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Abstract

:

Among the various causes of coastal erosion, the installation of offshore breakwaters is considered the main cause that influences the most serious changes in shorelines. However, without a proper means for predicting such terrain changes, countries and regions continue to suffer from the aftermath of development projects on coastal land. It has been confirmed that the parabolic bay shape equation (PBSE) can accurately predict shoreline changes under the wave climate diffracted as a result of such development projects. This study developed a shoreline change model that has enhanced the previous shoreline change models by applying PBSE to shoreline changes into bay-shaped features. As an analytical comparison with the second term of the GENESIS model, which is an existing and well-known shoreline change model, a similar beach erosion width was obtained for a small beach slope. However, as the beach slope became larger, the result became smaller than that of the GENESIS model. The validity of the model was verified by applying it to satellite images that demonstrated the occurrence of shoreline changes caused by breakwaters for seaports on the eastern coast of Korea; Wonpyeong beach, Yeongrang beach, and Wolcheon beach. As a result, each studied site converged on the static equilibrium planform within several years. Simultaneously, the model enabled the coastal management of the arrangement of seaports to evaluate how the construction of structures causes serious shoreline changes by creating changes to wavefields.
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1. Introduction


Shores have long played an important part in economic activities and residential lives. Nowadays, shores are gaining more importance, as many people visit coastal resorts every year. However, seaport facilities built on shores trigger changes in wavefields and sediment mobility, thus causing serious erosion in several areas. Accordingly, increasing numbers of shores are carrying out massive sand replenishment or building coastal structures designed to reduce erosion, such as breakwaters or groins. Paradoxically, offshore structures that were built in inappropriate locations resulted in more serious erosion [1]. For example, the loss of sand from the central part of the shore was caused by the double headland method applied to the Yeongrang beach in Sokcho, Gangwon-do, South Korea. A submerged breakwater was built at the center to prevent the problem, but the structure failed to function properly.



Waves changed by structures cause longshore sediment transport to bring about shoreline changes, eventually causing coastal erosion. Many studies have been conducted to elucidate longshore sediment transport and identify theoretical formulas [2,3,4,5,6,7]. Wellen et al. [8] assessed previous longshore sediment formulas for beaches with varying sand grain sizes. However, as the shoreline changes behind the coastal structures built around offshore areas occur because of complex causes, longshore sediment alone is not sufficient as a proper assessment of shoreline changes. For example, breakwaters influence shoreline changes due to factors such as the type of structure, distance from the shore, and waves [9]. Innumerable laboratory experiments [10,11,12,13] could not explain the complex physical phenomena involved in shoreline changes. Therefore, prediction of shoreline changes caused by offshore structures can only rely on empirical research.



The static equilibrium planform (SEP) on shores keeps the shorelines in certain forms by achieving equilibrium in sand mobility [14,15,16]. Much empirical research has been conducted to predict SEP [17,18,19]. Among them, the parabolic bay shape equation (PBSE) proposed by Hsu and Evans [18] has been recognized for its effectiveness and is widely used for coastal management worldwide [20,21,22,23,24,25,26,27,28,29]. Additionally, Lim et al. [30] proved PBSE, in comparison with the longshore sediment transport formula of Coastal Engineering Research Center [5], using wave data on the eastern coast of Korea.



There has been much research carried out on shoreline changes caused by seaports and coastal structures. Pelnard-Considère [31] proposed a governing equation that determines the location of the shoreline according to the difference in longshore sediment transports, which flows along the shore between the berm and closure depth. The equation was obtained under the assumption that the sediments move parallel to the height of the active profile without altering the beach shape but advances or retreats evenly. In reality, longshore sediment transport is superior to cross-shore sediment transport, as a cause that governs shoreline changes in long-term view of point. Bakker [32] presented a two-line model that reflected not only longshore sediment, but also cross-shore sediment. Hulsbergen et al. [33] proved the effectiveness of the model for long, linear coasts through a laboratory experiment.



