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EXECUTIVE SUMMARY
In 2015, the City of Virginia Beach initiated the Comprehensive Sea Level Rise and
Recurrent Flooding Study (CSLRRF) in recognition of increased flood risk and the need for a
strategic plan to protect the city. The goal was to produce the needed information and
strategies to enable the City to establish long-term resilience to sea level rise (SLR) and
associated recurrent flooding. The City is considering a wide range of adaptation strategies,
this report focuses on large scale flood risk reduction structures.
Through a multi-step evaluation process, three alternatives of combinations of flood risk
protection structures were identified in collaboration with the City of Virginia Beach. The City
of Virginia Beach receives coastal flooding through pathways from the Chesapeake Bay,
Atlantic Ocean, Currituck Sound, and Elizabeth River. Almost all of Virginia Beach’s flood risk
is not on the open coast, but inside the city’s coastal perimeter. Coastal flood pathways into the
interior of the city were reviewed to understand opportunities and limitations of potential sites
to intervene in flood propagation and provide protection to interior areas. This effort included
existing waterways, as well as low-lying areas, that will be overtopped during significant flood
events. A total of twelve sites were considered through the process, where site characteristics
and location were evaluated for initial feasibility. Input from the City culled this list to ten sites.
Each site, referred to as an alignment, then had a conceptual flood protection alignment
developed, consisting of a combination of floodwalls, raised dunes, levees or elevated roadway,
storm surge barriers, and flood gates. The design criterion, developed with the City of Virginia
Beach, was for the structures to provide protection up to the 100-yr (or 1% annual chance
probability) coastal flood and accommodate 3 ft of sea level rise over 2018 conditions.
Structures built to this criteria would have the additional benefits of National Flood Insurance
Program premium discounts, assuming certification by the U.S. Army Corps of Engineers and
the Federal Emergency Management Agency.
Ten alternative combinations of the alignments were developed with input from City of
Virginia Beach. Each alternative was then evaluated across metrics including cost, area of
reduced flooding, potential increased flooding for adjacent areas, number of protected
buildings, benefit cost ratio, and qualitative environmental impacts. Performance for flood risk
reduction and potential adverse flood impacts were evaluated using an integrated coastal flood
and rainfall runoff numerical model. The results of these assessments were reviewed by the
engineering team and used to down-select to three alternatives.
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The three alternatives represent strategic approaches to provide coastal flood protection for
the City of Virginia Beach. All alternatives have cost benefit ratios equal to or greater than 1,
which means benefits in flood reduction over the anticipated project lifespan are equal to, or
greater than the estimated present-day costs.
Alternative A focuses on blocking floodwaters coming through the Lynnhaven Inlet, which
would protect approximately 28,000 buildings and remove an estimated 41 square miles of
coastal floodplain (at the 100-yr or 1% annual chance flood level) from inside of the City. The
alternative has a rough-order-of-magnitude cost of $1.13 billion in present-day dollars, and a
cost-benefit ratio of 2.01. If collaboration is possible, this line of protection could be extended
across the Chesapeake Bay shoreline to benefit both Joint Expeditionary Base Little Creek and
the City of Norfolk.
Alternative B provides more holistic protection to the City of Virginia Beach as a whole.
Flood protection and barriers would be constructed on the north end of the City and across
Lynnhaven Inlet. The Resort seawall would be raised, and a surge barrier would be constructed
across Rudee Inlet. The developed area of Sandbridge would be protected by raised dunes on
the Oceanside, and floodwalls and gates on the bayside. Additional protection within Back Bay
would be provided by raising Sandbridge and Muddy Creek roads, with gates installed at
waterways. Finally, a gate would also be installed on West Neck Creek at West Neck Road. This
alternative would protect approximately 39,000 buildings and remove an estimated 78 square
miles of coastal flooding (at the 100-yr or 1% annual chance flood level) from inside the city.
The rough-order-of-magnitude cost was estimated at $2.22 billion in present-day dollars,
providing for a cost-benefit ratio of 1.73. The alternative has an optional alignment that would
construct three gates inside the Lynnhaven Bay. This option would reduce the potential for
minor flooding due to interior water movement, but leaves the area west of the Lesner Bridge
unprotected. Additional structures and cost would be required to protect this area.
Alternative C builds further on the city-wide protection provided by Alternative B with an
additional gate on the Elizabeth River, sited in Norfolk near the old Ford plant. A gate at this
location offers benefits to the cities of Virginia Beach, Norfolk, and Chesapeake, but would
require a regional collaborative approach. Assuming a cost-share of this gate, costs to the City
of Virginia Beach for this alternative would total $2.42 billion in present day dollars. This
alternative protects an estimated 45,000 buildings and reduces the coastal floodplain by
approximately 85 square miles (at the 100-yr or 1% annual chance flood level) inside the City of
Virginia Beach. The benefit cost ratio for the City of Virginia Beach portion of this alternative
would be 1.69.
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The three down-selected alternatives would provide significant flood benefits to the City of
Virginia Beach. However, these solutions are expensive, with costs in the billions. Each
alternative is also subject to significant hurdles such as environmental impacts and permitting.
Some alternatives propose structures in coordination and potential cost-sharing with adjacent
municipalities and/or the military. The existing analysis identifies, but was not intended to
address these issues. Next steps to advance consideration of these concepts include: 1)
gathering public feedback, 2) engaging with the USACE to complete a civil works feasibility
study, and 3) evaluating the City’s ability to finance such large and expensive infrastructure
project.
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1. INTRODUCTION
In 2015, the City of Virginia Beach initiated the Comprehensive Sea Level Rise and
Recurrent Flooding Study (CSLRRF). The genesis of the study was both in recognition of
increased flooding and the need for a strategic plan to protect the city. The goal was to produce
the needed information and strategies to enable the City to establish long-term resilience to sea
level rise (SLR) and associated recurrent flooding. The City is considering a wide range of
physical protection measures: natural, nature-based, nonstructural, and structural
interventions.
This report details the iterative steps taken to identify large-scale flood risk reduction
infrastructure projects that protect one or more watersheds in Virginia Beach. Such projects
consist of storm surge barriers, flood gates, seawalls, etc., in combination with drainage
improvements. These conceptual projects have high costs, in the billions of dollars, but offer
considerable flood risk reduction benefits to tens of thousands of flood-prone buildings and
their occupants.
This report summarizes the development of the city-wide flood protection strategies.
Descriptions are provided for the process, review criteria, and considerations for down
selection that has led to the six alternatives chosen for detailed analysis. The results of detailed
analysis are also included, along with recommendations for moving forward towards a final
alternative selection for in-depth study beyond the scope of this document.
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2. METHODOLOGY
Conceptual coastal risk reduction structures were designed to offer broad protection to the
City of Virginia Beach. Key flood pathways, potential benefits in reducing flood risk, site
constraints, performance under flood conditions, and potential adverse impacts were
considered. Determining the best path toward a robust and resilient flood protection system is
a complicated and iterative process.
Note to reader: Combinations of structures at a site to provide flood protection are
referred to as “Alignments.” Alignments are then considered separately, or in combination with
other Alignments to create flood protection “Alternatives.”
The design team employed a multi-step process to identify where and what conceptual
structural alignments and alternatives would offer the most value. The process followed is
outlined in Figure 1, with detailed explanations of key aspects points in the following
subsections.

Figure 1: Overview of approach for City-wide conceptual flood risk reduction strategy development.
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2.1. Watershed Approach
The City of Virginia Beach is exposed to coastal flooding from multiple water bodies and
pathways. Some pathways cross through adjacent municipalities, such as Norfolk and
Chesapeake, military bases, such as Joint Expeditionary Base – Little Creek, or other states
(North Carolina, i.e., Figure 2). Given the complicated nature of the flood pathways, a
“watershed” approach was critical to assessing strategies for placement of flood protection
structures. In other words, the City of Virginia Beach must consider how water crosses through
adjacent lands outside its municipal borders. In this, strategies must be identified for reducing
the amount of flood water from entering the City – both in potential collaboration with
adjacent municipalities, or, if such collaboration may not be feasible, within the boundaries of
the City.

Figure 2: Coastal flood sources and pathways into the City of Virginia Beach.

Building-level flood depth-damage analysis completed during the coastal flood hazard and
risk assessment for the CSLRRF identified seven focus areas for flood risk reduction (Figure 3,
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CVB, 2019a). Most of these areas are experiencing flood loss under today’s condition. A
common thread for these risk areas is that they are exposed to interior flooding. Given this,
strategies aimed at preventing coastal floodwater from entering into the city at the perimeter or
through key interior waterways will be effective at reducing flood risk, where feasible.
Otherwise, the strategy pivots to identifying locations where structural alignments prevent
floodwaters from impacting buildings and infrastructure.

Figure 3: Seven focus areas where flood loss is clustered and relatively intense, were
identified during the economic coastal flood risk assessment.
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2.2. Data Collection and Site Assessment
Data collection involved reviewing multiple data sources, including:
•

City of Virginia Beach stormwater data
o Used to identify locations of stormwater outflows throughout the city, which
could become potential areas for localized flooding. Taken into account when
determining the optimal alignment for the proposed flood protection
alternatives.

•

City of Virginia Beach parcel data
o Used to understand site constraints and optimize alignments to minimize real
estate impacts

•

2015 FEMA Flood Insurance Study (FIS)
o Provided information for existing flood hazards at the 100-yr and 500-yr
flood return periods
o Used in conjunction with CSLRRF data to determine Design Flood Elevations

•

CSLRRF Hazard and Risk data
o Provided information on best knowledge of existing and future coastal flood
hazard elevations and floodplains
o Identified hotspots of flood risk, as determined by economic flood loss
modeling

•

U.S. Geological Survey topographic LiDAR
o Provided best-available topographic base map. High-resolution/accuracy
LiDAR collected by the U.S. Geological Survey in 2013. Reported vertical
accuracy for this dataset was 0.129 m (0.423 ft) at the 95% confidence level
based on the RMSEz metric.
o Original data tiles mosaicked and horizontal resolution down-sampled from
2.5 to 5 ft.

•

United States Army Corps of Engineers (USACE) federal navigation charts
o Identify and confirm locations of federally registered navigation channels
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o Inform optimal positioning of proposed flood gates and allow for minimal
impact on existing infrastructure, commercial vessel traffic, and private vessel
traffic
•

(USACE) bathymetric surveys
o Provides best available depth and channel cross-sectional data to inform gate
design parameters

•

U.S. Fish and Wildlife Service (USFWS) wetlands data
o Evaluate the environmental impact of each alternative. The path of some
alternatives may go through these wetlands which could affect construction
cost or the feasibility of considering that alternative. This data would also be
able to be used to determine if an alternative would protect various areas.

•

National Oceanic and Atmospheric Administration (NOAA) water level data
o Provided data on tidal variations and datums, monthly and annual high water
levels to inform design

These data were combined in ArcGIS and overlaid with the proposed designs for each
location. This allowed for a review of environmental, economic, and sociological impacts. The
detail examined is appropriate for a high-level, schematic investigation, and summarized for
the examined sites in Section 3.

2.3. Overview of Structural Toolkit for Coastal Flood Reduction
Many types of structures exist to protect low lying regions from flooding. The following is a
brief overview of several permanent, in-water deployable, and on-land deployable options that
will be considered during the development of the alternative sections. This list is generalized
and not specific to any particular location or site for this report, and will be developed further
with the final recommendation.
The first three typologies represent typical passive protection systems, or systems without
the need for deployment. The remaining typologies are all active systems, requiring the
development of a detailed operations manual and deployment strategy for effective protection.
Specific information regarding the operation of active systems is omitted from this report, as
operational parameters are customizable based upon design decisions not within the scope of
this study.
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2.3.1.

Earthen Levee

It should be noted here that the term ‘earthen levee’ is used for a variety of similarly
designed/constructed protection systems. The broad definition is any embankment that
provides a free-standing gravity structure that is resistant to water infiltration. This can include
grass covered soils, sands (typically referred to as dunes), and even rock (typically referred to
as revetments). These protective systems will require some sort of hydrophobic barrier to
prevent flood waters from seeping through the soils – different soils requiring different
barriers based upon hydraulic conductivity.
Advantages:
•

Natural aesthetic

•

Long history of use world-wide

•

Seamless integration for evacuation routes and/or roads

•

Typically difficult to damage (dunes are an exception to this)

Constraints:
•

Large footprint (width) requirements

•

Longer construction times

•

Difficult to assess condition of hydrophobic barrier

Figure 4: Highway 4 Road Levee in Sacramento CA at the San Joaquin River Delta, courtesy of AirTalk.
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2.3.2.

Floodwalls

Floodwalls typically border streams or rivers, are free-standing structures, and are designed
with minimal to no dynamic (wave) loading considered. These structures are the embodiment
of surrounding the low-lying areas in a wall, as can be seen in the photo. The cost is relatively
low compared to the other permanent options, however the aesthetic impact is quite high. Will
require negligible infrastructure support.
Advantages:
•

Small footprint (width) required

•

Very visible protection

•

Can be constructed as curb or safety wall where DFE is low

•

Quick construction

Constraints:
•

Very visible protection

•

Not designed for dynamic loading

•

Higher DFE increases cost exponentially

Figure 5: Floodwall in Richmond VA, courtesy of Brad Prudhon (Flickr)
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2.3.3.

Seawalls

Seawalls are typically seen around industrial areas like ports or harbors, with the capability
of supporting significant loads above the structure as well as provide protection from flood
loads and dynamic loading. This option is typically costly, but allows for minimal aesthetic
impact from the landward side. Will require negligible infrastructure support.
Advantages:
•

Small footprint (width) required

•

Very visible protection

•

Can be constructed as curb or safety wall where DFE is low

•

Quick construction

Constraints:
•

Very visible protection

•

Not designed for dynamic loading

•

Higher DFE increases cost exponentially

Figure 6: Concrete Seawall in Kirkcaldy, Scotland, courtesy of Moore Concrete.
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2.3.4.

In-Water Sector Gates

Massive protective structures capable of spanning large shipping channels, In-Water Sector
Gates are impossible to ignore and very costly. Advantages include the ability to limit the
impact on federally maintained channels and the commercial and private vessel traffic. These
gates are typically only seen adjacent to significant shipping lanes. Will require significant
infrastructure support in terms of access and power requirements.
Advantages:
•

Sector gates can accommodate very large widths, in some cases greater than 300 ft.

•

Gates can accommodate large depths

•

Does not affect vertical navigational clearance

•

Maintenance can be performed when gate is in the “open” position

•

USACE already designs/builds within their navigation channel limits (New Orleans, LA)

Constraints:
•

Upland requirements can become large depending upon layout

•

MEP requirements can become large depending upon final gate size

•

Gate closure time becomes longer as gate size increases

•

Level tracks on waterway bottom required

•

Siltation on tracks can become an issue
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Figure 7: Seabrook Floodgate Complex in New Orleans, LA, courtesy of the Flood Protection Authority.

2.3.5.

In-Water Vertical Lift Gates

Quick to construct and deploy, In-Water Vertical Lift Gates are an affordable option to
protect against riverine flooding. Typically deployed adjacent to existing bridge infrastructure
to minimize the steep aesthetic impact, the Vertical Lift Gates hang in the air above the water
column when ‘open’ and when ‘closed’ are mostly submerged in the floodwater they protect
against, and are not generally suited for high vessel traffic areas. Will require infrastructure
support, somewhat mitigated by the usual reliance on existing.
Advantages:
•

Small upland area required

•

Maintenance can be performed when gate is in open position.

•

Simple Design and Construction

•

Hydrodynamic flow impact can be minimized by aligning with existing infrastructure

•

Gates can be installed in sections to span large widths
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Constraints:
•

Has large viewshed impacts

•

Will have a large impact on navigation traffic through area

•

When gate is raised it will be subject to wind loading

•

Requires structural piers between sections on large in-water spans

Figure 8: Bayou Bienvenue Lift Gate in New Orleans, LA, courtesy of the Flood Protection Authority.

2.3.6.

