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ABSTRACT - This study focuses on the causes of the failure of a nourishment intervention that took place on a stretch 
of coast near Rome. Using data collected before and after this intervention, these causes have been researched through 
numerous inspections on selected aspects of possible relevance. The results obtained describe this nourishment as 
highly controlled by the grain size characteristics of the borrow sands, different from those of the local sediments. The 
equilibration of post-nourishment profiles occurred through erosion of a large part of the sand mass originally placed on 
the beach, and external redeposition of the eroded sand with formation of a large nearshore deposit. This dynamic was 
modulated by the availability of water space for deposition. Within the general progradational trend, distinct processes 
occurred along three belts parallel to the coast: in the inner belt, the steep pre-fill topography (positive shoreface 
accommodation) was mostly filled during nourishment operations; in the middle belt, the migration of the bar trough 
caused erosion on pre-existing morphology (negative accommodation); in the outer belt with high rates of sediment 
redeposition, the sediments in excess were expelled from the system (zero accommodation). Most of the methods used 
to explore this nourishment indicate that its failure is due to the borrow sand used, similar in size to the native sediment 
but considerably better sorted and, most importantly, with a relevant shortage of those sandy fractions instead present in 
the original beach. As a result, fill sands fed insufficiently the beach and excessively the breaking zone.
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1. INTRODUCTION

The coast of the Province of Rome consists of several 
sandy beaches that traditionally attract a large number 
of people from the capital and surrounding cities in the 
summer, with relevant benefits to the local economies. 
The health of these beaches is closely linked to the sands 
delivered by the Tiber River, which are redistributed along 
a coast highly transformed by the urbanisation following 
the Second World War (Bellotti and De Luca, 1979; 
Caputo, 1989; AA.WW., 1995; Bersani and Bencivenga, 
2001; Tarragoni et al., 2014; Bellotti et al., 2018). This 
coast underwent erosion in the last 60 years and many 
reparative interventions were performed, initially by hard 
structures and later, during the last 30 years, mostly by 
artificial nourishments (Caputo et al., 1987; Ferrante et 
al., 1993; Franco et al., 2004). A total of 17 main beach 
replenishments were completed, with the corresponding 
5-6 million cubic meters of sand only partially stabilising 
the shoreline, which is still now in recession in several 

sectors (Regione Lazio, 2013). 
One of these sectors is the Ladispoli Beach, located 35 

km northwest of Rome (Fig. 1). This beach underwent 
erosion in its western extent mostly between 1955-
1975, with over 100 m of shoreline recession in the most 
protruding coastal part (Mallandrino et al., 2014). After 
some attempts (between 1970-80) to counteract erosion 
through hard interventions, this beach was nourished 
in March 2003 but with negligible benefits. The beach 
widening was, in fact, on the order of 10 m a year after 
intervention, and the shoreline retreated further over the 
next few years to return to its original position. 

The present study is an a posteriori exploration of this 
nourishment case aimed at clarifying the causes of its 
failure, also for the benefit of future nourishment actions. 
Thanks to a large set of monitoring data, these causes 
have been researched within the complex framework 
of interactions that nourishment disturbance typically 
generates (Bird and Lewis, 2015; De Schipper et al., 2016; 
Marinho et al., 2018; Huisman et al., 2019; Psuty et al., 
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2019). In this regard, numerous inspections were carried 
out on key aspects, also using virtual nourishment 
reproductions as a tool of exploration. Such key aspects 
have been selected considering the highlights in Tortora 
(2020, Part 1 in this volume), a paper that complements 
this study and includes some topics omitted here.

2. DATA AND METHODS

This study uses a portion of the original and processed 
data in Tortora (2020, part 1 in this volume: see Tab. 1). 
In particular, the main block of information is derived 
from three topo-bathymetric surveys carried out 
shortly before the intervention (03.2003), shortly after 
its completion (04.2003), and a year later (04.2004). 
Further data, concerning the grain size characteristics 
of superficial sediments (192 samples), were collected 
before nourishment (in 06.2001) and after (06.2005). All 
samples, including those of the quarry marine area, were 
analysed by a laser granulometer with a size resolution 
of 1/4 phi (Celia Magno et al., 2018). The statistical 
sediment parameters reported in some figures and in the 
main text refer to the method in Folk and Ward (1957). 

Most of the aforementioned data have been used to 
describe or forecast the artificial deposit, here considered 
as the nourishment derived deposit that is encapsulated 
between pre-fill (03.2003) and post-fill (04.2004) 
morphologic surfaces.

The cluster analysis on the cross-shore sections of this 
deposit (Section 3.2.) is based on the Euclidean distance 
with complete linkage method (Everitt et al., 2011). 
For each deposit section, the processed data consisted 
of thickness values regularly spaced in a cross-shore 
direction in reference to a common baseline (i.e. the 
pre-fill shoreline). In the data matrix used in the cluster 
process, the thicknesses along the baseline occupy a 
specific matrix row. Therefore, the pre-fill shoreline was 
considered as rectified to avoid the influence of coastal 
curvatures on the final results.

The estimates of the depth of closure by wave 
parameters (Section 3.3.) are based on data from the Rete 
Ondametrica Nazionale (ISPRA, http://dati.isprambiente.
it/dataset/ron-rete-ondametrica-nazionale/), recorded 
from a buoy off the Civitavecchia coast (25 km from 
Ladispoli Beach) during the period of April 2003 - March 
2014. A portion of these data was also used to reconstruct 

Fig. 1 - The physiographic coastal unit of Ladispoli with the beach nourished in March 2003.
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the wave climate during the shorter period of April 2003 
- March 2004 (Section 4.1.).

Information on the cores collected in the marine 
quarry area (Section 4.2.) is derived from laboratory 
data (Regione Lazio, 2003), updated through the 
exhumation of the original cores. This information 
concerns stratigraphic evidence, and results of grain-
size analyses on samples representing core portions 
with apparently constant textural characteristics. The 
composite frequency distribution of the borrow material 
was calculated as the average (fraction by fraction) of 
all collected samples, weighing the fractions (%) by the 
length of the core portion that each sample represented.

