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Abstract: The morphodynamics of an artificial gravel beach in the Bay of Rijeka (Ploče Beach) was analyzed. The 
morphological changes of the beach face were monitored through an intense situation of gravitational surface wind 
waves from the incident SSW direction. A numerical modeling technique was applied, after initially establishing a 
numerical model for wave deformation.  A model for sediment transport was established based on its results. Both 
models were based on the finite volume method. In addition, the partial contribution of the longshore component of 
sediment transport was analyzed based on empirical formulae. The modeling results were verified by comparing 
the positions and amounts of eroded/accumulated material along the beach with the processing of terrain images 
in the form of point clouds. The erosion and accumulation positions of the beach sediment material, obtained by 
numerical model simulations, corresponded to the surveyed positions. The total volume of eroded and accumulated 
material based on terrain image processing corresponded to the model values. 
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1 INTRODUCTION 

Gravel beaches commonly need nourishment to provide better recreational facilities or expand existing beach 
capacities. The choice of a hydrodynamically favorable position and appropriate beach material for the gravel beach 
face should be rational in terms of minimizing the permanent deposition of the beach material and degradation of 
bottom biocenosis. After the nourishment of the beach, an initial profile is formed that becomes morphologically 
active (erosion and accumulation) over time, primarily due to the impact of waves. In the cross-section of the beach, 

the morphodynamics are the most intense in swash zone 1, 2. A certain part of the eroded material from the 
swash zone moves to greater depths, where it accumulates or moves further along the longshore direction of the 

beach 3. Unlike long beaches, beach rotation, that is, sediment transport from one end of the beach to another, 

occurs at miniature beaches 4. The most significant displacements of the beach material occur at the beach 
edges while the smallest occurs at the center of the beach (beach rotation point). For naturally balanced gravel 
beaches, periods with a more moderate wave climate occur after periods of intense wave conditions, during which 

previously eroded and accumulated material is re-drawn to beach 5. Artificial gravel beaches are at risk of 
excluding the regeneration-return mechanism of previously eroded beach materials.  

The natural slope of the beach depends on the physical characteristics of the beach material (sediment) and 
its porosity, which enables significant infiltration and absorption of incoming waves. Sediment transport occurs near 
the contact line of the sea and coast, primarily in the narrow zone of breaking waves and swash, which also depends 

on the slope of the beach itself 6. Composite beaches comprising sand and gravel differ significantly in 
morphodynamic characteristics from beaches with pure gravel or a mixture of gravel and sand separated in the 

cross-section of beach 7. Due to the complexity of the transport mechanism, the methodology established on the 
principles of fundamental physics, which facilitates the universal quantification of sediment transport, has not been 

presented so far 8. 
According to the Udden-Wentworth classification, gravel (pebble) material implies the predominance of gravel 

sediment in the grain diameter range of 2–64 mm. The slope of gravel beaches is usually higher than that of sandy 

beaches, with slopes often exceeding 10° 9. Jennings and Shulmeister 10 concluded that gravel beaches have 
steeper slopes, noting that the slope can vary significantly depending on the fraction of finer material in the sand 

domain. Buscombe and Masselink 9 focused on the importance of the infiltration-exfiltration process of filtration 
in the body of the gravel beach on the overall morphodynamics.  

Optical and acoustic measurements using new-generation devices enable quality monitoring of the 
morphodynamic characteristics of gravel beaches under dynamic environmental conditions. Therefore, in recent 

times, apart from long-term morphological changes in beach profiles 11,12,13,14, short-term changes are 

increasingly being observed 15,16,17, and appropriate models of the morphodynamics of gravel beaches are 
being established. 

Empirical models of the equilibrium cross-section profile of the wet part of a sandy or gravel beach, described 

in 18,19,20 link the change in depths (bottom level) as a function of the shoreline distance and rely on the grain 
diameter of the beach material. A comparison of the results obtained using such empirical formulae and gravel 
beach profiles measured in nature indicates the reliability of their application only under homogeneous 

environmental conditions 21,22,23,24.  

