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Abstract

This technical report presents two applications of the GenCade model to
simulate long-term shoreline evolution along the Delaware Coast driven by
waves, inlet sediment transport, and longshore sediment transport. The
simulations also include coastal protection practices such as periodic
beach fills, post-storm nourishment, and sand bypassing. Two site-specific
GenCade models were developed: one is for the coasts adjacent to the
Indian River Inlet (IRI) and another is for Fenwick Island. In the first
model, the sediment exchanges among the shoals and bars of the inlet
were simulated by the Inlet Reservoir Model (IRM) in the GenCade. An
inlet sediment transfer factor (y) was derived from the IRM to quantify the
capability of inlet sediment bypassing, measured by a rate of longshore
sediments transferred across an inlet from the updrift side to the
downdrift side. The second model for the Fenwick Island coast was
validated by simulating an 11-year-long shoreline evolution driven by
longshore sediment transport and periodic beach fills. Validation of the
two models was achieved through evaluating statistical errors of
simulations. The effects of the sand bypassing operation across the IRI and
the beach fills in Fenwick Island were examined by comparing simulation
results with and without those protection practices. Results of the study
will benefit planning and management of coastal sediments at the sites.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Figures and Tables

Figures

Figure 1. Delaware Coast and two study sites for shoreline evolution modeling: (a)
Indian River Inlet (IRI) and its adjacent coasts and (b) Fenwick Island coasts. The
color-coded lines perpendicular to the coast indicate survey transects. The three
star symbols indicates the Wave Information Studies (WIS) wave buoys (WIS
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Figure 2. Capabilities and processes in GenCade. Boxes filled with an orange
color are newly implemented processes or capabilities. The other boxes are the
existing capabilities and processes. The background image is the GenCade
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Figure 3. Sediment bypassing and evolution of shoals in the IRM. ...
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Figure 5. Pooled monitoring data from DNREC LRP. One transect located at the
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Figure 6. An example of estimating shoreline from survey profiles around the IRI
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Figure 12. (a) GenCade computational domain along the coast near the IRI
shown by a straight line with a ruler (a tick represents a computational transect).
The photo at the lower right corner shows the intake of bypassing sand in the
south shore. (b) The sand bypass production: the color-coded bars are monthly
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Figure 13. Comparisons of shoreline positions between observations and
simulations by GenCade. The solid black lines are the simulated shoreline
positions. The light green line is the initial shoreline position on 2005/03/12
0:00. The values of RMSE and the Pearson correlation coefficient (P) are given
on each plot. The two dash-dotted lines indicate the location of the IRl inlet and
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Figure 14. Evolution of inlet shoal and bars. (a) History of the volumes of flood
and ebb shoals. (b) Volume changes in the north and south bypass bar. (c)
Volume changes in the attachment bars at the north and the south. (d) History of
two inlet sediment transfer factors (y) defined by Equation (12): y (north) is the
transfer factor for the inlet to bypass sand from the south to the north. y (south)
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Figure 15. Comparisons of histories of shoreline positions with and without sand
bypassing. The observation data are for the results with the sand bypassing.
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(a) History of shoreline position at the north shore. The symbol “X” in the box at
the upper right corner shows the transect of the shoreline position. (b) History of
shoreline positions at the south shore. (c) History of shoreline accretion due to
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Figure 18. (a) GenCade model range on the Fenwick Island coast and beach fill
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1.2

Introduction

Background

Along the relatively short and straight Atlantic coast of Delaware,
shoreline configurations are largely determined by antecedent geology and
inlet morphology, and variations of shoreline are influenced by episodic
events (e.g., coastal storms) and erosion protection practices (e.g., beach
nourishment) (DNREC 2018). Studies of the Delaware shoreline evolution
in the past have revealed that the long-term trend of the shoreline is
erosional, with fluctuating erosional/accretional stages with changes in
environmental parameters (e.g., Galgano 2008; Puleo 2010). Erosion
protection practices play an important role in shoreline stability as well as
evolution of shoreline/beach positions and shapes.

There are four major shore protection projects along the Delaware
coastline: Rehoboth Beach, Dewey Beach, Bethany/South Bethany, and
Fenwick Island (Figure 1). Ocean City, MD, also conducts regular shoreline
nourishments. Indian River Inlet navigation and sandy bypass project has
been a focus of many sand bypassing and dredging studies (e.g., Keshtpoor
et al. 2013; USACE-NAP 2018). Delaware kept records of the history of
state-led beach fills since the 1950s and federal beach fill projects since
2004. In addition, regular transects of the Delaware shoreline exist from
2004 with wave observation data from the US Army Corps of Engineers
(USACE) at Bethany, Dewey, and Ocean City (USACE 1996). Beach
profiles and nearshore waves are two critical variables for predicting
shoreline evolutions. Studies by Puleo (2010) provide a 20-year mean
alongshore sediment transport and the location of a nodal point along the
Delaware coastline by using the CERC (Coastal Engineering Research
Center) formula. However, for the purpose of quantitative management of
sediments and shoreline erosion, it is essential to develop a site-specific
shoreline simulation model to predict long-term shoreline changes along
the Delaware coast by considering wave dynamics and coastal protection
practices such as beach fills, sand nourishment, and sand bypassing
projects.

Objective

The main goal of the study is to apply the GenCade model to reproduce the
historical shoreline evolution along the Delaware coast driven by
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environmental factors such as inlet sediment transport, offshore waves,
and longshore sediment transport. The simulations also include coastal
erosion protective measures such as periodic beach fills, post-storm
nourishment, and sand bypassing. Validated GenCade models are used for
quantifying the effects of the sand bypassing operation across the Indian
River Inlet and the beach fills in Fenwick Island. Results of the study will
benefit planning and management of coastal sediments at the sites.