The composite frequency curve related to the native 
sediments was estimated as the average (fraction by 
fraction) of single samples, using a procedure that obviates 
to their irregular geographic distribution (Section 4.2.). 
Specifically, each size fraction (%) was used in a spatial 
gridding process, then the sum of data in each grid was 
expressed as a percentage with respect to the sum of data 
in all grids. The composite native sample representing 
the sediments along individual cross-shore profiles was 
similarly calculated (sections 4.3.2. and 5.), as well as the 
average grain size distribution of the sediments eroded 
on pre-fill morphology (Section 4.5.). In the latter case 
the granulometric data, within isolated grid portions 
(with erosional features), were weighted based on the 
corresponding values of the erosional cuts.

The volumetric estimates (Section 4.5.) were based on 
grid thickness data whose layouts (isopach maps) are 
reported in Tortora (2020, part 1 in this volume: Fig. 8 
A,C). These estimates omitted the westernmost area (120 
m of coastline) with scattered rocky seafloor, as well as 
areas beyond the inner closure depth (sensu Hallermeier, 
1981; Birkemeier, 1985), where sand veneer of possible 
nourishment derivation is here discontinuously present 
but with thicknesses (0-20 cm) often close to or below the 
instrumental resolution threshold. 

Virtual nourishment reproductions (Section 5.) 
were performed by the Grain-size Nourishment Model 
(Tortora, 2008). This model uses topo-bathymetric 
and granulometric data (frequency distributions) that 
describe the pre-fill cross-shore profile to predict its 
evolution according to three variables: (1) the quality 
and (2) amount of the borrow material, and (3) the cross-
shore boundaries of the pre-fill active beach profile. In 
the simulations shown, the first variable corresponds to 
the composite borrow sand frequency distribution (Fig. 
5C), while the second and third variables were assigned 
according to data extracted from the local artificial 
deposit, specifically its volume and its cross-shore 
boundaries. The simulations by this model are the result 
of mathematical processes that distribute above the pre-
fill profile the volume associated with each fraction of the 
borrow material. This process is regulated by the content 
(%) of the native fractions present before nourishment. 
Virtual sedimentation occurs fraction by fraction, and 
the sum of the formed “sediment layers” (one for fraction) 

reconstructs the artificial deposit. Details on theoretical 
aspects and model processes are reported in Guillen and 
Hoekstra (1996) and Tortora (2008), respectively.

3. PRELIMINARY 

3.1. NOURISHMENT PROJECT
Following the requests of the local community, the 

technical office of the Regional Council (Regione 
Lazio) proceeded to plan an intervention at Ladispoli 
Beach aimed at both promoting recreational activities 
and preventing coastal damage during marine storms. 
Beach widening by artificial sand replenishment was the 
chosen solution in light of the existing chronic paucity 
of sediment. Alternative solutions by coastal defence 
structures were likely rejected to avoid further aesthetic 
detriment along the coast, down-drift erosional hot 
spots, and nearshore rip-circulation close to the eventual 
new structures. The project intended to widen the beach 
by about 35 m after profile equilibration. The needed 
sand volume was estimated at 270-300 m3/m using 
conventional techniques based on the equilibrium beach 
profile method and granulometric comparisons between 
native and borrow sands (Regione Lazio, 2003). Four 
topo-bathymetric surveys were scheduled, to plan the 
intervention (first survey, February 2002), to count the 
sand volume used (second and third surveys, March and 
April 2003), and to ascertain the beach evolution a year 
after nourishment operations (fourth survey, April 2004). 
The intervention was performed in March-April 2003 by 
placing the fill sands on the dry beach and in very shallow 
water, harmonizing the berm at about a height of 2 m by 
levelling works.

3.2. GEOMETRY OF THE ARTIFICIAL-DEPOSIT
A year after nourishment, the artificial deposit appeared 

heavily reshaped by the waves showing rather variable 
characteristics along the coast. Its geometric variability 
is highlighted here by combining objective geological 
evidence with the results of a cluster analysis that was 
performed on thickness data of 35 cross-shore deposit 
sections. In the hierarchic cluster dendrogram, these 
sections can be joined into four main groups (Fig. 2A). 
Groups 1 and 2 (in light-blue and green colours) identify 
coastal zones A and B, respectively. Group 3, including few 
deposit-sections (in blue), is exclusive to zone C, whereas 
the Group 4 consists of ubiquitous sections (in red).

In light of objective geological evidence, the artificial 
deposit present in coastal zone A changes geometry 
quite gradually moving eastward from fairly uniform 
littoral prisms (Fig. 2B: section 1) to prisms that are 
increasingly fragmented into two sedimentary bodies by 
the bar trough (sections 5 and 10). This lateral transition 
is linked to the substrate morphology which controls the 
geometry of the overlying littoral prisms and, through 
its morphological highs (the rocky seafloor, Fig. 1), the 
degree of coastal exposure that increases in progression 
moving eastward. 
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Fig. 2 - Recurring geometries of the artificial deposit. In A, results of a cluster analysis based on thickness data of 35 cross-shore sections 
of the reshaped artificial deposit. The resulting groups of deposit sections identify three coastal zones with relatively uniform geometries, 
summarised by the representative examples in B.



59P. Tortora / Journal of Mediterranean Earth Sciences 12 (2020), 55-75

In coastal zone B, the two sedimentary bodies are present 
throughout, with the external body well-developed due 
to the high wave energy that led to its formation (Fig. 2B: 
sections 21 and 26). The deposit sections with anomalous 
characteristics are those intercepting or passing very 
close to the groin structures, and are distinguished by the 
modest size of the inner body at shallow depths (Fig. 2B: 
section 16).

In coastal zone C, which was not directly nourished, 
the artificial deposit is still present with characteristics 
depending mostly on interference due to the two 
breakwaters (Fig. 2B: sections 31 and 34). Variations 
in geometry regard mainly the inner body, whereas the 
outer body is consistently well-developed.

3.3. DEPTH OF CLOSURE
Depth of closure (DoC) is a theoretical concept 

that concerns a wide range of topics, including the 
identification of the active zone for beach nourishment 
designs (Hinton and Nicholls, 1998; Nicholls et al., 1998; 
Phillips and Williams, 2007; Aragones et al., 2018; Valiente 
et al., 2019). The depth of closure here is estimated through 
three different approaches, based on wave parameters, 
morphological features, and sedimentological evidence. 