The one-line shoreline change model presented by Pelnard-Considère [31] could simulate the temporal changes to shorelines caused by the construction of groins on beaches. This model proves its applicability to various situations by applying longshore diffusivity [34,35,36]. The original version did not include the effect of wave diffraction due to a large-scale breakwater or a detached breakwater. Consequently, numerical [37,38,39] and mathematical [40] approaches based on empirical formulas have been followed for the application of the shoreline change model under the circumstance of wave diffraction caused by coastal structures (such as breakwaters or detached breakwaters).



The GENESIS model was developed by Hanson and Kraus [37], including the second term, introduced by Ozasa and Brampton [41], accounting for the longshore sediment transport rate caused by the longshore variation in breaking wave height. This model is often used for engineering consultation with linkage of accurate wave deformation models. Recently, Boussinesq equations and depth-averaged forms of the suspended sediment concentration equation were employed to simulate the coastal sediment transport and shoreline evolution in the presence of coastal structures [42,43].



This study presents a methodology that can be used to remedy the shortcomings of the existing shoreline change models. The present methodology focuses on two aspects as follows. (1) To improve Pelnard-Considère’s shoreline change model [31] to guarantee convergence to a SEP based on PBSE [18]. (2) To simulate depth contour changes. The model assumes that SEP can be applied not only to shorelines, but also to depth contours. Lastly, the model was verified by applying it to the beaches seriously eroded after the construction of large-scale port or harbor structures.




2. One-Line Shoreline Change Model Using Longshore Sediment Transport Equation


Longshore sediment moves along the shoreline when a wave is obliquely incident on the shoreline. Komar and Inman [4] performed an on-site test on longshore energy flux,    P l   , and longshore sediment transport,    Q l   , and presented a formula as displayed in Equation (1).


   Q l  =    I l       ρ s  − ρ     1 − p   g   =   K  P l       ρ s  − ρ     1 − p   g    



(1)







Here,    I l   ,     ρ s   , and  ρ  indicate the longshore transport rate (immersed weight), sediment density, and seawater density, respectively.  p  indicates sediment porosity, with a value between 0.3 and 0.4.  K  denotes a longshore sediment coefficient that can have wide-ranging values between 0.04 and 1.1, depending on the sediment transport; however, 0.77, as suggested by Komar and Inman [4], is frequently applied. The longshore energy flux,    P l   , is defined in Equation (2).


   P l  = E  C g  c o s  α b  s i n  α b   



(2)







Here,  E  is the wave energy,    C g    is the group velocity, and    α b      is the wave angle at the breaking point. In the present study, the structure-induced wave diffraction is taken into account by using a PBSE. The CERC [5] suggested Equation (3) by expressing Equation (1) as a formula for wave energy and group velocity against breaking wave height.


   Q l  = C   ′   H b  5 / 2   s i n 2  α b   



(3)






  C   ′  =   K   g / κ     16   s − 1     1 − p      



(4)







Here,    H b      is the breaking wave height.   C   ′    is a coefficient related to specific weight, the porosity of sediment that is unrelated to wave conditions and is as displayed in Equation (4). Applying longshore sediment coefficient   K = 0.77  , wave breaking coefficient   κ = 0.78  , specific gravity   s = 2.57  , and porosity   p = 0.35   that are applied to typical shoreline sand yields generates a value of approximately 0.167.



The present shoreline change model is based on the theory of Pelnard-Considère [31] derived based on the law of conservation of sedimentary matter. The gradient of the longshore sediment transport only causes shoreline advances and retreats, ignoring the cross-shore sediment transport.


    ∂ x   ∂ t   +  1     h c  +  h B        ∂  Q l    ∂ y   = 0  



(5)







Here,    h c    refers to the closure depth,    h B    refers to the height of the berm, and    Q l    refers to the sediment transport within a specific period, which can be estimated by applying the longshore sediment transport as displayed in Equation (3). Further,  x  refers to the location of the cross-shore, and  y  refers to the location of the longshore beach.




3. Shoreline Change Model That Converges to PBSE


3.1. PBSE


The PBSE proposed by Hsu and Evans [18] is presented in Equations (6) and (7) below (Figure 1).


