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Memorandum #2020-73 
 
TO: Coastal Resiliency Committee 
 
BY: Ben McFarlane, HRPDC Senior Regional Planner 
 
RE: Meeting of the HRPDC Coastal Resiliency Committee – June 26, 2020 

RSVP – June 24, 2020 
 
The next meeting of the Coastal Resiliency Committee will be held on Friday, June 26, 

2020 from 10:00 a.m. until 12:00 p.m. Pursuant to Governor Northam’s Executive Order 

53 issued on March 23, 2020 and Executive Order 61 issued on May 8, 2020 prohibiting all 

public and private in-person gatherings of ten or more individuals, the Coastal Resiliency 

Committee meeting will be held electronically via Webex. Participants may join the 

meeting using the following information: 

Join by computer https://meetingsamer8.webex.com/meetingsamer8/j.

php?MTID=m4fd4a2ec30135a6b9c93784d16ea1d25 

Join by phone: +1-408-418-9388 United States Toll 

Meeting Number / Access Code: 126 145 7277 

Password: QSryctSS396 (77792877 from phones) 

The agenda and related materials are attached. 
 
Please RSVP by June 24, 2020 so we may make appropriate logistical arrangements. If 
you have any questions or need further information, please do not hesitate to contact me. 
 
Attachments 
 
BJM/cm 
 
 
 
 
 
 
 

ROBERT A. CRUM, JR., EXECUTIVE DIRECTOR/SECRETARY  

   MICHAEL J. HIPPLE, CHAIR .ANDRIA P. McCLELLAN, VICE-CHAIR . RANDY R. KEATON, TREASURER 

https://meetingsamer8.webex.com/meetingsamer8/j.php?MTID=m4fd4a2ec30135a6b9c93784d16ea1d25
https://meetingsamer8.webex.com/meetingsamer8/j.php?MTID=m4fd4a2ec30135a6b9c93784d16ea1d25
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AGENDA 
MEETING OF THE HRPDC COASTAL RESILIENCY COMMITTEE 

June 26, 2020 
10:00 A.M. 

 
 

1. Summary of the December 13, 2019 Meeting of the Hampton Roads Coastal 
Resiliency Committee. 
 
The summary and attendance sheets of the above meeting are attached. 
 
Attachments: 1A – December Coastal Resiliency Committee Meeting Summary 

1B – December Coastal Resiliency Committee Meeting Attendance 
 

ACTION: Accept the Meeting Summary and Attendance  
 
 

2. Public Comments 
 
 

3. Virginia Beach Public Works Design Standards Manual 
 

On June 16, 2020, the Virginia Beach City Council adopted a new Public Works Design 
Standards Manual. Chapter 8 of the new standards (“Stormwater Management”) 
includes several components to address resiliency, including increased precipitation 
levels for design storms and the incorporation of sea level rise into design tidal 
elevations. These standards were developed as part of the city’s overall program to 
address sea level rise. Mr. C.J. Bodnar, Virginia Beach Department of Public Works, will 
brief the Committee on the new standards and the process used to develop and adopt 
them.  
 
Following the presentation, the Committee will discuss the potential application of the 
new standards to regional resiliency efforts.  

 
Attachments: 3A – Virginia Beach Public Works Design Standards Manual, Chapter 

8, Stormwater Management 
 3B – Virginia Beach Public Works Design Standards Manual, Appendix 

J – Stormwater Management Design Checklists and Tables 
 
ACTION: None required. 
 
 

4. Get Flood Fluent – Flood Risk Calculator 
 
The HRPDC staff continues to develop the GetFloodFluent.org website as a regional 
resource for flood insurance outreach and education. In December 2019, a flood risk 



 

 

calculator was added to the site, which allows users to estimate flood insurance 
premiums. The calculator can be accessed at https://getfloodfluent.org/how-do-i-get-
flood-insurance/#How-Much. The HRPDC staff will brief the Committee on this new 
tool and provide an update on the media plan for the current year.  
 
