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A multi-domain hybrid numerical model for the prediction of cross-shore sediment transport including bar generation
and movement is developed in this paper based on the macro-scale sediment transport rate and conservation equa-
tions. The surf zone is divided into several sub-domains, such as numerical post-breaking zone and analytical breaking
and pre-breaking zones. Different empirical sediment transport rate equations are defined in each region. In the post-
breaking zone, an inhomogeneous diffusion equation is solved with moving boundary conditions. The solutions in each
domain are matched at the patching boundaries by the continuity of the beach profile and sediment transport rate.
It is verified that the present hybrid numerical model reasonably simulates beach erosion, dune recession, and bar
formation and movement. The model conserves the overall sediment volume and converges toward a steady-state
solution. The model is also validated through comparison with laboratory and field data. The numerical model can
straight-forwardly be extended to generate multiple bars. Using the developed program, it is shown that the bar

formation can be greatly influenced by the pattern of the storm surge hydrograph.

ADDITIONAL INDEX WORDS: Beach profile change, cross shore sediment transport, dune recession.

INTRODUCTION

The quantitative prediction of beach profile change is of
great importance in various coastal engineering projects. In
particular, it is essential for effective beach nourishment,
identifying susceptible areas to coastal hazards, and estab-
lishing coastal setback lines. Despite the importance of the
problem, the details of the sediment transport processes
caused by the change of surf-zone environment are not well
understood.

Until now, three different approaches have been used to
quantitatively predict cross-shore sediment transport in the
surf zone. The first is based on the simple equilibrium profile
concept developed through extensive field observations
(BRUUN, 1954; DEAN, 1977; 1991). The second is the process-
based approach where attempt was made to analyze the de-
tails of the local flow and sediment movement patterns inside
the surf zone (ROELVINK and BROKER, 1993). This method is
theoretically more rigorous and can include some possibly im-
portant local features. However, the result may not be reli-
able if the detailed hydrodynamics inside the surf zone can-
not be accurately calculated (NAIRN, 1991; WISE et al., 1991).
The third approach is based on the empirically-determined
macro-scale sediment transport rate equation used with sed-
iment volume conservation. KRIEBEL and DEAN (1985), Ko-
BAYASHI (1987), LARSON and Kraus (1989), NisHI and SATO
(1994), and LEE et al. (1996) used this macro-scale approach
and showed that this method can reasonably simulate the
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beach profile change for a given storm condition. In particu-
lar, LEE et al. (1996) used an inhomogeneous diffusion equa-
tion with moving boundary conditions and developed relevant
finite-difference schemes. The numerical results including
beach erosion, dune recession, and offshore deposition com-
pared favorably with experimental and field data. The bar
generation, however, was not studied in LEE et al. (1996). In
the present paper, a multi-domain hybrid numerical model is
employed to add bar-generation features to the beach-erosion
program developed in LEE et al. (1996).

The bar generation is one of the most important features
associated with the beach evolution prediction in the surf
zone. Bars tend to reduce erosive energy entering the surf-
zone by breaking the higher incident waves. A bar is formed
by the sediment transported from neighboring areas and sev-
eral bars may appear along a beach profile, often having a
distinct trough on the shoreward side. In many cases, a prom-
inent bar is located near the breaking point (KEULEGAN,
1948) and smaller inner bars are also frequently observed.
During storms, bars are formed by the sediment moved from
the beach face, whereas under lower waves, bars tend to lose
volume and move onshore to resupply the surf zone and
beach. In this paper, in addition to the beach erosion and
dune recession, the formation and movement of nearshore
bars by a given storm-surge hydrograph is numerically stud-
ied.

