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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 
holistic strategy to reduce future flood risk within the City. One aspect of the adaptation 
strategy approach is the evaluation of coastal flood defense structures. Under the CSLRRF, 
such structures were evaluated at what was referred to as the “City-wide” and “neighborhood” 
scales. The City-wide scale coastal flood defense system is designed to protect the greater part 
of the City from a range of events up to catastrophic storms. This approach comes with costs in 
the billions of dollars, as well as technical and environmental challenges. This report focuses on 
the identification of possible neighborhood-scale interventions that could serve as alternative 
or complimentary protection measures to the City-wide solutions, presents conceptual designs 
and costs, and describes the process for evaluating the benefits and drawbacks of various 
alternatives. 

The neighborhood scale approach is intended t0 explore opportunities to protect specific, 
high risk areas of the City. Initially, fourteen areas were considered for neighborhood-scale 
structures. Each area is located within areas of higher flood risk within the City as identified 
from outputs of the CSLRRF economic flood loss analysis. The initial set was narrowed down 
to five areas based on a review of factors including pre-existing projects, site constraints, 
environmental impacts, overlap with City-wide structural defenses, and potential cost. A 
concept for a coastal flood protection project within each area, called an alignment, was 
developed based on a detailed review of site characteristics. Each proposed alignment was then 
evaluated across range of metrics including cost, area of reduced flooding, number of protected 
buildings, benefit-cost ratio, and potential environmental impacts. Each alignment was also 
reviewed to assess if it was complimentary or an alternative to City-wide flood defense 
alignments. All alignments are designed to protect against a 50-year (2-percent annual-chance) 
coastal flood, with one exception (a portion of the Rudee Heights neighborhood alignment), 
which was designed for the 10-year (10-percent annual-chance) coastal flood. An overview of 
each of the five proposed alignments is provided below: 

1. West of Lesner Bridge – Intended to provide protection to the neighborhoods 
between Lynnhaven Inlet and Northampton Boulevard, as well as Shore Drive, a 
critical transportation route. Alignment consists primarily of sheetpile floodwall, 
with sections of raised roadway and a deployable gate. The alignment leverages 
natural features along the Lynnhaven Bay and Pleasure House Creek shorelines. 
Costs were estimated at $15.8 million to protect about 637 buildings. Considered 
complimentary to the Chesapeake Bay City-wide alignment.   
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2. East of Lesner Bridge – Intended to provide protection to the neighborhoods 
situated between Long Canal and the Chesapeake Bay as well as Shore Drive, a 
critical transportation route. Alignment primarily consists of sheetpile floodwall, 
with sections of raised roadway, a levee, and multiple miter gates to maintain 
navigability to existing canals. Costs were estimated at $35.5 million to protect about 
1,268 buildings. Considered complimentary to the Chesapeake Bay City-wide 
alignment. 

3. Rudee Heights – Consists of two alignments: The first is along Lake Rudee, 
including an alignment of sheetpile floodwall and raised roadway intended to protect 
the neighborhoods between Virginia Beach Boulevard and Lake Rudee. The 
configuration of the alignment is limited to the 10-yr return period design storm. 
The second component is along Lake Wesley, comprised of a raised roadway to 
provide protection to neighborhoods to the south. Costs were estimated at $10.8 
million to protect about 405 buildings. Considered an alternative to the City-wide 
alignment at Rudee Inlet. 

4. Ocean Lakes to Pungo – Intended to provide protection to the neighborhoods 
from Ocean Lakes to northern Pungo. The alignment would raise sections of 
Sandbridge Road and New Bridge Road, then transition to a levee to the east. Two 
miter gates would be required at waterway crossings. Costs were estimated at $61.3 
million to protect about 2,782 buildings. Considered an alternative to the 
Sandbridge City-wide alignment.  

5. Alternative Muddy Creek Road – Intended to protect the Muddy Creek Road 
corridor. The alignment would raise sections of North Muddy Creek Road and 
transition to a levee on the bayside of Muddy Creek Road that would tie into Mill 
Landing Road. Two additional small sections of raised roadway to the south would 
close additional flood pathways into the protected area. Costs were estimated at 
$72.2 million to protect about 695 buildings. This system would be constructed in-
lieu of the Muddy Creek Road City-wide alignment, and require the Sandbridge City-
wide alignment for a tie-in to ensure flood waters do not flank the system.  

The proposed neighborhood-scale interventions were found to be less expensive ($10 to 72 
million) than previously presented City-wide alternatives (billions) and easier to construct. 
They are therefore more achievable on a shorter time scale to address near-term recurrent 
flooding within the highest risk neighborhoods of the City.  It is important to remember that 
neighborhood-scale solutions do not provide adequate flood protection against large, 
catastrophic storm events and also have potential for duplication of flood risk reduction if 
combined with the larger flood defense systems. Additional work activities are required to 
assess project feasibility, including permitting, potential environmental impacts, and potential 
integration with other adaptation strategies.  
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1. INTRODUCTION 
In 2015, the City of Virginia Beach initiated the Comprehensive Sea Level Rise and 

Recurrent Flooding (CSLRRF) Study. 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 focuses on the identification of possible neighborhood-scale 
interventions, provides conceptual designs and costs, and describes the process for evaluating 
the benefits and drawbacks of various alternatives.  

1.1. Structural Flood Defenses 
The overall flood risk reduction strategy using structural interventions for the City includes 

developing solutions to reduce flood risk at three scales – City-wide, Neighborhood, and Site. 
These multiple lines of defense help reduce residual risk. The City-wide coastal flood defense 
systems are expensive, with costs in the billions, and implementation comes with significant 
hurdles such as environmental impacts and permitting. Due to the complexity and scale, they 
would also require many years to effectively implement. Smaller engineered defense systems, 
that serve as alternatives or complimentary protection measures to the City-wide solutions, can 
be designed to address near-term concerns and provide protection from more commonly 
occurring coastal storms. A summary of the advantages and disadvantages of the 
neighborhood-scale systems is provided below:   

  

Neighborhood-Scale Advantages

• Can be designed and constructed quicker 
than City-wide interventions (usually within 
5 years)

• Less expensive (millions of dollars)
• Requires minimal use of deployable 

structures, maximizing reliability
• Protects from tidal, nuisance, and lower 

elevation, higher-frequency events such as 
wind events and small tropical storms

• In general, have a higher Benefit-Cost Ratio 
(BCR)

Neighborhood-Scale Disadvantages

• Does not provide adequate flood 
protection against high-elevation, low-
frequency events, such as hurricanes

• Potential for duplication of flood risk 
reduction if combined with larger 
engineered defense systems

• Does not provide any FEMA flood 
insurance reduction benefits
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1.2. Level of Flood Protection  
A key difference between the City-wide structural and neighborhood flood risk reduction 

strategies is the level of flood protection. The City-wide structural flood risk reduction 
strategies are designed to reduce flood risks, wherever feasible, from 100-year (yr) (1 percent 
annual-chance) coastal storm surge with 3 feet (ft) of SLR and an appropriate level of 
freeboard. In the case of the neighborhood structural flood risk reduction strategies, the focus 
is to reduce flood risk from recurrent tidal flooding and more commonly occurring storms 
ranging from the 10-yr (10 percent annual-chance) coastal flood to the 50-yr (2 percent 
annual-chance) coastal flood combined with SLR. This lower level of flood protection in 
neighborhood areas could complement the City-wide structural strategies in two ways: 

• Act as the first line of coastal defense in the 
near-term protect neighborhood areas 
while the City-wide structural strategies 
are designed and constructed. 

• Avoid frequent need to close the in-water 
storm surge barriers proposed in the City-
wide structural alternatives at various 
locations, especially during nuisance flood 
events.  

Recurrent nuisance flooding is driven by a 
combination of high tides and minor coastal flood 
events. For existing conditions, the National Oceanic 
and Atmospheric Administration (NOAA) defines 
water level that triggers a coastal flood advisory, also 
referred to as the “nuisance” flood elevation, as 2.89 
ft, relative to the North American Vertical Datum of 
1988 (NAVD88) (NOAA 2014). This nuisance flood 
value was adjusted with the SLR scenarios and input 
into the NOAA Inundation Analysis Tool to assess future changes to the frequency of nuisance 
flooding. Figure 1 shows that the percentage of annual high tides that are projected to coincide 
with nuisance flooding dramatically increase with SLR. These increasing nuisance flood 
concerns highlight the need for redundancy in structural flood protection systems.  

Even after construction of the proposed City-wide storm surge barrier at the Lynnhaven Inlet, 
several areas may still be exposed to nuisance flooding with 3 ft of SLR, as shown in Figure 2.   

Figure 1: Percent of high tides with nuisance 
flooding under existing and future conditions. 
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Table 1 shows the number of buildings that are vulnerable from nuisance flood conditions 
arising from 1.5 and 3 ft of SLR in the area protected by the Lynnhaven surge barrier.    

 

Figure 2: Buildings exposed to nuisance flood event with 3 ft of SLR within the area protected by the proposed storm surge 
barrier across the Lynnhaven Inlet.  
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Table 1: Building exposure during nuisance flood event in Lynnhaven Bay. 

Condition Today 2040 
1.5 ft SLR 

2070 
3 ft SLR 

MHHW 6 buildings 25 buildings 297 buildings 

Nuisance 40 buildings 487 buildings 1,834 buildings 

Similar to the above Lynnhaven Bay flood vulnerability analysis, it is anticipated that other 
storm surge barrier location from the City-wide alternatives such as Rudee Inlet, Elizabeth 
River, and others would show similar vulnerabilities within their area of influence. This 
analysis leveraged the coastal modeling simulations performed during the City-wide structural 
analysis, along with high tide and small coastal storm flood extents, to help identify 
neighborhoods where smaller scale engineered defenses could be implemented to provide 
enhanced flood protection. The overall approach is described in detail in the next section.  
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2. APPROACH   
Development of conceptual flood risk reduction strategies at the neighborhood scale 

involved several steps, outlined in Figure 3. The process began by first identifying focus areas 
where neighborhood-scale interventions could address existing and future flood risk. The 
initial set was narrowed down based on a review of factors including ongoing flood control 
projects, site constraints, environmental impacts, potential costs, and overlap with proposed 
City-wide structural interventions. A concept for a coastal flood protection project, called an 
alignment, along with a Design Flood Elevation (DFE) was developed for each of the five 
neighborhood focus areas. Each proposed alignment was then evaluated across a range of 
metrics including cost, area of reduced flooding, number of protected buildings, and benefit-
cost ratio, and potential environmental impacts. Each alignment was also reviewed to assess if 
it could be integrated as a complimentary or an alternative to City-wide flood defense 
alignments. These steps are further described in the following sections.  
 

 

Figure 3: Overview of approach for development of neighborhood-scale structural strategies.  
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2.1. Identify and Screen Initial Neighborhood Focus Areas 
Outputs from the City’s economic flood loss analysis were leveraged to identify the most 

vulnerable neighborhood areas. Flood losses associated with future high tide flooding, and 
coastal storm surge events ranging from the 10- to 50-yr recurrence interval, with 1.5 and 3 ft 
of SLR, were considered. This assessment revealed 14 initial focus areas where neighborhood-
scale interventions could be most effective at reducing existing and future flood risk, as shown 
in Figure 4. Some of these vulnerable areas are interconnected and span several neighborhoods 
within the City.  

 

Figure 4: Map showing initial set of 14 neighborhood areas.  
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A high-level screening analysis was performed for each of the 14 areas. A qualitative 
approach was used to screen areas across a range of factors, such as: 

• Land ownership 

• Potential for adverse impacts to the built and natural environment 

• Availability of high ground for tie-in of structural line of protection 

• Reasonable costs in consideration of length of structural line of protection and 
design elevation required to achieve desired flood protection 

• Existing benefits provided by ongoing projects 

• Potential overlap with City-wide structural defense systems  

The results of this screening analysis, along with maps showing the 10- and 50-yr flood 
extents with 3 ft of SLR, for each of the initial 14 areas are provided in Section 3 of this report.  

2.2. Down-Select Neighborhood Focus Areas 
The qualitative assessment performed on the 14 initial neighborhood areas led to 

identification of a refined set of five vulnerable areas, listed below and shown in Figure 5.  

• West of Lesner Bridge (Area 2) 

• East of Lesner Bridge (Area 3)  

• Rudee Heights (Area 10) 

• Ocean Lakes to Pungo (Area 12)  

• Muddy Creek Road (Area 14) 
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Figure 5: Five neighborhood focus areas selected for development of conceptual structural alignments.  
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2.3. Develop Structural Intervention Toolkit 
Several types of neighborhood-scale structural interventions were identified. These 

interventions, described below, formed the toolkit that the engineering team used to develop 
conceptual designs within each of the selected neighborhood areas.  

2.3.1. Earthen Levee 
Earthen levees are free-standing embankments resistant to water passage and infiltration 

that can also serve the dual purpose of vehicular and pedestrian access. Constructed beside a 
river or ocean, earthen levees can contain, control, or divert the flow of water to reduce risk of 
flooding. They can include grass-covered soils, sand dunes, and even stone revetments but 
usually require a water-resistant barrier to prevent floodwaters from seeping through the soil. 
Figure 6 shows an example of an earthen levee with dual functionality as flood protection and 
roadway. 