Approach

Two site-specific GenCade shoreline evolution models are developed
(Figure 1a and 1b): one is for the coasts adjacent to the Indian River Inlet,
and the second is for Fenwick Island. Model validations are performed by
evaluating statistic errors of simulated shoreline positions, by comparing
with historical shoreline positions. The observation shoreline data are
extracted from the beach profiles measured by Delaware Department of
Natural Resources and Environmental Control (DNREC) and USACE
Philadelphia District (NAP).

Tests of the Inlet Reservoir Model (IRM) in GenCade are needed for
estimating sediment exchange between the Indian River inlet and adjacent
beaches. The sand bypassing capability of the inlet system is quantified by
using a newly defined sediment transport factor to measure the transfer
rate of longshore sediment through an inlet from the updrift side to the
downdrift side. The effect of the sand bypassing operation is evaluated in
the first case of the Indian River Inlet. The impact of periodic beach fills is
quantified in the second case on the Fenwick Island coast.
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Figure 1. Delaware Coast and two study sites for shoreline evolution modeling: (a)
Indian River Inlet (IRI) and its adjacent coasts and (b) Fenwick Island coasts. The
color-coded lines perpendicular to the coast indicate survey transects. The three star
symbols indicates the Wave Information Studies (WIS) wave buoys (WIS 2019).
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GenCade and Inlet Reservoir Model (IRM)

GenCade: Shoreline evolution model

GenCade is a USACE shoreline evolution model that simulates long-term
shoreline change on coasts with structures such as breakwaters, groins,
and jetties and beach fills and nourishment activities (Frey et al. 2012).
Shoreline changes in the model are driven by alongshore sediment
transport, calculated by the CERC formula, which relates the transport
rate to waves and currents in the wave breaking zone. The model includes
a module called the IRM (Kraus 2000; Larson et al. 2003, 2006) to
simulate the inlet sand bypassing through evolution of sand volume in
inlet morphological elements (flood/ebb shoals, bypassing/attachment
bars, and the inlet channel). As a result, GenCade is capable of simulating
shoreline variations across inlets and structures and enables the
assessment of coastal protection project performance for coastal
restoration and stabilization. GenCade is run within the Surface-Water
Modeling System (SMS) versions 11.1 and higher.

GenCade has been widely used in coastal engineering projects for
shoreline erosion protection, coastal sediment management, and coastal
hazard management (e.g., Hanson et al. 2011; Milligan and Hardaway
2014; Frey 2015). Recent development and validation of the model has
provided new simulation capabilities including cross-shore sediment
transport processes, sea level rise, and subsidence, as well as probabilistic
shoreline change prediction (Ding et al. 2018, 2019, 2020). By including
the shoreline changes due to cross-shore transport, sea level rise, and land
subsidence, the updated shoreline evolution equation in GenCade is given
as follows (Frey et al. 2012; Ding et al. 2020):

v _1( a9 _R+S
py Ds[ +qs+¢]

o D\ ox tan S

where y = the cross-shore coordinate and represents the shoreline
position, t = time, x = the alongshore coordinate, Q: = the longshore
transport rate, Ds = the total closure depth, gs = line source or sink of
sediment, ¢ = the cross-shore transport rate (positive sign for onshore
transport, negative for offshore), R = sea level rise rate, S = subsidence,
tan  =an average beach slope (=Ds/W~whereW- = width of the active

profile (which is approximately the width of longshore sediment transport
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zone). Equation (1) represents a new governing equation for GenCade to
simulate shoreline evolution driven by long- and cross-shore transport,
sea level change, and land subsidence. The shoreline retreat rate due to sea
level rise and subsidence is based on the assumption of the equilibrium
beach profile (Bruun 1962; Rosati et al. 2013). For longshore transport,
the CERC formula (Frey et al. 2012) is used to estimate Q. Cross-shore
sediment transport plays an important role in driving beach evolution
including shoreline movement and bar migration. A semi-empirical model
for estimating the phase-averaged net cross-shore transport rate has been
implemented into GenCade and was validated by simulating shoreline
changes in a barred beach (Ding et al. 2019, 2020). Figure 2 illustrates the
physical processes and simulation capabilities of GenCade. The
capabilities and processes for cross-shore sediment transport and the
Monte-Carlo simulation are recently developed. One may refer to Ding et
al. (2018, 2020) for the details of those new simulation capabilities.

Figure 2. Capabilities and processes in GenCade. Boxes filled with an orange color
are newly implemented processes or capabilities. The other boxes are the existing
capabilities and processes. The background image is the GenCade model in the SMS
graphical user interface.
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Inlet Reservoir Model (IRM)

Kraus (2000) developed the IRM and Larson et al. (2003, 2006)
implemented it into GenCade to simulate the inlet sediment bypassing
from the updrift barrier to the downdrift barrier and between flood and
ebb shoals, based on an assumption of equilibrium shoal volumes.
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Figure 3 illustrates six morphological elements: flood and ebb shoals, a
bypass bar, and an attachment bar on each side of the inlet, as well as an
inlet channel. The same mathematical expressions used in Frey et al.
(2012) are adopted here to define the sand volume of each morphological
elements and the sediment flux passing from one element to another. For

example, given that V, is the sand volume of a morphological element
(shoal or bar), then V,, represents an equilibrium volume of this element.

The subscript x is a placeholder for subscripts a (attachment bars), b
(bypass bars), e (ebb shoal), or f (flood shoal).

Figure 3. Sediment bypassing and evolution of shoals in the IRM.
Ocean
Ebb Shoal
Q..

\9 Attachment Bar
Qs
qQ
Q.

