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ABSTRACT 

A quasi three-dimensional numerical model for 
detailed sediment transport calculations on a beach is 
developed for a micro-computer. It includes a complete 
description of the wave climate and wave induced currents 
over the study area. Vertical concentration profiles of 
suspended sediments, calculated locally to include the 
effects of shear stress on the bottom and the intensity 
of turbulence due to breaking waves, are superposed on 
local velocity profiles to yield sediment transport 
rates. Sediment transport is calibrated with laboratory 
experiments performed on a straight sand beach. 

INTRODUCTION 

In coastal engineering, where hydrodynamics play a 
major role, the latest numerical models calculating wave- 
induced currents and sediment transport are usually 
developed on large, powerful computers because of the 
problem's complexity. So far, detailed numerical coastal 
modeling has thus been largely limited to research 
projects. But recent innovations and rapid developments 
in the micro-computer industry have transformed the 
Personal Computer into an essential tool for scientific 
applications. 

The present paper shows an overview of the theory 
used in the proposed numerical model.  Briand  (1990) 
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provides a detailed description of the pertinent theory 
and numerical methods of solution. The numerical model 
was developed to work efficiently on a micro-computer. 

Several aspects of modeling relatively detailed 

coastal processes are presented with an emphasis on a 

simple approach to a wide range of applications. The 

proposed numerical model includes calculations of wave 
transformation, wave-induced currents and resulting 

sediment transport in the surf zone. Numerical results of 
sediment transport are calibrated with laboratory experi- 

ments. A practical "quasi" three-dimensional description 
of nearshore hydrodynamics and its effect on sediment 
transport is produced. 

NUMERICAL MODEL 

Wave Transformation 

The model requires a discretized representation of 

the study area bathymetry in the form of a rectangular 
grid, and offshore wave conditions must be specified for 
either regular or random wave fields. Calculations start 
with a complete evaluation of the wave climate over the 

gridded area: shoaling, refraction, breaking and energy 
dissipation inside the surf zone are considered. 

A Miche type of breaking criterion is used, as 

suggested by Goda (1970): 

Hb = 0.17 LQ -j 1 - exp 

r 71 d 

[-1.5--- (1) 

where:    - H, is the breaking wave height; 

- L the deepwater wavelength; 

- d the local water depth; 

- m the local beach slope. 

This breaking criterion was preferred to others because 
of its relative simplicity and because it fits better the 
laboratory results presented in this paper. 

The principle of conservation of wave energy flux 
is applied to calculate wave height transformations: 

d(Ec ) 
 S- = - D (2) 

ds 
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where:    - c  is the wave group velocity; 

- E is the total wave energy density; 

- s is the distance along the wave path; 

- D is the wave's energy dissipation rate per 
unit area. 

It is possible to include several terms responsible for 
energy dissipation in Eq. 2, like friction on the bottom 
or percolation, but the present application considers 
wave breaking as the main source of dissipation. Outside 
the surf zone, D is equal to zero. 

Energy dissipation in a breaking wave is 
calculated from the empirical formulation of Dally, Dean 
and Dalrymple (1984): 

K 
D = - 

d 
E
st 

c
, ^ 

where:    - K is an empirical coefficient; 

- E.represents the "stable" energy that a 
breaking wave strives to attain on a 
constant depth bottom. 

The stable energy is calculated from the stable wave 
height H . as, suggested by Horikawa and Kuo (1966): 

Hst = r d (4) 

Dally et al   (1984) show that values of K = 0.15 and r = 
0.4 give good agreement with their laboratory results. 

In the wave transformation calculations, a combi- 
nation of linear and cnoidal wave theories was used for a 
better description of wave characteristics, especially in 
shallow water. 