In the recently published results of a study by Bujan et al. 25 based on 2144 pairs of beach slope data ( 
in degrees) and beach material grain diameter (the median grain size diameter D50 ranged from 0.063 mm to 4096 

mm), empirical formulae in an exponential form with two parameters (tan = aD50
b) and three parameters (form 1 

  = aD50
b+c; form 2   = a(D50 – 0.125)b+c) are systematized. The suggested values for the coefficients of 

the empirical formulae are a = −0.178, b = −0.187, and c = 0.294 (form 1), and a = −0.154, b = −0.145, and c = 
0.268 (form 2). Such expressions can also be used to determine the maximum allowed slope of the beach when 
constructing artificial gravel beaches or nourishing them. 

To analyze the response of the cross-section profiles of mixed gravel-sand beaches to the wave impact, 

Karunarathna et al. 26 and Horrillo-Caraballo and Reeve 27 used canonical correlation analysis (CCA). CCA is 
a multivariate linear statistical analysis that can be applied to detect a pattern of behavior in the development of 
beach profiles and incident wave conditions. Using CCA, a regression matrix is derived that relates the beach profile 
to the characteristics of the wave spectra. Therefore, it is necessary to have two time series of data (cross-section 
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profiles and corresponding spectral characteristics of the waves) at the same time resolution. A detailed description 

of the CCA methodology is provided in [28. 
A relatively small number of numerical models have been developed to analyze the morphodynamics of 

beaches with mixed or predominantly gravel material 29,30,31, partly because of the relatively limited database 

obtained by measurements in nature and in laboratories. Pedrozo-Acuña et al. 6,30 presented the results of a 
numerical empirical research on sediment transport in the swash zone for steep gravel beaches using a nonlinear 

Boussinesq model for the wave model. Ruiz de Alegria-Arzaburu and Masselink 5 estimated the 3D 
morphodynamics for a gravel beach on the southwest coast of the UK exposed to the impact of wind waves and 
swells. During and intensive two-year in situ monitoring (April 2007–April 2009), 27 storm situations were registered. 
The Mike 21/sw (www.dhigroup.com) spectral model based on the finite volume method with an unstructured 
calculation network was used to analyze wave deformations and calculate the wave field in the deep, transitional, 
and shallow-water areas. Longshore sediment transport was initially calculated using the measured morphological 
changes in beach profiles, and subsequently compared with the results of the application of empirical formulae 

defined in the papers 32,33,34.  
In [35], the results of in situ measurements and numerical modeling of wave deformations (Mike 21/sw model, 

http://www.dhigroup.com) and morphological changes (XBeach-G model, http://oss.deltares.nl) along a cross-
sectional profile of a natural gravel beach over a period of one year (Kvarner Channel in the northern part of the 
Adriatic basin, Croatia) are presented. The model results indicated the most intense erosion in the swash zone and 
sedimentation of the material in the greater depth zone. The measured and simulated morphodynamics indicated 
a natural tendency towards a dynamically stable profile. A comparison of the results of the studies conducted with 
those of others at nearby locations and under the same meteorological conditions exhibited quantitative similarity 
in the extent of material erosion along the cross-section of the beach. 

In this study, a numerical analysis of the morphodynamics of Ploče Beach was conducted (Figure 1) for the 
period from 9.2.2020 to 12.2.2020 after the beach was nourished on 1.2.2020 to increase the beach area. Detailed 

terrain surveys in the form of point clouds (4E7 points) were conducted on 8.2.2020 and 12.2.2020 In the 
implemented model routines, the main force for the movement of gravel is gravitational wind waves, while the 
influence of sea currents induced by tidal forces, gradient currents, and drift currents has been excluded. 

In Chapter 2, basic explanations of the measurements provided and the implementation of numerical and 
empirical models of wave deformation and morphodynamics are provided. In Chapter 3, the results of the 
implementation of model simulations and application of empirical formulae are presented, while the concluding 
chapter provides an overview of the research conducted and the results obtained. 

