
of the berm geometry) during spring. For beaches where inland pro-
tection from erosion and flooding under winter storms is sought, the 
recommendation is borrowing sand from the intertidal area during 
spring (and preferably from the upper intertidal area) and nourishing 
the dune or the upper dry beach, where the sediment will be available to 
buffer the erosion caused by winter storms. 

Ploughing the intertidal area at each low tide demonstrated to be an 
effective technique to enhance beach accretion and achieve a wider dry 
beach. The combined effect of waves and tides makes ploughing effec-
tive and easy to apply. 

The creation of an intertidal bar by scraping the low intertidal area 
resulted in wider dry beaches. The sediment on the intertidal bar was 
partially accreted to the beach berm and partially eroded offshore. 

The generation of a berm by the scraping technique may produce 
wider beaches if adequately designed. The geometry of the berm 
generated by “machinery” highly influenced the results. The berm 
height and swash zone slope should match the naturally formed berm 
due to accretion. These berm’s geometric characteristics are difficult to 
predict as they depend on marine dynamics and they evolve throughout 
the summer season. The placement of sediment on the berm reduces the 
disequilibrium that triggers accretion and therefore the sediment vol-
ume that is naturally moved onshore is reduced. Additional research on 
the impact of berm geometry on accretion and dry beach width is 
required. 

The recommended borrow area for dune nourishment is the upper 
part of the intertidal area. The beach profile becomes more dissipative at 
high tide and this leads to more disequilibrium between actual and 

Fig. 10. Non-optimal design scheme of the L2BF filling area.  
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equilibrium geometries, increasing onshore sediment transport and 
achieving larger accretion volumes. 

Further studies are needed to determine if NABE techniques can 
result in wider beaches as of the beginning of the touristic summer 
season or only at the maximum accretion state as was demonstrated in 
this study. 
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APPENDIX I 

The scale of a magnitude M (λM) is defined here as the ratio between the value of this magnitude in the prototype, Mp, and the corresponding value 
in the model, Mm, as shown in equation (3): 

λM =
Mp

Mm
(3) 

The Kinematics of free surface flows are mostly controlled by gravity. If in Newton’s 2nd law, the inertial forces (Fi) are divided by the gravitatory 
ones (Fg), the non-dimensional expression corresponding to gravity forces is called the Froude number, see equation (4). 

Fn =
Fi

Fg
=

L
gT2 (4)  

where g is the acceleration of gravity, T is a magnitude of time and L is length. In the case of gravity wave flows, the correct scaling of the processes of 
shoaling, refraction and diffraction implies the use of non-distorted models, so the length scale λl should be applied to the three spatial dimensions. The 
similarity between the Froude number in the flow of the prototype and that of the model (sub-indexes p and m, respectively), λF =

Fp
Fm
= 1 implies that 

the time and velocity scales are the square root of the length scale, equation (5): 

λt = λV =
̅̅̅̅
λl

√
(5) 

Bed load sediment transport of non-cohesive sands under waves and currents is mainly controlled by the following dimensional variables.  

• d50: Median sediment grain size  
• ρs: Sediment grain density  
• ρw: Water density  
• ν: Water kinematic viscosity  
• u*: Bottom friction velocity 

If u*, ρw and d50 are assumed as fundamental variables, the application of the π-Buckingham theorem (1914) produces the non-dimensional ex-
pressions indicated in equations (6) and (7). 

Re* =
u*d50

ν (6)  

θ=
ρwu2

*
(ρs − ρw)gd50

=
τ0

(ρs − ρw)gd50
(7)  

where (in (7)), τ0 is bed shear stress. Equation (6) is the grain Reynolds number (Re*) and controls the shape of the bottom boundary layer, i.e. the 
tension of the flow over the sediment grains. Equation (7) is the Shields (1936) number (ϴ) and controls the initiation of motion of the sediment. 

If the movable bed experiments are carried out assuming that the Shields number in the prototype and model are equal, then the scale of the Shields 
number should be equal to 1, equation (8): 

λθ =
θp

θm
= 1 (8) 
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Under the wave’s oscillatory motion, the peak bed shear stress can be expressed in terms of the orbital velocity amplitude on top of the bottom 
boundary layer, Uδ, using a wave friction factor, fw, as in equation (9): 

τ0 =
1
2
ρwfwU2

δ (9) 

Soulsby (1997) proposed expression (10) for the wave friction factor in terms of the bottom orbital excursion, Ab, and Nikuradse’s equivalent sand 
grain roughness, ks. 

fw= 0.237
(

Ab

ks

)− 0.52

(10) 

Assuming the conventional value ks = 2.5 d50, (Nielsen, 1992), and for shallow waters Ab = (UδTp) /(2π), equation (11) is obtained. 

fw= 0.993
(

d50

UδTp

)0.52

(11)  

where in (11) Tp is sea state peak period. 
Using the wave friction factor of (11) and the expression (9) of the bed shear stress, the Shields number takes the form of equation (12). 