In-Water Miter Gates

Navigation locks are historically the most prevalent deployable in-water flood control
structure worldwide, and are a good choice for any riverine crossing or inlet crossing that
doesn’t exceed the recommended overall width of the gate. The Miter Gate is the most common
navigation lock historically and today. This gate is named by the unique closing mechanism of
the two gate doors, and resists the flood loading in both bending and normal forces on the gate
doors.
Advantages:
•

Construction is relatively simple
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•

Gates have a relatively quick deployment time (<20 minutes)

•

Gates do not affect vertical navigational clearance

•

Simple operation

Constraints:
•

Limited to widths of 100 ft

•

Maintenance typically requires gates in ‘closed’ position

•

Level tracks on waterway bottom required

•

Siltation/debris buildup may prevent gates from opening immediately after storm event

Figure 9: Miter Lock Gates at Cremona Ship Canal, Italy, courtesy of the F.lii Baruzzi company.

2.3.7.

In-Water Movable Gates

In-Water Movable Gates encompass a variety of flood protection systems, known under
many names. The primary system reviewed here lays on the channel bottom when open and
pivots up, resting on pier or abutment structures to seal the channel. Alternative designs
include the wall sliding from the land to close (requiring significant upland storage) or a
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floating caisson wall system (requiring significant in-water storage). Access and power
requirements drive construction costs and times quite high, and significant coordination with
all regulatory bodies with jurisdiction on the waterway such as navigation channels and depth
will be required.
Advantages:
•

Gates can accommodate extremely large depths

•

Does not affect vertical navigational clearance

•

Small upland area required

•

Gates can be installed in sections to span large widths

•

USACE already designs/builds within their navigation channel limits (Stamford, CT)

Constraints:
•

Can be affected by sedimentation

•

Will affect dredging operations

•

Difficult to perform maintenance and inspections without closing gate

•

Construction of underwater foundations

Figure 10: Stamford Hurricane Barrier in Stamford CT, courtesy of the F.lii Baruzzi company. Photo depicts high water during
Super Storm Sandy in 2012.
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2.3.8.

In-Water MOSES Gates

Completely invisible until deployed, In-Water MOSE (MOdulo Sperimentale
Elettromeccanico, or Experimental Electromechanical Module) Gates operate on hinges from
their caisson foundations beneath the water surface. These gates float up to prevent flood
waters from entering the bay surrounding Venice. This system is still in construction, and was
designed specifically for Venice to prevent high tide flooding and wave action from further
deteriorating the foundations of the historic city. At the time of this report, this is an emerging
technology, and cannot be recommended. Should this technology have a history to compare
operations with the other gate typologies when design begins, it should be considered.
Advantages:
•

Accommodate large depths

•

Does not restrict vertical navigational clearance

•

Gates can be installed in sections to span large widths

•

Can be used in large depths (up to 97 feet)

Constraints:
•

Will influence dredging operations

•

Construction of significant underwater foundation structures

•

Difficult construction due to tolerances
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Figure 11: MOSE barrier system in Venice Italy, courtesy of Vincenzo Pinto/AFP/Getty Images.

2.3.9.

In-Water Movable Circular Gates

A specialized type of in-water movable gate was constructed in 1974 in London, UK. The
River Thames Barrier was developed, constructed, and protects the capital of the United
Kingdom, having a public record with numerous (183) report closures as of October 2017. The
gate has suffered minor damage in the last 45 years, despite being struck by vessel traffic, and
even a fully laden dredge barge.
This gate typology is difficult to classify, as there are no quickly identifiable examples
beyond the Thames River Barrier, but this barrier does have a stellar public record spanning 45
years. It should be noted that the Thames River Barrier does have the full support of a nation’s
capital, and will be difficult to estimate construction and operational budgets prior to design.
Advantages:
•

Gates can accommodate extremely large depths

•

Does not affect vertical navigational clearance
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•

Small upland area required

•

Gates can be installed in sections to span large widths

•

Can span greater widths than other In-Water Moveable Gate systems

Constraints:
•

Can be affected by sedimentation

•

Will affect dredging operations

•

Difficult to perform maintenance and inspections without closing gate

•

Construction of underwater foundations

•

Currently only operable example is the River Thames Barrier

Figure 12: Thames River Barrier in London, England, courtesy of Flickr.

2.3.10. In-Water Inflatable Gates
A technology seeing more deployment around the developing world is the in-water
inflatable gate. This system of water retention structure consists of a rubber membrane filled
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with either water or air when deployed to provide a water-tight barrier preventing floodwaters
from encroaching upon protected areas. These gates can be reinforced with structural plates
(typically steel) to provide added protection from hazards during a flood event. These systems
are designed to be robust enough to withstand impact forces and hydrostatic loads during the
design flood event; however, the worldwide application of inflatable gates is limited, with a
mediocre success record for withstanding impacts and punctures. This typology is not
currently recommended, but is mentioned here for completeness of the research record and
with the understanding that construction methods continuously improve and this emerging
technology shouldn’t be discounted without a schematic review during design.
Advantages:
•

Does not restrict vertical navigational clearance

•

Gates can be installed in sections to span large widths

•

Relatively inexpensive to install

Constraints:
•

Will influence dredging operations

•

Significant risk of damage due to rubber materials used

•

Material suspect to UV wear

•

Maintenance typically involves replacement

City-Wide Structural Alternatives for Coastal Flood Protection | 32

Figure 13: Inflatable Rubber Gate with Steel Protective Reinforcement in Germany, courtesy of PIANC Report "Inflatable
Structures in Hydraulic Engineering" dated 2018

2.3.11. Inland Flood Logs
There are several types of deployable flood barriers, all requiring a significant long-term
storage area when not in use and a significant manpower commitment before the storm event.
Inland flood logs are shown being deployed in the photo. No power commitment is necessary,
but a significant lead time to permit a full and adequate deployment is required.
Advantages:
•

Small footprint (width) required

•

Minimal impact when not deployed (other than storage)

•

System may have warranty through manufacturer

•

Can provide very localized protection

Constraints:
•

Long deployment time (>hours, potentially >day)

•

Requires crew of laborers for deployment
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•

Units requires accessible, nearby storage – potentially large volume of storage

•

Units typically require local pumps to offset slow leaks

•

Incorrect/hurried deployment leads to failure of whole system

•

Long lead-time for repairs

Figure 14: Flood Log System in the City of Jaromer, Czech Republic, courtesy of Eko Systems.

2.3.12. Inland Rolling Gates
Inland Rolling Gates appear as standard security gates when open, and remain open until
the storm events. Requiring power to operate, the gates run on tracks and seal with a
deployable gasket once fully closed. These gates are typically constructed in-line with
floodwalls to allow access to critical infrastructure areas.
Advantages:
•

Small footprint (width) required

•

Can double as a security gate

•

Rapid deployment time (<20 minutes)
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•

Minimal disruption to infrastructure when open

•

Often used across roadways

Constraints:
•

Requires full-length track for storage along alignment

•

Debris on deployment track a significant weakness

•

Typically a cantilever slab design – limited head difference

Figure 15: Inland rolling gate in downtown Norfolk in front of Nauticus; courtesy of Dewberry.

2.3.13. Inland Swing Gates
A smaller variant on the In-Water Sector Gate, the Inland Swing Gate operates under much
the same principle. The primary advantages of this gate over the Rolling Gate above is the
ability of the gate to withstand significantly more flood and dynamic loading per foot elevation,
this is due to the gate being constructed as a 3D truss system on a pivot point. Will require a
significant infrastructure support system.
Advantages:
•

Small footprint (width) required
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•

Can double as a security gate

•

Rapid deployment time (<20 minutes)

•

Minimal disruption to infrastructure when open

•

Often used across roadways

•

Typically a 3D truss design – significantly more capacity than rolling gates

Constraints:
•

Requires full-length track for storage perpendicular to alignment

•

Debris on deployment track a significant weakness

Figure 16: Inland swinging steel flood gate in the United Kingdom; courtesy of M3 FloodTec.

2.4. Criteria and General Evaluation
The above typologies will be further specified for the alternatives selected for consideration
by the City of Virginia Beach. Criteria for selection, and a general scoring metric system, is
presented in Table 1 below:
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Table 1: Coastal Risk Reduction Structure Scoring Metric.
Criteria

Relative Cost*
Constructability
(Relative)

Metrics
Good

Fair

Poor

Low
(c < $10,000/LF)
No special equipment/
construction techniques is
required. Minimal site
constraints challenges
during construction.

Moderate
($10,000 < c < $25000/ LF)
Some use of special
equipment/ construction
techniques is required.
Some site constraints
challenges during
construction.
Mixture of public & private
land use
Some mechanical parts or
human interference is
required
Moderate effect on
functional use of waterways
and least impact on
vehicular and pedestrian
circulation
Will require moderate
amount of man power to
deploy typology

High
(>$25,000/LF)
Special equipment/
construction techniques is
required. Extremely
challenging site constraints
exist during construction.

Real Estate

Maximum use of public land

Operation &
Maintenance

No mechanical parts or
human interference is
required
No effect on functional use
of waterways and least
impact on vehicular and
pedestrian circulation

Functional Use of
Waterways & Traffic
Circulation
Difficulty to Deploy

Will require little to no
Human intervention during
flood event

Minimum use of public land
Requires mechanical parts
or human interfere to
operate
Significant effect on
functional use of waterways
and least impact on
vehicular and pedestrian
circulation
Requires Heavy Human
involvement for typology to
protect desired area.

Using the above metric, the different typologies can be generally scored as in Table 2. It
should be noted that this is a general scoring only, and does not represent site-specific
conditions. Site specific scoring will be left until a final recommended alternative is selected at
a later phase of the study.
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Table 2: Flood Risk Reduction Structure General Scoring.
Risk
Reduction
Structure

Relative
Cost

Constructability
(Relative)

Real
Estate

Operation &
Maintenance

Difficulty to
Deploy

Good

Functional Use
of Waterways
& Traffic
Circulation
Good

Earthen
Levee
Floodwall
Seawall
In-Water
Sector Gate
In-Water
Vertical Lift
Gate
In-Water
Miter Gate
In-Water
Moveable
Gate
In-Water
MOSES Gate
In-Water
Moveable
Circular Gate
In-Water
Inflatable
Gate
Inland Flood
Log
Inland Rolling
Gate
Inland Swing
Gate

Fair

Good

Poor

Good
Poor
Poor

Good
Fair
Poor

Good
Good
Good

Fair
Fair
Poor

Fair
Good
Fair

Good
Good
Fair

Fair

Fair

Good

Poor

Poor

Fair / Poor

Good

Fair

Good

Fair

Good

Good

Fair

Poor

Fair

Poor

Fair

Fair

Poor

Poor

Good

Poor

Good

Fair

Poor

Poor

Fair

Poor

Good

Fair

Good

Good

Good

Poor

Poor

Fair

Good

Good

Fair

Good

Good

Poor

Good

Good

Fair

Fair

Fair

Fair

Good

Good

Fair

Fair

Fair

Fair

Good

2.5. Codes and Standards Review
Two federal regulatory agencies issue codes and standards for flood risk reduction
structures and development, FEMA and the USACE. Both agencies have a long history of
providing risk reduction methodology and standards to municipal communities, although their
methods differ.
FEMA is governed by their Coastal Levee Accreditation (44 CFR §65.10). This code typically
requires the highest of the four (4) cases outlined in Table 3 to govern design. It should be
noted that FEMA Levee Certification does not require including any analysis of Sea Level Rise
(SLR) into the Design Flood Elevation (DFE).
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Table 3: FEMA coastal levee accreditation criteria – the maximum from the four cases is typical chosen as the DFE.
Scenario Case

DFE Calculation Description

Case 1

Height of 1% wave + 100-year stillwater elevation + 1 feet freeboard

Case 2

Height of maximum wave runup + 100-year stillwater elevation + 1 feet freeboard

Case 3

100-year stillwater elevation + 2 feet freeboard

Case 4

100-year stillwater elevation + crest freeboard to minimize wave overtopping

The USACE is governed by their extensive body of knowledge and Engineering Reports
(ER) and design manuals, specifically the Coastal Engineering Manual and ER 1105-02-100.
This ER follows the National Economic Development guidelines. The design is based upon an
optimum DFE to provide a maximum Benefit to Cost ratio. It should be noted that USACE does
require including the effects of SLR based on ER 1100-2-8162.

2.6. Cost Estimation
A rough order of magnitude cost estimate was performed on the schematic alternatives
presented in this report. The estimate represents an approximate equivalent to the Association
for the Advancement of Cost Engineering, Class 5 estimate for conceptual engineering phase.
Optimization was limited to removing redundant sections of locations when combined.
The following assumptions were made for development of cost estimates:
•

High-level review of engineering estimate only

•

No estimates for property acquisition

•

No estimates for initial site development pre-project (i.e. if part of the site needs
regrading to allow the selected flood gate structure to be built, this is not reflected)

•

Estimates of flood protection structures are based on comparison to similar
construction both in the United States and overseas and do not reflect estimates based
upon actual design

The following design and analysis decisions were made to allow for development of cost
estimates:
•

Sites were reviewed and flood gate typology selected based upon local navigation and
water depths
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•

Limited optimization (where flood protection coverage was redundant the redundancy
was removed)

•

No detailed economic analysis or modeling has been performed

Capital cost per unit length and average annual operation and maintenance costs were
compiled for each intervention type. The primary source for unit costs was the North Atlantic
Coast Comprehensive Study (NACCS) (USACE 2015). Unit quantities from NACCS were
updated based on the Texas Coastal Resiliency Master Plan (Texas General Land Office, 2017).
Where needed, unit costs were supplemented with additional sources, including the New York
City Department of Design and Construction, the Saugus River and Tributaries Flood Damage
Reduction Study (USACE 1989) and Texas Coastal Resilience Master Plan. Costs were
escalated from the year of the reported values to 2018 costs using the Consumer Price Index
(CPI) Inflation Calculator (https://data.bls.gov/cgi-bin/cpicalc.pl).
Utilizing the above criteria and information, a dynamic excel-based tool was developed to
evaluate how various factors influence cost. The following factors influence the total cost of a
design project.
•

Gate type: Cost estimates assumed a single gate typology for each crossing, with a
height equal to the height required at the deepest portion of the channel. The current
estimates have optimized the gate typologies and taken an average height for each
section of gate to determine costs, leading to drastically reduced gate costs for every
location.

•

Approximate total length and height: CAD software was utilized in conjunction
with the topography data to estimate lengths and heights for each of the proposed
interventions.

•

Average annual O&M costs: O&M estimates are either taken directly from cost
estimate sources or assumed at 0.5% of the construction cost where O&M is not
provided.

•

Hard construction costs: These costs include the materials, labor, mobilization,
and finishing of the major design elements (floodwalls, gates, levees, raised
roadways). These costs do not include the individual pump stations required to
lower the water level before a major storm event and remove rainwater during the
storm event, operating costs, procedural costs, or other elements beyond the scope of
this report. Pump costs have been excluded at this time due to the significant
variability in costs based upon operating procedures, which will be determined at a
later date.
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•

Construction cost contingency: Hard construction cost contingencies were set
at 30% for all locations and are inclusive of weather delays, variations in material
costs, unforeseen construction obstructions, and similar project delays that could not
have been avoided through standard best management practice. This contingency
does not include any foreseeable design elements.

•

Soft construction costs and other construction components
o Design: This includes any changes required for construction due to field
conditions and is typically included as part of a Resident Engineer’s scope.
The design cost is assumed to be 10% of Hard Costs (before contingency)
o Environmental assessment and mitigation: This includes any required
Environmental Impact Statement (EIS) and mitigation design required for the
overall flood protection system. As every alternative requires some
construction within existing wetlands, dunes, or similarly protected areas it is
assumed an EIS will be required. The cost for the environmental assessment
and related mitigation work is assumed to be 15% of Hard Costs (before
contingency).
o Drainage improvements: Various drainage improvements will be required
for the selected alternative, including potentially rerouting runoff, backflow
prevention, etc. This does not include the installation of new pump stations.
The cost of drainage improvements was assumed to be 7% of Hard Costs
(before contingency).
o Utility relocation: Each proposed gate structure will require utility tie-in
and potential rerouting of existing utility lines. The cost for utility related
activities was assumed to be 2% of Hard Costs (before contingency).

•

Soft Cost contingency: An additional 15% contingency was added to soft costs.

•

Escalation: This measurement accounts for inflation and other economic factors
that change currency values as time progresses. Costs are based on 2018 values.
Escalation was set at 3% per year based upon USACE standard practice.

An alignment can be comprised of multiple type of design components. The tool (Figure 17)
breaks down alignments into individual components to allow for various factors to be adjusted
to evaluate influence on costs. Further, the Excel tool has been refined utilizing multiple
sections at in-water gate locations as appropriate to assist City planning and engineering in
selecting appropriate typologies for these areas. This also allowed for the varying bathymetry to
be better averaged for the gates, and a more accurate engineering estimate to be developed.
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The estimates provided in this report are for the down-selected alternatives only, reflecting
the culmination of several rounds of refinement as data from published USACE reports was
added and gate typology selection refined.