 

 

Figure 6: Highway 4 road levee in Sacramento, California, at the San Joaquin River Delta, Courtesy of AirTalk.  

Advantages

• Provides a natural aesthetic
• Long history of use worldwide
• Potential to serve dual functionality such as 

an evacuation route and/or roadway
• Typically difficult to damage (dunes are an 

exception to this)

Constraints 

• Large footprint
• Longer construction times, especially with 

any consolidation requirements
• Difficult to assess condition of hydrophobic 

barrier
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2.3.2. Floodwalls 
Floodwalls are narrow, free-standing barriers that stand between low-lying areas and 

neighboring waterways, inland streams, or rivers. While relatively low cost, they are 
aesthetically imposing, and often block access to the waterways they border. An example of a 
floodwall structure, located in Norfolk, VA, is shown in Figure 7.   

 

 

 

Figure 7: Floodwall in Norfolk, VA, courtesy of Dewberry. 

Advantages

• Small footprint
• Can be constructed as curb or safety 

wall where level of flood protection is 
relatively low

• Relatively quicker construction than 
other types of permanent floodwall 
structures

Constraints 

• Likely to stand out from their 
surroundings 

• Higher DFE and design load criteria 
increases cost exponentially
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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 coastal 
storm surge and waves. While typically costly, they allow for minimal aesthetic impact from the 
landward side and often provide a recreational amenity. An example of the existing seawall 
along the Resort Area in Virginia Beach is show in Figure 8.   

 

 

 

Figure 8: Integrated boardwalk-seawall in Virginia Beach, courtesy of VA Beach’s Public Works Coastal Engineering Section.

Advantages

• Small footprint
• Provides both flood risk reduction and 

erosion control
• Potential to integrate an elevated 

roadway or pedestiran walkway adjacent 
to structure

Constraints 

• Constant exposure to marine environment 
and tidal action leads to shorter structure 
lifespan

• Limitations on structure height above 
upland portion

• Significant disruption to existing 
structures if tieback connections are 
required
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2.3.4. In-Water Miter Gates 
Navigation locks are historically the most prevalent in-water flood control structure 

worldwide, and they are a good choice for any water body crossing that does not exceed the 
recommended overall width of the gate. The miter gate is the most common navigation lock 
historically and today. This gate is named for the unique closing mechanism of the two gate 
doors and prevents intrusion of floodwaters using the gate doors as shown in Figure 9. 

 

 

Figure 9: Miter lock gates at Cremona Ship Canal, Italy, courtesy of the Baruzzi Company. 

Advantages

• Construction is relatively simpler than 
other types of in-water gate typologies

• 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
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2.3.5. 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 Figure 10. Depending on the size of the flood 
logs, it may require major mechanical and electrical equipment to deploy. It also requires a 
significant lead time to permit a full and adequate deployment.  

 

 

Figure 10: Flood log system during deployment at 17th Street in Washington, DC, courtesy of the U.S. Army Corps of 
Engineers (USACE). 

Advantages

• Small footprint
• 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

• Units require accessible, nearby storage 
– potentially a large volume of storage

• Incorrect deployment can lead to failure 
of the whole system
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2.3.6. Inland Rolling and Swing Gates 
Inland rolling and swing gates can appear as standard security gates when open. An 

example of an inland rolling gate is shown in Figure 11 and an example of swing gates is shown 
in Figure 12. These gates remain open until they need to be closed before a storm event. These 
gates typically run on tracks and seal with a deployable gasket once fully closed. These types of 
gates are typically constructed in-line or across floodwalls to allow access to critical 
infrastructure areas. 

 

 

 

Figure 11: Inland rolling gate in downtown Norfolk, courtesy of Dewberry. 

Advantages

• Small footprint
• Can double as a security gate
• Rapid deployment time (<20 minutes)
• Minimal disruption to infrastructure 

when open
• Often used across roadways and rail 

tracks 

Constraints 

• Requires full-length track for storage 
along alignment

• Requires regular maintenance and 
operation to avoid failure during actual 
deployment 
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Figure 12: Inland swing gate in downtown New Orleans, courtesy of Dewberry. 

2.4. Develop Conceptual Designs and Evaluate Project Costs and Benefits  
The next step was to conceptualize how to implement flood protection at each of the five 

selected neighborhood focus areas. This process involved establishing DFE scenarios, 
developing conceptual designs, estimating project costs and benefits, and evaluation of 
strategies as complimentary or alternative solutions to the City-wide flood defense alignments. 
These steps are further described below, and results of this analysis for each neighborhood area 
are presented in Section 4.  

2.4.1. Establish Design Flood Elevation Scenarios  
The DFE corresponds to the top elevation of the structural intervention, and is typically 

measured as the height above NAVD88. The DFE value varies based on the desired level of 
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flood protection. The established DFE scenarios for the neighborhood-scale strategies ranged 
from the 10- to 50-yr coastal storm surge elevations with SLR, as shown in Table 2.  

Table 2: Design flood elevation (DFE) scenarios considered for neighborhood intervention development. 

Design Flood Elevation (DFE) Scenario DFE Criteria 

DFE Scenario A 10-yr coastal storm surge + 1.5 ft SLR 

DFE Scenario B 50-yr coastal storm surge + 1.5 ft SLR 

DFE Scenario C 10-yr coastal storm surge + 3 ft SLR 

DFE Scenario D 50-yr coastal storm surge + 3 ft SLR 

 

The 2015 FEMA Flood Insurance Study (FIS) report for the City of Virginia Beach (FEMA, 
2015) provided the coastal stillwater elevation (SWEL) values in NAVD88 datum for the 10-yr 
and 50-yr storm events. The SWEL values for these storm events vary within the City, but in 
general the 10-yr SWEL values range from 2.1 to 5.2 ft NAVD88, whereas the 50-yr SWEL 
values range from 3.5 to 6.2 ft NAVD88. Since the neighborhood flood risk reduction strategies 
are not designed to meet FEMA’s levee certification requirements, these DFE scenarios do not 
include freeboard requirements. However, during the calculation of DFEs in various 
neighborhoods, the DFE values were rounded to the nearest half or full foot increments, which 
would provide some minimal freeboard. Because most of the neighborhood areas under 
consideration are located inland and away from the oceanfront, it was assumed that any wave 
impacts would be minimal. It is recommended that a review be conducted of any potential 
wave impacts in the chosen neighborhoods.  

2.4.2. Develop Conceptual Designs  
Considering site constraints and the DFE scenarios, the engineering team developed 

alignments for each neighborhood area. This was an iterative process, where several choices for 
alignments and applications of the structural toolkit were considered and discussed with the 
City. These discussions led to the final proposed alignments, which are shown in Figure 13. 
These alignments were used to develop conceptual designs and cost estimates within each 
neighborhood area. 
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Figure 13: Five proposed neighborhood-scale structural alignments.   

Conceptual design involved a more detailed analysis of site conditions data, such as 
geotechnical parameters, to determine approximate dimensions of the interventions. 
Geotechnical analysis using representative subsurface geotechnical data collected from several 
projects within the City were used to develop preliminary estimates on the required 
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configuration for proposed permanent intervention typologies such as sheetpile floodwall and 
earthen levee.  

Seepage and stability analysis verified that a chosen set of intervention configurations 
(length, width, and material type) meets the required factors of safety as required by EM 1110-
2-1913 Design and Construction of Levees, and EM 1110-2-2502 Retaining and Floodwalls. 
Figure 14 shows representative examples of a seepage analysis performed on a sheetpile 
floodwall and earthen levee system with a clay core. 

 Appendix A provides information on the conceptual geotechnical analysis and results that 
were used to determine the appropriate typical configuration for structural interventions. The 
geotechnical analysis does not represent actual site conditions in each neighborhood area, nor 
does it negate the requirement for site-specific geotechnical investigation and other 
engineering investigations required by various codes and regulations.  

 

Figure 14: Representative examples of seepage analysis performed on a sheetpile floodwall (left) and earthen levee with clay 
core (right) to determine approximate configurations for structural interventions. 

A qualitative assessment was performed along each alignment and chosen intervention 
typology to determine potential impacts such as vehicular and pedestrian circulation, 
environmental effects, visual aesthetics, and other factors. As a pilot example, a 3-dimensional 
(3-D) modeling program was used to place the alignment and chosen intervention typology 
into one of the neighborhood areas and assess the impacts, especially on visual aesthetics. 
Figure 15 shows an example on the 3-D model developed to demonstrate integration of a 
sheetpile floodwall along Shore Drive crossing over Pleasure House Creek. 

 It is important to emphasize that the alignments and choice of interventions presented in 
Section 4 are preliminary and do not represent the final recommended solution. Further 
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assessment is required to access project feasibility, constructability, and other unknowns. The 
operational requirements of deployable systems, such as the criteria for opening/closing of 
gates, will determine which of the proposed alignments are practical. Additional 
considerations, such as available right-of-way, real estate easement requirements, 
environmental impacts, and permitting requirements associated with each alignment, could 
impact the choice of alignment and intervention typologies.  

 

Figure 15: Representative example of a 3-D model created to demonstrate integration of a sheetpile 
floodwall into a neighborhood area. 

2.4.3. Estimate Project Costs  
A rough order of magnitude cost estimate was developed for each conceptual project 

design. The estimate represents an approximate equivalent to the Association for the 
Advancement of Cost Engineering, Class 5 estimate for conceptual engineering phase. Unit 
costs were developed from readily available state and federal cost references. The following 
assumptions were made for development of cost estimates: 

• Sheetpile floodwall structure costs were developed using Virginia Department of 
Transportation (VDOT) all-inclusive average unit costs for the materials needed for the 
flood risk reduction structure 
(http://www.virginiadot.org/business/resources/const/DistrictAverages.pdf). 

http://www.virginiadot.org/business/resources/const/DistrictAverages.pdf
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• Where VDOT records do not have a similar structure to price (such as miter gates or 
flood logs), the estimate is based on the City-wide study methods for cost estimation. 

• Does not include property acquisition or real estate costs associated with the required 
Right-of-Way along the alignment. 

• Does not include any demolition or initial site development costs along the alignment. 

• Does not include any annual operations and maintenance costs typically associated with 
deployable closure structures.1 

• Does not include any potential impacts to underground utilities. 

• Does not include costs associated with property acquisition and/or establishment of 
easements. 

• Does not include any major environmental mitigation requirements associated with 
various interventions such in-water gate structures. 

It should be noted that inclusion of any of the above items could increase the cost and 
reduce the Benefit-Cost Ratio (BCR). The following design decisions were made to allow for 
development of cost estimates: 

• Alignments crossing major water bodies would require a miter gate type configuration, 
whereas, if crossing a smaller water body, a culvert with a backwater flow prevention 
device would be required. Costs associated with culvert and backwater flow prevention 
devices were assumed to be equal to the floodwall costs.  

• Cost estimates were based on linear feet (ft) of the alignment and the unit cost of the 
intervention typology for each segment along that alignment. 

• Varying heights of the intervention based on topography along the alignment were not 
considered; however, the average height of in-water intervention typology was 
calculated for cost estimates. 

• Additional inland deployable closure structures may be needed in the future for access 
and emergency purposes, which are currently not shown along the alignment.  

                                                   

 

1 Such costs are typically around 1 to 3 percent of total constructions costs (i.e., Aerts, 2018) and do not affect 
the initial feasibility assessment.  
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Capital costs per unit length were calculated in 2018 dollars to provide a direct comparison 
to the City-wide structural defense analysis. The methodology for estimating soft costs and 
contingencies (both hard cost and soft cost) similar to the City-wide analysis was used and is 
provided below for reference.  

• Hard construction costs: These costs include the materials, labor, mobilization, 
and finishing of the major design elements (floodwalls, gates, levees, elevated 
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 on determination of sizing and operating procedures, which were not 
included in this effort.  

• 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 practices. This contingency 
does not include any foreseeable design elements. 

• Soft construction costs: Soft construction costs are fees associated with site 
investigations and design, environmental assessment and permitting, construction 
management, and other components of construction such as drainage improvements 
and utility relocation. These costs are further described below. 

o Site investigations and design: This includes costs associated with site 
investigation activities such as topographic and bathymetric surveys, utility 
surveys, geotechnical borings, and other investigation activities as determined 
by the Engineer of Record. Design costs include a feasibility study, 
preliminary and final design, and design services during construction. The 
costs associated with site investigation and design is assumed to be 10% of 
hard costs (before contingency). 

o Environmental assessment and mitigation: This includes any required studies 
to perform an Environmental Impact Statement (EIS) and minor mitigation 
design required for the overall flood risk reduction system. In most cases, 
since the alignments fall within the footprint of existing wetlands or similarly 
protected areas, it is assumed an EIS will be required. The cost for the 
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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 
along the flood risk reduction alignment including potentially rerouting 
runoff, backflow prevention, and other actions. 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: The interventions along each alignment could potentially 
interfere with existing utilities such as sewer, electric, telephone, gas, cable, 
and others and may require potential rerouting or adjustments. The cost for 
minor utility-related activities that exclude any major utility relocation items 
such as sewer interceptor was assumed to be 2% of hard costs (before 
contingency). 

