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u Shoreline prediction due to a shore-connected structure is numerically modeled based on the approach proposed by
-~ ~ y Kraus and Harikar (1983). The influence of the different coastal variables on the shoreline evolution is brought out
— — by carrying out a sensitivity analysis. Since the shoreline response is influenced by a number of variables, which are

random in nature, a probabilistic approach similar to that of Vrijling has been considered. The developed model is

applied to predict the shoreline advance to the south of Madras Port, India and the predictions are validated with
field measurements. Further, the model is used to predict the seasonal variations in shoreline response.

ADDITIONAL INDEX WORDS: Shoreline change, erosion, accretion, coastal sediments.

INTRODUCTION

Prediction of shoreline response to the presence of a struc-
ture is important because of the high cost involved with the
protection of the coast from the erosion. India has a vast
coastline of about 7,000 km. A considerable portion of it, es-
pecially the stretches along the east coast, experiences severe
erosion due to the presence of natural headlands or man
made structures.

Numerical models offer the capability to incorporate wave
characteristics and sediment transport and have the poten-
tial of providing a reasonable estimate of the shoreline re-
sponse. The increased capacities of computational facilities
with improved numerical algorithms have resulted in an ex-
tremely promising potential for numerical modeling of the
near shore phenomena.

As the wave characteristics are random in nature, a prob-
abilistic approach is more realistic and is adopted in the pres-
ent study. The probabilistic approach of the shoreline com-
putations is carried out using the methodology similar to that
of VRIJLING and MEWJER (1992). The shoreline evolution in
this case is represented with a mean shoreline obtained in
response to the average wave data along with the maximum
possible deviation of the shoreline due to the uncertainties in
the wave characteristics.

DEVELOPMENT OF NUMERICAL MODEL
General

The mathematical modeling of shoreline evolution essen-
tially relates the change of the beach volume to the rate of
material transported from the beach. When the changes in
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the mean sea level and change in beach slope are not signif-
icant, the governing differential equation of a oneline model
will take the form.

Iy

(b + D) %t ax + q(x) (1)
where y is the shoreline position, positive towards the off-
shore is the function of x measured along the shore and time
t, b: height of berm, D_: limit of active sand transport beyond
which sand transport changes can be assumed to be negligi-
ble (Depth of closure), Q: wave induced longshore sediment
transport and q(x): quantity of sediment added per unit
length of shoreline by various agencies like sand deposited or
dredged during the beach nourishment, loss or gain of sand
by wind etc. HALLERMEIER (1981) has expressed D, as a func-
tion of significant wave height and period, which underesti-
mates D, leading to overestimates of shoreline changes. In
the present study, D, which depends on the grain size of the
sediments, Dj,, is taken as a depth at which the sediments
start lifting from the sea bed and is computed based on the
formula proposed by U.S. Army (1984):

’\/ 1/2
Umaxl Do (8<;~ - l)gD51)> (2)

in which U, p, = maximum horizontal particle velocity at
sea bed defined by the linear wave theory, vy, = specific
weight of sediments, y = specific weight of water and g =
gravitational constant.

The wave induced longshore sediment transport based on
the longitudinal energy flux according to U.S. Army (1984)
is:

Q = 1,290 X P(m?%Yyear) (3)
where
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P, = lonigitudinal energy flux

— P& H2TK? sin(ay)cos(ay)
= 3oy oL KR sin(ay,)cos(ay,
p = mass density of sea water in Nsec?m*
H, = deep water wave height in meters
T = wave period in seconds
. . cos
Kg = refraction coefficient = cos(y)
cos(a,)

in which «,, and «, are the wave angles at the breaker depth
and deep water respectively. LE-MEHAUTE and KoH (1981)
approximated breaker angle «, as

a, = Ba, (4)

where B = 0.25 + 5.5(Hy/L,), in which L, is deep water wave
length. The effects of diffraction are accounted by replacing
the refraction coefficient K by KiK.