In the case of a random wave field, the offshore 
wave spectrum is divided into several sinusoidal wave 
components (approximately 40 for the laboratory tests 
described in the second part of the present paper) with 
individual periods, heights, angles of approach and 
probabilities of occurence. An empirical method is used 
to relate the components' wave heights and periods, and 
the probability is determined from the Rayleigh distribu- 
tion of wave heights. Each regular wave component is 
shoaled, refracted individually and then dissipated in 
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the surf zone. Root-mean-square characteristics of the 
wave climate are calculated for comparison with measure- 
ments . 

Hydrodynamics Model 

For practical reasons, the complete three-dimen- 
sional (3-D) equations for hydrodynamics in the nearshore 

zone are not solved directly on the micro-computer. 

Instead, a three-step procedure is used. First, a two- 

dimensional representation of horizontal, time- and 

depth-averaged velocities and water levels (2-DH model) 

is developed. The horizontal velocities and local wave 
characteristics are then used to calculate the local 

vertical profiles of velocities (2-DV) at each node of 
the gridded area. Finally, those vertical profiles, 
calculated from the 2-DH current pattern, are superposed 

on the horizontal grid to yield what is called a "Quasi 
3-D" representation of nearshore hydrodynamics. 

Calculation of Velocities and Water Levels 

The first step consists of calculating the time- 
and depth-averaged wave-induced currents u and set-up TJ 

over the considered area. A steady state solution is 
obtained using an Alternate Direction Implicit formula- 

tion of the two-dimensional, horizontal (2-DH) equations 
of motion (Eq. 5) and continuity (Eq. 6): 

<9U    /->->!.->      -»      lr->    ->    -> — -i 

— +lu-Vu + gVT) = — I 
T
£ ~ 

T
b ~ 

V
'
S
 I     

(5) 

_ = - V •   u d (6) 
at *-    > 

where the terms in Eq. 5 are respectively: the local 

acceleration, the non-linear convective acceleration, the 
hydrostatic pressure force (per unit mass), the lateral 

mixing shear stress, the bottom friction shear stress, 

and the gradient of radiation stress tensor. 

To reduce instabilities and accelerate numerical 
computations, 2-DH calculations are performed starting 
with an approximation of the velocity and set-up solution 

based on the infinite beach simplification, i.e. varia- 
tions in the longshore direction are neglected at first. 

Mean water depths are adjusted by the calculated wave 

set-up, and the coastline is allowed to shift inland to 

account for coastal flooding.  This preliminary solution 
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is then introduced as the initial condition for the ADI 
scheme until a steady state solution is obtained. The 
result is a two-dimensional, horizontal current descrip- 
tion of the study area. 

Calculation of Vertical Distributions of Velocities 

In the second step of the model, local vertical 
distributions of horizontal velocities are evaluated 
using an extension of Svendsen and Hansen's (1988) 
theoretical development for undertow, where the depth- 
averaged velocities calculated in step 1 are taken into 
account. The vertical profile of velocities is developed 
from a second-order differential equation for vertical 
momentum balance, Eq. 7, and from the principle of 
continuity of flow. 

a 

dz 

3U-,  3r  i  
a
 r ^ 
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gT?
   

+
 -   
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1 

a 
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dz 

where:    - v.    is the turbulent eddy viscosity; 

- x. represents horizontal axes x and y; 

- S  is the total radiation stress tensor. 

The above undertow model considers that the flow 
occurs in three layers. In the surface layer, between the 
wave crest and trough, a detailed description of the 
highly turbulent flow within the breaking wave roller is 
not necessary. The only information required is the 
amount of fluid carried by the roller, which is expressed 
in an empirical formula suggested by Svendsen (1984). A 
thin bottom boundary layer in which fluid viscosity is 
considered, includes the effect of bottom friction on the 
flow and accounts for steady streaming due to the wave 
oscillatory flow. Lastly, the middle layer flow is 
governed by the imbalance between the excess momentum 
flux induced by the breaking wave in the surface layer 
and the hydrostatic excess pressure created by the local 
mean water level gradient, or wave set-up. 