Several mechanisms (e.g. DAVIDSON-ARNOTT, 1981; DALLY
and DEAN, 1984; BoczAR-KARAKIEWICZ et al., 1995) have
been proposed for formation of offshore bars. Among them,
wave breaking is considered to be the primary cause (DEAN
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et al., 1992) and the scope of this paper is limited to bar gen-
eration by breaking waves. VAN Higum (1975, 1977), Kasima
et al. (1982) and LArRsoN and Kraus (1989) have suggested
various empirical equations for the sediment transport rate
including bars based on large scale experiments. Numerous
field studies (e.g. LARSON and KrAus, 1994; LIPPMANN and
HoLMmaAN, 1990; SALLENGER et al., 1985) have also been con-
ducted to better understand the formation of nearshore bars.
However, there are so many parameters and uncertainties
involved that there exist no universally-valid theoretical or
empirical models to cover such an extensive data set. LARSON
and Kraus (1989), and LARSON et al. (1990) developed a mac-
ro-scale numerical model called SBEACH to simulate beach
erosion and bar formation in the surf zone. Their numerical
model in the post-breaking zone is based on the modified
KRIEBEL and DEAN (1985) sediment-transport-rate equation.
They also introduced two sub-domains called breaker tran-
sition zone and pre-breaking zone and assumed that the sed-
iment transport rates in those regions can be described by
exponential functions. Their numerical results compared fa-
vorably with large-scale experimental results.

In the present paper, we have developed a multi-domain
hybrid numerical model for the prediction of cross-shore sed-
iment transport including dune recession, and the generation
and movement of nearshore bars. The beach erosion and dune
recession are treated similar to LEE et al. (1996). Two sub-
domains are additionally introduced near the breaking point
and empirically-based explicit transport rate equations are
used to generate bars. In the breaker transition (or breaking)
zone, a Gaussian distribution of sediment transport rate was
used, as suggested by KaJima et al. (1982), in view of that
the peak sediment transport does not necessarily occur at the
plunging point (KaJiMA et al., 1982; KEULEGAN, 1948). The
beach profiles and sediment transport rates in each region
are then matched at all the boundaries. The developed pro-
gram is efficient and robust and converges toward a steady
state solution.

The present numerical model was also validated through
comparison with large-scale experimental data and field mea-
surement. The present method can straightforwardly be ex-
tended to multi-bar problems by systematically adding more
subdomains, as explained in the Appendix. The theoretical
basis and numerical treatment of this hybrid method are ex-
plained in the next section and various numerical results and
relevant discussion are presented in the following section.

THEORY AND NUMERICAL MODEL

In this section, we consider the governing equation, sedi-
ment transport rate equation, and related boundary condi-
tions for beach erosion and bar generation. It is assumed that
the beach consists of homogeneous sediment and the varia-
tion of water level inside the surf zone with time is known.
In the present analysis, the long-shore sediment transport is
not considered implying uniform transport alongshore. Thus,
the model is not applicable near coastal structures or long-
shore discontinuities in bathymetry. As shown in Figure 1,
the whole computational domain is divided into three sub-
domains, including post-breaking zone, breaking zone, and
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Figure 1. Coordinate system and definition of geometric variables.

pre-breaking zone. In each region, different sediment trans-
port rate equations are used.

The continuity equation for bottom sediment in each zone
is expressed as

a1
ax)

i -Rt)=x = (1)

in which the vertical beach displacement m(x, ) = h,(x) +
S(x, t) — h(x, t) with h,, S and h being the initial profile, water
level, and instantaneous local water depth, respectively. The
symbol @ is the time-averaged net cross-shore volumetric
sediment transport rate per unit alongshore width and «x, ¢
are spatial and temporal independent variables, respectively.
R(t) is the distance from the origin to the point A(x, t) = 0.
The instantaneous water level S can in principle vary with
time and space inside the surf zone. However, in this paper,
the spatial variability of S is not considered and a constant
hydrograph model is used. In reality, the height of broken
waves in general decays as they propagate onshore but it is
assumed that it is compensated by the wave and wind set-
up.

