
CHAPTER 90 

Calculation  of On-offshore  Sand  Movement 
and  Wave  Deformation  on  Two-dimensional 

Wave-current   Coexistent   System 

Koichi  Kinose*  ,Shuji Okushima* and Masahito Tsuru** 

Abstract 
In this paper, we proposed a method of calculation to predict 

quantitatively the on-offshore sand movement and the wave 
deformation on a wave-current coexistent system by assuming a 
river mouth. And the calculated results were compared with the 
experimental data obtained for the coexistent system in a two- 
dimensional wave tank. The distribution of wave height on the 
breaker zone was analyzed by use of BORE MODEL. It was required 
for the calculation of the sand transport rate. The model was 
established on the assumption that the value of energy loss in a 
breaking wave was equivalent to that of bore. The wave height 
distribution on the offshore side of breaking point was presumed 
employing the third order approximate solution of Stokian wave on 
the coexistent system. The breaking point was obtained by use of 
Miche's criteria equation. The local sand transport rate could be 
calculated by use of POWER MODEL. The predominant direction of 
sand drift was recognized using relations for judgement which were 
derived from the experimental results. The transformation of sea 
bottom and river one was estimated on the basis of the calculated 
distributions of the wave height and the sand transport rate. The 
results obtained by this analytical method agreed well with the 
experimental   results. 

I.    Introduction 
In order to perform studies about closure of river mouth by 

sand drift, it is necessary to have a deep understanding of wave 
deformation and sand movements on a wave-current coexistent 
system where waves and the steady flow interact. Inman and 
Bowen", Abou-Seida2) and Tanaka et al.3> have made experiments on 
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sand transport rates and shapes of ripples under wave-current 
coexistent system. Watanabe4) proposed a bed load formula 
applicable to coexistent system on the basis of a power model. 
Jonsson5' and Sakai et al.6) have calculated wave shoaling on 
coexistent system. In the present work, we will try as the initial 
step to construct a model simulating the on-offshore sand 
movement, the wave deformation due to wave and steady flow, and 
the two-dimensional bottom transformation. For this analysis, we 
considered the wave-current coexisting system by assuming a river 
mouth as shown in Fig.l. In addition, the results will be compared 
with the experimental  data measured  in  a wave  tank. 

breaking wave 
incident wave 

steady flow 

Fig.l  Wave-current coexistent system assumed to be river mouth. 

II. Distribution of on-offshore sand transport rate 

The sand transport rate on the wave-current coexistent system 
will be discussed in this chapter for the estimation of sea and river 
mouth   bottom   transformation. 
2.1 Bed load formula 

The local transport rate of bed load at a given point could be 
estimated by use of the power model proposed by Watanabe4'. The 
transport rate per unit width, qnet, can be obtained as the sum of 
the component qw caused by wave motion and the component qf 
caused by steady flow. 

qf= Af~^rUf 

i - tc 
qw=Aw Uw (1) 

Pg 

where   Aw   and Af   are   non-dimensional   constants,   respectively, 
which are  to  be determined from laboratory  or field data,  T is the 
maximum   bed   shear   stress,   xc  is the critical shear stress, p is  the 
fluid density, and g is the acceleration of gravity. Uf is the velocity 
of the   steady  flow  and  Uw   is   the   bottom   velocity   amplitude   of 
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orbital motion induced by wave. The critical shear stress can be 
obtained from the critical Shields parameter v|/c

4). 

Vc=0.11   for  d/8L<l/6.5      (fine   sand) 

Vc=0.06   for   d/8L>l/4.0      (coarse   sand) (2) 

where d is the median diameter of the sand, s is the specific gravity 
of immersed sand, 5L is the thickness parameter of the boundary 
layer, v is the kinematic viscosity of the fluid, and T is the wave 
period. When the diameter is intermediate between fine sand and 
coarse sand, the value of \|/c is determined by interpolation. The 
value of qw and If given by equation(l) are the net transport rate. 
On the assumption of a rough bottom, the value of % can be obtained 
from the friction law proposed by Tanaka and Shuto5> for the 
coexistent system.    The friction law is shown in the Appendix. 