Figure 17. Example of cost breakdown in Excel tool for City-wide alternative C1.
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3. DEVELOPMENT OF CITY-WIDE ALIGNMENTS
Potential site locations for flood risk reduction structural alignments were identified
through the process outlined in Figure 18. The alignments, as discussed in this section,
represent the initial concepts. These were later refined through the overall process, the reader
should refer to Section 7 for the final preferred alternatives and alignments.
A short discussion of each step in the conceptual alignment process is below, followed by a
review of site characteristics and initial alignments identified for each site.

Figure 18. Alignment development process.
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Identify Existing Conditions and Constraints:
•

The first step of the process is to identify existing constraints at each site. This includes
site topography, flooding pathways, existing structures and utilities, special zones
(wetland, protected areas, etc.), traffic circulation, private/public properties, etc.

•

Areas were then grouped into locations for schematic design and review to identify
suitable alignments.

Identify High Ground:
•

The topography is reviewed against a range of flood elevations to identify flow pathways,
overtopping, and high ground for structural tie-in locations.

Identifying Potential DFE:
•

The DFE varies by location. Although it may seem appropriate to set a uniform DFE for
a project area, it is restrictive and can be expensive to do so. Areas with exposure to
offshore storm events (like hurricanes) can experience significantly increased flood
levels due to offshore surge and waves, while interior regions such as Back Bay have
unique, wind-driven surge events not experienced within the many rivers and creeks
that run through the City.

•

The DFE criteria, including freeboard, SLR, and wave runup (where applicable) are
applied to develop DFE options that are feasible to each site, in consideration of
available high ground and exiting site conditions.

•

Considers standards set forth by FEMA, ASCE, and USACE.

Develop Alignments for each DFE
•

Through an iterative process, suitable alignments are conceptualized.

•

Alignments are drawn in GIS/CAD

•

Initial typology options are identified

•

Identify options for alignments at the possible DFEs for each site

Alignment Features and Feasibility
•

A brief list of alignment features, including benefits and drawbacks are prepared based
on key metrics such as relative cost, real-estate impact, and constructability for
comparison with each other.

Evaluation, Discussion and Identification of Suitable Alignments
•

Elements, as identified above discussed at each site location
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•

Facilitated through a design workshop, held with City of Virginia Beach staff on April 27,
2018

•

Identified preferred DFEs, any gaps in current locations, and initial removal of
considered locations.

•

Collaborative creation of ten alternatives, combinations of the alignments to create
holistic city-wide flood protection

The above process was used to identify the ten initial locations. The benefits of each
location were considered in isolation at this stage. Alignments are combined in Section 4 to
create more holistic alternatives for city-wide coastal flood risk reduction.
As an outcome of the design workshop with the City of Virginia Beach, two locations were
removed from further consideration and two locations were added. The twelve locations
reviewed are shown in Figure 19 and discussed in further detail in the following sections.

Figure 19: Locations where potential coastal flood risk reduction alignments were identified.
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Note on Locations 4 and 6: Lower West Branch Lynnhaven (Location 4) and Lower East
Branch Lynnhaven (Location and 6) were not studied beyond the initial planning phase. These
locations were abandoned due as the Upper Branch locations offered more protection to the
City and at less cost. Given this, these are note presented in the report.

3.1. Lynnhaven Inlet
The Lynnhaven Inlet flood protection location includes the area in the immediate vicinity of
Lesner Bridge and the beachfront to the east and west. The primary configuration turns south
about the location of the Chesapeake Bay Bridge Tunnel. Approximately 36,100 linear feet of
flood protection structures were identified. The flood risk management structures for this
conceptual alignment include floodwalls, deployable floodwalls, levees, in-water moveable
gates, and in-water sector gates. A structure at this location would provide protection to flood
vulnerable infrastructure in the three branches of the Lynnhaven Bay, as well as areas south to
towards Dam Neck Rd.
The inlet itself is a federal navigation channel, with a defined width of 150 feet and depth at
-7.8 feet NAVD88 (refer to NOAA Navigation Charts 12254 and 12222). This requires a
minimum setback from either side of the channel of approximately 8 feet. Recent bathymetric
surveys have measured the navigation channel to a depth of approximately -40 feet NAVD88.
It is recommended a detailed hydraulic flow model be conducted for the inlet. Figure 20 shows
a combined GIS map showing details considered during the alignment development.
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Figure 20: Lynnhaven Inlet site characteristics.

Coordination with the Fort Story military base to the northeast will be required, as a
significant portion of this location is on military property. Careful coordination with the
Virginia Department of Environment Quality (DEQ) will be required during the design of the
beachfront levee/dune protection system. Depending on the required slopes and widths to
reach the recommended DFE, some of this system may fall within identified estuarine and
marine wetland areas. A small portion of the inland levee systems fall within freshwater forest,
shrub, or emergent wetlands areas, and will require environmental consultation during design
to minimize mitigation requirements. The overall preliminary alignment options are shown in
Figure 21.
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Figure 21: Initial conceptual Lynnhaven alignment options.

3.2. Long Canal
This protection location covers the northeastern section of Virginia Beach, wrapping
around the eastern abutment of the Lesner Bridge and spanning the Long Canal on the way
south to tie into natural elevations. Approximately 29,700 linear feet of flood protection
structures were identified. The conceptual flood risk management structures for this alignment
include floodwalls, deployable floodwalls, levees, and a circular in-water moveable gate. A
structure at this location would protect flood vulnerable buildings and infrastructure in Broad
Bay and Linkhorn Bay, Little Neck Creek, and Crystal Lake.
Long Canal is identified as a federally mapped channel, with a defined width of 72 feet and
a depth of -3.8 feet NAVD88 (refer to NOAA Navigation Charts 12254 and 12222). Due to the
rapidly shifting nature of the natural sediment, the canal fluctuates and can experience
frequent shoaling. This channel is used exclusively for small personal watercraft, and will likely
require little to no interruption in the water column to maintain current usage. A circular inwater moveable gate was conceptualized here to minimize the impact to recreational
watercraft. Figure 22 shows a combined GIS map showing details considered during the
alignment development.
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Figure 22: Long Canal site characteristics.

Coordination with the Fort Story military base to the east will be required, as a significant
portion of this location is on military property. Careful coordination with the Virginia
Department of Environment Quality (DEQ) will be required during the design of the
beachfront levee/dune protection system. Depending on the required slopes and widths to
reach the recommended DFE, some of this system may fall within identified estuarine and
marine wetland areas. There is an increase in the impact to residential land in the vicinity of
Long Creek. The overall preliminary alignment options are shown in Figure 23.
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Figure 23: Initial conceptual Long Canal alignment options.

3.3. Upper West Branch Lynnhaven
This location aims to protect the West Branch of the Lynnhaven Bay from flooding,
spanning across the inlet between the Rayville Golf Course and Little Neck Point.
Approximately 4,100 linear feet of protective structures is required to provide the design
protection. The conceptual flood risk management structures for this alignment include
floodwalls, deployable floodwalls, levees, and a circular in-water moveable gates.
This location does not have any mapped federal navigation channels. Many personal
watercraft are moored within the area of protection, which should be taken into account during
the design phase. Circular in-water moveable gates to minimize the impact to recreational
watercraft. Figure 24 shows a combined GIS map showing details considered during the
alignment development.
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Figure 24: West Branch Lynnhaven site characteristics.

This location does not have any military land use constraints. A significant impact to the
local residential and commercial industries is likely, with regrading at the golf course a
significant contributor. Consultation with Virginia DEQ will be required during the design
phase to identify any impact to estuarine and marine wetland areas. The preliminary alignment
options are shown in Figure 25.
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Figure 25: Initial conceptual alignment options at Upper West Branch Lynnhaven location.

3.4. Upper East Branch Lynnhaven
This location aims to protect vulnerable buildings and infrastructure along the East Branch
of the Lynnhaven Bay from flooding. The alignment spans was conceptualized as a gate across
the waterway between Avery Island and Lynndale Road. Approximately 6,000 linear feet of
protective structures is required to provide the design protection. The conceptual flood risk
management structures for this alignment include floodwalls, deployable floodwalls, levees,
and an in-water moveable gate.
This location does not have any mapped federal navigation channels. Many personal
watercraft are moored within the area of protection, and this should be taken into account
during the design phase. An in-water moveable gate to minimize the impact to recreational
watercraft. Figure 26 shows a combined GIS map showing details considered during the
alignment develop.
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Figure 26: Site characteristics at the Upper East Branch Lynnhaven location.

This location has no impact to military land. There may be a significant impact to the local
residents as nearly all the property is residential. Consultation with Virginia DEQ will be
required during the design phase to identify any impact to estuarine and marine wetland areas.
The overall preliminary alignment options are shown in Figure 27.
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Figure 27: Initial conceptual alignment options at Upper East Branch Lynnhaven location.

3.5. Rudee Inlet
South of Grommet Island Park and north of Lake Christine is the armored and maintained
Rudee Inlet. The inlet features a jetty protecting from northern sediment infilling and an
offshore breakwater in front of a sediment deposition basin. This area also serves an Oceana
Air Base and the Virginia Aquarium and Marine Science Center. Approximately 40,000 linear
feet of protective structures are required to provide the design protection, north and south of
the inlet as the local topography requires. The conceptual flood risk management structures for
this alignment include levees and an in-water sector gate.
Rudee Inlet is identified as a federally mapped channel, with a defined width of 80 feet and
a depth of -11.8 feet NAVD88 (refer to NOAA Navigation Charts 12205). Due to the rapidly
shifting nature of the natural sediment, the Inlet experiences frequent shoaling and fluctuation.
An in-water sector gate to minimize the impact to the channel. It is recommended a more
detailed sediment transport study be performed based upon the USACE and NOAA’s note of
frequent shoaling at the Inlet. Figure 28 shows a combined GIS map showing details
considered during the alignment develop.
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Figure 28: Site characteristics at Rudee Inlet location.

This location has a significant impact on military land, with the majority of the construction
to the south occurring on Dam Neck Naval Base. Nearly all the construction to the north will
directly impact Virginia Beach beachfront. Consultation with Virginia DEQ will be required
during the design phase to identify any impact to estuarine and marine wetland areas. The
overall preliminary alignment options are shown in Figure 29 and Figure 30. Note – these
options were later refined with raised dunes to the south of Rudee, and moving any protection
from Back Bay flooding to Sandbridge Road.
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Figure 29: Initial conceptual alignments at Rudee Inlet location, option 1.

Figure 30: Initial conceptual alignment at Rudee Inlet location, option 2.
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3.6. Elizabeth River
The Elizabeth River provides a flood pathway from the Chesapeake Bay through Norfolk
into the southwestern segments of Virginia Beach. Most of the river waterfront is commercial
in nature. The identified site for this conceptual alignment is within the municipal boundaries
of the City of Norfolk. A structure at this location would offer coastal flood protection to the
cities of Virginia Beach, Norfolk, and Chesapeake. The Integrated City of Norfolk Coastal Storm
Risk Management Feasibility Study (Norfolk CSRM, USACE 2018) did not identified a surge
barriers on Broad Creek, which is downstream of this location. Although a surge barrier on
Broad Creek would provide some protection to areas of Virginia Breach, siting a barrier at this
location may be more beneficial to the three cities. The Norfolk CSRM did not consider this
location due to the lack of authority to assess flood risk reduction benefits outside of the City of
Norfolk. Approximately 4,300 linear feet of protective structures are required to provide the
design protection. The conceptual flood risk management structures for this alignment include
floodwalls, levees, and an in-water sector gate.
Elizabeth River is identified as a federally mapped channel, with a defined width of 200 feet
and a depth of -26.8 feet NAVD88 (refer to NOAA Navigation Charts 12205). An in-water
sector gate to minimize the impact to commercial traffic and the channel. Figure 31 shows a
combined GIS map showing details considered during the alignment develop.

Figure 31: Site characteristics at the Elizabeth River location.

This location has no impact on military land or identified park land. The development area
to the north includes Grandy Village, while the southern tie-in is on the Norfolk Ford Plant.
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There are container barge docking/storage areas located in the near vicinity of the conceptual
location. A large stormwater outfall at the tie-in location to the north will necessitate a tide
gate. The overall preliminary alignment options are shown in Figure 32.

Figure 32: Initial conceptual alignment option at the Elizabeth River location.

3.7. West Neck Creek
Some areas of flood risk are governed by narrow gaps in elevation, such is the case at the
West Neck Creek. The creek allows a significant volume of flood waters to inundate the
residential properties north of the West Neck Creek Road bridge, and this conceptual location
would prevent this inundation. Approximately 7,100 linear feet of protective structures are
required to provide the design protection. The conceptual flood risk management structures for
this alignment include floodwalls, levees, and an in-water moveable gate. Figure 33 shows a
combined GIS map showing details considered during the alignment development.
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Figure 33: Site characteristics at West Neck Creek location.

This location does not have any mapped federal navigation channels. An in-water moveable
gate to minimize the impact to local sightseeing, fishing, and wildlife. This location has no
impact on military land or identified park land. A significant portion of the conceptual
construction is on the natural floodplain and wetland areas. Consultation with Virginia DEQ
will be required during the design phase to identify any impact to estuarine and marine
wetland areas. The overall preliminary alignment options are shown in Figure 34.

City-Wide Structural Alternatives for Coastal Flood Protection | 59

Figure 34: Initial conceptual alignment at West Neck Creek location.

3.8. Knotts Island
Conceptual protective structures at the Knotts Island location would shelter the majority of
Back Bay from coastal flood waters, and thus protect the southern extents of the City of
Virginia Beach. The significant drawback to this location is that the alignment crosses into
North Carolina and Currituck County, North Carolina. Construction of this alignment would
require a significant cooperative agreement and be subject to approval by both Virginia and
North Carolina Coastal Zone Management regulations. The design team perceived that
feasibility of this alignment was especially low, but included it to allow for complete
consideration of alignment options. Approximately 73,100 linear feet of protective structures
are required to provide the design protection. The conceptual flood risk management
structures for this alignment include floodwalls, levees, and an in-water moveable gate.
This location does not have any mapped federal navigation channels. An in-water
moveable gate to minimize the impact to local sightseeing, fishing, and wildlife. This location
has no impact on military land. Figure 35 shows a combined GIS map showing details
considered during the alignment develop.
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Figure 35: Site characteristics at Knotts Island location.

The majority of the roadway improvements required cut through the Mackay Island
National Wildlife Refuge and the residential community on Knotts Island. Almost the entire
conceptualized project is on the natural floodplain and wetland areas. Consultation with
Virginia DEQ along with North Carolina regulatory and permitting agencies would be required
during the design phase to identify the full extent of the impact to estuarine and marine
wetland areas. The overall preliminary alignment options are shown in Figure 36.
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Figure 36: Initial conceptual alignment at Knotts Island location.

3.9. Sandbridge Road
An alternative to the Knotts Island location, Sandbridge Road is a way to gain flood
protection for the southern extents of the developed portion of Virginia Beach while allowing
Back Bay to respond naturally to storm events. Approximately 49,700 linear feet of protective
structures are required to provide the design protection. The proposed flood risk management
structures for this alignment includes floodwalls, deployable floodwalls, elevated roadway
/levees, fill, and in-water gates.
The alignment includes the bayside of Sandbridge Island, which has multiple canals for
recreational boating. To maintain boat access in these canals would require a series of in-water
gates; otherwise the canals could be closed by the alignments. At this phase, recreational
navigation has been accommodated by gates. It should be noted that the number of gates adds
significant cost and potential points of failure for the line of protection. The alignment location
goes not intersect military or identified park land. Figure 37 shows a combined GIS map
showing details considered during the alignment development.
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Figure 37: Site characteristics at Sandbridge Road location.

The majority of this proposed system goes through residential and commercial
communities, with significant impact on private land. Sandbridge Road will be raised, with a
flood gate installed for the irrigation channel it crosses. Consultation with Virginia DEQ will be
required during the design phase to identify the extent of the impact to estuarine and marine
wetland areas. The overall preliminary alignment options are shown in Figure 38.
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Figure 38: Initial conceptual alignment at Sandbridge Road location.