In the post-breaking zone, we use the following sediment
transport rate equation which was suggested in KOBAYASHI
(1987) and LEE et al. (1996):

oh
Ql =D£_K)

—R(@) = x = x,(8) (2)
in which empirical parameters D and K are related to the
wave condition and sediment characteristics. The dune re-
cession and offshore deposition rates in general increase with
D but decrease with K. The range of D and K values and their
influence on the erosion pattern are detailed in LEE et al.
(1996). The symbol x,(t) is the distance from the origin to the
point A(x, t) = h,(t) with h, being the water depth at the
plunging point. In both KoBavasHi (1987) and LEE et al.
(1996), the following formulas were suggested:

D = a\/H 3)
K ='§aA3’2 @)

in which A and « are parameters related to the sediment size
and fall velocity (DEAN, 1977; LEE et al., 1996). The param-
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Table 1. Input data for the present hybrid numerical model.

CE CE
Case Hannover Case 300 Case 400
Wave height, H, (m) 1.50 1.68 1.62
Wave period, T (sec) 6.0 11.3 5.6
Initial beach slope, S, 1/4 & 1/20 1/15 1/15
Sand size, d, (mm) 0.33 0.22 0.22
Breaking depth, %, (m) 2.0 2.2 2.2
D (m?%sec) 0.012 0.013 0.013
K (m?/sec) 0.00054 0.00044 0.00044
\p (1/m) 0.22 0.11 0.15
Run-up height, Z, (m) 0.87 2.06 1.05

eter A is the constant used for equilibrium beach profile. The
parameter o can be associated with Dean’s parameter K
(DEAN, 1977).

After combining (1), (2), (3), and (4), we obtain the following
inhomogeneous diffusion equation for the instantaneous wa-

ter depth h:
oh a*h  aS

In addition, the boundary conditions at the receding front and
advancing plunging point are given by

dR
Q, = N x = —R(@®) (6)
=Q, + &, =x,(t) ¢
Ql - Qp T‘ dt ’ x = xp

where @, is the sediment transport rate at the plunging
point. The above equations mathematically describe the con-
servation of sediment flux at the moving boundaries. After
substituting Eq. (2) into Egs. (6) and (7), we obtain

ok dR

E_K_(hojus)-(ﬁ, x = —R(@®) (8
PP ki@ v +S—m) ror@  ©
ox J e Prdt’ R

The governing equation (5) can then be solved with the mov-
ing boundary conditions (8), (9) and an initial condition A(x,
0) = h,(x) + S(x, o), as described in LEE et al. (1996).

The sediment transport rate equations in the breaking
zone II and pre-breaking zone III are assumed to have the
following explicit expressions

@, = gulde M=, x =x =z, (10)

Q3 = qb(t)e*)\z(x~xbly

in which x,(¢) is the breaking point set to be x, = x, + 3H,
as suggested by LArRsoN and Kraus (1989). H, is the wave
height at the breaking point. The breaker-depth index (break-
er height to breaker depth ratio) is a function of wave height,
wave length, and beach slope. A typical laboratory data
(Sm1TH and KrRAUS, 1991) shows considerable scatter to make
it difficult to find a simple relationship among them. In this
study, breaker-depth index = 0.78 is used for simplicity. The
symbols q.(t) and g¢,(t) are time-dependent amplitude func-

Xy =x =0 (11)

tions for the respective sediment transport rates in regions
IT and III. The equation (11) is established from the intuition
that sediment transport rate attenuates exponentially from
the breaking point. The equation (10) is different from the
exponential function used in SBEACH and was guided by
KEULEGAN’s (1948) experimental result. The equation means
that the sediment transport rate in domain II has Gaussian
distribution (KAJIMA et al., 1982) which is peaked at a point
x. positioned between plunging and breaking points. The
spreading parameter A\, and decaying parameter \, are re-
lated to the sediment and wave properties, which should be
determined empirically. In order to reduce the degrees of
freedom, we assumed the relationship \, = yA", and con-
ducted a parametric study to find appropriate y and n values.
Through this parametric study, the relationship A\, = \2, was
established.