 

Figure 1 Map of the wider area (Kvarner) indicating the location of the conducted research and view of 
the Ploče beach (B) 
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2 MATERIALS AND METHODS 

2.1 Terrain and wave measurements 

The Datawell waverider was used (Figure 2) to measure the waves at position V1 in the immediate vicinity of the 

Ploče beach itself ( = 45° 19.588' N;  = 14° 23.738' E, WGS 84, free movement within the radius of the position). 
The wave motion sensor consists of a buoy (type MKIII) with a built-in GPS receiver and digital data logger. Data 
was transmitted from the measuring buoy to the recorder using radio and GSM communication. The waverider 
sensor recorded data containing standard wave statistics for periods of 30 min (Figure 3). In the observed situation, 
the measured maximum of the significant wave height was HS = 1.16 m (10.2.2020. 16:30), with the associated 
maximum wave height HMAX = 2.54 m, peak spectral period TP = 4.35 s, in the incident wave direction  
Dir = 195.5 0.  

 

Figure 2 Map of the wider area indicating the locations of the conducted research (Ploče beach) and wave 
buoy (V1) 

Point clouds for the research location were taken on 8.02.2020. and 12.02.2020. (Figure 4). Every point cloud 
contained approximately 4E7 points. Figure 4 shows the sampling positions of the beach material (8.2.2020) and 
control cross-section profiles (L1-L10) used in further analyzing the longshore transport of the beach material. The 
starting points of the profile were at a depth of 5m. The results of the laboratory grain size distribution testing of the 
beach material showed that the median grain size diameter obtained from the test sample was d50 = 16 mm. 

 

Figure 3 Time series of HS (A), TP (A), Dir (B) and HMAX (B) at half-hour resolution for the period of analysis 
from 9.12.2020. - 12.12.2020. (registered at the wave motion sensor V1) 
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Figure 4 Survey terrain image made with Structure-from-Motion (SfM) photogrammetry (4E7 - 08.02.2020), 
sampling positions of the grain size distribution of the beach material G1 and G2, and control cross-

section profiles L1-L10 with associated bottom slopes 

 
2.2 Numerical wave deformation and sediment transport model 

A wave deformation model was established for the spatial domain, as shown in Figure 5. The spatial and time 
distributions of significant wave heights HS, peak periods TP, incident wave directions, and wave-breaking index 
during the period 8.2.2020 to 12.2.2020 were analyzed using this model. The distance between the numerical 
nodes, located at the center of gravity of the surface of each finite volume, was variable and extended from 5 m in 
the deep-water area to 0.5 m in the coastline zone. Using numerical simulations, half-hourly averaged fields of 
significant wave height HS, peak period TP, incident wave direction, and wave breaking zone were obtained. For 
the sediment transport model, it is necessary to know the wave-generated unsteady flow field. Therefore, a 2D 
vertical-averaged Mike 21fm model (www.dhigroup.com) was established in which the radiation stress field from 
the results of the wave deformation model was used for forcing sediment transport. The model used the same 
model domain and computational grid as the wave deformation model (Figure 5). 

Initial conditions 
The initial simulation conditions were defined by the zero-wave spectrum, that is, by the absence of initial wave 
motion over the entire modeled area. The dynamics of the calm sea level were considered based on the registered 
data from the Bakar mareographic station (Figure 5). 

Boundary conditions 
At the open boundaries of the wave deformation model (Figure 5), the measured time series of significant wave 
height HS, peak periods TP, and associated incident wave direction were applied, according to registration at 
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waverider station V1 with half-hour data resolution (Figure 3). The wave steepness in the analyzed situation was s 

= 24,9 and for the purposes of the model the wave breaking coefficient was applied according to 36            

B = 0.5+0.4*tanh(33*s) = 0.85. (1) 

Numerical wave deformation model 
The Mike 21sw spectral numerical model (www.dhigroup.com) was used to numerically analyze the wave 
deformations. A full spectral formulation was used with the directional wave spectrum as the dependent variable. 
For the spectral discretization of the frequency domain, a logarithmic scale from the minimum frequency of 0.1 Hz 
(10 s wave period) to the maximum frequency of 1.75 Hz (0.57 s wave period) was used, over 30 discrete steps. 
Model implementation included inter-wave nonlinear interactions, refraction, diffraction, and shoaling, as well as 
dissipative processes caused by friction with the bottom and wave-breaking upon reaching shallow depths. 