Down-Drift Barrier Island

Each morphological element is assumed to have a certain equilibrium
volume for fixed hydrodynamic and sediment conditions. Starting from
the updrift side, the IRM proportionally distributes the updrift alongshore
sediment transport flux Q;,, to the two immediate downdrift elements, ebb
and flood shoals. Then the received transport rates of the ebb and flood
shoals, Q;, and Q;, are

0,=90, (2)

0.=1-9)9, (3)

where the distribution rate & is determined by the ratio of the current (or
actual) total volume of ebb and flood shoals (V, + V;) to the total

equilibrium volume of the two shoals (V,, + Vf4) (Kraus 2000), i.e.,
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5 V,+V;
= (4)
Vﬂq + qu

Then, Q;. will further be divided into two parts: Qc. and Q¢ which go to ebb
and flood shoals, respectively:

Qe =PQ., Oy =(1=-P)Q, (5)

where the distribution rate is given as follows:

1=V, /7,

= (6)
2-V, IV, =V, IV,

p

For each simulation time step (At), the flux of sediment from the flood
shoal (Qf.) that goes to the ebb shoal is

0 _{(wﬁ%r s )
fe =)o V<V,
Kraus (2000) assumed that the sediment passing through each
morphological element is proportional to the ratio between the actual
volume and the equilibrium volume for the element. The fluxes (Q.;,0p4,
and Q,,) of sediment out of the ebb shoal, bypassing bar, and attachment
bar are determined by

];f
er = I;e (Qf.e + Qfe + ch) (8)
- L (9)
Qbﬂ ];,;g eb
];f
Qom‘ = I,_aQba (10)

If equilibrium is attained, all sediment entering the particular morphologic
element is transferred downstream. By assembling the equations of the
transport fluxes (Equations (2), (5), (7), and (8)—(10)), one equation for
the relationship between the updrift sediment flux Q;,, and the received
downdrift Q,,; is derived, i.e.,
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(6+B(1-0))|0;,. V =V,
Q — Vaq Vbq aq[ :I T (11)
out

f fq
By defining an inlet sediment transfer factor y as

5+B(1-8))]. V<V,
. e T aq[( ) Vg (12)

v
Ve Y Yol (54B0-0))+ LA | V>,
Veq Vbq aq QmAt 1

the downdrift flux received from the updrift side of the inlet is
proportional to the Qin, i.e.,

O, =79, (13)

This time-dependent transfer parameter is a function of the actual and
equilibrium volumes of six morphological elements (two shoals, two
bypassing bars, and two attachment bars), which totals 12 parameters in
all. The other equations for calculating actual volume changes in shoals
and bars are given as follows (Frey et al. 2012):

av, _ B (14)
df - e + + ch er
dv, (15)
dr =00 = O
dV Qba Qaut (16)
dv (17)
Tff = ch - Q]’e

Based on the above-mentioned Equations (2)—(17) on the sediment
bypassing processes, the IRM is able to simulate sediment exchanges
between the inlet morphological elements and the evolution of the
elements’ volumes. However, configuration of the IRM through
calibration of all of the 12 empirical parameters for actual and
equilibrium volumes is a challenging task and relies on field data of
morphological changes near inlet.
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3 Shoreline Survey Data for Delaware Coast

Figure 4 shows composite monitoring lines along the Delaware coastlines
by the Delaware DNREC and USACE NAP. DNREC monitors shoreline
changes. The data set of the Line Reference Points (LRP) (Figure 5) covers
the entire length of Delaware coastline over a 10-year period since 2004;
however, the coverage is sparse. The beach profiles were surveyed typically
out to closure depth, but the exceptional profile near the Indian River
entrance was extended to almost 25 m* water depth. This data set has
highly varying profiles around the zero elevation, making it difficult to

determine shorelines by extracting zero elevations.

Figure 4. Compiled shoreline survey data for Delaware coast.

3 %
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1 For a full list of the spelled-out forms of the units of measure used in this document, please refer to US
Government Publishing Office Style Manual, 31st ed. (Washington, DC: US Government Publishing
Office 2016), 248-52, https://www govinfo gov/content/pkg/GPO-STYL EMANUAL-2016/pdf/GPO-

STYLEMANUAL-2016 pdf.



https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf

ERDC/CHL TR-21-1

10

Figure 5. Pooled monitoring data from DNREC LRP. One transect located at the Indian
River entrance shows the shoreface extending to approximately 25m depth
in offshore.
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Around the Indian River Inlet, USACE NAP has been monitoring beach
profiles since 1985. Profiles along monitoring lines for each survey (Figure 6
and Figure 7) were used to extract shoreline positions defined as zero
elevations. In Figure 10, a total of 16 profile survey transects were laid
across the coasts at the two sides of the inlet. The shape of the profiles below
10 m depth indicates an ebb shoal offshore. A clear picture of the ebb shoal
was captured by the USACE multi-beam hydro survey in 2004 (e.g., Figure
7 in Keshtpoor et al. [2013]). Figure 7 shows time variations of shoreline
shape from June 2006 to October 2017. There were 16 times surveys on the
north beach and 10 surveys on the south, which were used for validation of
the GenCade model. A concave shape of shorelines near the jetties can be
seen on the two sides of the beaches. An offset of the shorelines shows the
evidence of deficient sediment downdrift to the north. A trend of shoreline
accretion was found on the north beach after 2013.

