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1.0 INTRODUCTION AND REPORT DESCRIPTION 

1.1 Report Description 

This report has been written to be included as the Coastal Engineering Appendix to the feasibility report.  
Contained within the Coastal Engineering Appendix is a combination of both the US Army Corps of 
Engineers (USACE) Coastal Engineering effort and the Wood Hole Group effort.   To help provide a 
complete Coastal Appendix much of the information provided in the WHG report (Appendix C) has been 
summarized within this appendix in Sections 3 through 7.  Throughout this appendix the applicable WHG 
report sections are referred to in order to assist the reader in acquiring more detailed information as 
needed.  Generally, the Corps’ detailed analysis and coastal engineering reporting have been provided in 
Sections 8 through 13.  Through the 8+ years of this more “recent” effort, both USACE and the WHG 
worked closely on this study and it would be difficult to define much of the work done as USACE work or 
WHG work.  As noted, if the reader is interested in greater detail regarding the work performed by WHG 
they are referred to Appendix C. 

This appendix is the final iteration of significant work performed by USACE and WHG.  Much of the 
earlier work completed by USACE, with regards to the coastal engineering analysis, was excluded from 
this appendix since it was superseded by later efforts of USACE and the WHG.  Earlier sets of data, 
results, reports, etc. should be considered obsolete and should not be used.  The information contained 
herein should be taken as the final version of the analysis.   

1.2 Project Description 

Camp Ellis Beach, Maine is located directly adjacent and north of the Saco River Jetties (Figures 1-1 and 
1-2) within the city of Saco, ME.  The first structures were constructed in 1869 by the US Army Corps of 
Engineers (USACE).  Through several significant lengthening projects and repairs the structures have 
reached their present day lengths of 6,660 feet for the North Jetty and 4,800 feet for the South Jetty.  
Both are constructed of stone and vary considerably in structure elevation and cross section.   

Due to the interaction between the structures and the local coastal processes, it has been concluded 
that the beach north of the structures is being adversely affected.  Based upon analysis to be discussed, 
it was determined that the main cause of accelerated erosion is reflected wave energy from the North 
Jetty and that the jetty structures are causing erosion by cutting off the supply of sand to the north.  
Under Section 111 – Mitigation of Damages Caused by Federal Navigation Projects, a feasibility study 
was undertaken to determine a solution to the erosion problem caused, or amplified, by the Corps’ 
jetties.  The original project area was the shoreline within 2,500 feet of the North Jetty, but it has been 
extended to 3,250 feet to cover the more recent erosion in the latter part of the decade. 
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Figure 1-1 Camp Ellis Beach Location 

Figure 1-2. Camp Ellis Beach and Saco River Jetties 

 

Camp Ellis Beach, Maine 

Portland, Maine 

Project 
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Over the last 100 years significant erosion has occurred with several rows of roads/houses being lost.  
Shown in Figure 1-3, is a map showing the lost property since 1908.  To counter this erosion home 
owners and the City of Saco constructed several non permitted, non-engineered, temporary revetments 
to protect residences.  These structures are shown in an aerial photo as Figure 1-4 and beach level 
photos in Figures 1-5 and 1-6.  As will be discussed in Section 4.1.3, as the beach has continued to erode 
in front of the revetments all dry beach has been lost and the beach north of the revetments, which had 
be stabile has been severely eroding.  This northern erosion has lead to the failure of a portion of the 
northern revetment (rebuilt), the abandonment of a road that was destroyed during a storm, and the 
addition of geotubes to extend the north revetment (Figures 1-7 to 1-9).  It is theorized that since the 
sand source has been cut off by the jetties, the beach system at the south end of the project area 
became the default sediment source for the system.  With that area depleted of sand the erosion 
problem has now moved north and will continue to move further north.  As shown in Section 4, the Saco 
Bay system was stabile to accretionary in the past and with the information gathered and developed in 
this study it was concluded that the erosion problem occurring within the study area is caused by the 
federal navigation structures.  The federal responsibility will be quantified within the report, and is 
summarized in Section 1.3. 

 

Figure 1-3. Historic shorelines and properties lost since 1908 
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Figure 1-4. Project area features.  

While the revetments constructed do offer a level of protection against erosion, as shown in Figures 1-7 
and 1-8 they are prone to failure, and will likely fail since they were not engineered or constructed as a 
revetment should be.  The stone sizing, stone gradation, structure slope, crest elevation, under 
layer/filter layer, and toe elevation are all unknown/non-documented and/or not in accordance with 
applicable design criteria.  For this reason, these structures cannot be relied upon for shoreline erosion 
protection,  and will likely fail, as already shown, due to one or several failure mechanisms.  

 

Eroded Beach 

Geotubes 

“Temporary”, Non-engineered 
Revetments 
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North Jetty 
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Figure 1-5. View of project area looking north from North Jetty – “temporary” revetments shown. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-6. View of southern project area  
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Figure 1-7. Damage at northern end to road, houses, utilities, and revetment (looking north). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-8. Damage at northern end to road, houses, utilities, and revetment (looking south). 
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Figure 1-9. North end of project with geotubes placed at the end of the “temporary” revetments. 

1.2.1 Coastal Environment 

The Saco Bay shoreline forms a littoral cell in the southeastern coastline of Maine.  This embayment 
contains the largest sand beach and salt marsh system in Maine and has a mean tidal range of 
approximately 9 ft (2.7 m), with a spring range of 11.6 ft (3.5 m).  The coast is characterized by three 
tidal inlets:  the Saco River Inlet, Goose Fare Brook Inlet, and Scarborough Inlet, with sandy pocket 
beaches that provide economic, environmental, and recreational benefits (Slovinsky and Dickson, 2003). 

1.2.2 Coastal Geology 

The Saco embayment of Maine is considered a riverine-derived sandy barrier shoreline, which is defined 
as a barrier that has developed from the onshore and alongshore reworking of sediment deposited on 
the inner continental shelf by rivers (Fitzgerald, et al., 1994).  Complete details on the local geology can 
be found in Chapter 2.0 of Appendix C. 

Grain size data from samples taken at 140 stations throughout the estuary and nearshore region 
indicate that the dominant sediment type is medium-to-coarse grained sand with finer-grained 
sediment flanking the wider portions of the river (tidal flats and marshes, which are long-term sediment 
accumulation areas).  South of the jetties the sediment is uniformly fine sand (Fitzgerald et al., 2002).  
Grain size within the Saco Bay system is finer in the northern reaches of the system than in the south.  
Fining grain sizes were found by Kelley et al. (1995), and more recently by the WHG sediment analysis 
(Section 4). 
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Riverine-associated inlets like that of Saco, contribute sand to the nearshore zone during periods of high 
riverine discharge.  Sediment texture and bedforms show that larger spring freshet events overwhelm 
tidal flow in the estuaries and control net sediment transport directions.  The magnitude, direction, and 
persistence of the current velocities indicate that freshets are important events in supplying coarse-
grained sediment to the estuary mouth, filling harbor regions and/or shoaling jettied channels as in Saco 
(Fitzgerald et al., 2002). 

1.2.3 Geographic Setting 

Saco Bay, Maine (Figure 1-1) is an 8-mile long arcuate stretch of shoreline bound to the south by 
Fletcher’s Neck and the Saco River, and to the north by Scarborough River and Prout’s Neck (Figure 1-1).  
The majority of Saco Bay’s coastline is densely developed consisting of small beachfront communities.  
As discussed in the previous chapter, the Bay represents the largest sand beach and salt marsh system in 
Maine and the Saco River has been considered one of the primary historical sources of sediment to the 
beaches within the Bay (Kelley et al., 1995; Slovinsky and Dickson, 2003).  The Saco River estuary is 
located at the southern end of the sandy coastal system within the Saco embayment.  Current day tidal 
influences extend 10 km upstream to the base of two dams at Factory Island.  The Saco River mouth is 
shallow (< 3.0m or 10 ft) and is currently stabilized by two jetties.  Recurring shoaling between the two 
jetties and in the harbor landward of the estuary mouth has necessitated a continual maintenance 
dredging program operated by the USACE. 

1.3 Federal Responsibility 

An important criteria for defining a Section 111 project for USACE is determining if the Federal 
Government’s project is responsible for damages to the adjacent areas and if so how much damage is 
the Federal Government responsible for.  For the Camp Ellis project this was done, and the supporting 
information has been provided in the following sections of this appendix.  The analysis has shown that 
there are two major causes for the erosion. The first is a strong reflected wave coming off the North 
Jetty during storm conditions.  This is detailed in Section 5.3.5 and in Appendix C Section 12.5.2, and it 
was found that the reflected wave increases wave energy on the beach by 40% directly north of the 
North Jetty and by 20% at the northern end of the project area.  This energy, in conjunction with the 
very shallow approach angle to the beach causes a significant long shore current, which increases 
sediment transport potential.  This basically causes increased erosion of the beach north of the jetty.  
The second impact of the jetties is the prevention of sand from the Saco River from reaching the beach 
system.  Based on the length of the jetties, and the water depth at the end of the jetties, any sand that is 
transported through the jetties is essentially lost to the beach system.  The volume of sand was not 
specifically quantified in this study effort, but this information was available in a report written by 
several well known professors and geologist from the state of Maine and regional universities and is 
discussed in Section 4.2.4.  In this report a sediment budget for the Saco Bay system was developed and 
the conclusion of the study was that the federal navigation project was preventing 13,000 yds3 to 22,000 
yds3 of sand from entering the beach system.  USACE reviewed the report and other supporting 
information and concurs with that finding.  Based on this information, the Federal Government is 
responsible for negating the reflected wave energy from the North Jetty, and supplying the Saco Bay 
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beach system with 13,000 yds3 to 22,000 yds3 of sand per year.  The recommended alternative of a spur 
groin and beach fill addresses these two issues.  
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2.0 PROJECT BACKGROUND/COASTAL ENGINEERING HISTORY 

2.1  Coastal Engineering History 

The USACE involvement with the Saco River entrance dates back to the early 1800’s with the initial 
project authorization in 1827.  During the 1800’s and 1900’s the entrance channel jetties were 
lengthened, raised, tightened and reinforced.  As discussed in Section 1.0 the structures are long for East 
Coast jetties, at 6,600 feet for the north jetty and 4,800 feet for the south jetty. 

Through the lengthy history of the Saco River Jetties there have been several investigations or 
considerations by USACE regarding shoreline erosion adjacent to the structures.  In each of those 
efforts, including the 1992 reconnaissance Section 111 investigation, it was concluded the jetties were 
not a significant contributor to shoreline erosion.  This was due in large part to the USACE belief that 
sediment transport was from north to south in the southern half of Saco Bay.  This was based upon 
geologic analysis, sediment source consideration, and the persistent historical shoaling problem within 
the Saco River federal navigation channel and the subsequent jetty lengthening already discussed.   

The north to south transport direction was in direct disagreement with studies from the 1970s, 1980s 
and 1990s such as (Farrell, 1972), (Luepke and Grosz, 1986), (Kelley et al., 1989a), (Maine Geological 
Survey, 1995) and others, that made a very strong case for south to north transport.    

Under Section 111 – Mitigation of Damages Caused by Federal Navigation Projects, a reconnaissance 
level study was undertaken to determine a solution to the erosion problem caused or amplified by the 
USACE jetties.  Unfortunately there is little physical data.   The Waterways Experiment Station (WES) 
performed a physical model study in 1995, which looked at a beach fill option, off shore sand berms, 
removal of the north jetty, and various shore parallel breakwaters that were attached to the north jetty.  
The two lengths looked at were 3,000 feet and 1,500 feet long (hence calling them breakwaters and not 
spur groins).  It was determined that this was not feasible or desirable by the State of Maine.  During the 
1995 USACE study the physical model used coal dust to represent sediment transport. The study did not 
provide sand transport rates, but did provide some sand movement directions and helpful wave climate 
info.  The study did show that the two breakwater options would reduce the long shore transport rate, 
but these two options are not feasible. 

Since the USACE 1995 effort, several reports from the state of Maine researchers have been completed 
with the findings and conclusions being similar to earlier papers. 

2.2 Post 2002 Coastal Engineering Study Analysis  

Following the finding from the 1995 USACE physical modeling effort, the project basically reached a 
stalemate due to the lack of implementable alternatives in the 1995 effort and a large number of 
uncertainties in the coastal processes/alternative performance.  In 2002, following a reanalysis of the 
existing work, it was concluded that the existing information was not adequate to move the study 
forward.  This included existing condition erosion rates, sediment transport direction, necessary 
mitigation length, alternative design and performance, etc.  Although significant money had been spent 
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in the past it was determined that a sizeable numerical modeling effort and shoreline change rate 
analysis was needed in order to answer the questions at hand and complete the Section 111 study. 

In the spring of 2002 representatives from the New England District, North Atlantic Division, the New 
York District, City of Saco Personnel, the State of Maine, and congressional representative staffers met 
to discuss the status of the project.  During that meeting a new study approach was presented and 
discussed amongst the group and it was decided at the end of the meeting that additional study was 
needed.  The proposal included shoreline change mapping, wave numerical modeling, alternative design 
and evaluation, sediment transport analysis, and data collection.  Following the meeting a detailed plan 
was developed for work to be performed both in house by USACE and by a contractor.  The Woods Hole 
Group (WHG) from Falmouth, MA was selected as the contractor.   

A 2-D hydraulic model was considered but was eliminated due to cost issues and the hypothesis that the 
most significant issues were related to wave energy.  Additionally the conclusion by NAE and others 
from USACE (in 2003) was that 2-D modeling skill at the time would not be adequate since much of the 
area of interest is in the surf zone during storms, the complex bathymetry, and the strong wave current 
field that likely exists.  With these considerations it was thought that 2-D models of the period would 
not likely provide reliable information.  Today, if additional modeling was to be performed, a hydraulic 
model would be considered, and would we would look to CMS, Delft 3-D, or another system based 
model.   
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3.0 DATA SOURCES AND DATA COLLECTION SUMMARY 

3.1 Bathymetric Data 

With the WHG modeling effort extending from the coast into to outside of the Gulf of Maine, both 
detailed nearshore and broad scale, less detailed bathymetry was needed.  A significant amount of 
bathymetric information was required to simulate the sea state from the large, coarser grids of the 
generation-scale model to the smaller, finer grids of the nearshore (local) wave models.  Additionally, 
bathymetric data was needed for the design of the numerous structural alternatives investigated, and 
the design and evaluation of the various beach fill alternative components.  To address this data need a 
combination of bathymetric data sources were used in this study.  These sources included data collected 
by USACE through various technologies, data collected by other government agencies using various 
technologies, and by the WHG using various technologies.  Provided in the sub sections of Section 3.1 is 
a general description of this data.  Due to the length of this project study, the bathymetric data used was 
updated several times regarding the beach fill design.  Using the most recent data was deemed 
necessary for having the most up to date design volumes and performance expectations.  The data was 
not updated in the wave model due to the complexities of the wave modeling effort and the fact that 
the very near shore changes would have minimal impact on the wave modeling results.   

3.1.1  Bathymetric Data Sources – Outside of Study 

To achieve the coverage necessary for the wide area covered in the modeling effort multiple data 
sources were necessary.  The data sources gathered from outside of USACE and WHG efforts are listed 
below: 

• NOAA Hydrographic Survey Data and NGDC Marine Trackline Geophysics Data 

• NOAA LIDAR Data (Coastal Service Center Topographic Data Interface) 

• Naval Oceanographic Office Digital Bathymetric Data Base - Variable Resolution gridded 
bathymetry 

• Supplemental Datasets from Bedford Institute of Oceanography and Brookhaven National 
Laboratory 

• NOAA Medium resolution digital Shoreline and DMA World Vector Shoreline 

• Defense Mapping Agency ETOPO5 Digital relief of the Surface of the Earth 

• GEBCO General Bathymetric Chart of the Oceans 

• USGS North American 30 arc-second Digital Elevation Model (DEM) 

3.1.2 Bathymetric Data Collected by USACE 

During the study numerous surveys were conducted by USACE survey crews using boat mounted 
acoustic survey gear (single beam and multi-beam) as well as beach transect surveys using both total 
station surveys and RTK GPS surveys.  An additional significant survey conducted by the USACE Coastal 
Mapping Center was the 2007 bathymetric/topographic LIDAR survey.  Shown in Figures 3-1 to 3-4 are 
the location maps of the several USACE beach surveys and the area of coverage used for the 2007 
USACE LIDAR mapping effort. 
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Figure 3-1. Beach Profiles 2007 
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Figure 3-2. Beach Profiles 2009 
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Figure 3-3.  USACE Coastal Mapping Center LIDAR Data – 2007 
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Figure 3-4. LIDAR data plot (combined USACE and NOAA LIDAR) – created by WHG. 

3.1.3 Bathymetric Data Collected by Woods Hole Group 

This section focuses on the bathymetric data set collected as part of this study by WHG, in the nearshore 
region of Camp Ellis Beach.  For a more detailed discussion of the WHG survey effort refer to Section 4 
of Appendix C. 

3.1.3.1 Survey Methodology 
CR Environmental, Inc. (CR) conducted a bathymetric survey of portions of Saco Bay and Wood Island 
Harbor near the mouth of the Saco River on May 13 and 15, 2003, for Aubrey Consulting, Inc.  The 
survey was conducted from CR’s 22-foot R/V C-Hawk.  The boat was equipped with safety gear, multiple 
12-volt power supplies, and a laptop computer equipped with navigation and data-logging software. 

3.1.3.2 Bathymetric Observations and Summary 
The survey extent was selected to focus on the region that was most critical for wave transformations in 
the nearshore vicinity of Camp Ellis Beach.  In addition, this nearshore region had the most potential for 
recent physical changes.  Therefore, in this region it was critical to get the most recent and accurate 
bathymetric information. Figure 3-5 and 3-6 presents the post-processed bathymetric data collected in 
May 2003.  The contours indicate 2-foot elevation swaths relative to NGVD 1929.  The color contours 
are presented as red (shallow) to dark purple (approximately –56 feet).  A number of relevant features 
are shown in the bathymetric data that likely impact wave propagation and transformation in the 
vicinity of Camp Ellis Beach: 

 



24 

 

 

Figure 3-5.  Nearshore bathymetric data collected in May, 2003. 

 

Figure 3-6.  Bathymetric contour data and relevant features in the bathymetry offshore of Camp Ellis. 

Legend 
Bathymetry contours 
are 2 ft intervals relative 
to NGVD 1929. 
Red is 0 ft, deepest 
purple is -56 ft. 



25 

 

3.2 Tide Data Collection  

Time-series of water surface elevation (calculated from pressure measurements) were obtained at four 
(4) locations (Figure 3-7) within the region during an interval of approximately two (2) months.  The two 
(2) month deployment period allows for adequate characterization of all of the primary tidal 
constituents.  Whereas short tidal records may be biased by climatic events, such as surges, wind, 
rainfall, atmospheric pressure, etc., this longer deployment samples a range of tidal events and is more 
representative of average tidal conditions within the estuary.  This section briefly presents the data, 
including data collection procedures and instrumentation.  For a more detailed discussion regarding tide 
data collection refer to Appendix C, Section 5.  

These data were also collected within the Saco River estuary in case the USACE decided modeling of 
nearshore circulation, hydrodynamics, and tidal driven sediment transport modeling was eventually 
warranted.  In the process of the study, it was determined that although the Saco river delivered 
sediment to the system the hydrodynamics of the Saco River had little influence on the sediment 
transport dynamics occurring at Camp Ellis Beach, where waves were the primary forcing mechanism for 
sand movement.   

 

Figure 3-7.  Tide gauge locations within the study area. 
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3.2.1 Tidal Observations 

Each tide gauge measured the water and atmospheric pressure above the instrument.  In order to 
estimate the water level (gauge pressure), the atmospheric pressure was removed from the measured 
signal.  The data were corrected using regional atmospheric pressure data from National Climatic Data 
Center (NCDC) Portland International Airport station. Subsequently, pressure data were converted to 
water surface elevation using the hydrostatic relationship based on the density of water.  In order to 
reference the tide gauges to a common vertical datum, tide data from each gauge were referenced to 
the NAVD 1988 vertical datum.  The tide gauges were surveyed to the instruments’ pressure port via a 
local benchmark.  Additionally, water surface elevation measurements were taken to provide a 
secondary means of referencing the water surface to NAVD 1988. 

Figures 3-8 through 3-9 show examples of the tidal observations from one of the tide data stations and 
from one of the ADCP gages.  Figure 3-10 shows a portion of the measured tidal observations during the 
deployment period for both locations within the Saco River.  During a typical day, one of the high tides is 
higher than the other, and one of the low tides is lower.  The spring and neap tides are also easily 
observed in the signal scale (Figures 3-8 and 3-9).  During spring tide, also known as a moon tide, the 
tidal range is approximately 11.5 to 12.0 ft (3.5 to 3.7 m).  However, during neap tide, the tidal range is 
reduced to approximately 7.0 ft (2.1 m).  The observations at the upstream tide gauges (red line) 
indicated that only minor tidal attenuation compared to the downstream observations (blue line) as the 
tide propagates upstream.  The tidal range at the upstream gauges is damped less than 0.6 ft (0.2 m), 
and the average daily reduction is even smaller.   

 

Figure 3-8.  Measured water surface elevation at Saco Pier (Gauge 52017). 
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Figure 3-9.  Measured water surface elevation at the offshore ADCP station. 

 

Figure 3-10.  Measured water surface elevation of Saco River, inland of the jettied channel and upstream at the Yacht Club 
(time-zoom). 
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3.3 ADCP Survey 

Tidal currents at selected locations in the river and offshore of Camp Ellis Beach were measured during 
approximately one complete lunar semi-diurnal tidal cycle (12.4 hours).  The observations were 
obtained using an Acoustic Doppler Current Profiler (ADCP) mounted to a survey vessel.  Six (6) transects 
were surveyed repeatedly, providing a resulting data set that provides a view of the temporal variation 
in spatial structure of tidal currents in the Saco River.  The collection of these data served two purposes: 

• Evaluation of the average tidal current magnitude in the vicinity of Camp Ellis Beach, and 
thereby the potential influence of tidal currents on the sediment transport rates and patterns in 
the nearshore zone.  If the tidal currents are sufficiently small, then the wave forces might be 
considered the dominant forcing mechanism for sand transport at Camp Ellis Beach. 

• Although not being directly evaluated in the present study, the tidal current measurements 
within the Saco River provide the ability to develop a hydrodynamic and tidal current sediment 
transport model of the Saco River estuary system.  This would include an estimated quantity of 
the amount of sediment delivered to the coastal region via the river. 

For a more detailed discussion of the ADCP survey effort refer to Appendix C, Section 6. 

3.3.1 Survey Region 

The survey was performed on May 14, 2003.  Six (6) transects were surveyed in the jettied channel and 
surrounding areas: a river transect across the channel inland of the jetties, a transect parallel to the 
north jetty along its southern side, a transect parallel to the north jetty on its northern side, a shore-
parallel transect north of the northern jetty, diagonally from the northern tip of the previous transect to 
the eastern tip of the northern jetty and a channel-perpendicular transect from the eastern tip of the 
north jetty to the eastern tip of the south jetty (see Figure 3-11).  These six transects formed a 
contiguous loop to observe the spatial and time varying current regime in the area.  Additionally, a 
seventh transect was surveyed to collect additional information during time periods when the tide level 
was too low to survey safely transects 3-5.  This seventh transect progressed along the jettied channel 
from east to west.   
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Figure 3-11.  Location of ADCP transects. 

3.3.2 Survey Results 

3.3.2.1 Color Contour Plots 
An example of the color contour plots have been provided as Figure 3-12 with the full set of color plots 
for each transect presented in Appendix 6-A of the WHG report (Appendix C).  A detailed description of 
the ADCP data collection effort and results can be found in Appendix C, Section 6.   The color contour 
plots represent measured conditions at the time of the survey.  Each pair of plots present the spatial 
structure of flow through the transect at a discrete time period.  Viewing a series of these plots for 
sequential intervals through a complete tidal cycle can offer a better understanding of how the spatial 
structure of flow varies with time. 
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Figure 3-12.  Color contour plots of north-south/east-west velocity (Transect 2 at 1:27 PM on 05/14/03).  

 3.3.2.1 Averaged Velocities 
The velocities at selected nodes across each transect were calculated for each time step.  Each transect 
was divided into eight (8) equal-length subsections; the center of each subsection was labeled 
individually as node 1 through node 8.  For each node, vertically- and horizontally-averaged (east and 
north) velocity components were calculated for each time step.  The vertical average of each ensemble 
consisted of the mean velocity for all valid bins.  The result of this averaging procedure was a series of 
values showing the average velocity magnitude and direction for each loop of transects.  In addition, the 
nodal averages included the average time of all ensembles in the subsection, average water depth of all 
ensembles in the subsection, and x-y position of each node.  The values for each contiguous loop were 
plotted as arrows on separate geo-referenced maps to show the spatial current characteristics during 
each time step.  An example plot has been shown as Figure 3-13 with a complete set provided in 
Appendix C, Sub-Appendix 6-B. 
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Figure 3-13.  Plan view of depth-averaged currents observed at all six (6) transects during an ebb tide. 

3.3.3 ADCP Summary/Result Discussion 

• The relative strength of the currents within the jettied channel (≤ 150 cm/s or 4.9 ft/s) exceeded 

at the seaward end of the channel (≤ 30 cm/s or 1.0 ft/s).  This feature is particularly obvious 
near the inland jetty site where channel-width reduction accelerates the flow (contraction flow) 
even further.  This feature is important in considering sediment transport within the system and 
more importantly transport of sediment out of the river system.  The flooding currents seem to 
favor a west to west northwest direction focused in the southern part, of the channel whereas 
the ebb currents favor a northeasterly direction in the northern part of the channel.  
Consequent dominant sediment transport out of the system likely removes sediment from the 
northern part of the channel and transport it to the northeast as it leaves the jettied channel. 

• The magnitude of the tidal currents in the nearshore vicinity north of the jetties is minimal.  This 
lack of significant tide-induced currents offshore of Camp Ellis Beach suggests that wave 
processes are the primary driver of sediment movement in the nearshore vicinity of Camp Ellis 
Beach. 
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3.4 Wave Data Collection 

The wave data were a critical component of the overall project and were used to provide an 
understanding of wave propagation within the vicinity of Camp Ellis Beach, as well as to provide 
calibration and verification data for the numerical wave transformation models.  Due to the complex 
bathymetry in the study area, accurate model calibration and verification required on-site information 
near these complex features (e.g., offshore islands, structures, rock outcrops, etc.).  The collection 
program used two bottom-mounted Acoustic Doppler Current Profilers (ADCP).  The ADCPs recorded 
directional wave information once every hour over a nine-week period.  The ADCPs also collected 
directional current information and water level elevation every 10 minutes.  The data collected by the 
two ADCPs were statistically evaluated and utilized to facilitate calibration and verification of the various 
wave transformation models (STWAVE, WAVAD, and CGWAVE) used in the numerical modeling portion 
of the project.  For more detailed information regarding the wave data collection refer to Appendix C, 
Section 7.  The results of the wave modeling that will utilize the wave data can be found in Section 5.   

3.4.1 Instrument Deployment 

The two bottom-mounted Acoustic Doppler Current Profilers (ADCPs) were deployed on March 12, 
2003.  Each ADCP instrument was secured to the ocean floor using a trawl-resistant mooring system 
(Figure 3-14).  The ADCP trawl mount was anchored to the sea floor via four (approximately 90 cm long) 
screw anchors.   

 

Figure 3-14.  ADCP fitted in trawl-resistant bottom mount. 

The Offshore ADCP was placed in the region seaward of Eagle and Ram Islands in approximately 56 ft (17 
m) of water at Mean Tide Level (Figure 3-15).  The ADCP operated at a frequency of 600 kHz and could 
resolve waves having a 2.9 second period and longer.  The deployment diver reported that the sea floor 
is a flat, featureless gravel bottom.  Observations made during retrieval of the ADCP did not indicate any 
measurable movement of the trawl mount during the recording period. 
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The second ADCP (Nearshore ADCP) was placed in the region landward of Eagle and Ram Islands in 
approximately 13 ft (4 m) water depth (Figure 3-15).  The deployment diver reported that the sea floor 
was a flat, featureless sand bottom.  Observations made during the retrieval of the ADCP showed that 
the platform was partially buried; however the ADCP head was not covered. 

 

Figure 3-15.  Approximate location of ADCP systems deployed offshore of Camp Ellis Beach. 

3.4.2 Wave Observations 

3.4.2.1 Offshore Wave Station 
The Offshore ADCP made measurements from 1400 hrs March 12, 2003 until 1000 hrs May 21, 2003.  
There was no data loss during the reporting period (100% data return).  About 97.85% of the data were 
usable.   

The data indicate that significant wave height values (Figure 3-16) ranged from 0.6 to 7.4 ft (17 to 226 
cm) during the reporting period.  The most common wave heights were in the range between 1.2 and 
1.6 ft (38 and 50 cm) (20.0%) and between 1.6 and 2.1 ft (50 and 63 cm) (19.0%).  Significant wave 
heights exceeded 3.3 ft (1 m) 19.2% of the time.  Peak wave periods (Figure 3-17) ranged from 3.0 to 
14.2 seconds, with the majority of wave periods (21.1%) located in a band from 8 to 9 seconds.  Of the 
remaining peak wave periods recorded, 48.6% of the time they were less than 8 seconds, and 30.3% of 
the time they were greater than 9 seconds. 

Waves approached the offshore ADCP location primarily from the ESE.  The largest percentage of waves 
came from the ESE (43.9%), with the second largest 22-degree band being from the SE (28.0%).  These 
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directions are expected for the time of year of the deployment, and based on the geometry of the site 
location within the Gulf of Maine. 

 

Figure 3-16.  Offshore ADCP station significant wave height time series. 

 

Figure 3-17.  Offshore ADCP station peak wave period time series. 

Figure 3-18 presents the directional distribution of wave height (cm) data (illustrated using a wave rose).  
The gray-scale sidebar indicates the magnitude of wave height, the circular axis represents the direction 
of wave approach (coming from) relative to North (0 degrees), and the extending radial lines indicate 
percent occurrence within each magnitude and directional band.  The most common wave approach is 
from the ESE.  Figure 3-19 presents a similar rose plot for the directional distribution of the peak wave 
period. 
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Figure 3-18.  Wave rose of wave height data at Offshore ADCP station (March- May 2003). 

 

Figure 3-19.  Wave rose of peak period data at Offshore ADCP station (March- May 2003). 

In order to evaluate some of the higher energy time periods that occurred during the deployment, wave 
events were defined.  For discussion purposes, higher energy wave events are herein defined as times 
when significant wave heights exceed 100 cm (3.3 ft) for more than 12 hours.  Six higher energy wave 
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events were observed at the offshore ADCP site during the deployment time period, as evidenced in the 
time series of significant wave height shown in Figure 3-16.  Table 3-1 details these events, including 
some of the pertinent event statistics. 

Table 3-1.  Wave events at offshore ADCP station (event threshold: Hsig > 100 cm for time >12 hours). 
Event ID 
Number 

Start of 
Event 

End of 
Event 

Time event 
exceeded 
threshold 
(hours) 

Mean 
Hsig 
during 
event 
(cm) 

Max Hsig 
during 
event 
(cm) 

Mean 
Tpeak 
during 
event 
(sec) 

Mean Peak 
Wave 
Direction 
during 
event 
(degrees) 

1 4/4/03 
12:00:00 

4/6/03 
06:00:00 

42 135 226 7.1 100 

2 4/8/03 
13:00:00 

4/13/03 
03:00:00 

110 119 152 8.3 110 

3 4/19/03 
23:00:00 

4/23/03 
14:00:00 

87 125 172 9.9 105 

4 4/26/03 
12:00:00 

4/27/03 
22:00:00 

34 158 210 7.2 116 

5 5/6/03 
20:00:00 

5/8/03 
13:00:00 

41 113 147 8.5 109 

6 5/12/03 
5:00:00 

5/13/03 
05:00:00 

14 115 140 7.0 102 

3.4.2.2 Nearshore Wave Station 
The nearshore ADCP made measurements from 1500 hrs March 12, 2003 until 1200 hrs May 21, 2003.  
There was no data loss during the reporting period.  However, only 97.2% of the data were usable, with 
the unusable data occurring when waves were quite small.   