The first approach uses wave parameters calculated 
from climate data in Tortora (2020, part 1 in this volume), 
and takes two DoCs into consideration. The inner DoC 
(dLsensu lato) marks the seaward limit of the zone along 
which bed stresses by waves are relevant, and seafloor 
topography changes significantly over time. The outer 
DoC (di), instead, identifies the seaward limit of a more 
external zone, where wave shoaling is the dominant 
process and topographic changes are negligible over time. 
This approach uses the equations below to estimate the 
inner DoCs according to Hallermeier (1978, 1981) and 
Birkemeier (1985), dLH and dLB respectively, and the outer 
DoC (di) by Hallermeier method (1978, 1981): 

(1) dLH = 2.28 He - 68.5 (He
2/ gTe

2)
(2) dLB = 1.75 He -57.9 (He

2/ gTe
2)

(3) di = (Hsm - 0.3 σs) Tsm (g/5000D)0.5

where: He (estimated at 3.38 m) is the effective wave 
height; Te (= 6.68 sec) is the associated wave period; g = 
acceleration due to gravity; Hsm (=0.70 m) is the yearly 
median significant wave height, and σs (=0.558) is the 
related standard deviation; Tsm (=3.68 sec) corresponds to 
the wave period associated to Hsm; and D (=0.1 mm) is the 
sediment D50 at a depth of about 1.5 times greater than the 
inner DoC. The DoCs obtained from these equations are: 
dLH=6.54 m (equation 1); dLB=4.85 m (2); di=8.81 m (3). 
The different values of the two inner DoCs fall within the 
norm, since equation 1 generally provides closure depths 
greater than 20-30% when compared to equation 2.

The second approach identifies the inner DoC as the 
shallowest depth where no significant changes in bottom 
elevation occur over time (Krauss et al., 1998; Hartman 
and Kennedy, 2016). In the studied case, this is the 

depth at the external pinch-out of the artificial deposit. 
Figure 3A shows the pinch-out depths detected along 92 
cross-shore sections of this deposit. Excluding the zone 
where the substrate control is high and the pinch-out 
is additionally affected by scattered rocky outcrops, the 
inner DoC falls in the depth range of 4.5-5 m, and tends 
to increase eastward with coastal exposure.

The third approach is based on the cross-shore 
distribution of six size intervals (families) of environmental 
significance (Tortora, 2020, part 1 in this volume: see 
Fig. 7). Figure 3B shows their variations (%) in pre-
fill (sampling of 06.2001) and post-fill (06.2005) stages 
along a composite sedimentological and morphological 
transect representing the entire coast. Excluding families 
F1, F5 and F6 with very low percentages, the inner DoC 
can be inferred by the cross-shore variations of family 2 
(coarse-medium sandy interval). In fact, in both stages, 
this family is relegated landward the deposit pinch-out 
and in its proximity starts to be sharply absent (Fig. 3B). 
This evidence collocates the inner DoC at about 5 m. The 
outer DoC, of more uncertain identification, should be at 
about 8-9 m, where the percentages of F3 (fine and very 
fine sands) and partially F4 (coarse silt) become constant 
proceeding seaward. It should be noted that the inner 
DoCs estimated by the Birkemeier equation and the other 
two approaches practically coincide. This study uses as a 
general reference dL=5 m. 

4. EXPLORATION ON KEY ASPECTS 

4.1. WAVE CLIMATE
The wave climate that presided over the artificial-

deposit remoulding in the year following the intervention 
was reconstructed in order to ascertain eventual climatic 
anomalies potentially connected to the nourishment 
failure. Data processed are those recorded from the buoy 
off the Civitavecchia coast in the time interval of April 
2003 - March 2004. 

Data in figures 4A and C indicate that wave directions 
from the WSW (18%), S (13%), SW (12%), and SSE 
(10%) are the most frequent. Excluding calm seas (9%), 
the classes of significant wave height (Hs) with major 
recurrences are 0.25-0.75 m (54%), 0.75-1.25 m (18%), 
and 1.25-1.75 m (9%). The classes in the range of 1.75-3.25 
m have an occurrence of 9%, whereas waves higher than 
3.25 m are rare (0.7%) especially those related to major 
storm events (Hs>3.75 m: 0.19%). The most frequent 
classes of wave median period (Tm), in figure 4B, are 3-4 
sec (35%), 4-5 sec (20%), 2-3 sec (15%), and 5-6 sec (14%). 
They are mainly associated with waves from the WSW, S, 
SW, and subordinately from the SSE and WNW.

Comparing this annual wave climate with that of the 
longer time series (04.2003-03.2014) in Tortora (2020, 
part 1 in this volume), it results that Hs and Tm classes 
have similar recurrences in these two periods (Fig. 4 
D,E), although some differences are observed in the 
distribution of Hs classes by wave directions. Using the 
effective wave height (He) (i.e. average wave conditions 
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Fig. 3 - Identification of the depth of closure through morphological and sedimentological data. In A, the depth at the artificial deposit 
pinch-out is used to define the variations along coast of the inner closure depth (dL). In B, inner and outer (di) closure depths are 
identified by the variations (%) of six size intervals (or families) along a composite cross-shore profile including pre-nourishment 
and post-nourishment data. The pattern of three size families (F2, F3, F4) localises dL and di in the positions of the two bands in gray. 
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Fig. 4 - Wave climate in the period of the artificial deposit reshaping (data from March 2003 - April 2004). The matrixes in A and B refer 
to the recurrences (%) by wave directions of the significant wave height (Hs) and wave median period (Tm), respectively. Diagrams in 
C, D, E, summarize the information in these two matrices. Wave data of a longer period (2003-2014) are also reported for comparison 
in D and E.
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exceeding only 12 hours out of a year; Hallermeier, 1978) 
and the associated wave period (Te) as descriptors of 
extreme events, no significant differences appear between 
annual period (He=4.2 m, Te=6.5 sec) and longer period 
(He=3.8 m, Te=6.83 sec). The compared data indicate 
that the artificial deposit reshaping did not occur in 
anomalous climate conditions.