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

Appendix B provides a summary of the unit costs and cost estimates for a flood risk 
reduction system in each of the chosen neighborhood areas.  

2.4.4. Evaluate Project Benefits  
For each neighborhood-scale structural alignment, flood risk reduction benefits were 

estimated. Benefit metrics included reduction in floodplain area, counts of protected buildings, 
and estimated prevented flood damages to buildings.  

The potential reduction in floodplain for each alignment was evaluated through a simple 
GIS analysis, where the area of the floodplain on the protected side of the alignment was 
isolated. This “protected area” floodplain was then overlaid with the City building footprint and 
parcel datasets to generate counts of protected buildings and parcels. Next, outputs of the 
CSLRRF economic flood loss analysis were used to estimate avoided building and content flood 
damages. The Average Annualized Loss (AAL) estimate was used, which represents the average 
expected flood losses across all return periods for each individual building in the City for any 
given year. For flood conditions equal to or less than the established DFE, losses were set to 
zero. Losses for flood conditions above the DFE, which represent conditions where the 
alignment is overtopped, were retained. Losses from all return periods were then re-annualized 
given the respective flood probabilities to estimate the AAL with the project in place. This 
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provides an estimate of remaining risk – also known as residual risk. The difference between 
“With project” and “Without project” AALs provides the project benefits.  

2.4.5. Integrate into Larger Solution Set  
Although the proposed neighborhood-scale structural defense system protects high risk 

areas in the City from nuisance flooding and commonly occurring coastal storms, there are still 
neighborhoods that remain unprotected. Each alignment was reviewed to assess if it should be 
considered as a complimentary protection measure or an alternative solution to City-wide 
flood defense alignments. These recommendations are presented in Section 4. Additional 
research is required to integrate the proposed neighborhoods-scale structural interventions 
alongside other adaptation layers in order to comprehensively address flood risks. For 
examples, integrating natural features such as living shorelines into the conceptual project 
design could enhance the performance and provide a recreational amenity to the neighborhood 
structural interventions. Furthermore, the individual building/parcel-level strategies, such as 
building elevation or voluntary acquisition, could be explored to reduce residual risk as a 
complimentary flood mitigation strategy to the neighborhood and City-wide structural 
alternatives. Please refer to the City’s Individual Building and Site-Level Flood Risk Reduction 
Strategies report for more information (CVB 2019b).  
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3. SCREENING OF INITIAL NEIGHBORHOOD FOCUS AREAS  
This section provides additional details on the initial 14 neighborhood focus areas that were 

identified as candidates for development of neighborhood-scale structural interventions. As 
mentioned previously, each of these areas was screened using a qualitative approach across a 
range of factors such as key flood entry points, land ownership, and overlap or potential to 
enhance ongoing or proposed flood risk reduction projects.  

3.1. Area 1 – Little Creek Joint Expeditionary Base 
The Little Creek Joint Expeditionary Base and surrounding vulnerable neighborhood areas 

are shown in Figure 16. Little Creek Inlet provides a key entry point for flood waters into this 
area. Without considering construction of a storm surge barrier at the Little Creek Inlet as an 
option, the only land-based flood risk reduction system would require structural interventions 
located primarily on federal military property. Due to complexities involved in coordination 
with the U.S. Navy operations on the base, and the fact that it was included in the Joint Land 
Use Study (JLUS) completed by the Hampton Road Planning District Commission (HRPDC), 
this area was not chosen for further assessment. 

 

Figure 16: Site conditions and flood vulnerability in Area 1 – Little Creek Joint Expeditionary Base. 
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3.2. Area 2 – West of Lesner Bridge  
There are several interconnected neighborhoods to the west of Lesner Bridge that are highly 

vulnerable to flooding, as shown in Figure 17. A substantial portion of Shore Drive that 
provides access to these neighborhoods and also serves as a critical evacuation route, is 
particularly vulnerable to flooding. A qualitative assessment of conditions in this study area 
and DFE scenarios revealed potential locations for a flood risk reduction system within this 
area. Following discussions with the City on the qualitative assessment, this area was selected 
for further analysis and assessment of potential flood risk reduction system solutions. 

 

Figure 17: Site conditions and flood vulnerability in Area 2 – West of Lesner Bridge. 
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3.3. Area 3 – East of Lesner Bridge  
East of Lesner Bridge and extending south to include Bay Island, there are several 

interconnected neighborhoods that will become increasingly vulnerable to flooding, as shown 
in Figure 18. Furthermore, this area also includes vulnerable portions of Shore Drive, which is 
one of the two access roads to the Joint Expeditionary Base Fort Story, thus making this 
roadway critically important for serving federal defense facilities. A qualitative assessment of 
the study area conditions and DFE scenarios revealed potential locations for a flood risk 
reduction system. Following the discussions with the City on the qualitative assessment, this 
area was selected for further analysis and assessment of potential flood risk reduction system 
solutions. 

 

Figure 18: Site conditions and flood vulnerability in Area 3 – East of Lesner Bridge and Bay Island. 

  



 

 

 

 Neighborhood Structural Strategies for Coastal Flood Risk Reduction  | 27  

3.4. Area 4 – First Landing State Park 
A large portion of First Landing State Park is vulnerable to flooding during nuisance flood 

events and commonly occurring storm events. This area is largely undeveloped and dominated 
by maritime forests and marshes that benefit from sediment input during these storm events. 
For these reasons, this area was not selected for further assessment.  

 

Figure 19: Site conditions and flood vulnerability in Area 4 – First Landing State Park. 
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3.5. Area 5 – North Virginia Beach 
Portions of the neighborhoods located along the North End will become increasingly 

vulnerable to flooding from commonly occurring coastal storms. A portion of this study area 
includes low spots in the topography between the northern Oceanfront region and the First 
Landing State Park. This low-lying area is connected via the stormwater outfall system to First 
Landing State Park and thus could be subject to nuisance flooding events, especially with SLR. 
However, the pump stations that were installed along 61st Street and 79th Street will provide 
flood risk reduction benefits. Following discussions with the City on the benefits provided by 
these completed projects, this area was not selected for further assessment.  

 

Figure 20: Site conditions and flood vulnerability in Area 5 – North Virginia Beach. 
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3.6. Area 6 – Elizabeth River Neighborhoods 
Vulnerable neighborhoods along the Eastern Branch of the Elizabeth River are shown in 

Figure 21. Neighborhood-scale protection of this area would require lengthy inland-based 
structural interventions along with numerous deployable closure structures. This type of flood 
defense network would be costly and difficult to maintain and operate successfully, especially 
to manage nuisance flood events. The City-wide study proposes a storm surge barrier along the 
Eastern Branch of the Elizabeth River, which would protect this area the 100-yr flood event 
with 3 ft of SLR. Following this qualitative assessment and after discussions with the City, this 
area was not selected for further assessment.  

 

Figure 21: Site conditions and flood vulnerability in Area 6 – Elizabeth River neighborhoods. 
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3.7. Area 7 – North and West of Mount Trashmore Park Neighborhoods 
There are several neighborhoods, located both north and west of the Norfolk-Virginia 

Beach Expressway (I-264), that will become increasingly vulnerable to flooding during 
commonly occurring coastal storms. These areas are relatively flat, and vulnerable to both 
coastal and rainfall flooding. The City’s ongoing studies in nearby Windsor Woods, Princess 
Anne Plaza, and The Lakes neighborhood are currently investigating solutions to reduce flood 
risk to areas to the south of I-264. Once these projects are complete, the City could explore 
opportunities for flood risk reduction interventions to the north of I-264. Following 
discussions with the City, this area was not selected for further assessment.  

 

Figure 22: Site conditions and flood vulnerability in Area 7 – North and West of Mount Trashmore Park neighborhoods. 
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3.8. Area 8 – South and East of Mount Trashmore Park Neighborhoods 
Several vulnerable neighborhoods located both south and east of Mount Trashmore Park 

are outlined in Figure 23. The neighborhoods in this general area will benefit from the City’s 
ongoing flood risk reduction projects in the Windsor Woods, Princess Anne Plaza and the 
Lakes area. Following discussions with the City on potential duplication of project benefits, this 
area was not selected for further assessment.  

 

Figure 23: Site conditions and flood vulnerability in Area 8 – South and East of Mount Trashmore Park neighborhoods. 
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3.9. Area 9 – South East Lynnhaven Bay Neighborhoods 
Vulnerable neighborhoods surrounding the southern extent of the Eastern Branch of the 

Lynnhaven River and portions of London Bridge Creek are shown in Figure 24. The qualitative 
assessment of the study area conditions revealed that significant nuisance flooding would 
occur throughout the undeveloped parcels in this study area. Reducing this flood risk would 
require significant structural interventions as part of a flood risk reduction system with 
excessive costs crossing into a healthy and established marsh habitat. Following this qualitative 
assessment and discussions with the City, this area was not selected for further assessment.  

 

Figure 24: Site conditions and flood vulnerability in Area 9 – South East Lynnhaven Bay neighborhoods. 
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3.10.  Area 10 – Rudee Heights and Oceanfront 
The Rudee Heights neighborhood, along with several neighborhoods surrounding the 

Resort Area Oceanfront are vulnerable to flooding, as shown in Figure 25. Rudee Inlet and 
Little Neck Creek are two locations that serve as key flood pathways for common coastal storm 
events that inundate major commercial corridors and residential communities that surround 
these waterbodies. The majority of the residential communities and commercial properties 
located in the northern section of Rudee Inlet, especially along Lake Rudee and Lake Holly, are 
vulnerable to flooding from the 10-yr storm with 3 ft of SLR whereas the communities located 
in neighborhoods south of Rudee Inlet, especially south of Lake Wesley, are vulnerable to 
flooding from the 50-yr storm with 3 ft of SLR.  

A qualitative assessment of the study area conditions and DFE scenarios revealed potential 
locations for a flood risk reduction system. Following the discussions with the City on the 
qualitative assessment, this area was selected for further analysis and assessment of potential 
flood risk reduction system solutions. 

 

Figure 25: Site conditions and flood vulnerability in Area 10 – Rudee Heights and Oceanfront. 
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3.11.  Area 11 – Woodhouse Corner 
Vulnerable areas within the Woodhouse Corner neighborhood are shown in Figure 26. The 

residential properties located within low-lying areas bordered by marshes, are exposed to 
flooding originating from Back Bay and Lynnhaven Bay. Reducing this flood risk would require 
significant structural interventions as part of a flood risk reduction system with excessive costs 
crossing into the naturally existing habitat. Following this qualitative assessment and 
discussions with the City, this area was not selected for further assessment. 

 

Figure 26: Site conditions and flood vulnerability in Area 11 – Woodhouse Corner. 
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3.12.  Area 12 – Ocean Lakes to Pungo Neighborhoods 
The neighborhoods between Ocean Lakes to northern Pungo are highly vulnerable to 

existing and future flood conditions, as shown in Figure 27. These neighborhoods experience 
frequent recurring wind-driven flooding originating from Back Bay. A qualitative assessment of 
the study area conditions and DFE scenarios revealed potential locations for a flood risk 
reduction system. The area has relatively large expanses of open space where structural 
interventions, such as earthen levees, could be constructed. Following discussions with the City 
on the qualitative assessment, this area was selected for further analysis and assessment of 
potential flood risk reduction system solutions. 

 

Figure 27: Site conditions and flood vulnerability in Area 12 – Ocean Lakes to Pungo neighborhoods. 
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3.13.  Area 13 – Sandbridge   
The low-lying portions of the Sandbridge Resort neighborhood, located between Back Bay 

and the Atlantic Ocean, are highly vulnerable from flooding originating from Back Bay, as 
shown in Figure 28.  Availability of land for construction of structural interventions is minimal 
in this area given the private docks on the canals along the back side of Sandbridge. 
Furthermore, this area was reviewed as part of the City-wide study, which included a 
combination of land- and water-based structural interventions as part of the flood risk 
reduction solution for this community. Following this qualitative assessment and discussions 
with the City, this area was not selected for further assessment. 

 

Figure 28: Site conditions and flood vulnerability in Area 13 – Sandbridge. 
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3.14.  Area 14 – Muddy Creek Road Neighborhoods 
Vulnerable neighborhoods surrounding Muddy Creek Road are shown in Figure 29. This 

area experiences frequent wind-driven recurring flooding originating from Back Bay. A 
qualitative assessment of the study area conditions and DFE scenarios revealed potential 
locations to implement a flood risk reduction system. This area has relatively large expanses of 
open space where structural interventions, such as earthen levees, could be constructed. 
Following discussions with the City on the qualitative assessment, this area was selected for 
further analysis and assessment of potential flood risk reduction system solutions 

 

Figure 29: Site conditions and flood vulnerability in Area 14 – Muddy Creek Road neighborhoods. 
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4. ANALYSIS RESULTS AND CONCEPTUAL DESIGNS WITHIN 
SELECTED NEIGHBORHOOD AREAS 
As described in Section 2, an iterative approach determined the appropriate DFE, 

alignment, and appropriate intervention typologies for each of the five selected neighborhood 
areas (Areas 2, 3, 10, 12, and 14). A summary of design characteristics, estimated costs, 
benefits, and potential impacts of the conceptual alignments within these areas is provided in 
Table 3. Detailed analysis for each neighborhood area follows.   