 

Figure 5 Spatial domain of the numerical wave deformation model and its discretization with an 
unstructured finite volume network on a bathymetric background (A) and a mareographic record of sea 

level dynamics during the simulation (B) 

To calculate the sediment transport, information about the time-averaged mean flow field is essential. The 
mean flow was calculated through the superposition of wave motion, flow due to the gradient of the water surface, 
and flow in the boundary layer that develops through the combined action of currents and waves. The time-
averaged mean flow field was calculated from the mean eddy viscosity coefficient and radiation stress field.  

The general wave parameters HS, TP, and incident wave direction, calculated using the wave deformation 
model, were used to describe the wave motion. In the case of wave breaking, the energy of the orbital motion is 
converted to surface turbulence, which is transferred into deeper layers. The surface layer turbulence production 

was calculated using the wave height, wave period, and depth parameters 37,38. The surface radiation stress 
due to wave breaking depends on the size of the surface roller formed, the surface of which is calculated according 

to the theory presented in 39.       
The development of the boundary layer through the combined action of currents and waves was considered 

by the approach outlined in the paper 40. The equilibrium force equation includes the contributions of the orbital 
wave motion, forces generated by the breaking of waves (radiation stress gradient), and slope of the water surface. 
In the model used, it was solved by the classic 4th order Runge-Kutta method (RK4). 

Turbulence  
Turbulence production was considered through three partial contributions: the wave boundary layer, energy 
dissipation through surface wave breaking, and mean flow. It was quantified using the eddy viscosity coefficient:   
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T = T-BL + T-C + T-WB. (2) 

The partial contributions are given by the corresponding member of eddy viscosity. The contribution of the wave 

boundary layer T-BL was defined following 40. The eddy viscosity due to the mean flow, T-C, outside the boundary 
layer was calculated by applying the mixing length concept [41], while the eddy viscosity owing to wave breaking, 

T-WB,  was calculated from the transport equation for turbulent kinetic energy [42]. 
The production of turbulent energy to wave breaking is equal to the dissipation of the wave energy. 

Diss = 0.25 FB Hmax
3  g / (T h) 36, (3) 

where FB is the fraction of broken waves 

FB = 1 + HS
2 lnFB / 2Hmax

2, (4) 

and Hmax is the maximum wave height  

Hmax = tanh (B k h) / k (5) 

The parameters k, h, and B represent the wave number, local depth, and wave breaking coefficient, respectively 

(applied value of B = 0.85). 
Mean flow 

The mean flow is generated by the shear stress field, which is expressed in the model using three partial 
components: time-averaged shear associated with the wave motion, shear stress due to wave breaking, and shear 

stress due to gradients in the water surface 43. 
For the wave motion outside the boundary layer, the potential theory assumption was applied according to 

which the mean bottom shear stress was 0 (pure oscillatory motion). On the other hand, for progressive waves, the 
bottom shear stress has a finite value other than zero because of the non-uniformity of the wave boundary layer. 
Therefore, in the model, a small constant velocity was added to the orbital wave motion, and it was iteratively 
calculated through the condition of equality of the bottom shear stress from the turbulent boundary layer and the 

predefined value 44. 
The relationship between the radiation stress gradient and time-averaged shear stress was defined according 

to the concept described in 42,44, which recognized the importance of the vertical transfer of the horizontal 
component of momentum in the law of conservation of momentum balance. The time-averaged shear stress, 
calculated based on the energy dissipation in the wave breaking, was uniform throughout the entire water column. 

The mean flow in the cross-section direction must balance the mass transport associated with the wave 
motion and discharge in the surface roller. In the longshore direction, the mean flow corresponds to the time-
averaged longshore current velocity. Therefore, in the model, the predefined mean flow was obtained by 
superposing a shear stress arising from a sloping water surface to the shear stress associated with the wave motion 
(radiation stress, surface roller). The shear stress owing to the sloping water surface was zero at the water surface 
and grew linearly towards the bottom.  