θ=
0.496U2

δ

(
d50

UδTp

)0.52

Δgd50
(12)  

where in (12), Δ is the sediment’s relative submerged density, Δ =
(ρs − ρw)

ρw
. 

Using expression (12) and expression (8) to calculate the similarity of the Shields number, and taking into account the Froude scale for time and 
velocity of equation (5) and that λg= 1 (the gravity acceleration is the same in the prototype and the model), the following expression (13) for the 
relationship between the length, sediment relative density and grain size scales is obtained. 

λd =
λl

λΔ
2.083 (13) 

If the movable bed experiments are carried out assuming the similarity of the grain Reynolds number, then the scale of the grain Reynolds number 
should be equal to 1, equation (14). 

λRe* =
Re*p

Re*m
= 1 (14) 

Using (7) we can state that u* = (τ0/ρw)
1/2 and the equations for bottom shear stress (9) and bottom friction factor (11), applied to equation (6) lead 

to the following equation (15) for the grain Reynolds number. 

Re* =

0.704Uδ

(
d50

UδTp

)0.26

d50

ν (15) 

Using expression (15) and equation (14) to achieve the similarity of the grain Reynolds number and taking into account the Froude scale for flow 
velocity and time, the relationship (16) between the scales of length, grain size and fluid kinematic viscosity is obtained. 

λd = λ0.794
ν λl

− 0.19 (16) 

Equations (13) and (16) establish the relationships between the sediment relative density scale, the grain size scale and the length scale that should 
be taken into account for bed load transport similarity in physical experiments. 

In the surf zone of beaches, suspended load transport is also fundamental to describe sediment transport. For a correct description of this transport, 
besides the variables involved in the Shields and grain Reynolds numbers, the significant wave height, Hs, and the fall velocity of grain particles, w, are 
determinant. The fall velocity of grain particles depends on grain size and density, as well as on water viscosity, so the only new variable involved is 
wave height. The most used non-dimensional equation that takes into account this new variable is the dimensionless fall velocity, Ω, (Dean, 1973; 
Gourlay, 1968) given in (17). 

Ω =
Hs

w Tp
(17) 

The dimensionless fall velocity has also been used to explain different beach states (Masselink and Short, 1993; Wright and Short, 1984). Values of 
Ω higher than 6 correspond to dissipative beaches and those lower than 2 to reflective beaches. Values between 2 and 6 correspond to intermediate 
beaches that develop longitudinal and transversal bars. 

Using equation (17) and taking into account Froude’s scale for flow velocities and time, the scale of the dimensionless fall velocity is given by 
equation (18) as a function of the length and the fall velocity of grain particles scales. 

λΩ =
λ0.5

l

λw
(18) 

Another non-dimensional number that is used to discriminate between bed load and suspended load transport is the Rouse number (Ro), which 
gives a relationship between the fall velocity of grain particles and the friction velocity, equation (19). 
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Ro =
w

κu* (19) 

where, in (19), κ is the von Karman constant. The load transport modes in terms of the Rouse number are given by (Whipple, 2004).  

• Ro > 2.5 → Bed load  
• 1.2 ≤ Ro ≤ 2.5 → 50% suspended load  
• 0.8 ≤ Ro < 1.2 → 100% suspended load  
• Ro < 0.8 → Wash load 

Using equations ((7), (9), (11) and (19) the scale of the Rouse number can be expressed as (20): 

λRo =
λw

λ0.26
d λ0.24

l
(20) 

The problem with the use of the Ω or Ro numbers to obtain the similarity of suspended transport in small-scale experiments is that the fall velocity 
of grain particles depends on the falling flow regime (laminar, transition or turbulent). As the prototype and model grains can fall into different flow 
regimes this gives 6 different possible scales. Hallermeier (1981) proposed the parameter A to discriminate between the different regimes (equation 
(21), (22), (23), and (24)). 

A =
Δgd50

3

ν2 (21) 

The proposed fall velocities for the different fall regimes are: 

Laminar : A ≤ 39; w =
Δgd50

2

18ν (22)  

Transition : 39 < A < 104; w=
(Δg)0.7d50

1.1

6ν0.4 (23)  

Turbulent : A≥ 104; w=
(Δg)1/12d50

0.5

0.91
(24)  

In this study, the model’s sediment properties (grain size and density) are obtained from Shields and grain Reynolds numbers’ similarities and the 
scales of the Ω and Ro numbers are derived quantities. The dissimilarity in these two parameters between the model and the prototype has implications 
that will be discussed further in this study. 

The length scale applied in the experiments conducted in this study, λl = 8 was determined by the capabilities and size of the wave tank where the 
model was built. Other known parameters and resulting scales are given in Table 3. 