3.10. Muddy Creek Road
As the second potential alternative to the Knotts Island location, an alignment along Muddy
Creek Road could be combined with the Sandbridge Road Alignment to offer flood protection
for the southern extent of Virginia Beach. Although the protected area has mostly low-density
development, such an alignment protects culturally significant areas of the City of Virginia
Beach. When combining this with the Sandbridge Road alignment, it requires approximately
88,900 linear feet of protective structures to provide the design protection. The conceptual
flood risk management structures for this alignment include floodwalls, deployable floodwalls,
elevated roadway/levees, fill, miter gates, and in-water gates. This location has the same
recreational boating constraints as previously discussed for Sandbridge Road.
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Figure 39: Site characteristics at Muddy Creek Road location.

Aside from the Sandbridge Road and Sandbridge elements, the majority of this conceptual
system goes through residential and agrarian communities, with significant impact on private
land. Muddy Creek Road will be raised, with flood gates installed at Muddy Creek, Beggars
Bridge Creek, and Nawney Creek. Consultation with Virginia DEQ will be required during the
design phase to identify the extent of the impact to estuarine and marine wetland areas. The
overall preliminary alignment options are shown in Figure 40.

City-Wide Structural Alternatives for Coastal Flood Protection | 65

Figure 40: Initial conceptual alignment at Muddy Creek Road location.
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4. ALTERNATIVE EVALUATION
4.1. Overview
The alignments identified and discussed in the Section 3 each offer protection to a part of
the City. Combinations of the alignments, referred to as alternatives, are intended to provide
protection to most of the areas in the City that are vulnerable to coastal flooding. A total of ten
alternatives were identified by the design team and the City of Virginia Beach. The
combinations were chosen to evaluate the benefits and drawbacks of protection approaches for
each part of the city. The identified alternatives range from the Lynnhaven Inlet alignment in
isolation, to “maximum protection” approaches that combine alignments for all parts of the
City of Virginia Beach.
It should be noted for all alternatives, that optimal choice of structural and/or nature based
coastal flood risk reduction intervention options is dependent on site conditions,
constructability constraints, real estate availability and other factors. Parkland, wetlands, and
forest land would be required to construct various components within this alternative. Some
alternatives would require coordination and approval from other municipalities, states, and /or
the military. In some cases, these are significant challenges that provide for a low feasibility of
projects moving forward. Such alternatives have been considered here to provide a thorough
assessment of flood protection options for the City of Virginia Beach.

4.2. Evaluation of Alternatives
Each alternative was evaluated across a set of metrics that included:
•

A numerical modeling analysis of flood risk reduction benefits and adverse impacts;

•

A GIS analysis of flood risk reduction benefits, such as reduced floodplain, number
of buildings protected;

•

Estimated costs; and

•

Initial cost benefit analysis.

Review of the results of these analyses allow better understanding of the potential impacts
(both positive and negative) of each of the conceptual locations and the interactions with each
other. This information was used to cull the number of alternatives down to and prioritize for
refined cost estimates and benefit cost analysis.
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4.2.1.

Environmental Benefits and Impacts

Environmental benefits and impacts assessed for each alternative using a high-level,
qualitative assessment. Items considered and their relative classifications are summarized in
Table 4.
Table 4: Summary of environmental benefits and impacts qualitative assessment categories.

4.2.2.

Numerical Flood Modeling of Alternatives

A 2-Dimensional (2D) coastal storm surge model was developed using Danish Hydraulic
Institute’s (DHI) MIKE 21- Flexible Mesh (FM) Hydrodynamic (HD) Version 2016 module to
evaluate flood propagation of coastal storm surge within the study area. MIKE 21 is a welldocumented, proven modelling technology that has been applied in many coastal and marine
engineering projects around the world. It is a FEMA-approved hydrodynamic model and it
offers additional capabilities for application in coastal urban settings through the integration of
multiple MIKE models using MIKE FLOOD.
MIKE FLOOD is a DHI toolbox that includes a wide selection of specified 1D and 2D flood
simulation engines. It provides an integrated modeling approach combining a 1D pipe flow
model with a 2D overland flow model. It can effectively simulate most cause of urban flooding,
including heavy local rainfall, insufficient flow capacity of storm water inlets or drainage
network, and flooding caused by overtopping of nearby rivers or coastal flood defenses. Full
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documentation of the model development process is provided in the report “Numerical
Modeling for Coastal Flood Risk Reduction Strategy Development” (CVB 2019).
A combined MIKE21 and MIKE FLOOD model application was developed for the City of
Virginia Beach to evaluate the city-wide structural alternatives. The model domain
encompassed the lower Chesapeake Bay, Atlantic Ocean, and northern North Carolina (Figure
41). The model was tidally calibrated against water level stations both inside and outside of the
City. Model performance to replicate surge was tested against hurricanes Isabel, Mathew, and
Nor’Ida and found to provide acceptable performance.
Peak discharges for the 10-yr 24-hr duration rainfall were incorporated into the model
using a combination of existing PCSWMM outputs from the Master Drainage Study. PCSWMM
data were not available for approximately half of the City at the time of model development.
Discharges for these areas were estimated using the USACE Hydraulic Engineering Center
Hydrologic Modeling System (HEC HMS) version 4.2.1.
Each identified alternative was implemented into the MIKE model to enable evaluation.
Floodgates were modeled as a MIKE21 gate structure with user specified operation (control
water level for gate open/close, time interval to check control water level). Levees and
floodwalls were modeled using a sub grid technique with MIKE 21 dike structures. The
structures were completely aligned with the model mesh to make sure there is no leakage
around the structure in the models.
Results from model provide a base to evaluate the benefits and impacts of each structural
alternative. To accomplish this, model simulations were performed for a proxy 10- and 100-yr
coastal storm surge event track and forcing data from the FEMA Region 3 Storm Surge Study.
These events were simulated with and without 10-yr runoff modeled as non-point source
discharge. Structures were evaluated against future conditions, incorporating a 3 ft SLR and a
20% increase in the 10-yr rainfall runoff. Rainfall simulations were only performed for the
down-selected alternatives.
Model outputs were processed into diagrams depicting changes to floodplain, and flood
depth for each Alternative. Adverse impacts, specifically, increases in water level outside of the
protected areas was also quantified and visualized. Additionally, animations of the model runs
were produced to allow visual review of flood propagation during the simulations to further
inform evaluation of the alternatives. These summaries are provided with each alternative.
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Figure 41: MIKE21 model domain, inset shows detail of grid topography in middle of City of Virginia Beach.

4.3. Summary of Alternatives
4.3.1.

Alternative 1

Figure 42 shows a conceptual layout of Alternative 1 which is a combination of alignments
at the Lynnhaven Inlet, Rudee Inlet, Elizabeth River, West Neck Creek, and Knotts Island
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locations. This alternative represents the most comprehensive flood risk reduction system for
City of Virginia Beach and was chosen as it has the potential to minimize intrusion of coastal
storm surge and sea level rise through all major waterbodies. Approximately 30.4 miles of
flood risk reduction structures would be required to provide benefits to a majority of City of
Virginia Beach area. It should be noted that the location of Knotts Island flood risk reduction
system alignment extends into the State of North Carolina.
Wave runup was included for the Lynnhaven and Rudee inlets due to their direct exposure
to the Atlantic Ocean. Detailed wave runup calculations were not performed, instead a wave
runup of 2 feet was assumed and was included in the DFE calculations, as shown in Table 5.
Table 5: Alternative 1 DFE calculations.
Location
Name

Component

Design Flood Elevation (DFE) Calculation
1% BFE Freeboard
Sea Level
Wave
* (ft
(ft)
Rise (ft)
Runup (ft)
NAVD)

Final DFE
(ft NAVD)

Lynnhaven Inlet

Approximate
Total Length
of Proposed
Intervention
Alignment
(ft)
36,100

Inlet
11
2
3
2
18
Beachfront
11
2
3
16
Inland
7
2
3
12
Atlantic Oceanfront
Inlet
11
2
3
2
18
40,000
Beachfront
9
2
3
14
Elizabeth River
In-water
9
2
1.5**
12.5
4,300
Inland
8
2
1.5**
11.5
West Neck Creek
In-water
4
2
3
9
7,100
and Inland
Knotts Island
In-water
4
2
3
9
73,100
and Inland
* Base Flood Elevation (BFE) taken from 1% recurrence flood elevation from FEMA FIRM panels
** Sea Level Rise is assigned lower in Elizabeth River due to the lack of reasonable tie-in features at the +3 ft elevation

Alternative 1 was found to reduce the 100-yr coastal floodplain by approximately 23.9
square miles, equivalent to a 19.8% reduction for the 3 ft SLR scenario. This reduced flooding
for approximately 49.5 thousand buildings. Model results (Figure 43) indicate the following
benefits for flood depth reduction for the proxy 100-yr event, including:
•

Around 4 ft reduction in maximum water depth in Lynnhaven Bay

•

Around 3 ft reduction in maximum water depth in Rudee Inlet Area

•

Around 7 ft reduction in maximum water depth in Elizabeth River Area (in Norfolk)
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•

Around 3 ft reduction in maximum water depth in Back Bay

•

Around 1 to 4 ft reduction in other areas within the City

Adverse impacts were significant south of Knotts Island, with increased water depths
greater than 0.5 ft. Water depths increased by approximately 3 inches outside of the Elizabeth
River Gate.
Observations from animations of the model simulation showed that waters can move about
within Lynnhaven Bay. This occurs when the winds change direction as the tropical event
moves through the City. Given the relatively large size of Lynnhaven Bay, this can result in
minor flooding inside the protected area.
Initial costs for Alternative 1 alignments are summarized in Table 6:
Table 6: Initial cost estimate for Alternative 1.
Location

Hard Costs*

Soft Costs**

Total***

1

$1,707 M

$532 M

$2,239 M

7

$145 M

$46 M

$191 M

8

$781 M

$244 M

$1,025 M

9

$19 M

$6 M

$25 M

10

$321 M

$100 M

$421 M

Total

$2,973 M

$928 M

$3,901 M

* Approx. cost with assumed intervention typologies with 20% contingency
** Approx. cost with assumed intervention typologies with 10% contingency
*** Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 42: Overview plan of conceptual Alternative 1.
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Figure 43: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 1.
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4.3.2.

Alternative 2

Figure 44 shows a conceptual layout of Alternative 2 which is a combination of alignments
at the Lynnhaven Inlet, Rudee Inlet, Elizabeth River, West Neck Creek, Sandbridge Road, and
Muddy Creek Road locations. This alternative offers a near-maximum flood protection
approach to protect the City of Virginia Beach from coastal flooding from all major connected
water bodies. In a concession to the low feasibility of the Knotts Island alignment shown in
Alternative 1, the Muddy Creek and Sandbridge Road alignments offer protection in the Back
Bay. Approximately 33.8 miles of flood risk reduction structures would be required to provide
benefits to a majority of the communities around Lynnhaven Bay and Broad Bay, while
allowing storm events inside of Back Bay.
Wave runup was included for the Lynnhaven and Rudee inlets due to their direct exposure
to the Atlantic Ocean. Detailed wave runup calculations were not performed, instead a wave
runup of 2 feet was assumed and was included in the DFE calculations, as shown in Table 7.
When compared to Alternative 1, this Alternative will allow for a very clear understanding
of the differences in utilizing the Sandbridge Road and Muddy Creek Road alignments versus
Knotts Island locations.
Table 7: Alternative 2 DFE calculations.
Location
Name

Lynnhaven Inlet

Component

Design Flood Elevation (DFE) Calculation
1% BFE Freeboard
Sea Level
Wave
* (ft
(ft)
Rise (ft)
Runup (ft)
NAVD

Final DFE
(ft NAVD)

Approximate
Total Length
of Proposed
Intervention
Alignment
(ft)
36,100

Inlet
11
2
3
2
18
Beachfront
11
2
3
16
Inland
7
2
3
12
Atlantic Oceanfront
Inlet
11
2
3
2
18
40,000
Beachfront
9
2
3
14
Elizabeth River
Inlet
9
2
1.5
12.5
4,300
Inland
8
2
1.5
11.5
West Neck Creek
Inland
4
2
3
9
7,100
Sandbridge Road
Inland
3 to 4
2
3
8 to 9
38,200
Sandbridge
3 to 5
2
3
8 to 10
Bulkhead
Muddy Creek Road
Inland
3
2
3
8
52,800
* Base Flood Elevation (BFE) taken from 1% recurrence flood elevation from FEMA FIRM panels
** Sea Level Rise is assigned lower in Elizabeth River due to the lack of reasonable tie-in features at the +3 ft elevation

Alternative 2 was found to reduce the 100-yr coastal floodplain by approximately 26.9
square miles, equivalent to a 22.2% reduction for the 3 ft SLR scenario. This reduced flooding
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for approximately 44.1 thousand buildings. Model results (Figure 45) indicate flood risk
reduction benefits for the proxy 100-yr event, including:
•

Around 4 ft reduction in maximum water depth in Lynnhaven Bay

•

Around 3 ft reduction in maximum water depth inside Rudee Inlet

•

Around 7 ft reduction in maximum water depth in Elizabeth River

•

Around 2 to 4 ft reduction in other areas within the City

Adverse impacts were noted in Back Bay, with increase up to 0.5 ft. Water depths increased
by approximately 3 inches outside of the Elizabeth River Gate.
Observations from animations of the model simulation showed that waters can move about
within Lynnhaven Bay. This occurs when the winds change direction as the tropical event
moves through the City. Given the relatively large size of Lynnhaven Bay, this can result in
minor flooding inside the protected area.
Initial costs for Alternative 2 alignments are summarized in Table 6:
Table 8: Initial cost estimate for Alternative 2.
Location

Hard Costs*

Soft Costs**

Total***

1

$1,707 M

$532 M

$2,239 M

7

$145 M

$46 M

$191 M

8

$781 M

$244 M

$1,025 M

9

$19 M

$6 M

$25 M

11 & 12

$236 M

$74 M

$310 M

Total

$2,888 M

$902 M

$3,790 M

* Approx. cost with assumed intervention typologies with 20% contingency
** Approx. cost with assumed intervention typologies with 10% contingency
*** Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 44: Overview plan of conceptual Alternative 2.
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Figure 45: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 2.
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4.3.3.

Alternative 3

Figure 46 shows a conceptual layout of Alternative 3 which is a combination of the Long
Creek, Upper West Branch Lynnhaven, Upper East Branch Lynnhaven, Rudee Inlet, Elizabeth
River, West Neck Creek, and Knotts Island locations. This alternative exchanges the conceptual
alignment at Lynnhaven Inlet for the three alignments on each major branches of Lynnhaven
Bay. Approximately 31.4 miles of flood protective structures would be required to provide
benefits to a significant portion of City of Virginia Beach area. It should be noted that the
location of Knotts Island flood risk reduction system alignment extends into the State of North
Carolina.
Wave runup was included for the Long Canal, Upper West Branch Lynnhaven, Upper East
Branch Lynnhaven, and Rudee inlets due to their exposure to the Atlantic Ocean. Detailed
wave runup calculations were not performed, instead a wave runup of 2 feet was assumed for
Rudee inlet due to direct exposure and 1 foot for the others from indirect exposure, and these
values were included in the DFE calculations, shown in Table 9.
When compared to Alternative 1, this Alternative will allow for a clear understanding of the
differences in utilizing the Lynnhaven Inlet location versus the Long Creek, Upper West
Branch Lynnhaven, and Upper East Branch Lynnhaven locations.
Table 9: Alternative 3 DFE calculations.
Location
Name

Long Canal

Component

Design Flood Elevation (DFE) Calculation
1% BFE Freeboard Sea Level
Wave
* (ft
(ft)
Rise (ft)
Runup (ft)
NAVD)

Final DFE
(ft NAVD)

Approximate
Total Length
of Proposed
Intervention
Alignment
(ft)
29,700

Inlet
11
2
3
1
13
Inland
7
2
3
12
Upper West Branch
Inlet
10
2
3
1
16
4,100
Lynnhaven
Inland
10
2
3
15
Upper East Branch
Inlet
11
2
3
1
17
6,000
Lynnhaven
Inland
11
2
3
16
Atlantic Oceanfront
Inlet
11
2
3
2
18
40,000
Beachfront
9
2
3
14
Elizabeth River
Inlet
9
2
1.5**
12.5
4,300
Inland
8
2
1.5**
11.5
West Neck Creek
Inland
4
2
3
9
7,100
Knotts Island
Inland
4
2
3
9
73,100
* Base Flood Elevation (BFE) taken from 1% recurrence flood elevation from FEMA FIRM panels
**Sea Level Rise is assigned a lower value in Elizabeth River due to the lack of reasonable tie-in features at the +3 ft
elevation
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Alternative 3 was found to reduce the 100-yr coastal floodplain by approximately 24.7
square miles, equivalent to a 20.4% reduction for the 3 ft SLR scenario. This reduced flooding
for approximately 44.4 thousand buildings. Model results (Figure 47) indicate flood risk
reduction benefits for the proxy 100-yr event, including:
•

Around 1 ft reduction in maximum water depth in Western Branch of Lynnhaven Bay

•

Around 3 ft reduction in maximum water depth in Eastern Branch of Lynnhaven Bay

•

Around 7 ft reduction in maximum water depth in Elizabeth River

•

Around 1 to 4 ft reduction in other areas within the City

Adverse impacts were significant south of Knotts Island, with increased water depths
greater than 0.5 ft. Water depths increased by approximately 3 inches outside of the Elizabeth
River Gate.
Initial costs for Alternative 3 alignments are summarized in Table 6:
Table 10: Initial cost estimate for Alternative 3.
Location

Hard Costs*

Soft Costs**

Total***

2

$257 M

$80 M

$337 M

3

$205 M

$64 M

$269 M

5

$439 M

$137 M

$576 M

7

$145 M

$46 M

$191 M

8

$781 M

$244 M

$1,025 M

9

$19 M

$6 M

$25 M

10

$321 M

$100 M

$421 M

Total

$2,167 M

$677 M

$2,844 M

* Approx. cost with assumed intervention typologies with 20% contingency
** Approx. cost with assumed intervention typologies with 10% contingency
*** Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 46: Overview plan of conceptual Alternative 3.
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Figure 47: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 3.
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4.3.4.