4.2. BORROW AND NATIVE SANDS
The nourishment sands were mined off the Capo 

d’Anzio coast (75 km southeast of Ladispoli Beach) from 
the upper portion of an extensive marine deposit of the 
last post-glacial transgression (Regione Lazio, 2003). 
The cores from this deposit portion show fairly constant 
stratigraphic characteristics and, beneath a superficial 
thin layer with modern palimpsest sediments (a mixture 
of sand, mud and biogenic detritus), comprise of well-
sorted fine sands (Wentworth, 1922; Folk and Ward, 1957) 
ranging between three size (D50) intervals (Fig. 5A): 0.15-
0.175 mm (cores: V02_A3, V02_A4, V02_A5), 0.175-0.2 
mm (V02_A2, A99) and 0.2-0.225 mm (V02_A4, A8). 
Before nourishment, sediments with these dimensions 
(0.15-0.225 mm) were present at shallow depths along the 
Ladispoli coast  (Fig. 5B). 

Figure 5C shows the average grain size characteristics 
of the sands in the cores and of the native sediments 
present in the beach-shoreface zone of the project site. 
The composite borrow sand (of all cores) is equal in size 
(D50) and better sorted than the native sediment, showing 
particles mainly concentrated (80%) in the fraction 2-3 
phi (0.250-0.125 mm). Overlaying the two granulometric 
curves (Fig. 5C; box on the left), this sand is greatly 
increased (+38%) in particles on the central part of the 
curve, whereas deficits are present on the right (-26%) 
and left (-12%) tails. 

These granulometric differences were assessed by 
sedimentological methods typically used in nourishment 
design. One method is the stability index (Pranzini, 
1999; Pranzini et al., 2018) that compares the two grain-
size frequency distributions, with a resulting value of 1 
meaning maximum stability of the borrow sand, zero 
meaning total instability, and approaching 0.5 as the 
stability of two sediments becomes more similar, as in 
this specific case (0.46). The overfill factor (James, 1975; 
Hobson 1977), in contrast, does not provide solutions 
since the borrow sand is better sorted than native 
sediment, and is therefore not transformable in this 
sediment according to the theoretical assumptions of 
the method. If the two grain-size frequency distributions 
are compared fraction by fraction (Krumbein and James 
(1965), the greatest deficit of the borrow sand falls within 
the size interval of 1-2 phi. Finally, the renourishment 
factor (James, 1974; 1975) predicts that in conditions of a 
negative sediment budget the removal rates of the borrow 
sand and native sediment are at ratio 1.5:1. 

4.3. PROFILE EVOLUTION SCHEMES 
These schemes are here applied to a composite 

section of the reshaped artificial deposit that represents 
morphological and sedimentological features in zone B 
(Fig. 2). This zone has been selected because is laterally 
well extended and, at the same time, is characterized by 
deposits with relatively constant geometries and by low 
influences from substrate and coastal structures. 

4.3.1. Equilibrium beach-profile method 
Without the use of any form of prediction, the concept 

of equilibrium beach profile (EBP) has been used as a 
theoretical support to subdivide the artificial deposit 
into elementary portions of environmental significance 
(Pilkey et al., 1993; Dean, 2002). Figure 6A shows the 
pre-nourishment and post-nourishment profiles (R1 and 
R2) and their morphologic simplification (P1 and P2), 
resulting from a best-fitting process by the EBP equation 
(h=Aym, m=0.67; Dean 1991), in which the sediment scale 
parameter “A” and profile shape factor “m” have been left 
as undefined variables. This process assigns to P1 and 
P2 profiles m=0.45 and m=0.68, respectively. Compared 
to the shape of an EBP (m=0.67), P1 exhibits excess in 
concavity and then in sediment accommodation space 
(positive), whereas profile P2 is an EBP. This positive space 
is quantified by sediment volume “a”, enveloped between 
P1 and its expression in an equilibrium condition, such as 
profile P3. Similarly, this last profile was generated through 
a best-fit process (on R1 data), in this case setting “m” at 
a value of 0.67 (i.e. the shape factor for the equilibrium). 
Finally, according to methodology in USACE (2008), the 
shift of P2 on the pre-nourishment shoreline originates 
profile P4 that identifies volumes “b” and “c”.

The three deposit portions (a, b and c) correspond 
to the sediment amounts engaged to fill the concavity 
excess in profile P1 (a=56 m3/m), to equilibrate profile P4 
(a+b=161 m3/m), and to promote sediment progradation 
and shoreline advance (c=51 m3/m). Of note is the 
relevant disproportion between the volume consumed 
for profile equilibration (161 m3/m), and that used for 
profile progradation (only 51 m3/m).

4.3.2. Depositional tendency of the borrow sands
According to Guillen and Hoekstra (1996) and to the 

null-point theory (Cornaglia, 1989; Bowen, 1980; French, 
2005), nourishment deposition should follow a principle 
of “grain size similarity”, in reference to which sediment 
accumulation preferentially occurs at depths where local 
sediments are as similar as possible to the fill sand. Data in 
figure 6B aim to validated this principle for the Ladispoli 
case upon the occurrence of the following condition: 
borrow sand that is very rich in the fraction 2-3 phi 
(80%) tends to be deposited in zones where this fraction 
abounded before nourishment. Such a condition was 
ascertained using (i) the smoothed pre-fill (P1) and post-
fill (P2) shoreface profiles (already illustrated in figure 
6A), (ii) the horizontal distances (translations) between 
these profiles at each minimized depth interval, and (iii) 
the corresponding percentages (%) of the native fine sand 
fraction (2-3 phi) along shoreface P1 (Fig. 6B). It should 
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Fig. 5 - In A, grain size characteristics (D50) of the cores collected in the marine area of sand extraction. In B, distribution along the 
Ladispoli coast of the sediment D50 parameter in the pre-nourishment period, with distinction of the zone (in colour) enclosing the 
same D50 values ​​found in the cores. In C, composite granulometric data related to borrow sands in each core and all cores, and to the 
native beach-shoreface sands in the nourished zone (statistical indexes according to Folk and Ward, 1957); in the box, the last two 
composite sands are visually compared.
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Fig. 6 - Reconstructions applied on a composite section of the reshaped artificial deposit. In A, subdivision of this deposit into significant 
portions: P1 (R=0.97) and P2 (R=0.94) profiles originate by best-fitting processes on real R1 and R2 shorefaces; P3 (R=0.92) simplifies 
R1 in equilibrium condition; P4 is the shift of P2 on pre-nourishment shoreline. In B, the horizontal distances (translations) between 
pre-nourishment (P1) and post-nourishment (P2) shorefaces (already shown in A) are correlated with the contents (%) of native fine-
sand fraction (2-3 phi) along shoreface P1. In C and C1, the differences between profile shape attributes (R1T and R2, with R1T=R1) 
and between sediment characteristics (borrow and native sands) are compared. Three size intervals (<2 phi, 2-3 phi; >3 phi) control 
morphological effects in distinct zones (zones 1, 2, 3, respectively).
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be noted that translations (fill sand deposition) increase 
linearly (R=0.91) with the contents of this fraction (with 
the degree of similarity) along pre-fill shoreface, as the 
aforementioned principle states. 