Table 3: Summary of proposed flood risk reduction system in the five studied neighborhood areas. 

Characteristics West of Lesner 
Bridge (Area 2) 

East of Lesner 
Bridge (Area 3) 

Rudee 
Heights (Area 

10) 

Ocean Lakes 
to Pungo 
(Area 12) 

Muddy Creek 
Road (Area 

14) 
Approx. Alignment 
Length (ft) 5,970 ft 10,510 ft 4,200 ft 28,730 ft 48,130 ft 

Design Storm 
Criteria and DFE (ft 
NAVD88)* 

50-yr + 1.5 ft 
SLR = 8 ft 
NAVD88 

50-yr + 1.5 ft 
SLR = 8 ft 
NAVD88 

10-yr to 50-yr 
+ 3 ft SLR = 8.5 

to 10 ft 
NAVD88 

50-yr + 3 ft 
SLR = 8.5 ft 

NAVD88 

50-yr + 3 ft 
SLR = 7 ft 
NAVD88 

Intervention 
Typologies  

Floodwall, 
deployables, 

raised roadway 

Floodwall, 
deployables, 
levee, raised 

roadway 

Floodwall, 
raised 

roadway 

Levee, 
deployables, 

raised 
roadway 

Levee, 
deployables, 

raised 
roadway 

Anticipated 
Environmental 
Impacts 

Minor Moderate Minor Major Major 

Structures Protected 637 1,268 405 2,782 695 

Reduced Floodplain 
(acres) 225 acres 523 acres 1,485 acres 5,395 acres 7,644 acres 

Approx. Project 
Costs (2018) $15.8 M $35.5M $10.8M  $61.3M $72.2M 

Project  
Benefits ** $30.5M $61.3M $39.8M $323.3M $222.8M 

Benefit-Cost Ratio 
(BCR) 1.93 1.73 3.70 5.28 3.09 

Complimentary to 
City-wide 
Interventions?*** 

Yes Yes No No No 

 
* DFE values are rounded up to the nearest half foot.  
** Excludes displacement, disruption, social and environmental benefits; also it assumes a useful life of 40 yrs for the 
proposed flood risk reduction system. 
**Yes = Complimentary to City-wide defense system, No = New alternative in lieu of City-wide defense system. 
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4.1. West of Lesner Bridge Neighborhood Defense System 
This section presents the conceptual design for the West of Lesner Bridge neighborhood 

defense system. The proposed alignment represents the first portion of a neighborhood flood 
defense, and could provide protection to vulnerable neighborhoods located between 
Lynnhaven Inlet and Northampton Boulevard, as well as portions of Shore Drive itself, which 
serves as a hurricane evaluation route and critical roadway for serving federal defense facilities.   
Together with the East of Lesner Bridge alignment (see Section 4.2), this neighborhood defense 
system could serve as a complimentary strategy to the Chesapeake Bay City-wide alignment.  

4.1.1. Conceptual Design 
General site characteristics and DFE scenario values for the West of Lesner Bridge 

neighborhood area are summarized in Table 4. Topographic data was used to identify high 
ground that meets or exceeds various DFE scenarios. High ground elevations ranging between 
7 and 8 ft NAVD88 are located in the Shore Drive embankment near Lesner Bridge and at the 
Pleasure House Creek crossing. With a goal of minimizing environmental impacts and 
maximizing use of available high ground as tie-in locations, a DFE of 8 ft NAVD88, 
corresponding to a 50-yr coastal storm surge with 1.5 ft of SLR, was selected as an appropriate 
level of protection. 

Table 4: General site conditions and flood vulnerability assessment for West of Lesner Bridge. 

General Characteristics West of Lesner Bridge Neighborhood Area 

Study area  
(acres/square miles [mi2]) 1,273 acres / 2 mi2 

Average range of topography elevations in  
(ft NAVD88) 3 – 10 ft 

Watershed location Lynnhaven 

DFE scenario range (A to D)  
(ft NAVD88) 
 

Calculated and rounded values provided 

DFE A – 10-yr + 1.5 ft SLR = 6.7 ft (7.0 ft) 
DFE B – 50-yr + 1.5 ft SLR = 7.7 ft (8.0 ft) 
DFE C – 10-yr + 3 ft SLR = 8.2 ft (8.5 ft) 
DFE D – 50-yr + 3 ft SLR = 9.2 ft (9.5 ft) 

Floodplain area affected by 1.5 ft SLR + 50-yr surge  
(acres) 225 acres 

Number of buildings and parcels affected from 1.5 ft 
SLR + 50-yr surge 

Buildings – 637 
Parcels - 980 
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The proposed alignment, shown in Figure 30, consists primarily of a sheetpile floodwall 
with sections of raised roadway and a deployable gate. Due to space constraints in the study 
area, the steel sheetpile floodwall was chosen as the primary intervention as it would require 
minimal space. While the proposed alignment does minimize water crossings, there are 
culverts underneath Shore Drive that would require a backflow prevention system to protect 
the neighborhood from nuisance and coastal storm surge flood events.  

The majority of the alignment follows along existing roadways such as Shore Drive and 
Marlin Bay Drive. To minimize impacts to the Pleasure House Point Natural area, the 
alignment follows the backyard fence line of houses located along Chesterfield Avenue. Where 
the alignment crosses Lynnhaven Promenade, Dinwiddie Road, and Marlin Bay Drive, raised 
roadways could be used. While environmental impacts are minimized, visual impacts include 
reduced or eliminated waterfront views, as some of the existing structures are located around 
an elevation of 3 ft NAVD88 based on existing LiDAR topographic data. Another challenge is 
the need for protection along the backside of the houses facing the shoreline to the east of 
Tazewell Road. Deployable closure structures such as flood logs or gates would be required to 
maintain access to the waterfront but also provide flood protection. It is anticipated that this 
portion of the alignment would require significant human intervention to ensure that each 
deployable structure is installed properly prior to a coastal storm event. The upland tie-in 
location for this alignment would be at the embankment of Lesner Bridge and would pass 
through the Lynnhaven Boat and Beach Facility parking lot. A portion of the parking lot’s 
existing grade would need to be raised one-foot to meet the chosen DFE of 8 ft NAVD88.  

 

Figure 30: Alignment and interventions for West of Lesner Bridge neighborhood area. 
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A geotechnical analysis consisting of seepage and stability analysis was performed to 
determine the approximate configuration of the steel sheetpile floodwall. The analysis indicates 
that an approximate length of 35 ft of sheetpile floodwall would be required to meet or exceed 
the recommended factors of safety for seepage and stability. A site specific geotechnical 
analysis with geotechnical data would be required in the future to confirm the floodwall 
configuration chosen for this area. Appendix A provides additional details on the geotechnical 
analysis performed for this area.  

4.1.2. Construction Costs and Project Benefit Analysis 
The overall cost for this system is approximately $15.8 million (in 2018 dollars). These costs 

are broken down in Table 5. These costs could vary significantly in the future as site conditions 
can change over time along with choice of intervention typologies and their associated costs. 

Table 5: Estimated project costs for West of Lesner Bridge neighborhood flood risk reduction system. 

Intervention 
Typology 

Approx. 
Length (ft) 

Hard 
Construction 

Cost 

Soft 
Construction 

Cost 

Contingencies 
(Hard + Soft) Total Cost 

Sheetpile 
floodwall 5,700 $8,933,404 $3,037,357 $3,135,625 $15,106,386 

Deployable 
closure structures 70 $314,417 $106,902 $110,360 $531,679 

Raised roadway 
as a levee 200 $103,827 $35,301 $36,443 $175,571 

TOTAL 5,970 $9,351,648 $3,179,560 $3,282,428 $15,813,636 

Project benefits, including amount of reduced floodplain, count of protected buildings, and 
annualized flood losses avoided are presented in Table 6. Assuming an average design life of 40 
yrs, the total project benefits would be around $30.5 million with the BCR projected to 1.9. 
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Table 6: Project characteristics and benefits from West of Lesner Bridge neighborhood flood risk reduction system. 

Characteristic Benefits 

Reduced floodplain 225 acres 

Protected buildings 637 

Without project annualized losses $3.1 million 

With project annualized losses avoided $2.3 million 

Residual annualized losses after project $0.8 million 

4.1.3. Integration with Other Strategies 

It is anticipated this neighborhood flood risk reduction system would be complementary to 
the proposed Chesapeake Bay City-wide alignment. Although the level of protection and 
project benefits from this neighborhood system are lower than those provided by the 
Chesapeake Bay City-wide alignment, this system is less expensive and achievable on a shorter 
timeline. This solution would offer near-term protection and address residual risk associated 
with nuisance flooding and commonly occurring coastal storms, even with the Chesapeake Bay 
City-wide alignment in place.  

Furthermore, this project could be combined with the East Lesner Bridge neighborhood-
scale flood protection project (see Section 4.2). Together, these two projects could provide 
protection to Shore Drive, which is a critical hurricane evacuation route, along with providing 
flood risk reduction benefits for residents and businesses along the Shore Drive corridor.  

4.2. East of Lesner Bridge Neighborhood Defense System 
This section presents the conceptual design for the East of Lesner Bridge neighborhood 

defense system. The proposed alignment represents the second portion of a neighborhood 
flood defense system, that could provide protection to vulnerable neighborhoods located 
between Lynnhaven Inlet and the western side of First Landing State Park, as well as portions 
of Shore Drive itself, which serves as a hurricane evaluation route and critical roadway for 
accessing Joint Expeditionary Base-Fort Story.  Together with the West of Lesner Bridge 
alignment (see Section 4.1), this neighborhood defense system could serve as a complimentary 
strategy to the Chesapeake Bay City-wide alignment. 
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A conceptual alignment was also evaluated to protect the Bay Island community. A review 
of site conditions including topography and availability of high ground revealed very limited 
availability of land to construct a reliable flood protection system with minimal number of 
deployable closure structures. Approximately 21,000 ft (4 miles) of flood protection structures 
would be required surrounding the low-lying shoreline of the Bay Island neighborhood. 
Furthermore, this alignment would require at least five in-water type gates along with 
numerous deployable structures to maintain homeowner access to private docks. There would 
be a need for significant human intervention to ensure that each deployable structure is 
installed properly prior to a coastal storm event. Furthermore, this proposed alignment and 
interventions would lead to a significant impact to existing neighborhood character and would 
disrupt existing quality of life of the residents. Therefore, this alignment was not explored in 
further detail.  

4.2.1. Conceptual Design 
General site characteristics and DFE scenario values for the East of Lesner Bridge and Bay 

Island neighborhood area are summarized in Table 7. Topographic data was used to identify 
high ground that meets or exceeds various DFE scenarios. High ground elevations ranging 
from 7 to 8 ft NAVD88 are located in the Shore Drive embankment near Lesner Bridge and in 
the First Landing State Park area. In the Bay Island neighborhood, a high ground elevation of 
around 7 ft NAVD88 is located south of North Great Neck Road bridge over Broad Bay/Long 
Creek and in the eastern portion of Bay Island. With a goal of minimizing environmental 
impacts and maximizing use of available high ground as tie-in locations, a DFE of 8 ft 
NAVD88, corresponding to a 50-yr coastal storm surge with 1.5 ft of SLR, was selected as an 
appropriate level of protection. 
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Table 7: General site conditions and flood vulnerability assessment for East of Lesner Bridge and Bay Island. 

General Characteristics East of Lesner Bridge and Bay Island Neighborhood 
Area 

Study area (acres/mi2) 1,590 acres / 2.5 mi2 

Average range of topography elevations in 
(ft NAVD88) 2 ft to 10 ft 

Watershed location Lynnhaven  

DFE scenario range (A to D)  
(ft NAVD88) 
 

Calculated and rounded values provided 

DFE A – 10-yr+ 1.5 ft SLR = 6.7 ft (7.0 ft) 
DFE B – 50-yr + 1.5 ft SLR = 7.7 ft (8.0 ft) 
DFE C – 10-yr + 3 ft SLR = 8.2 ft (8.5 ft) 
DFE D – 50-yr + 3 ft SLR = 9.2 ft (9.5 ft) 

Floodplain area affected by 1.5 ft SLR + 50-yr 
surge (acres)  

523 acres for East of Lesner Bridge area only; 104 acres 
for Bay Island 

Number of buildings and parcels affected 
from 1.5 ft SLR + 50-yr surge 

Buildings – 1,410 
Parcels – 1,268 for East of Lesner Bridge area only 

The proposed alignment, shown in Figure 31, consists of sheetpile floodwall, with sections 
of raised roadway, a levee, and multiple miter gates to maintain navigability to existing canals.  
While the proposed alignment does minimize water crossings, there are several canal crossings 
that would require miter gate systems to protect the East of Lesner Bridge neighborhood from 
nuisance and storm-generated flood events. These in-water gate crossings would maintain the 
existing neighborhood character and minimize disruptions in existing quality of life. Where the 
alignment runs upland, it is proposed to follow along roadways with an exposed floodwall 
elevation of 2 ft or less, to minimize any required property acquisition and maintain emergency 
vehicle access throughout the proposed flood risk reduction system. Impacts from this 
alignment would include reduced or eliminated waterfront views, as some of the existing 
structures are located around an elevation of 3 ft NAVD88 based on existing LIDAR survey 
data. 