The data indicate that significant wave height values (Figure 3-20) ranged from 0.5 to 3.8 ft (15 to 117 
cm) during the reporting period.  The greatest percentages of wave heights were between 0.8 and 1.2 ft 
(25 and 38 cm) (35.1%) and between 1.2 ft and 1.6 ft (38 and 50 cm) (20.4%).  Wave heights exceeded 
2.5 ft (75 cm) only 6.8% of the time during the deployment time period. 

Peak wave periods (Figure 3-21) ranged from 2.0 to 14.2 seconds, with the majority of wave periods 
(19.1%) located in a band from 8 to 9 seconds.  Of the remaining peak wave periods recorded, 40.3% of 
the time they were less than 8 seconds, and 40.7% of the time they were greater than 9 seconds (but 
less than 15 seconds). 

The nearshore ADCP depicted a wave environment that had little variation in approach direction over 
time (Figure 3-22).  Waves approached the nearshore station between northeast and east 87.5% of the 
time.  The greatest portion of those waves approached from the E (70.4%).  Compared to the offshore 
ADCP station, which had a relatively consistent wave approach from the ESE, the nearshore ADCP 
station indicates a consistent E and slightly NE approach direction.  Therefore, waves approaching the 



37 

 

Camp Ellis region appear to be transformed by the offshore island complex towards the Camp Ellis 
Beach area. Wave heights were reduced compared to the offshore ADCP station.  

 

Figure 3-20.  Nearshore ADCP station significant wave height time series. 

 

Figure 3-21.  Nearshore ADCP station peak wave period time series. 

Figure 3-22 presents the directional distribution of wave height (cm) data (illustrated using a wave rose).  
The gray-scale sidebar indicates the magnitude of wave height, the circular axis represents the direction 
of wave approach (coming from) relative to North (0 degrees), and the extending radial lines indicate 
percent occurrence within each magnitude and directional band.  The most common wave approach is 
from the ESE.  Figure 3-23 presents a similar rose plot for the directional distribution of the peak wave 
period. 
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Figure 3-22.  Wave rose of wave height data at Nearshore ADCP station (March- May 2003). 

 

 

Figure 3-23.  Wave rose of peak period data at Nearshore ADCP station (March- May 2003). 
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Again, in order to evaluate some of the higher energy time periods that occurred during the 
deployment, wave events were defined.  For discussion purposes, wave events are herein defined as 
when significant wave heights exceed 2.5 ft (75 cm) for more than 12 hours.  Four higher energy wave 
events occurred at the study site during the months of recording, as is evidenced in the time series of 
significant wave height shown in Figure 3-20.  Table 3-2 details these events, including some of the 
pertinent event statistics.  These four events are a subset of the six events that were measured at the 
Offshore ADCP.  The offshore ADCP measured two events in May 2003 that did not exceed the required 
thresholds at the Nearshore ADCP station. 

Table 3-2.  Wave events at nearshore ADCP station (event threshold: Hsig > 75 cm for time >12 hours). 
Event ID 
Number 

Start of 
Event 

End of 
Event 

Time event 
exceeded 
threshold 
(hours) 

Mean 
Hsig 
during 
event 
(cm) 

Max Hsig 
during 
event 
(cm) 

Mean 
Tpeak 
during 
event 
(sec) 

Mean Peak 
Wave 
Direction 
during 
event 
(degrees) 

1 4/4/03 
12:00:00 

4/6/03 
04:00:00 

40 81 115 7.5 85 

2 4/11/03 
15:00:00 

4/12/03 
12:00:00 

23 77 89 7.3 90 

3 4/20/03 
09:00:00 

4/23/03 
03:00:00 

66 74 89 10.3 86 

4 4/26/03 
16:00:00 

4/27/03 
15:00:00 

23 99 117 7.4 88 

3.4.2.3 Additional Wave Data 
The wave ADCP data collected during this project were compared to other available wave information in 
the area in order to ensure proper functionality of the observation systems.  This section presents a 
brief comparison of the observed wave data to the NOAA buoy located offshore of Portland.  Since the 
NOAA buoy does not record directional information, comparison is performed only between significant 
wave height and peak wave period. 

The NOAA buoy recorded a mean significant wave height of 2.9 ft (0.91 m) and a maximum of 8.4 ft 
(2.56 m) during this time period.  The time series of significant wave height as recorded by the NOAA 
buoy, as well as the Offshore ADCP and Nearshore ADCP, is presented in Figure 3-24.  The significant 
wave heights recorded by the ADCPs indicate a reduced magnitude, as expected due to typical energy 
losses and dissipation effects as the waves approach the shoreline.  Patterns in the significant wave 
heights are similar at all three locations, providing a good level of confidence in the observed data. 

The mean peak wave period recorded by the NOAA buoy was 7.6 seconds with a maximum of 12.5 
seconds.  Figure 3-25 shows peak period recorded by the NOAA buoy and both the Offshore and 
Nearshore ADCP.  The peak period also tracks well between the three locations.  Differences between 
locations occur when the wave height is small or immeasurable.  For example, during the time period 
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between approximately May 11 and May 13, the Nearshore ADCP observed minor wave heights, and 
subsequently non-representative wave periods. 

 

Figure 3-24.  Comparison of significant wave height - NOAA buoy 44007 and the two ADCP stations. 

 

Figure 3-25.  Comparison of peak wave period (sec) between NOAA buoy 44007 and the two ADCP stations during the 
deployment time period (March-May 2003). 

3.4.2.4 Current Observations 
Although wave observations were the focus of the field data collection program, the ADCPs were also 
programmed to resolve the water column into several elevation bins and determine the three 
components of the ambient current (u,v,w) within each bin.  Only the horizontal components of the 
surface current are analyzed in this report (u,v).   

For the Offshore and Nearshore ADCP gages, Figures 3-26 and 3-27, respectively, presents the 
directional distribution of current magnitude (cm/s) data (illustrated using a wave rose).  The gray-scale 
sidebar indicates the magnitude of the current, the circular axis represents the direction of current 
approach (coming from) relative to North (0 degrees), and the extending radial lines indicate percent 
occurrence within each magnitude and directional band.    For the Offshore gage, Figure 3-26 depicts a 
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general trend of current flow alternating between flows directed towards the Southwest and the 
Northeast due to the tidal fluctuations.  For the Nearshore gage, Figure 3-27 depicts significantly smaller 
and less organized currents than at the Offshorre ADCP station.  The average current magnitude 
collected at the nearshore location was 0.2 ft/s (5.5 cm/sec).  The maximum magnitude recorded at this 
location was 0.7 ft/s (20.3 cm/sec).   

 
Figure 3-26.  Rose plot of current observations at the Offshore ADCP station (March- May 2003). 

 

 
Figure 3-27.  Rose plot of current observations at the Nearshore ADCP station (March- May 2003). 
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3.4.3 Wave Data Summary 

Wave and current data were collected at target locations seaward and landward of the Eagle/Ram Island 
complex in order to assess accurately the wave transformations that occur due to the complicated 
physical nature of the islands and bathymetry in this region.  Wave data during the relatively short 
deployment period, recorded waves approaching Camp Ellis Beach were primarily unidirectional, 
approaching from an ENE direction, even when waves approach from the ESE seaward of the islands.  
The wave ADCP data were compared to existing NOAA buoy data to provide a level of confidence in the 
observed data.  The wave data were a necessity for calibrating and verifying the numerical wave 
transformation models.  Data were used extensively to validate model performance, as presented in 
later sections. 
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4.0 SHORELINE MAPPING AND SEDIMENT TRANSPORT  

4.1 Historical Shoreline Change Analysis 

A computer-based mapping methodology, within a Geographic Information System (GIS) framework, 
was used to compile and analyze changes in the historical shoreline position between 1864 (T-Sheet 
compiled from 1849 to 1879) and 1998 for Saco Bay.  The purpose of this task was to quantify changes 
in shoreline position using the most accurate data sources and compilation procedures available, and to 
characterize areas of erosion and accretion.  For a more detailed discussion of historical shoreline 
change refer to Appendix C, Section 3.  The shoreline change analysis does not include years beyond 
1998 because at the time the analysis was done under the Woods Hole Group contract (in 2003) the 
1998 ortho-rectified aerial photos were the latest available.  Since 2003 there have been other photo 
sets collected as well as USACE LIDAR data sets.  Unfortunately funds were not available to update the 
shoreline change mapping effort, and the lengthy delay beyond 2003 was obviously not envisioned by 
the PDT.  To help address this, a narrative description with figures has been provided for the changes to 
the system post 1998, in Section 4.1.3. 

4.1.1 Data Sources 

For this project, four primary sources of data were used to evaluate changes in shoreline position during 
the period 1864 (1849-1879) to 1998.  Shoreline data from 1864 (1849-1879) and 1944 were obtained 
from U.S. Coast and Geodetic Survey (USC&GS) historical T-sheets.  Data for the 1864 T-sheet was 
collected over a period of time ranging from 1849-1879 and 1864 was chosen as a mid-point timeframe 
for this data.  The shoreline data shown on these historical maps were surveyed using standard 
planetable surveying techniques.  The 1965 and 1977 shoreline data were obtained from aerial 
photography flown by Col-East, Inc and James W. Sewall Company, respectively, and were obtained as 
overlapping 9x9 inch images covering the Saco Bay study area.  The 1977, 1986, and 1995 shoreline data 
were obtained from aerial photography provided by the Maine Geological Survey and were obtained as 
overlapping 9x9 inch images covering Saco Bay.  Before shoreline position data from various years can 
be compared for quantitative analysis of shoreline change, the photographs (or shoreline positions) 
must be geo-referenced and corrected for distortion.  These corrections were accomplished utilizing 
computer aided cartographic mapping software. 

4.1.2 Discussion of Shoreline Change 

To evaluate trends in shoreline change at Saco Bay, various graphical representations have been 
developed.  Shoreline positions for each of the available dates between the period of 1864 and 1998 
were developed and an example figure is shown as Figure 4-1.  For the full set of Figures the reader is 
referred to Appendix C Section 3.   
 
Figure 4-1 shows the southernmost part of Saco Bay.  Negative values correspond to shoreline erosion, 
whereas positive values correspond to shoreline accretion.  These values represent the historic average 
shoreline change rate over the 134-year period.  Figure 4-1 indicates that the area directly north of the 
Saco River (Camp Ellis Beach) has experienced significant erosion for a distance of approximately 2,500 
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to 3,000 feet north of the northern jetty.  This erosion remained significant until approximately 1986.  
Subsequently, this region has remained relatively stable due to the placement of rock revetment and 
shoreline structures during the 1970s and 1980s.  The shoreline north of this 2,500 to 3,000 foot stretch 
has been stable throughout the time period evaluated; however in more recent times (after 1998) this 
area has also shown erosion likely due to increased storm events and the lack of available sediments 
from beaches to the south (Camp Ellis).  A sandbar emanating from the north jetty melds to the 
shoreline at the approximate location where the shoreline erosion begins to taper off.  This bar, formed 
since the construction of the jetties, may be a potential sediment transport pathway for sand moving 
from south-to-north around the jetty. 

 
Figure 4-1.  Historical shoreline positions and change rates (linear regression) from 1864-1998 for the region near the Saco 
River. 

Figure 4-2 presents the shoreline positions and change rates for the area north of Camp Ellis Beach, 
containing Ferry Beach and Bay View.  Although this stretch of shoreline has been relatively stable 
during the time period evaluated (up to 1998), erosion in this area has increased recently due to storm 
events and the lack of available sediment from the beaches directly to the south (Camp Ellis).  Shoreline 
change rates indicate slight accretion, with a stable point at the salient landward of Eagle Island.  This 
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salient feature may also reduce wave energy on both sides of the salient, producing areas more 
susceptible to accretion. 
 
Figure 4-2 displays the rates of shoreline change computed using the end-point (dotted line) and linear 
regression (solid line) methods for the entire time period of 1864 to 1998.  The x-axis indicates the rate 
of shoreline change, where positive values indicate accretion, and negative values indicate erosion.   In 
general, the transect numbers increment from south to north and Figure 4-5 presents the shoreline 
change rates for the entire Saco Bay region.  The figure shows that the end-point and linear regression 
methods yield similar rates of change.  This similarity is an indication that the changes in shoreline 
position have been linear and steady through time and that there is little temporal variability in the data 
throughout the 134-year period at a given location.  The only significant erosion within the entire Bay is 
at Camp Ellis Beach.  Moderate accretion is evident at Goosefare Brook, the region directly south of the 
Saco River, and the area directly west of the Scarborough River. 
 
To better define the shoreline morphology related to time period, the response of the shoreline was 
examined during different time intervals.  The discussion of the historical shoreline change analysis was 
broken into both a historical (1864-1944) and contemporary (1944-1998) time period to compare the 
shoreline response to the overall shoreline change trends (1864-1998).  Figure 4-3 presents the historic 
(red line), contemporary (green line), and overall (blue line) shoreline change rates for Saco Bay.  In 
general, patterns and trends of erosion and accretion remain the same over all three time periods. 
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Figure 4-2.  Shoreline change rates calculated using the linear regression (solid line) and end point methods (dotted line) for 
the period of 1864-1998.   
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Figure 4-3.  Shoreline change rates calculated using the end point method for the time periods of 1864-1944 (red), 1944-1998 
(green), and 1864-1998 (blue).   

4.1.3 Shoreline Change Discussion – Post 1998 

As discussed in Section 4.1, the shoreline change/mapping did not extend past 1998 due to the 
aforementioned reasons.  To help address the changes since 1998 the below narrative has been 
provided and as well as figures. 

Since 1998, the study area has undergone significant changes that have had severe negative impacts to 
the shoreline and the properties along the coast.  The loss of beach in front of the “temporary” 
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revetment structures discussed in Section 1 has been significant.  As shown in Figure 4-4 and 4-5, which 
are 2003 and 2010 aerial photos, respectively, taken from Google Earth, the entire dry beach has been 
lost in the southern area.  During the early 2000 time frame the southern part of the study area had a 
dry beach at mid tide and today there is no dry beach at any tide.  This has been witnessed in the field 
by the PDT and it has steadily worsened through the lengthy study period.  The limiting factor in 
comparing the photos is tide height but as highlighted there is evidence of beach loss.   

Significant changes have also occurred to the northern area of the study.  In the time frame of 2002 to 
2005 (when most of the Wood Hole Group work was done), the acute erosion problem extended 2,500 
feet to the north of the North Jetty.  This was the original focus area of the project during the most 
recent study period (post 2002).  Since that time, the erosion problem has migrated to the north, which 
necessitated lengthening the project study area to 3,250 feet north of the North Jetty.  This 750 foot 
increase in project length is a 30% increase.  It is theorized that the reason the problem has been 
migrating further to the north is that the available sand for transport to the north has largely been 
removed from in front of the temporary revetments to the south and therefore sand is now being 
removed from further north.  Basically with the Saco River sand source being cut off, the area at the 
southern end of the project became the sand source for the system, and that has now been depleted.  
As discussed in Section 4.2.3, the sediment flux potential is very significant in this area.  The changes to 
the northern over the last decade are very noticeable when looking at Figures 4-4 and 4-5.  The beach 
width has been dramatically reduced, a road has been lost, trees that are evident in 2003 are not 
evident in 2010, the temporary revetment was severely damaged, repaired, and lengthened with 
geotubes, and the dune line has been eroded (shown in Figure 4-6 as well).  To highlight the dune loss at 
the northern end of the project the dune/vegetation line was mapped in Google Earth from a 1998 
photo and for the 2010 photo.  The results are shown in Figure 4-6.  As shown there has been an 
approximate 40 foot retreat of dune in the last 12 years.  That is an erosion rate of 3.3 feet/year.  This 
area had been stable to accretionary, as shown in Section 4.1.3, but now is experiencing the loss rate 
experienced in the past in the southern area of the project (as discussed in Section 4.1.3).   
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Figure 4-4. Google Earth Aerial Photo 2003 – Pre- recent changes highlighted. 
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Figure 4-5. Google Earth Aerial Photo 2010 – Post-changes highlighted. 
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Figure 4-6. Dune line erosion 1998 to 2010 and feature changes – Google Earth Photo 2010. 
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To further highlight the impacts to the north end of the project, where the most dramatic changes have 
occurred, Figures 4-7 to 4-11 have been provided.  The figures show the north end before damage and 
post damage through several different cycles of repair to the road, houses, and revetment.  The photos 
cover from 2005 up to 2010.  The photos are all looking north from within the north end of the project 
area.  It can be seen in the figures, through time there has been extensive damage, the road was 
abandoned, the “temporary” revetment failed, geotubes were added to the north end of the revetment, 
and dune line has retreated significantly.  Figure 4-10 is particularly telling with the damage shown.  It 
reiterates the point that the areas that are “protected” from the “temporary” revetments are still very 
vulnerable, and that the revetments are not designed or constructed for long term protection.  The level 
of protection from these structures is uncertain and very unreliable. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-7. North end of the project looking north following  a storm – road is damaged. 
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Figure 4-8. North end of project looking north (2006) – road is repaired but closed to traffic. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9. North end of the project – road lost (February 2007). 
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Figure 4-10. North end looking north - post storm April 2007. Destroyed road, houses and utilities and damaged revetment. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-11.  North end of project looking north (2010) - geotubes in place, the road is lost, trees are lost, dune is eroded. 
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4.1.4 Shoreline Movement Summary 

An analysis of historical shoreline change was performed for an 8-mile shoreline segment along Saco 
Bay, Maine.  The data used to compile the analyses were derived from aerial photography, historical 
maps, and digital ortho-photographic quads.  Rates of historical shoreline change were calculated at 265 
shore-normal transects from Biddeford Pool to Prouts Neck. 
 
Between 1864 and 1998, the shoreline accreted adjacent to the southern jetty in Saco Bay.  Accretion 
rates along this stretch ranged from +0.74 ft/yr at transect 32 to +4.3 ft/yr at transect 38, adjacent to 
the southern jetty.  Between 1944 and 1998 the shoreline accreted more rapidly at rates exceeding 5 
ft/yr.  A small erosional area exists at Hills Beach (at approximately transect 25).  Rates of erosion in this 
region are approximately -1 ft/yr. 
 
The shoreline adjacent to the northern jetty (Camp Ellis Beach) experienced significant erosion.  The 
shoreline between 1864 and 1998 eroded at rates between -3.4 ft/yr (at transect 41) and -0.2 ft/yr (at 
transect 53).  The more contemporary time period (1944-1998) shows continued erosion, but at a 
reduced rate (approximately -1.0 ft/yr and less).  This relative stabilization is primarily due to man-made 
intervention in the form of heavy structural stabilization (seawalls, revetments, etc.) and sand 
nourishment efforts in this area (placing sand dredged from the Saco River in the beach). 
 
Between transects 53 and 101, the area between Ferry Beach and Bay View, there is a relatively stable 
section of shoreline from 1864 to 1998.  Here shoreline change rates range from -0.2 ft/yr to +0.9 ft/yr.  
However, in the more contemporary time period, the shoreline becomes erosive, with rates averaging 
approximately -1 ft/yr.  This may be due to the reduced sediment supply that is available for transport to 
this region from Camp Ellis Beach. 
 
Between 1864 and 1998, a seaward growth of the shoreline occurred in the northern portion of the bay, 
and most notably closer to the area of Scarborough Inlet.  This region has experienced accretion 
throughout the entire 134-year study period with accretion rates reaching +3.5 ft/yr.  For recent history 
(1944-1998) a similar trend, with an increased magnitude, exists. 
 
In general, in more recent history mapped (1977-1998) the entire Saco embayment (except for the study 
area) is experiencing shoreline accretion at reduced rates than during the historical time-period from 
1864 to 1998.  This may indicate a paucity of sediment supply compared to historic time periods, as less 
sand has been delivered from the Saco River to the beaches since the jetties (specifically the northern 
jetty) does not allow the sediment to be transported to the beach. 
 
During the last decade (1998 to 2010), the shoreline mapping was not updated for the reasons provided, 
but based on the witnessed changes, the Google Earth photos, dune line mapping in Google Earth, and 
the changes/damages/destruction documented in the provided photos, the project area has continued 
to experience beach loss and the erosion problem has now migrated further north into areas that had 
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been stabile or accretionary.  It is theorized that the available sand for transport form the south end of 
the project has been depleted which has caused the more northerly erosion problem. 

4.2 Sediment Transport – Without project 

This section evaluates the regional sediment transport within Saco Bay, the local sediment transport in 
the vicinity of Camp Ellis Beach for without project conditions.  For with project conditions, sediment 
transport, will be discussed in Section 7.2 of this appendix.  The wave modeling effort used to support 
this analysis will be discussed in Sections 5.3 and 7.1 of this appendix.    For greater detail refer to 
Appendix C, Section 12. 

4.2.1 Grain Size Analysis 

As part of the sediment transport analysis grain size was investigated by both WHG and by USACE.  
During the WHG effort, a total of 7 surface grab samples were collected during a site visit on October 7, 
2003, Samples were collected along the coastline of Saco Bay and analyzed to determine the sediment 
distribution throughout the region.  An example of the grain size data curves can be seen in Figure 4-12 
with the grain size data provided as Table 4-1.  For a full discussion of the WHG grain size analysis effort 
the reader is referred to Appendix C, Section  12.1. 
 

 
Figure 4-12.  Comparison of sediment samples from locations along Saco Bay shoreline.  The lower x-axis indicates the grain 
size in mm, while the upper x-axis shows the standard sieve sizes. 

Table 4-1. Table of Sediment Properties for Saco Bay samples. 

Sample Location d5 
[mm] 

d16 
[mm] 

d50 
[mm] 

d84 
[mm] 

d95 
[mm] 

 
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1  Adjacent to existing spur jetty 0.58 0.63 1.08 1.73 1.91 +0.65 

2 South of northern jetty 0.15 0.28 0.63 0.97 1.54 +1.01 

3 North of northern jetty 0.19 0.30 0.60 0.90 1.34 +0.87 

4 Camp Ellis Beach 0.37 0.60 1.43 2.63 3.54 +1.08 

5 South of Goosefare Brook 0.51 0.56 0.74 1.15 1.71 +0.55 

6 North of Goosefare Brook 0.28 0.37 0.55 0.96 1.48 +0.74 

7 Scarborough 0.14 0.17 0.29 0.46 0.60 +0.71 

 
A general fining of sediment is observed from south to north.  As such, the median grain size is finer at 
the northern end of littoral cell (Scarborough) than it is at the southern end (Camp Ellis).  This will 
support the north to south sediment transport direction that was found and that will be discussed later 
in this section. 

4.2.2 Methodology 

Sediment movement in the coastal zone, as well as the effects of coastal structures on shoreline 
processes, can be estimated by using various types of sediment transport models.  These models may 
differ in their detail, in their degree of representation of the physics, in their complexity, and in other 
manners.  All models also have a certain level of uncertainty since predicting sediment transport in a 
dynamic coastal environment is inherently difficult.  Although no single model of sediment transport 
may be fully representative of all conditions, these sediment transport models still provide a useful tool 
for analyzing the effects of structures on local coastal processes.  The sediment transport model 
presented used by WHG is a process-based model of the regional sediment transport trends in the 
presence of time-variable (in direction and height) waves.  The model was developed by WHG. 
  
The sediment transport model itself consists of a hydrodynamic component (to determine the wave-
induced currents) and a sediment transport component (to quantify the amount of sediment moved by 
the wave-induced currents).  The hydrodynamic component is based on a standard set of equations that 
are widely accepted and generally used, more specifically known as the steady-state depth-averaged 
mass and momentum equations for a fluid of constant density.  These equations are standard in many 
surf zone applications (e.g., Mei, 1983) and provide a state-of-the-art representation of the alongshore 
current.  The sediment transport component is based on a recent peer-reviewed and published 
formulation by Haas & Hanes (2004), which has been shown to be consistent with recent complex 
formulae for wave-driven sediment transport and with the Coastal Engineering Research Center (CERC) 
formula for the total (laterally-integrated) alongshore sediment flux in the limit of a long straight beach 
subject to waves that are uniform alongshore.  For a much more detailed explanation of the model the 
reader is referred to Section 12.3 of Appendix C. 

4.2.3 Regional Sediment Transport 

The regional wave modeling results (Section 5.2) were used as input into the non-linear sediment 
transport model.  Wave results from each of the average annual directional spectra bin simulations were 
used to develop the complete summary of sediment movement for various wave conditions.  Sediment 
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transport results were also combined to define the average annual sediment transport regime 
throughout the Saco Bay region. 
 
Sediment flux represents the potential rate of sediment moving along the coast, where negative values 
indicate movement towards the north (from bottom to top of the figure) and positive values indicate 
movement towards the south (from top to bottom of the figure).  This rate is presented in units of m3/yr 
and can be used to quantify the annual sediment transport in reaches within Saco Bay.  Subsequently 
the flux divergence is calculated, and indicates areas of erosion and/or deposition.  A flux divergence 
represents erosion, while a flux convergence represents accretion.  These calculations all assume that 
sediment is available for transport on the beach.  If the shoreline is armored, or doesn’t have a sediment 
source readily available, then the sediment transport rates are meaningless.  Therefore the rates are 
likely conservatively high as they assume an infinite supply of sediment, and do not account for 
morphologic changes to the shoreline. 
 
Figure 4-13 presents the average yearly sediment flux and flux divergence.  The sediment flux indicates 
an average annual longshore transport rate to the north.  However, the magnitude of the transport 
varies throughout the domain.  A region extending from just north of the navigational structures to 
approximately 3 km to the north averages approximately 32,700 to 65,000 yds3/yr (25,000 to 50,000 
m3/yr) towards the north.  Increases in flux can be seen directly adjacent to the northern jetty, and 
landward of Eagle Island at the 3 km alongshore location.  The flux divergence in this area would 
indicate a general trend towards shoreline erosion over this reach.  In the center of the bay, extending 
approximately 3 km, the average annual sediment flux rate is small.  This is a region that gross transport 
direction shifts depending on the angle of the incoming wave field, and generally are equivalent.  There 
is a small net northward transport rate of 13,000 to 27,000 yds3/yr (10,000 to 20,000 m3/yr) and the flux 
divergence indicates a stable stretch of coastline. This reach of shoreline is generally not prone to 
erosion or accretion, and remains relatively stable under average annual conditions.  This was also 
indicated in the historical shoreline change analysis (Section 4.1).  The northernmost region of the bay is 
strongly influenced by the Bluff and Stratton Island complex and there are major fluctuations in both the 
sediment flux and divergence.  The average sediment transport rate in this region is 52,000 yds3/yr 
(40,000 m3/yr) towards the north, with peaks of 92,000 yds3/yr (70,000 m3/yr) towards the north.  
However, these regions of sediment flux (and subsequently, accretion and erosion) likely change daily 
based on the incoming wave climate, and some of this fluctuation may be minimized (i.e., these smaller 
fluctuations might not be real).  Gross sediment transport rates vary significantly for the various average 
annual approach directions, and reach maximums of 392,000 to 450,000 yds3/yr (300,000 to 350,000 
m3/yr).   
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Figure 4-13.  Annualized sediment flux and divergence for Saco Bay. 

4.2.4 Sediment Budget – Sand Source 

As mentioned in Section 2, the purpose of the Section 111 project is to determine if there are negative 
impacts from the Federal Navigation Project at Camp Ellis in Saco Maine, to determine the level of 
impacts from the project, and develop mitigation alternatives for negative impacts.  As will later be 
discussed in Section 5.3, it was determined that the Jetties do cause significant impact to the adjacent 
shoreline through wave reflection off of the North Jetty and to a lesser degree Mach Stem effects along 
the North Jetty.  In addition to impacts of the jetties on the wave climate, a concern of the stake 
holders, and to USACE, was the impact upon sediment supply to the Saco Bay littoral cell.  Given the 
very long jetties, and the depth at which the jetties terminate, 20+ feet, it is unlikely any significant 
volume of sand is making it from the Saco River onto the southern Saco Bay beaches or from the 
beaches into the federal channel.  Based on recent maintenance dredge records, 45,000 yds3 to 87,000 
yds3 has been dredged every 9 to 14 years from the federal channel so it is apparent the project is 
capturing sand that would have made it to the beaches without a project.  In all likelihood the only sand 
making it from the Saco River onto the Saco Bay beaches is dredged sand from federal navigation 
channel maintenance efforts.  The volume that has been placed on the beach in the study area has 
varied since maintenance dredged sand has been split with approximately 50% going to Camp Ellis study 
area and 50% going to the Biddeford area (south of the jetties). Additionally, sand from project 
improvement efforts has also been placed on the beach as well.  For planning consideration, given the 
maintenance records, it has been estimated that up to 80,000 yds3 from the navigation channel could 
potentially be placed in the project area every ten years.   
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4.2.4.1 Sand Budget Report 
Knowing the volume of dredged material placed from maintenance activities was helpful to the project, 
but was not adequate for determining the volume of sand the federal navigation channel and jetties was 
preventing from reaching the beach.  Basically the answer that was needed is how much sand was 
coming down the Saco River and being prevented from migrating onto the Saco Bay beaches.  This was a 
complicated task when considering the amount of effort needed to determine this value.  It is 
additionally complicated when trying to figure out how much sand is coming down the river now with 
the several dam projects installed along its length.  Fortunately for the project, a sand budget for Saco 
Bay and the Saco River input was performed and published in Marine Geology International Journal of 
Marine Geology, Geochemistry and Geophysics in 2004 under the title “Sand Budgets at Geological, 
Historical and Contemporary Time Scales for a Developed Beach System, Saco Bay, Maine, USA.  The 
authors of the paper and their affiliations have been provided below to demonstrate the knowledge 
source of the paper and the information: 

• Joseph T. Kelley – Department of Earth Sciences, University of Maine 

• Donald C. Barber - Bryan Mawr  College, Department of Geology  

• Daniel F. Belknap – Department of Earth Sciences, University of Maine 

• Duncan M. FitzGerald – Boston University, Department of Geology 

• Sytze van Heteren - Boston University, Department of Geology 

• Stephan M. Dickson - Maine Geological Survey 

In the paper, a sediment budget was worked up for Saco Bay and for the contributions from the Saco 
River.  In the report, it was concluded that the Saco River contributed, or should contribute between 
13,000 yds3 to 22,000 yds3 of sand per year to the Saco Bay beaches.  Most of the sand would normally 
be transported during the spring snow melt/rain runoff events, or also known as the spring freshet.  The 
paper also discusses the impacts of the jetties and the prevention of sand reaching the southern 
beaches in Saco Bay.  Upon review of the paper, USACE agrees, in general with the papers findings 
regarding sand volumes from the Saco River and the conclusion that the jetties prevent sand from 
reaching the southern Saco Bay beaches.  This conclusion was generally accepted by USACE before the 
paper was published.  