   R  θ  =  a  sin β   [   C 0  +  C 1  (   β θ   ) +  C 2    (   β θ   )  2   ]    for    θ ≥ β   



(6)






   R  θ  =  a  sin β       for   θ ≤ β   



(7)







Here,  R  refers to the radical distance from the parabolic focus to the shoreline,  a  refers to the offshore distance between the wave crest baseline that passes the focus and the shore baseline that passes the control point in parallel,  β  refers to the angle between the wave crest baseline and a line that travels from the focus through the control point,  θ  refers to the angle between the wave crest baseline and a line that connects the focus with the equilibrium shoreline, and    C 0  ,  C 1   , and    C 2    are fitting coefficients, as provided by Hsu and Evans [18], as displayed in Figure 2. The sum of the three fitting coefficients must equal 1, so that the   θ ≥ β   bay sector and the   θ ≤ β   linear sector may connect.



However, there are some obstacles for the direct application of original PBSE to actual coast. The major obstacle is the location of the control point considered as an unknown variable [44,45]. However, the shortcoming of PBSE was overcome by applying it to a polar coordinate system rather than Cartesian coordinate, simply by taking the upstream end of the littoral cell as the control point, and it produced similar results in sandy beaches around the world.




3.2. Improving Shoreline Change Model


To reflect the influence of wave diffraction exerted in the wake of a structure, the longshore sediment transport equation may be altered, as displayed in Equation (8).


   Q l  = C   ′   H b  5 / 2   s i n 2 (  α m  −  α e  )  



(8)







Here,    α m    refers to the annual mean wave angle, and    α e    is given below in Figure 3 to include the effect of wave diffraction, which was obtained by an approximate formula of PBSE.


   α e  =   tan   − 1       sin θ − θ cos θ   cos θ + θ sin θ      



(9)







PBSE can be applied to the polar coordinate system for the circumference that fits the shoreline. By applying PBSE to the polar coordinate system, the applicability of the model to shorelines with curvature, such as a pocket beach, can be enhanced. Accordingly, applying Equation (5), as converted to the polar coordinate system, yields Equation (10).


    ∂  r s    ∂ t   +  1     h c  +  h B        ∂  Q θ     r s  ∂ θ   = 0  



(10)







Here,    r s    refers to the distance from the center of the circumference to the shoreline. The signs of which must be noted as it decreases if the shoreline advances, and increases if it retreats. Furthermore,    Q θ    can be calculated by using the PBSE-applied longshore sediment transport equation, as shown in Equation (10). Through this process, the effect of wave diffraction is reflected.  θ  refers to the longshore directional coordinate, and    Q θ    refers to longshore sediment transport in the direction of  θ . Figure 4 illustrates the application of the polar coordinate system that fits the shape of the shoreline circumference.



Moreover, PBSE could be applied not only to shorelines, but also to depth contours as equipotential lines. The improved shoreline change model can also be applied to depth contours. Furthermore, when combined with the mean shoreline (MSL) response model for high waves of Yates et al. [46], the shoreline change simulation may be conducted with not only longshore sediment, but also cross-shore sediment during high waves.



The depth contour change model assumes that the beach profile does not alter its form but advances or retreats evenly. Namely, it is assumed that what governs the change to potential lines is not so much the alteration of the berm by cross-shore sediment transport, but the alteration of the berm by longshore sediment transport. Similar to the governing equation that determines the location of the shoreline, the difference in the sediment transport along the shore through the width between different depths yields Equation (11).


    ∂  r s    ∂ t   +  1  Δ h      q θ     r s  ∂ θ   = 0  



(11)







Here,  q  refers to the sediment transport that flows through the width between depths within a specific period, which is estimated from the results of the wave model that is calculated at positions, unlike the shoreline change model.




3.3. Finite Difference Applied to Shoreline Change Model


The finite difference applied to the shoreline change model is presented in Figure 5. The beach is split into   Δ θ   sectors along the shore, and it is assumed that the sediment transport increases or decreases in a sector according to the loss or inflow of sediment that occurs in the sector along the shore.