ACTION: None required.  
 
 

5. First Floor Elevations Project 
 
The HRPDC is currently in the final year of a three-year effort to develop a regional 
dataset of first floor elevations and apply that data to regional resiliency planning 
efforts. The report for Year 2 was published in February 2020 and is available on the 
HRPDC website at https://www.hrpdcva.gov/library/view/1124/applying-first-floor-
elevation-data-to-flooding-vulnerability-assessments-in-hampton-roads. The HRPDC 
staff will provide an overview of the findings from Year 2 and a status report on the 
current efforts.  
 
Attachments: 5A –  Applying First Floor Elevation Data to Flooding Vulnerability 

Assessments in Hampton Roads 
 
ACTION: None required.  
 
 

6. Update on Federal and State Efforts Related to Sea Level Rise and Recurrent 
Flooding 
 
The HRPDC staff will update the Committee on federal and state efforts related to 
resiliency, sea level rise, and recurrent flooding.   

 
ACTION: None required 
 
 

7. Updates on PDC and Local Efforts Related to Sea Level Rise and Recurrent 
Flooding 
 
Members will be given an opportunity to brief the Committee on their respective 
efforts. 

 
ACTION: None required 
 
 

8. Other Matters 
 
 

 

https://getfloodfluent.org/how-do-i-get-flood-insurance/#How-Much
https://getfloodfluent.org/how-do-i-get-flood-insurance/#How-Much
https://www.hrpdcva.gov/library/view/1124/applying-first-floor-elevation-data-to-flooding-vulnerability-assessments-in-hampton-roads
https://www.hrpdcva.gov/library/view/1124/applying-first-floor-elevation-data-to-flooding-vulnerability-assessments-in-hampton-roads


THE DRAFT SUMMARY OF THE MEETING OF THE  
HRPDC COASTAL RESILIENCY COMMITTEE 

December 13, 2019  

1. Summary of the September 27, 2019 Meeting of the Hampton Roads Coastal Resiliency 
Committee  

The summary and attendance record for the September 27, 2019 meeting of the Hampton 
Roads Coastal Resiliency Committee were approved as distributed. 

2. Public Comments  

There were no public comments. 

3. Governor Northam’s Executive Order 45 

Mr. McFarlane, HRPDC, briefed the Committee on Governor Northam’s Executive Order (E.O.) 
45, Floodplain Management Requirements and Planning Standards for State Agencies, 
Institutions, and Property, issued November 15, 2019. E.O. 45 specifies requirements for state 
development in a Special Flood Hazard Area, freeboard standards for state-owned buildings in 
flood-prone areas, and sea level rise planning standards.  E.O. 45 states that “no new state-
owned buildings or buildings constructed on state-owned property, shall be constructed, 
reconstructed, purchased, or acquired by the Commonwealth within a Special Flood Hazard 
Area or Shaded X Zone in any community unless a variance is granted by the Director of DGS,” 
(Department of General Services) (pg. 3).   

E.O. 45 details freeboard standards based on coastal or riverine areas and future sea level rise 
inundation. Within a riverine Special Flood Hazard Area (SFHA), the top of the lowest floor 
must be elevated no less than 3ft above the Base Flood Elevation (BFE). In a coastal SFHA, this 
is measured from the bottom of the lowest horizontal structural member. Within a Shaded X 
Zone, the same standards apply but freeboard is measured relative to the top of the Water 
Surface Elevation (WSE) or BFE of the adjacent SFHA. E.O. 45 also designates Sea Level Rise 
Inundation Areas based on the NOAA Intermediate-High scenario curve for 2100.  The 
freeboard standard for buildings within the Sea Level Rise Inundation Area and SFHA requires 
that the bottom of the lowest horizontal structural member must be elevated no less than 8ft 
above the BFE (or the WSE or BFE of adjacent SFHA for structures in the Sea Level Rise 
Inundation Area and Shaded X Zone). Structures located only in a Sea Level Rise Inundation 
Area must be elevated no less than 5ft above the mean sea level, which accounts for nearly 4ft 
of sea level rise by 2070 and 1ft for high tide. The sea level rise planning standard will apply to 
all new state-owned buildings receiving funding authorization on or after January 1, 2021.   

