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1. Introduction 

In beach nourishment, predicting the changes in the longitudinal profile is important for 
estimating the effect of nourishment. When material composed of not only coarse sand but 
also fine sand is used in beach nourishment, a considerable amount of fine sand may be lost 
owing to offshore sand transport by waves, depending on the conditions of the beach slope. 
On the basis of the contour-line-change model proposed by Serizawa et al. (2003), which 
was derived using the concept of the equilibrium slope (Bakker, 1968), Uda et al. (2004) 
developed a model for predicting the change in the longitudinal profile as well as the 
change in the grain size distribution. Then, the model was applied to the results of the 
movable bed experiment using a large wave tank, in which the model beach was composed 
of sand of mixed grain size, to evaluate the model applicability (Fukuhama et al., 2007). The 
experimental results showed that sand of mixed grain size was sorted into fine and coarse 
sand, and that coarse sand was transported shoreward, forming a berm, whereas fine sand 
sunk to a zone deeper than the depth of closure. Although the experimental and predicted 
results were in good agreement in this application, the applicability of the model to the 
coasts was still inadequate. Therefore, the model was applied to the following two model 
cases: beach changes associated with the beach nourishment using fine and coarse materials 
on the Chigasaki coast in Kanagawa Prefecture, Japan (Yoshioka et al., 2008), and the 
formation of a ‘conveyer belt’ composed of gravel and fine sand observed on the Shimizu 
coast (Nishitani et al., 2008). In this paper, these applications of the model are summarized 
and the effectiveness of the model is shown. 

2. Numerical model 

A typical example of the grain size sorting is found at Pebble Beach in Cardiff, UK, where 

gravel accumulates and forms a gravel layer near the shoreline with the offshore bed being 

composed of only fine sand, as shown in Fig. 1 (Uda et al., 2004). The original concept of a 

model for predicting the changes in the longitudinal profile and grain size distribution was 

obtained from this observation. 
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Fig. 1. Sorting of grain size at Pebble Beach in Cardiff, UK, where gravel accumulates and 
forms gravel layer near shoreline 

Consider a longitudinal profile and set the equilibrium slopes of gravel and fine sand as 

tan 1β  and tan 2β , respectively, as shown in Fig. 2. When sand of mixed grain size is 

supplied to a beach with an initial slope of tanθ , cross-shore sand movement occurs; thus, 

the slopes of coarse and fine sand materials tend to approach tan 1β  and tan 2β , respectively. 

In this case, the landward limit of beach changes is determined by the berm height, hR, 

whereas in the offshore zone, sand is transported until the depth of closure, hc, beyond 

which sand falls into a deeper zone while maintaining the repose angle of sand, tan γ . 

 

 

Fig. 2. Schematic diagram of concept of equilibrium slope corresponding to each grain size 

Using the above concept, a numerical model was developed on the basis of the contour-line-
change model proposed by Serizawa et al. (2003). Let the x- and z-axes be the longshore 
distance and depth, respectively, and Y, the offshore distance to a specific contour line. To 
consider the sorting of sand of different grain sizes by cross-shore sand transport, the depth 
distribution of cross-shore sand transport considering the grain size effect in mixing is 
required. We, therefore, expanded the cross-shore sand transport equation given by 

tanく 1

tanく 2

h R

h C

tanけ

tanθ

Waveswaves
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Serizawa et al. (2003), which took into account the stabilization mechanism of the 
longitudinal profile, as reported by Bakker (1968). 

Let cβ  be the angle of the equilibrium beach slope at which the shoreward motion of the 

sand particle owing to wave action is balanced by the seaward motion due to gravity, and it 

is assumed that seaward sand transport occurs when angle β  of the seabed slope exceeds 

cβ , and that shoreward sand transport occurs when angle β  becomes smaller than cβ . The 

strength of cross-shore sand transport in restoring the equilibrium slope is assumed to be 

proportional to the wave energy dissipation rate per unit seabed length, Φ , calculated as 

the shoreward component of energy flux at the breaking point, Fy, divided by the seabed 

length C RS h h( ) /sinβ≅ + , between the depth of closure, hC, and the berm height, hR. β  is 

the average initial slope angle between hC and hR. In addition, by approximately assuming 

cβ  for β , 1/(hC+ hR) is replaced by the intensity distribution function of cross-shore sand 

transport, z z( )ε , which is assumed to be equivalent to the depth distribution of the 

longshore sand transport rate, x z( )ε , given by Uda and Kawano (1996). Thus, this transport 

becomes 

 z z z g b bs

c

q z K EC 2
c

cot
( ) ( )  cos  sin  1  

cot

βε α β
β

⎛ ⎞
= ⋅ ⋅ ⋅ −⎜ ⎟

⎝ ⎠
, (1) 

 
Y

z
cot  β ∂

= −
∂

. (2) 

The cross-shore transport of sand composed of mixed grain size can be modeled by 

expanding the concept of single grain size. The sorting of grain size populations, such as 

those of fine sand, medium and coarse sand, and gravel, can be modeled by introducing the 

equilibrium slope angle βc(k) which corresponds to each grain size population k. In this case, 

a grain size population is assumed to have a single equilibrium beach slope with a 

characteristic grain size d(k), for example, the median diameter of the grain size population. 

By assuming that the mobility of sand of each grain size population by cross-shore 

movement under the same wave conditions is the same as that of longshore sand transport, 

the coefficient of the sediment transport rate according to the grain size d(k),  which was 

given by Kamphius et al. (1986) and Kumada et al. (2003), is introduced.  Furthermore, 

assuming that the ratio of the exposed area of each grain size population to the entire sea 

bottom area is equal to the content of each size population in the exchange layer μ (k) (where 

k=1, 2, …, N), the cross-shore sand transport rate of each grain size population k
zq( )  is 

derived by a method similar to that of Uda et al. (2004). 
Cross-shore sand transport 