Using a ‘staggered grid’ in which {   r s   } and {   Q θ   } are defined crosswise as in the grid (i refers to the grid number), the sediment transport,    Q θ   , along the shore that applies finite difference is defined on the border of each grid, whereas the location of the shoreline is defined at the center of the grid. For convenience in expressing the difference equation, superscript n + 1 refers to the unknown value in the next time phase, and n is defined as the known value in the current time phase. Therefore,    r  s i   n + 1   ,   the location of the shoreline in n + 1, the next time phase in the i-th grid, may be expressed as in Equation (12).


   r  s i   n + 1   =  r  s i  n  +   Δ t      h c  +  h B           Q  θ i + 1   −  Q  θ i      r  s i   Δ θ   −  q c     



(12)







Here,   Δ t   refers to the time interval, and   Δ θ   refers to the longshore grid.    Q θ    can calculate the longshore sediment transport that converges to equilibrium by using Equation (8).



As for changes in depth contours, Equation (10) can be easily expanded to a finite difference equation. Longshore sediment transport,  q , is defined on the border of each grid, whereas the location of a depth contour is defined at the center of the grid, as expressed in Equation (13).


   r  i , j   n + 1   =  r  i , j  n  +   Δ t    h  i , j          q  i + 1 , j   −  q  i , j        r  i , j  n  Δ θ    



(13)







As discussed earlier, the explicit method uses past values to obtain the newly determined location of a shoreline.   Δ t   may be arbitrarily configured, where the longer it is configured, the shorter the calculation time becomes. However, choosing too large a value could compromise numerical and physical accuracy. Hence, a value between 6 and 24 h is widely used. Figure 6 displays the temporal change in which the shoreline changes following the installation of a seaport and offshore structures converge to the equilibrium shoreline (red dotted line), as per Hsu and Evans [18]. The equilibrium shoreline is a result of setting the ends (0, 300) of the structure as foci and applying the PBSE. The total sediment is conserved by blocking the longshore sediment transport rate,  Q , in two end grids (   Q 1  =  Q N  = 0  ).



Additionally, the shoreline change model enables the simulation of shoreline change due to the blocking system of longshore sediments, such as a groin. Figure 7 displays a simulation of shoreline change by setting the longshore sediment transport rate at the 1/4 point of the shoreline,  Q , to 0. At this time, simulation is possible even in the case of a permeable structure by controlling the longshore sediment transport rate.




3.4. Theoretical Comparison with GENESIS Model


Hanson and Kraus [37] established the GENESIS model as a one-line shoreline change model derived from the shallow-water wave theory. Unlike the PBSE-applied shoreline change model, the GENESIS model considers wave diffraction in the second term. This section compares the results of the coastal erosion width caused by construction of coastal structures between the GENESIS model and the proposed model. Using the wave data at the position where a wave breaks due to a change in wave height in the longshore direction because of offshore structures, GENESIS expresses the longshore sediment transport as displayed in Equation (14).


   Q G  =   0.18     E  C g     b     r s    (  s i n 2  α b  − 3.24   ∂  H b    ∂ y   c o t β c o s  α b   )  



(14)







In the second term, the shoreline transforms into the logarithmic-spiral curve in the diffracted wavefields, as suggested by Yasso [17]. However, underestimation is generally suspected when comparing to the results of actual shoreline changes. In contrast, the one-line shoreline change model presented in Section 3.3 demonstrated excellent reproducibility with convergence to the equilibrium shoreline, as displayed in Figure 6.



Additionally, as an approach to compare the GENESIS solution in Equation (14), Equation (8) is used to perform separation as below.


  s i n 2  α e  = 2 s i n  α e  c o s  α e  ≅ 2 s i n  α e  c o s  α b   



(15)






   Q l  =   0.18     E  C g     b     r s      s i n 2  α b  − s i n 2  α e     



(16)







An approximation was made to make it resemble the GENESIS solution. Equation (17) was obtained for comparison.


  3.24 c o t β C   ∂  H b    ∂ y   = 2 s i n  α e  = 2  f  e 1    θ   



(17)







Here,  C  denotes the correction factor or function designed to make the GENESIS outcome converge to the equilibrium shoreline. The rate of change in the breaking wave height in the longshore direction is separated into a rate of change as affected by the diffraction direction of wave height, as displayed in Equation (18).