The characteristics of the prototype and the freshwater used in the model are known. The scale relation (16) obtained for the similarity of the grain 
Reynolds number allows the determination of the targeted sediment grain size. Then, the scale relation (13) obtained for the similarity in the Shields 
number, determines the relative submerged density scale and therefore the target sediment density. The target values obtained from the Froude, 
Shields and grain Reynolds numbers similarities are summarized in Table 3. 

The density of the sediment used for physical models is restricted by the densities of available materials. In this study, we used synthetic sediment 
which was very similar to the targeted one (i.e. plastic blast of density ρs = 1 500 kg/m3, gradation 40/60, mean grain size d50 = 0.37 mm, and porosity 
of 0.5, see Table 3). With this sediment, the prototype and model regimes of fall velocity, equation (21), are in the transition region and the fall velocity 
of grain particles can be calculated using equation (23), see Table 3. 

The resulting scales of the five non-dimensional parameters are.  

• Froude number (flow variables imposed in the wave tank): λF = 1  
• Shields number, equation (12): λθ = 0.997 ≅ 1  
• Grain Reynolds number, equation (15): λRe* = 1.034 ≅ 1  
• Fall velocity parameter scale (Dean), equation (17): λΩ = 1.835  
• Rouse number scale, equation (19): λRo = 1.016 ≅ 1 

As shown, with the model sediment chosen for the experiments, all parameters (Froude, Shields, Reynolds grain and Rouse) were similar in the 
prototype and the model. The dimensionless fall velocity however was higher in the prototype than in the model, meaning that the modelled beach 
would tend to be more reflective than the prototype. According to the beach classification based on Ω (Wright and Short, 1984), and also accounting 
for the relative tidal range (Masselink and Short, 1993), the beach in the model evolves from longshore bar-through (LBT) to low tide terrace (LTT) 
beach state, while in the prototype it evolves from dissipative (D) to LTT. Therefore, the difference induced by the non-similarity of the fall velocity 
parameter is that the initial state is dissipative in the prototype and LBT in the model. Both initial beach states (D and LBT) form two-dimensional 
beaches. The main differences are that the dissipative beach has a longer breaking zone, a larger distance to the first bar, through of the bar less 
marked, less slope of the beachfront and breaking zones, and spilling breaking (instead of plunging). These differences do not affect the goal of 
determining which of the NABE techniques is more effective for enhancing beach recovery. The experiments performed are representative of the 
evolution of a beach from post-storm conditions (even in nature the beach may not achieve a dissipative sea state due to the short duration of spring 
marine storms) to calm summer weather conditions. 

The relatively large size of the grains of the synthetic sediment produces scale effects on the bed roughness and therefore the bottom friction. 
Consequently, the variation of wave height per unit of length is around 3 times bigger in the model than in the prototype in the shoaling zone. This 
scale effect becomes negligible in the breaking zone, where wave dissipation due to breaking is much bigger than bottom dissipation. 
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Table 3 
Prototype, target and physical model variables and scales for sediment and water. (1) Known values; (2) Target values obtained from Froude, Shields and Reynolds 
numbers similarities; (3) Final model sediment variables and scales used in the physical experiments.   

Variable Symbol Value Units 

(1) Known values Prototype sediment density ρsp 2 650 kg/m3 

Prototype sediment grain size d50p 0.270 mm 
Prototype sediment relative submerged density Δp 1.583 – 
Prototype fall velocity of grain particles wp 0.0313 m/s 
Prototype water density (salt water) ρwp 1 026 kg/m3 

Prototype water kinematic viscosity (salt water) νp 1.223 10− 6 m2/s 
Model water density (freshwater) ρwm 1 000 kg/m3 

Model water kinematic viscosity (freshwater) νm 1.141 10− 6 m2/s 
Water density scale λρw 1.026 – 
Water kinematic viscosity scale λν 1.072 – 

(2) Target values Target sediment grain size scale, equation (16) λdt 0.712 – 
Target sediment density scale λρst 1.771 – 
Target sediment relative submerged density scale, equation (13) λΔt 3.194 – 
Resulting fall velocity of grain particles scale λwt 1.512 – 
Target sediment grain size d50t 0.379 mm 
Target sediment relative submerged density Δt 0.496 – 
Target sediment density ρst 1 496 kg/m3 

Resulting fall velocity of grain particles wt 0.0207 m/s 

(3) Final model values Model sediment grain size d50m 0.370 mm 
Model sediment relative submerged density Δm 0.500 – 
Model sediment density ρsm 1 500 kg/m3 

Model fall velocity of grain particles wm 0.0203 m/s 
Model sediment grain size scale λd 0.730 – 
Model sediment density scale λρs 1.767 – 
Model sediment relative submerged density scale λΔ 3.166 – 
Model fall velocity of grain particles scale λw 1.542 –  
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