= AK3 cos(a,)sin(ay,) (5)

in which A = (1,290/32I1)pg?H3T and K, is diffraction coef-
ficient. The diffraction coefficient K, is calculated by the
method proposed by DEAN and DALRYMPLE (1984). Setting
the scale factors for y, x, t, and Q Eq. 1 may be written in a
nondimensional form as

ay* Q*
—_— - — 4 *
o AW e
where
Y

e ¥
Y~ +Dy

* = —x

(b + D)’

t* = t(A/(b + D,)?),
Q* = QA and
q(x) X (b + D)J/A

q*(x)

Present Numerical Model

The nondimensional equation of shoreline evolution is ex-
pressed in the finite difference scheme as

Vhen = B{Q:':,t*+1 - Q) + Gy (7
where

iisn OFF
2 X 8x*

C,= B{Q:,t,"‘ - Q:+l,t* + ZSX*Q:‘,U‘} + Y:,t*

B and

The nondimensional shoreline is divided into N grid points
at equal nondimensional interval 3x*. Then shoreline
changes over a nondimensional time &t* is calculated using
Crank-Nicholson finite difference scheme.
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Figure 1. Sketch defining angles «,, « and o,.

In this method Q* at the time interval (t* + 1) is expressed
in terms of the shoreline co-ordinate of y*, first isolating the
term involving a,, (angle of shoreline normal to x-axis) using
trigonometric identities. One of the terms involving «, is
then expressed as first order quantities in y* at the time step
(t* + 1).

Q* = K3 cos(a,)sin(ay) (8)

where a, = @ — a,, and « = wave direction with respect to
X-axis.
The angles o, o and «,, are defined in Figure 1.

Q* = K3 cos(a — a,,)sin(a,)
Q* = K3 sin(a,)-{cos(a)sin(a,)cot(ar,,) + sin(a)sin(a,)}
Q* = Ely*a-1001 — Yapad + Fa )
where
E, = K{cos(a)sin(a,, .-)sin(a, ..)}/0x*
and

F, = K3{sin(a)sin(a,, ;.)sin(ay, )}

Substituting eq. 9 in eq. 7 will result in an expression of the
form

BE,Q*,_1 1 — (1 + 2BE)Q*, 1+, + BE,Q*, 101
= E|[C, - C,, - F, (10)

The above equation represents a set of (N — 1) linear equa-
tions for (N — 1) unknowns. The end values are specified as
boundary conditions i.e, Q*, = 0 and Q*y,, = Q*y. The above
equation results into a tridiagonal form which is solved for
Q*. The y* is then calculated using Eq. 7. This process is
repeated for the entire duration and nondimensional quan-
tity is converted into real quantities using the corresponding
scale factors.
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Figure 2. Sensitivity of wave characteristics and grain size on shoreline evolution.
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Figure 3. Effect of wave characteristics on shoreline evolution.

Probabilistic Approach

The probabilistic analysis of shoreline is based on the as-
sumption that the input variables are uncorrelated and are
represented by Gaussian distribution. In this paper, only the
wave characteristics are taken as the variables having both
mean and standard deviation and active depth of sediment
transport as constant; because, it is calculated based on D,
of the grain size distribution. In the present study only three
parameters, viz, wave height, wave period and wave direction
are considered and hence shoreline simulation has to be re-
peated four times. The first simulation is done with mean
values of the wave height, period and direction. The second
simulation is done with the mean wave height and its cor-
responding standard deviation keeping the values of wave
period and its direction at its mean values. The third and
fourth simulations repeat the above said procedure with the
respective standard deviation of wave period and wave direc-
tion with wave height at its mean value. The mean shoreline
is taken as the shoreline simulated with mean of wave char-

acteristics. The deviation of shoreline at a point is calculated
by the equation given below.

0% = 0% + 0% + 0% (11)

where oy: standard deviation of shoreline resulting from the
deviation of H, T and 6. o,, 0,, and o, are std. deviations of
shoreline due to 2nd, 3rd and 4th simulations as stated above
from that due to first simulation respectively.