A geotechnical analysis consisting of seepage and stability analysis was performed to 
determine the approximate configuration of the steel sheetpile floodwall. The analysis indicates 
that an approximate length of 35 ft of sheetpile floodwall would be required to meet or exceed 
the recommended factors of safety for seepage and stability. A site specific geotechnical 
analysis with geotechnical data would be required in the future to confirm the floodwall 
configuration chosen for this area. Appendix A provides additional details on the geotechnical 
analysis performed for this area.  
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Figure 31:  Alignment and interventions for East of Lesner Bridge neighborhood area.  

4.2.2. Construction Costs and Project Benefit Analysis 
The overall cost for this system is approximately $35.5 million (in 2018 dollars), as shown 

in Table 8. These costs could vary significantly in the future as site conditions can change over 
time along with choice of intervention typologies and their associated costs. 

Table 8: Estimated project costs for East of Lesner Bridge neighborhood flood risk reduction system. 

Intervention Typology Approx. 
Length (ft) 

Hard 
Construction 

Cost 

Soft 
Construction 

Cost 

Contingencies 
(Hard + Cost) Total Cost 

Sheetpile floodwall 6,600 $10,343,942  $3,516,940  $3,630,724  $17,491,606  

Deployable closure 
structures including in-

water gates 
710 $5,610,840  $1,907,686  $1,969,405  $9,487,931  

Levee or raised 
roadway as a levee 3,200 $5,015,244  $1,705,183  $1,760,351  $8,480,778  

TOTAL 10,510  $20,970,026  $7,129,809  $7,360,480  $35,460,315  
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Project benefits, including amount of reduced floodplain, count of protected buildings, and 
annualized flood losses avoided are presented in Table 9. Assuming an average design life of 40 
yrs, the total project benefits would be around $61.2 million with the BCR projected to 1.7.  

Table 9: Project characteristics and benefits from East of Lesner Bridge neighborhood flood risk reduction system. 

Characteristic Benefits 

Reduced floodplain 523 acres 

Protected buildings 1,410 

Without project annualized losses $6.4 million 

With project annualized losses avoided $4.5 million 

Residual annualized losses after project $1.9 million 

4.2.3. Integration with Other Solutions  

It is anticipated that the East of Lesner Bridge neighborhood flood risk reduction system 
would be complementary to the proposed Chesapeake Bay City-wide alignment. Although the 
level of protection and project benefits from this neighborhood system are lower than those 
provided by the Chesapeake Bay City-wide alignment, this system is less expensive and 
achievable on a shorter timeline. This solution would offer near-term protection and address 
residual risk associated with nuisance flooding and commonly occurring coastal storms, even 
with the Chesapeake Bay City-wide alignment in place.  

Furthermore, as mentioned earlier (see Section 4.1), this project could be combined with 
the West Lesner Bridge neighborhood-scale flood protection project to provide protection to 
Shore Drive, and residents and businesses along the Shore Drive corridor.  

4.3. Rudee Heights and Oceanfront Neighborhood Defense System 
This section presents the conceptual design for the Rudee Heights and Oceanfront 

neighborhood defense system. The Rudee Heights and Oceanfront neighborhood alignment 
could serve as an alternative to the Rudee Inlet City-wide alignment, as it is considerably less 
expensive and could be achieved on a shorter timeline. This alternative defense system should 
also be evaluated alongside on-going City projects in this area.  
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4.3.1. Conceptual Design  
General site characteristics and DFE scenario values for the Rudee Heights and Oceanfront 

neighborhood area are summarized in Table 10. Topographic data was used to identify high 
ground that meets or exceeds various DFE scenarios. High ground elevations ranging between 
8 and 10 ft NAVD88 located along the Lake Rudee shoreline (north of the Rudee Inlet) and 
elevations over 10 ft NAVD88 are located along Croatan Road (south of Lake Wesley). Given 
the range of high ground elevations to use as tie-in locations within this study area, the area 
was split into two areas (north and south) with unique DFE values. For the northern portion of 
the study area, a DFE of 8.5 ft NAVD88, corresponding to a 10-yr coastal storm surge with 3 ft 
of SLR, was selected.  For the southern portion of the study area, a DFE of 10 ft NAVD88, 
corresponding to the 50-yr coastal storm surge with 3 ft of SLR, was selected as an appropriate 
level of protection. 

Table 10: General site conditions and flood vulnerability assessment for Rudee Heights and Oceanfront neighborhood study 
area.  

General Characteristics Rudee Heights and Oceanfront 
Neighborhood Area 

Study area (acres/mi2) 7,309 acres / 11.5 mi2 
Average range of topography elevations  
(ft-NAVD88) 5 ft to 10 ft 

Watershed location Oceanfront 

DFE scenario range (A to D)  
(ft NAVD88) 
 

Calculated and rounded values provided 

DFE A – 10-yr + 1.5 ft SLR = 6.7 ft (7.0 ft) 
DFE B – 50-yr + 1.5 ft SLR = 8.1 ft (8.5 ft) 
DFE C – 10-yr + 3 ft SLR = 8.2 ft (8.5 ft) 
DFE D – 50-yr+ 3 ft SLR = 9.6 ft (10.0 ft) 

Floodplain area affected by 3 ft SLR + 10-yr surge north 
of Rudee Inlet (acres) 79 acres 

Floodplain area affected by 3 ft SLR + 50-yr surge south 
of Rudee Inlet (acres) 1405 acres 

Number of Buildings and Parcels affected from by 3 ft 
SLR + 10yr surge north of Rudee Inlet Buildings – 185; Parcels – 324 

Number of Buildings and Parcels affected from by 3 ft 
SLR + 50-yr surge south of Rudee Inlet Buildings – 220; Parcels - 285 

The proposed conceptual design, shown in Figure 32, consists of two alignments. The first 
is along Lake Rudee, which consists of a sheetpile floodwall and raised road intended to protect 
the neighborhoods between Virginia Beach Boulevard and Lake Rudee. Portions of Winston 
Salem Avenue would need to be raised by 2 ft, which would act as a barrier between the 
developed areas and the Rudee Lake shoreline with minor impact to existing residential and 
commercial structures. The City should work with business owners along the unprotected 
waterfront area to the south of Winston Salem Avenue to identify suitable site-scale flood 
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protection solutions. Along the Rudee Lake shoreline, the sheetpile floodwall with a height of 
around 3 to 4 ft would tie in to the high ground located at the beach access parking lot. Impacts 
from this section of the alignment would include reduced or eliminated waterfront views. 

The second component is along Lake Wesley, comprised of a raised roadway to provide 
protection to neighborhoods to the south. Approximately 900 ft of Croatan Road would need to 
be raised by 1 to 2 ft. Raising the roadway to this elevation would serve as a barrier preventing 
flooding from propagating through Lake Wesley from Rudee Inlet. It was assumed that raising 
this section of Croatan Road would reduce flood risk in the neighborhoods located between 
Lake Wesley and Dam Neck Road. This system is reliant upon another protection measure 
being constructed to prevent floodwaters originating from Back Bay.  

It should be noted that several conceptual flood risk reduction alignments were evaluated to 
provide protection to neighborhoods to the north of Lake Holly. However, due to significant 
disruption to residential areas, no feasible solution was identified.  

 

Figure 32: Alignment and interventions for the Rudee Heights and Oceanfront neighborhood area. 
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Geotechnical analysis, consisting of seepage and stability analysis, was performed to 
determine the approximate configuration of the steel sheetpile floodwall. The analysis indicates 
that an approximate length of 45 ft of sheetpile floodwall would be required to meet or exceed 
the recommended factors of safety for seepage and stability. A site specific geotechnical 
analysis with geotechnical data would be required in the future to confirm the floodwall 
configuration chosen for this area. Appendix A provides additional details on the geotechnical 
analysis performed for this area.  

4.3.2. Construction Costs and Project Benefit Analysis 
The overall cost for this proposed flood risk reduction system is approximately $10.8 

million (in 2018 dollars), as shown in Table 11.  These costs could vary significantly in the 
future as site conditions can change over time along with choice of intervention typologies and 
their associated costs. 

Table 11: Estimated project costs for Rudee Heights and Oceanfront neighborhood flood risk reduction system. 

Intervention Typology Approx. 
Length (ft) 

Hard 
Construction 

Cost 

Soft 
Construction 

Cost 

Contingencies 
(Hard + Cost) Total Cost 

Sheetpile floodwall 1,900 $3,788,436  $1,288,068  $1,329,741  $6,406,246  
Raised roadway as a 

levee (northern 
alignment) 

1,400 $1,916,085  $651,469  $672,546  $3,240,100 

Raised roadway as a 
levee (southern 

alignment) 
900 $658,359 $223,842 $231,084 $1,113,285 

TOTAL 4,200 $6,362,880 $2,163,379 $2,233,371 $10,759,630 

 
Project benefits, including amount of reduced floodplain, count of protected buildings, and 

annualized flood losses avoided are presented in Table 12. With an assumed average design life 
of 40 yrs, the total project benefits would be around $39.8 million with the BCR projected to be 
3.7. 
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Table 12: Project characteristics and benefits from Rudee Heights and Oceanfront neighborhood flood risk reduction system. 

Characteristic Benefits 

Reduced floodplain North - 79 acres; South – 1,405 acres 

Protected buildings North – 185; South – 220 

Without project annualized losses North - $962K; South - $4.1M, Combined - $5.0M 

With project annualized losses avoided North - $152K; South - $2.8M, Combined - $2.9M 

Residual annualized losses after project North - $810K; South - $1.3M, Combined - $2.1M 

4.3.3. Integration with Other Strategies  
The Rudee Heights and Oceanfront neighborhood flood risk reduction system should be 

considered as an alternative to the Rudee Inlet City-wide alignment, as it is considerably less 
expensive and could be achieved on a shorter timeline These alternatives should also be 
evaluated alongside the on-going project at Laskin Road that involves roadway improvements 
such as raising the roadway that could act as a barrier to prevent the intrusion of SLR and 
surge from Little Neck Creek. 

4.4. Ocean Lakes to Pungo Neighborhood Defense System 
This section presents the conceptual design for the Ocean Lakes to Pungo neighborhood 

defense system. The proposed alignment could provide protection to vulnerable neighborhoods 
located between Ocean Lakes and northern Pungo, and serve as an alternative to the 
Sandbridge City-wide alignment.  

4.4.1. Conceptual Design  
General site characteristics and DFE scenario values for this neighborhood area are 

summarized in Table 13. Topographic data was used to identify high ground that meets or 
exceeds various DFE scenarios. High ground elevations ranging between 8 and 10 ft NAVD88 
are located along the ocean side of Sandbridge Road and Indian River Road. With a goal of 
minimizing environmental impacts and maximizing use of available high ground as tie-in 
locations, a DFE of 8.5 ft NAVD88, corresponding to a 50-yr coastal storm surge with 3 ft of 
SLR, was selected as an appropriate level of protection. 



 

 

 

 Neighborhood Structural Strategies for Coastal Flood Risk Reduction  | 51  

Table 13: General site conditions and flood vulnerability assessment for Ocean Lakes to Pungo neighborhood study area. 

General Characteristics Ocean Lakes to Pungo Neighborhood Area 

Study area (acres/mi2) 11,844 acres / 18.5 mi2 

Average range of topography elevations  
(ft NAVD88) 2 – 10 ft 

Watershed location Southern Watershed 

DFE scenario range (A to D)  
(ft NAVD88) 
 

Calculated and rounded values provided 

DFE A – 10-yr + 1.5 ft SLR = 5.2 ft (5.5 ft) 
DFE B – 50-yr + 1.5 ft SLR = 6.6 ft (7.0 ft) 
DFE C – 10-yr + 3 ft SLR = 6.7 ft (7.0 ft) 
DFE D – 50-yr + 3 ft SLR = 8.1 ft (8.5 ft) 

Floodplain area affected by 3 ft SLR + 50-
yr surge (acres) 5,395 acres 

Number of buildings and parcels affected 
from by 3 ft SLR + 50-yr surge  

Buildings – 2,782;  
Parcels – 5,095 

The proposed alignment, shown in Figure 33, involves raising sections of Sandbridge Road 
and New Bridge Road, which would be transitioned to an earthen levee to the east. While the 
proposed alignment does minimize water crossings, there are five creeks that would require 
either miter gate systems or culverts with backflow prevention to protect the area from 
nuisance and storm-generated flood events. There would be significant environmental impacts 
associated with this alignment. 

4.4.2. Construction Costs and Project Benefit Analysis 
The overall cost for this system is approximately $61.3 million (in 2018 dollars). These costs 

are broken down in Table 14. These costs could vary significantly in the future as site 
conditions can change over time along with choice of intervention typologies and their 
associated costs. 
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Figure 33: Alignment and interventions for the Ocean Lakes to Pungo study area. 

Table 14: Estimated project costs for the Ocean Lakes to northern Pungo neighborhood flood risk reduction system. 