 ( ) ( ) ( ) ( )2
1( ) ( ) cos sin (cot / cot 1); 1, 2, ,k k k k

z z g b bs cq z K EC k Nμ ε γ α β β β= ⋅ ⋅ ⋅ ⋅ ⋅ − = …  (3) 
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 Y zcot /β = −∂ ∂  (5) 
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 z z( )ε =   ( )( )( )C C C C R
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Here, k
zq k N( )( 1, , )= "  is the cross-shore sand transport per unit length in the longshore 

direction for each grain size population, k( )μ  is the content of each grain size population (k) 

in the exchange layer of sand, z z( )ε  is assumed to be equivalent to the depth distribution of 

the longshore sand transport x z( )ε  given by Uda and Kawano (1996), and d(k) is a typical 

grain size of the grain size population. A is a coefficient that depends on the physical 

conditions of the beach, d(k) in Eq. (4) has a unit of mm, γ  is the ratio of the coefficient of 

cross-shore sand transport to the coefficient of longshore sand transport, and expresses the 

mobility of cross-shore sand transport relative to that of longshore sand transport, bsα  is the 

angle between the wave crest line at the breaking point and each contour line, and β is the 

beach slope angle at each contour line. β  is the average beach slope angle between the 

berm height hR and the depth of closure hc, and k
C

( )β  is the equilibrium beach slope angle. 

When the beach slope becomes steeper than the angle of repose of sand, sand is transported 

offshore by gravity. By this procedure, we can calculate the formation of a scarp in a zone 

larger than the berm height hR and the sinking of sand in a zone larger than the depth of 

closure hc. 
Longshore sand transport 

 k k k b
x x g b bs bs bs

H
q z K EC

x
( ) ( ) ( )

1

1
( ) ( ) cos sin cos

tan
μ ε α α ξ α

β
⎛ ⎞∂
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Here, k
xq k N( )( 1, , )= "  is the longshore sand transport per unit depth for each grain size 

population, x z( )ε  is the depth distribution of longshore sand transport, and ξ is the constant 

given by K2(k)/K1(k), which depends on the physical conditions of the beach, where K2(k) is a 

function of K1(k) and is equivalent to the coefficient of Ozasa and Brampton (1980). tanβ  is 

the beach slope in the surf zone and Hb is the breaker height. 
Mass conservation for each grain size 

 

k k k
x zy q q

t x z
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( ) ( ) ( )
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∂ ∂ ∂
= − −

∂ ∂ ∂
= …

 (8) 

The total contour line change at a certain position is determined by the summation of the 
contour line changes of all grain size populations at that position. 
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k
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=
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Change in content of each grain size population 
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The content of each grain size population in the new exchange layer formed during erosion 
is expressed as 

 
kk

k
B

y Y

t B t t

( )( )
( )1μ μ

⎧ ⎫∂∂ ∂⎪ ⎪= − ⋅⎨ ⎬
∂ ∂ ∂⎪ ⎪⎩ ⎭

, (11) 

where k
B
( )μ  is the content of each grain size population on the sandy beach landward of the 

initial exchange layer. The width B of the exchange layer is determined with reference to the 

mixing depth reported by Kraus (1985). The above-mentioned equations were solved 

simultaneously.  

3. Validation using experimental results 

3.1 Experiment using large wave tank and sand of mixed grain size 
We first investigated the applicability of the present model to experiments using sand of 
mixed grain size, in which the changes in the longitudinal profile and cross-shore grain size 
distribution were investigated in a large wave tank. A movable bed experiment using sand 
of mixed grain size ranging widely from medium sand to silt was carried out using a 135-m-
long, 2-m-wide and 5-m-deep wave tank to study the formative processes of an equilibrium 
beach and the grain size distribution (Meguro et al., 2005). The median diameter of grain 
size used was d50 =0.62 mm and the initial uniform slope was 1/20. Regular waves with a 
height of 0.6 m and a period of 3.5 s were generated for 78 h. 
 

 

Fig. 3. Change in longitudinal profile and cross-shore distribution of d50 in experiment using 
large wave tank (Meguro et al., 2005) 

Figure 3 shows the changes in the longitudinal profile and cross-shore distribution of d50 on 
the seabed. A flat seabed was formed by erosion at a depth of hc=1.3 m on the initial uniform 
slope, and a steep foreshore with a slope of 1/6 was formed. The flat seabed near the depth hc 
was covered with fine sand, whereas coarse sand selectively accumulated on the foreshore. 
From these findings, it is clear that sand of mixed grain size is sorted by wave action, with 
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coarse sand being deposited on the foreshore, forming a berm with a steep slope, and fine 
sand being transported offshore and deposited to form a gentle slope on the offshore bed. 
 

 

Fig. 4. Cumulative grain size distributions on foreshore and offshore beds in experiment 

Figure 4 shows the cumulative grain size distributions on the foreshore and offshore beds. 

The grains in the foreshore and offshore zones are clearly separated into two grain size 

populations of grain sizes larger and smaller than 1 mm, respectively. On the basis of this 

result, hereafter, we simply refer to the grain size population with grain size smaller than 1 

mm as fine sand and that with grain size larger than 1 mm as coarse sand. The experimental 

results are summarized as follows. 

a. Erosion occurred only in a zone shallower than the depth of closure hc=1.3 m.  
b. Coarse sand was transported shoreward, forming a 0.5-m-high berm and a 

foreshore with a slope of 1/6. 
c. The volume of coarse sand contained in the erosion zone is limited, and the 

development of a berm depends on this volume of coarse sand. Although the berm 
height depends on the wave characteristics, a minimum volume of coarse sand is 
required for the development of a berm. 

d. Fine sand was transported to a zone deeper than hc, and a slope of 1/10, which was 
larger than the initial slope, was formed on the offshore bed. 

e. After a berm was sufficiently developed, the beach profile became stable, because 
the grain size on the foreshore matched the slope. The offshore flat bed near hc also 
became stable because further erosion did not occur, resulting in the cessation of 
the offshore discharge of fine sand. Thus, the equilibrium condition is assumed to 
form only when a berm is sufficiently developed. 

3.2 Calculation conditions for application to experimental results 
As calculation conditions, two grain size populations with only grain sizes of d(1)=0.45 mm 
and d(2)=3 mm, which represent typical fine and coarse sands, respectively, and with no 
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overlap of the grain size distribution were assumed, because grain sorting occurred at a 
critical grain size of 1 mm in the experiment. These grain sizes were determined on the basis 
of the cumulative grain size distribution of the sand of mixed grain sizes used in the 
experiment; thus, d(1) and d(2) were approximately equal to d50 calculated from all the fine 
and coarse sand samples, respectively, and the mean grain size of all the samples dm used in 
the experiment became equal to 1.21 mm. 
 