4.2.4.2 Federal Sand Volume Responsibility 
With the Saco River sand volume contribution determined in the previous section, the Corps was able to 
reach a conclusion on how much sand the federal government was responsible for to mitigate for the 
negative impacts from the federal navigation project.  Basically, the federal government, through the 
USACE, is responsible to place between 13,000 yds3 to 22,000 yds3 of sand per year.  If the dredging 
activities continue into the future and the 80,000 yds3 per ten years is placed on the beaches (8,000 
yds3/yr) then the Corps needs to place an additional 5,000 yds3 to 14,000 yds3 per year to address the 
sand deficit caused by the federal navigation project.   
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5.0 WAVE MODELING  

5.1 Generation-Scale Wave Modeling  

5.1.1 Wave Model Used 

The goal of the generation-scale modeling for Camp Ellis Beach was to simulate wave growth, 
dissipation and propagation in deep-water for use as input into the regional wave transformation 
modeling (Chapter 9.0).  The results from this effort would be used to provide information at the higher 
resolution near shore transformation model offshore boundary condition during the 
calibration/validation process.  A spectral wave model, WAVAD (Resio, 1990), was used for the 
generation-scale modeling.  The model used input wind fields as the primary generating force for deep-
water waves.  The model output included wave spectra at equi-spaced points within the area of interest.  
All wave parameters, such as significant wave height, frequency of the spectral peak, and mean wave 
direction, were computed within these discrete elements. 

5.1.2 Input Winds 

The model used wind fields as the primary generating force for deep-water waves.  The wind fields were 
created using the data from the National Aeronautics and Space Administration’s QuikSCAT satellite 
(Figure 5-1).   
 

 
Figure 5-1.  Example QuikSCAT wind field.   
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Wind speeds recorded at the nearshore buoy and the winds recorded at Portland International Jetport, 
ME were used to fill in the missing wind information in the shallow water regions.  Ultimately, the 
nearshore region was more accurately simulated using the higher resolution nearshore transformation 
models such that the coarse resolution, wave generation model was not used in the nearshore region. 

5.1.3 Bathymetry and Grid Generation 

The WAVAD model required specification of bathymetry at each point in the computational grid.  A 
series of two nested grids was applied to simulate the time period spanning the deployment of the two 
ADCPs.  The larger grid has a resolution of 0.25 decimal degrees (17.3 miles), whereas the nested grid 
has a resolution of 0.05 decimal degrees (3.5 miles).  Water depths within the grids were determined 
from the 30-arc second digital bathymetry constructed by the Coastal and Marine Geology Program of 
the United States Geological Survey (Figure 5-2).   
  

 
Figure 5-2.  Digital bathymetry for the Gulf of Maine (http://woodshole.er.usgs.gov/project-pages/oracle/gomaine/bathy/) 

The deep-water wave model used a rectangular grid. For simulations requiring finer resolution, the 
offshore wave model had a nesting capability.  This nesting allowed the user to reduce the 
computational overhead of fine mesh calculations by utilizing a sequence of nested grids, each having a 
resolution finer than the preceding.  An example of a grid has been provided as Figure 5-3.  
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Figure 5-3.  Nested WAVAD model grid. 

5.1.4 Model Calibration and Results 

Calibration of the wave model required an ability to compare observed wave heights with the modeled 
wave heights during the same time period.  The generation scale model was calibrated through 
comparison to NOAA buoy data (locations shown in Figure 5-3) observed within the model region.  The 
model was used to simulate the entire time period corresponding to the deployment measurements 
from the ADCPs (March 12, 2003 through May 21, 2003).  Figure 5-4 shows a comparison between the 
modeled and the measured wave height and the modeled and measured wind speed during the 
deployment time period for the larger grid results and buoy 44011.  Both the wave height and wind 
speed comparisons at Buoy 44011 show reasonable agreement during the entire time period.  The 
overall trends in wave height are well identified, especially considering the input wind fields are only 
generated at 12-hour time steps.  Figure 5-5 presents the calibration results compared to observations 
at NOAA buoy 44005.  Again, the overall trends in wave height are well identified during the entire time 
period.  The generation-scale model does have some difficulty resolving lower wave energies, 
corresponding to low wind time periods.  Figure 5-6 presents the calibration results compared to 
observations at NOAA buoy 44007.  Again, at this most shallow observation station, the overall trends in 
wave height are well identified during the entire time period.  At this site, as at buoy 44005, the 
generation-scale model has difficulty resolving lower wave energies, corresponding to low wind time 
periods.  Table 5-1 presents a summary of the error statistics (bias and RMS error) for the generation-
scale wave modeling simulations based on the NOAA buoys.  Although the errors appear larger than 
may be acceptable at the nearshore buoy locations, higher-resolution regional wave modeling (Section 
5.2) was used for the near shore area to better resolve the wave conditions.  
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Figure 5-4.  Comparison of modeled and measured wave height and wind speed at NOAA Buoy 44011. 

 

 
Figure 5-5.  Comparison of modeled and measured wave height at NOAA Buoy 44005. 
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Figure 5-6. Comparison of modeled and measured wave height at NOAA Buoy 44007. 

Table 5-1. WAVAD wave height model errors based on NOAA Buoys. 
NOAA Buoy Bias (m) RMS Error (m) 
44011 0.09 0.84 
44005 -0.32 0.68 
44007 -0.24 0.62 

5.1.5 Significant Wave Events 

In addition to the overall comparison of waves during the entire deployment time period, two distinct 
higher energy wave events were evaluated to determine the efficacy of WAVAD in determining wave 
height and spectra evolution during potential storm events.  Figure 5-7 presents the details on the 
passage of one event.  The top two panels present the modeled and measured wave height record at 
NOAA Buoy 44005 and Buoy 44007 (the buoys located closer to shore) during the specific time period of 
the event passage.  Both of the modeled buoy locations indicate reasonable and acceptable agreement 
with the maximum wave height as recorded at the respective NOAA buoys.  However, there is a slight 
difference in the time at which the storm peak occurs.  The difference in the peak of the wave event (or 
the time offset) that occurs between the modeled and measured ware data is likely due to the inability 
to resolve the input wind conditions at temporal resolution greater than 12 hours and the time offset 
associated with the satellite’s ascending and descending passes.  However, based on the shape of the 
modeled and measured events, the model does represent wave growth and decay at the correct rates 
and correctly predicting the energy was important.  The time series showing the passage of the event 
indicates that an energetic event is capable of pushing energy into lower frequencies as the event 
intensity increases.  This movement of energy, from higher to lower frequencies, is a good indication 
that the model is representing spectral development and wave height increases (growth) correctly. 
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Figure 5-7.  Evaluation of a higher energy event spanning April 01, 2003 – April 08, 2003, comparing modeled and measured 
wave heights and wave energy spectra.  Upper left panel shows panel model versus buoy 44005; upper right panel shows 
model versus buoy 44007; lower left panel shows peak modeled wave spectrum; lower right panel show time series wave 
energy spectra. 

5.1.6 Summary 

Because of the lack of temporal and spatial similitude between locally observed wave information and 
available wave data sources, a generation-scale wave model was required to develop input into the 
detailed, shallow-water transformation-scale (regional) wave model.  The generation-scale numerical 
model used satellite observed wind fields as input and was calibrated and verified using local point wave 
observations.  The calibration between the measured and modeled wave heights was visually successful 
and quantifiable error statistics were within acceptable bounds for this scale of modeling.  In addition, 
assessment of specific high-energy storms during the deployment time period indicated energy transfer 
across frequency bands during the passage of an event.  This spectral information was only used as input 
conditions for validation of the regional-scale modeling effort.  Additional wave data sources (e.g., WIS 
Data) were used to simulate long-term wave impacts on the Camp Ellis shoreline. 
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5.2 Regional Wave Modeling 

The offshore wave climate during the time of the deployment was determined in Section 5.1.  However, 
in order to evaluate local sediment transport pathways, as well as to assess impacts and identify 
potential alternatives to mitigate the erosion at Camp Ellis Beach, an understanding of the regional wave 
climate is required using a more refined wave model. This section evaluates the transformations waves 
experience as they propagate towards the coastline.  A spectral wave model was used to propagate 
random waves from offshore to the nearshore region and investigate potential changes to the wave 
field caused by the bathymetry.  So while the generation-scale wave model was used to develop the 
offshore wave climate for the time period when nearshore wave conditions were observed, the 
transformation-scale (regional) wave model was used to propagate and transform waves into the Saco 
Bay region for the wave observation time period and longer-term average conditions and storm events.  
Subsequently, results from the transformation-scale (regional) model are used to drive the nearshore 
models (Section 5.3), which is used to directly evaluate the nature of the waves specifically in the Camp 
Ellis region. 

5.2.1 Wave Model Description 

The spectral wave model STWAVE version 3.0 (Smith, Sherlock, and Resio, 2001), developed by the U.S. 
Army Corps of Engineers Waterways Experiment Station, was employed to evaluate changes in wave 
propagation across the nearshore region fronting Saco Bay beaches.  STWAVE is a steady state, spectral 
wave transformation model, based on a form of the wave action balance equation of Jonsson (1990).  
STWAVE simulates the behavior of a random sea surface by describing wave energy density as a function 
of direction (directional spectrum) and frequency (frequency spectrum).  The two-dimensional wave 
spectrum is discretized into separate wave components, which constitute an essential part of the input 
for STWAVE.  Through a combination of the various wave directions and frequencies, STWAVE is able to 
simulate the behavior of a natural, random sea.  Using the generation-scale wave modeling results for 
validation and existing wave data offshore of Saco Bay for developing appropriate offshore wave 
conditions, input data was generated to specify the wave boundary conditions.  Then, using local 
bathymetry to create an accurate grid, the model was able to propagate waves within the Saco Bay 
region. 

5.2.2 Bathymetry and Grid Generation 

The transformation-scale (regional) modeling used digital bathymetry from the National Ocean Service 
(NOS), combined with 1-m LIDAR data, and a high-resolution nearshore bathymetric survey conducted 
near the mouth of the Saco River on May 13 and 15, 2003 (Section 3.1).  Existing National 
Oceanographic and Atmospheric Administration (NOAA) data were obtained from the National Ocean 
Service (NOS) Office of Coast Survey Hydrographic Survey Geophysical Data System (GEODAS).  These 
bathymetric surveys were combined to define the region offshore of Saco Bay.  The compilation of these 
surveys was used to provide data for grid creation in the offshore regions (Figure 5-8).   
 
 



68 

 

 

Figure 5-8.  Bathymetric grid used for the STWAVE modeling (meters MTL). 

5.2.3 Wave Characteristics and Input Spectra  

Transformation wave modeling can only be as accurate as the input data; therefore, a key component of 
accurate wave modeling is the analysis and selection of input wave data.  Figure 5-9 presents the 
location of the existing wave data sources in the vicinity of Saco Bay.  These data sources include: U.S. 
Army Corps of Engineers (USACE) Wave Information Study (WIS) time series of wave data and wind data, 
National Oceanographic and Atmospheric Administration (NOAA) wave buoys and Gulf of Maine Ocean 
Observing System (GoMOOS).  Both these data sources (NOAA and GoMOOS) consist of non-directional 
wave information.  Due to the directional limitations of the existing buoy information, the Wave 
Information Study (WIS) time series of wave data and wind data was used to describe the wave climate 
offshore the Saco Bay region.  WIS, performed by the U.S. Army Corps of Engineers (USACE), has met a 
critical need for wave information in coastal engineering studies since the 1980s and is widely accepted 
for design purposes for United States shorelines by many coastal engineers and scientists.  Whereas the 
generation-scale wave modeling presented in Chapter Section 5.1 provides the wave climate during the 
time of the instrument deployment, the WIS data sets offers a long-term synopsis of the wave climate 
offshore of Saco Bay.   
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Figure 5-9.  Location of existing wave observations and hindcast positions within the Gulf of Maine.  The two triangle 
markers in the nearshore region represent the wave data collected for this study. 

Figures 5-10 presents the distribution of significant wave height (illustrated using a wave rose plot) for 
WIS station Au2099 (99).  The figure for station 99 is similar to the figure for station 36 so it was not 
shown.  The primary clustering of wave directions tends to be propagating towards the shoreline from 
the east-southeast, with a less frequent, but larger energy component arriving from the northeast and 
south-southwest, likely due to northeasters and hurricanes, respectively.  Therefore, the longshore 
sediment transport clearly cannot be defined by one single wave value, but rather is a compilation of a 
wide variety of waves that drive sediment movement both in the northward and southward directions 
along the shoreline in Saco Bay.  WIS station 99 is a preferred choice for development of wave input 
conditions due to the proximity to the shoreline.  Since the two WIS stations illustrated limited 
differences, Station 99, positioned near the offshore boundary of the model domain was used to 
develop annualized conditions. 
 
As a reminder, the results of the wave transformation-scale (regional) modeling will explore the changes 
that occur to the wave distribution as they propagate towards the coast, and specifically in the vicinity 
of Camp Ellis Beach.  The transformation-scale (regional) wave modeling evaluates the propagation of 
these wave fields into the Saco Bay region. 
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Figure 5-10.  Twenty-year averaged wave rose for WIS Station 99. 

5.2.4 Regional (Transformation Scale) Model Validation 

Prior to using the model to transform long-term wave climate information into the Saco Bay region, the 
transformation-scale (regional) model was validated to ensure adequate performance of the 
transformation-scale (regional) model.  Two-dimensional spectral output from WAVAD (generation-
scale) (Section 5.1) was used directly as input into STWAVE for validation purposes.  STWAVE was used 
to simulate the entire deployment (March-May 2003) time period (during which the waves were 
observed).  Wave model results were compared to the wave measurements from the two nearshore 
ADCP systems to verify the performance of the model.  Figures 5-11 shows a comparison of the modeled 
(green) and measured (black) wave heights at the nearshore ADCP site.  The results for the offshore 
gage were not shown since they were similar.  Figure 5-12 shows a comparison of the modeled (green) 
and measured (black) wave directions for the nearshore ADCP station.  In general, the model predicts 
the correct directional approach; however, it is unable to rectify sharp changes in wave direction (events 
when the direction is directed offshore).  However, periods when wave directions are heading onshore, 
the model does a reasonable job of predicting the wave direction.  In addition, these differences (both in 
height and direction) may also develop since STWAVE cannot simulate some of the transformations 
(diffraction, reflection, etc.) that become important in the presence of coastal structures and nearshore 
islands. The time shifts and errors introduced in the generation-scale modeling may also transfer into 
differences in the transformation-scale (regional) wave model.  Finally, differences during low-energy 
(small wave height) time periods add to the overall error, but are not important since when the wave 
energy is low, the model’s performance is not as critical.  These differences illustrate the need for the 
finer scale, nearshore, local wave modeling effort discussed in Section 5.3 
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Figure 5-11. Comparison of observed and modeled wave height at the Nearshore ADCP station. 

 
Figure 5-12.  Comparison of observed and modeled wave direction at the Nearshore ADCP station. 
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Figure 5-13 shows the visual results of a spectral comparison for April 27, 2003 at 0400 at the offshore 
ADCP station.  The observed data contains more energy at the peak frequency however the total energy 
matches well.  Differences in energy between model and observed spectra were 5-15%.   
 

 

Figure 5-13.  Comparison of observed and modeled two-dimensional spectra.  Offshore ADCP station spectra are presented 
in the left panels, while STWAVE output of modeled spectra are presented in the right panels. 

5.2.5 Average Annual Directional Approaches 

In order to determine long-term wave conditions and for use in sediment transport calculations, spectral 
data from WIS station 99 were used to derive energy-conserving annual average directional spectrum.  
Data are segregated by direction of approach, and an energy distribution, as a function of frequency, is 
generated from all the waves in each directional bin.  The energy associated with each frequency is then 
summed to create an energy distribution for each approach direction.   

Figure 5-14 illustrates STWAVE results for waves approaching from the east-southeast (110 to 130 
degree bin), one of the most commonly occurring of the typical condition cases, for the entire modeling 
domain.  The model simulation was conducted at depths and shoreline positions corresponding to mean 
water level since the representative average annual cases represent static time periods.  In general, the 
wave height decreases as waves move onshore due to the effect of bottom friction.  The offshore islands 
also significantly influence the waves as they propagate towards the shoreline.  Refraction and 
sheltering processes are clearly evident in the wave height results.  There is also a fair amount of wave 
energy variation along the shoreline.  The wave energy variation both result in alongshore variability in 
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the direction and magnitude of sediment transport along the shoreline.  On a regional scale, the jetties 
at the Saco River tend to have a smaller influence than the offshore islands and it is difficult to 
determine the details of the wave transformations in the vicinity of Camp Ellis Beach.  The structures 
become more important on the local scale (Section 5.3), as do the smaller nearshore islands (e.g., Eagle 
and Ram Islands).  Although the offshore approach direction is east-southeast, the nearshore approach 
direction in the vicinity of Camp Ellis Beach is from the northeast, a similar trend as seen in the wave 
observations and for modeled wave directions even further from the south.   

In order to arrive at an accurate estimation of the sediment transport in the region, results from the 
wave model can be used to generate the sediment transport flux.  This would include waves coming 
from all directions and having various wave heights and periods.  The combination of all the directional 
approach cases allows for an assessment of the average annual wave climate.  As such, the STWAVE 
results were used to generate wave-induced currents (from radiation stresses) and regional sediment 
transport results for the entire Saco Bay Region (from headland to headland), as well as provide input 
into the nearshore (local) wave model.  The results of all the approach directions are used, in concert 
with the percent occurrence, to compute the annual sediment transport in the region (Section 4.2). 

 
Figure 5-14.  Example of STWAVE modeling results for existing conditions using an east-southeast (110 to 130 degree) 
approach directional spectra bin.  The arrows indicate the wave direction. 
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5.2.6 High Energy Events 

Since high-energy events have a significant impact on many physical processes (and in most cases, 
dominate sediment transport), it is crucial to include storm simulations in wave modeling to assess the 
potential impact of a storm on the shoreline and the potential sediment transport within Saco Bay.  Two 
distinct types of storms, northeasters and hurricanes, affect the study area.  Despite their infrequent 
occurrence, hurricanes have the potential to produce devastating impacts along the coastline.  To 
represent historical storm conditions in Saco Bay, one historical hurricane event and two historical 
northeaster storm events were modeled.  Figure 5-15 presents the result from the simulation of the 
Perfect Storm (10/31/1991).  Wave heights are significantly higher than during the annual average 
directional cases, as the offshore heights are in excess of 7.5 m in locations.   

 

Figure 5-15.  STWAVE modeling results for the Perfect Storm (10/31/1991). 

In addition, return-period storm events (10-year, 50-year and 100-year) were developed and simulated 
in STWAVE to provide varying levels of storm events expected to occur at this location.  Wave height 
was used as the metric to define return period storms for the wave modeling.  The return-period storm 
wave height was developed using the Generalized Extreme Value (GEV) method. This method provides 
reliable estimates of extremes without assuming the distribution type is known (Resio, 1989).  For more 
details refer to Section 9.4.2.3 of Appendix C.   Table 5-2 provides the wave parameters for the return 
period storms defined.  As discussed in respective later sections, where water level was critical to the 
analysis or design, the corresponding return period water level was used as well.  It is understood the 
joint occurrence, or joint probability, of return period parameters such as waves and water levels results 
in an event that likely has a return period greater than the individual return periods.  However, with 
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nor’easters in New England, typically, if a storm is strong enough to generate a return period water 
level, the storms intensity is such, that significant wave energy will surely occur as well.  The offshore 
wave height may not be at the same return period level, but the near shore waves are likely to be near 
maximum due to shoaling and depth limited wave conditions. 

 
Table 5-2. Return period storm wave parameters 

 

5.2.7 Regional Modeling Summary 

A nearshore, transformation-scale (regional) wave model was used to propagate the offshore wave 
climate into the Saco Bay region.  The model was verified using spectral output from the generation 
scale modeling results (Section 5.1).  Once validated, the transformation-scale (regional) model was 
used to simulate average annual directional cases (developed from WIS data), specific historic storms 
events, and return-period storms.  Results of the transformation-scale (regional) model are used to 
develop regional sediment transport fluxes and divergence, while providing spectral input for the local 
wave modeling effort. 

5.3 Local Wave Modeling  

As discussed, the regional, transformation-scale wave model (STWAVE – Section 5.2) is a half-plane 
model, and therefore, only represents waves propagating towards the coast.  Waves that may be 
reflected from the coastline or structures are not included.  In addition, STWAVE does not account for a 
number of wave transformation processes that are prevalent in the vicinity of Camp Ellis Beach (e.g., 
diffraction, reflection, etc.).  Due to the limitations inherent in STWAVE, it was important to advance to a 
higher-resolution, phase-resolving model that embodied the reflection processes and could more 
accurately determine the nearshore structural interactions. 

5.3.1 Analysis Approach 

The goal of the local, nearshore wave modeling effort for Camp Ellis Beach was to simulate combined 
wave refraction/diffraction, wave reflection and wave dissipation by friction and breaking as well as 
including nonlinear amplitude dispersion.  Therefore, two-dimensional spectral output from the 
transformation-scale (regional) model (which transformed the wave spectral energy from deep water to 
shallow water) was used as input into the nearshore (local) wave model.  The nearshore (local) wave 
model, CGWAVE, is utilized to evaluate the local physical processes, (e.g., wave reflection, wave-induced 
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currents, wave dispersion, nearshore wave refraction and diffraction, etc.), and subsequently the 
engineering alternatives. 

5.3.2 Grid Generation 

Figure 5-16 presents the modeling grid used for the nearshore (local scale) wave modeling consisting of 
262,940 nodes and 523,555 elements.  The total model domain has dimensions of approximately 3 
nautical miles by 3 nautical miles.  The mesh is comprised of triangular elements.  The nodal spacing 
within the mesh is dependent upon the wavelength.  In the nearshore zone, resolution is approximately 
10 m (32.8 ft) or about 8 nodes per wavelength.  Figure 5-17 contains a zoomed in view of the mesh 
around the navigational structures and Ram Island, illustrating the density of the nodes and elements.    
The bathymetric data sources used in the generation of the model domain nodal depths came from the 
sources discussed in Section 3.1.   

 
Figure 5-16.  CGWAVE model domain for existing conditions (meters-MTL). 
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Figure 5-17.  Detail of mesh density within the vicinity of the northern jetty.   

5.3.3 Wave Input Spectra 

CGWAVE does not allow for direct input of a complete wave spectrum; however, spectral input can be 
simulated through a combination of multiple directional/frequency paired components.  Therefore, the 
two-dimensional wave spectra specified at the offshore boundary was assembled based on the output 
of the regional model extracted at that same location.  As the number of spectral wave components 
increases, the more resolved the wave spectra, and potentially more accurate the wave results.  
However, a single direction/frequency pair required approximately 8-12 hours of simulation time, so 
each wave climate simulation required careful selection of the spectral components.   

5.3.4 Model Calibration and Verification 

Prior to simulation of the existing conditions and for the various alternatives, the nearshore model was 
calibrated and verified to the observed wave data collected during March-May 2003 (Section 3.4).  Due 
to the significant computational time restrictions present in the nearshore (local) wave modeling, the 
entire deployment time period could not be simulated.  The selected time periods represented the 
passage of higher energy wave periods (relative to the deployment period).  These time periods included 
April 4, 2003 at 0700 hours and April 27, 2003 at 0400 hours.   
 
In order to get reasonable agreement between the observed and modeled results, coefficients within 
the model were adjusted through an iterative process.  This consisted of adjustment to the wave 
breaking coefficient, the frictional coefficients, and reflection coefficients within a reasonable range of 
bounds, until agreement was achieved between the observed and modeled data.  The model was also 
applied using non-linear interactions, which was a critical component of the overall model calibration 
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process.  Without the non-linear factors, the model was unable to resolve many of the complex wave 
interaction in the nearshore region of Camp Ellis Beach (e.g., intersection of incident and reflected wave 
trains). 

 
The wave height and direction at each nodal location were compared to the recorded wave height and 
wave direction at the corresponding ADCP locations.  Table 5-3 contains the comparison between 
measured and modeled wave height and direction based on the offshore and nearshore ADCP stations 
for April 4, 2003 at 0700 hours.  The percentage error of the modeled values is also presented.  The 
model slightly under predicted the wave heights (approximately 10% error), and performed reasonably 
well in relationship to the wave direction (between 5-8% error). 

Table 5-3.  Modeled and measured wave height and wave direction for April 4, 2003 at 0700 hours. 

 Offshore ADCP Location Nearshore ADCP Location 

Wave Height 
[m] 

Wave Direction 

(0° = True North) 

Wave Height 
[m] 

Wave Direction 

(0° = True North) 

Measured 1.59 (5.2 ft) 96 0.86 (2.8 ft) 88 

Modeled 1.41 (4.6 ft) 88 0.77 (2.5 ft) 84 

% Error -11.3% 8.3% -10.4% 4.5% 

 
The April 27, 2003 at 0400 hours time period was subsequently used to verify the model’s performance 
using the same coefficients determined during the calibration time period (April 4, 2003 at 0700 hours).  
Table 5-4 contains the comparison between measured and modeled wave height and direction based on 
the offshore and nearshore ADCP stations for April 27, 2003 at 0400 hours.  The verification of the 
model indicated slight over prediction of the model wave height (approximately 1% error) at the 
nearshore location and small errors in wave direction (approximately 2% error). 
 

Table 5-4.  Modeled and measured wave height and wave direction for April 27, 2003 at 0400 hours. 

 Offshore ADCP Location Nearshore ADCP Location 

Wave Height 
[m] 

Wave Direction 

(0° = True North) 

Wave Height 
[m] 

Wave Direction 

(0° = True North) 

Measured 1.95 (6.4 ft) 114 1.07 (3.5 ft) 95 

Modeled 1.92 (6.3 ft) 112 1.08 (3.5 ft) 97 

% Error -1.5% 1.8% 1.0% 2.1% 

 

5.3.5 Existing Conditions Simulations 

The existing conditions simulations were performed on the same grid as that used in the calibration and 
verification procedures, using the same coefficients and parameters.  Both average annual directional 
spectra and high energy events were simulated.  The methodology established during the calibration 
and verification procedure for developing input spectra was followed for both simulation sets. 
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5.3.5.1 Average Annual Directional Approaches 

The same average annual directional approaches that were simulated in the regional, transformation-
scale wave model were also simulated in the nearshore (local) wave model.  All of the directional 
approach simulations were performed on both a grid referenced to MHW and a grid referenced to MLW 
for sediment transport purposes.  The following wave discussion focuses on the MHW simulations, 
which represent the more energetic cases. 
 
Figure 5-18 shows example sea surface results from the nearshore (local) wave model for a 
southeastern approach spectrum.  Dark blues represent the wave crests, while whites represent the 
wave troughs.  The nearshore (local) wave model simulations can be used to evaluate the interaction of 
the waves with the complex nearshore bathymetry, the navigational structures, the islands, and the 
shoreline.  The impact of the nearshore islands, shoals, and structures, as well as diffraction/refraction 
patterns and the crossing of various wave trains, is clearly evident in the sea surface results.  Of 
particular interest are the wave patterns in the vicinity of Eagle and Ram Islands, which have 
considerable influence on the propagation of the wave field.  The complex bathymetric area between 
the two islands also results in a significant modification to the offshore wave trains.   

 
Figure 5-18.  Example results of seas surface output from the nearshore (local) wave model (CGWAVE).  The simulation is for 
a southeastern approach spectrum at Mean Tide Level.   
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Evaluation of the sea surface results for the existing conditions average annual approach directions 
reveal some important wave transformation aspects: 
 

1. The significant wave reflection off of the northern jetty is identified as the waffle type sea 
surface north of the structure (Figure 5-19).  These waffle-like patterns are formed due to the 
interaction of the incident and reflected wave trains.  For a portion of the shoreline directly 
adjacent to the northern jetty, the beach is impacted not only by the incident wave energy, but 
also by the reflected wave energy.  As such, approximately 610-914 m (2,000-3,000 ft) of 
shoreline experiences a significant increase in energy.  As discussed in Section 12.5.2 of 
Appendix C, the reflected wave energy accounts for approximately 40% of the wave energy 
directly north of the North Jetty and it diminishes down to approximately 20% at the north end 
of the project. 

2. In nearly all cases, independent of offshore direction of approach, the nearshore waves 
propagated directly towards the Camp Ellis Beach region and the northern jetty.  The 
transformations due to the complex bathymetry between the islands, and the islands 
themselves, resulted in a nearly uniform approach towards the region of highest erosion and 
reflection.  This was evident in both the observed data collected at the nearshore ADCP station 
and the nearshore (local) wave modeling results.   

3. Mach-Stem waves (waves traveling along the structure) propagating along the northern jetty 
can be seen in most cases.  Although this does not represent a large amount of energy, it does 
produce an additional wave process that impacts the coastline, and specifically the corner 
where the shoreline and northern jetty meet.   

 

 
Figure 5-19.  Sea surface results from the nearshore (local) wave model for the east-northeast (75 to 90 degree) approach 
bin.  Blues indicate wave crests, while reds and yellows indicate wave troughs. 

Results from the nearshore (local) wave model were utilized to produce local sediment transport 
estimates, generate energetics based performance evaluations, and provide an initial screening of the 
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proposed engineering alternatives (as presented in Chapter 7.1).  Results from the directional approach 
simulations were used as part of the alternative analyses. 

5.3.5.2 High Energy Event Simulations 
In addition to the average annual approach directions, high-energy events were also simulated to 
provide a more complete picture of the existing conditions impacting Camp Ellis Beach.  These 
simulations consisted of both return period design storms (10-, 50- and 100-year) and historical storm 
events (Hurricane Bob, Nor’easter of 2001 and “The Perfect Storm”).  Each return period simulation was 
executed on a model grid that had increased water depth due to increased storm surge elevations.   
 
Figure 5-20 presents the sea surface results for the 10-year return period storm in the direct vicinity of 
Camp Ellis Beach.  The blues indicate wave crests, while the reds and yellows indicate wave troughs.  
The scale in the upper left corner of the figure presents the sea surface disturbance in meters.  The 
storm case, consisting of increased wave heights and water depths in the vicinity of the shoreline, 
presents a more well-structured wave field when compared to the average annual approach directions.  
The interaction and shoreline impact of the incident and reflected wave trains is clearly evident.  Many 
of the same wave transformation features discussed for the average annual approach cases are also 
evident in the storm scenarios.  For the additional storm model run figures the reader is referred to 
Section 11.6.2 of Appendix C.  The results from the nearshore storm simulations were used to quantify 
storm impacts on sediment transport and beach nourishment performance, as well as provide critical 
assessment of the alternatives (e.g., alternative performance during a significant storm event). 
 

 
Figure 5-20.  Sea surface results from the nearshore (local) wave model for the 10-year return period storm event.  Blues 
indicate wave crests, while reds and yellows indicate wave troughs. 
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5.3.6 Alternative Simulations 

The ultimate goal of the overall modeling system was application towards the evaluation of the wide 
range of alternatives presented in Section 6.  The alternatives were geared towards mitigation of the 
ongoing erosion occurring at Camp Ellis Beach.  The resolution of the local nearshore model allows for 
the simulation of these alternatives with accurate dimensions and layouts.  In order to simulate the 
alternatives, the existing conditions model grid was numerically modified to include the proposed 
layouts.   
 
The discussion regarding the design formulation and alternative development is provided in Section 6 
and the evaluation of these alternatives, which includes the local wave modeling discussed in the 
previous sections of 5.3, is presented in Section 7.1. 

5.3.7 Local Wave Modeling Summary 

The regional model (STWAVE) presented in Section 5.2, only represents an intermediate step in the 
wave modeling system and although useful for identifying regional sediment transport trends, cannot be 
used for local sediment transport calculations for the Camp Ellis Beach region.  Therefore, the numerical 
wave model CGWAVE was used to model the local, nearshore wave environment for Camp Ellis Beach. 
The nearshore (local) wave model was simulated using the same set of conditions developed for the 
transformation-scale (regional) modeling and captured the local physical processes, (e.g., wave 
reflection, wave-induced currents, wave dispersion, nearshore wave refraction and diffraction, etc.), and 
subsequently the engineering alternatives. 
 