4.3.3. Relationship between sediment and profile-
shape

This relationship is extrapolated by coupling the 
differences in shape between pre-nourishment (R1) and 
post-nourishment (R2) profiles, with the granulometric 
differences between borrow (B) and native (N) sands. 
The visual appreciation of the first differences requires 
the preliminary translation of R1 in position R1T, so that 
volumes between R1-R2 and R1-R1T are balanced (Fig. 
6C). This reconstruction corresponds to an idealised 
nourishment by a material B=N (Dean, 2002), or to a 
natural progradation by local sediments (N). The overlap 
of R1T (=R1 in shape) with R2 identifies three distinct 
zones (zones 1, 2, 3) where the two profiles do not coincide. 

In contrast, observing the granulometric differences 
between the two sands (Fig. 6C1), the most reasonable 
linkage is that size intervals <2 phi, 2-3 phi and >3 phi 
preside over the morphological effects in zone 1, 2, and 
3 respectively, that is, where the three intervals have their 
optimal residence (for the interval 2-3 phi, see figure 6A). 
Therefore, compared to sand N (or to a natural episode 
of progradation), the material used at Ladispoli Beach 
undernourishes internal and external profile segments 
(zones 1 and 3) due to its paucity in coarse (<2 phi) and 
fine fractions (>3 phi), and excessively feeds the middle 
profile portion (zone 2) due to the overabundance of 
medium-sized fractions (2-3 phi).

4.4. SHOREFACE SEDIMENT ACCOMMODATION 
SPACE

Based on the procedures in Section 4.3.1., 46 cross-
shore transects have been considered calculating for each: 
(i) the profile shape factor (m) of pre-fill and post-fill 
shorefaces (in reference to figure 6A, P1 and P2 profiles), 
(ii) the volumes contained within the concavity excesses 
(Fig. 6A: volume “a”) or concavity defects (volume “a” 
when P1 lies above P3) of the pre-nourishment shoreface, 
and (iii) the depth where these volumes run out (figure 
6A: the external intersection of P3-P1 profiles). Figure 7 
shows the variations of these parameters along the coast, 
synthesized as follows: 

- Pre-nourishment shorefaces exhibit mainly excesses 
in concavity (on average, m=0.52; Std Deviation=0.143), 
whereas the post-nourishment shorefaces often show a 
moderate flattening (western coast), or shapes near or 
coincident to the equilibrium (m=0.69; Std Deviation= 
0.109) (Fig. 7A).

- Volumes contained within excesses or defects in 
concavity in the entire investigated area amount to 79,350 
m3 and 6,170 m3, and in the nourished zone to 72,690 m3 
and 2,450 m3 (Fig. 7B).

- These volumes reside between the shoreline and 3.8-
4.0 m depth, in reference to the pre-fill bathymetry (Fig. 

7C), extending over most of the shoreface length. 
Note the relevant sand volume within the above-

mentioned concavity excesses, corresponding in the 
nourished zone to 20% of the artificial deposit volume 
(372,380 m3; Fig. 8C). 

4.5. SEDIMENT LOST FROM THE PROJECT SITE
Any nourished beach experiences a tendency to expel 

the sediment overabundance beyond the boundaries of 
the project site, resulting in sand loss and reduction in 
nourishment performance (Elko et al., 2005; De Schipper 
et al., 2016; Marinho et al., 2018; Spodar et al., 2018). 
At Ladispoli Beach, these losses have been estimated as 
the imbalance in the artificial deposit volume between 
two stages. The first stage concerns the short time of the 
nourishment operations (1-2 months), during which 
natural sediment redistribution was not completely 
absent. In fact, the classes of significant wave height <0.25 
m, 0.25-1 m, 1-2 m, and 2-3 m had recurrences of 7.1 %, 
76.2 %, 15.3 % and 1.4 %, respectively (data from March-
April 2003). Moderate wave activity is also suggested by 
the fairly regular prismatic geometry of the underwater 
artificial deposit. The second stage extends over the 
following year, during which expulsion of the sediment 
overabundance is a typical phenomenon.

Figure 8 summarizes the results of volumetric estimates 
that, based on grid data of two isopach maps (one per 
stage) of the artificial deposit (Tortora, 2020, in this 
volume), have considered the investigated area and its two 
component sub-areas (1 and 2). Focusing on sub-area 1, 
the one directly nourished, data in figure 8C highlight the 
following aspects: (1) the nourishment was supported by 
native fine sands (44,680 m3) which have been recovered 
by erosion on pre-existing morphology during both 
stages (Fig. 8 A,B); (2) those recovered in stage 1 (25,090 
m3), within a system supposedly closed due to the brevity 
of this stage, were likely incorporated into the artificial 
deposit (421,140 m3), and its net volume (396,050 m3) then 
refers to the sediment amount used for the intervention; 
(3)  the negative sediment imbalance resulting between 
the two stages (-48,760 m3) corresponds to the sediments 
lost from the project site (sub-area 1); (4) these sediments 
accumulated in the unnourished sub-area 2 (Fig. 2B: 
profiles 31, 34), with a positive imbalance (+36,910 m3), and 
further to the east (Fig. 9A, profile P19); (5) the sediments 
lost correspond to 12% of the initial artificial deposit 
volume (stage 1), a quantity within the normal range of 
most nourishment interventions (Verhagen, 1996).  