The Virginia Department of Conservation and Recreation will develop a guidance document by 
October 1, 2020 regarding the freeboard and sea level rise planning standards. A state 
workgroup of several Cabinet members and the Special Assistant to the Governor for Coastal 
Adaptation and Protection will establish floodplain management standards for state agencies.   
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Mr. Scott Smith, City of Norfolk, noted that E.O. 45 applies only to state-owned buildings, and 
not buildings that are leased by the state. Ms. Emily Steinhilber, Old Dominion University, stated 
this standard will apply to the University. No localities present received advanced notification 
prior to the release of E.O. 45. Mr. McFarlane noted that E.O. 45 likely does not have a large 
near-term impact given the lack of new state buildings, and HRPDC staff will not be proposing 
that this standard be adopted by Hampton Roads communities. Mr. Tim Hare, Arcadis, asked 
what implications E.O. 45 has for the Port of Virginia. Mr. McFarlane noted that E.O. 45 would 
likely apply to the Port, but he is not aware of discussions with the Port Authority. HRPDC staff 
will continue to work on improved communication with the state moving forward to support 
local stakeholder engagement.  

4. Surry Comprehensive Plan 
 

Mr. Matt Smith, HRPDC, briefed the Committee on the sea level rise component of the Surry 
Comprehensive Plan update. Code of Virginia §15.2-2223.3 requires localities in the Hampton 
Roads Planning District to incorporate sea level rise strategies into their comprehensive plans 
and to coordinate these efforts with other localities. Mr. Smith provided an overview of the plan 
and Surry County, the existing and future sea level rise conditions, and recommended strategies 
for sea level rise planning. Surry County residents’ value the exceptional natural resources of 
the Community and support providing access to these amenities. A portion of the County is in 
the Lower James River watershed, and the remainder is in the Blackwater River watershed. 
Only approximately 2% of the County land area and property value is likely to be impacted by 
one meter of sea level rise above Spring High Tide. The Comprehensive Plan strategies will 
recommend that the County continue coordination with partners, such as the HRPDC and 
Virginia Institute of Marine Science, to monitor and understand sea level rise impacts, and 
amend policies, ordinances and programs as needed. Potential priority strategies for adapting 
to sea level rise include preserving natural resources, ensuring transportation access, and 
limiting the development of critical facilities in vulnerable areas.  
 
Mr. Darryl Cook, James City County, asked if the Surry County Comprehensive Plan update has 
been adopted. Mr. Smith stated that portions have been reviewed by the Planning Commission, 
but a complete draft will not be reviewed until early next year. Mr. McFarlane noted that the 
data for the regional sea level rise scenarios adopted by the Commission are available for 
download on HRGEO.org. A quorum was not present to conduct a vote recognizing that Surry 
County has satisfied the Code of Virginia requirements. Previously the Commission adopted a 
resolution recognizing that the City of Portsmouth fulfilled its statutory requirements regarding 
the comprehensive plan. Mr. McFarlane stated that presenting this information to the Coastal 
Resiliency Committee is likely sufficient. In addition, HRPDC staff will follow-up with Surry 
County staff to discuss the idea of a resolution from the Commission.   
 

5. Joint Subcommittee on Coastal Flooding 
 

Ms. Whitney Katchmark, HRPDC, briefed the Committee on the Joint Subcommittee on Coastal 
Flooding meeting that occurred December 2, 2019 in Richmond, Virginia. The Joint 
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Subcommittee is chaired by Senator Lewis and Delegate Hodges. During the Joint Subcommittee 
meeting, PEW Charitable Trusts presented examples of flood preparedness initiatives from 
other communities, and encouraged the state to invest in resiliency. Following the PEW 
presentation, Mr. Ross Weaver, Wetlands Watch, presented on the resilience project database 
for coastal Virginia, now available on the Wetlands Watch website. The inventory includes both 
nature-based and structural flood mitigation approaches.  
 