Evaluation of the sea surface results for the existing conditions revealed: (1) the significant wave 
reflection off of the northern jetty indicating the beach is impacted not only by the incident wave 
energy, but also by the reflected wave energy, (2) independent of offshore direction of approach, the 
nearshore waves propagated directly towards the Camp Ellis Beach region and the northern jetty, (3) 
Mach-Stem waves propagating along the northern jetty can be seen in most cases, (4) waves are 
refracted towards the northern jetty due to the jetty-parallel bottom contours, and (5) variations 
between annual average approach directions are important to understand the processes occurring at 
Camp Ellis Beach. 
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6.0 ALTERNATIVE DESIGN 

The process of designing and evaluating the numerous alternatives investigated during the lengthy 
investigation evolved throughout the study.  The work included in this appendix will cover the 
alternative development and analysis conducted post 2002 which utilized the WHG work.  As with much 
of the earlier work, the early analysis was superseded and became outdated, and therefore it will not be 
discussed in this appendix.   
 
Overall, a variety of factors were considered when designing and evaluating the various alternatives 
(e.g., cost, constructability, feasibility, performance, environmental impacts, etc.), with the overall 
objective focused on identifying the optimal solution.  A significant and unexpected limiting factor in the 
placement and design of the various structural alternatives was the relatively poor sub-bottom 
geotechnical conditions.  As discussed in Appendix D, there is a soft clay layer underneath much of the 
offshore project area that impacts the foundation stability of the structural alternatives.  These weak 
foundation conditions resulted in limitations as to where structures could be placed and the size of the 
structures that could be placed.  However, the focus of this section is primarily on the coastal 
engineering design layout of the alternatives related to providing protection and maintaining a beach at 
Camp Ellis.    The alternatives were designed to mitigate the ongoing erosion occurring at Camp Ellis 
Beach and not for storm damage reduction.  It is understood that there will be storm damage reduction 
benefits, but they were not considered in the analysis.  For detailed structure design i.e. stone size, cross 
section, crest elevation, etc. refer to Section 8.  For the detailed beach fill design and analysis refer to 
Section 9 and 10.  The assessment and performance of the alternatives is discussed in Section 7 and 
Section 10.   

6.1 Development of Alternatives 

The Saco River and Camp Ellis Beach Section 111 Project alternatives were developed jointly between 
the USACE New England District, Woods Hole Group, Maine Geological Survey (MGS), and members of 
the Saco Bay Implementation Team (SBIT).  During this iterative process, many viable solutions were 
discussed and considered, and an initial series of alternatives was selected for the analysis procedure.  
Careful consideration was given to all factors associated with each alternative.  For example, potential 
impacts on the neighboring shoreline, engineering feasibility, likelihood of success, etc. were all 
considered in the final selection process.  The alternatives that were viewed as the most highly effective 
were jointly selected for further analysis.  Initially, a total of 11 alternatives were considered; however, 
this was expanded to 17 through the discussion and meeting process.  Following some of the initial 
modeling results, the alternatives were expanded to a total of 23.  Subsequent geotechnical evaluation 
resulted in the addition of 6 more alternatives.  In the end twenty nine (29) potential solutions, including 
both structural and non-structural alternatives were developed.   

6.2 Alternatives Considered 

Table 6-1 presents a list of the alternatives considered, including the origin of each alternative.  The base 
alternative is a beach nourishment project alone.  However, since beach nourishment alone will not 
sustain an adequate level of protection against shoreline erosion (not storm damage protection), nor 



84 

 

does it directly address the impact caused by the northern jetty (increased energy due to wave 
reflection and a reduction in sediment supply through pushing sediment further offshore) additional 
project elements were considered in order to help create a more sustainable beach.  Therefore, each 
alternative presented in Table 6-1 includes a beach nourishment component (to stabilize the shoreline 
and provide the lost sediment supply), constructed in concert with the alternative.  In the table, 
reference to the northern jetty refers to the northern jetty of the Saco River, which is comprised of 
three distinct segments.  Segment 1 is the shore-attached portion of the jetty that is exposed during all 
normal tide levels. Segment 1 is approximately 2,985 ft (910 m) in length.  Segment 2 represents the 
northeast/southwest shift in jetty orientation and is approximately 1,050 ft (320 m) long.  Segment 3 is 
comprised of the half-tide (i.e., exposed at low tide and submerged at high tide) portion of the northern 
jetty and is approximately 2,300 ft (700 m) in length.  A spur jetty refers to a structure attached to the 
existing northern jetty, typically oriented perpendicular to the existing structure.  A groin refers to a 
shore-attached structure that is built perpendicular to the shoreline and intended to trap sand flowing 
in the alongshore direction.  In addition, references to an optimized location in Table 6-1 represent an 
iterative procedure performed during the modeling effort to identify the optimal performing location, if 
possible. 

6.2.1 Alternatives Screening Process 

As part of the alternatives analysis, a process was developed to perform an initial screening of all the 
alternatives presented above in order to streamline the modeling and analysis evaluation, focusing on 
only the alternatives that were reasonably meeting the performance goals.  This initial screening process 
focused on wave height changes and energy reduction within the local region.  Potential adverse 
impacts to neighboring beaches, navigation, and the Camp Ellis region were also evaluated.  The 
alternatives that indicated the best potential for performance success were passed forward by the 
project team (WHG, USACE, SBIT, MGS) to a more detailed alternatives analysis and final assessment.  
The final screening and alternatives analysis consisted of a more detailed level of wave evaluation and 
assessment of the sediment transport.  Due to the number of alternatives investigated only the final 
array of three (3) alternatives has been presented in the next sub section of this Appendix (Section 6.3).  
For a full review of the numerous alternatives refer to Section 10 of Appendix C. 
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Table 6-1.  Alternatives considered in the alternative analysis procedure. 
Alt. ID Description Origin 

Base Beach nourishment alone Base alternative 
0 Northern jetty removal (segments 1, 2, and 3) Initial alternative set 
1 Northern jetty extension (segment 3) removal Initial alternative set 
2 Northern jetty extension (segment 3) removal and 

additional lowering of 600 m (1,970 ft) 
Initial alternative set 

3 Seaward location of a 230 m (750 ft) spur jetty Initial alternative set 
4 Optimized location of a 152 m (500 ft) spur jetty Initial alternative set 
5 Optimized location of dual 152 m (500 ft) spur 

jetties 
Initial alternative set 

6 Inshore location of a 230 m (750 ft) spur jetty Initial alternative set 
7 Inshore location of a 230 m (750 ft) spur jetty 

coupled with northern jetty extension (segment 3) 
removal 

Initial alternative set 

8 Inshore location of a 230 m (750 ft) spur jetty 
coupled with shore-based terminal groin 

Initial alternative set 

9 1st configuration of T-Head Groins Initial alternative set 
10 2nd configuration of T-Head Groins Initial alternative set 
11 Offshore Breakwater (seaward location) Secondary alternative set 
11a Offshore Breakwater (nearshore location) Secondary alternative set 
11b Offshore Breakwater (intermediate location) Secondary alternative set 
12 Offshore Breakwater (landward location) coupled 

with seaward location of a 152 m (500 ft) spur jetty 
Secondary alternative set 

13 Comb configuration of 15 m (50 ft) spur jetties Secondary alternative set 
14 Offshore borrow pit Secondary alternative set 
15 Seaward location of a 230 m (750 ft) spur jetty with 

an angled orientation 
Secondary alternative set 

16 Northern jetty roughening (segments 1, 2, and 3) Secondary alternative set 
17 Submerged shoal/rock outcrop Secondary alternative set 
18 Offshore Breakwater (landward location) coupled 

with landward location of a 152 m (500 ft) spur 
jetty 

Developed based on highest 
performing previous 
alternatives 

19 Seaward location of a 230 m (750 ft) spur jetty, 
northern jetty extension removal, and jetty 
roughening 

Developed based on highest 
performing previous 
alternatives 

20 Alt. 11a with estimated full salient formation Estimated based on 
expected shoreline response 

21 Alt. 11a with estimated partial salient formation Estimated based on 
expected shoreline response 

22 Combination of 230 m (750 ft) spur jetty with two 
nearshore 114 m (375 ft) segmented breakwater 
components 

Developed based on results 
of initial geotechnical work 

23 Combination of 152 m (500 ft) spur jetty with three 
100 m (325 ft) segmented breakwater components 

Developed based on results 
of initial geotechnical work 

24 Alt. 23 with additional northern breakwater Developed based on results 
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segment of 100 m (325 ft) of initial geotechnical work 
25 Secondary configuration of 152 m (500 ft) spur jetty 

with three 100 m (325 ft) segmented breakwater 
components 

Developed based on results 
of initial geotechnical work 

26 Alt. 24 moving the northern most breakwater 
segment further north 

Developed based on results 
of initial geotechnical work 

25A Modification of Alt. 25, removing northernmost 
segmented breakwater 

Developed based on 
concern of nearshore 
proximity of northernmost 
breakwater 

 

6.3 Alternative Descriptions 

6.3.1 No Action Alternative 

The no action alternative implies there would be no change to the present conditions at Camp Ellis 
Beach.  This is an unacceptable alternative, as the existing shorefront would continue to be eroded, a 
sustainable beach and/or any protective action would not be undertaken, and the landward homes and 
structures would face potential damage/loss.  This alternative does not address the required mitigation 
purview of the Section 111 Authority. 

6.3.2 Base Alternative:  Beach Nourishment Alone 

The base alternative consists of placement of sediment on the beach area fronting Camp Ellis Beach.  
The current nourishment design consists of approximately 300,000 cubic yards of material extending 
approximately 3,000 ft (910 m) with the southern end of the project located at the northern jetty.  
However, as erosion continues, it is likely that the beach nourishment design volume will increase.  As 
such, the final design and dimensions of the beach nourishment will be developed by the USACE, New 
England District.  For the current study, this condition represents the base alternative; however, the 
beach nourishment is also considered to be a component of every alternative; that is, each alternative 
incorporates a beach nourishment project that will be constructed in concert with the other elements in 
that alternative.  The base (beach nourishment alone) alternative is evaluated to determine if beach 
nourishment alone is an acceptable option for protecting the Camp Ellis Beach region. 

6.3.3 Alternative 6:  Inshore Location of a 750-foot Spur Jetty 

This alternative (Figure 6-1) would consist of the construction of a 750 ft (230 m) spur jetty that would 
be attached to the existing northern jetty.  The spur would be located approximately 1,475 ft (450 m) 
from the shoreline (approximately one-half the length of segment 1), determined by optimizing the 
location through multiple simulations.  The spur would be oriented in a shore parallel (jetty 
perpendicular) orientation.  This alternative would attempt to intercept the reflected wave energy, 
break a portion of the incident wave energy, and block Mach-Stem wave effects from transferring 
energy along the structure.  Therefore, this alternative would potentially reduce the overall wave energy 
arriving at Camp Ellis Beach.  In addition, the spur jetty should assist in reducing cross-shore sediment 
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transport from the beach seaward along the existing northern jetty.  This alternative represents the 
optimal placement location of all spur alternatives. 

 

Figure 6-1.  Alternative 6:  Inshore placement of 750-foot spur jetty. 

6.3.4 Alternative 25a: Segmented Breakwater  

This alternative (Figure 6-2) would consist of 2 detached breakwater segments and a spur jetty.  The 
spur jetty is 500 ft (152 m) in length, 985 ft (300 m) from shore, and extends perpendicular to the 
existing northern jetty.  Table 6-2 presents the dimensional details, including structure length, 
orientation (referenced from 0 degrees equivalent to north), distance from shore, gap distance from 
adjacent southern structure, and approximate depth, associated with each of the segmented 
breakwaters.  This alternative would attempt to significantly reduce wave energy in the nearshore zone, 
to impede the reflected wave energy from the existing northern jetty, to extend beach nourishment life, 
and to produce salient formations that do not create a significant interruption in the littoral zone.  This 
alternative was created to address the issue of the potential lack of suitable geologic conditions in the 
northern section of the proposed beach nourishment area for stable structural foundations and to 
alleviate potential concerns that the northernmost breakwater in Alternative 25 was too close to the 
shoreline. 
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Figure 6-2.  Alternative 25A:  Segmented breakwater and spur jetty configuration 4 (modified). 

Table 6-2.  Segmented breakwater dimensional parameters for Alternative 25A. 
Breakwater Approx. 

Depth 
(MHW,m) 

Length 
(m) 

Distance 
from Shore 

(m) 

Orientation 
(from 0° N) 

Gap distance from 
adjacent south 

structure, end point 
to end point (m) 

1 4.75 125 265 -25 degrees 110 

2 5 120 280 -25 degrees 105 
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7.0 ALTERNATIVE SELECTION ANALYSIS 

The ultimate goal of the overall modeling system was the application towards the evaluation of the wide 
range of alternatives presented in Section 6.  The alternatives were geared towards mitigation of the 
ongoing erosion occurring at Camp Ellis Beach.  In order to simulate the alternatives, the existing 
conditions model grid was numerically modified to include the proposed layouts.   The modified model 
grids (for each alternative) were simulated for the same set of wave conditions run on the existing 
conditions grid (i.e., average annual approach directional bins and high energy events).  These 
simulation results were used in the initial screening analysis in order to evaluate the overall 
performance of each alternative and, in concert with the existing conditions simulations for each 
scenario, to generate differences in wave energy within the vicinity of Camp Ellis Beach. 

Due to the number of simulations required to evaluate all potential solutions, the alternatives analysis 
consisted of an initial and final screening process.  With twenty nine (29) alternatives, eight (8) average 
annual directional approach bins, and six (6) high-energy events, there is no reasonable way to simulate 
all scenarios for all alternatives.  Therefore, the nearshore (local) wave model was used as the initial 
screening tool through evaluation of changes in wave energy, wave height, and wave direction prior to 
performing all simulations and associated sediment transport calculations.   

7.1 Wave Height and Energy Evaluation 

7.1.1 Visual Assessment 

Visual assessment of the figures and model animations provided an overview of the modifications to the 
nearshore wave climate and wave propagation in the vicinity of Camp Ellis Beach.  Figure 7-1 presents 
seas surface results for Alternative 6, consisting of a 750-foot spur jetty, for a 10-year return period 
storm scenario (storm defined in Section 5.2.6).  The spur jetty intercepts a significant part of both the 
incident and reflected wave energy impacting Camp Ellis Beach.  The area seaward of the spur 
experiences significant wave turbulence, due to reflected wave energy from both the spur and the 
existing northern jetty.  Figure 7-2 presents sea surface results for Alternative 25, one of the segmented 
breakwater alternatives.  This alternative indicates significant wave energy reduction along the 
shoreline, while intercepting a majority of the reflected wave energy off of the existing northern jetty. 

Visual observations from these figures were one component of the initial screening analysis.  Detailed 
discussions of the results for each alternative are presented in the following section as part of the initial 
screening analysis.  The selected alternatives consist of those that indicated reasonable performance at 
reducing the wave energy with minimal negative impacts (as discussed in detail in the following section). 
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Figure 7-1.  Sea surface results for Alternative 6 (750-foot spur jetty) for a 10-year return period storm.  Blues indicate wave 
crests, while reds and yellows indicate wave troughs. 

 
Figure 7-2.  Sea surface results for Alternative 25 (one of the segmented breakwater alternatives) for a 10-year return period 
storm.  Blues indicate wave crests, while reds and yellows indicate wave troughs. 

7.1.2 Wave Height Change Assessment 

Differences in wave heights (between existing conditions and alternative cases) were computed at each 
node within the model domain.  Difference plots were then created (subtracting alternative wave 
heights from existing) that indicate regions of increased and/or decreased wave heights and assessed to 
determine the overall impact of the alternative on the wave height in the region.  Figure 7-3 presents an 
example of the wave height change plots for Alternative 11a (an offshore breakwater) for a 10-year 
return period storm scenario (storm defined in Section 5.2.6).  Positive values (yellows and reds) of wave 
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height change (m) indicate an increase in wave energy, while negative values (blues and purples) of 
wave height change (m) indicate a decrease in wave energy.   

 

Figure 7-3.  Wave height changes for Alternative 11a for a 10-year return period storm scenario. 

7.1.3 Wave Energy Change Assessment 

Wave energy change was evaluated in specific zones in the vicinity of Camp Ellis and the existing 
structures.  Figure 7-4 shows the zones within which wave energy between existing conditions and 
alternative cases were compared.  The results in Figure 7-4 show wave heights (m) for Alternative 11 
(offshore breakwater) as a colormap behind the evaluation zones.  The zones were selected to identify 
specific regions of potential concern.  Assessment of impacts on adjacent shores, navigation, 
maintenance concerns, etc.  An important aspect of any potential alternative and/or solution is the 
potential negative impacts that may be associated with the alternative.  This may include, increased 
wave energy in other shoreline regions (e.g., Hills Beach or north of Camp Ellis), increased wave energy 
in the navigational channel, or alternatives that result in significant maintenance concerns. 
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Figure 7-4.  Zones used to evaluate changes in wave energy in the vicinity of Camp Ellis Beach and the Saco River Jetties. 

7.1.4 Final Alternative Performance Discussion 

Alternatives demonstrating the greatest potential for successfully reducing wave energy (and thus 
sediment transport), without resulting in negative impacts, were passed forward to the final screening 
analysis.  The alternatives that were recommended for more in depth analysis were then simulated for 
all approach directions and storm cases to identify energy changes and to calculate sediment transport 
and beach nourishment performance.  Additionally, criteria such as constructability, geotechnical 
foundation stability, cost, environmental permitting were also considered.  Provided in the following 
sub-sections are the coastal engineering initial screening discussion for the final alternatives.  The 
screening discussion for the full set of alternatives can be found in Section 11.8 of Appendix C.  

7.1.4.1 Base Alternative:  Beach Nourishment Alone 
The base alternative plan was not simulated directly as an alternative.  The plan does not contain any 
features that would reduce wave reflection or incident wave energy so there would be no changes to 
the wave climate along the project area beach.  It was eventually concluded that this alternative was not 
complete or effective did not meet the criteria of a true alternative as it does not mitigate for the north 
jetty’s effect on the local wave field and there was significant risk of failure during repeat storms. This 
was partially based on the historical performance of beach nourishment alone efforts, as material has 
quickly eroded due to the exacerbated wave energy on the Camp Ellis region.  However, existing 
conditions simulations were used to assess the potential performance of this plan, and it was included in 
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further analyses from the standpoint of being a comparative measure for the other alternatives.  The 
potential lifetime of beach nourishment alone can be used to assess the relative performance of other 
alternatives, as the same level of beach nourishment, is included in every alternative.   

7.1.4.2 Alternative 6: 750-foot Spur Jetty 
This alternative was designed through an iterative process of spur groin alternative layouts.   Figure 7-5 
presents the wave height difference plot for Alternative 6 under the average annual eastern (90-110 
degree) approach bin.  Wave height differences for the 10-year return period storm event are presented 
in Figure 7-6. For the average annual eastern approach scenario Alternative 6 showed significant wave 
energy reduction in zone A (17%), as well as wave energy reduction in both zones B and C (5%).  The 
large reduction in wave energy in zone D (52%) also makes this alternative the best performing spur 
alternative that was simulated.  Zones E and F show moderate energy increases (12-15%), as expected 
seaward of the spur.  There also was no change in wave energy at the entrance to the navigational 
channel (zone H).  Figure 7-5 clearly shows the interception of a good portion of the reflected wave 
energy throughout the directional array.  Waves are intercepted that would propagate to a significant 
stretch of Camp Ellis Beach.  For the 10-yr storm case (Figure 7-6), Alternative 6 also reduces wave 
energy within the same zones.  The percentage of reduction is not as great, but the overall wave height 
reduction is still significant.  Again, reduced energy is indicated for zones A-D.  Overall, Alternative 6 was 
the best performing spur alternative.  A significant amount of the reflected wave is intercepted; it 
reduces wave energy in critical zones A, B, and D, while it does not negatively impact zone C or the 
entrance to the navigational channel (zone H).   

 

Figure 7-5.  Wave height changes for Alternative 6 for an eastern (90-110 degree) wave approach bin.   
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Figure 7-6. Wave height changes for Alternative 6 for a 10-year return period storm.   

7.1.4.3 Alternatives 25A:  Segmented Breakwater 
Due to the proximity of the segmented breakwater alternatives to the shoreline, zone B was divided 
such that the presence of the segmented breakwaters did not divide the energy zone.  This was required 
so that the energy zone wasn’t identifying both the reduced energy landward of the structure, and the 
increased energy seaward of the structure.  Ultimately, the concern is related to the wave energy at the 
shoreline.  The smaller zone B is defined as B2.  Figure 7-7 presents the adjusted energy zones used to 
assess the segmented breakwater alternatives and shows wave heights (m) for Alternative 25 as a color-
map behind the evaluation zones.   

Figure 7-8 presents the wave height difference plot for Alternative 25A for a 10-year return period storm 
scenario.  The average annual eastern (90-110 degree) approach bin wave height differences are 
presented in Section 11.8 of Appendix C for all the alternatives. 
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Figure 7-7.  Redefined zones used to evaluate changes in wave energy in the vicinity of Camp Ellis Beach and the Saco River 
Jetties for the segmented breakwater alternatives. 

 

Figure 7-8.  Wave height changes for Alternative 25A for a 10-year return period storm.  A negative wave height change 
indicates a reduction in wave height, while a positive wave height change indicates an increase in wave height. 
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Table 7-1 presents the wave energy changes for Alternative 25A for both the average annual eastern 
approach direction and the 10-year return period storm.  Zones seaward of the structure indicate wave 
energy increase.  The energy reduction in Zone A for both the average annual and 10 year storm 
conditions is significant at 40%+.  Nearshore breakwater alternatives that contained structures further 
to the north, that would have protected Zone B were initially investigated, and recommended, but due 
to geotechnical foundation issues of the sea bottom in this area, constructing breakwater structures was 
deemed to not be feasible.  Therefore the scaled back near shore breakwater alternative of 25A was 
recommended as the near shore breakwater alternative.  The difference in zone D for Alternative 25A is 
due to the more landward location of the spur jetty.  As shown in Figure 7-7, the spur jetty for these 
alternatives bisects zone D, and therefore averages both the shadow zone and the reflected wave 
energy from the spur.  When evaluating the shadow region only, a similar reduction (approximately 
35%) is obtained.   

Table 7-1.  Comparison of energy changes for the segmented breakwater alternatives. 

Alternative 

Avg. Annual Eastern Approach 10-yr return period storm 

% Energy Change in Zone % Energy Change in Zone 

A B2 C D A B2 C D 
25A -47.3 -4.7 1.3 -14.6 -42.0 -0.9 -2.7 -13.0 

7.2 Sediment Transport – Alternative Analysis 

The methodologies to determine sediment transport were discussed in Section 4.2.  In that section the 
existing conditions, and therefore without project conditions were discussed.  In the following sub 
sections of Section 7.2, the alternatives passed forward from the initial screening analysis are evaluated 
herein to determine relative performance in terms of their ability to maintain a stable shoreline at Camp 
Ellis.  This section compares the relative performance of the final alternatives and presents the 
information to allow the reader to determine, from a purely performance standpoint, the relative merit 
of each alternative. 

7.2.1 Methodology 

In order to determine the more complicated local sediment transport regime, including the potential 
ability of each alternative to maintain a healthy beach, the same zones as used in the wave energy 
reduction assessment were used to provide a local assessment of sediment transport.  Specifically, the 
nearshore region zones of A, B, and C (Figure 7-7) were used.  The values of sediment transport 
computed within these three boxes act as the basis for comparison to the alternative sediment 
transport results.  It was the goal of all alternatives to reduce erosion (sediment transport) within zone A 
and B and to have limited impact upon the sediment transport within zone C.  Areas represented by 
zones A and B, which are 1,000 ft (300 m) zones, have historically experienced significant erosion.  Zone 
C, a 1970 ft (600 m) zone, is a region that exhibited more stable shoreline conditions in the past but 
more recently has experienced accelerated erosion rates. 
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Results from the nearshore (local) wave model were used to drive the local sediment transport analysis.  
These wave results capture the most physical processes in the vicinity of Camp Ellis each and provide 
high resolution (approximately 30 ft or 10 m) results.  Therefore, the nearshore (local) wave model 
results provide the most accurate and detailed wave data to drive the sediment flux. 

7.2.2 Sediment Transport Reduction 

Changes in potential sediment transport flux were evaluated for each alternative, within each zone.  
Figures 7-9 and 7-10 present the change in potential sediment transport flux for several of the 
alternatives.  It should be noted that in Figure 7-10 Alternative 23 can be used as a substitute for the 
performance of Alternative 25A.  The numbers represent the percent change in potential sediment 
transport rate when compared to the existing potential sediment transport rate.  A greater reduction in 
potential sediment transport means that a smaller amount of material would be leaving the region in 
the alongshore direction.  As shown in Figures 7-9 and 7-10 there is a reduction in transport in zones A 
and B with a minimal amount of change in zone C.  This means that there will be a potential decrease in 
sediment entering zone C from A and B; however, currently (and approximately over the last 40 years) 
there has been little to no sediment available for transport in these areas due to the severe historic 
erosion and revetment construction, as evidence, Zone C has begun to experience significant erosion 
under existing conditions for recent times (periods after 1998).  Therefore, even with a reduced 
transport rate from zones A and B, zone C will experience a net increase in sediment with the influx from 
the beach nourishment program.  This is important, since the overall project will have a net benefit on 
the shorelines to the north for the final alternatives considered as (1) currently there is a deficit of sand 
available for transport to the region such that erosion is expected to develop in this area with no action, 
and (2) the addition of sand to the system can only benefit the regions to the north, since even with a 
reduced transport rate, the net sand moving to the northern beaches would be greater than currently 
exists. 

 

 

 

 

 

 

 

 

 

 

Figure 7-9.  Changes in sediment transport flux for Alternatives 6, 11a, and 18.   

(Alt. 6) 
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Figure 7-10.  Changes in sediment transport flux for Alternatives 23 (Alt 25A), 25, and 26.  The numbers indicate the percent 
change in sediment transport rate for each corresponding alternative. 

The full explanation regarding the calculations of the sediment flux reduction can be found in Appendix 
C, Section 12.5.3. 

7.2.4 Salient Formation 

For alternative 25A, with the proposed installation of segmented breakwaters, estimates of shoreline 
response were developed to determine the impact of potential salient formation on wave energy and 
coastal processes.  A salient is a coastal formation of beach material developed by wave refraction, wave 
diffraction, and longshore drift producing a bulge in the coastline behind an offshore island or 
breakwater.  If the salient connects to the offshore feature/structure, it is termed a tombolo.  Salient 
growth was determined to ensure that a tombolo would not form behind the proposed breakwater(s), 
and subsequently severely inhibit alongshore transport to the north.  Finally, estimates of the volume of 
sediment that would comprise the salient are provided, and thus provide an estimate of how much 
material would be sacrificed from the beach nourishment to eventually form the equilibrium salient.   

To determine the amplitude and shape of the salient formation, recent studies completed by Suh and 
Dalrymple (1987), Seiji, Uda, and Tanaka (1987), Aherns and Cox (1990), Noble (1978), and Hsu and 
Silvester (1990) that evaluated the formation of salients behind breakwaters were used.  For the full 
explanation of the methodology used refer to Appendix C Section 12.5.4.   

Figure 7-11 presents the salient formations for the segmented breakwater configurations of Alternative 
25.  Alternative 25A would not have the northernmost salient.  The schematic shows the estimated 

*Alt. 23 = Alt. 25A 
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amplitudes and shapes of the salient formations behind the breakwater segments and provides a 
reasonable estimate of the potential shoreline modification.  The total volumetric value (highlighted in 
the white box) is the summation of all the salients in these cases.  Since the final beach nourishment 
template and width was unknown at the time of this report, this analysis was completed without 
including the shoreline advancement associated with the proposed beach nourishment.  This would 
push the salient formations further seaward and would also results in slightly different amplitudes and 
volumes. 

In all of the final breakwater alternatives, theory does not predict the formation of tombolos.  
Therefore, the effect on the natural longshore sediment transport will not be severe.  In addition, the 
total volume of sediment estimated for full salient formation is less than 1/6th of the overall initial fill 
volume for Alternatives 11a and 18, and less than 1/5th of the initial fill volume for Alternatives 25A, 25, 
and 26. 

The salients were numerically added to the model domain and were simulated for the full range of wave 
climate scenarios.  These wave results were used in the development of the beach nourishment 
performance estimates presented in the section 7.2.5 for the breakwater alternatives. 

 

Figure 7-11.  Estimated salient formation for the segmented breakwater configuration of Alternative 25. 
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7.2.5 Beach Nourishment Performance 

7.2.5.1 Beach Nourishment Spreading 
The basic fundamentals usually used to evaluate the performance of a beach nourishment do not 
necessarily apply to the conditions at Saco Harbor.  Typically, nourishment performance is evaluated on 
an open coastline and does not include the effects of a neighboring inlet or coastal structures.  The 
standard evaluation combines the conservation of sediment equation with the linearized transport 
equation.  This formulation, called the Pelnard-Considére (1956) equation, is used in providing 
theoretical results to establish design and performance standards for nourishments (Equations 7-1 and 
7-2).  Due to the presence of the Saco River jetties, a modified version of the equation and analysis was 
necessary.  Dean (2002) adapted the equations to evaluate sand movement in regions with inlets and/or 
structural influences.  The detailed analysis can be found in Appendix C Section 12.5.5.  This analysis 
used the methods and formulations provided for in the CEM Section V-4-1 g. page V-4-46. 

 

 Equation 7-1 

 

where: 

  M(t) = proportion of sand remaining in the placed location 
 G = alongshore diffusivity parameter 
 t= time 
 l = project (nourishment) length 
 
The alongshore diffusivity is presented by Pelnard-Considére (1956) and has been provided as Equation 
7-2. 

                                                           Equation 7-2 

 

 

where: 

K = sediment transport coefficient (a function of sediment size) 
B = berm elevation 
Hb = breaking wave height 
h* = depth of closure (in this case 8.7 m or 28.5 ft) 
p = in-situ sediment porosity (approximately 0.35 to 0.40 
s = sediment specific gravity (approximately 2.65) 
κ = ratio of wave height to water depth within the surf zone (approximately 0.78). 
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In an open coast situation, the nourishment will spread symmetrically about the centerline of the 
project as material is transported to both sides of the nourishment.  However, placing the fill adjacent to 
a littoral barrier only allows the nourishment to move in one direction (to the north when considering 
placement of material next to the northern structure), compared to the initial plan form.  Therefore, 
nourishment placed next to a littoral barrier can only spread in a single direction (Dean, 2002).  In effect, 
the littoral barrier increases the time with which sediment must remain in the fill region.  However, this 
does not necessarily mean that the lifetime of a nourishment placed next to a structure will be 
increased, since the down drift impact of the coastal structures must also be considered.  Superimposed 
on top of the solution for the nourishment spreading is the solution for shoreline displacement at a 
littoral barrier (i.e., groin, jetty, etc.). 