    ∂  H b    ∂ y   =   ∂  H b    ∂ θ     ∂ θ   ∂ y   =    H b   ˜    ∂  H b *    ∂ θ     ∂ θ   ∂ y   =    H b   ˜   f d   θ      ∂ θ   ∂ y    



(18)







Here,  θ  refers to the angle defined between the endpoint of the offshore structure and the wave crest baseline and has become non-dimensional with    H b *  =  H b  /    H b   ˜   . The tilde refers to the value lying outside the scope of the diffracted wave. The rate of change in the direction of  y , as affected by  θ , is expressed as  a , the shortest distance from the initial shoreline to the endpoint of the offshore structure, as in Equation (19) when the parabolic equilibrium shoreline formula was applied.


    ∂ y   ∂ θ   =  a   θ 2      θ s i n θ + c o s θ   = a  f  e 2    θ   



(19)







   α e      acquires an approximate solution from the parabolic equilibrium shoreline formula as in Equation (20).


   α e   θ  = t a  n  − 1   [    s i n θ − θ c o s θ   c o s θ + θ s i n θ    ]  



(20)







Therefore, when the results of the above equations were applied, the correction factor,  C , was derived as in Equation (21).


  C =  2  3.24 c o t β     s i n  α e      ∂  H b    ∂ y     =  2  3.24 c o t β    a     H b   ˜       f  e 1    θ   f  e 2    θ    f  θ     



(21)







Here, the average beach slope,   c o t β  , obtains a value that is larger than 1 but smaller than 100. Except for the function of  θ , whose influence from the result of Equation (21) is relatively small, the order of the correction factor,  C , was determined by the offshore distance,  a , and incident wave height.  H . Figure 8 illustrates the respective values of the correction factor,    C  , against  a  and  H  according to the average beach slope. Increasing the offshore distance,  a , shows that the GENESIS model becomes the more underestimated results in shoreline deformation when compared with those of the present study.





4. Application of Shoreline Change Model in Republic of Korea


4.1. Site Description


In this chapter, the proposed model was applied to the following three beaches on the east coast of Korea: Wonpyeong, Yeongrang, and Wolcheon beaches. These three studied sites underwent significant erosion damage after the construction of large-scale structures. The wave characteristics of the studied sites were analyzed using wave hindcast dataset provided by the wave information network of Korea [48]. Figure 9 shows a location map of the studied sites for model application, and of corresponding regions for wave hindcast dataset.



The root mean square (rms) wave heights of Wonpyeong, Yeongrang, and Wolcheon beaches were obtained to be 1.15     m   , 1.04     m   , and 1.00     m   , respectively. Figure 10 shows the rose diagram of wave component (blue color) and corresponding longshore sediment transport components (purple color: northward, red color: southward) obtained from the wave hindcast data. Here, the angle of longshore sediment transport component,  γ , is what  π (180    degree )   is added to wave angle,  θ , as depicted in Figure 10a. The static equilibrium was achieved in the shore angle where the longshore sediment transport rate was in balance. The incident wave angles,  β , corresponding to the static equilibrium are shown in Figure 10;   16.5 °    N    for Wonpyeong beach,   35.8 °    N    for Yeongrang beach, and   34.2 °    N    for Wolcheon beach. Therefore, if the wave angle,  θ , is larger than the aforementioned values for  β , longshore sediment transport proceeds northward alongshore. However, if the value is smaller, it proceeds in the opposite direction.




4.2. Erosion of Wonpyeong Beach Caused by Construction of Gungchon Port


Located in Samcheok, Gangwon-do, Gungchon Port (construction started in 2000 and completed in 2012) is an outstanding case of coastal erosion caused by longshore sediment transport triggered by the construction of seaport structures. The construction of Gungchon Port gave rise to a change in the wavefield, as the sand lying south of the Wonpyeong beach moved closer to Gungchon Port. However, as the Gungchon Port’s breakwater and sand groin were built too close to one another, they failed to stop longshore sediment transport and a large quantity of sand moved north and accumulated in the southern side of a sand groin due to the longshore sediment transport when compared to before the construction of Gungchon Port (Figure 11). Figure 12 displays the outcome of simulation with the shoreline and depth contour change model as a result of the construction of Gungchon Port (run time (yr): 10, space elements: 100, and K value: 0.77). The simulation results confirm that, over time, the sand on the southern beach slowly moved north, thus converging to the coast that looks like what it is today.