USACE NAP has more spatially and temporally dense survey data focused
on three project areas: Rehoboth-Dewey (Figure 8), Bethany-South
Bethany (Figure 9), and Fenwick Island (Figure 11). The shorelines were
generated for each survey from profile data. Beach fill events are clearly
shown as a visible discrepancy between the two consecutive surveys of pre-
and post-placements, as shown in Figure 10 for Rehoboth and Figure 11
for Fenwick Island. The shoreline survey data in Fenwick Island were used
for the validation of GenCade in this site.
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Figure 6. An example of estimating shoreline from survey profiles around the IRl in
July 2009. The dash-dotted line is the location of the IRI.
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Figure 9. Shorelines from USACE NAP monitoring lines for Bethany-South Bethany.
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Figure 10. An example to show shorelines reflect beach fill event in Rehoboth.
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4 CASE 1: Model Validation on Shoreline
Evolution on Coasts near the Indian River
Inlet

41 GenCade model setup

The GenCade model was configured to simulate shoreline changes on the
coasts adjacent to the Indian River Inlet for a 12-year-long period from
03/12/2005 to 12/31/2016. As shown in Figure 12 (a), the simulated
coastline is 10,650 m long centered on the inlet, with a grid size of 25 m.
The initial shoreline was given by the zero contour in 2005 from the
National Coastal Mapping Program.

Based on the profile survey data (shown on Figure 6 and Figure 7), the
sediment closure depth and the berm height are estimated to be
approximately 10.0 m and 2.0 m, respectively.

Ramsey (1999) reported that the sediments in the north beach have a
medium size in an average, and those in the south are slightly coarser.
Roberts et al. (2013) found that the sediment characteristics in the cross-
shore profile varies from coarser sandy gravel to well-sorted medium due
to storms. For the simplicity of GenCade, the sediment grain size for
calculating sediment transport rate was set to 0.3 mm, which is an average
value taken from the north and south beaches (Ramsey 1999).

GenCade takes into account the sand bypassing operation in the
simulation of shoreline evolution. The history of the sand bypass
production volumes during the simulation period (2005—2016) is shown
in Figure 12 (b), on which each yearly volume is the sum of all the 12-
month bypass production volumes. The maximum annual bypass
production is 136,400 yd3 in 2012, and no sand bypassing was carried out
in 2016. Note that there were almost no bypassing operations during the
summer season to avoid beachgoers because of the operation rule. This
makes a total of 882,155 yd3 sand bypassed to the north shore during the
simulation period. The average annual bypass rate between 2005 and 2015
is 83,824 yds3, which is slightly more than the prediction values

(80,177 yd3/year), estimated by Keshtpoor et al. (2013), based on
historical operation data from 1990 to 2010. This actual average annual
bypass rate is, however, less than the designed value (110,000 yd3/year).
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Moreover, a 527,850 yds3 post-Sandy rehabilitation beach nourishment
project took place from May to October 2013 in the north shore! and was
included in the simulation as well. The nourishment range is
approximately 5,000 ft north of the north jetty.

The offshore wave parameters (significant wave height, period, and mean
direction) are given by the observation data at two WIS wave buoys,
Station ID 63156 (depth=20 m) and 63158 (depth=18 m) (WIS 2019),
where the locations are indicated in Figure 1. Over the 12-year simulation
period, the average significant wave height is approximately 1.0 m, and the
average mean wave direction is from the south-southeast (SSE). This
causes a predominant northward longshore sediment transport.

Figure 12. (a) GenCade computational domain along the coast near the IRl shown by a straight
line with a ruler (a tick represents a computational transect). The photo at the lower right corner
shows the intake of bypassing sand in the south shore. (b) The sand bypass production: the
color-coded bars are monthly bypass volume.
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For the simulation, a fixed boundary condition was chosen where the
shorelines at each end of the grid do not move. Due to the lack of
observation data of alongshore sediment transport, the empirical
parameters K; and K- in the CERC formula have to be calibrated. In the
present study, calibration of the two parameters was carried out by

1 Gebert, J. A. Unpublished PowerPoint presentation to ERDC, Indian River Inlet and DE Coast.
September 24, 2018.
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minimizing the root-mean-square errors (RMSE) of shoreline changes
through comparing with the observation data. The different values along
the north and south shores suggested by Larson et al. (2006) were
considered as initial guess values. By means of trial-and-error, it was
determined that K; was set to 0.17 on the north shore and 0.35 on the
south shore. By referring to Frey et al. (2012) for a relationship between K;
and K-, (0.5K; < K, < 1.5K; ), K= was estimated to be 0.085 on the north
shore and 0.175 on the south, respectively.

For configuring the IRM, it is more difficult to set up the IRM model
parameters such as initial and equilibrium volumes of inlet morphological
elements. The actual areas of the ebb and flood shoals were described by
Keshtpoor et al. (2013) and Gebert (2018). From the hydrographic survey
(Figure 7 in Keshtpoor et al. [2013]), a bypass bar and an attachment bar
can be seen near the south shore. However, the locations and sizes of the
two bars in the north are vague in the survey maps. At the first try of
simulation, a set of guess values were estimated based on those limited
information and the previous studies (e.g., Larson et al. 2006). Again, a
trial-and-error approach was used to determine the best set of the initial
and equilibrium values (Table 1), which produced the best results of
shoreline positions with the least simulation error.

Table 1. Estimated initial and equilibrium volumes in inlet
shoals and bars.

Initial (yd3) IEquilibrium (yd3)
Ebb shoal 4,900,000 |7,000,000
Flood shoal 2,800,000 |3,500,000
North bypass bar 76,540 175,000
North attachment bar 56,000 70,000
South bypass bar 764,500 1,749,999
South attachment bar 305,800 700,000

In the simulations, cross-shore sediment transport was excluded as there
are no observation data for cross-shore transport rate to validate the cross-
shore sediment transport model in GenCade developed by Ding et al.
(2020). Further investigation on the effect of cross-shore transport will be
conducted in the future.
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4.2

Model validation results for the coast near the IRI

Model validation was conducted by comparing the simulated shoreline
positions with the observations, and the statistical errors, the RMSE, and
the Pearson correlation coefficient (P) are calculated to evaluate the
GenCade simulation performance. The definition of the P is

N - —n
p= Yic,(m;—m)(0;—0) _ (18)
B om-m)2 5X., (0,-0)2

where m;= model value, 0;,= observation value, N= total number of
data, m= the mean model value, O = the mean observation value. The
Pearson correlation coefficient has a value between +1 and —1, where 1 is
total positive linear correlation, o is no linear correlation, and —1 is total
negative linear correlation.