Intervention Typology 
Approx. 
Length 

(ft) 

Hard 
Construction 

Cost 

Soft 
Construction 

Cost 

Contingencies 
(Hard + Cost) Total Cost 

Levee or raised 
roadway as a levee 28,500 $31,717,973  $10,784,111  $11,133,009  $53,635,093  

Deployable closure 
structures including in-

water gates 
230 $4,529,305  $1,539,964  $1,589,786  $7,659,055  

TOTAL 28,730 $36,247,278  $12,324,075  $12,722,795  $61,294,148  
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Project benefits, including amount of reduced floodplain, count of protected buildings, and 
annualized flood losses avoided are presented in Table 15. Assuming an average design life of 
40 yrs, the total project benefits would be around $323.3 million with the BCR projected to be 
5.3.  

Table 15: Project characteristics and benefits from the Ocean Lakes to Pungo neighborhood flood risk reduction system. 

Characteristics Benefits 

Reduced floodplain 5,395 acres 

Protected buildings 2,782 

Without project annualized losses $31.5 million 

With project annualized losses avoided $23.9 million 

Residual annualized losses after project $7.6 million 

4.4.3. Integration with Other Strategies 
The Ocean Lakes to Pungo neighborhood flood defense system should be considered as an 

alternative to the portion of the proposed Sandbridge City-wide flood defense system, as it is 
following a similar alignment. Although it is considerably less expensive and could be achieved 
in a shorter timeframe that the City-wide solution, there is a concern that this lower level of 
protection would only address near-term concerns and the levee would eventually be 
overtopped by severe storm events as sea levels continue to rise. Furthermore, this area would 
remain vulnerable to flooding originating from Rudee Inlet, unless one of the other alternatives 
in that section is constructed, such as the Rudee Heights and Oceanfront neighborhood flood 
defense system or the Rudee Inlet City-wide flood defense system. 

4.5. Muddy Creek Road Neighborhood Defense System 
This section presents the conceptual design for the Muddy Creek Road neighborhood 

defense system. The proposed alignment could provide protection to vulnerable neighborhoods 
located to the west of Muddy Creek Road, and serve as an alternative to the Muddy Creek Road 
City-wide alignment.  

4.5.1. Conceptual Design  
General site characteristics and DFE scenario values for this neighborhood area are 

summarized in Table 16. Topographic data was used to identify high ground that meets or 
exceeds various DFE scenarios. High ground elevations ranging between 6 to 10 ft NAVD88 are 
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located along the Indian River Road in the north and Pungo ridge in the south. With a goal of 
minimizing environmental impacts and maximizing use of available high ground as tie-in 
locations, a DFE of 7 ft NAVD88, corresponding to a 50-yr coastal storm surge with 3 ft of SLR, 
was selected as an appropriate level of protection. 

Table 16: General site conditions and flood vulnerability assessment for Muddy Creek Road neighborhood study area. 

General Characteristics Muddy Creek Neighborhood Area 

Study area (acres/mi2) 12,740 acres / 19.9 mi2 
Average range of topography elevations  
(ft NAVD88) 2 – 10 ft 

Watershed location Southern Watershed 

DFE scenario range (A to D)  
(ft NAVD88) 
 

Calculated and rounded values provided 

DFE A – 10-yr + 1.5 ft SLR = 3.6 ft (4.0 ft) 
DFE B – 50-yr + 1.5 ft SLR = 5.0 ft (5.0 ft) 
DFE C – 10-yr+ 3 ft SLR = 5.1 ft (5.5 ft) 
DFE D – 50-yr+ 3 ft SLR = 6.5 ft (7.0 ft)  

Floodplain area affected by 3 ft SLR + 50-yr 
surge (acres) 7,644 acres 

Number of buildings and parcels affected 
from by 3 ft SLR + 50-yr surge  

Buildings – 695 
Parcels – 824 

The proposed alignment, shown in Figure 34, primarily consists of an earthen levee 
running parallel to the existing Muddy Creek Road that then ties into the high ground located 
along the existing Indian Creek Road in the north and a farm road along the Pungo ridge in the 
south. Sections of North Muddy Creek Road would need to be raised to ensure flood waters do 
not bypass the protection system. While the proposed alignment does minimize water 
crossings, there are seven ditches and two creeks that would require risk reduction structures. 
It would be proposed that ditch crossings could be designed as culverts with backflow 
prevention measures, with miter gate systems on the two creek crossings to protect the reach 
from nuisance and storm-generated flood events. There would be significant environmental 
impacts associated with this alignment.  
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Figure 34: Alignment and interventions for Muddy Creek Road. 

4.5.2. Construction Costs and Project Benefit Analysis 
The overall cost for this system is approximately $72.2 million (in 2018 dollars). These 

costs are broken down in Table 17. These costs could vary significantly in the future as site 
conditions can change over time along with choice of intervention typologies and their 
associated costs.  
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Table 17: Estimated project costs for Muddy Creek Road neighborhood flood risk reduction system. 

Intervention Typology Approx. 
Length (ft) 

Hard 
Construction 

Cost 

Soft 
Construction 

Cost 

Contingencies 
(Hard + Cost) Total Cost 

Levee or raised 
roadway as a levee 47,800 $37,630,128  $12,794,243  $13,208,175  $63,632,546  

Deployable closure 
structures including in-

water gates 
330 $5,054,442  $1,718,510  $1,774,109  $8,547,061  

TOTAL 48,130 $42,684,569  $14,512,754  $14,982,284  $72,179,607  

Project benefits, including amount of reduced floodplain, count of protected buildings, and 
annualized flood losses avoided are presented in Table 18. Assuming an average design life of 
40 yrs, the total project benefits would be around $222.8 million with the BCR projected to be 
3.1.  

Table 18: Project characteristics and benefits from Muddy Creek neighborhood flood risk reduction system. 

Characteristics Benefits 

Reduced floodplain 7,643 acres 

Protected buildings 695 

Without project annualized losses $19.8 million 

With project annualized losses avoided $16.5 million 

Residual annualized losses after project $3.3 million 

4.5.3. Integration with Other Strategies 
This neighborhood flood defense system should be considered as an alternative to the 

portion of the Muddy Creek Road City-wide flood defense system, as it is following a similar 
alignment. Although it is considerably less expensive and could be achieved in a shorter 
timeframe than the City-wide solution, there is a concern that this lower level of protection 
would only address near-term concerns and the levee would eventually be overtopped by 
severe storm events as sea levels continue to rise.  
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5. CONCLUSIONS AND RECOMMENDATIONS FOR NEXT STEPS 
Due to the complexity and scale, the City-wide structural interventions will take many years 

to effectively implement. It is anticipated that the City and the USACE will work together to 
design, construct, and fund the implementation of the City-wide intervention strategies. The 
typical federal funding for the City-wide intervention strategies may require annual 
appropriations by Congress up to a set limit of available funds, which then leads to extensions 
in the entire project construction schedule. Therefore, it is anticipated that the full construction 
of the City-wide interventions could easily take over 10 years after an appropriation is first 
issued for the project. Also, without funding for construction costs readily available at the 
beginning of the project, the construction schedule for full implementation could be extended 
over many more years. 

The proposed neighborhood-scale interventions offer a relatively less expensive solution 
that are more achievable on a shorter timeline to address near-term recurrent flood risks 
within the most vulnerable neighborhoods in Virginia Beach. These strategies could also 
address some of the residual risk associated with the City-wide alignments if combined with 
larger-scale interventions in the future. However, residual risks will always remain and these 
structural interventions can have adverse environmental impacts on coastal ecosystems and 
increase flood risks to communities outside of the flood protection area. It is therefore 
especially important that defensive structures, both neighborhood-scale and City-wide, if 
constructed, are implemented alongside other adaptation strategies to effectively manage flood 
risks in both near- and long-term time frames.  

The analysis of neighborhood flood risk reduction strategies presented in this report is 
considered a first step at addressing near-term flooding concerns from a structural perspective. 
Numerous engineering design and environmental impact factors were not considered in this 
study. Additional work activities are required to assess project feasibility, including permitting, 
potential environmental impacts, and potential integration with other adaptation strategies. 
The next level of study would be a detailed feasibility assessment and environmental impact 
statement or an environmental assessment. The detailed feasibility assessment and 
environmental work should consider, but should not be limited to, the following areas: 

• Coastal modeling and/or stormwater drainage modeling to evaluate effectiveness of 
various alignments within the chosen neighborhood area; 

• Topographic and bathymetric survey of the chosen alignment within the neighborhood 
area; 
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• Evaluation of the need for pump stations and other major drainage modifications; 

• Preliminary engineering design consisting of coastal, civil, structural, geotechnical, 
transportation, drainage, mechanical, and electrical disciplines to perform analysis and 
develop 30% engineering design of the intervention typology along the alignment; 

• Real estate and/or right-of-way acquisition plan for the selected alignment and 
intervention typology; 

• Urban design and landscape architecture to develop community benefit amenities to 
integrate structural solutions within the fabric of the community;  

• Environmental assessment of the chosen alignment and intervention typology on its 
potential impacts in the built and natural environment along with development of 
mitigation strategies; and  

• 30% design construction cost estimates and BCA for the chosen alignment and 
intervention typology. 

The City can use this list of activities to advance the neighborhood flood risk reduction 
strategies towards implementation, in cases where they are found to be feasible and where 
mitigation projects can be identified to reduce any environmental impacts.   
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APPENDIX A: CONCEPTUAL LEVEL GEOTECHNICAL ANALYSIS 
The scope for geotechnical engineering services to support this effort includes review of the 

available subsurface exploration data and preliminary evaluation of various flood barriers for 
conceptual design scheme development.  Preliminary geotechnical analyses are based on 
limited subsurface soils and groundwater information.  More detailed design and cost 
estimation will require more extensive, site-specific geotechnical investigations.  

Subsurface Information Collection 
The following sources of geological and geotechnical data was collected and reviewed: 

• Publication 174 – Digital Representation of the 1993 Geologic Map of Virginia, Virginia 
Division of Mineral Resources, 2003. 

• Report of Preliminary Geotechnical Exploration – Lesner Bridge Replacement, Virginia 
Beach, VA, prepared by Geo-environmental Resources Inc., July 31, 2008. 

• Geotechnical Engineering Report – I-64/I-264 Interchange Improvements, Norfolk, 
Virginia, prepared by HDR Engineering, Inc., September 20, 2013. 

• Preliminary Report of Subsurface Exploration and Geotechnical Engineering Analysis – 
Tranquility at The Lakes 5827 Burton Station Road, Virginia Beach, Virginia, prepared 
by ECS Mid-Atlantic, LLC, September 8, 2014. 

• Report of Subsurface Exploration and Geotechnical Engineering Services – Bond 
Residence Settlement Evaluation, 1306 Whistle Town Rd., Chesapeake, VA, prepared by 
GET Solutions Inc., March 9, 2015. 

• Report of Subsurface Exploration and Geotechnical Engineering Services – Sandbridge 
Road-Nimmo Parkway Phase VII-A, Virginia Beach, VA, prepared by GET Solutions 
Inc., February 21, 2018. 

• Engineering Geology Data – Route 58 (Laskin Rd) over Linkhorn Bay, Virginia Beach, 
VA, prepared by HDR Engineering, Inc., October 19, 2018. 

Project Site Geology 
The City of Virginia Beach is located in the Coastal Plain Physiographic Province.  The 

Coastal Plain is characterized by poorly to well-sorted, unconsolidated marine to fluvial 
sediments, varying from clay to gravel with lateral variation in thickness.  These sediments 
generally increase in thickness towards the east. Vertical variation within the geologic 
formations of the Coastal Plain is often controlled by cyclic transgression and regression 
depositional sequences that coarsen with depth.   
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Regionally, the stratigraphy of the Coastal Plain can be generalized as a wedge of sediments 
composed of fluvial and coastal plain sands and gravels of Quaternary and upper Tertiary age, 
underlain by marine, deltaic, and fluvial clays, silts, and sands of lower Tertiary age, underlain 
by fluvial-deltaic to shallow-shelf sands and clays of Cretaceous age, underlain by crystalline 
bedrock at depths greater than 150 ft. 

Based on available published sources, the City is underlain by the Tabb and Yorktown 
geologic formations.  The upper clay units of the Tabb Formation are locally and historically 
referred to as the Norfolk formation in the vicinity of the project site. 

The Quaternary-age (Upper Pleistocene) Tabb formation, Lynnhaven (Qtl), Poquoson (Qtp)  
and Sedgefield (Qts) members mostly consists of pebbles to boulders, sand and fine to 
medium, shelly sand that grades upward into sandy and clayey silt.  These members within the 
Tabb formation are identified in the Geologic Map of Virginia (1993) by Virginia Division of 
Mineral Resources in Figure 35. 

 

Figure 35: Geologic map of Virginia Beach. 
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The Tabb formation is underlain by the Pliocene-aged Yorktown formation, consisting of 
bluish-gray and brownish-yellow fine- to coarse-grained sand, partly glauconitic and 
phosphatic, commonly very shelly, interbedded with sandy and silty blue-gray clay.  The 
thickness of the Yorktown formation ranges from 0 to 150 ft.   