Cases Reproduction: μ(1) =0.7 and μ(2) =0.3 
Prediction: 
Case 1: μ(1) =0.1 and μ(2) =0.9 
Case 2: μ(1) =0.3 and μ(2)  =0.7 
Case 3: μ(1) =0.5 and μ(2) =0.5 
Case 4: μ(1) =0.9 and μ(2) =0.1 

Initial topography Uniform slope of tanǃ=1/20 

Grain size Number of grain sizes: N=2 
Fine sand d(1) =0.45 mm, Coarse sand d(2) =3 mm 
Initial content μ(1) =0.7 and μ(2) =0.3 

Width of exchange layer B=0.4 m 

Wave conditions Breaker height: Hb=0.75 m (H0=0.6 m, T=3.5 s) 
Breaker angle: ǂbs=0 deg.  
Tide level: mean sea level 

Depth of closure  hc=1.3 m 

Berm height hR=0.5 m 

Coefficients of sand transport A=0.2 and  Ǆ =1.0 

Depth distribution of  
sand transport rate 

Cubic equation given by Uda and Kawano (1996) 

Equilibrium slope tanǃc(1) =1/100 (fine sand) 
tanǃc(2) =1/6 (coarse sand) 

Critical slope  Fine sand: 1/2 on land and 1/10 on seabed 
Coarse sand: 1/2 on land and 1/3 on seabed 

Calculation domain z=+1.0 m to -3.0 m 

Mesh size ∆z=0.1 m 

Time interval ∆t=0.01 h 

Total time of calculation t=200 h (20,000 steps) 

Boundary conditions qz=0 at landward and offshore boundaries 

Calculation method Explicit finite difference method 

Table 1. Calculation conditions 
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The initial content of sand was assumed to be μ(1)=0.7 for fine sand and μ(2)=0.3 for coarse 
sand, the same condition as that in the experiment. The initial beach profile is given a 
uniform slope of 1/20, and hR and hc are set as hR=0.5 m and hc=1.3 m, on the basis of the 
experimental results. As equilibrium slopes, the gentle seabed slope composed of fine sand 
in the offshore zone and the steep seabed slope composed of coarse sand are given as 
tanβc(1)=1/100 and tanβc(2)=1/6, respectively, with reference to the experimental results. The 
width B of the exchange layer is given by the thickness of the exchange layer divided by the 
slope. The thickness of the exchange layer is given as 0.02 m, which is 3% of the breaker 
height (Hb =0.75 m), on the basis of the results obtained from the field observation by Kraus 
(1985), and B is set to be 0.4 m, obtained by dividing the exchange-layer thickness by the 
initial slope of 1/20. 
The critical slope of sinking for sand of each grain size is separately set on land and on the 
seabed, similarly to that in the work of Uda et al. (2004). In this study, the sinking of fine 
sand into the zone deeper than hc is considered to be caused by gravity and the critical slope 
is given by a slope of 1/10, which occurred in the experiment. In the other zone, the critical 
slopes are set to be 1/2 and 1/3 on land and on the seabed, respectively, as indicated by Uda 
et al. (2004). 
The coefficient of sediment transport A, which defines the rate of beach change, was 
determined as A=0.2 by a trial calculation, so that the numerical simulation can reproduce the 
development of a berm in 20 hours as in the case of the experiment. For the depth distribution 
of cross-shore sand transport, the same depth distribution of longshore sand transport as that 
in Eq. (6) given by Uda and Kawano (1996) was assumed. As the wave condition, the time-
averaged breaker height taken from the observation results, Hb=0.75 m, was used. Other 
calculation conditions, such as mesh size and time step, are shown in Table 1. 

3.3 Results 
3.3.1 Comparison with experimental results 
First, numerical simulation was carried out under the same conditions as those of the 
experiment. Figure 5 shows the change in the longitudinal profile with time for the contents 
of fine and coarse sand of μ(1)=0.7 and μ(2)=0.3, respectively. Erosion starts from a shallow 
zone near the shoreline, and part of the sand is transported landward, forming a berm on 
the foreshore. Sand is also transported offshore, forming a small hump in the offshore zone. 
Figure 6 shows the measured and predicted longitudinal profiles after wave action. The 
results are in good agreement in terms of the formation of a berm and the flat offshore sea 
bottom and offshore depositions of sand. Figures 7(a) and 7(b) show the cross-shore 
distributions of the contents μ(1) and μ(2) corresponding to the profile changes shown in Fig. 
5. The foreshore materials become only coarse sand (μ(1)=0, μ(2)=1.0), whereas the offshore 
seabed with a gentle slope becomes covered with only fine sand (μ(1)=1.0, μ(2)=0). As a result, 
the cross-shore distribution of the mean grain size shown in Fig. 8 is obtained. The grain size 
is large at 3.0 mm on the steep slope of the foreshore and on the berm, whereas on the 
offshore seabed, it becomes as small as 0.5 mm. These results correspond well to the cross-
shore distribution of d50, as shown in Fig. 3. 
In conclusion, the changes in the longitudinal profile in the experiment were accurately 
reproduced in the numerical model. It was found that fine and coarse sands are sorted on 
model beaches composed of sand of mixed grain size, and that coarse and fine sands are 
transported shoreward and offshore, respectively, finally approaching the equilibrium slope 
corresponding to each grain size population. 
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Fig. 5. Change in longitudinal profile with time for contents of fine and coarse sand of 
μ(1)=0.7 and μ(2)=0.3, respectively 

 

 

Fig. 6. Measured and predicted longitudinal profiles after wave action 
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Fig. 7. Cross-shore distributions of contents μ(1) and μ(2) of fine and coarse sand, respectively 
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Fig. 8. Cross-shore distribution of mean grain size 

3.3.2 Changes in initial content and equilibrium profile 
The effect of the difference in the initial contents on the final, stable profile can be 
investigated, assuming the initial contents of fine and coarse sand are μ(1)=0.3 and μ(2)=0.7, 
respectively. Figure 9 shows the results. As a result of the increase in the content of coarse 
sand, the volume of sand transported shoreward increased compared with that in the case 
shown in Fig. 5, and a berm predominantly developed. In contrast, a smaller volume of sand 
was transported offshore.  
 