RESULTS AND DISCUSSIONS

Sensitivity Analysis

A sensitivity analysis was carried out in order to assess
the importance of the different variables dictating the
shoreline evolution, viz, wave height, period and direction,
and grain size of the sediments D,,. The results of the anal-
ysis are depicted in Figure 2a, b, ¢ and d. In these figures,
the initial shoreline is taken as the abscissa of the plot and
shoreline evolution is carried out for one year. In order to
carry out the sensitivity analysis, a structure of length 200
m was subjected to waves of height 1.0 m, period of 10 sec
approaching the structure at an angle 20° with respect to
shore normal. A grain size of 0.2 mm is adopted for the com-
putation, with the depth at the tip of structure and the berm
height taken as 5 m and 3 m, respectively. The shoreline
advance on the updrift side of the structure is computed.
The variation of the shoreline with respect to wave height
is then carried out by increasing of wave height to the extent
of 10%, 20% and 30% of the initial wave height of 1.0 m and
retaining all other variables; corresponding computed
shorelines are reported in Figure 2a. The above procedure
was repeated by changing wave direction, wave period and
grain size in order to assess their significance in the shore-
line oscillations and the results are presented in Figure 2b,
¢ and d, respectively. From the results obtained, it is clear
that any change in the wave height results in a significant
effect on the shoreline evolution; whereas, the change in
wave direction has a significant effect on the shoreline evo-
lution nearer to the structure only. The changes in the wave
period and grain size are the least influencing parameters
on the shoreline response. In order to examine closely the
sensitivity of the wave height and wave direction, the de-
viation of the shoreline, DEV, is normalized with the length
of the structure, LS, and has been presented as a function
of the distance from the structure, X, normalized with the
structure length. These plots are shown in Figure 3a and b.
The results indicate that a change in wave height of 10 per-
cent leads to the maximum change in the shoreline to the
extent of 50 percent, gradually reduced away from the struc-
ture. Similar trends are seen in the case of wave direction;
however, its effect is felt for a shorter distance from the
structure. The foregoing discussion reveals how important
the assigning of wave height and direction is when studying
the simulation of shoreline response.

Validation of the Numerical Model with Field
Measurements

The numerical model based on the probabilistic approach
has been applied to the updrift side of the sand screen of
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Figure 4. Layout map of Madras Port.

Madras Port, India for its validation with field measure-
ments. The layout map of Madras Port is shown in Figure
4. For this purpose, measured shoreline of 1980 was consid-
ered as an initial shoreline and the shoreline response is
simulated for one year using the wave characteristics of
1981. The initial shoreline length of about 400.0 m is divid-
ed into a grid size of 20.0 m, the mid-value of each grid
forms the input to the numerical model. The annual and
seasonal mean wave characteristics and corresponding de-
viation for the study area for the year 1981 are tabulated
in Table 1. The statistical values of the wave characteristics
have been applied to study their effect on the shoreline sim-
ulations. The shoreline evolution has been carried out for (i)
average wave characteristics, H, Tand 6, (i) T, 6 and H +
oH, (iii) H,0 and T + oT and (iv) H, T and 6 + 6. The
resulting shorelines are plotted in Figure 5a. From the fig-
ure, it is clear that the shoreline pattern corresponding to
the wave direction uncertainty is deviating more from the
average shoreline, while that due to the uncertainty of wave
period is small. This is due to the fact that the standard
deviation of wave direction is larger and the wave direction
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Figure 5. Simulated shoreline on the updrift of the Madras Port.
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Figure 6. Shoreline predictions for non-monsoon season.

is more sensitive, especially near the structure as observed
earlier. Further, the maximum possible deviation of shore-
line due to uncertainty in the wave characteristics has been
computed using Eq. 11. The maximum deviated shoreline
for 1981 along the field measurements are shown in Figure
5b. The above figure clearly indicates that the measured
shoreline lies in between the maximum deviated shoreline
and the mean shoreline evaluated based on the average
wave characteristics, especially nearer to the sand screen.
However, it is closer to the maximum deviated shoreline for
a distance of up to about 300.0 m from the sand screen.