The requisite boundary condition at the junction of each
domain is the continuity of the beach profile and sediment
transport rate:

dxp
@=Q+tns h=h at h=h, (12)

Q, = Q,, h,=h, at h = h,. (13)

Through the above matching boundary conditions, each do-
main is coupled with other domains.

So far, we described the governing equations and matching
boundary conditions. The present numerical model is a “hy-
brid” model because the model is formed by the combination
of numerical solutions (post-breaking zone I) and empirically
based analytic solutions (breaking zone II, and pre-breaking
zone III). We next explain the numerical implementation of
the above equations and boundary conditions. The numerical
treatment of the post-breaking zone I is close to that given
in LEE et al. (1996).

An explicit forward-time and central-space finite difference
scheme is used to solve the governing equation (5) in domain I:

hr+t = Bhr, + (1 — 2B)hr + Bhr,,,
—R(t) = jAx = x,(t) (14)
in which B = DAt/(Ax)?, Ax is the spatial increment, and At

the time increment. Similarly, the boundary conditions (8)
and (9) can be expressed as

2BAx dR
T _BT[K ~ (b, + S| + (1 — 2By + 28h7,,

JjAx = —R() (15)
28A dx

Ryt =% K+Q, = (h,+S = hy)—| +2Bhy, + (1~ 2B)hy,

JAx = x,(8). (16)

After substituting the explicit sediment transport equations
(10) and (11) into the continuity equation (1), we obtain
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Figure 2. Comparison of the present numerical result with Hannover
experimental data after 4.3 hours.
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Figure 4. Comparison of the present numerical result with CE Case 300
experimental data after 5 hours.

ha(x, £) = h,(x) + S(x, £) — S(x, 0)
- J' 2)\1q*(7)(x == :x,',k)e”\l(x—ar,)2 dT,

x, =x =1, 17)

hy(x, t) = h,(x) + S(x,t) —S(x,0) — J Noqp(T)e ez g,

X, Sx =0 (18)

in which 7 is a dummy variable. From (12), the sediment
transport rate, @,, at the boundary point x = x, becomes

Q) = Qulies, = gu()e MG (19)

Another matching boundary condition at the point x = «x,
yields

2Ax(3

dt| D
+ 2Bhm(x, — Ax) + (1 — 2B)h"(x,)

= hn(x,) — 2At\,(x, — x,)Q, + S(x, t) — S(x, 0) (20)

dxp
{(K +Q,) + (h,(x,) + S — h(xp)")—}
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Figure 3. Optimal value of the parameter, \,.

Using the remaining matching boundary conditions given by
Eq. (13), we obtain the following equations:

g5(t) = qut)e ™Mo =0? (21

2q (N, (x, — xy)e MEe=0" = Noq,(2) (22)
From Eq. (21) and Eq. (22), we obtain
A
Xy =X, = 2—)\21 (23)

Then, the remaining two unknowns g,(¢) and q.(¢) can be de-
termined from (20) and (21).

In addition, the condition x, < x. =< x, yields the following
criterion for A, and \,:

A
Osz_)isx"_x” (24)
Using \, = \3 and x, — x, = 3H,, we obtain the minimum
values of \,
A, = 0.167— (25)
2 = . Hb

The boundary condition (15) can be used to determine the
recession of the shoreline. The beach profile above storm

4
] CE Case 300
E o] 2
= ]
(] y
5]
>
0)-4?
= coooo Experimental result
] Numerical result
]
— BT T T T T T T T T T T T T O T T T T T T T T
-60 -40 -20 0 20 40 60 80

Distancé offshore(m)

Figure 5. Comparison of the present numerical result with CE Case 300
experimental data after 50 hours.
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Figure 6. Time evolution of beach profile for the CE Case 300.

surge level was then linearly extrapolated up to the point of
maximum wave run-up which was computed from

tan B 0.79
VH,IL,

where H,, L,, and B are deepwater wave height, deepwater
wavelength, and average slope of the beach front, respective-
ly (LarsoN and Kraus, 1989). There were cases in which the
recession of the shoreline proceeded beyond the run-up limit.
In this case, the updated beach profile near the shoreline is
linearly extrapolated to the dune crest.