As examples, Figure 13 presents the comparisons of shoreline position at
six selected times: (a) 15-Jun-2008, (b) 15-Jun-2011, (¢) 15-May-2012,
(d) 15-Nov-2013, (e) 15-May-2014, and (f) 15-Jun-2015. The observation
data were extracted from the beach profiles (Figure 7). The values of
RMSE and the P for each survey time are written on each figure. In the
six survey times, the RMSE varies from 15.3 m on 15-Jun-2011 to 36.5 m
on 15-Jun-2008. Except (d), most the P values are close to unit, which
means the simulated shoreline profiles match with the observed data
very well.
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Figure 13. Comparisons of shoreline positions between observations and simulations
by GenCade. The solid black lines are the simulated shoreline positions. The light
green line is the initial shoreline position on 2005/03/12 0:00. The values of RMSE
and the Pearson correlation coefficient (P) are given on each plot. The two dash-
dotted lines indicate the location of the IRI inlet and the two jetties.
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As the GenCade IRM simulates the evolution of volume changes of the
inlet shoals and bars (Figure 3), the results can explain how the inlet
morphological elements grow and how much the alongshore sediments
bypass the inlet. Figure 14 presents the time histories of sand volumes at
(a) flood and ebb shoal, (b) bypass bars on the north and south shores,
and (3) two attachment bars on the north and south. It shows that the
ebb shoal volume changes from its initial volume of 4.9 million yd3 in
2005 (70% of the equilibrium volume) to 5.9 million yd3 in 2016 (84% of
the equilibrium volume). The flood shoal increases from 2.8 million yd3
to 3.2 million yd3 (i.e., from 80% to 91% of the equilibrium volume). The
two bars (bypass and attachment) on the north side of the inlet have the
volumes increase slightly in the first two years and remain almost
constant for the remainder of the simulation. The model shows almost no
changes in the two bars in the south.
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Figure 14(d) presents the time history of the two inlet sediment transfer
factors (y) calculated by Equation (12), using the sand volumes of the six
inlet morphological elements. The north vy, the rate of the sand transferred
from the south shore to the north, increases from 0.22 at the beginning to
0.80 after 8 years. That means more than 80% of longshore sediment
from the south is transferred to the north during the last 3 years of the
simulation. The inlet bypassing rate increased rapidly and possibly
exceeds the actual situation. The accelerated bypassing rate may be due to
the assumption of the linear relationships for shoal volume changes in
Equations (8)—(10). A nonlinear relationship as proposed by Larson et al.
(2006) is probably needed in order to improve the IRM performance.

On the other side, the south y did not change much during the entire
simulation period (y =0.12~0.15), most likely due to the minimal
southward longshore sediment transport due to the predominant wave
forcing. Except the equilibrium volume of the ebb shoal, the best estimates
of the initial and equilibrium volumes of the six inlet morphological
elements were obtained through a number of simulations by means of
trial-and-error and are presented in Table 1. Further verification of the
shoal volume changes by the IRM needs to be completed using
hydrographic survey data.
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Figure 14. Evolution of inlet shoal and bars. (a) History of the volumes of flood and
ebb shoals. (b) Volume changes in the north and south bypass bar. (c) Volume
changes in the attachment bars at the north and the south. (d) History of two inlet
sediment transfer factors (y) defined by Equation (12): y (north) is the transfer factor
for the inlet to bypass sand from the south to the north. y (south) is the one from the

north to the south.
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To quantify the effect of the sand bypassing operation on shoreline change,
a simulation of the shoreline change without sand bypassing has been
performed by using this validated GenCade with the same model
parameters. As an example, Figure 15 presents comparisons of time
histories of shoreline positions with and without the sand bypass at two
locations near the jetties at the north (a) and south (b) shores. The two
transects located at x=4,775 m and 5,175 m are equivalent to the transect
No. 2N and 2S defined in Keshtpoor et al. (2013), respectively. The
differences between the two simulated curves with and without sand
bypass are hardly seen in the pictures of the shoreline changes. The net
changes of the shoreline positions driven solely by the bypass are depicted
in Figure 15 (c) and (d) for the two sections, respectively. At the site on the
north shore, the bypassing operation drives approximately 1—2 m of
shoreline accretion in the first 5 years and then advances up to 5 m at the
end of 2016. The shoreline retreat to the south due to sand borrowing was
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small (Figure 15 d). Note that there are a few spikes in the curves of the net
changes, which may be caused by the sudden jumps of the bypass rate, as
the model was using the monthly average rate to introduce the sand
bypass volume.

Overall, the model correctly responds to the sand bypassing operation on
the shoreline changes to the north and the south of the inlet. However, the
effect of the shoreline advancement driven by the bypassing may be
underestimated due to the assumption of the equilibrium beach profile in
GenCade.

Figure 15. Comparisons of histories of shoreline positions with and without sand
bypassing. The observation data are for the results with the sand bypassing.