Based on the above discussion, the local net transport rate,qnet. 
is given by 

qnet=qf+qw. (3) 

2.2 Expression of velocity field 
By analogy with the analysis of phenomena in the vicinity of 

river mouth, the direction of the steady flow is considered to be 
offshore. Assuming that waves progress up a steady flow, the 
bottom velocity amplitude of orbital motion induced by the wave 
can be indicated from a small  amplitude wave theory. 

«H/L(L/T+Uf) 
Uw sink   kh (4) 

where H is the wave height, h is the water depth, and L, k are the 
wave length and the wave number, respectively. The values of L 
and k are given by the following equations. 

C= ~ + Uf = (-^tanh khY/2 

2 it 
k=— (5) 

where C is the relative wave celerity to the steady flow. If the 
velocity of the steady flow exceeds a critical value, the wave does 
not progress up the steady flow. Its critical velocity Ufc can be 
obtained   by 

Ufc= ~4^" tank  kh. (6) 

where C0 is the wave celerity at the deep water free from the effect 
of the steady flow. When Uf>UfC , it is assumed that only the steady 
flow acts as the driving force of sand drift. 
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On the other hand, the vertically averaged velocity, Uf, is used 
for the calculation of the sand drift component, qf.   That is, 

Uf=^-. (7) 

where  qc is the discharge per unit width. 

2.3  Judgment of predominant direction  of sand drift 
The direction of the sand drift,qf, is offshore, because the flow 

direction is considered to be offshore like that in the river mouth. 
But the predominant direction of qw does not necessarily coincide 
with the direction of wave progress. Sunamura6) has indicated that 
the direction of sand drift might change under the condition where 
equation(8)  is  satisfied. 

<J> = yUr0 (8) 

where y is an empirical constant, © is Hallermeier's parameter, and 
Uro is Ursell parameter. They are expressed as follows by the long 
wave   assumption,   respectively. 

However, equation(8) is found from an experimental study of 
an uniformly sloping movable bed in a non-coexistent system 
where only wave acts. Sunamura has concluded that y was equal to 
0.13 on the surf zone in his experiments. 

Taking the effect of the steady flow into consideration, 
equations(8) and (9) must be modified for the analysis of the wave- 
current coexistent system. The Ursell parameter on the coexistent 
system is shown as the following equation by applying the long 
wave assumption to the wave celerity,  C, in the equation(5). 

The relative intensity Uf/Uw in the above equation, which 
indicates a relative intensity ratio of the steady flow to the wave, 
was introduced for the judgment of the predominant direction of 
the sand drift, qw. Using these parameters the judgment can be 
done as the follows. The zone of sand movement by wave and 
steady flow is divided into two regions; pre-breaking and post- 
breaking   region. 

In the post-breaking region, the values of <I> and Ur are 
calculated by use of equations(9) and (10), respectively, and a point, 
xh, where the relation of 1> and Ur satisfies equation(ll), is 
searched. 

$=yU, (11) 

Here, the value of Uf/Uw at point xh is supposed to be p. 
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The direction of sand drift, qw, induced by wave motion can be 
recognized  using  relations  in  equation(12). 

if p>0.15 then offshore for all over the surf zone 
if P<0.15   and Uf/Uw>P then  offshore at a given point.        (12) 
if p<0.15   and Uf/Uw<p then  onshore at a given point. 

In the pre-breaking region, we employ the relations shown in 
equation(13)   . 

if Uf/Uw>0.15 then offshore at a given point. 
if Uf/Uw<0.15 then onshore at a given point.        (13) 

The critical value (0.15) of p could be given from the results of 
our  previous   experimental   study7'. 

III. Wave deformation of incoming waves on coexistent system 

The wave height variation due to changes of depth and velocity 
of the steady flow will be considered. The zone of wave 
deformation is also divided into two regions; pre-breaking and post- 
breaking region. 