Ms. Katchmark noted that Councilwoman Andria McClellan, City of Norfolk, presented an 
update on resiliency legislative agenda items for the Hampton Roads region to the Joint 
Subcommittee. Ms. McClellan highlighted the need for state funding to provide local match for 
Federal funding programs and the ideas of establishing a state fund for resilience projects and 
an additional authority or entity that could generate revenue for resiliency initiatives. At the 
previous November Coastal Resiliency Working Group meeting, potential proposals to increase 
funding to the Virginia Floodplain Management and Dam Safety fund were mentioned.  Given 
that DEQ already has a robust framework for managing grant funds, allocating this funding to 
the DEQ Coastal Zone Management Program was also discussed. Ms. Katchmark noted that Mr. 
Tom Leahy, Acting Virginia Beach City Manager, also updated the Joint Subcommittee on 
Virginia Beach’s sea level rise master plan. Mr. David Bradley, City of Virginia Beach, noted to 
the Committee that in addition to the increase in real estate tax and stormwater management 
fee, the Virginia Beach City Council is considering a Bond Referendum for next year.  
 
Ms. Katchmark noted that Jutta Schneider, DEQ, and Russ Baxter, DCR, discussed the previously 
proposed “Soggy Socks” bill to allow fill in certain low-lying areas of the resource protection 
area. The Middle Peninsula PDC previously hosted a tour of coastal properties that illustrated 
flooding. The feasibility of implementing legislation, such as the “Soggy Socks” bill, is still being 
discussed, and a potential grant opportunity through the CZM program may fund research on 
this topic. HRPDC staff will update the Committee as more information becomes available.  
 
Mr. McFarlane briefed the Committee on four pre-filed legislative bills related to resiliency. 
Delegate Lindsey introduced three bills, HB 20, HB 22, and HB 24. HB 20 directs Virginia DEQ to 
implement the final carbon trading regulation that would establish a carbon dioxide cap and 
trade program in compliance with the Regional Greenhouse Gas Initiative (RGGI). The General 
Assembly prevented Virginia from joining RGGI last year. The legislation proposes revenues 
from the sale of carbon allowances that would support resiliency efforts. HB 22 proposes 
changing the Virginia Shoreline Resiliency Fund from a lending program to a grant program 
that would support localities in establishing cost-share programs to assist residents and 
businesses with flood mitigation efforts.  HB 24 proposes establishing the Hurricane and 
Flooding Risk Reduction and Bond Rating Protection Act of 2020, which would establish an 
authority to oversee the state acting as a non-federal sponsor for U.S. Army Corps of Engineers 
projects. HB 77 has multiple patrons and proposes an amendment to the Code of Virginia to 
establish the Green New Deal Act. HB 77 proposes developing a climate action plan with 
measures to establish energy efficiency requirements and transition to a clean energy economy.  
The legislative session begins January 2020, and HRPDC staff will continue to track legislation.  
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6. Proposal for State Grant Fund for Resilience Projects 
 

The proposal for state grant fund for resilience projects was originally listed as item 9 on the 
distributed meeting agenda. Mr. McFarlane stated that the HRPDC Coastal Resiliency Working 
Group met in November to discuss a proposal for a state resiliency assistance fund. The idea to 
create a resiliency items wish list of projects that are ready to advance given additional funding 
was discussed. This list would help emphasize the need for funding to support both planning 
and construction. Responses were received from 6 localities with about $300 million in shovel 
ready projects. Mr. McFarlane noted an advisory group of locality representatives could be 
formed to identify project eligibility criteria for a state fund.  
 