4.3. Erosion of Yeongrang Beach by Construction of Double Headland


A double headland was installed at the Yeongrang beach in Sokcho, Gangwon-do, to mitigate the beach erosion problem caused after the construction of Jangsa Port (started in 2001 and completed in 2011). However, the construction of the double headland induced a significant erosion at the center of the beach, as displayed in Figure 13. The headland caused a change to the SEP of the beach, and the sand at the center eventually moved toward headlands on both ends. Figure 14 shows the model results of how the construction of the double headland affected the initial shoreline by gradually moving the sand at the center toward both ends (run time (yr): 2, space elements: 100, and K value: 0.77).




4.4. Erosion of Wolcheon Beach as Caused by Construction of Samcheok LNG Plant


The Wolcheon beach in Samcheok, Gangwon-do was a long stretch of beautiful sandy beach approximately ten years ago (Figure 15a). Since the development of the Samcheok LNG Plant (construction started in 2008 and completed in 2017), it sucked most of the sand up, stripping the beach of its previous appearance (Figure 15b). The Samcheok LNG Plant significantly caused wave diffraction and consequently resulted in the clockwise rotation of SEP due to northward movement of sand. In Figure 16, the model simulation displays that just five years after the construction of the plant, most of the sand was accumulated in the estuary area (run time (yr): 5, space elements: 100, and K value: 0.77).





5. Discussion


5.1. Importance of Sand Groin Location for the Construction of Gungchon Port


As Gungchon Port continuously caused the erosion of the Wonpyeong beach, not only were three submerged breakwaters built near the port, but a groin was also built to the south of the beach belatedly, as displayed in Figure 11b. These measures did not prove to be too effectual, as offshore structures were built rashly without correctly understanding SEP. The principal cause of the erosion of the Wonpyeong beach was the absence of structures that could block the longshore sediment transport caused by Gungchon Port. While the sand groin could perform this function, it lay too close to the breakwater to play a significant role. The belatedly installed groin again lay too far from Gungchon Port to function properly, and any advancement of the shoreline was impossible. The simulation results demonstrated that if a groin or sand groin was placed in a quiet location, as displayed in Figure 17, it could maintain a portion of the sand near the port and keep sand on the beach (run rime (yr): 10, space elements: 100, and K value: 0.77). Therefore, the shoreline needs to be maintained by performing sand replenishment in the area affected by erosion and placing a groin in an appropriate location. Here, an overly long protrusion of a groin may cause a new equilibrium shoreline, which demands caution.




5.2. Mild Blocking of Incident Waves in the Construction Plan of Double Headland


To restore sand by reducing the waves at the center of the Yeongrang beach, a submerged breakwater was installed in the middle of the double headland (Figure 13b). While it was able to control high waves, it failed to change the equilibrium shoreline on the beach. Namely, the construction of the submerged breakwater was not as effective, as it failed to serve as a fundamental solution to the erosion. The fundamental cause was the overly large wings of the headland installed on the beach, which formed a new equilibrium shoreline. Instead of serving to block longshore sediment transport caused by the construction of Jangsa Port, it caused further damage from erosion. As displayed in Figure 18, a simulation with the model suggests that if the double headland lacks wings, several of the centers may suffer erosion, but it can maintain sand by serving to block longshore sediment transport (run time (yr): 2, space elements: 100, and K value: 0.77). In cases where it is difficult to remove those wings from the double headland, the center of the shoreline needs to be advanced with beach nourishment.




5.3. Pre-Installation of a Groin before Construction of Samcheok LNG Plant


To block the longshore sediment transport caused by the construction of the Samcheok LNG Plant, shore perpendicular structures such as groins or headlands need to be built in advance. Figure 19 displays the results of the model simulation of the shoreline change, assuming the construction of a groin to stop the longshore sediment transport from the construction of the Samcheok LNG Plant (run time (yr): 5, space elements: 100, and K value: 0.77). As a groin blocks sand movement, a portion of the sand, most of which has already disappeared, could be maintained. Thus, the model can be used to ensure the appropriate placement of groins to block longshore sediment transport caused by the construction of large seaport structures and offshore structures.