In coastal areas, the Marsh and Intertidal Mud Deposits cover approximately 20% of the 
area, which consist of medium to dark-gray soft mud, and grayish-brown peat in the marshes.  
The thickness of the deposits varies from 0 to 10 ft.  Also, Beach Sand and Dune Sand Deposits 
covers approximately 7% of the area, which consist of pale-gray to light-yellowish gray, fine to 
coarse, poorly sorted to well-sorted, shelly in part; contains angular to rounded fragments and 
whole valves of mollusks.  The thickness of the sand deposits can be as much as 40 ft.   

Subsurface Conditions 
Subsurface soil boring data and laboratory test results provided as reference indicate the 

subsurface conditions at the project site are generally in agreement with the published geologic 
information.  Laboratory test results include grain size, specific gravity, unit weight, moisture 
content, and Atterberg Limits.  Also, one-dimensional consolidation and triaxial compression 
strength tests results were available from undisturbed soil samples. 

Based on the interpretation of the available information, two preliminary soil profiles were 
developed for the City of Virginia Beach – one profile representative of Areas 2 and 3, and 
another profile representative of Areas 10, 12 and 14.  

Soil Profile for Areas 2 and 3 

A sampling of borings from the 2008 Report of Preliminary Geotechnical Exploration – 
Lesner Bridge Replacement, Virginia Beach, VA, prepared by Geo-environmental Resources 
Inc., provide the basis for soil profile representative of Areas 2 and 3, which consist of: 

• Stratum 1: Sand – A poorly graded Sand layer consisting of tan to grey, fine to coarse 
sand with varying amounts of silt and clay, was encountered from the ground surface to 
a depth of approximately 40 ft below the ground surface. Generally, the uncorrected 
Standard Penetration Test (SPT N-value) within this stratum ranged from 4 to 50 
blows-per-foot (BPF), indicative of a very loose to dense sand material. 

• Stratum 2: Silty Clay – A layer of silty clay consisting of varying amounts of clayey 
silt, and silt was encountered at a depth between 40 and 45 ft below the ground surface. 
The average SPT N-value within this stratum was 8 BPF.  Undrained shear strength for 
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this approximately 5 ft-thick layer is estimated as 1.0 ksf from the consolidated- 
undrained triaxial shear strength test results. 

• Stratum 3: Silty/Clayey Sand – A silty/clayey Sand layer, consisting of grey and 
brown, fine to medium sand with varying amounts of silt and clay, was encountered at a 
depth between 45 and 72 ft below the ground surface.  SPT N-value ranged from 28 to 
60 BPF, indicating medium dense to dense sand.   

• Stratum 4: Clay – A soft to very stiff, silty Clay and clayey Silt was encountered at a 
depth between 72 and 80 ft below the ground surface.  The SPT N-value ranged from 6 
to 14 BPF.  Undrained shear strength for this layer is estimated to be about 1.25 ksf from 
correlated SPT results.   

• Stratum 5: Clayey Sand – A firm to very dense, silty to clayey sand was encountered 
at a depth between 80 and 145 feet below the ground surface.  This stratum is identified 
as part of the Yorktown Formation.  SPT N-value ranged from 14 to 40 BPF indicating 
medium dense to dense consistency. 

Soil Profile for Areas 10, 12 and 14 

A sampling of borings from the 2018 Report of Subsurface Exploration and Geotechnical 
Engineering Services for Sandbridge Road-Nimmo Parkway Phase VII-A, Virginia Beach, VA, 
prepared by GET Solutions, Inc., provide the basis for soil profile representative of Areas 10, 12 
and 14, which consist of: 

• Stratum 1: Clay – Consists of clay with varying amounts of sand and fibrous organics 
encountered from the ground surface to approximately 8 feet below the ground surface.  
SPT N-values recorded in the cohesive soils ranged from Weight-of-hammer (WOH) to 
8 BPF, indicating a very soft to medium stiff consistency. 

• Stratum 2: Silty Sand – A layer of sand with varying amounts of silt and clay was 
encountered from a depth of 8 to 25 ft below the ground surface.  The SPT N-values 
ranges from 2 to 20 BPF, indicating a very loose to medium dense consistency. 

• Stratum 3: Clay –A layer of clay was encountered from a depth of 25 to 40 ft below 
the ground surface, with a thickness up to 15 ft.  SPT N-values ranged from WOH to 2 
BPF, indicating a very soft to soft consistency. 

• Stratum 4: Sand – A poorly graded Sand with varying amounts of silt and clay 
extends between 40 ft and 65 ft below the ground surface.  The SPT N-values recorded 
within the granular soils ranged from 6 to 45 BPF, indicating a loose to dense relative 
density, with an average N-value of 25 BPF. 
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• Stratum 5: Clay – Consisting of soft to stiff, lean clay with varying amounts of sand 
and shells was encountered between 65 and 85 ft below the ground surface.  SPT N-
value ranged from 2 to 8 BPF, indicating a soft to stiff consistency.   

The stratifications shown on the preliminary soil profiles represent the generalized soil 
conditions.  Variations may occur and should be expected between borings.  Therefore, for 
more detailed soil and rock information along the proposed flood resistance structures, a 
robust boring program will be performed at exact location during future phases of the project. 

Groundwater elevation typically ranged between +1.0 ft and -1.0 ft NAVD88 in most of the 
borings.  Fluctuations in the groundwater level will be tidally influenced and may also occur 
due to seasonal variations in rainfall, evaporation, construction activity, surface runoff, and 
other site specific factors.  

Conceptual Level Engineering Evaluations 
The conceptual level engineering evaluations presented herein are based on available 

subsurface information as well as our experience on similar projects.  As per the project 
requirements, conceptual engineering evaluations were performed using the USACE design 
manuals, EM 1110-2-1913 Design and Construction of Levees, and EM 1110-2-2502 Retaining 
and Floodwalls. 

Two types of flood resistance structures were considered: (1) steel sheetpile floodwall and 
(2) earthen levee system. Flood resistance structures were designed and proportioned to 
adequately resist the loads and flood levels associated with the proposed design flood elevation 
at each area.  Stability and seepage analyses were performed for conservatively selected 
representative barrier structure sections. 

The following sections provide descriptions of flood resistance structures and results of 
analyses performed in each study area. 

Sheetpile Floodwall Structures in West and East of Lesner Bridge near Lynnhaven Inlet 
(Area 2 and 3) 

Considering the existing ground surface elevation and topography in the Area 2 and 3, a 
steel sheetpile floodwall is proposed as flood resistance structure.  Existing topography along 
the proposed bulkhead alignments were reviewed and the most critical location was selected 
where the lowest existing ground elevation of 0.0 ft NAVD88.  The design flood elevation in 
Area 2 and Area 3 is 8.0 ft NAVD88.   Therefore, the exposed floodwall height of 8.0 ft 
NAVD88 was used for analyses. 
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Stability analysis was performed for the critical section using the computer program ct-
Shoring, published by CivilTech Software, considering required embedment of sheetpile for the 
proposed wall height. 

Seepage analysis was also performed to evaluate the maximum hydraulic exit gradients on 
the downstream side of the sheetpile structure using the computer program SEEP/W, which is 
part of GeoStudio 2019 Suite, published by Geo-Slope International.  A 2D finite element 
model was developed to perform steady state and transient state seepage analyses using 
representative sections and estimated soil parameters for the various stratigraphic layers.   

An important parameter required to perform applicable seepage analyses is the hydraulic 
conductivity (permeability) of the various subsurface soils.  The saturated hydraulic 
conductivity of clean sand material varies between 10-2 and 10-5 m/sec, silty sand material 
varies between 10-5 and 10-9 m/sec, and clay material is less than 10-9 m/sec.  Based on the 
available subsurface data, and utilizing this typical range, the hydraulic conductivity (k) for 
each stratum was selected as below. 

• Stratum 1: Sand – 10-2 to 10-4 m/sec (3.3x10-2 to 3.3 x10-4 ft/sec) 

• Stratum 2: Silty Clay – 10-9 m/sec (3.3x10-9 ft/sec) 

• Stratum 3: Sand – 10-2 m/sec (3.3 x10-2 ft/sec) 

• Stratum 4: Clay – 10-9 m/sec (3.3x10-9 ft/sec) 

• Stratum 5: Clayey Sand – 10-4 m/sec (3.3 x10-4 ft/sec) 

 
All soil types were assigned an anisotropy ratio, kx/ky = 1, thereby modeling the soil as 

homogeneous in the vertical and horizontal directions.  The steady state seepage analysis was 
performed for the design flood water elevation. 

In this study, the seepage analysis was performed assuming a 12 hour flood duration as 
shown in Figure 36.   The seepage barrier tip elevation was determined by limiting the factor of 
safety for piping to a minimum of 2.0.  Seepage analyses results are presented in Table 19 and 
Figure 37.  Maximum hydraulic gradients were evaluated to determine the subsurface seepage 
cut-off barrier tip elevation. 

Based on seepage analyses results shown in Figure 37, the seepage sheetpile floodwall is 
required to be extended to -28.0 ft NAVD88 to satisfy the factor of safety requirements. 
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Table 19: Summary of analyses. 

Design Flood Elevation  
(ft NAVD88) 

Sheetpile Tip Elevation  
(ft NAVD88) 

Factor of Safety 
Piping Stability 

8.0 -28.0 2.00 3.10 
 
 
Based on the minimum required seepage cut-off wall tip elevation at -28.0 ft NAVD88, it is 

recommended that the proposed wall be constructed as a permanent sheetpile wall to the top 
elevation of 8.0 ft NAVD88. Based on this analysis, it is recommended that the sheetpile 
floodwall should consist of PZ-40 type configuration with a minimum length exceeding 35 ft. 

 

Figure 36: Hydrograph for seepage analysis, Areas 2 and 3. 
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Figure 37: Bulkhead Seepage Analysis for Areas 2 and 3. 
 
Floodwalls in Rudee Heights and Oceanfront Neighborhood (Area 10) near Rudee Inlet 

Steel sheetpile floodwall is proposed in Area 10.  The existing topography along the 
proposed intervention typology alignment was reviewed and the most critical location was 
selected where the lowest existing ground elevation of 5.0 ft NAVD88.  The maximum design 
flood elevation in Area 10 is 10.0 ft NAVD88.   Therefore, the exposed floodwall height of 5.0 ft 
NAVD88 was used for analyses. 

Seepage analysis was performed in Area 10 near Rudee Inlet using the same design 
parameters and procedures explained in previous section.  Seepage analyses results are 
presented in Table 20 and Figure 38.  Maximum hydraulic gradients were evaluated to 
determine the subsurface seepage cut-off barrier tip elevation. 
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Based on seepage analyses results shown in Table 20: Summary of seepage analyses and 
Figure 38, the sheetpile bulkhead wall required to be extended to the -35.0 ft NAVD88 to 
satisfy the factor of safety requirements.   

Table 20: Summary of seepage analyses. 

Design Floodwall Elevation  
(ft NAVD88) 

Seepage Sheetpile Barrier Tip 
Elevation  

(ft NAVD88) 

FS 

Piping Stability 

+10.0 -35.0 3.00 >5.0 
 
 

 

Figure 38: Bulkhead seepage analysis for Area 10. 
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Based on the minimum required seepage cut-off wall tip elevation at -35.0 ft NAVD88, it is 
recommended that the proposed wall be constructed as a permanent sheetpile floodwall to the 
top elevation of 10.0 ft NAVD88.  The sheetpile wall consist of PZ-40 and a minimum 45 ft 
long is recommended. 

Earthen Levee System in Area 12 and 14 near Sandbridge 
Considering the existing ground surface condition of these two areas, an earthen levee 

system was proposed as the flood resistance structure.  Existing topography along the proposed 
levee system alignment was reviewed and the most critical location was selected where the 
lowest existing ground elevation is 0.0 ft NAVD88.  The coastal flood elevation is around 6.0 ft 
NAVD88 for this area.  The top of the levee was set at 7.0 ft NAVD88 with 2h:1v side slopes 
which matches the design flood elevation.2 

Seepage and slope stability analyses were performed for a proposed levee system 
embankment in order to evaluate global stability under the design flooding condition. 

The seepage analysis was performed assuming a 12 hour flood duration as shown in Figure 
39.  The proposed embankment materials consist of clayey silt and sand mixture, with an 
assumed hydraulic conductivity (k) of 3.3 × 10-4 ft/sec.  The hydraulic conductivity values of 
and soil parameters assumed for the stability and seepage analyses are included in Table 21.  
The parameters are correlated with SPT N-values obtained from available borings. 

Table 21: Summary of soil parameters for seepage and stability analyses. 

Materials Hydraulic 
Conductivity (ft/s) 

Unit Weight 
(pcf) 

Friction Angle 
(degrees) 

Cohesion 
(psf) 

Embankment Soil 3.3 x 10-4 120 34 - 
Clay Core 3.3 x 10-9 115 - 1,000 

Stratum 1 – Clay 3.3 x 10-8 113 - 750 
Stratum 2 – Silty 

Sand 3.3 x 10-4 105 30 - 

 
Seepage analyses results are presented in Figure 40 and Figure 41.  Since the top clay 

stratum prevent seepage through the layer, no subsurface cut-off barrier was introduced, 

                                                   

 

2 Note: The existing City of Virginia Beach Public Works Design Standards Manual specifies a maximum slope 
of 3:1, this slope would require a variance.  
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however, seepage through the proposed levee was significant.  Therefore, as a seepage cut-off 
wall, 4-ft-thick clay core was introduced at the center of the levee to control the seepage rate 
through the proposed levee.  Seepage analyses results are presented in Table 22 and indicate 
that the clay core in the embankment can reduce seepage rate through the embankment and 
provide a factor of safety against piping of 2.0. 