Z = 1.47Ha( (26)

RESULTS AND DISCUSSION

Numerical testing confirmed that the beach profile and
sediment transport rate are continuous at each boundary,
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Figure 7. Eroded and deposited volumes as function of time for the CE
Case 300.
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Figure 8. Comparison of the present single-bar and multi-bar numerical
results with CE Case 300 experimental data after 5 hours.

and the numerical model reasonably generates bars and con-
verges toward a steady-state (or equilibrium) solution as time
becomes large. The sediment volume is satisfactorily con-
served in all the cases. The developed computer program was
further validated through comparison with large-scale wave
tank experiments and the field data of the Ocean City, Mary-
land, where a strong storm passed on January 2-5, 1992
(STAUBLE et al., 1993). The selected experimental data are
named as Hannover, CE Case 300, and CE Case 400, respec-
tively. The Hannover data (DETTE and ULiczka, 1987;
SOUTHGATE, 1991) were obtained from the experiment con-
ducted in the large wave tank at the University of Hannover,
Germany in 1986, and the CE Case 300 and 400 data were
obtained from the large-scale experiments conducted at the
Coastal Engineering Research Center of U.S. Army Engr.
Waterways Experiment Station (LArRsoN and Kraus, 1989).
The input data used in the present hybrid numerical model
to compare with these experiments are summarized in Table 1.

In Figure 2, the numerically simulated beach profile after
4.3 hours is compared with the Hannover measurements. In
this case, the initial profile has a steep foreshore slope con-
nected to much gentler offshore slope, as shown in the figure.
We can see that the bar generation as well as beach erosion
and dune recession is reasonably predicted by the present
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Figure 9. Comparison of the present single-bar and multi-bar numerical
results with CE Case 300 experimental data after 50 hours.
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Figure 10. Comparison of the averaged net sediment transport rates
computed from the single-bar and multi-bar numerical models with CE
Case 300 experimental data after 5 hours.

numerical model except for the small-amplitude fluctuation
between the shoreline and the prominent bar. These inner
bars appear in many experimental results and are expected
to be caused by multiple breakers. For this computation, we
first determined the optimal value of the parameter \,, as
shown in Figure 3, after comparing the computed bar position
with the experimental data. In the figure, x; and x, are the
experimental and numerical positions of bar crests, respec-
tively.

We next compare the result of the present hybrid numeri-
cal model with CE Case 300 data. The parameter A, was op-
timized in the same manner. Both numerical and measured
beach profiles after 5 and 50 hours are plotted in Figures 4
and 5, respectively. The bar generation is slightly underpre-
dicted by the numerical model, whereas good agreement is
observed for the beach and dune areas except for the absence
of small-amplitude inner bars in the calculation. These inner
bars can in principle be numerically generated by introducing
more subdomains, as explained in the Appendix. However,
the detailed mechanism and features for multiple breakers
and multiple bars are not well understood yet. We plot in
Figure 6 the profile change of the same beach with time. At
each time, we can clearly see that the eroded sediment from
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Figure 11. Computed net sediment transport rate as function of time
for the CE Case 300.
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Figure 12. Comparison of the present single-bar and multi-bar numer-
ical results with SBEACH and CE Case 400 experimental data after 40
hours.