Sediment transport 

Sediment transport in the longshore direction is defined by the following deterministic expression 43     

qBL = 5 1 + ( / 6) / (B  – BC)-0.25 (B 1/2 – 0.7 BC1/2) g (s / -1) d5031/2, (6) 

where g represents gravity and B is the non-dimensional shear stress at the bottom  

B = b / ( s -  ) g d50. (7) 

The parameters s (sediment density, 2650 kg/m3),  (sea density, 1028 kg/m3), and BC (non-dimensional critical 
shear stress at the bottom) were calculated using the following expression:  

BC = 0.0495 -cos  sin  + (S
2 cos2 - sin2 sin2)1/2/S, (8) 

where d50,   , S = tan , and  denote the median grain size diameter of beach material sample, angle between 
current direction and bottom slope, bottom slope angle, static coefficient of friction, and angle of internal friction 
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(angle of repose), respectively. Sediment transport in the longshore direction was calculated by the following 
expression:  

qBT = qBL tan  / (1.6 B
1/2 ). (9) 

For sediment gradation g = (d84/d16)1/2 value of 1.1 was adopted 45. 
The solution of hydrodynamics with the associated sediment transport is initially calculated within the 

calculation of morphodynamics, for each calculation step, which determined the rate of change of the bottom 
elevation. The bathymetric data file was updated based on the calculated values of the rate of change of bottom 
elevation, and with the changed bathymetry, a further calculation step was performed for hydrodynamics and 
sediment transport. 

Figure 6 shows the spatial distribution of the initial thickness of the gravel layer with an approximately 
homogeneous beach material, d50 = 16 mm. The rest of the beach and underwater contain stabilized material that 
is considered immobile in the model, while the groins are constructed with riprap material (d50 >> 16 mm). Therefore, 
the above conditions were used as the initial conditions for the sediment transport model. 

 

Figure 6 Spatial distribution of the movable sediment layer thickness of granulation d50 = 16 mm (initial 
conditions for the transport model) 

 
2.3 Empirical model (formulae) of longshore sediment transport 

The empirical formulae given in 46 (10), 32 (11), and 34 (12) were used to quantify the longshore component 
of sediment transport: 

𝑄𝑏 = 0.0012
𝐻𝑆𝐵√𝑐𝑜𝑠𝜃

𝑑50
[
𝐻𝑆𝐵√𝑐𝑜𝑠𝜃

𝑑50
− 11] sin𝜃𝐵 𝑔𝑑50

2 𝑇𝑃𝐵, (10) 

𝑄𝑏 = 𝑘
(1 + 𝑒)𝜌𝐻𝑆𝐵

2 𝐶𝑔 sin2𝜃𝐵

16(𝜌𝑆 − 𝜌)
, (11) 

𝑄𝑏 = 1.34
(1 + 𝑒)𝐻𝑆𝐵

2.49𝑇𝑍
1.29 tan𝛽0.88𝑑50

−0.62 sin 2𝜃1.81

(𝜌𝑆 − 𝜌)
. (12) 

Where the following represent: Qb the intensity of longshore sediment transport (m3/s), k empirical coefficient 

(adopted value 0.057 5), e beach material porosity (adopted value 0.4), s sediment density  (adopted value 2650 

kg/m3),  sea density (adopted value 1028 kg/m3), Cg wave group velocity, HSB significant wave height at the 
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breaker line, TZB mean wave period at the breaker line, TPB peak wave period the breaker line,  bottom slope angle 

(beach face slope), B  angle of wave attack at the coast. The main problem in applying the above formulae lies in 

determining the corresponding values of HSB, B, and TPB. In this study, these values were obtained by processing 
the results of a numerical model of wave deformations. 

3 RESULTS OF THE NUMERICAL MODEL AND EMPIRICAL FORMULAE 

Figure 7 shows the field of significant wave height HS at 10.2.2020. 16:30, when the maximum significant wave 
height HS during the simulation period of 08.02.-12.2.2020 was registered at the waverider station V1. Figures 8 
and 9 depict the field of the wave breaking index and currents generated by the waves for the same period. Figure 
10 shows the field of the bottom elevation change at the end of the simulation period (12.2.2020.). Figure 10 also 
shows the bottom elevation change over the entire simulation period in cross-sections L1, L4, L8, and L10. 