Table 22: Summary of seepage analyses. 
Design Flood Elevation  

(ft NAVD88) Clay Core FS for Piping 

+7.0 No 1.31 
Yes 2.30 

 

 

Figure 39:  Hydrograph for seepage analysis; Areas 12 and 14. 
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Figure 40: Levee embankment with no clay core, steady state seepage analysis result. 

 

 

Figure 41: Levee embankment with clay core, steady state seepage analysis result. 

Using the seepage analyses results, slope stability analyses were performed for the proposed 
embankment.  Slope stability analyses were performed for the following loading conditions: 
steady-state seepage with and without a clay core and a rapid drawdown condition after flood 
with a clay core.  It is assumed that a toe drain will be installed at the base of the downstream 
side of the levee to satisfy boundary conditions. 
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A commercially available computer program, SLOPE/W which is part of GeoStudio 2019 
Suite, published by Geo-Slope International, was used to perform the slope stability analyses 
for the embankment.  SLOPE/W is a general purpose slope stability analysis program that uses 
limit equilibrium methods to compute the factor of safety for a given slope geometry and 
loading conditions.  For the stability analysis of the embankment, the Morgenstern-Price 
method of slices for circular failure was used since this method satisfies both force and 
moment equilibrium and incorporates inter-slice shear and normal forces. 

The results are included in Table 22 and graphically presented in Figure 42 through Figure 
47.  Embankment stability analyses results considering seepage forces show that the proposed 
levee system will be stable under both flood conditions (Figure 42 through Figure 44) and post 
flood rapid drawdown condition (Figure 46) on both side of the levee.  Note that the factor of 
safety is lower than 1.0 under rapid drawdown condition, and installation of riprap slope 
protection is recommended (Figure 47). 

Table 23: Summary of levee system seepage and stability analyses results. 

Flood Condition Slope Side Failure Condition Slope Stability FS 

Max Flood Elevation 
6.0 ft NAVD88 

Downstream Side Global 4.28 
Local 1.35 

Upstream Side 
 

Global >5.0 
Local 1.35 

Rapid Drawdown Upstream Side Global 4.94 
Local 0.68 

 
 

 

 

Figure 42: Levee global stability analysis, downstream side. 
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Figure 43: Levee local stability analysis, downstream side.  

  

 

Figure 44: Levee global stability analysis, upstream side.  
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Figure 45:. Levee local stability analysis, upstream side. 

 

 

 

Figure 46: Levee global stability under rapid drawdown condition, upstream side. 
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Figure 47: Levee local stability under rapid drawdown condition, upstream side. 

Additional Geotechnical Consideration 
The phenomenon of soil liquefaction is a significant reduction in soil strength and stiffness 

as a result of shear-induced increased pore-water pressure. After reviewing the existing boring 
data, it appears that seismic induced liquefaction at the project site will not likely occur.  It 
should be noted that a few isolated pockets of loose sandy soils were encountered and 
additional subsurface investigations will be required to verify the extent of the loose sandy soil 
deposits. 

No significant settlement of the sheetpile bulkhead wall are expected because the structures 
are sufficiently embedded within the denser site soils.  However, the boring data indicates that 
a relatively shallow, 5 to 10 ft thick silty clay layer exists throughout the project site. Therefore, 
where the existing grades are raised, downdrag loads due to potential settlement of the 
cohesive layer must be evaluated.  

Approximately 6 to 8 inches of settlement is expected in Areas 12 and 14 near Sandbridge, 
due to the existing soft, compressible organic surficial deposits.  In addition, constructability of 
the levee system within areas of soft, surficial soils will be difficult and require temporary 
stabilization or timber netting.  Heavy construction equipment needed for the work, will need 
to be provided temporary access roads in order to reach the more remote areas of the project 
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sites.  A more detail analysis will need to be performed when site specific data and lab testing 
becomes available.  
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APPENDIX B: COST ESTIMATION 
Unit Costs and Assumptions Used in Alignment Estimates 

 

Typology Units Cost Source Notes 

Steel Sheet Piling SF $ 42.67 1 Average of VDOT Item 60200 and 64040, Suffolk 
District 

Concrete Class A4 CY $ 665.90 1 VDOT Item 60411, Suffolk District 
Earthen Levee LF $ 1,712.00 2 Standard levee design at 10' above grade 

Deployable Gate LF $ 5,500.00 2 Design at 6' above grade 
Miter Gate SF $ 2,188.07 3 SF taken in plan area 

Raised Roadway LF $ 2,359.71 3 
Combined costs from NACCS  

(Levee and Roadway), design elevation of 10' 
above grade 

1) http://www.virginiadot.org/business/resources/const/DistrictAverages.pdf 
2) NACCS (2015) Report 
3) Virginia Beach Comprehensive Sea Level Rise report: City-wide Structural Alternatives for Coastal 
Flood Protection (2019) 

 
These unit costs were adjusted based upon site-specific information for each of the reviewed alignments 
 
 

  

http://www.virginiadot.org/business/resources/const/DistrictAverages.pdf
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West of Lesner Bridge Alignment Cost Estimate 

Typology 
Approximate Length  

(nearest 10 ft) 

Proposed 
DFE  

(ft NAVD88) 

Unit Cost1 
Total Cost  

(nearest thousand 
2018 dollars) 

Hard Construction Cost 
Sheetpile 
Floodwall 5,700 8 $ 1,567.37 $ 8,934,000 

Deployable Gate 70 8 $ 4,500.00 $ 315,000 
Raised Roadway 20 8 $ 5,200.00 $ 104,000 

Subtotal 5,790   $ 9,353,000 
Soft Construction Cost 

Design    $ 936,000 
Environmental 
Assessments    $ 1,403,000 

Drainage 
Improvements    $ 655,000 

Utility Relocation    $ 188,000 
Subtotal    $ 3,182,000 

Contingency 
Hard Cost 

Contingency (30%)    $ 2,806,000 

Soft Cost 
Contingency (15%)    $ 478,000 

Total Alignment Cost $ 15,819,000 
1 Unit Costs were developed with data from various items from the unit costs page 
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East of Lesner Bridge Alignment Cost Estimate 

Typology 
Approximate 

Length 
 (nearest 10 ft) 

Proposed DFE 
 (ft NAVD88) 

Unit Cost1 
Total Cost 

 (nearest thousand 
2018 dollars) 

Hard Construction Cost 
Sheetpile Floodwall 6,600 8 $ 1,567 $ 10,344,000 

Deployable Gate 460 8 $ 4,493 $ 2,067,000 
Raised Roadway 1,800 8 $ 1,568 $ 2,822,000 
Earthen Levee 1,400 8 $ 1,568 $ 2,195,000 

Miter Gate 90 8 $ 17,511 $ 1,576,000 
Miter Gate 80 8 $ 14,775 $ 1,182,000 
Miter Gate 80 8 $ 9,850 $ 788,000 
Subtotal 10,510   $            20,974,000 

Soft Construction Cost 
Design    $ 2,098,000 

Environmental 
Assessments    $ 3,147,000 

Drainage 
Improvements    $ 1,469,000 

Utility Relocation    $ 420,000 
Subtotal    $              7,134,000 

Contingency 
Hard Cost 

Contingency (30%)    $ 6,293,000 

Soft Cost Contingency 
(15%)    $ 1,071,000 

Subtotal    $ 7,364,000 
Total Alignment Cost $            35,472,000 

1Unit Costs were developed with data from various items from the unit costs page 
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Rudee Heights (North) Alignment Cost Estimate 

Typology 
Approximate Length  

(nearest 10 ft) 

Proposed 
DFE 

(ft NAVD88) 

Unit Cost1 
Total Cost  

(nearest thousand 
2018 dollars) 

Hard Construction Cost 
Raised Roadway 1,400 8.5 $ 1,369 $ 1,917,000 

Sheetpile Floodwall 1,900 8.5 $ 1,994 $ 3,789,000 
Subtotal 3,300   $              5,706,000 

Soft Construction Cost 
Design    $ 571,000 

Environmental 
Assessments    $ 856,000 

Drainage 
Improvements    $ 400,000 

Utility Relocation    $ 115,000 
Subtotal    $              1,942,000 

Contingency 
Hard Cost Contingency 

(30%)    $ 1,712,000 

Soft Cost Contingency 
(15%)    $ 292,000 

Subtotal       $              2,004,000 
Total Alignment Cost $ 9,652,000 

1Unit Costs were developed with data from various items from the unit costs page 
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Rudee Heights (South) Alignment Cost Estimate 

Typology 
Approximate 

Length  
(nearest10 ft) 

Proposed DFE 
(ft NAVD88) 

Unit Cost1 
Total Cost  

(nearest thousand 
2018 dollars) 

Hard Construction Cost 
Raised Roadway 900 10 $ 732 $ 659,000 

Subtotal 900   $ 659,000 
Soft Construction Cost 

Design    $ 66,000 
Environmental 
Assessments    $ 99,000 

Drainage 
Improvements    $ 47,000 

Utility Relocation    $ 14,000 
Subtotal    $ 226,000 

Contingency 
Hard Cost 

Contingency (30%)    $ 198,000 

Soft Cost 
Contingency (15%)    $ 34,000 

Subtotal    $                  232,000 
Total Alignment Cost $ 1,117,000 

1 Unit Costs were developed with data from various items from the unit costs page 
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Rudee Heights Alignment Cost Estimate 

Typology 

Approximate 
Length 

 (nearest 
10 ft) 

Proposed DFE 
(ft NAVD88) 

Unit Cost1 
Total Cost  

(nearest thousand 
2018 dollars) 

Hard Construction Cost 
Raised Roadway 900 10 $ 732 $ 659,000 
Raised Roadway 1,400 8.5 $ 1,369 $ 1,917,000 

Sheetpile 
Floodwall 1,900 8.5 $ 1,994 $ 3,789,000 

Subtotal 4,200   $              6,365,000 
Soft Construction Cost 

Design    $ 637,000 
Environmental 
Assessments    $ 955,000 

Drainage 
Improvements    $ 446,000 

Utility Relocation    $ 128,000 
Subtotal    $              2,166,000 

Contingency 
Hard Cost 

Contingency 
(30%) 

   $ 1,910,000 

Soft Cost 
Contingency 

(15%) 
   $ 325,000 

Subtotal    $               2,235,000 
Total Alignment Cost $ 10,766,000 

1 Unit Costs were developed with data from various items from the unit costs page 
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Ocean Lakes to Pungo Alignment Cost Estimate 

Typology 
Approximate Length 

(nearest 10 ft) 

Proposed 
DFE 

(ft NAVD88) 
Unit Cost1 

Total Cost 
(nearest thousand 

2018 dollars) 

Hard Construction Cost 
Earthen Levee 19,400 8.5 $ 993 $ 19,264,000 

Raised Roadway 9,100 8.5 $ 1,369 $ 12,455,000 
Miter Gate 90 8.5 $ 19,700 $ 1,773,000 
Miter Gate 140 8.5 $ 19,693 $ 2,757,000 
Subtotal 28,730   $            36,249,000 

Soft Construction Cost 
Design    $ 3,625,000 

Environmental 
Assessments    $ 5,438,000 

Drainage 
Improvements    $ 2,538,000 

Utility Relocation    $ 725,000 
Subtotal    $            12,326,000 

Contingency 
Hard Cost 

Contingency (30%)    $ 10,875,000 

Soft Cost 
Contingency (15%)    $ 1,849,000 

Subtotal    $            12,724,000 
Total Alignment Cost $ 61,299,000 

1Unit Costs were developed with data from various items from the unit costs page 
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Muddy Creek Road Alignment Cost Estimate 

Typology 
Approximate 

Length  
(nearest 10 ft) 

Proposed DFE  
(ft NAVD88) 

Unit Cost1 
Total Cost 

(nearest thousand 
2018 dollars) 

Hard Construction Cost 
Earthen Levee 28,900 7 $ 685 $ 19,791,000 

Raised Roadway 18,900 7 $ 944 $ 17,840,000 
Miter Gate 200 7 $ 15,320 $ 3,064,000 
Miter Gate 130 7 $ 15,323 $ 1,992,000 
Subtotal 48,130   $            42,687,000 

Soft Construction Cost 
Design    $ 4,269,000 

Environmental 
Assessments    $ 6,404,000 

Drainage 
Improvements    $ 2,989,000 

Utility Relocation    $ 854,000 
Subtotal    $            14,516,000 

Contingency 
Hard Cost Contingency 

(30%)    $ 12,807,000 

Soft Cost Contingency 
(15%)    $ 2,178,000 

Subtotal    $            14,985,000 
Total Alignment Cost $            72,188,000 

1 Unit Costs were developed with data from various items from the unit costs page 
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