the dune and beach front is deposited near the bar. Also ob-
served is the movement of the bar toward the offshore direc-
tion, which can also be confirmed from the physical model
data. It can be seen that the speed of bar movement as well
as the growth rate rapidly decays with time. Figure 7 shows
the cumulative eroded and deposited sediment volumes with
time. We can see that the overall sediment volume is reason-
ably conserved and each curve converges toward the steady
state (or equilibrium condition) as time increases. Figures 8
and 9 show the results of the four-domain hybrid numerical
model (see Appendix) that is used to generate an additional
trough in front of the prominent bar. The overall correlation
with laboratory data is improved, and a distinct bar trough
is recovered after introducing an additional subdomain in
front of the plunging point. By increasing the number of sub-
domains, we can numerically generate the inner bars as well.
The next figure (Figure 10) shows the comparison of the mea-
sured average sediment transport rate with the computed
values by the single- and multi-bar models. For this compar-
ison, the following time-averaged sediment transport rate, @,
was used.

Qx) = - f {holx, o) — hy(x, £))} dx (27

2 1 Jx
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Figure 13. Time evolution of beach profile for the CE Case 400.
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Figure 14. Net sediment transport rate as function of time for the CE
Case 400.

in which ¢,, ¢, are the times of profile surveys, and x, is the
reference point satisfying @(x,) = o. As was already pointed
out in the beach-profile comparison (Figures 4, 5, 8, and 9),
the numerical values tend to underpredict the measured val-
ues. It is interesting that there are two peaks in the labora-
tory data, which can also be seen in the multi-bar (four-do-
main) numerical simulation. We next present in Figure 11
the instantaneous sediment transport rate calculated from
the single-bar numerical model as function of shorenormal
position as time progresses. The equations (2), (10) and (11)
were used with @, to produce this result. The sediment trans-
port rate is greatly reduced with time to reach a steady state.
Also observed is the movement of the peak point toward the
offshore direction, which causes bar movement. The general
trend of our computation is similar to that observed in vari-
ous physical model runs (e.g., LARSON and Kraus, 1989).

In the next figure (Figure 12), CE Case 400 is chosen to
further validate our numerical result, which is also compared
with the computation given in LARsON and Kraus (1989).
Both the present and SBEACH numerical models reasonably
generate the nearshore bar after 40 hours, as shown in the
figure. The four-domain numerical model better follows the
measured beach profile than the three-domain model. In
SBEACH, two exponential functions like (11) are used to rep-
resent the respective sediment transport rates in domain II
and III, which implies that the peak sediment transport al-
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Figure 15. Beach profile change by a rectangular hydrograph.

7 —Q\
FENE z
[] B -
S 3
S I
) 3 3
= E i.

-103 i

é " 7 w N
- - S . LA [ 7 3 e R T . I T O T T T T
~100 -50 50 100 150

Distance offshore(m)

Figure 16. Beach profile change by a sine-shaped hydrograph.

ways occurs at the plunging point x,. In contrast, Eq. (10) is
more flexible in that the peak point is not necessarily the
plunging point, which is also supported by KEULEGAN’s
(1948) experiment. Because the matching conditions at the
patching boundaries are rigorously treated, the present nu-
merical model does not exhibit any discontinuity in beach
profile.

In the following numerical examples, only the single-bar
numerical model is used unless otherwise mentioned. In Fig-
ure 13, the beach profile change with time is plotted for the
CE 400 case. The overall trend is quite similar to that of
Figure 6. The next figure (Figure 14) shows the correspond-
ing instantaneous sediment transport rate as time progress-
es. The overall trend is analogous to that of Figure 11 except
that negative (or onshore) sediment transport occurs near the
bar after 40 hours. This kind of locally negative sediment
transport near the breaking zone can also be observed in
physical model tests (KaJimA et al., 1982). This kind of on-
shore sediment movement is expected to slow down contin-
uous seaward movement of the bar to reach a steady state.