Table 7-2 presents the adjusted length of the nourishment for each alternative based on the influence of 
the structures (both existing and proposed).  These adjusted lengths do not represent an actual physical 
extension of the nourishment; however, the adjustment is used to represent the influence of structures 
on the rate of dispersion in the sediment transport model.  Typically, a structure such as the northern 
jetty at Saco River would limit the spreading to a single direction and the nourishment length would be 
doubled to account for this influence (Dean 2002).  However, in the specific case of the Saco River 
northern jetty; the length of the jetty, especially on the northern side, has created nearshore contours 
along the onshore-offshore length of the structure.  In some respects, this behaves like an alongshore 
stretch of coastline that contains a significant curvature, as evident by the contours and the way the 
waves refract into the structure.  Waves approach a portion of the structure like a shoreline, increasing 
wave reflection and producing physical sediment transport that is more alongshore physics based in the 
cross-shore direction.  Therefore, the existing northern jetty is considered to provide less of a boundary 
to the dispersion of sand, which will likely spread along the structure in the offshore direction.  As such, 
doubling the nourishment length to account for the presence of the northern jetty (i.e., allowing no 
dispersion in the southern direction) does not seem realistic.  In cases where a spur jetty is included, 
however, the combined ability of the northern jetty and spur to contain sand within the nourished zone 
is highly probable, and therefore, doubling of the nourishment length is advised.  The selection of these 
lengths is based on engineering judgment and based on the results of the existing condition sediment 
transport along the northern structure. 

Table 7-2.  Adjusted nourishment lengths for assessment of beach nourishment performance  

Alternative Adjusted Nourishment Length 

Beach Nourishment Alone 990 m (3,250 ft) 

6 – Spur Jetty 1,440 m (4,125 ft) 

25A - Segmented Breakwater  1440 m (4,125 ft) 

7.2.5.2 Beach Nourishment Diffusivity Determination 
Since the wave environment at Camp Ellis Beach is complex, calculation of the alongshore diffusivity (G 
value in Equation 7-1 which was calculated using Equation 7-2) was completed based on the wave 
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distribution (incident and reflected) for each average annual directional approach bin.  The percent 
occurrence of each of these wave types (for each directional bin) was also computed.  Values of 
alongshore diffusivity were then computed for each wave type, in each directional bin, and for both 
MHW and MLW cases.  Finally, based on the overall percent occurrence for each wave type and each 
directional bin, a representative alongshore diffusivity was computed within each alongshore zone.  For 
breakwater alternatives, this also included the calculation of alongshore diffusivity for both full and 
partial salient formations, and these formations were included in the nourishment performance.  
Salients were expected to form within 3 years following breakwater construction in all cases.  This 
methodology produces a much more representative alongshore diffusivity value than the selection of 
the most commonly occurring wave height and direction, or averaged wave height and direction. 

7.2.5.3 Background Erosion Rate Inclusion 
As discussed in the CEM, the beach fill longevity formulation, discussed in the previous sections, only 
accounts for sediment being removed from the beach fill due to end losses, or material be transported 
from the edges of the beach fill.  The loss rate does not account for sediment being removed due to the 
background erosion that previously existed before the fill was placed.  The addition of background 
erosion is discussed in detail in the CEM in section V-4-1 g.3.c on page V-4-52.  As highlighted in the 
following section a background erosion rate of 2 ft/yr was included in this analysis.  The background 
erosion rate was determined in Section.  When applying the background erosion rate it was realized that 
this rate would only apply to the Beach Fill Only alternative since alternatives 6 and 25A would reduce 
the wave climate, and wave direction, and therefore would impact the background erosion rate.  Trying 
to determine the background erosion rate reduction for each alternative was difficult and the more 
conservative approach of using the same background erosion rate was used. 

7.2.5.4 Beach Fill Longevity Formulation Results 
In all cases a nourishment of 300,000 cubic yards and (762 m or 2,500 ft) in length was evaluated as the 
initial nourishment project.  A berm elevation of (3.0 m or 10 ft-NAVD88) was used based on a 
preliminary engineering analysis performed by the USACE.   The final beach fill alternatives used a beach 
fill length of 3,250 due to additional erosion that occurred during the study time period and a 12 ft-
NAVD88 berm elevation due to modeling results discussed in Section 9.  

Alternatives were compared to one another based on their ability to maintain a beach at Camp Ellis.  
Figure 7-12 presents the performance of a 300,000 cubic yard fill in terms of amount of material 
remaining, as a function of time, for the beach nourishment alone alternative (black line), Alternative 6 
(blue line), and Alternative 25A (purple line).  This includes background erosion corresponding to 2 ft/yr 
(0.6 m/yr).  That is, in addition to the dispersion that is occurring, an additional 2 ft/yr (0.6 m/yr) is 
eroded due to the natural erosion of the beach (as indicated in the historical data analysis for the region 
directly north of the northern jetty – Section 4.1).  The percent of initial material remaining is presented 
along the left hand axis, while the time (in years) is presented along the bottom axis.  Although the 
performance curves are presented for an estimated 300,000 cubic yard nourishment, they can be scaled 
to represent any volume of proposed nourishment as the rate of dispersion is not a function of total 
volume, but is representative of the percent of the initial volume nourished.  
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Figure 7-12. Beach fill longevity (graphical presentation) 

7.2.6 Sediment Deficiency/Sediment Blockage Caused by Federal Navigation Project 

As discussed in Section 4.2.4, a significant issue related to the federal navigation project is the 
prevention of sand movement from the Saco River to the southern Saco Bay beaches.   In essence the 
federal navigation project is depriving the beach system of a critical sand source.  In Section 4.2.4.2, it 
was estimated that the federal navigation project is preventing 13,000 to 22,000 yds3/yr from making it 
to the beach.  In order to address this issue, the volume of sand used for the beach fill component of 
each of the final three alternatives was compared to the estimated sand deficit. 

The beach fill volume (initial placement and renourishment volumes) for the 50 year study period for 
each alternative were determined later in this appendix in Section 10.  Provided below in Table 7-3, is 
the calculated total volume for the historical sea level rise condition.  As can be seen, the beach fill only 
alternative supplies significantly more sand volume than would need to be required to make up for the 
sand deficit caused by the federal navigation project.  The high volume of sand for the beach fill only 
alternative is needed to address the high transports rates caused by the reflected waves coming off of 
the North Jetty.  Alternative 6 requires less sand to maintain an adequate beach because the spur groin 
feature significantly diminishes the reflected waves off of the North Jetty.  However, the volume 
required is still well within the estimated range of the sand deficit caused by the federal navigation 
project.  Alternative 25 requires less sand than both the beach fill alternative and Alternative 6, but still 
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provides a volume of sand that meets the low end of the estimated deficit caused by the federal 
navigation project.   

Table 7-3. Total fill volumes and annualized fill volumes. 
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8.0 STRUCTURAL ALTERNATIVE DESIGN  

As discussed in Section 6, the geographic layout of the various rubble mound breakwater and spur groin 
structural alternatives was governed by several factors and was developed through several iterations of 
formulation and then model verification.  Once the final set of structural alternatives was selected, the 
detailed design of the actual structures was conducted.  For each structure the cross section and armor 
stone size was determined. 

For the structural design return period storm levels were considered and both return period wave 
height and water level were used for the various structural components.  As discussed in Sections 5.2.6, 
the corresponding return period wave height and water level was used.  It is understood the joint 
occurrence, or joint probability, of return period parameters such as waves and water levels results in an 
event that likely has a return period greater than the individual return periods.  However, with 
nor’easters in New England, typically, if a storm is strong enough to generate a return period water 
level, the storms intensity is such, that significant wave energy will surely occur as well.  The offshore 
wave height may not be at the same return period level, but the near shore waves are likely to be near 
maximum due to shoaling and depth limited wave conditions.  Therefore a joint occurrence was 
assumed to be reasonable. 

8.1 Risk Reduction (Level of Protection of Structures) 

The question or issue related to what level of flood protection/risk reduction the alternative structures 
has been designed for was discussed at length within the Project Development Team (PDT) and with 
several members of USACE HQ.  Through those discussions it was concluded that the project intent was 
to address the erosion problem caused by the USACE jetties and was not a flood damage/risk reduction 
project.  In basic terms, the jetties are increasing shoreline erosion, the various alternatives designed 
address the shoreline erosion issue, and that is the end of the project intent.  Any flood prevention or 
risk reduction is a byproduct and was not determined by the PDT.  Additionally, the project requirement 
of showing a plus one benefit cost ratio was waived through Congressional direction, so the PDT further 
concluded it would not be worthwhile to determine the reductions. 

During the analyses presented in Sections 9 and 10, a 10-year storm was used to model the performance 
of the beach fill for the various alternatives (storm defined in Section 5.2.6).  As explained in those 
sections, a 10-year storm was not selected for specific flood protection/risk reduction level, but instead 
to represent the beach fill performance under storm conditions.  Basically, it is accepted amongst the 
coastal engineering community in New England that there really is not a major difference in the typical 
storm characterization metrics (water level, wave height, wave period) between a 1 year storm and a 10 
year storm.  The 10 year storm was chosen for conservatism.  As shown in Table 8-2, and discussed in 
Section 8.6, the differences between a 1 year storm water level and a 10 year storm water level are 
minor, and based on the WHG information the waves are similar as well.   
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8.2 Armor Unit Size 

8.2.1 Slope and Crest Stone 

The first determination was that of armor unit stone size.  The stable armor stone size of the rubble 
mound structures was calculated using Hudson’s Equation (Equation 8-1).  The key variables in the 
equation are wave height and the structure slope.  As design wave height increases the required weight 
of the armor stone increases.  As the slope of the structure decreases the required weight of the armor 
stone decreases. 

W = γr H3 / KD (γr/γw – 1)3 cot θ    Equation 8-1 

where:  

W = armor stone weight (lb) 
γr = unit weight of armor stone (pcf) 
γw = unit weight of water at the site (salt or fresh) 
KD = stability coefficient 
H = design wave height for particular event being examined 
θ = the structure slope from the horizontal 
NS3 = minimum design stability number = (KD cot θ) 

 
In the following sections the specific inputs for Hudson’s Formula will be discussed and the formulations 
will be provided in Section 8.8.1.   

8.2.2 Toe Stone 

The toe stone was determined using a separate formulation than the Hudson formula discussed in the 
previous section.  Toe stone, typically, experiences less wave breaking energy due to the fact it is most 
often submerged below the water surface.  Basically the most intense forcing impacts the structure 
above the toe stone.  However, in an area where there is a significant variation in tidal elevation, as the 
water surface lowers and approaches the toe stone, it is exposed to higher forcing levels.  The counter 
to this process, is if the waves are depth limited as the water surface lowers, the impacting wave height 
is decreased and therefore the energy impacting the structure and toe is decreased.  To account for 
these variables several toe stone sizing formulations have been developed that use water depth, wave 
height, and damage level.  For this analysis the equation developed by Burcharth et al. 1995, as provided 
in the USACE Coastal Engineering Manual (CEM) as equation VI-5-108, has been used.  The details 
regarding the equation have been taken from the CEM and provided below as Equation 8-2.  To work 
through the actual calculations of the equation, the interactive, or “live”, version of the CEM was used.  
This version of the CEM is in electronic format and allows users to enter values into the equation and get 
answers.  This was a valuable tool since it allowed numerous water level an wave height combinations to 
be run, to try and determine the maximum needed toe stone size by trying to determine the maximum 
load scenario with water depth and wave height.  In the following sections the specific inputs for toe 
stone formulation will be discussed and the formulations will be provided in Section 8.8.2.   
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Equation 8-2 

 

 

 

 

 

 

 

8.3 Design Wave Height 

In order to determine the design wave height for the structures, several factors were considered, and 
the wave modeling results from WHG were used.  Provided in Table 8-1 are the wave heights taken from 
several storm events that were modeled.  For the breakwater structures the incident wave heights were 
determined by finding the existing condition wave heights 30 to 40 feet in front of the proposed 
structure location.   This distance was based on empirical calculations for breaker distance taken from 
the USACE Coastal Engineering Manual.  Just as in physical modeling of structures, wave conditions for 
the model were determined without the proposed structures in place since the modeled wave heights 
would include the reflected wave height moving seaward from the structure and would result in an 
artificially high incident wave height.  For the spur structures adjacent to the North Jetty, the wave 
height measurement came from the numerical model with the structure in place since the reflected 
wave heights coming off the north jetty into the spur groin would be additive to the waves directly 
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impacting the spur groin and vice versa.  As shown in the wave modeling performed by WHG this jetty 
and spur junction experiences a multi directional wave pattern and is much more turbulent than the 
“regular” incident wave conditions.   This area of “turbulence” has been shown as Figure 8-1.  The model 
results for various storm wave conditions were taken from CGWAVE and were provided as significant 
wave height or Hs.  The historical and return period storms are discussed in Section 5.2.6. 

Table 8-1. Design Wave Heights 

 
 
The design wave parameter of Hs was used for several reasons with the depth limited wave height being 
used as a design check.  When Hudson’s Formula was developed, only monochromatic waves were used 
in physical models so the correlation between H in Hudson to an irregular wave parameter needed to be 
determined.   Based on a personal conversation with Dr. Jeff Melby of ERDC-CHL and work performed by 
Bob Carver of ERDC-CHL, it was concluded that Hs was a reasonable wave height parameter to use for 
the design wave H in the Hudson’s formula.   Additionally, as shown in Figure 8-2, the bathymetry 
seaward of project structures is fairly flat with an approximated slope of 1V:280H.  This has a tendency 
to “filter” the wave signal, with significant shoaling and breaking occurring seaward of the proposed 
structures. This is evident in the model as well as observed personally at the project site.  It would be 
incorrect to multiply Hs by 1.27 to get H1/10 or by 1.67 to get H100 for use in the design since the 
distribution is skewed do to near shore wave breaking.  It was also reasoned that these structures do 
not provide protection for critical navigation or infrastructure directly behind them.   

 

 

 

 

 

 

 

 

 

 

Figure 8-1. Numerical Wave Modeling Results for Alternative 6 – Spur Groin Wave “Turbulence”. 

Turbulent Wave Area (Wave Reflection) 
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The purpose of the structures is to reduce the wave energy significantly, disrupt shore normal currents, 
and to reduce erosion.  Even if the structures are damaged and are eventually reduced in crest elevation 
they will perform that function adequately.  It also must be kept in mind that the local tide range of 
nearly 10 feet is a significant factor.  With such a large tide range the duration of wave impact at the 
maximum level will be relatively short during storm events. 

As a design wave height check, depth limited wave conditions were considered for each alternative.  
Water surface elevation was taken for a 10-year storm from Table 8-2, and water depth was determined 
using the bathymetry maps shown in Figures 8-2 to 8-5.  As discussed in Section 5.2.6, where water level 
was critical to the analysis or design, the corresponding return period water level was used as well.  It is 
understood the joint occurrence, or joint probability, of return period parameters such as waves and 
water levels results in an event that likely has a return period greater than the individual return periods.  
However, with nor’easters in New England, typically, if a storm is strong enough to generate a return 
period water level, the storms intensity is such, that significant wave energy will occur as well.  The 
offshore wave height may not be at the same return period level, but the near shore waves are likely to 
be near maximum due to shoaling and depth limited wave conditions.  The depth limited Hs wave height 
parameter was determined by multiplying 0.60 times the water depth.  It was found, and as shown in 
Tables 8-11 to 8-20, that the depth limited waves are smaller than the design wave for the spur options, 
nearly the same for Breakwater 1 in Alternative 25A, and about 1.5 feet larger for Breakwater 2 in 
Alternative 25A. Consideration was given to using the depth limited wave condition for Breakwater 2 
but it was decided that the wave model most likely gave the better answer.  Additionally the 
multiplication factor of 0.60 for depth limited Hs is likely conservative since the range is typically 
considered 0.50 to 0.60.  Given the relatively flat, wide bathymetry and the significant refraction 
occurring, the value is likely closer to the 0.50 multiplier.  This would reduce the depth limited wave 
conditions to below the design wave conditions used in all cases. 

8.4 Structure Toe/Base Elevation 

The bottom elevations of the structures was taken from the latest bathymetry data available and 
included USACE LIDAR data and single beam/multi beam survey data collected by USACE and WHG.  The 
bathymetry is shown in Figures 8-4 and 8-5.   
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Figure 8-2. Bathymetry of study area. 

 

  

 

 

 

 

 

 

 

 

 

 

 
Figure 8-3. Alternative 25 with bathymetric map. 
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Figure 8-4. Alternative 25A with bathymetric map. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8-5. Alternative 6 with bathymetric map. 
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8.5 Structure Side Slopes 

A structure slope of 1V:2H for both the front and back slope was ultimately selected after several 
iterations of structure slopes ranging from 1V:1.5H to 1V:3H for the spur groin structures in alternatives 
6 and 25A.  The first iteration of cross sectional design looked at 1V:1.5H but it was decided to go with a 
1V:2H the shallower slope for the Spur Groin structures for the increased stone stability.  This was 
reasoned to be especially important for the turbulent wave conditions and overtopping anticipated in 
the corner at the spur groin/North Jetty intersection.  For the breakwater structures in Alternative 25A a 
1V:2H slope was selected for the front slopes and a steeper slope of 1V:1.5H was chosen for the back 
side slope.   

8.6 Crest Elevation 

As part of the cross section deign, it was necessary to select the crest elevation of the structures.  The 
structure elevation was based upon return period and tidal water levels as well as shoreline erosion 
prevention.  During the earlier design iterations t-head groins and the near shore breakwater 
alternatives were designed using the available literature from USACE and others, regarding structure 
length, gap distance, and distance from shore.  Within that guidance was general recommendations for 
crest elevation but that was limited.  From the literature, crest elevation appeared to be one of the 
lesser defined design criteria, and that the other criteria were of much more importance for beach 
behavior behind the structures.  However, as discussed in Section 6, the final alternatives were designed 
outside of the better defined t-head groin/near shore breakwater design methods and instead used the 
CGWAVE numerical model, worked around the complicating subsurface geotechnical properties, and 
tried to work with the Maine coastal structure policy.  As described in detail in Section 7.2.4 of this 
appendix and in greater detail in Appendix C Section 12.5.4, during the structural design effort and the 
beach impact effort, specifically salient formation, crest elevation was not considered.  In researching 
USACE design guidance and other literature sources, a relevant USACE technical note was found - 
ERDC/CHL CHETN-II-45 March 2002 “Wave Transmission at Detached Breakwaters for Shoreline 
Response Modeling”.  The technical note describes a method for using wave transmission coefficients 
for shallow crested/submerged structures along with the GENESIS long shore transport model, and this 
approach was considered, but due to the relatively significant level of effort and need for additional 
modeling, this approach was ultimately not chosen.   Time and funding played a large part in that 
decision, but also the consideration that the performance of the beach fill behind the structures was 
already estimated.  Instead a more limited approach was used, as described in the following sections.  

8.6.1 Crest Elevation – Tide Range and Wave Transmission Discussion 

As previously discussed the tide range at the project is significant with a MLLW to MHHW range of 9.7 
feet and an annual return period storm water elevation of 11.70 ft-MLLW or 6.56 ft-NAVD88.  With the 
purpose of the structures to slow erosion of the beach fill component of the proposed alternatives, 
determining a design elevation was not straightforward.  This meant that designing the crest was not as 
simple as calculating what crest elevation would allow a particular overtopping volume or allow a 
certain percentage of wave energy to pass.  As a first cut, three crest elevations were investigated, 6 
foot NAVD88, 9 foot NAVD88, and 12 ft-NAVD88, which were designated as the low, intermediate, and 



113 

 

high crest options, respectively.  As can be seen in Table 8-2 the low crest would be above the MHHW 
line, but would be submerged during a 1 year storm, the intermediate would be approximately 1 foot 
above the 10 year storm, and the high option would be over 3 feet higher than the 100 year storm.  In 
order to get some sense of storm performance, wave transmission was looked at by plotting the wave 
transmission coefficient (Ct) for a 7 foot and 10 foot wave height versus freeboard.  Wave transmission 
formula by van der Meer and d'Angremond (1991) for rock armored low-crested, submerged, and reef 
breakwaters was used to determine wave transmission.  These formulas were provided as Table VI-5-15 
and Figure VI-5-54 in the USACE Coastal Engineering Manual (CEM) and for convenience the “live” 
equation version of the CEM was used to perform the calculations.  The resultant calculations for the 
transmission coefficients have been provided as a plot in Figure 8-6.  The 10 foot wave height is close to 
the design wave heights used for the structures as discussed in Section 8.3.   

Table 8-2. Tide and Return Period Storm Water Elevations 
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Figure 8-6. Wave transmission coefficient (Ct) vs. freeboard. 

Looking at Figure 8-6 and Table 8-2, the low crested structure with an elevation of 6 feet NAVD88, and 
as a conventional breakwater, would allow 52% of the wave energy to pass on a 1 year return period 
storm i.e. 6.56 foot NAVD88 water elevation for a 1 year storm (0 ft freeboard).  Significantly more 
energy passes with larger return period storms.  For the intermediate crest elevation the wave 
transmission would be dropped down to approximately 42% for the 1 year return period storm (2.5 foot 
freeboard) and to 48% for a 10 year return period storm (1 ft freeboard).  The high crest option at 12 ft-
NAVD88 would allow 32% during the one year return period storm (5.5 ft freeboard) and 38% during a 
10 year return period storm (4 ft freeboard).   

To provide additional information to help select a crest elevation two more pieces of information were 
used related to water level.  The first is the tide range that has been mentioned.  The return period 
water elevations are for the maximum water elevations and therefore the duration of the storm at 
those elevations will be relatively short.  Considering the 9 foot mean tide range, even with a storm 
surge from a strong nor’easter of 3 feet, the amount of time the water will be at the design elevation 
will be a matter of a few hours.  If one considers a “typical” nor’easter with a storm duration of a few 
tide cycles, the number of hours at the higher elevations will be relatively short compared to the rest of 
the storm.  The rest of the time the breakwaters will have a much greater freeboard and therefore a 
greater level of protection (Figure 8-7).  The second consideration given to design water levels was the 
potential impact for wave and wind set up in the project area due to the corner created by the North 
Jetty and the shoreline.  The water levels shown in Table 8-2 are from the Portland NOAA tide gage, 
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NOAA tide prediction transformations, and the New England Tidal Profile study from 1988.  Within all of 
that information, there is no site specific information given for this project corner area.  To achieve that 
level of detail a combination wave and hydrodynamic model would need to be run with a very fine 
spatial resolution which was not done for this project.  Instead, it was decided to assume setup in the 
corner does occur based upon conventional coastal engineering science and wisdom.   

 Figure 8-7. 10 year storm water elevation plot vs. crest elevation. 

8.6.2 Crest Elevation – Near Shore Breakwater Design Consideration 

As discussed, near shore breakwater design guidance focuses mostly upon structure length, spacing, and 
distance from shore.  The discussion and research for optimal structure height versus shoreline 
protection appears to be limited, with perhaps the most applicable information found being the USACE 
technical note discussed earlier which required the use of the GENESIS numerical model.  The available 
literature did state that lower crested structures would result in less protection, reduce the chance of 
tombolos, or reduce the size of salients.  However, there was no information found saying what “low” 
crested was defined and similarly the term “emergent” breakwater is used without a definition 
provided.  As discussed in Section 8.6, the Woods Hole Group did estimate salient growth behind the 
structures using the discussed formulations, but those calculations, due to the formulations used, did 
not address necessary crest elevation relative to that analysis.  In the latest guidance found from the 
United Kingdom’s Department for Environment Food and Rural Affairs (DEFRA) Project SC060026/RI 

9 ft Structure Crest (intermediate) 

7 ft Structure Crest (low) 

MHHW 
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2010 “Guidance for outline design of near shore detached breakwaters on sandy macro tidal coasts”, a 
figure relating crest elevation to salient formation was provided.  The graph, which is provided below as 
Figure 8-8 is based on relative submergence of the crest.   For the structures being considered the 
medium and high crest elevations were considered “emergent” above the MHHW and 10 year storm 
events which made the figure non applicable.  The tests used for the results in Figure 8-8 were also done 
for a tide range to Hm0 ratio of 2.5, which is not the case for this study.  As shown in Section 8.6, the 
MHHW to MLLW tide range in the study area is 9.7 feet resulting in a tide range to Hmo ratio closer to 1.  
With this it was determined the DEFRA figure was not directly applicable to any of the alternative crest 
elevations being considered.  However, the fact that the intermediate to high crest elevations were 
“emergent” suggests more than adequate structure elevation.   

Figure 8-8.  Effect of breakwater crest level (relative submerged depth at high water, dcr/Hmo) for different breakwater length 
(Rtide/Hm0=2.5). Taken from DEFRA Project SC060026/RI 2010 

Additional consideration was given to the distance that the near shore breakwaters were to shore.  The 
available literature and design guidance contained within it would have the near shore breakwaters 
closer to shore than presently designed.  For reasons already discussed, the structure layout was 
governed by geotechnical issues, wave modeling results, and permitting.  With the structures located 
further offshore, the expected protection of the beach fill and therefore the performance of the beach 
fill was anticipated to be lower than breakwaters closer to shore.  Based upon this, it was decided to 
keep the crest elevation higher.  For details regarding beach performance with the various alternatives 
the reader is directed to Sections 9 and 10. 

8.6.3 Crest Elevation – Foundation Settlement Consideration 

As discussed in Section 7, foundation issues were a significant concern during the design of the structure 
layout, as well as the cross sectional design.  Based on the work from the Geotechnical Section 
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(Appendix D) it was determined the proposed structures for Alternatives 6 and 25A would be stable and 
not experience foundation failure.  It was also determined in the Geotechnical analysis that with proper 
foundation construction the breakwater structures and spur groins should not settle significantly.  
However, for conservatism, if two (2) feet of settlement does occur the intermediate crest elevation 
that was always above the 10 year storm water level becomes submerged part of the time.  This can be 
seen in Figure 8-7. 

8.6.4 Crest Elevation – Recommendation 

Given all of the information provided and through consultation with the PDT, the intermediate crest 
elevation of 9 ft-NAVD88 was chosen and the reasons are summarized in list form below.  All structures 
in each alternative were designed for the same elevation with the exception of reinforcement of the 
North Jetty.  The details of this reinforcement have been included in Section 8.7. 

1. Geotechnical loading conditions were a significant concern and keeping the crest elevation as 
low as possible to avoid overloading the foundation was a goal. 

2. The fact that critical infrastructure or navigation was not being protected, wave transmission 
during the peak of a storm was considered acceptable. 

3. Based on the available literature, especially the latest DEFRA document, it was concluded the 
high crest option was not needed. 

4. The short duration of the elevated water surface during a storm, given the large tide range, was 
considered and provided further confidence the high crest elevation option was not necessary. 

5. The low crested option was not selected due to the potential for frequent overtopping during 
storms, including annually occurring events.  This concern was magnified by the likely 
occurrence of localized setup due to waves and wind current into the North Jetty/shoreline 
corner. 

6. Information found during the literature search of detached breakwaters was interpreted as 
having structures that are submerged/or nearly submerged during “design” conditions for short 
periods is normal however higher crests will perform better at retaining sand.  Based on the 
information available it was concluded the intermediate option satisfies those conditions. 

7. The breakwater layout was not designed using typical near shore breakwater criteria, but 
instead based upon wave modeling results, geotechnical foundation issues, and the desire to 
keep the structures as far offshore as possible to address permitting agency concerns.  Based 
upon these reasons, the breakwaters were evaluated having a crest elevation as high as possible 
without being too conservative, and that did not cause foundation loading problems. 

8. The potential for foundation settlement lead to lowering the overall structure height but was 
balanced against maintaining adequate height for minimizing overtopping 

8.7 North Jetty Reinforcement and Toe Protection 

As mentioned in Section 8.3, the wave climate in the corner created by the spur groin structures in 
Alternatives 6 and 25A is expected to be elevated and extra turbulent compared to the more normal 
wave trains impacting the project area.  As shown in Figure 8-1, this turbulence is denoted by the waffle 
pattern in this corner which is created by waves hitting the North Jetty, reflecting off it, and then 
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impacting the spur groin and also from waves impacting the Spur Groin, reflecting off of it, and then 
hitting the North Jetty.  As discussed in Section 8.3, the design wave height for the spur groins in the 
final alternatives was increased versus the design wave heights used for the breakwater components in 
those alternatives.  It was decided that the North Jetty required reinforcement due to this increase in 
wave climate.  This reinforcement included using larger armor stones than already exist, shallowing the 
back side slope from a 1V:1.5H to a 1V:2:H, to increase armor stability, raising the crest elevation, and 
reinforcing the toe protection to prevent scour.  The crest elevation was increased to prevent a large 
increase in overtopping.   

The North Jetty was will also be reinforced.  The existing elevation of the North Jetty, where the spur 
groins would connect, is 7 ft-NAVD88.  With the spur groin components being 9 ft-NAVD it was 
considered likely that more wave energy would be forced to overtop the North Jetty.  Basically it would 
be the weak spot or relief valve for the increased wave energy.  This would potentially cause damage to 
the North Jetty, and could impact navigation in the federal channel between the jetties.  To address this 
issue the North Jetty slope will be reinforced with larger stone along with increasing the crest elevation 
to match the spur groin structure. In addition to the increased jetty slope protection, increased toe 
protection was provided.  This was included in the area of extra slope protection and extended 200 feet 
beyond the slope protection.  The length of North Jetty that was afforded this extra protection was 
determined from the CGWAVE numerical modeling effort with video images similar to Figure 8-1.   
Ideally, a physical model could have been used to confirm this design feature, and a physical model was 
recommended but the request was turned down due to cost and schedule implications.  The plan form 
of the added protection can be seen in Figures 8-9 and 8-10 with the cross sectional views provided in 
Section 8.8.  It should be noted the reinforcement is the same for each alternative and for each 
structure crest height option. 

Figure 8-9. Alternative 6 plan form layout – with North Jetty reinforcement 
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Figure 8-10. Alternative 25A spur groin plan form layout – with North Jetty reinforcement. 

8.8 Stone Size Determination 

8.8.1  Armor Stone Size Determination 

As discussed in Section 8.2, the Hudson formula was used to determine the design stone weight.  In the 
previous sections, the design input values into the equation have been discussed and provided.  The 
worksheets used for each structure, for each of the final alternatives have been provided in Figures 8-11 
to 8-20.  It worth noting that the Figures 8-11 to 8-20 are the worksheets used for stone size calculations 
and rough volume determinations and are not for construction purposes or for use in determining final 
stone/material quantities.  Once again they are simply calculation worksheets.  The stone size 
formulations have been provided for Alternatives 6 and 25A for the intermediate options.  The high 
crest option would have the same stone sizes and layout, with the only exception being a higher crest.  
As seen in the worksheet figures, there are separate worksheets for the structure heads and for the 
reinforcement armor included along the north jetty seaward of the spur groin structures.  Head sections 
of structures typically require larger/heavier stone than the trunk section of rubble mound structures 
due to more severe wave forcing.  Waves have a tendency to be focused on corner and end features of 
structures as well as impart different forcing mechanisms to the structure.  As a wave moves over the 
end slope, the orbital velocity of the wave in the water column creates an uplift force, which causes 
additional instability for the stone.  Due to the focusing and additional forces experienced at the head of 
structures, the Hudson Formula uses a lower stability constant, Kd, and therefore the calculation 
increases the stone size at the head of the structure versus the trunk slope of the structure.  
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 8.8.2  Toe Stone Size Determination 

As discussed in Section 8.2.2 Equation VI-5-108 from the CEM was used to determine toe stone size.  
Due to the interaction of water depth, wave height, and toe stone elevation, an iterative process was 
undertaken to determine the appropriate toe stone size.  As discussed in Section 8.2.2 the interactive 
version of the CEM was used to perform the calculations.  The wave and water level information from 
the previous sections were used as boundary condition inputs with a range of intermediate inputs used 
to cover various forcing levels.  As water level decreases, wave height decreases but the wave energy is 
closer to the toe, so to stone size increases.  The maximum toe stone size found in this iterative process 
was selected for conservatism.  Provided below in Table 8-3 is the worksheet output for the maximum 
stone size.  The water depth above the toe 7.5 feet) and wave height (10 feet) was used (as highlighted 
in red) along with the no damage state.  No damage was used for conservatism.  The stone size was 
provided in Dn50, which was then converted to W50, since weight is often the design specification used in 
armor stone design work.  The calculated W50 was 5,407 pounds or 2.7 tons.  The weight was rounded 
up to 5,500 pounds or 2.75 tons for convenience and the resulting diameter was then back calculated 
for structure design (3.22 feet).  The final resulting stone size and diameter have been included in the 
structure worksheets provided in Figures 8-11 to 8-20. 