 

Figure 7 Significant wave height field at the maximum significant wave height period (2/10/2020 16:30 PM) 

Figure 7 shows that the significant wave heights HS increase locally owing to the shoaling effect (relative to the 
position of the open boundary), reaching maximum values of HS = 1.32 m. During the period of maximum waves 
(10.2.2020. 16:30), the angle of incidence in the deep-water area was dir = 1950, so the waves, reached to the 
coastline from the perpendicular direction in the central parts of the "west" and "east" beach after the additional 
refraction impact.  
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Figure 8 Field of the wave breaking index during the period of maximum significant wave (10.2.2020. 

16:30) 

Figure 8 shows that up to 5 % of waves break at depths exceeding 1.5 m - 2.0 m (10 - 15 m from the shore), 
after the percentage of broken waves occurs increases suddenly. In areas with milder changes in the bottom 
elevation, the wave-breaking zone is wider.  

 

Figure 9 Current field generated by the radiation stress gradient in the period of the maximum significant 
wave height (10.2.2020. 16:30)  

The results in Fig. 9 indicate large gradients in the field of the wave-generated current. The highest velocities 
occur along the groins, where the sediment is significantly larger than the median grain size d50 = 16 mm of the 
beach material. Therefore, the morphodynamic activity in these zones was less prominent. The strongest currents 
in the zone with beach material median grain size d50 = 16 mm occurred in profile L10, and more significant 
morphological changes are expected in this profile (Figure 10). 
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Figure 10 Field of the change in the bottom elevation at the end of the simulation period (12.2.2020) and 
change in the bottom elevation in profiles L1, L4, L8 and L10 

The results shown in Figure 10 indicate the significant non-uniformity of the erosion and accumulation fields 
of the sediment, primarily to the presence of both the longshore and cross-shore sediment transport components. 
The most significant erosion and accumulation of beach material occurs at the right edge of the "eastern" beach. 
At beach elevations above the hydrographic zero, material accumulation prevails. In contrast, erosion prevails in 
the submarine part of the beach (below hydrographic zero). The lowest erosion can be observed in profiles L2 and 
L3 as the wave breaking zone is wider; hence the dissipation of wave energy is widespread due to milder changes 
in the bottom elevation. In addition, the lowest wave-generated current speed can be observed in profiles L2 and 
L3. The quantification of the change in volume by segments between the profiles and summed up for the whole 
beach is given below compared with the results of the calculation based on empirical formulae.  

Figure 11 shows the intensities of the sediment transport Qb in profiles L1-L10 during the period 9.2.-
12.2.2020, calculated on the basis of empirical formulae (10), (11), and (12). The positive values indicate the 

sediment transport in the direction E  W, while negative values indicate the transport direction W  E. The 
results show that maximum transport occurs in profiles L5 ("west" beach) and L8 ("east" beach). The values 

obtained using formulae (12)34 are four times smaller than the results obtained with the remaining two 

expressions. Because only in (12) 34 parameters of bottom slope  and median grain size diameter d50 occur, 
and that (12) is derived from recent in-situ studies, for further calculations, the results obtained using (12) are 
adopted.  
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Figure 11 Intensity of Qb transport in profiles L5 (A) and L8 (B) based on the empirical formulae (10), (11) 
and (12), and Qb in profiles L1 - L5 (C) and L6-L10 (D) based on the empirical formulae (12)  

It is also possible to determine the parts of the beach where erosion and accumulation occur from the results 
of longshore sediment transport through profiles 1-10. The difference in the intensity of the total longshore transport 
between the two adjacent profiles causes erosion (greater transport through the output profile than input) or 
accumulation (greater transport through the input profile than transport through the output profile). Figure 12 shows 
the total erosion/accumulation volumes along the beach between the used profiles L1–L10 for the analyzed period 
of 9.2.2020.-12.2.2020. The results obtained using a numerical model of sediment transport are also presented for 
comparison. The erosion/accumulation volume was calculated from the results of the numerical model for the 
sections of the beach between the left groin and profile L1 (LG-1), profile L5 and middle groin (5-MG), middle groin 
and profile L6 (MG-6), and L10 profile and right groin (10-RG).  