3.1 Wave shoaling and breaking criterion 
In the pre-breaking region, we employ the equation given by 

Sakai, Saeki and Ozaki8) to calculate the wave deformation. This 
equation is the third order approximate solution of Stokian wave on 
the wave-current coexistent system. It is introduced on the basis of 
a wave energy flux conservation. The solution is shown in the 
Appendix. 

Miche's criterion can be valid for a breaking criterion of regular 
waves on the coexistent system, as being pointed out by Iwagaki9) 

and  Sakai10'. 

[^-j    = a  tanh(kh)b (14) 

where subscript b indicates the quantities of the breaking point. 
The value of a is equal to 0.142 in the case of only wave action. But 
in the wave-current coexistent system, its value is inclined to 
decrease according to the increase of the velocity. The breaking 
point can be calculated by using the ratio of water depth to wave 
length  obtained from the wave height calculation mentioned above. 

3.2 Wave  height distribution  in  post-breaking  region 
In order to obtain the wave height distribution in the post- 

breaking region, it was assumed that breaking wave has the same 
process as that of the energy dissipation in bores. The energy loss 
per unit width of bore is given by 

AE..i-PI(kl.lll)'^i^r 
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where hi and h2 are the water depths before and after bore, 
respectively. The energy lossn> per unit length can be represented 
by the following equation(16) on the basis of the long wave 
assumption. 

i'= h i-li2 

AE'      AE' 
AE =     L      =   CT 

B 
4 

PgH2 
T (* 

where B is 
(h2-h!)3 

(16) 

(17) 

where H is the wave height at a given point in the surf zone. 
The wave energy flux taking the mean energy level as a 

reference on the wave-current coexistent system was given by 
Jonsson12>.   That is, 

E = ^pgH2(Cg-Uf)fl-^l (18) 

where C and Cg are the relative wave celerity and the relative wave 
group celerity to the steady flow, respectively. They can be 
obtained by use of equation(5). In a shallow water, this equation 
becomes, 

E = f-pgH2(Vgir-Uf)(l-^) (19) 

Based on the assumptions discussed above, the wave height after 
breaking is able to be given by the energy flux conservation 
equation. 

ff"   + AE =  0 (20) 

The x-axis is taken as pointing onshore direction. In order to 
calculate the wave height distribution in the surf zone for an 
arbitrary bottom configuration, we performed a numerical solution 
using equations(16) and (19). In the breaking waves, a turbulent 
kinetic energy is produced in the surface roller. In addition, 
turbulence is also induced by the systematic eddy near the 
breaking point. Consequently, the value of B in equation(16) 
depends on the location of the surf zone. However, the value on the 
wave-current coexistent system could not be known in detail. 
Therefore, the following equations, which were given for a non- 
coexistent system by  Mase13), had to be used. 

i) In cases that    m>l/20 
0.9<h/hb<1.0    :  B=l 

0.6<h/hb<0.9    : B = 13-^^- (21) 
"b 
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ii) In cases that   m<l/20 

0.6<h/hb<1.0     : B = ll- 10 j^- 

h/hb<0.6     :  B=5 (22) 
where  hb is the breaking water depth and m is the beach slope. 

IV.   Prediction   of   bottom   profile   transformation 

The continuity equation for the bottom material is indicated as 
follows. 

dzb _    iL _   _    dqn et .„„. 
3t    ~       3t   ~ 9x {-li) 

where zb is the bottom level taking the still water level as a 
reference, and t is the elapsed time from the beginning of the wave- 
current action. In the practical numerical analysis, the following 
equation4* was employed to restraint the appearances of radical 
irregular bottom profiles and steep gradients of the bottom more 
than the angle of repose of the immersed sand. These phenomena 
may not occur in real beaches. 