Alternative 4

Figure 48 shows a conceptual layout of Alternative 4 which is a combination of alignments
at Long Creek, Upper West Branch Lynnhaven, Upper East Branch Lynnhaven, Rudee Inlet,
Elizabeth River, West Neck Creek, Sandbridge Road, and Muddy Creek Road locations.
Alternative 4 is similar to Alternative 2, but with the northern alignments exchanged.
Approximately 34.5 miles of flood risk reduction structures would be required to provide
benefits to a majority of the communities around Lynnhaven Bay and Broad Bay, while
allowing storm events inside of Back Bay.
Wave runup was included for the Long Canal, Upper West Branch Lynnhaven, Upper East
Branch Lynnhaven, and Rudee inlets due to their exposure to the Atlantic Ocean. Detailed
wave runup calculations were not performed, instead a wave runup of 2 feet was assumed for
Rudee Inlet due to direct exposure and 1 foot for the others from indirect exposure. These
values were included in the DFE calculations, shown in Table 11.
When compared to Alternative 2, this Alternative will allow the interactions of partial
flooding of Lynnhaven Bay, with the more feasible alignments inside of Back Bay, rather than
at Knotts Island.
Table 11: Alternative 4 DFE calculations
Location
Name

Long Canal

Component

Design Flood Elevation (DFE) Calculation
1% BFE Freeboard
Sea Level
Wave
* (ft
(ft)
Rise (ft)
Runup (ft)
NAVD)

Final DFE
(ft NAVD)

Approximate
Total Length
of Proposed
Intervention
Alignment
(ft)
29,700

Inlet
11
2
3
1
13
Inland
7
2
3
12
Upper West Branch
Inlet
10
2
3
1
16
4,100
Lynnhaven
Inland
10
2
3
15
Upper East Branch
Inlet
11
2
3
1
17
6,000
Lynnhaven
Inland
11
2
3
16
Atlantic Oceanfront
Inlet
11
2
3
2
18
40,000
Beachfront
9
2
3
14
Elizabeth River
Inlet
9
2
1.5**
12.5
4,300
Inland
8
2
1.5**
11.5
West Neck Creek
Inland
4
2
3
9
7,100
Sandbridge Road
Inland
3 to 4
2
3
8 to 9
38,200
Sandbridge
3 to 5
2
3
8 to 10
Bulkhead
Muddy Creek Road
Inland
3
2
3
8
52,800
* Base Flood Elevation (BFE) taken from 1% recurrence flood elevation from FEMA FIRM panels
** Sea Level Rise is assigned lower in Elizabeth River due to the lack of reasonable tie-in features at the +3 ft elevation
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Alternative 4 was found to reduce the 100-yr coastal floodplain by approximately 27.7
square miles, equivalent to a 22.9% reduction for the 3 ft SLR scenario. This reduced flooding
for approximately 44.4 thousand buildings. Model results (Figure 49) indicate flood risk
reduction benefits for the proxy 100-yr event, including:
•

Around 1 ft reduction in maximum water depth in Western Branch of Lynnhaven Bay

•

Around 3 ft reduction in maximum water depth in Eastern Branch of Lynnhaven Bay

•

Around 7 ft reduction in maximum water depth in Elizabeth River

•

Around 6 ft. reduction in maximum water depth in Broad Bay

Model results indicate increased water depths (impacts) up to 0.5 ft throughout Back Bay,
North Landing River, and Knotts Island. Water depths increased by approximately 3 inches
outside of the Elizabeth River Gate.
Initial costs for Alternative 4 alignments are summarized in Table 6:
Table 12: Initial cost estimate for Alternative 4.
Location

Hard Costs*

Soft Costs**

Total***

2

$257 M

$80 M

$337 M

3

$205 M

$64 M

$269 M

5

$439 M

$137 M

$576 M

7

$145 M

$46 M

$191 M

8

$781 M

$244 M

$1,025 M

9

$19 M

$6 M

$25 M

11 & 12

$236 M

$74 M

$310 M

Total

$2,082 M

$651 M

$2,733 M

* Approx. cost with assumed intervention typologies with 20% contingency
** Approx. cost with assumed intervention typologies with 10% contingency
*** Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 48: Overview plan of conceptual Alternative 4.

City-Wide Structural Alternatives for Coastal Flood Protection | 85

Figure 49: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 4.
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4.3.5.

Alternative 5

Figure 50 shows a conceptual layout of Alternative 5 which is a combination of alignments
at the Lynnhaven Inlet, Rudee Inlet, West Neck Creek, and Knotts Island locations.
Approximately 29.6 miles of flood risk reduction structures would be required to provide
benefits to City of Virginia Beach and Back Bay areas. It should be noted that the location of
Knotts Island flood risk reduction system alignment extends into the State of North Carolina.
The appropriate DFE of the flood risk reduction system was determined by assessing the
site conditions, especially the available high ground elevation areas where the system would
tie-in. Wave runup was included for the Lynnhaven and Rudee inlets due to their direct
exposure to the Atlantic Ocean. Detailed wave runup calculations were not performed, instead
a wave runup of 2 feet was assumed and was included in the DFE calculations, shown in Table
13.
This alternative isolates benefits and drawbacks of the Elizabeth River gate through
comparison to Alternative 1.
Table 13: Alternative 5 DFE calculations
Location

Design Flood Elevation (DFE) Calculation

Number

Name

Component

1% BFE
* (ft
NAVD)

Freeboard
(ft)

Sea Level
Rise (ft)

Wave
Runup (ft)

Final DFE
(ft NAVD)

1

Lynnhaven
Inlet

Inlet

11

2

3

2

18

Beachfront

11

2

3

-

16

Inland

7

2

3

-

12

Inlet

11

2

3

2

18

Beachfront

9

2

3

-

14

7

Atlantic
Oceanfront

9

West Neck In-water and
4
2
3
Creek
Inland
10
Knotts
In-water and
4
2
3
Island
Inland
* Base Flood Elevation (BFE) taken from 1% recurrence flood elevation from FEMA FIRM panels

Approximate
Total Length
of Proposed
Intervention
Alignment (ft)
36,100

40,000

9

7,100

9

73,100

Alternative 5 was found to reduce the 100-yr coastal floodplain by approximately 20.2
square miles, equivalent to a 16.7% reduction for the 3 ft SLR scenario. This reduced flooding
for approximately 41.3 thousand buildings. Model results (Figure 51) indicate flood risk
reduction benefits the proxy 100-yr event, including:
•

Around 4 ft reduction in maximum water depth in Lynnhaven Bay
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•

Around 3 ft reduction in maximum water depth inside Rudee Inlet

•

Around 0 to 4 ft. reduction in other areas within the City

Adverse impacts were significant south of Knotts Island, with increased water depths
greater than 0.5 ft. These decrease to less than 0.5 ft on North Landing River.
Initial costs for Alternative 5 alignments are summarized in Table 6:
Table 14: Initial cost estimate for Alternative 5.
Location

Hard Costs*

Soft Costs**

Total***

1

$1,707 M

$532 M

$2,239 M

7

$145 M

$46 M

$191 M

9

$19 M

$6 M

$25 M

10

$321 M

$100 M

$421 M

Total

$2,192 M

$684 M

$2,876 M

* Approx. cost with assumed intervention typologies with 20% contingency
** Approx. cost with assumed intervention typologies with 10% contingency
*** Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 50: Overview plan of conceptual Alternative 5.
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Figure 51: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 5.
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4.3.6.

Alternative 6

Figure 52 shows a conceptual layout of Alternative 6 which is a combination of alignments
at the Lynnhaven Inlet, Rudee Inlet, West Neck Creek, Sandbridge Road, and Muddy Creek
Road locations. This alternative represents a conservative flood risk reduction system by
exchanging Knotts Island for the alignments inside Back Bay, and removing the Elizabeth
River location. Approximately 33.0 miles of flood risk reduction structures are required to
provide benefits to the City of Virginia Beach area while allowing storm events inside of Back
Bay.
Wave runup was included for the Lynnhaven and Rudee inlets due to their direct exposure
to the Atlantic Ocean. Detailed wave runup calculations were not performed, instead a wave
runup of 2 feet was assumed and was included in the DFE calculations, shown in Table 15.
This alternative isolates benefits and drawbacks of the Elizabeth River gate through
comparison to Alternative 2.
Table 15: Alternative 6 DFE calculations.
Location

Design Flood Elevation (DFE) Calculation

Name

Component

1% BFE *
(ft
NAVD)

Freeboard
(ft)

Sea Level
Rise (ft)

Wave
Runup
(ft)

Final DFE
(ft
NAVD)

Lynnhaven Inlet

Inlet

11

2

3

2

18

Beachfront

11

2

3

-

16

Inland

7

2

3

-

12

Atlantic Oceanfront

Approximate
Total Length of
Proposed
Intervention
Alignment (ft)
36,100

Inlet

11

2

3

2

18

Beachfront

9

2

3

-

14

4

2

3

-

9

7,100

Sandbridge Road

In-water and
Inland
Inland

3 to 4

2

3

-

8 to 9

38,200

3 to 5

2

3

-

8 to 10

Muddy Creek Road

Sandbridge
Bulkhead
Inland

3

2

3

-

8

West Neck Creek

40,000

52,800

* Base Flood Elevation (BFE) taken from 1% recurrence flood elevation from FEMA FIRM panels

Alternative 6 was found to reduce the 100-yr coastal floodplain by approximately 23.1
square miles, equivalent to a 19.1% reduction for the 3 ft SLR scenario. This reduced flooding
for approximately 40.6 thousand buildings. Model results (Figure 53) indicate flood risk
reduction benefits the proxy 100-yr event, including:
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•

Around 4 ft reduction in maximum water depth in Lynnhaven Bay

•

Around 3 ft reduction in maximum water depth inside Rudee Inlet

•

Around 0 to 4 ft reduction in other areas within the City

Model results indicate increased water depths (impacts) up to 0.5 ft throughout Back Bay,
decreasing in North Landing River, and south of Knotts Island.
Observations from animations of the model simulation showed that waters can move about
within Lynnhaven Bay. This occurs when the winds change direction as the tropical event
moves through the City. Given the relatively large size of Lynnhaven Bay, this can result in
minor flooding inside the protected area.
Initial costs for Alternative 6 alignments are summarized in Table 6:
Table 16: Initial cost estimate for Alternative 6.
Location

Hard Costs*

Soft Costs**

Total***

1

$1,707 M

$532 M

$2,239 M

7

$145 M

$46 M

$191 M

9

$19 M

$6 M

$25 M

11 & 12

$236 M

$74 M

$310 M

Total

$2,107 M

$658M

$2,765 M

* Approx. cost with assumed intervention typologies with 20% contingency
** Approx. cost with assumed intervention typologies with 10% contingency
*** Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 52: Overview plan of conceptual Alternative 6.
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Figure 53: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 6.
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4.3.7.

Alternative 7

Figure 54 shows a conceptual layout of Alternative 7 which is a combination of alignments
at the Long Creek, Upper West Branch Lynnhaven, Upper East Branch Lynnhaven, West Neck
Creek, and Knotts Island locations. Approximately 22.7 miles of flood risk reduction structures
are required. This Alternative provides protection to the Central Virginia Beach and all of Back
Bay. The effects of Rudee Inlet, Elizabeth Creek, and the central portion of Lynnhaven Bay will
be modeled and compared to other models to assess the overall impacts of Rudee Inlet.
Wave runup was included for the Long Canal, Upper West Branch Lynnhaven, and Upper
East Branch Lynnhaven inlets due to their exposure to the Atlantic Ocean. Detailed wave runup
calculations were not performed, instead a wave runup of 1 foot was assumed due to indirect
exposure and this value was included in the DFE calculations. Table 17 below shows the
preliminary DFE calculations utilized for the development of this alternative.
This alternative isolates benefits and drawbacks of the Elizabeth River gate through
comparison to Alternative 3.
Table 17: Alternative 7 DFE calculations.
Location

Design Flood Elevation (DFE) Calculation

Name

Component

1% BFE
* (ft
NAVD)

Freeboard
(ft)

Sea Level
Rise (ft)

Wave
Runup (ft)

Final DFE
(ft NAVD)

Long Canal

Inlet

11

2

3

1

13

Inland

7

2

3

-

12

Inlet

10

2

3

1

16

Inland

10

2

3

-

15

Upper West Branch
Lynnhaven

Approximate
Total Length
of Proposed
Intervention
Alignment (ft)
29,700
4,100

Upper East Branch
Lynnhaven

Inlet

11

2

3

1

17

Inland

11

2

3

-

16

West Neck Creek

Inland

4

2

3

-

9

7,100

9

73,100

Knotts Island

In-water and
4
2
3
Inland
* Base Flood Elevation (BFE) taken from 1% recurrence flood elevation from FEMA FIRM panels

6,000

Alternative 7 was found to reduce the 100-yr coastal floodplain by approximately 20.2
square miles, equivalent to a 16.7% reduction for the 3 ft SLR scenario. This reduced flooding
for approximately 37.7 thousand buildings. Model results (Figure 55) indicate flood risk
reduction benefits the proxy 100-yr event, including:
•

Around 4 ft reduction in maximum water depth in East Branch of Lynnhaven Bay
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•

Around 6 ft reduction in maximum water depth in Broad Bay

•

Around 1 ft reduction in maximum water depth in West Neck Creek

•

Around 1 to 4 ft reduction in other areas within the Back Bay

Adverse impacts were significant south of Knotts Island, with increased water depths
greater than 0.5 ft. These decrease to less than 0.5 ft on North Landing River.
Initial costs for Alternative 7 alignments are summarized in Table 6:
Table 18: Initial cost estimate for Alternative 7.
Location

Hard Costs*

Soft Costs**

Total***

2

$257 M

$80 M

$337 M

3

$205 M

$64 M

$269 M

5

$439 M

$137 M

$576 M

9

$19 M

$6 M

$25 M

10

$321 M

$100 M

$421 M

Total

$1,241 M

$387 M

$1,628 M

* Approx. cost with assumed intervention typologies with 20% contingency
** Approx. cost with assumed intervention typologies with 10% contingency
*** Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 54: Overview plan of conceptual Alternative 7.
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Figure 55: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 7.
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4.3.8.