5. VIRTUAL NOURISHMENT AND DIAGNOSTIC 
TESTS

The nourishment has been virtually reproduced and 
then explored through the Grain-size Nourishment 
Model (GNM; Tortora, 2008), a program which, 
when provided with given topo-bathymetric and 
granulometric information describing the pre-fill profile, 
returns the morphologic evolution according to pre-
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presented in the next sections. Some details on GNM and 
on the techniques adopted are given in Section 2.

5.1. ROLE OF SEDIMENT SORTING
Given that borrow and native sands differ mainly 

in sediment sorting, the role of this parameter (σI) has 
been evaluated by applying the composite simulation to 
some types of hypothetical borrow sands. These sands, all 
log-normal and with the same mean size of the borrow 
material used at Ladispoli, vary in σI from very well 
sorted (sand A) to poorly sorted (D) (Fig. 10B). The four 

selected nourishment variables (profile boundaries, 
input volume and grain size characteristics of the borrow 
sand). The model was preliminarily tested on the full 
investigated area by comparing its outputs with real post-
nourishment features (Fig. 9). After visual validation, a 
“composite simulation” was performed using the input 
data of the individual reproductions (in particular, P13, 
P14, P15 and P16; Fig. 9A). This composite simulation, 
in figure 10A, intends to represent nourishment effects 
over a fairly large area (i.e. the previously selected zone 
B; Fig. 2), and was used as an exploration tool in the tests 

Fig. 7 - Variations along the coast of different parameters: the profile shape factor related to pre-and post-nourishment shoreface profiles (in 
A); the amounts (m3) of positive and negative sediment accommodation space, corresponding to the excesses and defects in concavity along 
pre-fill shoreface topography (in B); the maximum depth delimiting the zones with positive and negative accommodation spaces (in C). 
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sands generated very distinct evolutions. In fact, with 
the worsening of sediment sorting (from A to D sands), 
virtual deposition increases near and on the beach, and 
reversely decreases at the bar position (Fig. 10B). This 
test confirms the considerations related to figure 6C, 
and highlights an unexpectedly high correlation of the 
sediment sorting to nourishment performance. More 
generally, this test (and other simulations not reported 
here) indicates that a well-sorted sand tends to overfeed 
a distinct zone, whose position migrates landward with 
the increase of the sand size, and that this sand can even 
become highly performing (more than a normally sorted 
sediment) if, for example, similar in size to the sediments 
of the native dry beach. Unfortunately, this is not a case 
pertinent to the nourishment in question (Fig. 5B).

5.2. ALTERNATIVE BORROW SANDS
This test aims to assess the effects that would have been 

obtained at Ladispoli Beach using sands from alternative 
quarry areas. The sands tested by the composite simulation 
are those used for nourishing Fondi (sand A1) and Porto 
Badino (sand B1) beaches, and those (sands C1 and D1) 
of two potential marine quarry areas (areas 1-2 and 3, in 
Tortora, 1992) located to the east of Monte Argentario 
promontory (Fig. 10C). Virtual nourishments by sands 
A1, B1, and C1 provide relevant shoreline advances (47.5 
m, 48.3 m, 43.9 m, respectively) that in the case of the 
two coarser sands (A1 and B1) are also accompanied by 
an increase in berm height (Fig. 10C). By contrast, fine 

sand D1 (D50=0.124 mm) creates a submerged deposit 
and a narrow beach. The results above raise doubts 
about the choice of borrow sand used at Ladispoli Beach 
and, indirectly, suggest that no other factor caused the 
intervention to fail.

5.3. SEDIMENT PROGRADATION AND 
AGGRADATION COMPONENTS

In order to segregate these two components of sediment 
deposition, the composite simulation was performed 
using an alternative version of GNM, the Hybrid Grain-
Nourishment Model (HGNM). In HGNM, two volumes 
(Vpr, Vag) are assigned as input to separately predict the 
horizontal (Vpr) and vertical (Vag) sediment accretions 
which, in pairs, recompose the depositional vectors that, 
anchored on the pre-fill profile, outline the predicted 
post-fill morphology. In this specific case, the final 
nourishment reproduction was obtained after numerous 
repetitions of the composite simulation, each for different 
combinations of Vpr and Vag input volumes, until reaching 
the output that best imitated the real post-nourishment 
profile (i.e. the inverse method; Tarantola, 2005).

This output is the profile PL in figure 11A, and was 
obtained by input volumes of 145 m3/m (Vpr) and 118 
m3/m (Vag). As the result of the high Vag volume, the 
depositional vectors generating profile PL are tilted by an 
angle of +0.8° with the horizontal (Fig. 11B). This angle 
corresponds to the average trajectory of the profile during 
virtual evolution and, theoretically, to the depositional 

Fig. 8 - Estimates of the artificial deposit volume at the end of the intervention (stage 1) and a year later (stage 2) are reported in this 
figure. In A, map showing the areas related to these estimates and the zones where pre-nourishment morphology was eroded in the 
total period of the two stages. In B, composite grain size distribution of the sediments eroded in the two sub-areas. In C, summary 
of the volumetric estimates; data in red refer to the net amounts of sediment lost (-) or gained (+) in sub-area 1 (directly nourished), 
sub-area 2, and in the complete investigated area. 
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Fig. 9 - In A, visual comparisons between GNM predictions and real post-nourishment features. In B, grain size frequency distributions 
of the borrow material and the composite native sand representing the average sediment along each pre-nourishment profile.
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Fig. 10 - In A, the output (profile PL) of the “composite simulation” is validated through comparison with the real composite post-
nourishment profile (R2); on the right side, the grain-size characteristics of native and borrow sands. In B, repetitions of this simulation 
by using four hypothetical borrow sands (on the right side, sands A to D) in order to ascertain the role of sediment sorting in the profile 
evolution. In C, further repetitions for alternative borrow-sand types (on the right side, sands A1 to D1).
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setting in the real artificial deposit (sensu Helland-Hansen 
and Martinsen, 1996; Tortora et al., 2009). The most 
relevant aspect in this nourishment imitation is the high 
amount of sands consumed for sediment aggradation 
(118 m3/m) to the detriment of full progradational effects. 
Note also that only a small part of this amount (about 5%) 
is engaged in the vertical growth of the beach (10-15 cm).