(a) History of shoreline position at the north shore. The symbol “X” in the box at the
upper right corner shows the transect of the shoreline position. (b) History of
shoreline positions at the south shore. (c) History of shoreline accretion due to sand
bypassing at the north shore. (d) The shoreline accretion due to sand bypassing at
the south shore.
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Meanwhile, to find the impact range of the sand bypass operation on both
sides of the inlet, the net changes of shorelines at the same time driven
only by the sand bypassing were calculated. The profiles of those changes
at two selected times are presented in Figure 16. At the end of the second
simulation year (03 November 2006) (Figure 16 a) the sand bypassing did
not advance much shoreline at the north shore, but it started to
accumulate on the beach near the jetty. At the end of the simulation (10
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November 2016) (Figure 16b), after 10-year-long operation, a significant
amount of net shoreline advance can be seen on the north shore. The
advancement effect due to the sand bypassing extends to almost 1,500 m
north of the north jetty, which is the same as the conclusion that
Keshtpoor et al. (2013) found by analyzing the bypass production and
beach profiles observed from 1990 to 2010. On the other side, the net
shoreline retreat also appears on the south shore, although the retreat is
much less than the magnitude of advancement at the north.

Figure 16. Distributions of net shoreline changes driven by
sand bypassing operation on (a) 03 November 2006 and
(b) 10 November 2016.
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Moreover, the net beach accretion volume in the north shore added by
the bypass operation can be calculated by multiplying the new changes of
beach area with the closure depth (12 m) and berm height (2 m), based
on the assumption of equilibrium beach profile. Figure 17 presents the
history of this net volume change contributed by the bypass operation, as
well as the monthly bypass production. It indicates that approximately
42,050 m3 of the sand from the bypassing remains in the north shore by
the end of 2016. While the simulations provide a rigorous approach to
assess the influence of sand bypassing, the uncertainties in the model
parameters and variable nature of littoral transport in the area make this

conclusion very preliminary.

Figure 17. Net volume of bypass sands in north shore of the IRI. The bars show the

monthly bypass production.
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5.1

CASE 2: Model Validation on Shoreline
Evolution on Fenwick Island Coast

GenCade model setup

As the long-term trend of shoreline change on the Fenwick Island coast is
erosional (e.g., Dolan et al. 1980; Galgano 2008), beach fills have been
applied for coastal erosion protection in the area. In order to validate the
GenCade model’s ability to represent the beach fill process, the GenCade
model was developed to cover an 11-year-long period from 10/01/2005
0:00 to 12/31/2016 0:00.

As shown in Figure 18(a), the simulated coastline is approximately

17,550 ft (approximately 5.4 km) long, with a GenCade grid size of 65 ft.
During the simulation period, three beach fills were completed over a
6,500 ft wide beach in November 2005 (a total of 864,000 yd3), August
2011 (332,000 yd3), and September 2013 (368,000 yd3) (Gebert 2018).
The total volume of beach fill in November 2005 includes 595,400 yd3 for
initial fill and 320,000 yd3 for a periodic fill. Therefore, an average
periodic beach fill volume is approximately 340,000 yd3. The grain size dso
in the site was set to 0.3 mm based on the report of Ramsey (1999). The
time step is 3 minutes.

The offshore wave parameters (significant wave height, period, and mean
direction) are given by observation data at the WIS wave buoy, Station ID
63160 (depth=14 m, Figure 1) (WIS 2019). Over the 11-year simulation
period, the average significant wave height is 1.07 m, and the average
mean wave direction is -12.92 degrees relative to the shore normal, from
SSE. The predominant longshore sediment movement is toward the north,
similar to that near the Indian River Inlet.

After a number of trial-and-error tests, it was found that the best empirical
parameters K; and K- in GenCade are 0.40 and 0.25, respectively. For this
simulation, calculation of cross-shore sediment transport is also excluded.
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Figure 18. (a) GenCade model range on the Fenwick Island coast and beach fill
areas. The x-axis of the model is toward the south. (b) The solid black line is the time
series of longshore transport rate calculated at the middle of the study coastline
(*=2655 m). A negative transport rate is toward the north. The red bars show the
beach fill volumes in the three events in November 2005, August 2011, and
September 2013.
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5.2

Simulation results of shoreline change on Fenwick Island Coast

Similar to the previous case, the model skill was assessed by comparing
the simulated shoreline positions with the observations. Comparisons of
shoreline positions between simulation and observation are shown in
Figure 19, (a)—(c) histories of shoreline positions at three locations
(x=1,743, 2,358, and 3,408 m), and (d)—(f) profiles of shoreline positions
at three survey times: 10/15/2008, 09/01/2011, and 10/01/2012. The
statistical errors were calculated based on the profile survey data, which
are presented on Figure 19 (d)—(f). The ranges of RMSE and the Pearson
correlation coefficient indicate that the simulated shoreline changes over
the 11-year period are in excellent agreement with the survey data.

To assess the performance of the beach fill, the simulation results without
the three beach fill events (the dashed blue lines) are also added on the
figures. It is found that without the beach fills, the average annual
shoreline retreat rates at the three locations are 4.8, 5.3, and 6.3 m. If no
beach fills were placed, the shoreline retreat after 11 years at the end of
2016 could be more than 60 m at the farthest-south location.
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Figure 19. Comparison of time history of shoreline positions and profiles: (a)-(c)
Histories of shoreline positions at three locations (x=1,743, 2,358, and 3,408 m).
(d)~(f) Profiles of shoreline positions on three survey times, 10/15/2008,
09/01/2011, and /10/01/2012.
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Longshore sediment movement and beach fills (Figure 18b) are two major
reasons that drive shoreline changes on the Delaware coast. The gradient of
longshore transport determines whether the shoreline retreats or advances.
Figure 20 presents the average annual longshore transport rates with and
without the beach fills in Fiscal Year (FY) 2006 (a) and FY2013 (b). The
positive values of the rate indicate southward sediment transport. As
shown, Figure 20 (a), the first beach fill in November 2005 altered the
transport gradient, which caused shoreline changes (erosion and accretion)
at the ends of the beach fill range. In FY2013 (Figure 20b), the three beach
fills induced greater gradient of the average longshore transport than that
without beach fills. It means that the shoreline erosion becomes faster than
that without beach fills. A nodal point (indicated by the blue arrow) at which
the longshore transport starts to turn its direction can be found along the
southern part of the beach. The nodal point of the average longshore
transport moved approximately 1,000 m to the north, in comparison to that
without beach fills. While the location of a nodal point is a good indicator of
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shoreline erosion, predictions of spatio-temporal changes of shoreline
positions driven by physical processes and erosion protection practices are
still dependent on a shoreline evolution model such as GenCade.