Alternative 8

Figure 56 shows a conceptual layout of Alternative 8 which is a combination of alignments
at the Long Creek, Upper West Branch Lynnhaven, Upper East Branch Lynnhaven, West Neck
Creek, Sandbridge Road, and Muddy Creek Road locations. Approximately 26.1 miles of flood
risk reduction structures are required.
The appropriate DFE of the flood risk reduction system was determined by assessing the
site conditions, especially the available high ground elevation areas where the system would
tie-in. Wave runup was included for the Long Canal, Upper West Branch Lynnhaven, and
Upper East Branch Lynnhaven inlets due to their exposure to the Atlantic Ocean. Detailed
wave runup calculations were not performed, instead a wave runup of 1 foot was assumed due
to indirect exposure and this value was included in the DFE calculations. Table 19 below shows
the DFE calculations for this alternative.
This alternative isolates benefits and drawbacks of the Elizabeth River gate through
comparison to Alternative 4. Comparison to Alternative 7, in addition to the other pairs of
alternatives where Back Bay is the only difference, the effects of Back Bay on the overall flood
dynamics of Virginia Beach will be more fully understood.
Table 19: Alternative 8 DFE calculations.
Location

Design Flood Elevation (DFE) Calculation

Name

Component

1% BFE
* (ft
NAVD)

Freeboard
(ft)

Sea Level
Rise (ft)

Wave
Runup (ft)

Final DFE
(ft NAVD)

Long Canal

Inlet

11

2

3

1

13

Inland

7

2

3

-

12

Inlet

10

2

3

1

16

Inland

10

2

3

-

15

Upper West Branch
Lynnhaven

Approximate
Total Length
of Proposed
Intervention
Alignment (ft)
29,700
4,100

Upper East Branch
Lynnhaven

Inlet

11

2

3

1

17

6,000

Inland

11

2

3

-

16

West Neck Creek

Inland

4

2

3

-

9

7,100

Sandbridge Road

Inland

3 to 4

2

3

-

8 to 9

38,200

3 to 5

2

3

-

8 to 10

Muddy Creek Road

Sandbridge
Bulkhead
Inland

3

2

3

-

8

52,800

* Base Flood Elevation (BFE) taken from 1% recurrence flood elevation from FEMA FIRM panels

Alternative 8 was found to reduce the 100-yr coastal floodplain by approximately 22.9
square miles, equivalent to a 19.0% reduction for the 3 ft SLR scenario. This reduced flooding
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for approximately 36.9 thousand buildings. Model results (Figure 57) indicate flood risk
reduction benefits the proxy 100-yr event, including:
•

Around 1 ft reduction in maximum water depth in East Branch Lynnhaven Bay

•

Around 3 ft reduction in maximum water depth in West Branch Lynnhaven Bay

•

Around 6 ft reduction in maximum water depth in Broad Bay

•

Around 0 to 4 ft reduction in other areas within the City

Model results indicated increased water depths (impacts) up to 0.5 ft throughout Back Bay,
North Landing River, Lynnhaven Bay, and Knotts Island
Initial costs for Alternative 8 alignments are summarized in Table 6:
Table 20: Initial cost estimate for Alternative 8.
Location

Hard Costs*

Soft Costs**

Total***

2

$257 M

$80 M

$337 M

3

$205 M

$64 M

$269 M

5

$439 M

$137 M

$576 M

9

$19 M

$6 M

$25 M

11 & 12

$236 M

$74 M

$310 M

Total

$1,156 M

$361 M

$1,517 M

* Approx. cost with assumed intervention typologies with 20% contingency
** Approx. cost with assumed intervention typologies with 10% contingency
*** Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 56: Overview plan of conceptual Alternative 8.

City-Wide Structural Alternatives for Coastal Flood Protection | 101

Figure 57: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 8.
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4.3.9.

Alternative 9

Figure 58 shows a conceptual layout of Alternative 9 which is a combination of alignments
at the Lynnhaven Inlet location where the flood risk reduction structures extend west along the
northern shoreline to encompass both Little Creek Channel and a portion of Norfolk.
Approximately 11.1 miles of flood protective structures are required. This Alternative was
selected to allow for a review of the ability to protect both Little Creek and Norfolk from flood
events.
Wave runup was included for the Lynnhaven Inlet due to the direct exposure to the Atlantic
Ocean. Detailed wave runup calculations were not performed, instead a wave runup of 2 feet
was assumed and was included in the DFE calculations. Table 21 below shows the preliminary
DFE calculations utilized for the development of this alternative.
This Alternative allows assessment of a minimum investment in protection infrastructure to
provide the maximum benefit to the City of Virginia Beach, in terms of protected number of
buildings.
Table 21: Alternative 9 DFE calculations.
Location

Design Flood Elevation (DFE) Calculation

Name

Component

1% BFE
* (ft
NAVD)

Freeboard
(ft)

Sea Level
Rise (ft)

Wave
Runup (ft)

Final DFE
(ft NAVD)

Alternative Lynnhaven
Inlet

Inlet

11

2

3

2

18

Beachfront

11

2

3

-

16

Inland

7

2

3

-

12

Approximate
Total Length
of Proposed
Intervention
Alignment (ft)
58,500

* Base Flood Elevation (BFE) taken from 1% recurrence flood elevation from FEMA FIRM panels

Alternative 9 was found to reduce the 100-yr coastal floodplain by approximately 18.0
square miles, equivalent to a 14.9% reduction for the 3 ft SLR scenario. This reduced flooding
for approximately 28.2 thousand buildings. Note – this building count is solely for the City of
Virginia Beach and does not include Norfolk. Model results (Figure 59Figure 57) indicate flood
risk reduction benefits the proxy 100-yr event, including:
•

Around 4 ft reduction in maximum water depth in Lynnhaven Bay

•

Around 4 ft reduction in maximum water depth in Little Creek

•

Around 3 ft reduction in maximum water depth in Broad Bay
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•

Around 0 to 2 ft reduction in other areas within the City

Model results indicated increased water depths (impacts) up to 0.5 ft throughout Back Bay,
North Landing River, Lynnhaven Bay, and Knotts Island
Initial costs for Alternative 9 alignments are summarized in Table 6:
Table 22: Initial cost estimate for Alternative 9.
Location

Hard Costs*

Soft Costs**

Total***

1 with Extension

$2,144 M

$668M

$2,812 M

Total

$2,144 M

$668M

$2,812 M

* Approx. cost with assumed intervention typologies with 20% contingency
** Approx. cost with assumed intervention typologies with 10% contingency
*** Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 58: Overview Plan of conceptual Alternative 9.
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Figure 59: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 9.
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4.3.10. Alternative 10
Figure 60 shows a conceptual layout of Alternative 10 which is a combination of alignments
at the Long Creek, Upper West Branch Lynnhaven, and Upper East Branch Lynnhaven
locations. Approximately 7.5 miles of flood risk reduction structures are required. This
Alternative was chosen to ensure the impacts observed in the other alternatives with this
combination are able to provide the comparisons necessary to determine the results of
protecting other areas/features in addition to circumventing the requirement of the massive
flood gates at Lynnhaven Bridge.
Wave runup was included for the Long Canal, Upper West Branch Lynnhaven, and Upper
East Branch Lynnhaven inlets due to their exposure to the Atlantic Ocean. Detailed wave runup
calculations were not performed, instead a wave runup of 1 foot was assumed due to indirect
exposure and this value was included in the DFE calculations, shown in Table 23.
This Alternative allows direction comparison to Alternative 9, in terms of the benefits and
drawbacks of protection approaches for the Lynnhaven Bay.
Table 23: Alternative 10 DFE calculations.
Location

Design Flood Elevation (DFE) Calculation

Name

Component

1% BFE
* (ft
NAVD)

Freeboard
(ft)

Sea Level
Rise (ft)

Wave
Runup (ft)

Final DFE
(ft NAVD)

Long Canal

Inlet

11

2

3

1

13

Inland

7

2

3

-

12

Inlet

10

2

3

1

16

Inland

10

2

3

-

15

Inlet

11

2

3

1

17

Inland

11

2

3

-

16

Upper West Branch
Lynnhaven
Upper East Branch
Lynnhaven

Approximate
Total Length
of Proposed
Intervention
Alignment (ft)
29,700
4,100
6,000

* Base Flood Elevation (BFE) taken from 1% recurrence flood elevation from FEMA FIRM panels

Alternative 10 was found to reduce the 100-yr coastal floodplain by approximately 10.6
square miles, equivalent to an 8.7% reduction for the 3 ft SLR scenario. This reduced flooding
for approximately 25.2 thousand buildings. Model results (Figure 61Figure 59Figure 57)
indicate flood risk reduction benefits the proxy 100-yr event, including:
•

Around 1 ft reduction in maximum water depth in West Lynnhaven Bay

•

Around 3 ft reduction in maximum water depth in East Lynnhaven Bay
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•

Around 5 ft reduction in maximum water depth in Broad Bay

•

Around 0 to 6 ft reduction in other areas within the City

Model results indicated increased water depths (impacts) up to 0.5 ft in northern portions
of Lynnhaven Bay.
Initial costs for Alternative 10 alignments are summarized in Table 6:
Table 24: Initial cost estimate for Alternative 10.
Location

Hard Costs*

Soft Costs**

Total***

2

$257 M

$80 M

$337 M

3

$205 M

$64 M

$269 M

5

$439 M

$137 M

$576 M

Total

$901 M

$281 M

$1,182 M

* Approx. cost with assumed intervention typologies with 20% contingency
** Approx. cost with assumed intervention typologies with 10% contingency
*** Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 60: Overview plan of conceptual Alternative 10.

City-Wide Structural Alternatives for Coastal Flood Protection | 109

Figure 61: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 10.
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4.4. Down-selection of Alternatives
The initial assessment of the alternatives was presented to the City of Virginia Beach over a
2-day workshop, October 2 to 3, 2018. The alternative configuration, costs, and modeling
results were reviewed the first day of the workshop. A key outcome of day 1 was identifying and
agreeing on the relative benefits and drawbacks of each alternative. Day 2 was focused on
down-selecting three of the ten alternatives for further refinement.
The initial down-selection removed all alternatives with the Knotts Island alignment. This
included alternatives 1, 3, 5, and 7. This decision had strong agreement from the attendees. Key
factors in the decision included:
•

Perception of very low feasibility due to alignment crossing into North Carolina.
Additional coordination and regulations would be difficult

•

The alignment increased water depths in North Carolina by approximately 0.5 ft. Such
impacts would be challenged by North Carolina. This would be especially challenging
under the Coastal Zone Management Act permitting structure.

A second down-selection removed Alternative 10. This decision also had strong agreement.
Considerations included:
•

Lack of protection for areas west of Lynnhaven Inlet

•

Offered the lowest reduction in flooding out of all alternatives

The group engaged in further discussion about the benefits and drawbacks of the remaining
alternatives, summarized in Table 25.
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Table 25: Summary of essential benefits and drawbacks.
Alternative
Benefits

2
Permitting single gate at
inlet easier than the 3
interior gates

4
Lower estimated
costs of 3 smaller
interior gates

Offers protection for
most of city

Partitioning of
Lynnhaven Bay
prevents interior
water movement
during storms

6
Permitting single
gate at inlet
easier than the 3
interior gates
Offers protection
for most of city

8
Lower estimated
costs of 3 smaller
interior gates
Partitioning of
Lynnhaven Bay
prevents interior
water movement
during storms

9
Protection for
many
vulnerable
buildings
Coordinated
protection
with Norfolk,
Little Creek
Less costs and
permitting

Drawbacks

Elizabeth River gate and
Norfolk extension
requires coordination
with Norfolk, USACE,
revisiting completed
feasibility study
Lack of protection south
of Muddy Creek Road
Cost of Lynnhaven gate

Elizabeth River
gate requires
coordination with
Norfolk, USACE,
revisiting
completed
feasibility study
Lack of protection
south of Muddy
Creek Road

Lack of protection
south of Muddy
Creek Road
Cost of
Lynnhaven gate
No protection for
Elizabeth River

Elizabeth River
gate requires
coordination with
Norfolk, USACE,
revisiting
completed
feasibility study
Lack of protection
south of Muddy
Creek Road

Cost of Lynnhaven
gate

Cost of Lynnhaven
gate

Does not protect
west Shore Drive
area

Does not protect
west Shore Drive
and Little Creek
areas
Creates drainage
issues on West
Branch Lynnhaven
No protection for
Elizabeth River

Creates drainage
issues on West
Branch Lynnhaven

Lynnhaven
gate
expensive
Only protects
areas
connected to
the
Lynnhaven
Requires
coordination
with Norfolk,
USACE,
revisiting
completed
feasibility
study

Additional discussion led to the selection of three overall alternatives, with 2 variants on each.
These are presented and discussed further in the following section.
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5. DOWN-SELECTED ALTERNATIVES
5.1. Overview of Down-selected Alternatives
The down-selected alternatives offer three levels of protection for the city-wide flood
protection concepts. Attributes of the down-selected alternatives is provided in Table 26, the
alternatives are depicted in Figure 62 (Alternative A), Figure 63 (Alternative B), and Figure 64
(Alternative C).
Alternative A:
Alternative A represents a relatively lower-cost approach. Two variants of the Lynnhaven
alignment were identified:
•

A1 retains all protection inside of the City of Virginia Beach, using an alignment that ties
into Northampton Boulevard rather than any extension into Norfolk. This tie-in is
necessary to close flood pathways from Naval Amphibious Base Little Creek.

•

A2 provides for a continuous line of protection extending across Little Creek into
Norfolk. This alignment would require significant collaboration with Norfolk and Naval
Amphibious Base Little Creek but would provide a more regional solution for flood
issues. A similar alignment in Norfolk was considered in the Norfolk CSRM but not
carried forward in the feasibility assessment (USACE 2018).
Note: The Norfolk extension could be combined with either Alternative B or C, but is not
shown again moving forward.

Alternative B:
Alternative B offers a higher level of protection than A by closing coastal flooding for most
major pathways into the City. This conceptual alternative retains all structures within the city
boundaries. Two variants were identified:
•

B1: Utilizes the Lynnhaven, Rudee Inlet, West Neck Creek, Sandbridge, and Muddy
Creek Road alignments.

•

B2: Utilizes the West and East Upper Branch Lynnhaven, Long Creek, Rudee Inlet, West
Neck Creek, Sandbridge, and Muddy Creek Road alignments. Retained due to cost
concerns of the Lynnhaven gate and the ability to partition the Lynnhaven Bay to avoid
interior flooding from hurricanes. However, refined costing estimates found that the
three gate solution is more expensive.
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Alternative C:
Alternative C offers the highest level of protection at the highest cost. This alternative is the
same as B, but adds the Elizabeth River gate. Two variants were identified in the same fashion
as Alternative B:
•

B1: Utilizes the Lynnhaven, Elizabeth River, Rudee Inlet, West Neck Creek, Sandbridge,
and Muddy Creek Road alignments.

•

B2: Utilizes the West and East Upper Branch Lynnhaven, Long Creek, Elizabeth River,
Rudee Inlet, West Neck Creek, Sandbridge, and Muddy Creek Road alignments.
Retained due to cost concerns of the Lynnhaven gate and the ability to partition the
Lynnhaven Bay to avoid interior flooding from hurricanes. However, refined costing
estimates found that the three gate solution is more expensive.

Table 26: Summary of features, costs, and benefits of down-selected alternative length, floodplain reduction potential.
Alternative Name

SUMMARY OF ALTERNATIVES*
CITYWIDE PREFERRED ALTERNATIVES
A2
B1
B2
12.4
33.6
33.3

A1
C1
C2
Approximate Overall
7.8
34.4
34.1
Structure Length (miles)
Flooded Area Reduction
41
46
78
74
85
81
(square miles)
Mitigated Structures
28
29
39
37
45
43
(thousands)
Total Design &
$1.13
$2.31**
$2.22
$2.77
$2.42**
$2.97**
Construction Cost
(Billion USD 2018)
*Values subject to change pending final modeling and cost adjustments for gate types
**Cost reflects the portion of the alignment that the City of Virginia Beach would be responsible for, assuming cost sharing
agreement with adjacent municipalities

5.2. Refinement of Alignments
Alignments for each Alternative were further reviewed and refined. This effort included
updating alignment design parameters and costs with more detail. This was especially true for
gate locations. Initial values simplified channel cross-section and depth – at times, this
resulted in overestimates as a high average channel depths (and gate design parameters) were
carried into shallower areas as a representative value. Updated values segmented the channel
cross sections and estimated for each segments to refine costs. Gate selection for all water
crossings was reviewed and updated in collaboration with the City of Virginia Beach. The final
conceptual design for each alignment and visual renders of key sites is provided in Section 6.
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Additional work was completed to assess residual risk, and calculate the benefit cost ratio
for each Alternative – details on these activities are provided in the following sub-sections.