Table 8-3. Toe stability/sizing results table 
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Figure 8-11. Alternative 6 Spur Groin Trunk – intermediate crest elevation 
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Figure 8-12. Alternative 6 Spur Groin Head – intermediate crest elevations 
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Figure 8-13. Alternatives 6 and 25A North Jetty Reinforcement –intermediate and high crest elevations 
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Figure 8-14. Alternatives 6 and 25A North Jetty Toe Reinforcement – intermediate and high crest elevations 
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Figure 8-15. Alternative 25A Spur Groin Trunk – intermediate crest elevation 
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Figure 8-16. Alternative 25A Spur Groin Head – intermediate crest elevation 
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Figure 8-17. Alternatives 25A Breakwater 1 Trunk – intermediate crest elevation 
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Figure 8-18. Alternatives 25A Breakwater 1 Head – intermediate crest elevation 
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Figure 8-19. Alternatives 25A Breakwater 2 Trunk – intermediate crest elevation  
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Figure 8-20. Alternative 25A Breakwater 2 Head – intermediate crest elevation.                                                                                                                                              
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9.0 BEACH FILL CROSS SECTION DESIGN  

9.1 Introduction and History 

During the design of the numerous alternatives discussed in Sections 6 and 7, beach fill was considered 
as a component of many of the plans but it was not considered a viable stand alone alternative.  This 
was the case due to the very short life span of previous sand placement in the project area, the complex 
wave environment and reflected waves from the North Jetty, experiences at other acute erosion, down 
drift inlet projects within and outside of USACE, and from discussions with subject matter experts within 
the Corps.  The first approach to designing the beach fill was to use the same fill volume for each 
alternative, with limited analysis being performed on the beach fill since the major protection was 
expected to come from the various structural components.  However, it became evident when 
evaluating and selecting the alternatives that the beach performance within the alternatives could play a 
more significant role than anticipated.   

Part of the reason a more detailed beach fill design/performance analysis was not originally conducted 
was the complex wave environment and the complications introduced by the various structural 
components.  After consultation with the USACE Coastal Working Group of the Hydraulics, Hydrology, 
and Coastal Community of Practice, also known as the Coastal Working Group (CWG), and several 
subject matter experts it was concluded the analysis tools available were not developed to handle 
situations as complicated as the ones in the project alternatives.  However, simplification methods to 
help account for some of these complications were suggested to allow an analysis to be done for the 
beach fill performance in the various alternatives.   The answers produced from this analysis are not 
exact and may not reflect the actual performance of the beach fill within the alternatives, however the 
information obtained from the analysis is likely correct in a relative sense between the alternatives.  

The SBEACH model literature, which was used to model cross shore storm performance, specifically 
excludes the use of the model in areas such as the project area.  However, through consultation with 
ERDC and the WHG, the model setup was adjusted to allow it to be used as an approximate 
representation of the project beach.  The SBEACH modeling effort will be discussed in detail in Section 
9.9. 

 9.2 Beach Fill Design 

The beach fill designs went through several iterations throughout the multiple year investigation.  The 
original intent of the beach fill component was to restore a beach within the project area that would 
provide the extra level of protection against erosion behind a structural alternative and restore a sand 
source to the system.  The beach fill design was originally based on beach profile data from the late 
1990s and early 2000s time frame.  The original volume was estimated at 300,000 cubic yards along 
3,000 feet of beach.  This would provide a beach fill density of 100 cubic yds3/ft of beach.  As more 
attention was brought upon the beach fill only alternative, and subsequently the beach fill components 
of the structural alternatives, greater detail was given to the design of the beach fill.   
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Ultimately the beach fill analysis sought to determine what was the minimum beach volume/berm width 
needed to protect the shoreline from further erosion for each of the alternatives.  It was hypothesized 
that a smaller beach would be needed to be in place as part of the structural alternatives due to the 
level of protection from the spur and/or breakwaters than for a beach fill only alternative where there 
was no reduction in wave and current forcing.  Additionally, the longevity of the beach fill and the 
number of renourishments over the 50 year project life was sought as well. 

9.3 Exiting Beach Profile Data 

The beach fill alternatives were designed in the USACE RMAP software package utilizing the most recent 
fall 2009 profiles.  The first profiles that were evaluated were located in the project area and were 
classified as an eroded beach condition.  Due to the relatively short project length of 3,250 feet, one 
profile was chosen to represent the eroded beach condition.  It is worth noting that the beach fill length 
had to be extended an additional 250 feet from the original 3,000 feet due to additional shoreline 
erosion during the eight year study period.  As part of the design process, it was desirable to have a 
healthy, or non eroded beach profile as a template.  With such a profile the proper beach berm 
elevation and foreshore slope could be determined.  Profile data was collected just north of the project, 
where a “healthier” beach profile exists (dune, berm, foreshore slope, and sub aerial slope).  Shown in 
Figure 9-1 are the eroded and healthier northern profiles.  It can be seen that the “healthy” northern 
profile does not extend offshore (was not collected in the field).  In order to have a more complete, 
healthy profile, the northern profile was merged with the eroded profile by joining them at the matching 
offshore elevation.  This was done based on equilibrium beach theory and the strong likelihood that the 
sub aerial profiles were similar.  The extended healthier northern profile compared to the eroded profile 
can be seen in Figure 9-2. 

 

 

 

 

 

 

 

 

 
Figure 9-1. Fall 2009 Camp Ellis Beach profiles (elevation ft-NAVD88) 

 



133 

 

 

 

 

Figure 9-2. Extended healthy profile (elevation ft-NAVD88) 

9.4 Beach Fill Design Methodology 

9.4.1 Beach Fill Only Profiles 

Beach fill alternatives with berm widths ranging from 10 feet to 70 feet, in ten foot increments were 
designed in RMAP.  To design the profiles it was assumed that the sand being placed matched the 
existing sand grain size distribution.  This decision was made because a specific borrow source of 
material for the beach fill had not been identified at the time of the beach fill design.  The sand that is 
chosen could ultimately be a finer grain sand, which would result in a shallower sloped beach, or coarser 
which would result in a steeper sloped beach.  The use of equilibrium theory, and assuming a matching 
grain size distribution, means that as sand is placed on the beach the beach profile will grow seaward, 
and will match the existing shape of the beach.  This simply translates the existing beach profile 
seaward.   The healthy profile from the north was used as a template for the beach fill profile.  From this 
profile the beach berm elevation for beach fills was set at 12 ft-NAVD88 and the same foreshore and sub 
aerial beach profiles were used.  It can be seen in Figure 9-3 that the 30 foot beach berm fill alternative 
is nearly identical to the healthier beach profile from the north.  The 12 foot berm elevation was chosen 
due to the natural berm elevation found on the healthy profile and also as a result of the SBEACH 
modeling which will be discussed in Section 9.9.  The 12 ft-NAVD88 berm elevation is approximately one 
foot higher than the natural berm elevation but the slight increase in elevation showed performance 
benefits during the storm modeling effort, specifically more beach material remained near shore and at 
higher elevations. 
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Figure 9-3. Beach fill alternative berm widths - upper profiles (elevations in ft-NAVD88) 

Beach fill density and volumes per project length were determined in RMAP for each alternative by 
subtracting the difference between the alternative profiles and the existing eroded profile.  The volumes 
have been provided in Table 9-1.  For comparison purposes the volume difference between the 
healthier beach and the eroded profile has been included as well.  Once again, the 30 ft berm width 
alternative is very comparable to the existing healthier profile to the north.  The volumes for 1,625 feet 
were provided, which is one half of the beach fill length, and as will be seen in the beach fill 
modeling/performance analysis this number will be useful.  It can also be seen in Table 9-1 that for each 
10 ft of berm width increase of an equilibrated profile, the additional fill volume is approximately 10 
yds3 (+/- 0.5 yds3) 

Table 9-1. Beach Fill Only Volumes 

 

 

Beach Fill Density

Profile/Beach Fill Alternative yds3/ft of beach 1,625 ft of beach 3,250 ft of beach
10' Berm 79.81 129,686 259,373
20' Berm 90.30 146,733 293,465
30' berm 100.75 163,724 327,447
North Profile (Healthy Profile) 101.25 164,535 329,069
40' Berm 111.16 180,642 361,283
50' Berm 121.55 197,519 395,038
60' Berm 131.92 214,373 428,747
70' Berm 142.28 231,203 462,407

Beach Fill
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9.4.2 Beach Fill Profiles with Structures 

For the structural alternatives there is cross shore beach equilibration benefits that would result from 
the placement of structures.  Breakwaters typically limit cross shore movement of sand, creating a 
perched beach, which reduces the volume of sand necessary to fill out an equilibrated beach profile.  An 
example of this has been provided as Figure 9-4.   

 

 

 

 

 

 

 

 

 

 

 

Figure 9-4. Beach profile cutoff/perched beach from near shore breakwater (Figure V-3-14 CEM). 

The cross shore profile benefits were determined by simply cutting off the profile volume calculation at 
the distance offshore for the various spur and breakwater alternatives.   For instance the spur and 
breakwaters for Alternative 25A are designed to be offshore 1,000 feet so the profile in the RMAP 
calculation was cut off at 1,000 feet.  For the beach fill only profiles discussed in Section 9.4.1, the 
profile volume calculations were extended to a distance of 2,800 feet offshore.  The volumes for the 
various beach berm widths for the various cutoffs have been provided in Table 9-2.  Table 9-2 can be 
compared to Table 9-1 to determine the volume reduction for the structural alternatives versus the full 
beach fill profile.   However, as discussed in Section 9.12.2, the profiles being cut off by the structures 
did not really impact the beach fill volumes significantly.  This is due to the relatively thin layer of sand 
covering the beach beyond 1,000 and 1,500 feet and the fact that structural alternatives cover a 
maximum frontage of 1,400 feet of beach out of the 3,250 of project beach.  Once again this will be 
discussed further in Section 9.12.2. 

It should be noted however that the beach fill differences with structural components become more 
significant with rising sea level.  Additional details are provided in the Sea Level Rise discussion in 
Section 12. 
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Table 9-2. Beach fill volumes with structural components. 

 

9.5 Beach Depth of Closure 

An issue worth noting is that the depth of closure was likely not reached in the beach fill profile designs.  
As shown in Figure 9-2, the available survey data only extended to the elevation of -17 ft-NAVD88.  
During the SBEACH modeling effort discussed later in Section 9.9, the profiles showed movement and 
erosion at the furthest seaward extent of the profiles.  This is not surprising given the beach profile 
elevation of -17 ft-NAVD88.  This elevation is very likely shallower than the depth of closure given the 
wave climate determined in the wave modeling effort.  This could mean that the volumes associated 
with the various beach fill alternatives may be under estimated since it may take more sand than 
calculated to fill the full beach profile.  However, it is difficult to know if sand will be pulled out across 
the full profile since it is so wide and there are other influences likely involved in the development of 

Beach Fill Volumes - 1,500 ft Profile Cut Off (Spur groin for Alt 6)
Beach Fill Density

Profile/Beach Fill Alternative yds3/ft of beach 1,625 ft of beach 3,250 ft of beach
10' Berm 68.25 110,898 221,796
20' Berm 77.29 125,601 251,202
30' berm 86.82 141,089 282,178
North Profile (Healthy Profile) 86.33 140,280 280,560
40' Berm 95.35 154,947 309,894
50' Berm 104.37 169,600 339,199
60' Berm 113.37 184,221 368,443
70' Berm 122.34 198,798 397,595

Contour -14 ft
Profile Length 1,500 ft

Beach Fill Volumes - 1,000 ft Profile Cut Off (Alternative 25A)
Beach Fill Density

Profile/Beach Fill Alternative yds3/ft of beach 1,625 ft of beach 3,250 ft of beach
10' Berm 60.25 97,905 195,809
20' Berm 68.38 111,109 222,219
30' berm 76.51 124,327 248,654
North Profile (Healthy Profile) 77.01 125,138 250,276
40' Berm 84.68 137,608 275,217
50' Berm 92.90 150,964 301,928
60' Berm 101.11 164,302 328,604
70' Berm 109.28 177,580 355,160

Contour -14 ft
Profile Length 1,000 ft

Beach Fill

Beach Fill
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this wide and shallow sloped beach plan form.  This uncertainty would be more significant with the 
beach fill only alternative since the structural based alternatives will help prevent cross shore movement 
of the beach, with the breakwater alternatives providing the maximum limitation of cross shore 
movement.  Alternative 25A, with the near shore breakwater components will develop a scalloped 
shaped beach behind the structures and will limit the cross shore movement of the sand.   

9.6 Sand Deficit 

As shown in Figure 9-2 and Table 9-1, a comparison between the healthier profile to the north and the 
eroded profile in the project area shows that a significant volume of sand will be needed to restore the 
beach to a healthier beach condition.  The volume comparison provided in Table 9-1 shows that the 
eroded profile had a sand deficit of 101.25 yds3/ft of beach as compared to the healthy profile just 
outside the project area.  This deficit has likely changed since the profiles were collected in 2009.  As will 
be discussed in upcoming Section 9.12, the modeling confirmed that a beach fill similar to the healthier 
beach profile is needed to survive a significant storm without further shoreline damage.  This means 
that 101.25 yds3/ft or 329,000 yds3 for the 3,250 project length will be needed just to restore the beach 
to this healthier profile.  This number is not exact, and is likely overstated since the beach transitions 
from the eroded profile to the healthier profile while moving north through the project.  However, it 
does demonstrate that that there was a significant sand deficit for the beach in the project area at the 
time of the 2009 surveys. 

9.7 Beach Fill Deficit/Nourishment/Re-nourishment Formulation 

As will be discussed in Section 9.12, one of the important pieces of information sought for plan 
formulation was the volume of sand needed to be in place, or the beach berm width needed to be in 
place, to survive a significant storm, and the different volumes needed between alternatives.  This 
necessary volume or berm width can be considered a trigger point, or a minimum beach width/volume 
that the beach should not be allowed to erode below.  Below this volume, for the particular alternative 
being considered, the shoreline will be impacted by a significant storm.  These trigger point 
volumes/berm widths were determined in Section 9.12.  If shoreline erosion is allowed to occur beyond 
the location that exists at the start of construction, the project intent of the Section 111 will not be met.  
Remember the intent of the Section 111 is to prevent the erosion that is being cuased by the jetties.  As 
also shown in Section 4.1, the beach system within Saco Bay is a stable system, beyond the erosion area 
adjacent to the federal navigation project. 

These minimum beach widths/volumes should be maintained at all times and re-nourishment should be 
conducted before these minimum volumes are reached.  Therefore, it was decided that for the purposes 
of this analysis the first beach fill should be broken up into two separate fills.  Obviously the fills would 
be constructed at the same time, but to keep the fill volume discussion as clear as possible two fill 
names were used.  The first, as designated in Section 9.12, is the “Non Sacrificial Fill”.  This will 
essentially restore the beach back from the severely eroded condition that existed in 2009.  The second 
fill will be the “Nourishment Fill” which is the sacrificial fill that will be allowed to erode overtime to a 
point where the trigger is reached and a re-nourishment project is conducted.  This second fill has been 
called “advanced nourishment” by other USACE districts.  This Nourishment Fill and the maintenance of 
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this Nourishment Fill (re-nourishment fills) will be analyzed separately during the longevity performance 
analysis in Section 10.  The first fill or Non Sacrificial fill can be considered a one-time construction effort 
which must be provided for in all alternatives. 

9.8 Design Storm Selection 

It was decided to select a 10 year return period storm for the beach fill analysis.  The 10 year storm 
characterization was based on water level and wave height.  It is understood the joint occurrence, or 
joint probability, of return period parameters such as waves and water levels results in an event that 
likely has a return period greater than the individual return periods.  However, with nor’easters in New 
England, typically, if a storm is strong enough to generate a return period water level, the storms 
intensity is such, that significant wave energy will surely occur as well.  The offshore wave height may 
not be at the same return period level, but the near shore waves are likely to be near maximum due to 
shoaling and depth limited wave conditions.  Therefore a joint occurrence was assumed to be 
reasonable.  The wave height hydrograph was provided by the Woods Hole Group at the thirty (30) foot 
contour offshore of the project site. 

Only one storm hydrograph (wave height, wave period, water level) was used in this analysis effort and 
based on engineering judgment, the storm hydrograph used was representative of a significant New 
England coastal storm.  It should also be noted that there is not a large difference in parameters 
between a New England coastal 2 year event and a 10 year event, or even a 20 year event.  This is 
because strong nor’easters are a fairly frequent event in New England.  The details regarding the specific 
10 year event and storm hydrograph are provided in Section 9.9.2 in Figure 9-6. 

The use of a 10 year storm should not be interpreted as this project providing protection for a 10 year 
event.  A full risk based analysis was not completed for this project since the intent of the project is not 
flood risk reduction or storm damage reduction, but instead shoreline erosion prevention. As discussed, 
a more robust storm was used to determine the general performance of the beach fill during a storm, 
and the potential for erosion, not for reducing storm damage or flood risk.  Once again, the intent of this 
Section 111 project is to mitigate for shoreline erosion problems caused by the USACE jetties. 

9.9 SBEACH Modeling  

In order to provide differentiation in performance between the various beach fill alternatives, an 
attempt was made to model the beach storm performance.  Despite the known limitations of beach 
models, after lengthy discussions and consultations with ERDC and WHG, an approach that utilized 
SBEACH was chosen and used for analysis.  However, due to limitations of the analysis, the results 
should be used more for relative comparison and less for actual values. 

9.9.1 Modeling Approach 

As discussed throughout the report, there are some intense coastal processes that occur within the 
project area that have been documented and demonstrated in the wave modeling effort.  These 
processes include, Mach stem waves riding along the structure, wave focusing between the offshore 
islands, a significant reflected wave off of the north jetty that sends waves towards the beach at a very 
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shallow angle (strong sediment transport potential), and a complex hydraulic current field is suspected 
during storms.  A hydraulic numerical model was not completed but looking at the bathymetry it is likely 
that a complicated hydraulic regime exists in the project area.  The SBEACH model was not designed to 
handle the complex wave and hydraulic conditions in the project area nor beach performance near 
coastal structures.  To address the complicated coastal forcing and the limited capabilities of SBEACH in 
these areas, a simplified approach was chosen with an understanding that several factors may need to 
be estimated.   Therefore, results should be used more for relative comparison and less for exact values.   

The basic approach to address some of the limitations was to run the SBEACH model with the wave 
climate behind the near shore breakwaters and spur groin options.   Typically, SBEACH is run for the full 
beach profile and storm time series, however, for this case, the near shore breakwaters and spurs 
significantly reduces the wave energy behind them necessitating a cutoff.  During the SBEACH model 
parameter setup the profile lengths were set to either 1,000 ft or 1,500 ft vs. the full 2,800 ft, depending 
on alternative scenario the beach was being modeled for.  Also, the reduced wave heights resulting 
behind the breakwater and spur structures were used as the wave input.  These adjustments were not 
needed for the beach fill only option since there were no interruptions to the wave energy impacting 
the beach.  The wave reductions will be discussed in Section 9.9.3.3. 

Since SBEACH cannot handle mach stem currents, reflected waves, or the complicated current regime of 
the existing beach condition, the modeling will likely over predict the performance or resiliency of the 
beach fill only alternative.  Due to under predictions of the modeling process for the beach only 
alternative, engineering judgment was used to develop predicted beach replenishment volumes later on 
in the report (Section 10).  This engineering judgment amounted to doubling the renourisment volumes 
determined in the modeling effort for the beach fill only alternative.  Although this number is arbitrary 
the results are more likely to be correct than not applying engineering judgment.  Once again this is 
further discussed in Section 10.0 where the modeling/beach fill longevity results are presented and in 
Section 12 during the Risk discussion.  As mentioned previously, the Beach Fill Only Alternative was 
determined not to be a viable alternative once after all of the analysis was concluded.  For Alternative 6, 
the spur and beach fill option, the modeled performance in SBEACH is more likely representative of the 
actual performance of the beach fill.  The spur groin was shown in the WHG wave modeling to 
significantly block the reflected waves from the north jetty and the Mach Stem effects.  This results in a 
situation that better suits the SBEACH model, and comes closer to meeting the conditions it was 
designed for.  For Alternative 25A, the spur and breakwater alternative, the SBEACH modeling likely 
under predicts the performance of a beach fill.  In addition to the benefits mentioned for the spur, the 
breakwaters will also cause a more stable beach form to develop behind them, as shown in Figure 9-5.  
To be conservative, no adjustments were made to decrease the beach re-nourishment frequencies of 
the spur/breakwater alternatives.  This formation will perform better during storms than a more typical 
sloped beach without protection.  This effect was not accounted for in SBEACH, which means it is likely 
that the beach will perform better than predicted. 
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To help provide a better understanding of the modeling limitations, a table was created for each 
alternative and related processes in the project area and can be found, along with a more detailed 
discussion, in Section 11.   

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 9-5. Near shore breakwater beach formation (Figure V-3-14 of USACE CEM) 

9.9.2 Model Set Up 

The SBEACH model setup consisted of importing the profiles to be modeled and developing the storm 
time series.  The profiles were directly imported from the RMAP software and comprised of both the 
existing profiles (eroded and healthy) and the beach fill profiles.  The 10 year storm that was used was 
actually taken from the Nantasket Section 103 study that was conducted for a Nantasket Beach in MA.  
There were numerous water level and wave condition time series developed for this area as part of the 
study.  Given the similar storm climate, tide range, and relatively close geographic proximity it was 
decided to use modified storm time series from Nantasket instead of regenerating the time series for 
Camp Ellis which would have been difficult since there is no long term recorded tide data for Camp Ellis.  
During the WHG effort full time series were not developed, and only the peak storm conditions were 
determined and modeled.  Based on the WHG work, the parameters that defined a 10 year storm event 
were characterized.  This information was used to adjust the 10 year storm time series from Nantasket.  
Basically the time series were adjusted up or down to match the 10 year parameters at Saco.  The 10 
year storm time series used offshore of Camp Ellis can be seen in Figure 9-6. 

As discussed the beach profiles lengths were adjusted to match the beach profiles landward of the 
alternative structures.  The grain size was set based on the collected grain size data from USACE and 
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WHG.  The rest of the parameters were left at a default setting with the exception of the avalanche 
slope angle.  The default was allowing for very steep beach profiles that appeared unrealistic and that 
also caused the model to perform poorly.  While there was no recorded storm beach profile data to 
compare to, during the model runs with the default cave parameter, smaller beaches often performed 
as well or better than larger beach fills.  Better performance meant, a wider berm was maintained 
during the modeled storm runs for the smaller beach fill than for a larger beach fill.  The model was run 
with a 5 ft grid cell width. 

 

 

 

 

 

 
 
 
 
 
 
 
 

Figure 9-6. Camp Ellis generated 10 year storm time series (elevations in ft-NAVD88) 

9.9.3 Model Validation 

9.9.3.1 Healthier Beach Profile Model Performance 
With the 10 year storm chosen and the profiles entered into SBEACH, the healthier existing beach 
profile from just north of the project was run.  The starting and minimum profile during the storm can 
be seen in Figure 9-7. 

The performance of this profile was of particular interest since it is just outside of the project area and 
just north of the area that is experiencing storm damage during storms.  Before running the model it 
was hypothesized that this profile should perform fairly well in the model and not show excessive near 
shore erosion during the storm modeling.  If it did then it could be concluded the SBEACH modeling was 
causing too much erosion.  However, it was also hypothesized that there should be sufficient erosion 
that would bring the profile near to the point of allowing storm damage since just to the south in the 
project area, with a less healthy profile, there is documented storm damage.  As can be seen in Figure 9-
7, the healthier profile does experience noticeable erosion and the minimum profile, based on elevation 
and field observations would be on the verge of storm damage.  The figure shows the starting profile 
and the minimum profile experience during the storm.  Although this was not an ideal model validation, 
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it does lend support that the SBEACH model is performing somewhat adequately in this area.  It should 
be noted, that at the 3,500 foot distance north of the jetties, this area is outside of the direct impacts of 
the reflected waves coming from the north jetty, with the exception of the stronger along-shore current 
being driven to the north.  It should be noted that the storm profile shown in Figure 9-7 does not look 
like a “typical” storm profile since no sand bars are present and the tailing off of the offshore end of the 
profile.  This “non-typical” model performance is believed to be the result of the wide, shallow, and 
shallow sloped bathymetry and because he profile does not reach the depth of closure.  It is understood 
that this raises questions regarding model validity in the project area, and those concerns were also 
expressed by the PDT.  However, this was the only tool available and calibration/validation data was not 
available so the results were used with an understanding of the limitations.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-7. SBEACH model performance of healthier beach profile (elevations in ft-NAVD88) – minimum storm profile shown. 

9.9.3.2 30 foot Berm Alternative Model Performance 
The modeled storm performance of the full 10 yr storm time series was then run on the 30 foot berm 
beach fill alternative to make sure the performance was the same.  As mentioned earlier, based on 
beach shape and volume, the 30 foot berm was considered to be a close match to the existing condition 
healthier beach profile.  As can be seen in Figure 9-8, the starting and minimum beach profile during the 
storm is provided for each profile and the response is very similar. 
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Figure 9-8. 30 foot alternative model performance. 

9.9.3.3 Idealized Storm Generation and Validation 
The purpose of this effort was to be able to model the beach with the alternatives in place and with the 
reduced wave energy behind the structural alternatives.  Provided in Table 9-3 are the reduced 
energy/wave heights for each alternative based on zonal areas along the beach.  This information was 
provided by WHG as part of the wave modeling effort and was taken from the WHG report. 

With the reduced wave height information it was decided to generate storm conditions that matched 
the WHG model output conditions shown in Table 9-3 for use in the SBEACH model.  It was decided not 
to have WHG spend the time to rerun the wave models and output actual time series data at key 
locations for time and budgetary reasons.  It was first attempted to use the actual 10 year storm time 
series shown in Figure 9-6 and only adjust the wave height by basically capping the wave heights in the 
time series to the values provided by WHG, as shown in Figure 9-9, but this lead to unrealistic output 
profiles in SBEACH.   

The next approach was developed with the assistance of ERDC-CHL with the use of idealized storms 
constructed with uniform wave height, period and water levels for each of the nearshore storm 
conditions provided by WHG.  The first idealized storm had a 7 ft wave height, 8 second period, and an 8 
ft-NAVD88 water elevation (Figure 9-10).  This configuration was meant to simulate the existing 
conditions since these conditions were the same or similar to the 10 year storm near shore conditions 
provided by WHG in Table 9-3.  Since the variation in tide elevation was removed along with the 
increase and decrease in wave height and period, the variable that was altered in the idealized storm 
was the duration.  As can be seen in Figures 9-6 and 9-9 the water level varies due to tidal forcing and 
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therefore the peak erosion impacts due not occur during the full time period of the storm.  The idealized 
storm duration was adjusted until the modeled idealized storm on the 30 foot berm profile produced a 
similar minimum beach profile during the storm as the full 10 year storm time series.  It was reasoned 
that both were simulating 10 year storms so both should have the same impact.  Basically, this exercise 
was done to calibrate the idealized storm duration.  Once again idealized storms were used because the 
artificially capped 10 year storm time series in Figure 9-9 was unrealistic in the model output.  This 
approach was not the preferred method but was the only one available at the time. 
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Table 9-3. WHG Wave Model Output  
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Figure 9-9. Idealized storm first attempt (failed) (elevations in ft-NAVD88) 

 

 

 

 

 

 

 

 

 

 

Figure 9-10. Idealized storm (used) (elevations in ft-NAVD88) 

9.10 Alternative Modeling 

As can be seen in Table 9-3, the model output conditions provided by WHG for the various alternatives 
covered a range of wave heights.  Instead of developing an idealized storm with each exact wave height 
that resulted from the various alternatives, storms were developed with wave heights ranging from 4.5 

Wave Period and Water Elevation both have the 
same value of 8. 

Capped Wave Height 
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feet to 7.0 feet in 0.5 foot increments.  This led to six idealized storms.  All storms had the same 
duration, water level, and period, with the only difference being wave height.  Remember all were 
representing the same storm but the reduced wave heights were used to account for the wave height 
reduction provided by the nearshore alternative structures.  The storm shown in Figure 9-10 is 
representative of these storms with the exception of wave height.  These storms were then modeled in 
SBEACH for each of the beach berm alternatives shown in Figure 9-3 and the output profiles were 
recorded.  Specifically, for each berm and each idealized storm combination, the minimum profile 
experienced during the storm was recorded.  The minimum profile was used since the intent of the 
Section 111 project was to mitigate erosion impacts from the jetties.   

In order to measure and plot the minimum profile results, significant consideration was given to a 
proper or meaningful benchmark to measure the profiles with.  The first measurement that was used 
was simply the beach berm width at a particular contour.  An example of this method has been provided 
in Figure 9-11.   

 

 

 

 

 

 

 

 

 

 

 

Figure 9-11. Eroded profile measurement - berm width (elevations in ft-NAVD88) 

This information was taken from the output tables provided in SBEACH.  This metric was found to be 
inconsistent in that smaller beach berms sometimes were shown to significantly outperform wider 
berms for the same wave height.  This was typically due to anomalies in beach shape near the shoreline 
that caused the beach width to appear wider.  It was then decided to look at remaining beach volume 
above a particular contour to measure performance.  This method provided more consistent results that 
behaved in a fashion that one would expect.  Wider beach berms typically performed better than 
narrower ones.  The exact contour used did take some consideration and several were looked at.  After 
looking at the results of using various contours and discussions with the Project Development Team 

Berm 
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(PDT), the volume above the 6 ft-NAVD88 contour was chosen as the indicator that should be used.  As 
noted, the peak water level for a 10 year storm is 8 feet.  This would mean that even if the beach was 
just above the 6 feet contour the water depth would only be 2 feet.  This would allow minimum wave 
energy to reach behind the beach and the waves would be completely broken at that point.  This 
contour also corresponds to the elevation that the “healthier” profile was eroded to during the full 10 
year storm run (shown in Figure 9-7).  Also, as noted in Sections 2 and 4, the shoreline is armored with 
rip rap in many areas.  While this rip rap was not designed using coastal engineering criteria it does 
provide protection, which is evident in the fact at the time of writing this report it was providing 
protection in a much more eroded beach conditions then would exist following a beach fill).  An example 
of the volume measurement has been provided in Figure 9-12. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-12. Eroded profile - berm volume (elevations in ft-NAVD88) 

9.11 SBEACH Modeling Results 

Each of the six idealized storms were run on the six beach fill alternatives, resulting in thirty six output 
volumes above the 6 ft contour from the minimum profiles experienced during each run.  The resulting 
volume (yds3/ft of beach) from each model run for each storm and berm combination was plotted and 
has been provided as Figure 9-13.  As an example of how to read the graph, if the performance for a 40 
foot berm and for a 6.5 foot wave condition is desired the reader needs to find the 6.5 ft wave height on 
the X-axis, follow it until it intersects the 40 foot berm line on the graph, and then look to the left on the 
Y-axis for the remaining volume above the 6 ft contour.  For this case the remaining volume above the 6 
ft-NAVD88 contour is 2.6 yds3/ft of beach.   As shown in Figure 9-13, best fit polynomial lines were 
plotted for the output data.  This smoothed out some of the variation in the model output.   

Berm Volume Above 6’ 
Contour 
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Beach Fill Performance - Volume
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Figure 9-13 (a and b).  Remaining volume above the 6 ft-NAVD88 contour for each alternative and zoom in. 