6. Conclusions


While there may be various reasons, a major cause of erosion is the change to wavefields as a result of the installation of offshore and seaport structures, which causes shoreline changes. Much research has been conducted on the model of shoreline change caused by changes in the coastal environment. However, such models were ineffective because of the uncertainty involved in how a shoreline converges to an equilibrium shoreline. Various studies have been performed on the equilibrium shoreline, but virtually none of the shoreline change models have been applied to target shorelines that should converge to them. Of all the empirical formulas for the equilibrium shoreline, the PBSE suggested by Hsu and Evans [18] is the one that has been most widely used, since its practicality and accuracy was confirmed. Hence, it was adopted in this study as well.



The shoreline change model that was developed in this study applies the longshore sediment transport formula of CERC [5] and is designed to converge to PBSE so that it may closely shadow natural shorelines. The model can simulate not only shorelines, but also changes to depth contours incurred when inputting the positions of control points set for different depths. Additionally, it can simulate the shoreline change after the construction of a structure that can block longshore sediment transport, such as a groin. Thus, the model can be widely used for coastal management. Today, many submerged structures such as submerged breakwaters, are built around the world, but the model presented in this study may be applied only to emergent structures. In addition, the present shoreline change model was developed to be simulated on satellite or aerial images. Therefore, it is suitable for preliminary study and pre-design in coastal engineering without laborious pre-process.
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Figure 1. Definition sketch of parabolic model for bay-shaped beach. 
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Figure 2. Coefficients of parabolic bay shape equation [18]. 
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Figure 3. Definition sketch of annual mean wave angle and gradient of equilibrium shoreline. 
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Figure 4. Concept diagram for shoreline change model as applied to polar coordinate system. 
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Figure 5. Numerical analysis of shoreline change model. 
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Figure 6. Shoreline change model of convergence to equilibrium shoreline. 
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Figure 7. Simulation of shoreline change after construction of groin. 
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Figure 8. Correction factor against offshore distance and incident wave height (w.r.t 1:10, 1:30, 1:50, and 1:70) [47]. 
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Figure 9. Location of studied sites and hindcast wave data. 
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Figure 10. Rose diagram of wave and longshore sediment transport with respect to incident angle: (a) definition sketch, (b) Wonpyeong beach, (c) Yeongrang beach, and (d) Wolcheon beach. 
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Figure 11. Changes at Wonpyeong beach before and after construction of Gungchon Port: (a) February 1969 (image from NGII(National Geographic Information Institute)); (b) February 2020 (image from Google Earth). 
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Figure 12. Shoreline change model simulation of change to Wonpyeong beach, caused by construction of Gungchon Port: (a) shoreline change; (b) depth contour change (image from Google Earth as at October 2012). 
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Figure 13. Yeongrang beach before and after construction of double headland: (a) October 2005 (image from NGII); (b) April 2015 (image from NGII). 
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Figure 14. Shoreline change model simulation of change to Yeongrang beach, caused by construction of double headland: (a) shoreline change; (b) depth contour change (image from Google Earth as at April 2019). 
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Figure 15. Wolcheon beach before and after construction of Samcheok LNG Plant: (a) October 2010 (image from NGII); (b) November 2019 (image from Google Earth). 
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Figure 16. Shoreline change model simulation of change that construction of Samcheok LNG Plant caused to Wolcheon beach: (a) shoreline change; (b) depth contour change (image from Google Earth as at November 2019). 
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Figure 17. Results of model simulation to reduce erosion of Wonpyeong beach by repositioning groin (image from Google Earth as at October 2012). 
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Figure 18. Results of model simulation, supposing that the double headland’s wings are removed (image from Google Earth as at April 2019). 
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Figure 19. Shoreline change model simulation of prevention of loss of sand from Wolcheon beach through construction of groin (image from Google Earth as at November 2019). 
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