Calculation of Sediment Transport 

Vertical profiles of wave-induced sediment concen- 
trations in the water column are calculated locally to be 
combined with vertical profiles of velocities from the 
hydrodynamics model to yield a quasi 3-D sediment trans- 
port pattern over the study area. 
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The vertical profile of sediment concentration is 
assumed to follow an exponential shape: 

f    
(Z
"
Z
A
}
 ^ 

C(z) = CA exp ^ Ke   j (8) 
Z
A 

with K = -1 
e 

n ( CB/CA ) (9) 

where:    - z  is taken as the bottom boundary layer 
thickness; 

- C_ is the concentration at which the sediment 
starts moving. 

The reference concentration C at the upper limit 
of the bottom boundary layer is estimated from a mobility 
number made up of two terms representing the individual 
influences of the local wave-current bottom shear stress 
and the turbulence created by the breaking wave: 

C  _ 
K
A1 (V

d
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K
A2 < W
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A 
wf 

where:    - K,_ and K.„ are calibration constants; 
Al     A2 

- x ,„ is the waves and currents shear stress; 
wc 

- wf is the sediment fall velocity. 

The above sediment concentration profiles are 
multiplied by the local velocity profiles and integrated 
over the depth to yield the local sediment transport 
rates, in bed-load and suspended load modes. A "Quasi 
3-D" description of sediment transport is obtained which 
is both practical and easy to solve on a micro-computer. 

The above approach has a strong physical basis, 
and calibration of sediment transport calculations is 
relatively simple. Once concentration calibration para- 
meters KA! and KA2, in Eq. 10, are determined, all 
components of sediment transport are also determined 
since bed-load, suspended load, longshore and cross-shore 
transport are coupled. 

Swash Transport 

The wave motion in the swash zone is a time- 
dependent process that is not described by the above 
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numerical model. However, the sediment transport contri- 
bution from the swash zone is important and must be 
included in some way for comparison with laboratory 
results. A global formulation based on the assumption 
that sediment concentration in the swash zone is caused 
only by wave energy dissipation, is proposed: 

, ,1/6 ,     J/2  H  
7/3 

Q  = K„   S L ,       -5£i_       (11) 
*SW    Q {     sw J    {     sh J 

f 

where:   - K  is a calibration constant; 

- s  is the swash zone width; 

- L h is the wavelength at the shoreline; 

- H h is the wave height at the shoreline. 

Beach Morphology 

Finally, each local vertical profile of sediment 
transport is integrated over the local water depth and 
included in the equation of conservation of sediment to 
calculate the beach morphology with time. 

LABORATORY EXPERIMENTS 

The numerical model was calibrated with results 
from experiments carried out in the wave basin of the 
Queen's University Coastal Engineering Laboratory. Only 
half of the 28 tests performed with various regular and 
random wave fields and two different sediment sizes were 
used for the present calibration (Table 1). 

Wave heights, longshore currents, alongshore sedi- 
ment transport rates and their cross-shore distribution 
were measured on a deformable sand beach. Beach profile 
evolution in time was monitored in detail. Wave heights 
and longshore currents were measured at regular intervals 
at many locations across the surf zone as a barred 
profile evolved from the initially plane beach. Sediment 
transport was measured using a series of 7 or 14 sand 
traps located at the downdrift end of the beach. Kamphuis 
and Kooistra (1990) provide a complete description of the 
laboratory set-up and test results. 

To calibrate and compare the numerical model 
results with laboratory measurements performed on a 
simulated infinitely long beach, the quasi 3-D numerical 
model was simplified by neglecting all gradients in the 
alongshore direction. 
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Table 1.  Description of laboratory tests. 