So far, our numerical examples have been limited to the
case of constant wave condition. When water level (or wave
condition) changes with time, the bar-generation mechanism
is expected to be influenced by the movement of breaking and
plunging points. Therefore, in the case of time-varying sea
level, the bar formation is likely to be less conspicuous, as
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Figure 17. Storm surge hydrograph for the Ocean City, Maryland.
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Figure 18. Comparison of the present post-storm profile with SBEACH
and the measurements from 63rd street.

has been reported by several researchers. In order to see this
more clearly, we examined in Figures 15 and 16 the profile
change of a particular beach after a 12-hour rectangular hy-
drograph and sinusoidally time-varying hydrograph. The
heights of the initial dune and berm above MSL are 5.2 and
2.1 m, and the respective slopes are 0.5 and 0.1. The berm
width is 10 m, K = 0.00043 m?%sec, D = 0.019 m?sec, \, =
0.092 1/m, B = 0.45, and Ax = 0.3 m. The breaking point
varies with time according to the change of sea level and
beach profile. Interestingly, a distinct bar is formed when the
water level remains constant, while it is hardly seen in the
case of time-varying storm surge. Also observed is larger
dune recession in the case of time-varying hydrograph. From
this result, it is expected that nearshore bars tend to be less
noticeable when the sea conditions change with time.

We next compare the result of the present hybrid numeri-
cal model with the field data collected in Ocean City, Mary-
land, in 1992. Seven survey lines were located from the
southern end (37th street) to the northern end (124th street).
The pre- and post-storm profiles of each line were measured
two-months before and one-week after the storm surge. The
time-dependent surge heights were measured during the
four-day storm period, and the resulting hydrograph is shown
in Figure 17. For illustration, we selected two lines, 63rd and
124th streets, where the longshore sediment transport was
found to be minimal. We compared, in Figs. 18 and 20, the
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Figure 19. Time evolution of beach profile (63rd street).

5
1 Ocean City, Maryland
—_ ; °o
] 0 BN o
1 4
é 07 =
‘_1 B
]
P
«©
> ] Initial profile
S =54 ooooo Measured data
= 4 Present numerical model
1 eeess SBEACH(Version 3.0)
10+ e e SRR SRR
-150 -100 -50 0 50 100 150 200

Distance offshore(m)

Figure 20. Comparison of the present post-storm profile with SBEACH
and the measurements from 124th street.

present numerical results with the field data. For this com-
parison, the median grain size of the beach is 0.35 mm, K =
0.00058 m?%sec, D = 0.017 m?sec, A, = 0.045 1/m, B = 0.45,
and Ax = 0.3 m. The initial and post-storm beach profiles at
63rd street are shown in Figure 18. The result of SBEACH
(Version 3.0) calculated by ZHENG and DEAN (1995) is also
presented. As discussed in the preceding example (Figures 15
and 16), no prominent bar is generated near the breaking
zone, which is presumably due to the time-varying hydro-
graph. The time evolution of the same beach is presented in
Figure 19. When the water level increases, severe erosion of
dune and berm occurs. After the peak water level, we see
little change in beach profile except for small amount of de-
position in the offshore region.

Similar comparison between measured and computed re-
sults is also shown in Figure 20 for the 124th street line. The
initial profile in this case is quite different from that of Figure
18; still, both the present and SBEACH numerical results
correlate well with the field data. Again, no apparent bar is
generated near the breaking zone. In Table 2, the computed
values of eroded and deposited sediment volumes are com-
pared with the measured data. Good agreement is observed
between the two except for the eroded volume from the 124th
street line. The difference may be attributed to the positive
net longshore sediment transport in the field. It should also
be remarked that possible slow accretionary processes be-
tween pre- and post-storm profile measurement periods are
not accounted for in the current numerical model.

Finally, analyzing the data used in the numerical exam-
ples, the best-fit empirical formula for A\, can be developed,
as shown in Figure 21:

Table 2. Comparison of the present numerical results with the measured
data (Ocean City, Maryland).