Beach Fill Performance - Volume
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9.12 Minimum Required Beach  

9.12.1 Minimum Berm Widths 

From the modeling results provided in Section 9.11 (Figure 9-13) and the modeled wave heights for each 
alternative provided in Table 9-3 it was possible to determine the minimum beach berm width that 
needed to be in place for each alternative to prevent shoreline erosion during a 10 year storm. 

As shown in Table 9-3, the wave conditions are reduced near shore for each of the structural 
alternatives.  For the wave heights provided by WHG that fall between the 0.5 foot intervals modeled, 
interpolation was used to determine the berm width.  As an example: 

From Table 9-3, for Alternative 25A, it can be seen that the wave heights in area A 
and B are 4.8 ft and 6.4 ft, respectively.  Using these wave heights with Figure 9-13, 
it can be seen that for a 4.8 ft wave, and for beach to be present at the 6 foot 
contour a 10 ft berm width beach needs to be in place to protect area A.  For the 6.4 
ft wave it can be seen that there is zero beach at the 6 ft contour for a 10 ft berm so 
a jump up to the 20 ft berm is necessary to protect area B.  

*As shown in the zoomed in area it can be seen that there is not a significant volume 
for 25A above the 6 foot contour but there is volume.  Considering the level of 
protection provided by the breakwater structures this minimum volume was deemed 
acceptable. 

The method presented in the above example was used to determine the minimum beach width needed 
for each alternative presented in Table 9-3.  The resulting minimum beach widths have been presented 
in Table 9-4. 

As shown in the table, the beach fill only option, with no structural protection, needs a wider beach than 
the alternative 25A with structures.  As the extent of structural protection increases, the size of the 
beach berm necessary for protection against a storm is reduced as can be expected.   However, there 
was no difference in minimum beach width between the Beach Fill Only Alternative and Alternative 6.  
This is due to rounding during the analysis and the use of 10 foot beach berm increments.  If a smaller 
increment of beach berm width was used, Alternative 6 would have shown that a smaller berm width is 
needed.  It must also be remembered that even with the adjustments made to the SBEACH model input 
and the other accommodations made, the results from SBEACH must be used in the proper context.  
Since the Beach Fill Only Alternative does not address the reflected wave off of the North Jetty, storm 
performance is very likely overstated in the SBEACH modeling effort.  While the wave heights used are 
taken from the WHG wave modeling effort, SBEACH does not account for wave angle, and therefore the 
increased sediment transport impacts, of the North Jetty reflected wave. 
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Table 9-4. Minimum required beach fill berm widths for each alternative 

 
 

9.12.2 Minimum Berm Volumes 

Once the minimum berm widths were determined in Section 9.12.1, the conversion was made to 
minimum beach fill volumes.  As provided in Table 9-1, beach fill volumes were determined in RMAP for 
each beach fill berm width.  The volumes for the various berm widths were used corresponding to the 
minimum beach widths that are summarized in Table 9-4.  For determining the volumes for each 
alternative it was assumed that the project length of 3,250 feet was divided equally between the wave 
model analysis areas A and B.  This was not exactly the case since the 3,250 feet extends slightly into 
area C, but for this level of calculation it was reasoned that this assumption was acceptable.   

The information from Table 9-1 was used with the berm width information in Table 9-4 to determine the 
minimum beach fill volumes or non sacrificial beach fill volumes.  A simple multiplication of beach fill 
length and the beach fill volume/ft of beach provided in Table 9-1 was performed.  As explained, these 
are the volumes that need to be in place to prevent erosion during a 10 year storm.  The volumes 

Beach Fill Only Area A3 Area B3 Area C
6.4 7.0 5.9

Beach Berm Width Needed (ft)1
20.0 30.0

Case 6 - Spur Jetty Area A3 Area B3 Area C
6.1 6.7 5.8

Energy Reduction (10-year Storm conditions) 10.9% 6.9% 3.7%

Beach Berm Width Needed (ft)1
20 30

Case 25A - Spur/2 Breakwaters Area A3 Area B3 Area C
4.8 6.4 5.8

Energy Reduction (10-year Storm conditions) 52.6% 18.1% 3.7%

Beach Berm Width Needed (ft)1 10 20

Case 25 - Spur/3 Breakwaters Area A3 Area B3 Area C
4.8 4.5 5.8

Energy Reduction (10-year Storm conditions) 52.6% 66.6% 3.7%

Beach Berm Width Needed (ft)1
10 10

Hs (ft) (10-year Storm conditions)

Hs (ft) (10-year Storm conditions)

Hs (ft) (10-year Storm conditions)

Hs (ft) (10-year Storm conditions)



152 

 

Beach Fill Only

Area A3 Area B3

Beach Berm Width Needed (ft)1 20.0 30.0

Beach Berm Volume (yds3)2 146,733 163,724
Total for Areas A and B

Case 6 - Spur Jetty

Unprotected (875 ft) Protected (750 ft) Unprotected (1,625 ft) Protected (0 ft)

Beach Berm Width Needed (ft)1 20 30 20 20 30 30

Beach Berm Volume (yds3)2 146,733 163,724 79,010 57,970 163,724 0
Total for Areas A and B

Case 25A - Spur/2 Breakwaters

Unprotected (575 ft) Protected (1,050 ft) Unprotected (1,375 ft) Protected (250 ft)

Beach Berm Width Needed (ft)1 10 20 10 10 20 20

Beach Berm Volume (yds3)2 129,686 146,733 45,889 63,261 124,158 17,094
Total for Areas A and B

Water Management Beach Fill Design Volumes - Non Sacraficial Fill Volumes

Alternative Without Profile Cutoff With Profile Cutoff Volume (yds3) Percent Reduction
Beach Fill Only 310,456 310,456 0 0.00%
Case 6 - Spur Jetty 310,456 300,703 9,753 3.14%
Case 25A - Spur/2 Breakwaters 276,419 250,403 26,016 9.41%

310,456

Profile Cutoff Volume ReductionNon Sacracrificial Fill Volume (yds3)

Area A3 Area B3

Area A3 Area B3

Without Profile Cutoff From Structures With Profile Cutoff From Stuctures

300,703310,456

250,403

 Without Profile Cutoff From Structures With Profile Cutoff From Stuctures

276,419

Area A3 Area B3

Area B3Area A3

calculated are provided in Table 9-5 and can be seen under the columns labeled “Without Profile Cutoff 
from Structures”.  

Table 9-5.  Minimum required beach fill volumes for each alternative 

 
The second iteration of the beach fill design was to take into account the benefits of the spur groins and 
breakwaters in Alternatives 6 and 25A.  As discussed in Section 9.4.2, breakwaters or spur groins 
typically cutoff a beach profile and therefore limit the cross shore equilibration of the beach profile 
following a fill placement.  Provided in Table 9-2 are the reduced volumes required per foot of beach for 
the various structural alternatives.  The formulation for determining the fill volume was made by 
multiplying the reduced beach fill volume density for the associated minimum beach berm width in 
Table 9-1 times the appropriate length of beach.  This resulted in a slight reduction in the non sacrificial 
beach fill volume which can be seen in Table 9-5 under the columns labeled “With Profile Cutoff from 
Structures”.  As seen at the bottom of Table 9-5, the non sacrificial beach volumes are summarized.  It 
was shown that by considering the profile cutoff, only a 3% reduction in fill volume was calculated for 
alternative 6 and less than a 10% reduction in volume was realized for Alternative 25A.  Since these fill 
volume reductions were not very significant and fall within the error of the calculations being 
performed, the volumes adjusted for the profile cutoffs were note used.    

The final iteration of the beach fill volume determination was estimated using 3-D surfaces in the 
Microstation software.  As discussed, the values determined previously were made using single profile 
and did not take into account the non uniform shape of the shoreline, and that the beach fill would be 
tapered into the natural beach shape at the north end of the project.   This can be seen in Figure 9-13.  
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Using Micro Station and the full X,Y,Z point data set available, more exact volumes were calculated.  As 
expected, the minimum beach fill volumes or non sacrificial beach fill volumes found were less than the 
simplified, single profile, volumes calculated.  A comparison has been provided in Table 9-6.  On average 
the actual design values are 25% less than the preliminary design values.  The volumes calculated using 
Micro Station and the 3-D surfaces should be considered the more accurate of the two and should be 
used during further analysis and design.   

Figure 9-13. Irregular shoreline and beach taper 

 
Table 9-6. Minimum Beach Fill Volume Comparison – Water Management vs. Civil Design 

 

As discussed earlier, the volumes shown in Table 9-6 are the volumes that the beach should not be 
allowed to go below, or should be considered the trigger point for when a beach should be re-nourished 
as soon as possible.  The volumes provided are what was calculated to be necessary to protect against a 
10 year storm.   Perhaps the proper perspective, as discussed previously, is to consider the volumes in 
Table 9-6 as beach nourishment to restore the beach to a minimum protection level and that the actual 
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beach fills and re-nourishments will be placed on top of this fill.  This will be discussed further in Section 
10. 
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10.0 BEACH FILL RENOURISHMENT ANALYSIS 

As discussed in Section 9, the minimum beach berm widths and volumes needed to prevent shoreline 
erosion during a 10 year storm were determined.  Also discussed, was the view that these should be 
considered non sacrificial beach fills.  In order to prevent the non sacrificial fill from being eroded, 
additional beach fill needs to be placed that can be sacrificed to beach erosion.  As the sacrificial fill or 
nourishment fill erodes, and the beach approaches the minimum volumes provided in Table 9-6, a re-
nourishment project would need to be scheduled.  This will require forecasting and forethought since it 
often takes several years to plan for and construct a beach re-nourishment project.  This will be an 
essential component to this project and must be addressed during plan formulation. 

10.1 Beach Fill Longevity Calculation Methodology 

The optimum nourishment volume and re-nourishment volume/schedule is dependent on economic 
formulation and will not be provided in this appendix.  However, information provided by WHG 
regarding beach fill longevity has been provided below as Figure 10-1 and as Table 10-1.  Within the 
figure and table are the anticipated beach fill longevities associated with each alternative.  The 
methodologies for developing this information have been provided in the WHG report, Section 12.5.5, 
Appendix C. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10-1. Beach fill longevity (graphical presentation) 
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Table 10-1. Beach fill longevity (table presentation) 

Beach Nourishment Only Case 6 – Spur Jetty 
Case 25 – Breakwaters and 
Spur 

Case 25A – Breakwaters and 
Spur 

Time (yrs) 
% Remaining 
in fill area 

Time (yrs) 
% Remaining 
in fill area 

Time (yrs) 
% Remaining in 
fill area 

Time (yrs) 
% Remaining in 
fill area 

1 60.8% 1 74.4% 1 83.3% 1 79.2% 

2 47.3% 2 63.6% 2 76.2% 2 70.3% 

3 39.1% 5 44.6% 5 61.9% 5 54.0% 

4 33.2% 10 27.8% 10 47.5% 10 39.4% 

5 28.6% 11 25.3% 11 45.3% 11 37.3% 

10 13.6% 12 23.0% 12 43.3% 12 35.4% 

11 11.4% 15 16.8% 15 38.0% 15 30.4% 

12 9.3% 20 8.0% 20 30.8% 20 23.7% 

15 3.6% 21 6.4% 21 29.6% 21 22.6% 

20  22 4.8% 22 28.3% 22 21.4% 

21  25 0.4% 25 25.0% 25 18.3% 

22  30  30 19.9% 30 13.7% 

25  31  31 19.0% 31 12.8% 

30  32  32 18.0% 32 11.9% 

31  35  35 15.4% 35 9.5% 

32  40  40 11.3% 40 5.7% 

35  41  41 10.5% 41 4.9% 

40  42  42 9.7% 42 4.2% 

41  45  45 7.5% 45 2.1% 

42  50  50 3.8% 50  

45        

50        

 

Based upon discussions with WHG it was concluded that when utilizing Figure 10-1 and Table 10-1, the 
user should not assume that the beach can erode down to 0% volume because that would be an 
incorrect use of this information.  Instead a cutoff volume should be used.  This also makes sense due to 
the uncertainty within the beach fill longevity information.  It was decided, based upon engineering 
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judgment, that 10 yds3/ft of beach “cushion” should be assumed to account for modeling errors and 
uncertainty.  For the 3,250 foot long beach fill, this equates to 32,500 cubic yards of fill or if 100,000 yds3 
of sacrificial beach fill were initially placed a re-nourishment should be constructed when 33% of the fill 
is remaining.  If 200,000 yds3 were placed then a re-nourishment should be completed when 16% of the 
initial fill is remaining.  Once again this “cushion” is based on judgment and no modeling or analysis was 
done.  One could make the argument that this cushion should be greater for the beach fill only option 
since this is a “riskier” alternative than the structural alternatives, but choosing these cushion levels for 
each alternative would even be more arbitrary.  It should be assumed, as will be discussed in Section 12 
that structural alternatives will contain less risk than beach fill alone. 

10.2 Beach Fill Volume Calculation – 20, 30, and 40 FT Berm Widths 

As mentioned, the optimum nourishment and re-nourishment volume/schedule will not be provided in 
this appendix.  Three re-nourishment volumes/schedules have been provided in Tables 10-2, 10-3 and 
10-4 using the longevity information and the cushion information discussed in the above paragraph.  
The results in Table 10-2 provide the actual calculated volumes.  As a reminder, and as shown in Section 
9.12.2, the sand fill volume savings associated with the beach profile being cut off by the nearshore 
breakwaters and spur groin were not significant with a savings of only a 3% reduction in fill volume for 
alternative 6 and less than a 10% reduction in volume for Alternative 25A.  Since these fill volume 
reductions were not very significant and fall within the error of the calculations being performed, the 
beach fill volumes do not take into account the profile cutoff from the structures.     

Table 10-2. Beach fill lifetime volumes and re-nourishments (non-adjusted model results) 

 

10.3 Beach Fill Calculation – Beach Fill Only Re-nourishment Interval  

Following discussions with the PDT regarding the results shown in Table 10-2, it was concluded the 
beach fill alternatives that required short renourishment intervals were not feasible.  This essentially 
removed the 20 ft beach berm alternative from further consideration.   Additionally, as shown in Table 
10-2, the Beach Fill Only alternative requires at least double the number of renourishments compared to 

20 ft beach nourishment berm - sacraficial fill (65,000 yds3 nourishment) 
Intial Fill               

(non sacraficial)
Intial Fill 

(sacraficial)
Total Initial Fill                              

(non- sacraficial + sacraficial fill) Total Sand Volume
Alternative yds3 yds3 yds3 yds3 interval (yrs) yds3

Beach Fill 233,589 65,000 298,589 32,500 1.5 33.3 1,381,922
6 233,589 65,000 298,589 32,500 4.5 11.1 659,700

25A 198,040 65,000 263,040 32,500 6.4 7.8 516,946

30 ft beach nourishment berm - sacraficial fill (97,500 yds3 nourishment) 
Intial Fill               

(non sacraficial)
Intial Fill 

(sacraficial)
Total Initial Fill                              

(non- sacraficial + sacraficial fill) Total Sand Volume
Alternative yds3 yds3 yds3 yds3 interval (yrs) yds3

Beach Fill 233,589 97,500 331,089 65,000 4.1 12.2 1,123,772
6 233,589 97,500 331,089 65,000 8.4 6.0 720,311

25A 198,040 97,500 295,540 65,000 13.2 3.8 541,752

40 ft beach nourishment berm - sacraficial fill (130,000 yds3 nourishment) 
Intial Fill               

(non sacraficial)
Intial Fill 

(sacraficial)
Total Initial Fill                              

(non- sacraficial + sacraficial fill) Total Sand Volume
Alternative yds3 yds3 yds3 yds3 interval (yrs) yds3

Beach Fill 233,589 130,000 363,589 97,500 6.2 8.1 1,149,879
6 233,589 130,000 363,589 97,500 11.6 4.3 783,848

25A 198,040 130,000 328,040 97,500 19.0 2.6 584,619

Renourishment Fills

Renourishment Fills

Renourishment Fills

Number of 
Renourshments

Number of 
Renourshments

Number of 
Renourshments
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Alternatives 6 and 25A for the 30 ft and 40 ft beach fill berm sizes.  After discussions with the PDT, it was 
decided that to get a more accurate comparison between the alternatives, the beach fill volume for the 
Beach Fill Only Alternative should be increased to a level that would result in a renourishment interval 
that more closely approximated Alternatives 6 and 25A.  Based on the renourishment intervals shown in 
Table 10-2 for Alternatives 6 and 25A, for the 30 ft and 40 ft beach berm widths, a 10 year re-
nourishment interval was chosen for the Beach Fill Only Alternative.  The calculations to determine the 
initial fill volume and the subsequent renourishment volumes were calculated using Table 10-1 and 
were essentially the same used to generate Table 10-2, but performed in reverse.  The results of the 10 
year renourishment interval for the Beach Fill Only Alternative have been provided in Table 10-3, which 
is Table 10-2 with updated values.  The updates have been highlighted in yellow. 

Table 10-3.  Beach fill lifetime volumes and re-nourishments (10 year re-nourishment for Beach Fill Only) 

 

1. For this table the Beach Fill Only volume was calculated for a 10 year re-nourishment interval, while the 
renouris0hment volumes and schedule for Alternatives 6 and 25A were calculated based on volume loss rates as 
previously discussed. 

10.4 Beach Fill Volume Calculation – Uncertainty Consideration 

As discussed in Section 9.9.1, it was expected that the analysis results of the Beach Fill Only Alternative 
were likely underestimating the non sacrificial beach fill requirements and for many of the same reasons 
it was concluded that the beach fill re-nourishment rates reported in the WHG report were likely to be 
under estimated.  To address this issue, and as discussed in Section 9.9.1, the renourishment volume for 
the Beach Fill Only Alternative was doubled.  This was based on engineering judgment of the significant 
nature of the forcing from the reflected wave conditions and Mach stem currents that exist and also the 
past performance of beach nourishments at the project site.  The volume of the initial sacrificial fill 
volume for the Beach Fill Only Alternative in Table 10-3 was doubled as well as the renourishment fill 
volume.  No adjustments were made to Alternative 6 since it was reasoned the spur groin would reduce 
or eliminate most of the impacts of the jetties related to increased wave climate and circulation issues.  
This was also the case for Alternative 25A.  The altered values are provided in Table 10-4.  The increases 
in sacrificial fill volumes for the Beach Fill Only Alternative increase the effectiveness of the plan to the 
point where it could be favorably compared to Alternatives 6 and 25A.  However, from a coastal 
engineering perspective, the Beach Fill Only Alternative did not fully address the issues caused by the 
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federal navigation project. In addition, the costs were greater than Alternative 6 (discussed in Main 
Report).   

Table 10-4. Beach fill lifetime volumes and re-nourishments (engineering judgment considered) 

 

1. For this table the Beach Fill Only volume was calculated for a 10 year re-nourishment interval, while the 
renouris0hment volumes and schedule for Alternatives 6 and 25A were calculated based on volume loss rates as 
previously discussed. 

10.5 Beach Fill Volume “Size” Recommendation 

Based on the findings in the coastal engineering effort of this study and the relatively high risk of this 
alternative (as discussed in Section 12.0), it was the “coastal engineering opinion” that the Beach Fill 
Only Alternative has the highest potential for failure.  Although the volume of beach fill was increased to 
the point where it can be considered effective, mach stem, reflected wave energy and other wave forces 
make the fill section inherently unstable and subject to severe erosion.  It is also recommended that the 
larger (40 ft) renourishment berm be selected for the two remaining alternatives (6 and 25A) since 
larger sacrificial berms result in less risk exposure to the project through the life of the project.  The 
smaller renourishment volumes and more frequent renourishment schedule results in higher risk in two 
ways.  The first is that the funding for re-nourishment may not be available.  This is a known issue with 
beach fill projects.  This often results in missed re-nourishment schedules.  The more scheduled re-
nourishments there are, the higher the probability that some re-nourishments will be missed.  This 
inherently exposes the project to more risk since the beach will not be at an adequate width to 
withstand storms without shoreline erosion.  The second is that even if the re-nourishments are 
completed on schedule the sacrificial fill beach width will reside near the minimum allowable width for 
more of the project life.  Stated differently the sacrificial beach will be near the trigger point more often 
through the project life.  Larger sacrificial berms have more resiliency built in and will be more resilient 
for greater periods of time through the life of the project.  Once again, based upon the above discussion 
it is recommended to use the larger sacrificial berm width of 40 feet (equilibrated). 
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11.0 SEA LEVEL CHANGE IMPLICATIONS  

11.1 Sea Level Change – Project History 

During the 1990s, when this Section 111 project was imitated the issue of Sea Level Change was 
addressed in a 1986 memo from USACE Headquarters in which sea level change was addressed by 
assuming that the historical rate of sea level change would persist during the anticipated project life.  In 
most cases the change was small and was within the calculation errors for a typical 50 year analysis 
period.  For example, at this study site, the annual rate of sea level change has been 1.82 mm per year, 
or converted, 0.60 feet per 100 years, or 0.30 feet per 50 years.  This means if the historic rate was used 
for analysis, the change that would have to be considered would be less than 4 inches.  As mentioned, 
this small increase in water level would not be noticed in most coastal engineering analysis, and would 
be insignificant when compared to the variability of storm surge, tide range, localized wind setup, storm 
frequency, etc.  Therefore during the study period that occurred in the 1990s.  However, in 2000 the 
guidance related to sea level change was updated in ER 1105-2-100 (Planning Guidance Notebook).  In 
the update, the analysis related to SLC was significantly increased and required USACE studies to 
investigate the impacts of higher future rates of SLC.  The higher rates of SLC were taken from the 
National Research Council (NRC) 1987 report - Changes in Sea Level: Engineering Implications, 1987.  
Below is the key language taken from Planning Guidance Notebook.   

k. Sea Level Rise. The National Research Council (NRC) study on sea level change 
(Responding to Changes in Sea Level: Engineering Implications, 1987) is a practical and 
rational review of data on relative sea level changes and the resulting impact on 
engineering structures. The study should be used by the Corps for technical guidance 
until more definitive data are available. The NRC study recommended that feasibility 
studies for coastal projects should consider the high probability of accelerated sea level 
rise. Since precise estimates of future sea level rise are unknown, the risks associated 
with a substantial rise should be addressed.  Feasibility studies should consider which 
designs are most appropriate for a range of possible future rates of rise. Strategies that 
would be appropriate for the entire range of uncertainty should receive preference over 
those that would be optimal for a particular rate of rise but unsuccessful 
for other possible outcomes.        
 

Given the release of the Planning Guidance Notebook in 2000 and that this Section 111 study was 
initiated well before that, and coupled with the attempt to fast track this project by pushing it directly 
into the Final Design phase (skipping the feasibility phase), it was decided that the guidance from 2000 
should not be incorporated into the design.  However, this project has experienced numerous delays, 
produced significant work, and is now just wrapping up 11 years of effort following the 2000 guidance.  
Additionally, updated SLC guidance was released by USACE in 2009 as EC 1165-2-211, which is very 
similar to the requirements of the Planning Guidance Notebook.   The new EC requires a multiple 
scenario approach for three sea level rise scenarios, with each being considered equally plausible.  
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Given the length of time that has passed since the 2000 language release, and the release of the 
updated language, it was determined that SLC must be addressed in this study in a more robust manner 
than simply following the previous guidance of assuming historical rates for the future.  However, it was 
also decided that for the PDT to go back and follow the extensive requirements outlined in the new EC, 
would not be possible do to the level of analysis that would need to be done for the various SLC 
scenarios.  This would include all the wave modeling for the final alternatives, the associated sediment 
transport, the associated storm performance modeling, the associated beach fill longevity, and the 
structure design evaluation.  The cost and time associated with this analysis would simply be too great 
this late in the project analysis, especially considering the long project history.  However, given the 
strong move towards SLC, the prevailing science, and the need to determine if the proposed project 
could be impacted by higher SLC rates, it was decided the issue needed to be investigate to a sufficient 
level to address the potential issues related to SLC.  Provided in the following sections is a discussion of 
SLC for  the various project components, the performance of the project, and maintenance impacts.   

11.2 Sea Level Change – Project Application 

The approach was to address each component of the project and analyze impacts using engineering 
judgment, available science, experience with other USACE studies looking at SLC, and reaching 
conclusions based on this information.  Lengthy discussions were conducted with the PDT regarding this 
matter, with two specific questions in mind, how would the SLC scenarios impact the project physically 
and how would the SLC scenarios impact the project economically. 

11.3 Sea Level Change Projection 

As described in the SLC EC 1165-2-211, USACE is required to use three projected SLC curves for a project 
area.  These curves are; the historic rate of SLC at the project area, an intermediate SLC curve (modified 
NRC Curve I), and a high SLC curve (modified NRC Curve III).  Formulation of the NRC curves from a 
defined starting date, and for localized subsidence was also provided in the EC which allows for SLC to 
be calculated for specific project time frames and for specific geographic areas.  This is critical since SLC 
along the coast varies due to local subsidence, uplift, water body movement, etc.  Using Equation 11-1 
below, which is equation 3 from the EC, Figure 11-1 was developed for Portland, ME.  Portland, ME was 
used since it is only 15 miles north along open coast, and the available historic SLC information from 
NOAA.  Provided in Figure 11-2 is the long term sea level trend for Portland, ME taken from NOAA.  

E(t2) – E(t1) = 0.0017(t2 – t1) + b(t22 – t12)                                   (11-1) 

                                                         where 

                                               t1 = is the time between the project’s construction date and 1986 
                                               t2 = is the time between a future date at which one wants an estimate  
                                                      for sea-level rise and 1986 . 
                                               b = 2.36E-5 for modified NRC Curve I 
                                                      1.005E-4 for modified NRC Curve III 
*Equation 11-1 is adjusted to include the historic global mean sea-level change rate of 1.7 mm 
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Figure 11-1. Sea level curves based upon USACE EC 1165-2-211 – start year of 2015  

Figure 11-2. Historical sea level change trend for Portland, ME – provided by NOAA. 

As can be seen in Figures 11-1, the historical rate would result in a rise of only 0.15 feet or 1.8 inches 
over the first 25 years of the project or 0.3 feet or 3.6 inches over 50 years.  However, the level of SLR 
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increases for the intermediate and higher curves specified for use in the EC.  As shown in Figure 11-1, for 
the intermediate curve, the increase in SL after 25 years is 0.65 feet or 7.8 inches and after 50 years the 
increase is 1.5 feet or 18 inches.  For the high curve in Figure 11-1, the increase in SL during the first 25 
years of project life is 0.95 feet or 11.4 inches and over 50 years is 2.2 feet or 26.4 inches.  Considering 
these numbers, if the intermediate and high rates of sea level change do occur there may be project 
impacts and alterations to the performance.  These higher rates of change were evaluated to better 
understand any potential impacts to the project alternatives and determine if alterations to the 
alternatives designs was warranted. 

11.4 Sea Level Change Impact Discussion 

As discussed in Section 11.3, the historical trend line in Figure 11-1 results in a SL increase that is 
small and is not expected to cause any changes in design, expected performance, project 
longevity or change to the system over the 50 year project evaluation.  However the potential 
impacts for the intermediate and high curve sea level change rates could be significant to the 
project with the most likely impacts to the beach fill portion of the project.    

11.4.1 Sea Level Change Impact – Without Project 

The first project component considered for increased SLC is the without project condition.  As discussed 
in the main report and the Economics Appendix, this project was not required to show a plus one 
benefit cost ratio, and as discussed previously this project is not a storm damage reduction project that 
is offering a defined level of protection, or risk reduction.  It is in actuality an erosion reduction project.  
However, an economic analysis was performed for the without project condition based on anticipated 
erosion rates/shoreline erosion rates.  Basically as the shoreline erodes at unnaturally high levels, 
houses and infrastructure will be lost, and eventually several businesses and a state pier will be isolated.  
If the rate of SLR increases, the rate of loss will also increase since erosion will increase.  This would only 
increase the severity of the erosion and increase the need for mitigation.   

As provided later in Section 11.4.5, it was calculated using the Bruun rule that for without project 
conditions the historic rate of SLR will cause an additional 28 feet of beach erosion over 50 years or 0.6 
ft/year.  For the intermediate curve the increased SLR will cause 140 feet of additional beach erosion 
over 50 years or 2.8 ft/yr.  For the high curve the increased SLR will cause 205 feet of additional beach 
erosion over 50 years or 4.1 ft/yr.  However, following further thought on these calculations, it was 
concluded that the impacts of historic SLC were already factored into the analysis since historic 
shoreline erosion rates were being used for the without project condition analysis.  These historic 
shoreline erosion rates already included the historic SLR impacts on shoreline erosion.  Basically the 28 
feet of additional erosion was already built into the formulation.  Knowing this number was useful 
though since it could be used to reduce the impacts of the intermediate and high curves for SLR on 
beach erosion.  For the analysis the extra erosion from the higher SLR scenarios was added to the 
historic shoreline retreat rates.  To avoid double counting the erosion caused by the historic rate of SLR, 
the 28 feet of erosion was subtracted from the intermediate and high erosion rates from SLR.  This 
resulted in an additional loss of 112 feet of beach under the intermediate curve scenario versus 140 feet 
and 177 feet of additional loss under the high curve scenario versus 205 feet. 
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11.4.2 Sea Level Change Impact – With Project - Structure Crest Elevations 

As discussed in Sections 8.6.3 and 8.6.4, the design crest elevation was fairly subjective for the existing 
conditions and was based upon a compilation of information, geotechnical foundation conditions, and 
engineering judgment.  The crest elevation was not a calculated, exact value that was chosen based on 
tightly defined criteria nor was a particular storm event designed for. The breakwaters and groin 
features simply reduce the wave energy hitting the beach.  With this consideration, it could be strongly 
argued that even for the high curve of SLR with 2.2 feet of rise over 50 years, the change is not 
significant.  As shown in Figure 8-6, the breakwater performance is based upon submerged depth of the 
crest at peak water level.  Even with the 2.2 foot SLR, the structure crest will only be submerged by 
approximately 1 foot at the peak of the storm, as shown in Figure 11-3.  It is important to remember, 
with a 9 foot mean tide range, the structure crest will be above water for most of the tidal cycle.  It is 
also important to keep in mind that this is the condition 50 years out, which is the end of the economic 
evaluation period.  Looking at the midpoint at 25 years, the SLR projected under the high curve is 1 foot.  
Once again, given the level of design uncertainty in the crest elevation it is strongly suspected that 1 foot 
of rise will not be significant to the project performance.   

Figure 11-3. 10 year storm water elevation plot vs. crest elevation with SLR. 

9’ Structure Crest Elevation 



165 

 

11.4.3 Sea Level Change Impact – Structure Maintenance 

Additional consideration for the impacts of SLR to the structure is the anticipated repair schedule and 
potential for adaptive management.  As with most coastal structures, these rubble mound alternatives 
will need periodic maintenance and most likely a major repair or two through the life of the project.  The 
exact year this will occur is not possible to predict but for arguments sake, if 20 years is assumed, the 
SLR situation can be reassessed at that time and any necessary adjustments to the structure design 
could be made then.  This will likely happen since past performance of the structures can be used as a 
check against the initial construction design.  Considering further that the maintenance will likely occur 
multiple times through the project life reassessments can be made each time.  Future repairs can be 
made with structural adjustments based on structure performance and based on measured SLC trends.  
No preemptive measures are recommended to account for the potential of SLC.   

11.4.4 Sea Level Change Impact – With Project Stone Size 

Sea level could impact stone size through increased wave heights reaching the structures.  As discussed 
in Section 8.2, and shown in Equations 8-1, wave height is a cubed term in determining stone weight.  
Therefore, small increases in wave height can result in notable increases in stone weight.  With 
increased sea level it is possible that incident wave heights could increase since water depth near shore 
has significant influence on wave transformation processes.  As can be seen in Table 8-1, which 
summarizes design wave heights for each alternative and for various storm conditions, the design wave 
height is greater than the 50 year wave height for the various structural component locations by nearly 
1 foot.  This is due to the use of the maximum wave height experienced in the modeling efforts for sizing 
the stone.  This means there is conservatism already built into the stone size determination.   