Figure 20. Average annual longshore sediment transport and nodal
points: The positive transport rate is toward the south. The solid
black lines are for the case with the beach fills. The blue lines are for

that without any beach fills.
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6.1

Conclusions and Recommendations

Conclusions

This technical report presents two applications of the GenCade model to
simulate shoreline changes along the Delaware Coast driven by offshore
waves and coastal protection practices such as beach fill, sand bypassing,
and sand nourishment. Two site-specific shoreline evolution models were
developed: one is for the coasts adjacent to the Indian River Inlet and
another is for the shoreline of Fenwick Island. The two models were
successfully validated through evaluating statistical errors between
simulations and observations such as the RMSE and the Pearson
correlation coefficient (P). The observed shoreline positions were obtained
by extracting the positions at the vertical datum (North American Vertical
Datum of 1988) from the survey data of beach profiles, which were
measured by DNREC and USACE NAP.

For validation of GenCade with the Inlet Reservoir Model (IRM), which
has multiple parameters of shoal volumes to be determined, an inlet
sediment transfer factor (y) is defined to quantify the rate of longshore
sediments transferred across inlet from the updrift side to the downdrift.
This transfer factor explains the capability of sediment bypassing through
an inlet. It also makes calibration of multiple parameters in this
complicated IRM model relatively easier.

Simulation of shoreline changes was achieved for the coasts near the Indian
River Inlet over a nearly 12-year-long period from 2005 to 2016. The actual
monthly sand bypassing volumes and the post-Sandy beach nourishment
were included in the simulation. The best results of shoreline changes were
obtained by calibrating three model empirical parameters, K;, and K-, and
the inlet sediment transfer factor (y). The model skill was assessed by the
values of RMSE and P of the simulated shoreline positions. The results of
IRM provide details on evolution of inlet morphology elements volumes
such as flood/ebb shoals and attachment/bypass bars. Variation of the inlet
sediment transfer factor connects with the dynamic process of sediment
passing across the inlet. By comparing the simulated shoreline positions
with and without the sand bypassing operation, the net volumes of sand
accretion in the north shore due to the bypassing operation were calculated,
which explain the bypassing operation efficiency.
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6.2

The second case is to reproduce the shoreline evolution on Fenwick Island,
which suffers from chronic erosion due to wave-induced longshore
transport. An 11-year-long shoreline evolution from 2005 to 2016 was
simulated by including three periodic beach fills, of which the volumes and
schedules are based on actual project processes. Through calibration of the
model parameters (K: and K-), the validated GenCade model produced
shoreline changes in good agreement with the observations. In addition,
the effect of beach fills was quantified by comparisons of shoreline
positions between simulations with and without beach fills. It confirms
that the beach fill plays an important role in maintaining the shoreline
positions in Fenwick Island.

Recommendations

For future studies, the inlet sediment transfer factor (y) for the IRI has to
be validated by using the measured volume changes of inlet morphology
elements (i.e., shoals and bars) and longshore sediment transport rates at
both sides of the Inlet. Since the cross-shore sediment transport is another
factor to reshape beach profile during and after beach fill events, the cross-
shore sediment transport model (Ding et al. 2020) should be included in
the simulations of shoreline changes.

In the present two study sites, the assumption of the fixed shoreline
positions at two ends are given as the boundary conditions for the
simulations. As the beach fills have been carried out in other places such
as Rehoboth Beach, Dewey Beach, and Bethany Beach/South Bethany, it is
necessary to develop a regional-scale shoreline evolution model to cover
all the sites with the beach fills/nourishments. To do so, the uncertainties
due to the assumption of the fixed boundary conditions can be minimized,
and the interactive influence of coastal protection practices at different
sites can be evaluated.



ERDC/CHL TR-21-1 30

References

Bruun, P. 1962. “Sea-Level Rise as a Cause of Shore Erosion.” J. Waterway. Harbours
Div. 88(1): 117-130.

Ding, Y., S.-C. Kim, A. E. Frey, R. L. Permenter, and R. Styles. 2018. “Probabilistic
Modeling of Long-Term Shoreline Changes in Response to Sea Level Rise and
Waves.” Scour and Erosion IX: Proceedings of the oth International Conference
on Scour and Erosion, edited by K.-C. Yeh. London: Taylor & Francis Group.
ISBN 978-0-367-07467-8.

Ding, Y., S.-C. Kim, R. Permenter, R. Styles, and T. Beck. 2019. “Cross-Shore Sediment
Transport for Modeling Long-Term Shoreline Changes in Response to Waves and
Sea Level Changes.” Proceedings of Coastal Sediment 2019, May 27—31, 2019,
Tampa.

Ding, Y., R. Styles, S. C. Kim, R. Permenter, and A. Frey. 2020. Cross-Shore Transport
Feature for GenCade. ERDC/CHL CHETN-IV-123. Vicksburg, MS: US Army
Engineer Research and Development Center.
http://dx.doi.org/10.21079,/11681 /35893

DNREC (Department of Natural Resources and Environmental Control). 2018. Coastal
Hazards in Delaware, Department of Natural Resources and Environmental
Control (DNREC). Accessed June 20.
http://www.dnrec.delaware.gov/swc/Shoreline/Documents/Coastal%20Resiliency/coastal haz

ards overview.pdf

Dolan, R., H. Lins, and J. Stwart. 1980. Geographical Analysis of Femwick Island,
Maryland, a Middle Atlantic Coast Barrier Island. Geological Survey
Professional Paper 1177-A. 20402, 1980. Washington, DC: US Government

Printing Office. https://pubs.usgs.gov/pp/1177a/report.pdf

Frey, A. E., K. J. Connell, H. Hanson, M. Larson, R. C. Thomas, S. Munger, and A. Zundel.
2012. GenCade Version 1 Model Theory and User’s Guide. ERDC/CHL TR-12-25.
Vicksburg, MS: US Army Engineer Research and Development Center.