Regular T H
d 

D
50 

Random Tp 
* 

Hsd 

Test (sec) (cm) (mm) Test (sec) (cm) 

RE 0.92 4.5 .105 IE 0.92 6.3 
.105 IA 1.15 4.5 

RF 1.15 4.5 .105 IF 1.15 6.3 

RG 1.39 4.5 .105 IG 1.39 6.3 

RI 1.38 6.0 .105 II 1.38 7.8 

.180 IJ* 0.92 9.0 

.180 IB 1.15 6.3 

RC* 1.15 7.4 .180 IC 1.15 8.8 

.180 ID* 1.15 11.7 

.180 IK* 1.38 8.4 

Subscript "d" indicates depth at the wave generator. 
In all tests d = 0.5 m, except tests marked with a * 

for which d = 0.55 m. 

RESULTS AND DISCUSSION 

Numerical results for wave heights show very good 

agreement with measurements both inside and outside the 

surf zone (Fig.l), even though some regular wave experi- 
ments contained important reflection patterns. 

Numerical results for longshore velocities agree 
well in magnitude with experiments but their cross-shore 
distribution does not always coincide with observations 

(Fig.2). This is due to the simplistic wave energy dissi- 
pation module used in the calculations. A more realistic 
computation should simulate the exchanges between poten- 

tial, kinematic and turbulent energies, and account for 

the formation of a roller. 

To compare longshore sediment transport rates, the 

swash zone contribution was separated from surf zone 

transport by identifying sediment traps located above 
mean water level. Surf zone sediment transport rates 
agree well with the observed results in a calibration 

that gives 2 0 times more importance to the turbulent 
energy dissipation term than to the bottom shear stress 
term in the sediment concentration calculations (Fig.3). 

On the other hand, swash transport predictions, based on 
a simple global formula that accounts only for the total 

wave energy dissipation on the beach face, do not agree 

well (Fig.4). It is of interest that the observed swash 

transport rates for similar wave conditions are higher 

for the larger sediment size (0.18 mm) than for the 
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LABORATORY TESTS RESULTS 
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Fig. 3.  Global longshore sediment transport results, 
without swash contribution. 
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Fig. Global  swash transport. 
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smaller (0.105 mm) sand. From a comparison of calculated 

and measured swash transport, it is postulated that a 

bottom shear stress model that accounts for the critical 

shear stress, based on the Shields curve, would simulate 

the observed results better. 

The calculated cross-shore distributions of long- 
shore sediment transport agree well with observations 

(Fig.5); but again, the predicted peak does not always 

coincide with observations. A better wave energy dissi- 
pation model should improve these results. 

The numerical model is successful in predicting 

the proper bar location in all cases, but the observed 

bars are flatter than in the numerical results, indica- 
ting a lack of cross-shore convection in the undertow 

calculations (Fig.6). This is an effect of the quasi 3-D 

velocity calculations which could be improved by adding 
cross-shore convection artificially in the numerical 
scheme. The fact that swash zone processes are not taken 
into account in the numerical calculations can also 

explain the underprediction in offshore sediment trans- 
port. 

Finally, Figure 7 shows a simulation of a beach 

profile submitted to the same wave conditions over a long 

period of time. After 9 hours of constant wave attack, 
the profile evolution slows down and the only bar 
transformation that still occurs is a slight accumulation 
of sediment on the offshore slope. The bar thus slowly 
moves offshore, as was observed in the laboratory. 

CONCLUSIONS 

The proposed quasi 3-D numerical model for sedi- 

ment transport works efficiently on a micro-computer. It 

is also flexible, as it can account for various natural 

phenomena (e.g. tides, wind) by simply including additio- 

nal terms in the momentum equations. 

One interesting finding of the present study is 
that sediment transport in the surf zone is dominated by 
the influence of the turbulent wave energy dissipation on 

the sediment suspension process, whereas swash zone 
transport is clearly driven by the bottom shear stress 

effect on sediment. 

There is one important limitation to the model in 

its present form: it should not be applied to complex 
bathymetries since diffraction and wave-current interac- 

tions are neglected in calculations, and because of the 
first approximation approach used in current calcula- 
tions. 
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Fig.   7.     Long term beach profile  evolution. 
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Further research to improve this model will 
consider swash zone processes, the energy transition in 
breaking waves, and calibration with field measurements. 
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