Additionally, as discussed in the previous section related to crest elevation, before or at the time SLR 
becomes an issue it is likely the structure will be due for significant repairs.  At that time stone size could 
be reassessed based upon past structure performance, new coastal processes information, and 
reevaluated SLC projections.  Additionally, the Hudson armor stone equation is meant to result in 0% to 
5% damage when design wave conditions impact the structure.  If the wave height is increased due to 
SLC and damage is increased, the impacts will not be structure failure but an increase in damage.  This 
could be addressed through future maintenance if the higher SLC scenarios develop and if larger wave 
heights result at the project. 

11.4.5 Sea Level Change Impact – Beach Fill (Bruun Rule)  

With a rise in sea level the beach berm will rise along with the beach profile down to the depth of 
closure.  The volume of sand needed for the profile adjustment will cause the beach to erode (Bruun 
Rule).  As mentioned in EC 1165-2-211, the Bruun Rule can be used to estimate the increase in 
horizontal beach erosion.  Additionally, there is a possibility that the storm surge elevations and storm 
waves impacting the shore may increase due to reduced bottom friction impacts (deeper water) which 
could result in higher storm induced erosion rates.  As shown below in Figure 11-4, the Bruun Rule is 
illustrated. 
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Figure 11-4. Shoreline response to SLR - Bruun Rule 

As stated by Bruun, with a rise in sea level the storm berm will rise, and erosion of the shoreline will 
occur to make up sand volume needed for the higher storm berm. The quantity of material required to 
re-establish the nearshore slope must come from erosion of the shore (assuming longshore littoral 
transport in and out of the shoreline is equal).  Bruun developed an equation to estimate shoreline 
recession, R, resulting from SLR. 

 

     R = S L / (H* + B)   Equation 12-1 

    Where: 

      R = shoreline retreat 
     S = sea level rise 

L = the width of the active profile (distance from depth    
      of closure (H*) to top of berm (B)) 
B = elevation of berm.   
 

For Saco Beach, as discussed in Section 9, L =  2,800 ft, B = 7 ft, and H* = 23 ft.  The resulting shoreline 
recession varies from 0.3 ft/yr, to 0.6 ft/yr, to 1.6 ft/yr for historical, modified-NRC Curve 1, and 
modified-NRC Curve 3 rates, respectively. 

11.4.5.1 Beach Impacts – Bruun Rule 
As discussed in Section 11.4.1, increased sea level rise rates will accelerate beach erosion.  This is largely 
due to the cross shore adjustment of the beach profile to the higher water level conditions.  The Bruun 
Rule formulation was entered into an Excel spread sheet and the impacts of the three sea level rise 
scenarios were calculated.  For the historical rate, one could argue that the impacts are already built 
into the future beach conditions since is inherently included in the long term erosion rate of the beach.  
WHG included this erosion rate, or background erosion rate, in their determinations of long term beach 
erosion and beach fill longevity.  However, it was included in the spreadsheet formulations to provide 
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the reader with a relative sense of how much the increased sea level rise rates impact the beach 
compared to the historical rate.  The historical rate impacts could also be added for conservatism.  The 
spreadsheet has been provided as Table 11-1.   

As shown in the table, there are three major columns which correspond to three different values of L 
(length of active profile offshore), which is the width of the active profile.  For the without project and 
beach fill only conditions the value of L was selected as 2,800 feet.  As discussed in Section 9.5 
determining the depth of closure was not straight forward and was based upon the best information 
available.  If the value of L should actually be greater the impacts to the beach from SLC will increase and 
if the value is less, the impacts of SLC to the beach from SLC will be less.  Two other values of L were 
used as well to account for the influence of the structures cutting off the profile.  The distance offshore 
for the two structural alternative components were used with Alternative 6 having an L value of 1,500 
feet landward of the spur groin and an L value of 1,000 feet was used for Alternative 25A landward of 
the spur and two breakwaters. 

The shorter L values have a definite impact on the beach loss due SLC.  Looking at the very last row of 
Table 11-1, it can be seen that the L value of 1,000 feet versus the 2,800 feet cuts down the annual 
volume loss due to SLC by nearly a factor of three.  This means that for the areas protected by the 
structures in Alternative 25A the impact of SLC related to beach loss, or the increase in beach 
renouishment requirements will be reduced by nearly 1/3 compared to a beach fill only alternative or 
the without project condition.  However it must be remembered that the structural alternatives only 
cover a portion of the 3,250 foot beach within the project area.  With the structures in place there will 
still be portions of the beach experiencing the full impact of SLC.  To determine this, the information 
from Table 11-1 was used to determine the overall volume loss or the increase in renourishment 
requirements.  The overall volume for the entire beach was determined by using the proportional 
distance protected by the structure.  For example for Alternative 6, only 750 feet out of the 3,250 feet of 
beach length is protected by structure and the L value for that structure (distanced from shore) is 1,500 
feet.  This means that 23% of the beach experiences the lower impacts of SLC due to structure 
protection.  This proportion was 40% for Alternative 25A and the L value was lower since the structures 
were closer.  This means 25A provides more protection, or lessens the impact of SLC more than 
Alternative 6.  The calculated volume losses or renouishment needs with consideration of structure 
protection have been provided as Table 11-2.  

As shown in Table 2 the impacts of higher rates of SLC are considerable, especially for the Beach Fill Only 
alternative.  In order to demonstrate the impacts, the annualized rate of increased erosion/required 
renourishment for each alternative was added to the renourishment volumes provided in Table 10-3 
from the beach fill longevity discussion in Section 10.0.  This reformulated information has been 
provided as Table 11-3.  A comparison between Table 10-3 and 11-3 has been provided as Table 11-4, in 
which the project’s total sand volumes have been compared. 

It can be seen that the Beach Fill Only alternative requires the most additional sand to accommodate the 
increase in sea level.  For the historic rate of SLR an additional 91,00 yds3 will be needed which really is 
not significant over a 50 year project life but for the high curve of SLR an additional 667,000 yds3 will be 
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required which is a significant volume of sand.  With the structural alternatives, the volumes of extra fill 
required to address SLR are less than for the Beach Fill Only Alternative but still significant for the 
intermediate and high SLR scenarios.  

As discussed, the structural alternatives will be more resilient against increased sea level rise rates.  For 
the historic SLR the difference between Alternative 25A and the Beach Fill Only is just over 23,000 yds3 
but for the high rate of SLR the difference is nearly 172,000 yds3.  This further demonstrates that the 
Beach Fill Only alternative should not be the recommended plan. 

Table 11-1. Bruun Rule formulation and results. 
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Table 11-2.  Bruun Rule results for project area (benefits of structures included) 

 

Table 11-3. Beach fill renourishment volumes and project total volumes (with SLC adjustments).  
Updated Table 10-4. 

 

 

Table 11-4. Project life total beach fill requirement (without and with SLC comparison) 
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11.4.6 Sea Level Change Impact – With Project Beach Fill Storm Protection 

As discussed several times in this appendix and the main report, the purpose of this project and the 
various alternatives is not to protect against a certain design storm, or reduce the risk of flooding, but 
instead to address the increased erosion levels caused by the Saco River Jetties.  The beach fill designs 
and the cross shore performance of the beach in various storm conditions were tested with the SBEACH 
model, to ensure adequate performance.  However, although not quantified, it cannot be denied that 
there will be storm damage reduction benefits in addition to the prevention of damages through 
shoreline erosion.  It is believed that SLR will not impact those benefits that do occur for storm damage 
reduction and shoreline erosion as long as the beach fill is maintained.  While the higher curves for 
projected SLR are significantly higher than historical SLC, the rates are still low enough to allow more 
than adequate time for the beach profile to adjust to the higher water levels.  As SLR occurs the beach 
profile will adjust with the berm elevation increasing to match the new water level.  Beaches adjust to 
more dramatic changes in water level through the monthly tidal cycles and short term storm events.  
The real issue will be the potential impacts to beach fill renourishments as previously discussed.  
Obviously if the beach fill is not maintained to keep pace with increased SLR (if it does occur) there 
would be negative implications to the project performance.   

11.4.7 Sea Level Change – Should it Be Addressed? 

The intent of this project is to mitigate against the impacts of the USACE jetties, which reduce the 
volume of sand entering into the littoral system and increase wave energy hitting the beach.  With the 
current array of alternatives it has been concluded that we can address those issues and mitigate for the 
negative impact caused by the Federal jetties.  With that said it can be argued that it is not the 
responsibility of USACE to address the impacts of SLR and meet the extra sand demands that would be 
needed under the increased SLR scenarios.  SLR increase is not caused by USACE and the negative 
impacts of SLR will affect everyone on the coast.  It could be argued that if the beach fill portions of the 
project are maintained to address SLR that this goes beyond the Section 111 authority since it would be 
providing residents within the project area a protection level that goes beyond what would have been 
there without any federal navigation projects (channel and jetties).  However, the structural elements of 
the project would still have to be maintained since they are directly addressing the wave energy coming 
off of the north jetty structure.  If increased SLR results in the need for higher crest elevations or stone 
size that would need to be addressed. 

11.5 SLC Discussion Conclusions 

The impacts of SLC were investigated for the various alternatives following the intent of the relatively 
new SLC EC.  It was concluded that even under the higher estimates of SLC that the spur and 
breakwaters in Alternatives 6 and 25A do not need to be altered and that the original design should be 
adequate to handle the higher water levels and any increased in wave energy.  If this conclusion is 
incorrect the increased damage and alterations to the structural design can be made during future 
repair efforts.   
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It was found using the Bruun Rule that the required beach renourishment volumes do increase 
substantially under the higher rates of SLC, with the impacts of SLC being lower for the structural 
alternatives.  However, it must be determined if the increased fill requirements due to SLC are the 
responsibility of USACE under the Section 111 authority.  Even in a pristine system with no federal 
project, the shoreline of Saco Bay would be dramatically impacted by increased SLC rates.  If USACE is 
addressing the issues caused by the federal projects and addressing the historical rate of SLC than 
anything beyond that should not be considered a federal responsibility.  
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12.0 ALTERNATIVE RISK ANALYSIS 

 
Based upon past experience, numerous discussions with subject matter experts within USACE, and 
literature (USACE and external), it was concluded that a beach fill only option is not feasible and does 
not address the negative impacts caused by the federal navigation project.  
 
In many cases where there is a persistent and high erosion rate down drift of an inlet or terminal type 
structure, it is not feasible to address the problem with sand fill only.  It is believed for this study that is 
the case.  As described in this appendix and the WHG report (Appendix C), the project area is impacted 
by wave energy that is focused by bathymetry into the corner created by the beach and the North Jetty.  
Also, the reflected wave energy coming off of the North Jetty into the beach is at a very shallow angle 
and has been shown to be significant in the wave modeling results.  This will cause strong potential for 
long shore transport to the north during storms and cause significant erosion that was not quantified in 
the SBEACH numerical model.  A beach fill only option will not diminish this strong reflected wave and 
will likely erode quickly. 

Based on available literature from several Corps sources, and external journals, there is significant 
support for using structures to help address these acute down drift impacts.  Where these situations 
exist it is often difficult to keep up with excessive fill volume requirements caused by high erosion rates.   
This is especially true given the sand source for this project is likely upland sand.  Texts consulted 
included. 

Hanson, H., and Kraus, N.C. “Chronic Beach Erosion Adjacent to Inlets and Remediation by 
Composite (T-Head) Groins” ERDC/CHL CHETN IV-36, U.S. Army Engineer Research and 
Development Center, Vicksburg, MS 

Bodge, K.R., “Design Aspects of Groins and Jetties” ASCE/COPRI Special Report on 
Advances in Coastal Structures Design. American Society of Civil Engineers, 2002 
 
Bodge, K.R., “Beach Fill Stabilization with Tuned Structures: Experience in the 
Southeastern USA and Caribbean” Olsen Assoc. Inc. 
Hanson, H., and Kraus, N.C. “T-Head Groin Advancements in One-Line Modeling 
(GENESIS/T)” 

 
Also, during the late 1990s dredged sand from the federal navigation project within the Saco River was 
placed directly on the beach just north of the north jetty.  Approximately 80,000 yds3 were placed in 
that effort.  During the placement, it was witnessed that the sand was eroding nearly as fast as it was 
placed and no appreciable beach was ever created. 

During this study a request was sent out by email to the CWG regarding analysis techniques that could 
be used to help quantify the performance of beach fill only options in areas such as this project.  Within 
several responses it became evident that it is difficult to quantify the performance of beach fill in such 
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locations, and that beach fill requirements are typically increased to address these “hotspot” erosion 
issues.  One specific project from California had proposed structures to address this anticipated high 
erosion down drift of an inlet but in the end a beach fill only project was constructed.  The project is 
now required to re-nourish every 5 to 6 years with 1.75 million cubic yards of sand.  It must be kept in 
mind these are two different projects and a direct comparison of the processes at the CA project were 
not made to Saco, but it further supports that the erosion rates for a beach fill only project will likely be 
high and perhaps not sustainable, especially with the likely source being upland sand.  

12.1 Beach Fill Risk Based Alternative Analysis 

To help understand the results of the various modeling efforts and the qualitative analysis, two risk 
matrices were developed to qualitatively describe the risk associated with the beach fill modeling and 
performance for each alternative.  These risks were determined based on the technical expertise and 
opinion and were not developed using quantitative risk models or methods.  

12.2 SBEACH Risk Discussion 

As mentioned, a color coded matrix summarizing risk and analysis issues was created for the SBEACH 
modeling effort.  Table 12-1 is color coded with red being a non addressed issue that will make the 
results less conservative (more likely for the project to fail), with yellow meaning a non addressed issue 
but neutral in its impacts (not more or less likely to fail), and green meaning a non addressed issue but 
conservative (more likely if those processes were included the project would be more likely to succeed).  
In essence this matrix should provide a confidence level for the SBEACH modeling results related to each 
alternative.   

The verbal description of the color scheme can be found below the risk matrix.  In this case higher risk 
can be equated to a greater chance of error or lower confidence in the modeling effort that would lead 
to increased risk of project failure.  As an example, for the beach fill only alternative, SBEACH does not 
address the significant angle of the reflected waves coming from the North Jetty, and it is very likely that 
this is an important process in the beach erosion during a storm.  This deficiency likely makes the 
SBEACH model over predict the beach performance during a storm.  This over prediction or overly 
optimistic storm performance, likely means the constructed project will likely perform below what has 
been reported herein and therefore will be more likely to fail.  This means for this alternative the 
reflected wave risk is red.   
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Table 12-1. SBEACH Modeling Confidence Matrix (Risk) 

 

 

 

Overall, it can be seen for each of the factors considered the Beach Fill Only Alternative runs a higher 
risk of project failure than both Alternative 6 and 25A.  Alternative 25A is more likely to perform better 
than the modeling analysis since several benefits from this alternative were not able to be incorporated 
into a quantitative analysis. 

As a brief summary, the SBEACH modeling should be considered as over predicting the storm 
performance of the beach fill only option since there is nothing to address the severe angle of the 
reflected wave from the North Jetty impacting the beach, the mach stem wave/current along the North 
Jetty that impacts the beach, and the complicated hydraulic flow regime that is likely to exist in the 
project area due to the corner created by the beach and North Jetty.  Fort the spur and beach fill 
alternative, Alternative 6, SBEACH modeling results are most likely the most representative of the actual 
results.  This is because the sizable spur feature was shown to significantly reduce the reflected waves 
from the North Jetty, eliminate the Mach stem effect, and while not modeled, likely reduces the 
complex hydraulic flow in the corner of the project area.  For these reasons, the remaining process of 
shore normal waves impacting a beach, with limited outside impacts, most closely resembles the 
conditions SBEACH was developed to model.  The SBEACH modeling for the spur and breakwater option, 
Alternative 25A, are likely under predicting the beach fill performance due to the extra protection 
provided by the beach shape behind each breakwater structure (shown in Figure 9-5), the reduced long 
shore currents resulting from the breaking wave direction behind the structures and from the modified 
beach shape.  

12.3 Alternative Risk Discussion 

The second risk based matrix that was developed was for the overall beach fill alternative analysis effort 
and performance.  This discussion is not solely related to beach modeling but it is heavily influenced by 
it.  This risk matrix takes into account the SBEACH modeling risk (from Table 12-1), the modeling output 
from WHG, beach process analysis, and other project factors.  For the alternative risk matrix, the colors 
of red, yellow, and green were used.  The verbal description of the color scheme can be found below the 
risk matrix in Table 12-2.  In this case higher risk can be equated to a greater chance of error, lower 
confidence, and lesser performance leading to a higher risk project failure.  For example, for the beach 
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fill only alternative, performance in high erosion down drift areas, such as this project, have been shown 
to underperform.  Also, beach fills that have been placed in this area have essentially disappeared with 
no appreciable longevity.  Therefore, the risk is higher that the Beach Fill Only Alternative will fail when 
considering these parameters. Rating each alternative for each parameter demonstrates that the beach 
fill only option has the greatest risk of failure and alternative 25A has the greatest chance of success. 

Table 12-2. Alternative Analysis Risk 
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13.0 CONCLUSIONS AND RECOMMENDATIONS 

The Saco-Camp Ellis Beach area, located adjacent to the Saco River federal jetties, represents a complex 
coastal setting that has not been well understood.  Camp Ellis Beach has undergone significant shoreline 
changes over the past 150 years, including significant erosion over the past several decades.  The 
purpose of this study was to evaluate potential alternatives that may be viable solutions to the ongoing 
erosion at Camp Ellis Beach.  The study focused on evaluating the physical processes (concentrating on 
the wave environment) occurring within the vicinity of Saco Bay, and specifically the Camp Ellis Beach 
area, to assess potential alternatives that may be used to mitigate the erosion along the shoreline. 

There were two main components of the study, a field data collection component, and a numerical 
modeling component.  The field data collection component consists of observing the existing site-
specific conditions (e.g., waves, currents, tides, bathymetry, etc.) and the historic environment (e.g., 
shoreline change, offshore wave data, existing studies, etc.) to develop an initial understanding of the 
ongoing coastal processes that shape the Camp Ellis shoreline.  The field data also serve to provide the 
required data for developing predictive models of the Camp Ellis region.  The numerical modeling 
component of the study consists of accurately simulating the existing conditions within the vicinity of 
Camp Ellis, verifying the models performance with observed data, and subsequently, utilizing the 
verified models to simulate various alternatives for shoreline protection.  The numerical modeling 
portion of the study ultimately evaluates the performance of each of the alternatives and the ability to 
sustain a beach at Camp Ellis, while focusing on the ability of the alternatives to rectify the potential 
causes of erosion at Camp Ellis caused by the federally maintained structures.  Specifically, the paucity 
of sediment supplied to the region by the direction of the sediment laden Saco River discharge a 
significant distance offshore and the structural impact producing increased wave energy exerted on the 
Camp Ellis coastline. 

13.1 Historical shoreline change 

The shoreline adjacent to the northern jetty (Camp Ellis Beach) experienced significant erosion.  The 
shoreline between 1864 and 1998 eroded at rates between –3.41 ft/yr (at transect 41) and –0.16 ft/yr 
(at transect 53).  The more contemporary time period (1944-1998) shows continued erosion, but at a 
reduced rate (approximately 1.0 ft/yr and less).  This stabilization is likely the result man-made 
intervention in the form of heavy structural stabilization (seawalls, revetments, etc.).  With the lack of 
sediment supply that currently exists at the Camp Ellis shoreline, erosion has begun to occur to the 
shorelines north of the historical erosion area as less sediment is available for northerly transport into 
these once stable regions. 

13.2 Bathymetry 

The nearshore bathymetry is complex, with rock outcrops, linear shoals, and irregular contours.  The 
data collected was used extensively in the modeling of the Camp Ellis region. 
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13.3 Tides and Currents 

Tide and current information was collected in the vicinity of Camp Ellis Beach.  During a spring tide, the 
tidal range is approximately 11.5 to 12.0 feet (ft).  However, during a neap tide the tidal range is reduced 
to approximately 7.0 ft.  Only minor tidal damping occurs as water propagates upstream.  The 
magnitude of the tidal currents in the nearshore vicinity north of the jetties is minimal.  This lack of 
significant tide-induced currents offshore of Camp Ellis Beach suggests that wave processes are the 
primary driver of sediment movement in the nearshore vicinity of Camp Ellis Beach. 

13.4 Wave Climate 

Wave data were gathered from existing buoys, existing hindcast model nodes, and data observations 
associated with this study.  Offshore data sources included, NOAA buoys, GOMOOS Buoys, and USACE 
WIS hindcast data.  Wave data were also collected at target locations seaward and landward of the 
Eagle/Ram Island complex in order to accurately assess the wave transformations that occur due to the 
complicated physical nature of the islands and bathymetry in this region.  The wave ADCP data were 
compared to existing NOAA buoy data to provide a level of confidence in the observed data.  The wave 
data were a necessity for calibrating and verifying the numerical wave transformation models. 

13.5 Sediments 

A total of seven (7) surface grab samples were collected within the Saco Bay region.  A general fining of 
sediment is observed from south to north.  As such, the median grain size is finer at the northern end of 
the Bay (Scarborough) than it is at the southern end (Camp Ellis).  Armed with the data observations and 
historical information, the modeling effort was calibrated in order to ensure that it was appropriately 
simulating reality within reasonable error bounds.  The models were then used to simulate existing 
conditions, and finally, to assess a wide range of alternatives.   

13.6 Generation Scale Wave Modeling 

Because of the lack of temporal and spatial similitude between locally observed wave information and 
available data sources, a generation scale wave model was used to develop input into the detailed, 
shallow-water transformation-scale wave model.  The generation scale numerical model used satellite 
observed wind fields as input and was calibrated and verified using local point wave observations.  A 
nested grid of water depths was used to define the model domain.  The calibration between the 
measured and modeled wave heights was visually successful and quantifiable error statistics were 
within acceptable bounds.  In addition, assessment of specific higher energy events during the 
deployment time period indicated energy transfer across frequency bands during the passage of an 
event.  Subsequently, spectral wave data were extracted from the generation scale model at the 
location coinciding with the offshore boundary of the regional wave model for the entire deployment 
time period.  This spectral information were used as input conditions for validation of the regional scale 
modeling effort. 
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13.7 Transformation-Scale Wave Modeling 

A nearshore, transformation-scale (regional) wave model was used to propagate the offshore wave 
climate into the Saco Bay region and evaluates the transformations waves experience as they propagate 
towards the coastline.  The model was verified using spectral output from the generation scale modeling 
results, and the error estimates were within acceptable bounds.  Once validated, the transformation-
scale (regional) model was used to simulate average annual directional cases (developed from WIS 
data), specific historic storms events, and return-period storms.  Regional wave transformation models 
provide predictive tools for evaluating various forces governing wave climate and sediment transport 
processes.  The transformation-scale (regional) model identified transformation effects that produced 
an uneven distribution of wave energy along the coast that affects sediment transport in the region, 
revealing areas of increased erosion (“hot spots”) or areas of increased energy.  The transformation 
mechanisms also result in changes in the offshore wave direction that may significantly influence the 
rate and direction of sand movement.  Therefore, the quantitative information provided from the 
numerical model(s) can be used to explain the physical processes that dominate a region, provide the 
required input into higher resolution models, and to potentially furnish appropriate 
recommendations/solutions for each stretch of coast.  Results of the transformation-scale (regional) 
model are used to develop regional sediment transport fluxes and divergence, while providing spectral 
input for the local wave modeling effort. 

13.8 Local Scale Wave Modeling 

The regional model only represents an intermediate step in the wave modeling system and although is 
useful for identifying regional sediment transport trends, cannot be used for local sediment transport 
calculations for the Camp Ellis Beach area.  Therefore, it was important to advance to higher-resolution 
models that embodied the reflection processes and could more accurately determine the nearshore 
structural interactions.  The nearshore (local) wave model was calibrated using two simulated time 
periods to quantify the overall accuracy.  Evaluation of the sea surface results for the existing conditions 
revealed: (1) the significant wave reflection off of the northern jetty indicating the beach is impacted not 
only by the incident wave energy, but also by the reflected wave energy, (2) independent of offshore 
direction of approach, the nearshore waves propagated directly towards the Camp Ellis Beach area and 
the northern jetty, (3) Mach-Stem waves propagating shoreward along the northern jetty can be seen in 
most cases, (4) waves are refracted towards the northern jetty due to the jetty-parallel bottom 
contours, and (5) variations between annual average approach directions are important to understand 
the processes occurring at Camp Ellis Beach. 

13.9 Sediment Transport Assessment 

The sediment flux indicates an average annual longshore transport rate to the north.  However, the 
magnitude of the transport varies throughout the domain.  A region extending from just north of the 
navigational structures to approximately 3 km to the north, averages approximately 25,000 to 50,000 
m3/yr (32,700 to 65,000 cubic yards) towards the north.  In the center of the bay, extending 
approximately 3 km to the north, the average annual sediment flux rate is small.  This is a region that 
gross transport direction shifts depending on the angle of the incoming wave field, and generally are 
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equivalent.  There is a small net northward transport rate of 10,000 to 20,000 m3/yr (13,000 to 27,000 
cubic yards) and the flux divergence indicates a stable stretch of coastline.  The northernmost region of 
the bay is strongly influenced by the Bluff and Stratton Island complex and there are major fluctuations 
in both the sediment flux and divergence.  The average sediment transport rate in this region is 40,000 
m3/yr (52,000 cubic yards) towards the north. 

13.10 Initial Alternative Screening 

A variety of alternatives were considered for addressing the chronic erosion at Camp Ellis Beach.  Over 
twenty-five (25) potential solutions, including both structural and non-structural alternatives were 
determined jointly between Woods Hole Group, the USACE New England District, Maine Geological 
Survey (MGS), and members of the Saco Bay Implementation Team (SBIT).  The nearshore (local) wave 
model was used as the initial screening tool through evaluation of results, wave height changes, wave 
energy reduction, and assessment of potential impacts.  Potential adverse impacts to neighboring 
beaches, navigation, and the Camp Ellis region were also evaluated.  The initial screening process 
identified six (6) alternatives that warranted further evaluation in terms of sediment transport changes 
and beach performance.  These alternatives include beach nourishment to restore the beach to a 
useable (and more importantly protective) width. 

13.11 Final Alternative Screening  

The data, modeling, and analysis indicate that the federal structures at Saco River have created 
increased wave energy to the north of the Saco River inlet and significantly reduced the amount of 
sediment supplied to the beach by the Saco River by channeling the discharge a greater distance 
offshore.  Therefore, the preferred alternative should (1) mitigate the increased wave energy caused by 
wave reflection off of the northern jetty and (2) replenish, to a feasible level, the sediment that would 
naturally be supplied to the system by the Saco River discharge.   

• Beach nourishment alone is not a viable solution without the inclusion of a significant 
maintenance component.  Lacking any additional wave energy reduction, a standalone beach 
would be quickly eroded.  The beach nourishment alone alternative also does not mitigate any of 
the reflected wave energy that impacts Camp Ellis Beach.  Therefore, it would not be possible for 
beach nourishment alone to meet the project purpose of mitigating the erosive effect of the jetty 
although it could prevent further retreat of the Camp Ellis shoreline with placement of large 
amounts of renourishment fill. 

• Each of the final alternatives, coupled with beach nourishment, performs with relative levels 
of improvement.  Therefore, each alternative can be effective depending on the level of 
maintenance expected and success criteria. 

• The geology at the offshore breakwater location (Alternatives 11a and 18) is not suitable to 
support the weight of the structure.  There is considerable concern related to settlement at this 
location, as such these final alternatives are not recommended. 

• Alternative 6 provides a reduction in the reflected wave energy caused by the northern 
jetty, and coupled with beach nourishment provides a reasonable solution for consideration.  
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However, increased maintenance, as compared to the segmented breakwater and spur jetty 
combinations would be expected. 

• From a purely performance perspective, Alternatives 25 and 26 are unmatched.  There are 
subtle differences between the two alternatives in performance, but overall there is no 
measurable distinction.  However, as subsurface explorations determined that soft marine clay 
underlies the northernmost breakwater for both alternatives, constructing a stable structure at 
this location would be costly.  

• Alternatives 25 and 26 do show some potential for salient formation in terms of amplitude 
at the northernmost breakwaters, but this would not significantly impact the shorelines to the 
north due to the increased sediment supply provided by the beach nourishment.   Alternative 
25A provides an alternative segmented breakwater solution that removes the northernmost 
breakwater and still provides reasonable performance. 

• It is critical that the final alternative selected includes a beach nourishment component.  
Shoreline erosion is continuing to occur north of the structure and erosion is extending a further 
distance north of the structure due to the lack of sediment supply available for transport.  
However, a significant nourishment will replenish the sediment supply to the coastline and this 
additional sediment can only benefit the regions to the north.  Even at a reduced sediment 
transport rate, the net sand moving to the northern beaches will be far greater than currently 
exists.   

13.12 Structure Design 

Once the final array of alternatives was selected a more detailed design was conducted for each 
alternative.  For the alternatives that included structures, rubble mound breakwaters and spurs were 
designed.  This included the determination of the armor stone weight, structure slopes, crest elevation, 
toe protection, existing structure reinforcement, and cross sectional design. 

13.13 Beach Fill Design 

As discussed, a key component to address the shoreline erosion issues caused by the federal navigation 
project was beach fill.  This component will help to protect the shoreline from further erosion, restore a 
natural buffer that has been lost, and restore a supply of sediment to the system that has been removed 
by the federal navigation project.   

The beach design analysis provided the minimum fill requirements needed to be in place to withstand a 
10 year storm and the longevity of various beach fill alternatives in conjunction with structural 
alternatives.  As expected the minimum fill needed to be in place for the beach fill only option was 
greater than for the spur and breakwater alternatives with beach fill.    

The lesser performance of the beach fill only alternative during a storm, and the shorter beach fill life, 
were expected.  In several literature sources, and in personal communications, it was concluded that the 
high erosion rate down drift of the Saco River Inlet Jetties would likely require structural components, 
and that beach fill alone would not be feasible due to the high nourishment rates.   
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The effort to determine beach fill performance and to provide a more detailed design was 
hampered by the lack of available models that could handle the complex wave climate in the 
project area.  Simplification and estimation were applied to the available models but the 
accuracy of the beach performance modeling results must be understood so the results of the 
analysis can be used in the proper context.   

13.14 Sea Level Change Impacts 

The impacts of sea level change (SLC) were investigated late in the study.  Instead of running the 
full analysis over for each of the SLC curves required in EC (), each component of the project was 
evaluated separately regarding SLC.  For each component, it was concluded that SLC would not 
have a significant impact, with the exception of beach fill renourishment.  IF the higher rates of 
SLC occur as predicted the renourishment volumes or schedule would have to be increased if 
erosion of the Camp Ellis Beach shoreline is to be prevented.  However, it must be decided if it is 
a federal responsibility to protect against SLC since the federal government is not responsible 
for increased SLC and the intent of the project is to mitigate for negative impacts caused by the 
federal navigation project. 

13.5 Risk Analysis 

To help better understand the risks associated with the beach fill alternative and the structural 
alternatives, two color coded risk matrices were developed and both demonstrated that the beach fill 
alternative has the highest risk of failure, with 25A (spur and break water structures) having the lowest 
risk.   Based on the findings of this appendix it is recommended that the beach fill only alternative not be 
considered as a feasible alternative.  The uncertainty in this alternative’s performance is significant, 
resulting in higher risk of project failure. 
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