Frey, A. E. 2015. Using GenCade to Create a Sediment Budget in SBAS. ERDC/CHL
CHETN-IV-105. Vicksburg, MS: U.S. Army Engineer Research and Development
Center.

Galgano, F. A, Jr. 2008. “Shoreline Behavior along the Atlantic Coast of Delaware.”
Middle States Geographer 41: 74—81.

Hanson, H., K. J. Connell, M. Larson, N. C. Kraus, T. Beck, and A. E. Frey. 2011. “Coastal
Evolution Modeling at Multiple Scales in Regional Sediment Management.”
Proceedings of the Coastal Sediments 2011.
https://doi.org/10.1142/9789814355537 0145

Keshtpoor, M., J. A. Puleo, J. Gebert, and N. G. Plant. 2013. “Beach Response to a Fixed
Sand Bypassing System.” Coastal Engineering 73: 28—42.


http://dx.doi.org/10.21079/11681/35893
http://www.dnrec.delaware.gov/swc/Shoreline/Documents/Coastal%20Resiliency/coastal_hazards_overview.pdf
http://www.dnrec.delaware.gov/swc/Shoreline/Documents/Coastal%20Resiliency/coastal_hazards_overview.pdf
https://pubs.usgs.gov/pp/1177a/report.pdf
https://doi.org/10.1142/9789814355537_0145

ERDC/CHL TR-21-1 31

Kraus, N. C. 2000. “Reservoir Model of Ebb-Tidal Shoal Evolution and Sand Bypassing.”
Journal of Waterway, Port, Coastal and Ocean Engineering 126(6): 305—313.

Larson, M., N. C. Kraus, and H. Hanson. 2003. “Simulation of Regional Longshore
Sediment Transport and Coastal Evolution — The Cascade Model.” Proc. 28th
Coastal Engineering Conference, ASCE.

Larson, M., N. C. Kraus, and K. J. Connell. 2006. Cascade Version 1: Theory and Model
Formulation. ERDC TN-SWWRP-06-7. Vicksburg, MS: US Army Engineer
Research and Development Center.

Milligan, D. A., and C. Hardaway. 2014. Salt Ponds Shore Zone Modeling for Breakwater
Placement: Summary Report. Virginia, Institute of Marine Science, College of

William and Mary. https://doi.org/10.21220/V5659C

Puleo, J. A. 2010. “Estimating Alongshore Sediment Transport and the Nodal Point
Location on the Delaware—Maryland Coast.” J. Waterway, Port, Coastal, Ocean

Eng. 136(3): 135—-144.

Ramsey, K. W. 1999. Beach Sand Textures from the Atlantic Coast of Delaware. Open
File Report No. 41. Delaware Geological Survey.

Roberts, T. M., P. Wang, and J. A. Puleo. 2013. “Storm-Driven Cyclic Beach
Morphodynamics of a Mixed Sand and Gravel Beach along the Mid-Atlantic
Coast, USA.” Marine Geology 346: 403—421.

Rosati, J. D, R. G. Dean, and T. L. Walton. 2013. “The Modified Bruun Rule Extended for
Landward Transport.” Mar. Geol. 340: 71—81.

USACE (US Army Corps of Engineers). 1996. Rehoboth Beach/Dewey Beach Interim
Feasibility Study: Final Feasibility Report and Final Environmental Impact
Statement. Philadelphia, PA: USACE, Philadelphia District.

USACE-NAP (USACE-Philadelphia District). 2018. Delaware Coast Protection, Sand
Bypass Plant, Indian River Inlet. Accessed June 22.

http://www.nap.usace.army.mil/Missions/Factsheets/Fact-Sheet-Article-
View/Article/490790/delaware-coast-protection-sand-bypass-plant-indian-river-inlet/

WIS (Wave Information Studies). 2019. Wave Information Studies. Accessed October 03.
http://wis.usace.army.mil/hindcasts.html


https://doi.org/10.21220/V5659C
http://www.nap.usace.army.mil/Missions/Factsheets/Fact-Sheet-Article-View/Article/490790/delaware-coast-protection-sand-bypass-plant-indian-river-inlet/
http://www.nap.usace.army.mil/Missions/Factsheets/Fact-Sheet-Article-View/Article/490790/delaware-coast-protection-sand-bypass-plant-indian-river-inlet/
http://wis.usace.army.mil/hindcasts.html

ERDC/CHL TR-21-1

Unit Conversion Factors

Multiply By To Obtain
cubic feet 0.02831685 cubic meters
cubic yards 0.7645549 cubic meters
degrees (angle) 0.01745329 radians

feet 0.3048 meters

inches 0.0254 meters
square feet 0.09290304 square meters
square inches 64516 E-04 square meters
square miles 2589998 E+06 square meters
square yards 0.8361274 square meters
yards 09144 meters
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Acronyms and Abbreviations

CERC
DNREC
IRI
IRM
LRP
NAP
SMS
USACE
WIS
SSE
RMSE

Coastal Engineering Research Center
Department of Natural Resources and Environmental Control
Indian River Inlet

Inlet Reservoir Model

Line Reference Points

Philadelphia District

Surface-water Modeling System

US Army Corps of Engineers

Wave Information Studies
south-southeast

root-mean-square error

Fiscal Year
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