 

Fig. 9. Predicted changes in longitudinal profile when μ(1) and μ(2) are 0.3 and 0.7, respectively 
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Figure 10 shows the final, stable profiles in the cases where the initial contents (μ(1), μ(2)) 
were altered to (0.9, 0.1), (0.5, 0.5), (0.3, 0.7) and (0.1, 0.9), as well as the result of the 
reproduction case with (0.7, 0.3). A larger berm develops with the increase in the content of 
coarse sand, μ(2). In contrast, a smaller berm develops with the increase in the content of fine 
sand, μ(1), and offshore sand transport becomes dominant, accelerating the deposition of fine 
sand in the offshore zone. Thus, the grain size has a marked effect on the changes in the 
longitudinal profile. On a beach composed of only fine sand, offshore sand transport from 
the initial stage never converges and an equilibrium profile cannot be attained. The 
equilibrium profile is formed in the wave flume experiment only when a sufficient volume 
of coarse sand is available to cover the foreshore and to form a berm. 
 

 

Fig. 10. Final, stable profiles in cases where initial contents (μ(1), μ(2)) are altered to (0.9, 0.1), 
(0.5, 0.5), (0.3, 0.7) and (0.1, 0.9), as well as result of reproduction case with (0.7, 0.3) 

4. Application of model to prediction of beach changes after nourishment at 
Chigasaki coast  

4.1 General conditions of Chigasaki coast 
On the Chigasaki coast, which is located in Sagami Bay in Japan, beach erosion has been 
severe. The main causes of beach erosion are the decrease in fluvial sand supply from the 
Sagami River, triggered by the construction of several dams in the upstream basin, and the 
obstruction of longshore sand transport by the Chigasaki fishing port, located east of the 
river mouth (Fig. 11). As a measure against beach erosion, an artificial headland was built in 
1991 and beach nourishment has been carried out since 1991. To significantly improve the 
coastal conditions, beach nourishment at a rate of 3×104 m3/yr has been planned with the 
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aim of recovering the foreshore to a width of 50 m downcoast of the fishing port. The 
numerical model was used for studying the difference in the response of nourishment sand 
of different grain sizes (Yoshioka et al., 2008). 
 

Photo:2007 

Q=4.8x10
3
 m

3
/yr 

Beach nourishment 
V=5x10

3
 m

3
/yr 

Q=0 m
3
/yr 

 

V=9x10
3
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3
/yr 

Sagami R. 

Chigasaki coast 

0 1km 

No. 1 

No. 2 

No. 3 

 

Fig. 11. Aerial photograph of Chigasaki coast and alignment of transects 

4.2 Calculation conditions 
Figure 11 shows the calculation domain of the Chigasaki coast along with the alignment of 
transects. A Cartesian coordinate system is used. The bathymetric changes between 1991 
and 2005 after the construction of the artificial headland were reproduced. Then, the 
topographic and grain size changes after 10 years were predicted for beach nourishment 
using sand of different grain sizes. Regarding beach nourishment, the same volume of sand 
as that used for annual nourishment was supplied at two locations, and the same amount of 
sand was extracted from the downcoast boundary of the calculation domain. 
Figure 12 shows the depth distribution of d50 of all the seabed materials sampled, the grain 
size populations of which are separated into the following three categories: fine sand in a 
zone deeper than -5 m, medium and coarse sand between -5 m and the land, and gravel near 
the shoreline. 
 

 

Fig. 12. Depth distribution of d50 
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Fig. 13. Longitudinal profiles, cross-shore distributions of d50 and contents of grain sizes of 
bed materials along transect Nos. 1 and 2 
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Coordinate system Cartesian coordinates considering actual seabed topography 

Initial topography Parallel, straight contour lines 

Wave conditions Energy-mean waves, Hb=0.83 m, T=6.4 s, and wave 
direction=S6ºW 

Water level Mean sea level 

Depth of closure, hc and 
berm height, hR  

hc =9 m and hR =3 m 

Grain size conditions   Grain size populations: 
 Grain size 1: fine sand (d50=0.15 mm) 
 Grain size 2: coarse and medium sand (d50=0.20 mm) 
 Grain size 3: gravel (d50=2.0 mm) 

 Equilibrium slope and thickness of exchange layer: 
 Grain size 1: 1/80 and 0.625 m 
 Grain size 2: 1/30 and 1.667 m 
 Grain size 3: 1/10 and 5 m 

 Contents for reproduction calculation: 
 μ 1=0.48 (grain size 1) 
 μ 2=0.39 (grain size 2) 
 μ 3=0.13 (grain size 3) 

 Contents for prediction: 
 μ 1=0.48, μ 2=0.39, μ 3=0.13 (for present materials) 
 μ 1=0.10, μ 2=0.23, μ 3=0.67 (for coarse materials) 
 μ 1=0.90, μ 2=0.05, μ 3=0.05 (for fine materials) 

Coefficients of sand 
transport 

Coefficient of longshore sand transport: 

 Kx=0.387/Õd50 

 Grain size 1:  Kx=0.1000 
 Grain size 2:  Kx=0.0866 
 Grain size 3:  Kx=0.0274 
 Coefficient of cross-shore sand transport: Kz=0.4Kx 
 Ozasa and Brampton coefficient: K2=1.62Kz 

Depth distribution of sand 
transport rate 

Cubic equation given by Uda and Kawano (1996) 

Critical slopes for sinking 
of sand 

1/2 on land and 1/3 on seabed 

Calculation domain z=+3 m to -9 m 

Mesh size ∆X=100 m and ∆z=1 m 

Time interval ∆t=50 h, 180 steps /yr 

Calculation period From 1991 for reproduction and 10 years for prediction 

Boundary conditions Right boundary: reproduction Qin=0 m3/yr 
 Left boundary: Qout=1.4x104 m3/yr 
 Landward and offshore boundaries: qz=0 