5.4. BORROW SAND PERFORMANCE 
Borrow sand performance was quantified through two 

different methodologies. One refers to the here called 
performance index (Pi), or the ratio, calculated at each 
depth interval of the pre-nourishment profile, between 
the translations (depositional vectors) respectively 
generated by the borrow and native sands. This method 

was applied to the input data of the composite simulation. 
The results are shown in the graph of figure 11C, in which 
values of Pi=1, Pi>1 and Pi<1 refer to depths where the 
performance of the nourishment sand is equal, higher 
and lower than that of the native sediment, respectively. In 
the graph, low and high performance values occur on the 
beach (on average, Pi=0.33) and at intermediate depths 
(Pi is up to 1.75), respectively. The Pi value at zero depth 
indicates that shoreline advances induced artificially 
(by borrow sand) and through natural progradation (by 
native sand), regardless of the amount of sediment supply, 
are at the ratio 0.41:1.

In the second method, here called shoreline index, 
the performance is instead expressed in absolute terms, 
as the sand volume required to promote 10 m of beach 

Fig. 11 - In A, imitation (PL profile) of the post-nourishment features (profile R2) through a volumetric calibration of the progradation 
and the aggradation components of virtual sediment deposition. In B, the pairs of horizontal and vertical vectors that originate profile 
PL define the orientation of the sediment growth. In C, variations with depths of performance index applied to the borrow sand used 
at Ladispoli Beach. In D, relationship between nourishment volumes and shoreline advances resulting from many repetitions of the 
simulation in A for different input volumes.
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widening. This index was calculated by coupling input 
(volume) and output (shoreline advance) data related to 
several repetitions of the composite HGNM simulation 
(Fig. 11A) keeping constant the ratio Vpr/Vag. The linear 
equation resulting from the interpolation of these data 
pairs assigns an average of 191 m3/m of sand as the 
shoreline index (to obtain 10 m of beach widening), a 
volume significantly greater than the norm (Fig. 11D). 

5.5. SEDIMENT DEPRIVATION AND SHORELINE 
ADVANCE INHIBITION 

As previously estimated in sections 4.4. and 4.5, the 
sediments lost from the project site amount to 34.8 m3/m 
(i.e. the volumetric imbalance between the two stages in 
sub-area 1; Fig. 8C), which added to another 51.9 m3/m 
of sand within the concavity excesses in pre-fill shoreface 
zones (Fig. 7B), make a total of 86.7 m3/m. This is a fairly 
large sediment deprivation, equivalent to 29% of the 
initial artificial deposit volume. Evaluating its impact on 
the beach through the equation of figure 11D, it results 
unexpectedly very modest, corresponding to a missed 
shoreline advance of only 4 m. In contrast, some ad hoc 
simulations show that this impact is trebled (in terms 
of translation retention) on the middle profile segment, 
a zone with a high confluence of borrow sand and 
therefore more sensitive than the others to any variation 
in sediment supply. Overall, this sediment deprivation 
had a limited influence on nourishment performance.

6. DISCUSSION

6.1. INTEGRATION OF THE RESULTS
Table 1 shows the results of the main inspections 

performed in this study. Following the list of topics, the 
annual wave climate that presided over the remoulding of 
the nourished sand mass, because similar to the long-term 
climate, has no connection with the intervention failure 
(Table 1, point a). On the contrary, all sedimentological 
inspections demonstrate the inadequacy of the borrow 
sand to restore the Ladispoli Beach (Table 1, point b). This 
sand, equal in size to the native sediment but considerably 
better sorted, determines in negative sediment imbalance 
conditions removal rates which are predicted nearly 
equal (stability index; Pranzini et al., 2018) or 1.5 times 
greater (renourishment factor; James, 1975) compared 
to that of the native sediment. Further estimates indicate 
that, regardless of sediment input, shoreline advances by 
artificial (borrow sand) and natural (native sand) supplies 
are at the ratio 0.41:1, whereas sediment accretion rates 
(translations) average a ratio of 0.33:1 on the beach, 
reaching a ratio of up to 1.75:1 at depth interval 1.5-4 
m (performance index). Moreover, the shoreline index 
signals the need for large quantities of this sand to promote 
beach widening. Ignoring the sand quality, the nourished 
volume complies with the objectives of the intervention.

In the borrow and native sands, the content (%) of three 
size intervals explains why post-fill and pre-fill profiles 
differ in shape and, ultimately, clarifies the sediment 

control on the growth of the artificial deposit. In particular, 
the shortage of coarse (<2 phi) and fine (> 3 phi) size 
intervals in the borrow sand is the cause of the deposit 
undergrowth on inner and outer zones, respectively 
(Table 1, point c). On the contrary, the huge deposition on 
the middle zone is due to the overabundance of medium-
sized borrow particles (2-3 phi). Compared to the native 
sediment, the lack of coarse and medium sand fractions 
(<2 phi) corresponds in volume to 102,970 m3. Therefore, 
about a quarter of the nourished volume lacks in particles 
normally present on the beach and very shallow seafloor. 
Overall, the deposit growth appears to be regulated by 
the tendency of the individual borrow fractions to settle 
at the depths of residence of the corresponding native 
sediment fractions.

Explorations inside the artificial deposit (Tab. 1, 
point c) suggest that a large part (76% in volume) of 
its submerged section includes sediments that have 
been involved in profile equilibration process without 
promoting progradational effects. A part of these 
sediments (26% of the submerged deposit volume), 
located above the lower deposit boundary, filled the 
concavity excess in pre-fill shoreface profiles, the latter 
degraded and in disequilibrium conditions. Virtual 
imitations of the nourishment highlight formative 
processes in which volumes engaged in the progradation 
and aggradation components of deposition are almost 
in the same proportions, with consequent retention in 
final nourishment progradation. Due to the aggrading 
component, the impulse of this progradation (the 
direction of deposit growth) is not aligned with the 
horizontal but inclined on average by an angle of +0.8°.