9zb 9     ( i        i dzv.\ 
TT=   "    37   ^net-e.lqnetl-a^J (24) 

where es is the positive constant. In addition, we used a finite 
difference method in which staggered mesh scheme is applied to 
equation(24).    The stability of the calculus is indicated by 

1      Ax2 

At<2"—  (25) 

where  qmax is the maximum value of qnet- 

V. Comparison between experimental and calculated results 

The comparison between the experimental and the calculated 
results will be discussed in this chapter. Assuming a river mouth as 
shown in Fig.2, the experiments on the wave-current coexistent 
system were carried out under the conditions as listed in Table 1. 
The experimental apparatus consisted of a piston-type wave maker 
and a pump for the generation of the steady flow in a wave 
tank(30m long,  1.0m high, and 0.6m wide). 

5.1  Method of experiment 
A model was formed out of the sand listed in Table 1. It was 

composed of two parts; the river mouth(4m long, flat) and the 
sloping beach(12m long, 1/20). The wave height and the change of 
bottom profile induced by wave and steady flow were measured 
with spaces of 1cm by use of wave gauge and sand-level-meter 
which were loaded on the observation truck. 
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Table  1    Condition of experiments. 

Case (1) (2) (3) (4) (5) (6) (7) (8) Cs 

qc(cmVs) Ho(cm) T(s) h(cm) (cm/s) Fr dso(mm) s 

A 197.2 6.49 2.2 4.38 45.02 0.69 0.37 1.72 2.96 

B 138.2 6.49 2.2 4.86 28.43 0.41 0.37 1.72 2.96 

C 35.8 4.68 2.2 6.96 5.13 0.062 0.28 1.44 2.57 

D 133.6 17.51 1.6 8.25 16.20 0.18 0.28 1.44 11.86 

(1) 
(2) 
(3) 
(4) 

discharge per unit width (5) 
wave height (6) 
wave period (7) 
depth of river mouth (8) 

velocity at river mouth 
Froude number 
median diameter of sand 
specific gravity of immersed sand 

width of wave tank=0.6i 
v. 

observation truck 

triangle wier :r X)     Oil rail        wave  generater 

initial bottom profile of river and sea 

Fig.2   Schematic  drawing  of experimental  apparatus  for 
wave-current   coexistent   system. 

The net transport rate of sand drift was calculated from the profile 
change at 20-minute intervals by use of the difference equation of 
equation(23). In Table 1, the waves which caused an accretion of 
the beach were worked for Cases of A, B and C, and in the Case of D 
the wave produced an erosion of the beach. In addition, the 
classification of the wave-type for two-dimensional laboratory 
beach transformation in terms of a parameter, Cs, was used here. It 
was  proposed  by  Sunamura  and  Horikawa14). 

7k = Cs.m-°-27 

1^0 

dj|0 .67 

Lo 
(26) 
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where H0 is the deep water wave height and L0 is the deep water 
wave length. If Cs< 4, the beach is accreted, while if Cs> 8, the beach 
is eroded. 

5.2 Wave  height distribution 
Figs.3(a) through (d) show the comparison between the 

experimental and calculated results of the wave height distribution. 
In determining the breaking height on the wave-current coexistent 
system for the numerical calculation, the value of a in equation(14) 
was taken as 0.132. The bottom profiles at the time of wave height 
measurement are also shown in the figures. These bottom profiles 
are used for the calculation of the wave height. Figs.3(a) through (c) 
and (d) correspond to cases of plunging breaker and spilling 
breaker, respectively. The calculated results for the wave height 
near the breaking point in the case of spilling breaker have a 
tendency to give smaller values than the experimental results as 
shown in Fig.3(d). But good agreements are found between the 
experimental and calculated results in the cases of plunging 
breaker. From the above results, it may be concluded that the wave 
height calculation model succeeds fairly well in predicting the 
experimental   results. 

5.3 Distribution  of sand  transport rate 
Figs.4(a) through (d) show the comparison between the 

experimental and calculated distributions of the sand transport rate. 
Here, in order to match with the wave height calculation, the bed 
velocity amplitude Uw in the pre-breaking region was calculated by 
use of the third order approximate solution of Stokian wave. In the 
post-breaking region, Uw is obtained using the linear long wave 
theory. 