Calculation method Explicit finite difference method 
 

Table 2. Calculation conditions 
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Figure 13 shows the longitudinal profiles and cross-shore distributions of d50 along transect 
Nos. 1 and 2 located near the headland and in the eroded zone, respectively, as shown in 
Fig. 11, as well as the cumulative percentage of grain sizes at certain depths. It is clear that 
the beach material is mainly composed of fine sand (d=0.1-0.25 mm) and medium and 
coarse sand (d=0.25-2 mm). In addition, gravel appears in a depth zone between the 
shoreline and 1 m depth. Taking these characteristics into account, the following three grain 
size populations are required in the numerical simulation: population 1 sand with a grain 
size smaller than 0.2 mm; population 2 medium and coarse sand (d=0.2-2 mm); and 
population 3 gravel (d>2 mm). Furthermore, the equilibrium slopes corresponding to these 
grain size populations are 1/80, 1/30 and 1/10, respectively, on the basis of the mean 
longitudinal slopes in the depth zone where each grain size population is dominant, as 
shown in Fig. 13. 
In the reproduction calculation, the contents of the three grain size populations were 
determined from the observed data shown in Fig. 13, by taking the weighted average as a 
function of the seabed length. In the prediction, the contents of the three grain size 
populations (fine sand, medium and coarse sand, and gravel) were assumed to be 
0.10:0.23:0.67 for coarse materials and 0.90:0.05:0.05 for fine materials on the basis of the 
materials to be used for nourishment, as well as the content of the present materials on the 
coast. The other calculation conditions are shown in Table 2. For incident waves, the energy-
mean significant wave height of this coast (Hb=0.83 m and T=6.4 s) is used. The wave 
direction is determined by a trial-and-error method so as to obtain the best-fit result. The 
depth range in which beach changes occur is between the berm height hR=3 m and the depth 
of closure hc=9 m as revealed by the measured bathymetric changes. The wave diffraction 
due to the existence of the offshore reef and Chigasaki fishing port was calculated by the 
angular spreading method for irregular waves (Sakai et al., 2006). 

4.3 Results of reproduction calculation 
The beach changes between 1991, when the artificial headland was constructed, and 2005 
were reproduced by numerical simulation. On the coast, beach nourishment to maintain the 
beach has been carried out since 1991, and a dynamically stable beach has now been formed 
without large changes in the shoreline position or beach topography. This dynamically 
stable beach topography was reproduced by the numerical calculation. Figure 14 shows the 
contours predicted under the dynamically stable condition, in which 5,000 and 9,000 m3 of 
sand with the same contents of the three grain size populations as those measured on the 
present coast were supplied from two locations in the domain, and the same amount of sand 
was extracted from the left boundary. The measured shoreline configuration is also shown. 
 The predicted and measured shoreline configurations are in good agreement. This 
dynamically stable condition was reproduced by supplying sand at the rate of 5,000 m3/yr 
to the Chigasaki coast, which approximately agrees with the average rate of past beach 
nourishment of 4,800 m3/yr. Furthermore, the meandering of the contour lines deeper than 
5 m off the artificial headland, and the concave profile, which changes from a steep slope 
near the shoreline to a gentle slope in the offshore zone, as shown in Fig. 13, were also 
reproduced in Fig. 14.  
Figure 15 shows the predicted longitudinal profile and cross-shore mean grain size 
distribution. These results are in agreement with the measured values, as shown in Fig. 
13(a), along the centerline of the pocket beach, by superimposing the shoreline position at 
Y=580 m in Fig. 15 with that at Y=0 m in Fig. 13(a). Gravel with a grain size larger than 2 
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mm is concentrated on the foreshore with an elevation higher than +1 m, the zone between 
the shoreline and 3 m depth is covered with fine sand with a grain size of 0.2 mm, and the 
seabed further offshore is covered with fine sand with a grain size of 0.15 mm. Thus, grain 
size sorting, from the coarse sand mainly composed of gravel on the foreshore to the 
offshore bed covered with fine sand, is well reproduced. 
 

X (m) 

Y
(m

)

 

Fig. 14. Reproduced contour lines and comparison of measured and predicted shoreline 
configurations 

 

 

Fig. 15. Predicted longitudinal profile and cross-shore distribution of mean grain size 

4.4 Further applications 
By setting the minimum width of the beach to be nourished as 50 m, topographic and grain 
size changes after 10 years were predicted with several types of materials composed of 
grains with different sizes being used for beach nourishment. The nourishment site is 
located between X=8.4 and X=8.6 km, and the materials used for nourishment were supplied 

X=8400 m
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from a berm on the shore face between the shoreline and 3 m height. The sand supply is 
assumed to be 3.0×104 m3/yr in accordance with the planned nourishment.  

 

 

Fig. 16. Bathymetric changes relative to initial beach topography in four cases 

Figures 16 and 17 show the planar distribution of the change in depth and the shoreline 
changes from the initial seabed topography in the following four cases: no nourishment 
(case 1), nourishment using coarse sand (case 2), nourishment using fine sand (case 3), and 
nourishment using sand with the same mean grain size as that of the current beach (case 4). 
When the beach receives no nourishment, further erosion occurs on the Chigasaki coast and 
east of the artificial headland, resulting in shoreline recession (Figs. 16(a) and 17(a)). For 
beach nourishment using coarse sand, the seabed level increases over an extensive area 
including the offshore zone, sand deposition is concentrated near the shoreline (Fig. 16(b)) 
and the shoreline markedly advances by up to 35 m, approaching the level of the shoreline 
in 1954 (Fig. 17(b)). Thus, beach nourishment using coarse sand is effective for protecting the 
shoreline. 
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Fig. 17. Shoreline changes in four cases 