Deposited volume

Eroded volume V, (m*m)
3 3,
V, (m3/m) Modia- Com- V, + V, (m*m)
Street Measured Computed ured puted  Measured Computed
63rd —84.1 -90.8 82.3 86.6 —-1.8 —4.2
124th —56.1 —74.5 75.7 75.5 19.6 1.0
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Figure 21. Least-square estimation of the parameter \,.

d 0.75
Ay = 2.70<H5°T) (28)
b

in which d;, is the median sediment size. The units of d,
H,, and T are millimeters, meters, and seconds, respectively.
We can see that the spatial decay coefficient A, increases with
sediment size but decreases with wave height and wave pe-
riod.

CONCLUDING REMARKS

A multi-domain hybrid numerical model for the prediction
of cross-shore sediment transport including bar generation
and movement is developed in this paper based on the macro-
scale sediment transport rate and conservation equations.
The surf zone is divided into several sub-domains, and dif-
ferent empirically-based sediment transport rate equations
are defined in each region. The solutions in each domain are
matched at the patching boundaries by the continuity of the
beach profile and sediment transport rate.

The hybrid numerical model reasonably simulates the ero-
sion of beach front and dune and the growth and movement
of a bar near the breaking zone. The model conserves the
overall sediment volume and converges toward a steady-state
solution as time becomes large. The numerical model is val-
idated against several large-scale laboratory experiments and
the field data of Ocean City, Maryland. Using the developed
program, it is seen that the peak sediment transport rate
does not necessarily occur at the plunging point and can be
negative as time becomes large. The bar formation is shown
to be sensitive to the variation of a storm surge hydrograph
with time. It is also shown that the present numerical model
can be extended to the multiple-bar problems. The numerical
model does not include longshore sediment transport or dune
and berm overwash and inundation, which need to be inves-
tigated in the future.
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APPENDIX—Formulation of Multi Bar Generation
(4-Domain Model)

To generate double bars, the computational domain is di-
vided into four instead of three sub-zones. The net sediment
transport rate equations in each zone can then be defined as
follows:

oh
Q =D—-K, —R(t) = x = x,, (29)
0x
Q2 = q‘(t)eml.r .:"y‘l, be < x = xp (30)
Q; = gu()e 2=’ x =x =x, (31)
= q,(t)e Mx x), X = % =X )
Qs = qu( » (32

in which x, is the second breaking point of a reformed wave
after initial breaking. Only limited information is available
in the literature with regard to the location of subbreaking
points. In the present paper, x,, was determined based on the
corresponding physical model result. After conducting para-
metric evaluation, the spreading parameters \, and \, are
determined to be A, = \,2 and A\, = 3\,/2. Compared to the
three-domain approach, Eq. (30) is newly introduced to gen-
erate double bars.

The matching boundary conditions between each zone are

dx
hy=hy, & @, =@, +tn d;b, X =X (33)

hy=h; & Q= Qs X =X (34)

»
hy =h, & Q; =@,
Then, the following equation can be derived from Eq. (33):

2B8A
st{ ‘;x — 2AM\,(x,, — 36)}

X = x,. (35)

2BAx

= 2B¢h"(x,) — h"(x, — Ax)} — K D

dx,, 2BAx

= {h(x) + 8 —hn(x,,)} dt D

+ S(x,t) — S(x,0) (36)

where @,|,-., = Q,,. In addition, we obtain the following
equations from Eq. (34),

x b
q.t) = (j(t)ﬁ M0 2phax,—x? 37)
Npxy — X,
A, A,
£=[1+—]x, — —x (38)
( xl) PN T
Finally, the remaining Eq. (35) yields
2\ .
q,(t) = —):—zq*(t)(x,, — xy)e Maxpmxy (39)
3
\
Xy =%, — i (40)
2

Therefore, all the unknowns in Egs. (29)~(32) can be deter-
mined from Egs. (36)-(40). Then, it is possible to obtain the
multi-bar solution using the sediment conservation equation.

In addition, the criteria for the parameters \,, A\, and A,
can easily be determined from Egs. (38) and (40)

A, A
X, = (1 + )\—f)xp -~ )\—Tx* =x, (41)
A
052—)\325xb—x,,. (42)
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