City-Wide Structural Alternatives for Coastal Flood Protection | 115

Figure 62: Down-selected Alternatives A1 and A2.
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Figure 63:Down-selected Alternatives B1 and B2.
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Figure 64: Down-selected Alternatives C1 and C2.
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5.2.1.

Residual Risk

As discussed earlier in this report, structures were designed to the 100-yr event with 3 ft
SLR and 2 ft of freeboard. Annualized losses in Hazus were based on the 5 return periods (10-,
25-, 50-, 100-, and 500-yr) with SLR. Therefore, even with structures in place, there could be
potential areas where structures are overtopped during a 500-yr event in some places, referred
to as residual risk. To evaluate residual risk, the 500-yr water surface elevation with 3 ft SLR
was compared against the DFE of the proposed structure to identify areas of overtopping
potential. Based on this analysis, 3 areas showed overtopping potential during the 500-yr
event:
•

Portions of the Sandbridge gate protection (-0.5 – 1.5 ft)

•

Northern portion of Muddy Creek Road (ranging from 0.15 – 1.3 ft)

•

The Elizabeth River Gate (~1.5 ft)

For the Elizabeth River gate, it was determined that there is sufficient storage space,
especially on the Norfolk side, to store flood waters during a large storm. Also, the gate could
be closed during low tide to allow more flood storage capacity behind the gate. However, the
overtopping potential at Muddy Creek Road and Sandbridge needed to be accounted for in the
project BCRs. This was accomplished by removing the 500-yr values from the annualized loss
equation for structures located behind the structural protection with overtopping potential,
shown in Figure 65.
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Figure 65: Residual risk analysis evaluating overtopping potential.

Permanent tidal flooding was another type of residual risk that was evaluated. Tidal gates
do not protect from daily high tide flooding, unless these structures were to be closed at all
times. To evaluate structures vulnerable to permanent tidal inundation with 3 ft SLR, the Mean
Higher High Water (MHHW) water elevation surface was compared to the first floor elevation
of structures. Figure 66 shows the structures that are subject to flooding during this condition,
ranging from minimal flooding depths (less than 0.5 ft) to more substantial flooding (upwards
of 3 ft). Individual building/parcel-level strategies, such as building elevation or voluntary
acquisition could be explored for these properties as complimentary flood mitigation strategy
to the citywide structural alternatives.
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Figure 66: High tide residual risk analysis.

5.2.2.

Benefit Cost Analysis

The main benefit of the flood reduction alternatives is manifested through a reduction (or
elimination) of the amount of flooding that protected areas would experience. Benefit-Cost
Analysis (BCA) is used to demonstrate that the benefits of a project outweigh its costs, or the

City-Wide Structural Alternatives for Coastal Flood Protection | 121

Benefit-Cost Ratio (BCR) is greater than 1.0. 1 Benefits are the avoided damages and losses
associated with a proposed project; while costs are the initial and long-term investments
associated with a proposed project. BCA is used to compare the benefits of a project to its cost.
FEMA’s Unified Hazard Mitigation Assistance (HMA) program guidance requires that the
mitigation project’s BCR must be greater than 1.0 to be eligible for funding. This criterion also
applies to the USACE civil works methodologies for developing a recommended flood risk
reduction plan.
Project benefits occur over a period of time into the future; while most of the project costs
are incurred up front and in the present. FEMA conducts its BCAs on a net present value basis,
meaning the present value of the benefits gained from the project over the life of the project are
compared to the total project cost to establish the BCR. Because project benefits accumulate
over time, project benefits are calculated on an average annual basis (“annualized”) and then
multiplied by a Present Value Coefficient (PVC) 2 to determine the present value of the
annualized benefits.
For the different building-level flood mitigation strategies, the amount of flood damages
and losses that would occur were estimated if nothing was to be to done for the range of SLR
scenarios (the “damages before mitigation” or “no-action alternative” [NAA]) and the amount
of flood damage that are expected to occur after the mitigation project is constructed (the

1

The benefit cost ratio is calculated as follows: 𝐵𝐵𝐵𝐵𝐵𝐵 =

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

where the benefits are the avoided damages and losses associated with the project and are calculated as
follows:
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = ∑(𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) − ∑(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)

and the costs are sum of the upfront construction costs and the present value of the annual operations and
maintenance costs over the useful life of the project.
2

The present value coefficient is calculate as follows: 𝑃𝑃𝑃𝑃𝑃𝑃 = �

1−(1−𝑟𝑟)−𝑇𝑇
𝑟𝑟

�

Where: r is the discount rate and T is the useful life of the project. For most flood mitigation projects, the
FEMA standard useful life of the project is between 30 years and 100 years; per Office of Management and Budget
(OMB) guidelines, the discount rate for Federally-funded mitigation projects is 7.00 percent.
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“damages after mitigation”). The difference between the two are the avoided damages and for
the purposes of this analysis are the benefits that are generated by the project.
We estimated the benefits for each project if they were to be implemented today, as well as
under the 3 ft SLR scenarios being evaluated under the CSLRRF study. The 3 ft SLR scenario
was chosen to estimate project benefits based on a time frame range that corresponded to the
end of the project useful life for the city-wide structural alternatives, assumed at 50-years. For
each scenario, we analyzed the project benefits for five flood frequencies including the 10-year
(1/10 = 10% annual probability), 25-year (1/25 = 4% annual probability), 50-year (1/50 = 2%
annual probability), 100-year (1/100 = 1% annual probability) and 500-yr (1/500 = 0.2%
annual probability) events.
The overall steps for the BCA approach are shown in Figure 67. Full documentation of this
approach is provided in the report “Site and Parcel Flood Risk Reduction Strategies” (CVB
2019). Details relevant to the city-wide structural alternatives are captured below for steps 4
and 5 are provided here.

1) Estimate flood
depths

2) Gather
parcel/building
data

4) Estimate losses
after project
construction

5) Calculate BCRs
and summarize
results

3) Estimate losses
before project
construction

Figure 67: Overall steps in BCA approach for analyzing and calculating building-level flood mitigation strategy costs and
benefits.

Before project coastal flood losses were estimated with the Hazards US (Hazus) flood
module. Flood depth data for each of the five coastal flood probabilities were applied to the
City of Virginia Beach building stock using depth-damage functions (DDFs); which are a
mathematical relationship between the depth of flooding on a property and the amount of
damage that can be attributed to the flooding. Results from each flood probability at the 3 ft
SLR scenario were combined into an average annualized loss (AAL). Unfortunately, the Hazus
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flood module does not estimate displacements and loss of function values for individual
buildings (the module only provides this data by census block). To address this issue,
residential displacements and non-residential service losses outside of Hazus using USACE
generic DDFs for residential building displacements and the FEMA Benefit Cost Analysis ReEngineering (BCAR) guide, respectively. These calculations were only performed at the 10%
and 1% annual probabilities, then annualized and summed with the structure and content AAL
data.
Losses avoided for each Alternative were estimated using a combination of the MIKE model
results and a GIS analysis. Coastal flooding was assumed (and validated by MIKE model
results) to be fully mitigated landward of each alignment in the alternative. Pre-mitigation
losses associated with all buildings subject to coastal flooding up to the 500-yr return period
(0.2% annual probability) were then assumed to represent the economic benefits of the
alternative. Where residual risk was present at the 500-yr return period, AALs were
recalculated to exclude the associated avoided losses at that flood probability. In those cases,
losses avoided represent full mitigation of damages at the 10-year, 25-year, 50-year and 100year flood return periods.
Based on experience with similar public infrastructure projects and standard values used in
the FEMA BCA Tool, the city-wide coastal risk reduction projects were assumed to accrue
benefits over an average project useful life of 50 years. Considering an Office of Management
and Budget discount rate of 7%, the PVC was calculated as 13.8. Total project benefits for
building and contents loss and displacement loss avoided were tabulated and multiplied by the
PVC. Social benefits, reflecting avoided mental stress and anxiety, and avoided loss of
productivity were calculated for qualifying areas (where the base project BCR equals 0.75 or
greater) and added. This provided the total project benefits. Finally, total benefits were divided
by the Alternative project cost to determine the BCR for each Alternative.
Some alternatives include shared costs with the cities of Norfolk and Chesapeake. In such
cases, the BCR was only determined for assumed City of Virginia Beach costs. For the Elizabeth
River alignment, a theoretical cost share was determined by the amount of floodplain
reduction up to the DFE in Norfolk, Virginia Beach, and Chesapeake. This resulted in a 37%
share of costs for the City of Virginia Beach. Cost share for the Norfolk extension of the
Lynnhaven alignment was estimated based on cost of structure located within each
municipality. Additionally, note that these alignment costs included the net present value of
annual operation and maintenance (O&M) costs over the life of the project in accordance with
FEMA BCA guidance, with annual O&M estimated of 0.5% of the alignment construction cost.
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The city-wide BCA results for the six preferred coastal risk reduction alternative alignments
are summarized in Table 27. The city-wide BCA results indicate the following:
•

All six alternatives are cost-effective with BCRs between 1.01 and 2.01.

•

Alternative C1 protects the largest number of structures at 44,919 (30.4% of total
structures city-wide) with a BCR of 1.69 with the second lowest average protection cost
at $53,825 per structure and is moderately expensive at a cost of $2.42 billion with cost
share.

•

By contrast, Alternative C2 protects a comparable number of structures at 43,426
(29.4% of total structures city-wide), but has the second lowest BCR of 1.32, a much
higher average protection cost at $68,343 per structure and is the most expensive option
at $2.97 billion with cost share.

•

Alternative A1 protects the smallest number of structures at 27,745 (18.8% of total
structures city-wide), but has the highest BCR at 2.01, the lowest average protection cost
at $40,823 per structure and the lowest cost at only $1.13 billion.

Table 27: City-wide BCA Results for Coastal Risk Reduction Alternatives
Estimated
% of Total
Average
Number of
Structures
Protection
Project
Project Costs
BCR
Structures
Protected CityCost per
Benefits
Protected
wide
Structure
A1
27,745
18.8%
$40,823
$2,277,021,425 $1,132,626,000 2.01
A2
29,274
19.8%
$79,048
$2,342,508,810 $2,314,054,000 1.01
B1
38,895
26.3%
$57,134
$3,851,116,175 $2,222,236,000 1.73
B2
37,402
25.3%
$74,110
$3,690,461,130 $2,771,860,000 1.33
C1
44,919
30.4%
$53,835
$4,080,993,735 $2,418,218,509 1.69
C2
43,426
29.4%
$68,343
$3,920,338,690 $2,967,842,509 1.32
NOTE: Projects Costs reflect City of Virginia Beach cost share for alignments A2, C1 and C2 (Norfolk costs separate)
Preferred
Alternative
Alignment
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6. PREFERRED ALTERNATIVES
6.1. Location Typology Recommendations
After agreeing upon the remaining locations, recommended typology combinations were
developed. This included reviewing all gate locations in detail. This allowed optimization of the
typology selection based upon channel width and depth, and in some cases mixing typologies
through the same channel crossing.
6.1.1.

Lynnhaven Inlet

In-water Gates – This location has two (2) water crossings – Lynnhaven Inlet and Lake
Pleasure House. Lake Pleasure House is located underneath the Chesapeake Bay Bridge and is
a popular fishing spot. This crossing could be sealed with a vertical lift gate (depending on the
Lake bathymetry) or with in-water moveable gates.
Lynnhaven Inlet is one of the larger USACE federal navigation channels within the limits of
the City of Virginia Beach. The depth is in excess of 40 feet within the federal channel, making
a caisson gate or vertical lift gate impractical to span the inlet. The recommended option is a
sector gate. This sector gate could be designed large enough to span the entire inlet – but the
cost makes this impractical (in addition to the required construction and maintenance
dredging). The optimized recommendation is a combination of sector gate and in-water
circular gates to minimize construction costs, hydrodynamic impacts to the inlet and
surrounding areas, and the required USACE review. The sector gates installed at New Orleans
by USAE can be used as a model during design.
Upland Permanent – almost the entirety of the upland segments are along the beachfront
making a dune system an ideal option. The dune can be sand over a reinforced sheet pile wall
to prevent intrusion of the flood waters during significant storm events. It is recommended to
reinforce the dune slopes with appropriate vegetated plantings as appropriate to reduce
erosion loss during storm and/or wind events. The reinforced sheet pile wall would be required
to withstand corrosive forces in addition to the hydrostatic pressure exerted during a flood
event. Along the edge of the military base to the northeast of Virginia Beach, the dune could be
replaced with an earthen levee, planted appropriately to maintain habitat. The only portion of
the upland alignment requiring an earthen levee system is the tie-back feature where the
alignment turns abruptly south at the far western end, along Highway 13.
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Upland Gates – should not be necessary with this alignment. The length of the alignment
along Highway 13 would likely be an earthen levee elevating the roadway, and the alignment
would pass underneath the existing bridge before turning south to protect the Chesapeake Bay
Bridge abutment.
Figure 68 shows an overview map of the Lynnhaven location, with Figure 69 showing a
conceptual render of the recommended typologies around Lynnhaven Inlet.

Figure 68: Typology Recommendation Overview Map for Lynnhaven

City-Wide Structural Alternatives for Coastal Flood Protection | 127

Figure 69: Render of Recommended Lynnhaven Inlet.

6.1.2.

Long Canal

In-water Gates – Long Canal is the only waterbody crossed in this alignment – and it is a
maintained federal navigation channel. The crossing is situated near the inlet to the Canal, and
crosses the property of the Lynnhaven Municipal Marina before landing on the southern shore
of the canal on private property.
The presence of the federal channel makes this alignment choice lean towards Sector Gates
as the USACE is already very familiar with them. However, the limited maintained channel
depth (<5ft) and the immediate proximity to an existing marina make this a better candidate
for an in-water moveable gate. This option will minimize aesthetic impacts to the site and
neighboring residential properties, along with any impacts to the navigation channel. The
required upland infrastructure could be built near the marina property.
Upland Permanent – The Location follows the same path and treatment typologies as
Location 1 until turning south approximately 750 ft. east of the eastern edge of Lynnhaven
Inlet. At this point, the dune would continue until intersecting Highway 60. After crossing the
Highway, the alignment runs south and connects with Cape Henry Drive, where an elevated
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roadway over an earthen levee makes the most sense as it continues east to Vista Point and
then south following Vista Point to the Lynnhaven Municipal Marina.
At the Lynnhaven Municipal Marina it would make more sense to transition from the
earthen levee to a floodwall for the approximately 180 feet south to the edge of Long Canal.
This minimizes the impacts to both the Marina and neighboring Chick’s Oyster Bar while
providing the recommended flood protection.
After crossing Long Canal the recommended connection would be a seawall long the
residential property and a floodwall along the property lines until reconnecting with Inlet Road
to the South. The raised road earthen levee would follow Inlet Road to the east until Ridge End
Road, following Ridge End Road to the east until Adam Keeling Road, and following Adam
Keeling Road to the east until the natural elevation is sufficient that it is no longer a raised
roadway. This method minimizes impact to the residential properties and has almost no
impact on the view corridors due to the heavy and dense tree coverage along these roads.
Upland Gates – There are two (2) road crossings that require gates along this alignment.
The first is a major road – Highway 60. This road is a major artery through Virginia Beach and
would likely be used as an evacuation route and emergency response route. This makes it a
good candidate for a sliding gate. It could be closed in the last hours before the flood level is
enough to flood the protected area, and opened immediately upon the flood waters receding.
The proximity of residential properties to the north and south of the roadway make it difficult
to site a swing gate here, and a deployable system requiring significant time is unacceptable
along such a major route.
The gate spanning Inlet Road could be a sliding gate or flood logs. The road would be an
evacuation route for a handful of residents and thus could be closed further in advance of a
storm. Having the small span be a deployable system would also minimize the amount of City
infrastructure and maintenance in this private community.
Figure 70 shows an overview map of the Long Canal location, with Figure 71 showing a
conceptual render of the recommended typologies around Long Canal.
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Figure 70: Typology Recommendation Overview Map for Long Canal
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Figure 71: Render of in-water movable gate typology, initial recommendation for Long Canal.

6.1.3.