For beach nourishment using fine sand, the nourishment sand is mainly diffused offshore 
without being deposited near the shoreline, which is different from the case of nourishment 
using coarse sand (Fig. 16(c)). The increase in the seabed elevation over an extensive 
offshore zone is greater than that in the case of nourishment using coarse sand. In contrast, 
the shoreline advance is much less that that in the case of nourishment using coarse sand 
(Fig. 17(c)). Furthermore, the beach was further eroded east of the artificial headland, 
despite the beach nourishment west of the headland. For beach nourishment using sand 
with the same mean grain size as that of the beach, a significant nourishment effect was 
predicted, although this effect was less than that of beach nourishment using coarse sand 
(Fig. 16(d)), and a significant shoreline advance was predicted, as shown in Fig. 17(d). 
Figure 18 shows the changes in the longitudinal profile and cross-shore mean grain size 
distribution along transect X=8.4 km. When the beach receives no nourishment, a concave 
profile and the accumulation of coarse materials on the foreshore were predicted, as shown 
in Fig. 18(a), which are in good agreement with the measured results shown in Fig. 13. For 
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Fig. 18. Changes in longitudinal profile and mean grain size along centerline of pocket beach 

beach nourishment using coarse sand, the longitudinal profile generally moves offshore, 
and the bed materials in the zone where the longitudinal profile markedly moves offshore 
are mainly composed of sand with a grain size of 2 mm (Fig. 18(b)). In the case of beach 
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nourishment using fine sand, the change in the longitudinal profile shows that the shoreline 
advance is minimal, and the fine sand is transported offshore by its seaward movement and 
covers the offshore seabed (Fig. 18(c)). For beach nourishment using coarse sand and sand 
with the same mean grain size as that of the beach, coarse materials are selectively deposited 
near the shoreline. Finally, it is concluded that an excellent shore protection effect can be 
expected by beach nourishment using coarse sand or sand with the same mean grain size as 
that of the beach, whereas fine nourishment sand is widely diffused offshore, although 
beach nourishment using materials containing a large amount of fine sand is preferable for 
increasing the offshore seabed elevation. 
 
 

 

Fig. 19. Location of Shimizu coast 
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5. Application of model to prediction of beach changes on Shimizu coast 

5.1 General conditions of Shimizu coast 
Beach erosion has been severe on the Shimizu coast, which extends along the outer marginal 
coastline of the Mihono-Matsubara sand spit in Suruga Bay, as shown in Fig. 19, because of 
the decrease in longshore sand supply from the Abe River. As a measure against beach 
erosion, five sets of artificial headlands and an L-shaped groin were constructed between 
1989 and 1999 (Uda et al., 2007). At present, the shoreline of this coast is barely maintained 
by these facilities and beach nourishment, and large topographic changes have been 
observed around these structures. Bathymetric surveys and bottom sampling have been 
carried out over an extensive area to investigate the mechanism of these beach changes. The 
analysis of the data sets suggests that there are two “conveyer belts” carrying gravel and 
fine sand along the coastline, and that these conveyer belts have been deformed as a result 
of the construction of the coastal structures. Here, the mechanism of the development and 
deformation of these conveyer belts is investigated using the present model (Nishitani et al., 
2008).  

5.2 Bathymetric changes, grain size distribution and shoreline changes 
Figure 20 shows the bathymetry of the study area in March 2006. The transects of sea bottom 
sounding are arranged at 100 m intervals from the north end of the study area. Headland 
(HL) No. 1 is located at transect No. 65 at the south end of the study area, and the L-shaped 
groin (L-groin) is located at transect No. 32. In the study area, the contours in the zone 
deeper than 5 m smoothly extend alongshore, whereas those in the zone shallower than 5 m 
advance (retreat) south (north) of each headland because of their effect of blocking 
longshore sand transport. A submarine canyon with a very steep slope develops to the north 
of the L-groin. 
 

 

Fig. 20. Bathymetry of Shimizu coast and alignment of transects 

Figure 21 shows the shoreline changes relative to the shoreline position in 1989 immediately 
before the construction of the artificial headlands. Since northward longshore sand transport 
prevails in the study area, the shoreline retreated downcoast of the headlands, which were 
successively constructed over time, resulting in a step-type coastline. The longitudinal 
profiles and depth changes in the median diameter d50 determined from the bottom 
sampling carried out in August 2006 were compared along several transects where typical 
shoreline changes were observed, as shown in Fig. 22. 
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Fig. 21. Shoreline changes with reference to shoreline in 1989 

Along transect No. 76, located at the south end of the study area, beach erosion occurred in 
the early years, but no large shoreline changes were observed, even in the comparison of the 
shoreline positions in 1989 and 2006 (Fig. 22(a)). A concave profile was formed with a steep 
slope of 1/10 from the foreshore to 4 m depth and a gentle offshore slope in the depth zone 
greater than 4 m. Corresponding to these slope changes, the foreshore is covered with gravel 
with median diameter d50 ranging between 10 and 30 mm, whereas d50 becomes as small as 
0.18 mm in the depth zone between 4 and 7 m, and 0.16 mm in the zone deeper than 9 m. In 
particular, note that the offshore seabed with a slope of 1/50 at depths between 5 and 8 m is 
covered with fine sand. 
Along transect No. 62, located downcoast of HL No. 1 where the shoreline significantly 
retreated between 1989 and 1992, we observed a steep slope mainly covered with gravel in 
the zone shallower than 2 m and with fine sand in the zone between 2 and 5 m. This slope 
was eroded, resulting in the parallel landward movement of the profile (Fig. 22(b)). In 
contrast, the seabed changes are negligible in the zone deeper than 5 m, where the seabed is 
covered with fine sand with d50=0.16 mm. 
Along transect No. 37, located downcoast of HL No. 5, the shoreline receded after the 
construction of HL No. 5 (Fig. 22(c)). A convex profile had formed before the erosion, but a 
profile change from convex to concave occurred because of beach erosion, and the seabed 
shallower than 4 m depth was significantly eroded. In contrast, sand was deposited in the 
zone between 4 and 7 m deep, and d50 for the sand deposited in this zone is 0.16 mm. Thus, 
the selective deposition of fine sand in the offshore zone deeper than 4 m is in marked 
contrast to that of gravel near the shoreline. 
Along transect No. 33 located 200 m south of the L-groin (Fig. 22(d)), the shoreline advanced 
by as much as 100 m between 1989 and 2006 with a parallel movement of the longitudinal 
profile. Major beach changes were observed up to a depth of 9 m, which is greater than the 
critical depth observed along the other transects. Note that gravel is deposited in the zone 
shallower than 3 m, whereas fine sand with d50=0.16 mm covers the seabed in the zone 
between 3 and 10 m deep; d50 increases with the depth of the seabed in the zone deeper than 
10 m. This is a special characteristic only observed along this transect.  
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Fig. 22. Changes in longitudinal profile and depth distribution of d50 