Despite the recovery of native sands (sediment gain) 
through erosion on pre-fill morphology, the sedimentary 
balance appears to be negative at the project site, mainly 
due to the sands transported laterally to the seabed of the 
adjacent east coast (Tab. 1, point d). Moreover, the sands 
within the concavity excesses of the pre-fill shoreface 
topography represent a further sediment subtraction 
for progradation (Tab. 1, point e). The total sediment 
deprivation, although relevant (29% of the initial artificial 
deposit volume), had a very limited impact on the beach 
and nourishment performance due to the too fine size of 
the sediments involved.  About the pre-existing elements, 
the rocky bottom on the western border acted as a natural 
obstacle preventing the effects of lateral spreading on one 
side of the beach, whereas the groin system was ineffective 
in trapping nourishment sands (Tab. 1, point e).

Finally, three aspects deserve clarification. One aspect 
concerns the discrepancy found between D50 values and 
profile morphology, as highlighted by the fact that two 
sediments (native and borrow sands) with the same 
average size (Fig. 5C) are paradoxically related to two 
profiles of very different shape (the real pre-fill and post-
fill profiles; Fig. 6A). This discrepancy depends on the 
information contained in the D50 parameter, which does 
not include details on those groups of fractions from 
which profile shape and nourishment outcomes are more 
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directly dependent (Fig. 6C, C1). The predictive skills 
of this widely used parameter deserve attention because 
they may vary from case to case. In the Ladispoli case, 
for example, any method strictly based on this parameter 
would probably have led to incorrect morphological 
predictions. The second aspect regards the sediment 
composition, in particular the mineralogical contrast 
between borrow sands, essentially siliciclastic, and 
native sands which contain moderate quantities of 
heavy minerals that become clearly dominant on the 
beach. How much this contrast was assessed in the 
nourishment project, and how much it weighed into the 
final performance are points of possible relevance but not 

addressed in this study. The third aspect concerns the 
surplus of sediment for post-fill profile equilibration due 
to the excesses in water space (in shoreface concavity) 
in pre-nourishment morphology (Fig. 7). These space 
excesses, since in potential present in retreating coasts, 
should be assessed in advance with eventual counts of 
additional borrow sand amounts by way of compensation.

6.2. SEDIMENTARY PROCESS
The deposit formed by nourishment was the result of 

erosion and external redistribution of a part of the sand 
mass originally placed on the beach and very shallow 
seabed (Fig. 12). This dynamic was regulated by the 

Tab. 1 - Summary of results of the inspections performed in the present study.
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availability of water space for deposition, particularly by 
the geometric relationships between pre-fill morphology 
and profiles with shapes imposed by the borrow sand 
grain-size characteristics (Cowell and Kinsela, 2018). 
The needed space was found through a general shift of 
deposition to relatively deep water, and through distinct 
adaptation processes varying from zone to zone. In zones 
with negative accommodation space pre-fill morphology 
was eroded, deeply along the belt of migration of the bar 
trough, and more superficially in some scattered sectors. 
Whatever the cause, erosion also occurred during the 
period of nourishment operations, even in external areas. 
By contrast, in zones with positive accommodation space 
and high sediment confluence, once deposition reached 
the zero accommodation threshold (= sediment bypass), 
the incoming sediments began to flow directly out of the 
system. This dynamic occurred throughout the lateral 
extent of the ​​outer sedimentary body (Fig. 12B) and was 
partially replaced on the western margin by some local 
seafloor collapses with consequent sediment transport by 
gravity beyond the inner closure depth (Tortora, 2020, 
Part 1 in this volume). A separate case concerns the 
steep pre-fill shoreface topography that was artificially 

filled during nourishment works. Changes in nearshore 
water circulation and wave impact on the shore should 
have occurred considering the different extent and depth 
of the breaking zone in pre-fill and post-fill periods 
(Fig. 12). It should be noted that little or nothing would 
probably have changed within the project site boundaries 
in case of a hypothetical increase in nourishment volume. 
The replication of the dynamics mentioned above would 
have led to an insignificant shoreline advance and an 
aggravation of the sediment losses due to the persistence 
of the sediment bypass along the outer sedimentary body. 
Even in nourishment simulations there is no possibility of 
achieving acceptable performances unless changing the 
type of fill sand.

7. CONCLUSION

The nourishment at Ladispoli Beach was an attempt to 
reintroduce the amount of sand lost during the erosive 
phase that started around 1960. This nourishment 
took place in a coast already protected by man-made 
structures, well delimited on the western side by raised 
rocky bottoms, and characterized by a steep shoreface 

Fig. 12 - The artificial deposit immediately after nourishment (A) and a year later (B). Its evolution can be inferred from the superposition 
of the two profiles relating to these periods (B). Erosion and external sediment redeposition are the modalities by which the deposit has 
been reshaped. The inner sedimentary body corresponds to the preserved portion of the original sand placement, and the outer body to 
the redeposition of the unpreserved portion. The smaller green arrows refer to sediments spread laterally (eastward) and offshore from 
the outer sedimentary body. The excess concavity along the pre-nourishment profile was filled during beach replenishment operations.
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topography related to the prevailing erosion conditions. 
This nourishment is distinguished by: (1) cross-shore 
sedimentary dynamics through which the nourished mass 
was reshaped; (2) beach widening far below expectations 
due to a concentrated deposition mainly at 3-4 m depth of 
the pre-fill bathymetry; (3) moderate loss of sediment, due 
to a lateral sand transport to the adjacent eastern coast; 
(3) inefficacy of the coastal structures (groins) in trapping 
the fill sands; (4) drastic resizing and swallowing of the 
breaking zone with possible feedback effects on nearshore 
hydraulic circulation. Each of these aspects was directly 
or indirectly conditioned by the borrow sand used, with 
a poor attitude to remain in equilibrium on the beach. In 
particular, the missed shoreline advance and consequent 
nourishment failure are due to the lack of coarse and 
medium sandy fractions in the borrow material compared 
to their abundance in the native beach sediments. Despite 
numerous inspections performed on different aspects, this 
study does not identify other significant causes or factors 
that may explain the intervention failure. In light of this 
failure and the unusual characteristics of the borrow sand 
(excessively sorted), eventual future extractions of sands 
from the large transgressive deposit off the coast of Capo 
D’Anzio should be carefully evaluated.

The grain size data used in this study are available as a 
supplementary file.
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