Upper West Branch Lynnhaven

In-water Gates – with the DFE of 10 ft NAVD88 and a relatively constant depth across the
water of approximately -4 ft NAVD88 this location would require significant structures within
the view corridor to provide adequate protection. This was not as much a concern for
Lynnhaven Inlet with the bridge already spanning the waterway, or with Long Canal because it
is a federally maintained channel and the view corridors are to the north rather than east/west.
Without relying on emerging technology, it is recommended to utilize in-water circular gates as
these gates provide the maximum protective span with a minimum of aesthetic disruption.
The small inlet used by the residences here will require sealing during a storm event. As the
inlet is on the unprotected side, it will require an in-water moveable gate to secure adequately.
It is recommended to utilize the circular in-water gate here, as the width is small and the
structural supports of the proposed seawall and floodwall combination on either side will assist
in bracing the gate.
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Upland Permanent – The earthen levee supported roadway begins approximately 175 feet
northwest of the intersection of Church Point Road and Merchants Hope Court and follows
Church Point Road to the east until it T’s at Spring House Trail. The earthen levee would
continue as if the road continued to the banks of the Upper West Branch of Lynnhaven and
connect with the in-water flood protective systems.
After landing at Little Neck Point the alignment curves to the south following the edge of
the land as a seawall/floodwall combination south to the closest point with the City Easement
going west from Little Neck Point road. The city Easement would continue as a floodwall and
tie into Little Neck Point Road, which continues south as a raised road supported by an earthen
levee until it intersects with Trading Point Lane. This portion of the alignment also crosses the
small inlet used by personal watercraft in the area.
Upland Gates – no upland gates are required with this alignment.
Figure 72 shows an overview map of the Upper West Lynnhaven location, with Figure 73
showing a conceptual render of the recommended typologies around this location.
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Figure 72: Typology Recommendation Overview Map for Upper West Lynnhaven.
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Figure 73: Render of in-water movable circular gate typology, conceptual recommendation for Upper West Lynnhaven.

6.1.4.

Upper East Branch Lynnhaven

In-water Gates –with the DFE of 11 ft NAVD88 and a relatively constant depth across the
water of approximately -4 ft NAVD88 this location would require significant structures within
the view corridor to provide adequate protection. This was not as much a concern for
Lynnhaven Inlet with the bridge already spanning the waterway, or with Long Canal because it
is a federally maintained channel and the view corridors are to the north rather than east/west.
Without relying on emerging technology, it is recommended to utilize in-water circular gates as
these gates provide the maximum protective span with a minimum of aesthetic disruption.
This is the same gate type as the Upper West Branch.
Upland Permanent – Earthen levee supported elevated roadway begins about 300 ft. east
of where Lynndale Road begins on Kline Drive. The alignment follows Lynndale Road to the
east for about 1,600 ft. before turning sharply east and following the driveway and property
lines to the water. The alignment lands between two (2) properties north of Blue Heron Road
and follows the property line to the driveway east, and then northeast along the driveway to
Shorehaven Drive. This short (approximately 375 ft.) segment before the driveway is a
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candidate for a floodwall, being a property line in a heavily wooded area this would provide the
minimal property disruption and there are little to no concerns about visual disruption. The
driveway and roadway would likely work best as earthen levee, with the alignment following
Shorehaven Drive east to the T intersection, and then east again for about 150 ft. before tying
into the existing topography.
Upland Gates – no upland gates are required with this alignment.
Figure 74 shows an overview map of the Upper East Lynnhaven location.

Figure 74: Typology Recommendation Overview Map for Upper East Lynnhaven

6.1.5.

Atlantic Oceanfront and Rudee Inlet

In-water Gates – This is the third location with a federally maintained navigation channel,
however the channel here spans a significant portion of the waterway. Understanding this, the
recommended engineering option would be to reconfigure the inlet with seawalls on both sides
and a single sector gate hinging on the southern side (Figure 76). This would minimize
construction costs along the alignment and provide the minimum disruption to the federal
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channel. USACE has been engaged in sediment by-pass operations from the north to the south,
and this construction could be used to further bolster the beach nourishment volume for the
south on the next cyclical beach nourishment program.
Upland Permanent – almost the entirety of the upland alignment segments are along the
beachfront. This makes the choice of a dune system ideal. The dune can be clean sand over a
reinforced sheet pile wall to prevent intrusion of the flood waters during significant storm
events. It is recommended to reinforce the dune slopes with appropriate vegetated plantings as
appropriate to reduce erosion loss during storm and/or wind events. The reinforced sheet pile
wall would be required to withstand corrosive forces in addition to the hydrostatic pressure
exerted during the flood scenario.
The alignment north of the inlet is recommended to be integrated with the existing
boardwalk structure, adding a visually minimal curb wall with sliding gates allowing access to
the beach from the boardwalk area (i.e., Figure 75). It is noted that the original USACE design
incorporated a similar curb wall element, which was removed during the design process.
South of the inlet the high elevation connection points are selected as property corners to
minimize the impact any proposed treatment option requires. The rolling beachfront along this
entire stretch of Virginia Beach is ideal for Dune protection, with the dunes curving and rolling
to meet local points of high elevation. A seawall could be an option here as well, running along
the property boundaries, but could lead to increased sediment erosion during storm events and
the eventual loss of the beachfront.
Upland Gates – Should not be necessary with this alignment. Opportunities identified
during the Upland Permanent discussion will be reviewed in greater detail.
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Figure 75: Typology Recommendation Overview Map for Atlantic oceanfront.
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Figure 76: Render of Recommended Rudee Inlet Gate Typology.

Figure 77: Render of raised seawall and sliding flood gate at oceanfront boardwalk.
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6.1.6.

Elizabeth River

In-water Gates – The alignment crosses to the west of the turning basin that terminates the
federal navigation channel in Elizabeth River at the edge of the heavily commercial areas of
Norfolk County, just north of Chesapeake County. This would require any gate system
proposed to be able to allow for vessels transiting along the channel and potentially outside the
channel as the large commercial vessels turn around and leave the area – effectively ruling out
Sector Gates and Vertical lift gates. This leaves the in-water circular gate as the recommended
alternative (Figure 79). As the channel is the majority of the in-water alignment, it is proposed
to span using only this system to reduce the risk of vessel collision during turning maneuvers.
Upland Permanent – The portion of the alignment north of Elizabeth River is a densely
developed residential/commercial area. The alignment follows along property boundaries and
Kimball Terrace where possible. It is proposed to use floodwalls along this alignment to
minimize impacts to the residential areas. This floodwall will follow the existing privacy/sound
wall along Interstate 264, turning south and crossing Westminster Avenue and following
property lines towards Kimball Terrace, where the wall will follow the road south and curving
west until just before the creek leading to Elizabeth River.
The portion of the alignment south of Elizabeth River is along the site of the old Ford Plant
and parking area. A floodwall, or potentially a seawall/floodwall combination along the edge of
the parking lot is proposed to minimize encroachment into the industrial space and maximize
protection.
Upland Gates – There are two (2) road crossings required with the proposed alignment.
Both are ideal locations for a swing gate, with the crossing at Westminster Avenue being very
close to a 90 degree turn in the alignment and the crossing at Kimball Terrace at the 90 degree
turn as the alignment curves along the creek leading to Elizabeth River. The proposed floodwall
would provide protection from daily events and minimize any encroachment. Should
pedestrian access between Grandy Village and the baseball field / basketball courts near
Kimball Court be required, an additional sliding gate could be installed along the floodwall.
Figure 28 shows an overview map of the Elizabeth River location, with Figure 29 showing a
conceptual render of the recommended typologies around this location.
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Figure 78: Typology Recommendation Overview Map for Elizabeth River.
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Figure 79: Render of circular in-water movable gate at Elizabeth River location.

6.1.7.

West Neck Creek

In-water Gates – A series of in-water miter gates spaced similarly to the bridge piers would
provide a structural solution with minimal impact to the everyday creek flow and habitat;
however, this would be extending the spans to which miter gates of this size are effective.
Therefore, it is recommended to span these area with in-water moveable gates.
Upland Permanent – The alignment follows West Neck Road south from the intersection
with West Landing Road past Jarvis Road, ending approximately 575 feet before reaching the T
intersection with Princess Anne Road. The area runs through significant state wetlands
regions, so an appropriately planted/vegetated earthen levee supported roadway the entire
length, elevating the existing bridge over the in-water gate system. The only viable alternative
would be a floodwall, but this system would impact natural fauna migration patterns and
would be much more difficult to get authorization for.
Upland Gates – no upland gates are required with this alignment.
Figure 80 shows an overview map of the West Neck Creek location, with Figure 81 showing
a conceptual render of the recommended typologies around this location.
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Figure 80: Typology Recommendation Overview Map for West Neck Creek
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Figure 81: Render of raised road and miter gate concept at West Neck Creek.

6.1.8.

Bayside of Sandbridge Island and Sandbridge Road

As a preface to the discussion for this alignment – it should be noted that this is the most
difficult location to select typologies for. Figure 82 shows an overview map of the typologies.
The portion of the alignment running north/south protects numerous residential areas, each
with private docks and waterfront access. The average elevation of these residential areas is +2
feet NAVD88, with a DFE of +10 feet NAVD88. It is also known from local observations, model
tests, and nearby gauges that water will have a surge effect as it ‘piles up’ on this shoreline
during significant wind events – with the model runs at the 100-year SLR and storm event
having this DFE barely able to withstand the ensuing surge and storm effects (significant
overtopping and flooding was observed at +8 and +9 NAVD88).
In-water Gates – There are two major water crossings along Sandbridge Road, one at Hell
Point Creek approximately 900 feet east from the intersection with Oyster Bay Lane and
another at Hell Point Creek approximately 650 feet east from 581 Sandbridge Road. Smaller
culverts are dotted throughout this region, and are not addressed individually.
The first crossing will span approximately 70 feet and would be recommended to be
protected with a miter gate (i.e., Figure 83). This structural protection will be able to withstand
typical impact events during a storm and provide the best benefit/cost ratio. The second
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crossing will span approximately 16 feet, and is also recommended to be protected with a miter
gate.
Culvert crossings should be designed with a sealing floodgate to protect the culvert only,
with the remainder of the protection being provided by the earthen levee supporting the raised
roadway.
This leaves the in-water gates for the numerous crossings in the north/south portion of the
alignment. There are twelve (12) gates required, spanning from 70 to 320 feet in width. Miter
gates can be assigned where the span is less than 100 feet, with in-water moveable circular
gates for all other spans, as partially depicted in Figure 84. These structural alternatives are
required to prevent damage during the significant setup events that occur within Back Bay,
while minimizing impacts to recreational vessel traffic.
Upland Permanent – The east/west portion of the alignment follows Sandbridge Road and
would be best designed as an earthen levee supported raised roadway. In the north/south
direction, there are two candidates that work together. In portions along the edge of private
property and the waterline where seawalls/bulkheads already exist – it is proposed to rebuild
the shoreline with an improved seawall and floodwall combination, allowing for minimal
encroachment into private property. In portions where the alignment travels through
marshland, it is proposed to construct a vegetated dune or earthen levee to allow
public/private access across the marsh while still maintaining maximum protection with
minimal impact to the natural environment.
Upland Gates – Gates or doors will need to be specified along private property where the
proposed seawall/floodwall combination separates homeowners from waterfront access. This
means that each private property along the north/south portion of the alignment will require a
gate or waterproof sealable door in the wall. This will require careful coordination with the
City’s overall O&M plan, as each residence will have to have their storm door/gate checked by
city officials during routine inspection and deployment.
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Figure 82: Typology Recommendation Overview Map for Sandbridge Road.
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Figure 83: Render of raised road / levee and miter gate at Sandbridge Road and Hell Point Creek.

Figure 84: Render of seawall and multiple gate solution for bayside of Sandbridge Island.
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6.1.9.

Muddy Creek Road

In-water Gates – There are three major water crossings, with possible culvert crossings.
The culverts should be treated similarly to the Sandbridge Road culverts. The first crossing is
Muddy Creek. This crossing spans approximately 1,200 feet of waterway and marshland. It is
proposed to use in-water circular moveable gates in series here, as these gates will provide
significant structural protection during the surge events Back Bay experiences without
requiring massive structures or dredging projects.
The second major crossing is approximately 30 feet wide and spans the Beggars Bridge
Creek. The 30 foot wide span is an ideal location for a miter gate, given the proximity of the
shorelines and the need to protect the bridge wingwalls behind the alignment. The last major
crossing is the approximately 50 foot wide bridge spanning Nawney Creek. This location is also
suggested for a miter gate, as wave forces will be limited and a heavier structure shouldn’t be
required.
Upland Permanent – The majority of the alignment follows roadways, starting at the
western end of Location 11 and following Colechester Road south to the end of the street, then
crossing the first waterway and connecting with an unnamed access road on the way to North
Muddy Creak Road. Following North Muddy Creek Road through the point where it is renamed
Muddy Creek Road and continuing south past the intersection with Drum Point Road where
the street turns west and becomes Nanneys Creek Road, continuing west to the end of Nanneys
Creek Road and onto Mill Landing Road. The alignment ends west at the intersection of Mill
Landing Road and Princess Anne Road.
Upland Gates – none needed.
Figure 85 shows an overview map of the Muddy Creek Road location, with Figure 86
showing a conceptual render of the recommended typologies near Beggars Bridge Creek.
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Figure 85: Typology Recommendation Overview Map for Muddy Creek Road.
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Figure 86: Render of raised road / level and miter gate conceptual solution at Muddy Creek Rd and Beggar’s Bridge Creek.

7. NEXT STEPS
The purpose of this study is to inform City of Virginia Beach officials by identifying
appropriate opportunities for flood mitigation efforts in addition to areas requiring further
study and analysis to determine the recommended path forward. For an area as large and
diverse as the City, it is expected such a study will identify several areas not previously
considered while narrowing down the recommendations towards a final, recommended
alternative.
This study has identified some areas where further engineering analysis may be required to
adequately assess some options or areas. There have also been discussions with the USACE
Norfolk District during the latter months of this study that impact the analysis. Both of these
items are addressed below.

7.1. Engineering Efforts
7.1.1.

Emerging Technologies

Resilient adaptation and flood protection is a dynamic field, with technologies and options
evolving rapidly. This report represents the best understanding as of the date of publication,
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but must be taken as dated material. Technologies can quickly outpace research, and such
limitations as described herein for the MOSE gate system, inflatable in-water gates, or even
more established typologies such as miter gates and vertical lift gates, may advance and change
before design begins. This report should be taken as a starting point, with a quick review of
current technologies and emerging technologies, to determine the best typology selection for
each location.
7.1.2.

Channel Depth Considerations

The proposed alternatives discussed are based upon the most current USACE Channel
depth requirements. Where USACE Channels are not currently mapped, 2016 bathymetric
surveys governed the analysis. Typology recommendations in this report are based upon these
values without consideration of future vessel traffic or depth requirements. As almost all gate
typologies will permanently impact the depth of the channel the gate spans, coordination with
USACE and a review of projected vessel needs should be completed before final gate typology
selection occurs.
7.1.3.

Channel Morphology

The proposed alternatives discussed will potentially alter the natural sedimentation and
erosion of the existing channels. In places like Long Canal, where the channel shifts
significantly with the weather, the potential impacts of the gate should be analyzed prior to
selection of the final design. This will minimize impacts to the channel and vessel traffic due to
a significantly altered inlet area.
7.1.4.

Neighborhood Protection Efforts

This report covers city-wide possible flood protection alternatives. There are localized areas
of high-risk flooding that may see little benefit outside of significant storm events, or may start
experiencing flood events prior to construction of the selected city-wide solution. The current
study does not address these ‘nuisance’ flood events, where the existing developed areas of the
City may be inundated several times a month (even daily) as the effects of sea level rise
manifest.
7.1.5.

Effects of Pump Stations

Due to the significant volume of water entrapped by the possible flood mitigation
alternatives as described above, there will be fairly large pump stations required to move this
water from within the protected areas to outside of the protected zones of the City. This large
volume of water moving from one side of the alignments to another may cause unforeseen
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flooding, erosion, damage, or other impacts. Further model development and coupling to the
already developed model will help predict these potential impacts and allow the future design
team to incorporate potential solutions prior to construction efforts uncovering the issues.

7.2. Recommendations
Should a USACE joint study be approved, some of the engineering concerns above may be
addressed during that study and included as part of the cost sharing agreement. Specific
elements that may be done during the joint study include:
•

Channel Morphology

•

Channel Depth

•

Emerging Technologies

Some elements of the above should be addressed by the City prior to the USACE joint study:
•

Neighborhood Protection Effects

•

Effects of Pump Stations

The two above efforts will be driven based upon the developed model, and thus will not be
eligible for potential cost sharing.
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