Along transect No. 32 located upcoast of the L-groin, the shoreline advanced by 110 m 
between 1989 and 2006, as shown in Fig. 22(e), because of the blockage of longshore sand 
transport by the L-groin, and the longitudinal profile between +2 and -8 m moved parallel 
with the shoreline advance. The profile in 1989 can be smoothly connected to the profile in 
2006 by extrapolation, since a very gentle slope extends in the zone at a depth greater than 8 
m. In contrast, the longitudinal profile in 2006 has a break at a depth of 8 m, and the seabed 
slope becomes gentle at this depth. Comparing the depth distribution of d50 and the profile 
in 2006, we found that d50 ranges between 1.4 and 12 mm, and gravel mainly accumulates in 
the zone shallower than 9 m, whereas the offshore seabed between 9 and 14 m is covered 
with fine sand with d50=0.16 mm, and then a gravel bed appears at depths greater than 14 
m. Major beach changes can be observed up to a depth of 8 m, but the deposition of fine 
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sand with d50 =0.16 mm also takes place in the zone at depths between 8 and 10 m. 
However, a gravel bed appears again at a depth of about 15 m. This strongly indicates that 
the seabed in this area was covered with coarse sand and gravel in the past, but the zone at a 
depth near the depth of closure had been covered with fine sand as the shoreline advanced 
in recent years. Namely, it is assumed that there are two “conveyer belts”, each carrying 
mainly gravel and fine sand alongshore in zones shallower and deeper than approximately 
3 m, respectively, and that the conveyer belt carrying gravel moved offshore because of the 
accretion of gravel near the shoreline, causing the offshore movement of the longitudinal 
profile, as schematically shown in Fig. 23; simultaneously, the other conveyer belt carrying fine 
sand was pushed offshore, resulting in the offshore gravel bed being covered with fine sand. 
 

 

Fig. 23. Schematical explanation of conveyer belts, each carrying mainly gravel and fine sand 

Along transect No. 27 located north of the L-groin, where the shoreline significantly 
retreated after the construction of the groin (Fig. 22(f)), the beach slope between the 
shoreline and a depth of 30 m is as steep as 1/6. Major beach changes are observed up to a 
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depth of 10 m. The depth zone in which beach erosion occurred is covered with gravel, the 
median diameter of which ranges between 20 and 30 mm, but the seabed surface in the zone 
deeper than 10 m is covered with fine sand with d50=0.2 mm, which are the same features as 
those along transect No. 32, despite the steep slope in the offshore zone.  

5.3 Calculation conditions 
In the numerical prediction of beach changes, the difference in the equilibrium slope 
between the zones composed of gravel and fine sand must be taken into account. Before the 
construction of the artificial headlands, longshore sand was continuously transported 
alongshore at a constant rate, because no beach changes were observed in this area, i.e., the 
coast was under a dynamically stable condition; thus, a dynamically stable beach (Uda et al., 
2007) was reproduced. In Fig. 24, the shoreline orientation gradually rotates 
counterclockwise and shifts by 20º between the south and north ends of the study area. The 
predominant wave direction of this coast is south, and under this oblique wave incidence, 
Snell’s law gives a breaker angle of ǂb=17º at the south end of the calculation domain (Uda 
et al., 2007). Taking this shift of the shoreline orientation into account, we change the 
incident angle of the waves linearly from south to north in the calculation domain. In this 
case, the wave height was decreased alongshore corresponding to the change in the wave 
direction, so that longshore sand transport flux remained constant before the construction of 
the headlands and that a dynamically stable beach could be simulated. 
 

 

Fig. 24. Calculation domain 
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As the wave conditions, rough waves with a 5% probability of occurrence are selected on 
the basis of the results of wave observation off the Shimizu coast; beach changes are more 
significantly affected by rough waves than normal waves. The selected equivalent wave 
height H0’ and the wave period are 3 m and 9 s, respectively. The detached breakwaters 
were placed on this dynamically stable beach, and rough waves were generated for 15 years. 
Because the seabed is separated into a steep slope mainly composed of gravel in the zone 
shallower than 4 m and a gentle slope mainly composed of fine sand in the zone deeper than 4 
m, as shown in Fig. 22, the changes in the grain size of the sand were implicitly modeled by the 
changes in the equilibrium slope, which depends on the grain size, by applying the contour-
line-change model (Serizawa et al., 2003). In this study, the effect of the difference in grain size 
was implicitly included as the difference in the equilibrium slope in the ordinary contour-line-
change model, assuming that the beach changes take place without the rapid mixing of sand 
between the beach near the shoreline and the offshore seabed, which are mainly composed of 
gravel and fine sand, respectively. Table 2 shows the calculation conditions.  
Given the topography in 1983 before beach erosion as the initial condition, beach changes 
until 2006 were predicted while increasing the number of artificial headlands with time. The 
initial topography with straight parallel contours is set using an expanded coordinate 
system, to which curvilinear coordinates fixed along the shoreline in 1989 are assigned, in 
accordance with the method of Uda et al. (1998). The x-axis is taken to be alongshore and the 
y-axis is perpendicular to the x-axis. The beach slope was assumed to be 1/10 in the depth 
zone between +3 and -4 m, and 1/50 in the zone deeper than -4 m on the basis of the 
measured profiles. The depth of 4 m is a critical depth dividing the depth zones. The berm 
height hR and depth of closure hc were assumed to be 3 and -7 m, respectively, for the coarse 
sand forming a steep slope off the shoreline. To take into account the gradual beach changes 
observed in the zone deeper than 8 m, the movement of fine sand, mainly covering the 
seabed depth zone between 8 and 9 m, as typically shown in Fig. 22(d), must be considered. 
In this study, the depth distribution given by Uda and Kawano (1996) was used for the 
depth distribution of longshore sand transport in the depth zone between the berm height 
and 7 m depth, and a constant distribution of longshore sand transport accounting for 3% of 
all the total sand transport was assumed in the depth zone between 8 and 9 m. For the 
calculation in the vertical direction, the depth range between z=-7.5 m and z=3.5 m was 
divided into cells with Δz=1 m. Since the seabed slope in the offshore zone is as gentle as 
1/50, there is no sinking of sand to a deeper zone.  
As a boundary condition, the longshore sand transport Qin of 1.3×105 m3/yr is introduced at 
the right boundary of the calculation domain between 1983 and 1990 as a natural condition; 
after 1990, 3.5×104 m3/yr is assumed as the rate of natural sand supply from upcoast and 
from beach nourishment. At the left boundary, a free boundary permitting the transport of 
longshore sand is set; longshore sand transport along each contour line is invariant. Beach 
nourishment provides the source of sand at the shoreline. The coefficient of longshore sand 
transport is adjusted so that Q at any point along the initial shoreline is equal to Qin, 
satisfying the condition that the same amount of longshore sand transport as the inflow 
flows out through the left boundary. For this purpose, the coefficient of longshore sand 
transport Kx is selected to be 0.0059, which is two orders of magnitude smaller than the 
typical value. This is because the continuous action of rough waves that occur with a low 
probability throughout the year is assumed. The distances between the shoreline and the 
artificial headlands are given by the distances measured relative to the shoreline position in 
1983. The wave sheltering effect of the artificial headlands is evaluated by the angular 
spreading method for irregular waves given by Sakai et al. (2006).  
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Fig. 25. Predicted bathymetries ((a) 1990, (b) 1994, (c) 1998, and (d) 2006) 
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Initial topography Straight parallel contours (shoreline in 1983) 