The procedures of the calculation for the transport rate,qnet> 
will be illustrated in the following; 

1) The local transport rate at a given point is calculated by use 
of equations(l) through (7) under the assumption of 
Af=IAwl=l. 

2) The predominant direction of transport rate,qw, at a given 
point is judged with equations(9) through (13). 
If the direction is offshore, Aw is equal to 1, while if the 
direction is onshore, Aw is equal to -1. 

3) Comparing the peak value of the calculated distribution of 
transport rate  with that of observed  distribution  and  finding 
the both peak values to be equal each other, then the 
Af (= I Aw I) is required one. 

4) The final value of the transport rate at the each point is 
obtained multiplying the value of the transport rate given 
in procedure /)   byAf( = l Aw I) gotten above. 
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(a)     Case A 
bottom profile  formed  by  action  of wave 
and steady flow  for 60 minutes. 
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wave  height  distribution  after  60   minutes. 

(c)     Case C 
bottom  profile just before  action  of wave 
and   steady. 
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(b)     Case B 
bottom profile formed by  action  of wave 
and steady  flow  for 40  minutes. 
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wave  height  distribution   after  40  minutes. 

(d)    Case D 
bottom profile formed by  action  of wave 
and steady flow for 20 minutes. 

2» (an) 
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\ 
\ 
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wave  height  distribution  after   1   minutes. wave  height distribution  after 20  minutes. 

Fig.3    Comparison  between  calculated  and  experimental 
results of wave height. 
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In determining the direction of sand drift at the each point, the 
value of y in equation(ll) is taken as 0.32 for the numerical 
calculation. In the calculations, the both values of Af and IAWI are 
taken to be equal for all over the surf zone. The values obtained 
from the experiments are shown in Fig.5. 

(a)  Case   A 
«cmv»)xio-   (b)  Case   B 

1         1 
  calculated 

^ 

1 

rtJ M\ •,y pim 
taa^ 

river  mouth 
2                    T 

mean transport rate after 40-80 minutes 

,„, (c)   Case   C 
10 

5 

0 

-5. 

-10 

J 
  calculated 
  observed 

/ 
V 

I 1 
river mouth r 

mean transport rate after 0-20 minutes 

I 

ll 1 1 V ^4 
river mouth 

\V 

0              -2 -f - 

mean transport rate after 40-60 minutes 

(d)  Case   D 
«<•vs>xi(r* 

8 

G 

j y 
hf\ \ 

\ 

J f {y \ 
\ 

2 

river mouth 
 *  

mean transpat rate after 20-40 minutes 

Fig.4 Comparison  between  calculated  results  and  experimental 
results  of distributions  of on-offshore transport rate. 

5.4    Beach profile transformation 
Fig.6 shows an example of the calculated bottom profile, and it 

is compared with the experimental data in Case of C. The profile 
was formed under the action of wave and current for 20 minutes, 
and the initial profile which was observed just before beginning of 
wave-current action is shown in Fig.3(c). Using the calculated 
distributions of the wave height and the sand transport rate, the 
prediction  of bottom  transformation  was  done  at  intervals   of  1cm 
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from the difference equation of equation(24) under the conditions 
of es=2.0 and At=10sec. The value of Af or Aw for the sand 
transport rate calculation was obtained from the experimental 
results as shown in Fig.5. In average, the profile calculated by use 
of this model agrees well with that obtained from the experiment. 

0^AA = \A„\) 

0.30 

0.25 

0.20- 

0.15- 

0.10 

0.05-1 

0 
100      120 

—I 1 1 r~ 
20        40        BO        80 

t (min) 
Fig.5 Change of value Af (=1 Aw I) with elapsed time. 

Case   C 
24 (cm)    bottom profile after 20 minutes 

*(m) 

initial profile of bottom is shown in Fig.3(c) 

Fig.6 An exsample of calculation for beach transformation due to 
wave  and  current. 
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VI.   Conclusion 

The conclusions in this study are indicated as follows; 
1) The local transport rate of sand drift in the both regions of pre- 

breaking and post-breaking could be estimated with the 
application of the bed load formula proposed by Watanabe. 