Figure 12 shows that the eroded/accumulated volumes calculated using the empirical formula (12) exceed 
the values obtained by the numerical sediment transport model. The sections where sediment erosion or 
accumulation occur are identical except for a section between profiles L1 and L2, where empirical formulae result 
in erosion, while the numerical results indicate accumulation. According to formula (12), erosion occurred in parts 
of the "west" beach between L1 and L2 (Qb-L1 > Qb-L2), while accumulation occurred in the other parts of the "west" 
beach between L2 and L5 (Qb-L5 > Qb-L4 > Qb-L3 > Qb-L2). For the "west" beach, a total volume change of +6.1 m3 
(accumulation) was obtained. Furthermore, in the "east" beach, the accumulation also exceeded erosion, producing 
a total volume change of 8.2 m3. It should be noted that the empirical expression (12) only covers the longshore 
transport component and that the term itself is derived from the results of in situ studies for relatively long coastal 
lines with minimal changes in the incident wave direction. The results of the numerical model indicate the trend of 
material accumulation in sections L1 – L5 and L8 – L10. Erosion occurs in sections LG – L1, L5 – MG, MG – L8, 
and L10 – RG. Therefore, one part of the eroded material from the peripheral parts of the beach (near groins) (LG 
– L1, L5 – MG, MG–L6, L10 – RG) is carried by longshore and cross-shore transport and accumulates at the parts 
of the beach that are higher than the hydrographic zero. The other part of the eroded material is carried to the 
central parts of the beaches, where it also accumulates. Total volume change of +6.6 m3 (accumulation) and -7.8 
m3 (erosion) were obtained for the "west" beach and "east" beach, respectively. Furthermore, using the results of 
the numerical model, it was estimated that the total accumulated sediment volume at the beach area above the 
hydrographic zero, which was displaced by erosion from the underwater part (below hydrographic zero), was 
approximately +46 m3. These results are desirable from the perspective of beach sustainability and reduction of 
beach nourishment needs.  
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Point cloud analysis for surveys made on 8.2.2020. and 12.2.2020. showed that the total change in the volume 
of beach material above sea level (hydrographic zero) was +38 m3 (accumulation), which agrees with the results 
of the numerical model.  

 

Figure 12 Total erosion/accumulation volumes along the beach between profiles L1 - L10 calculated 
using the empirical formulae (12) and numerical sediment transport model 

CONCLUSION 

This study analyzed the morphodynamics of the artificial gravel beach Ploče in Rijeka for a situation where 
gravitational wind waves were incident from the SSW direction. Geodetic surveys of the beach were conducted at 
the beginning and end of the observed period using drones and SfM photogrammetry. Point clouds obtained from 
geodetic surveys were used to verify the model of morphodynamic changes on the surveyed beach. 
 For the purpose of numerical modeling, two models were established. The first model was a numerical wave 
deformation model, and its result, in the form of a field of radiation stress, was used to force the second numerical 
model of sediment transport. Furthermore, calculations of the longshore transport of the material using three 
empirical formulae were performed. 

The results of the numerical model indicate the most significant erosion at the edges of the (along the groins), 
where the field of the wave-generated current is most pronounced. One part of the eroded sediment accumulated 
at the beach parts whose elevations were above the hydrographic because of the effects of cross-shore and 
longshore transport. The other part was carried to the central part of the beach where material accumulation also 
occurs. 

The application of empirical formulae (12) can only provide a preliminary estimation of the intensity of the 
longshore component of sediment transport. 

The change in the volume of beach material above the hydrographic zero, measured by surveying, agreed 
with the volume of accumulated material calculated using the numerical model. 

The results obtained demonstrated that the establishment of this approach enables us to quantitatively 
describe the complex and under-researched morphodynamics of artificial gravel beaches. For further verification 
of the model, analyses covering a longer period in which a wider range of wave heights and incident wave directions 
occur need to be performed. 
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