Application of the Model

The developed numerical model after its validation has
been used to predict the seasonal shoreline changes on the
updrift of the sand screen of the Madras Port. For this pur-
pose, the shoreline measured in 1980 again forms the initial
input and wave characteristics for 1981 and are utilized to
derive the shoreline oscillation due to seasonal variations in
wave climate.

The east coast of India experiences two monsoons, namely
the southwest monsoon (June-September) and the north-
east monsoon (October-December). Wave characteristics
are affected by these monsoons. During the non-monsoon

Table 1. Seasonal variations of wave characteristics.

H oH T oT (€] af
Season (m) (m) (sec) (sec) (deg) (deg)
Non-monsoon 0.785  0.15 8.75 1.25 170.0 10.0

Southwest Monsoon 0.82 0.26 9.4 1.23 65.5 6.1
Northeast Monsoon 0.89 0.27 8.2 1.5 95.6 8.5
Annual 0.84 020 9.3 1.3 74.0 8.2

Note: Directions are measured with respect to shoreline axis

season (January—May) the wave characteristics are in tran-
sition from the northeast monsoon to the southwest mon-
soon. In regard to the sediment transport, the littoral drift
during the non-monsoon and southwest monsoon is towards
the north; whereas during the northeast monsoon, littoral
drift is towards the south, with the annual net drift moving
towards the north. Due to the above phenomena, all the
ports on the east coast of India experience deposition or ad-
vancement of shoreline on their southern sides, resulting in
erosion on the north side of the harbours. The seasonal ef-
fects on the simulated shoreline, with a mean shoreline and
maximum deviated shoreline, are presented in Figures 6, 7
and 8 for the non-monsoon season, SW monsoon and NE
monsoon, respectively. The simulation for the non-monsoon
period is carried out using 1980 statistics to represent the
initial shoreline, while the average shoreline resulting after
non-monsoon and SW monsoon have been used for shoreline
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Figure 7. Shoreline prediction for SW monsoon season.
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prediction, SW monsoon and NE monsoon respectively. The
shoreline after the NE monsoon must, therefore, be the
same as that of the annual shoreline pattern. Figure 9
shows a comparison of the measured shoreline resultant
from an average annual wave and an average NE monsoon
with maximum deviation due to the uncertainty in wave
characteristics. From the above plot, it can be seen that
maximum deviated shoreline for both annual and the NE
monsoon is close to the measured shoreline for a distance of
300 m from the sand screen. This study has demonstrated
that the application of an oneline model, for the prediction
of shoreline, changes adjacent to a shore-connected struc-
ture. KrRaUSs and HARIKAI (1983) have also predicated the
shoreline changes adjacent to a groin, closer to the actual
field measurements of a non-uniform coast. However, it is
to be mentioned that the present model does not consider
the variation of bathymetry in the vicinity of the structure
as well as wave breaking process which are serious limita-
tions.

CONCLUSIONS

Exact solutions to most Coastal Engineering problems are
often difficult. The solutions mainly depend both on numer-
ical modeling as well as physical modeling while uncertain-
ties still exist in modeling exactly the nearshore phenome-
na. The deviations in the shoreline prediction resulting from
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Figure 9. Measured and predicted shorelines versus maximum deviated
shorelines.

the uncertainties in the variables describing the wave cli-
mate have been brought out clearly in this paper.

In this paper, efforts have been made to develop a numer-
ical model for shoreline oscillation by a probabilistic ap-
proach. The developed model is applied to Madras Port. It is
hypothesized that the numerical model developed and re-
ported in this paper will be useful considering wave induced
sediment transport in the planning of construction of water-
front structures.
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