2) The predominant direction of sand drift could be recognized 
using the judgment equation which was derived from our 
previous   study. 

3) The distribution of wave height on the post-breaking region 
could be analyzed by use of a bore model.    And the distribution 
in the pre-breaking region could be obtained form the third 
order approximate solution of Stokian wave on the coexistent 
system. 

4) The prediction of the bottom transformation in the  two- 
dimensional coexistent system could be done by use of the 
equation of continuity of the sand transport rate. 

5) The results obtained by this analytical model agreed well the 
experimental results of laboratory.    That is, the model 
developed in this paper is capable of describing aspects of two- 
dimensional  sand movement, wave deformation and beach 
transformation   on   a   wave-current  coexistent   system. 

Appendix 

(1) The friction  law for the wave-current coexistent system 
The next equations indicate the friction law given by Tanaka 
and  Shuto5> on the assumption of rough bottom, 

(i) Friction coefficient 

m 0-  U 
f„„, = 2B k-M   + 4BC^-cos a + 2C c 

B=  
/n(h/z0)-1 

K[        , (,    OZ0 1   , , Vl-1/2 ^w 
i0.25+0.10l|/n ^— - —/«fcw+0.24   I      _  >50 

o 

C = 

0.738 f;i/<fM°-408 .  so^io cw GZ°) OZ0 

where fcw is the friction coefficient, z0 is the roughness length, 
uc is the velocity averaged over the section of steady flow, "Qw 

is the bottom velocity amplitude of orbital motion induced by 
wave and a is the angular frequency, 

(ii) Maximum Shear stress on the coexistent system 
1   „ t    ~

2 T = rpf«uw 
where x is the maximum shear stress acting to the bottom. 
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2) The third order approximate solution of Stokian wave 
on   the  wave-current  coexistent  system. 

The next equations  indicate the third  order  approximate 
solution    of Stokian wave given by Sakai, Saeki and Ozaki8). 

(i) Velocity potential 

cD = ux + c-u 
{(7.An+?i3Ai3) x cosh k(h+z) sinQ 

+X2A.2 cosh2k(h+z) sinlQ 

+X3A3 cosh3k(h+z) sin3&] 

!^=^(Xf1cosQ+ X2f2cos2Q+ X3fjcos3Q) 

B=Bo+XBi+^.2B2+X3B3 
C=Co+XCi+X2C2+X3C3 

1 

An= 
1 

Al3 = - 

sinhfi 
cosh2p 

A2=i 

8sinh5p 
1 

r<5cosh2(3 + l) 

1   ll-2cosh2$ 

f1=l 

8 sinh4$ 

1   11-2c 

6 4      sinhifi 

P=kh 

k=27c/L, X=ka, 6=k(x-Ct) 
,     1 coshR 
f2= T  •  ,,ft(coaA2p + 2) 

3  8co.f/i6|3+l 
3   6 4    5i'n/!6P 

2 T  2       jmWp 

2    g (    X2cosh4$+ 8 
(C-U)=trfl„AP^ + -—^- 

H _ (      _3_     8co^/;6p+l 

where <I> is the velocity potential, £ is the surface level 
variation, L is the wave length and H is the wave height, 

(ii) Energy flux 

W=pr{U(C-U)Qi+(C-U)2Q2} 

,     1      r 1 X2 coshfi , 
Qi=k    •   no \-zrsinh§ cosM +- -   .   ,L{- Acosh^+lOcosh^ sinh2pL2        r r   3 2 sinh5$ 

-16cosh2$+9}] 

1      rl A,2        1 
•[•T(sinh$ coshfi + $)+-7r{o  •  . 6Ft (sinhfi cosh$ + $) Q2=V •n'n/j2p L4 8  l8iin/i6p 

x (-20coi/i6p +\6cosh^ + 4cosh2$+9) + 
coshfi 

45(nA3P 

x (16cosh4$ + 2cosh2?>+9)}] 
where W is the energy flux, U is the velocity of steady flow 
and C is the relative wave celerity. 
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