 Uniform slopes of tanǃ=1/10 in depth zone shallower than -4 m 
and tanǃ=1/50 in depth zone deeper than -4 m 

Wave conditions Breaker height: H0’=3 m and T=9 s 

 Breaker angle:ǂb=17º(wave direction: south) at south end with 
linear increase in breaker angle from 17º to 37º 

Tide level Mean sea level 

Depth of closure hc= -7 and -9 m for coarse and fine sand, respectively 

Berm height hR=3 m 

Coefficients of sand 
transport 

Kx=0.0059 and Kz=0.1Kx 

 K2=1.62Kx (Ozasa and Brampton, 1980) 

Depth distribution of 
sand transport rate 

Cubic equation given by Uda and Kawano (1996) between +3 
and -7 m, and uniform distribution between -8 and -9 m 

Equilibrium slope tanǃc=1/10  in depth zone shallower than -4 m 

 tanǃc=1/50  in depth zone deeper than -4 m 

Critical slope 1/2 on land and 1/2 on seabed 

Calculation domain z=+3.5 to -9.5 m 

Mesh size ∆x=20 m and ∆z=1 m 

Time interval ∆t=10 h 

Total time of calculation t=10 yr 

Boundary conditions Right boundary: Qin=1.3×105 m3/yr between 1983 and 1990 
(natural condition) 

 Qin=3.5×104 m3/yr after 1990 (natural sand supply 
+nourishment) 

 Left boundary: free (dqx/dx =0) 

 Landward and offshore boundaries: qz=0 

Wave transmission 
coefficient 

Kt=0.5 for artificial headland 

Calculation method Explicit finite difference method 

Calculation of wave field Angular spreading method (Sakai et al., 2006), Smax=25 

Table 3. Calculation conditions 

5.4 Results 
Figure 25(a) shows the predicted bathymetry for 1990 immediately before the construction 
of HL Nos. 1 and 2. The sea bottom contours started to retreat from the upcoast boundary. 
Figure 25(b) shows the predicted bathymetry for 1994 after constructing HL Nos. 1 and 2. 
Since northward longshore sand transport was blocked by the construction of HL Nos. 1 
and 2, the contours immediately downcoast of HL retreated, and simultaneously, the 
offshore contours meandered because of the changing direction of the movement of sand off 
the detached breakwaters. Figure 25(c) shows the predicted bathymetry for 1998 
immediately before the construction of the L-groin. After the construction of the HLs, the 
eroded zone downcoast of the HLs also propagated northward. Finally, the predicted 
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bathymetry for 2006 is shown in Fig. 25(d). As a result of the construction of the L-groin, the 
shoreline advanced south of the L-groin. Upon examining the configuration of the seabed 
contours around the L-groin in detail in the predicted bathymetry for 2006, as shown in Fig. 
25(d), it was found that the shoreline south of the groin advanced up to 100 m after the 
construction of the groin. This shoreline advance caused the offshore movement of the 
longitudinal profile in the zone shallower than 7 m, resulting in the further advance of the 
gentle slope covered with fine sand between the depths of 7 and 9 m. The predicted 
contours are in good agreement with the measured results shown in Fig. 20. Figure 26 
shows the measured and predicted shoreline changes in 1983 and 2006. The predicted 
shoreline is in good agreement with the measured shoreline, although there are some 
variations at each headland. 
 

 

Fig. 26. Measured and predicted shoreline changes 

6. Conclusions 

A model for predicting the change in the longitudinal profile as well as the change in the 

grain size distribution was developed using the concept of an equilibrium slope 

corresponding to each grain size population. The model was applied to the analysis of the 

results of a large-scale movable bed experiment, and it accurately reproduced the 

characteristics indicating that sand of mixed grain size is sorted; coarse sand is transported 

shoreward to form a berm and fine sand is transported offshore to a zone deeper than hc. It 

was confirmed that when the content of coarse sand increases, the foreshore becomes wide 

owing to the formation of a berm, and this contributes to the shoreline advance. In contrast, 

with an increase in the content of fine sand, the outflow of sand toward a zone deeper than 

hc increases. The model was further applied to the Chigasaki coast where beach 

nourishment using materials of mixed grain sizes was carried out. It was concluded that the 

optimum method of nourishment was to use sand of mixed grain sizes containing coarse 
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and fine sand particles, although nourishment using gravel was effective for protecting the 

shoreline zone. In the third example, the model was applied to the Shimizu coast, where 

conveyer belts mainly carrying gravel and fine sand were found. The three-dimensional 

beach changes between 1983 and 2006 were predicted by this model, and the predicted 

shoreline changes were in good agreement with the measured values. Finally, it is 

concluded that the present model is highly applicable to predicting beach changes and grain 

size changes. 
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