Ms. Katchmark asked if any localities have legislative priorities related to resiliency. Mr. Beaver 
responded that continued financial support of projects identified in the USACE Coastal Storm 
Risk Management Study and implementation of the Ohio Creek Watershed project is of interest. 
Mr. Curtis suggested talking to Hampton Roads Delegates about funding for projects specifically 
within Hampton Roads, recognizing that smaller amounts of funding would support planning 
efforts but not construction.  Ms. Katchmark also suggested the idea of developing a one-page 
summary with specific details about funding needs. Ms. Elizabeth Andrews, Virginia Coastal 
Policy Center, stated the January meeting for the Joint Subcommittee on Coastal Flooding may 
provide an opportunity to hear about upcoming legislation prior to the start of the 2020 
session. She also noted Senate Bill 26 proposes a 5-cent plastic bag tax in the Chesapeake Bay 
Watershed, with the revenues to support the Chesapeake Bay Watershed Implementation Plan.  
 
 

7. Resilience Project Tracking  
 

The resilience project tracking update was originally listed as item 6 on the distributed meeting 
agenda. Ms. Ashley Gordon, HRPDC, provided an update on the initiative to track resilience 
projects through a regional geospatial inventory. As part of a November 2019 data call, locality 
staff reviewed the existing inventory and added projects. Overall, 22 new projects were 
submitted and 21 existing projects advanced in status. $143.2 million in projects were added. 
The inventory is available for download on HRGEO.org. The Hampton Roads Resilience 
Dashboard display of the data is also available on HRGEO.org under Featured Web Apps. 
 
In addition to projects, resilience programs and policy information has also been collected, 
including freeboard standards, comprehensive plan updates, and local programs or studies 
related to recurrent flooding and sea level rise. Ms. Gordon presented a template fact sheet with 
information for the City of Virginia Beach that included policy fast facts, statistics on community 
rating system participation and flood insurance policies, and a program spotlight. HRPDC staff 
will coordinate with locality staff to review content for their programs and policies fact sheet.  
 
Ms. Gordon displayed a project fact sheet from the Louisiana Coastal Master Plan Data Viewer. 
Ms. Gordon asked the Committee if there was interest in developing individual project fact 
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sheets for the Hampton Roads inventory. Mr. Scott Smith stated fact sheets could be useful and 
asked how the information would be populated. Mr. McFarlane responded that HRPDC staff 
would use existing resources, such as Capital Improvement Plan project descriptions, and work 
with localities to review the data.  
 

8. State Building Code Resiliency Subworkgroup 
 
The State Building Code Resiliency Subworkgroup update was originally listed as item 7 on the 
distributed agenda. Ms. Katchmark is participating in the State Building Code Resiliency 
Subworkgroup, which is tasked with proposing measures for improving building resilience to 
flooding hazards. The Subworkgroup has discussed adding a requirement that single-family 
residential homes be equipped with a plug-in for a generator. Several Committee members 
supported this proposal. Mr. Doug Beaver, City of Norfolk, noted that it is important to consider 
that generators may be cost prohibitive for low-to-moderate income communities. Mr. Mark 
Bellamy, York County, also noted that gas stations are now being designed to remain functional 
during a power outage. Mr. David Kuzma, Isle of Wight County, stated that it is important to 
consider what capacity generator the plug-in would need to support, such as a generator that 
powers a refrigerator or an entire home. Mr. Bud Curtis, City of Newport News, noted the base 
cost to simply install the plug would likely be around $200. Mr. McFarlane suggested also 
considering requiring stronger roofs, for example those that could support solar panel 
installation. Mr. Sam Belfield, HRTPO, stated that resilience measures taken now will also better 
prepare future homeowners.  
 
Another suggestion offered by the Subworkgroup was to establish the option for localities to 
designate coastal resilience areas based on a minimum 50-year sea level rise projection. Within 
the resilience areas, the Subworkgoup suggested requiring the FEMA Technical Bulletin best 
practices for coastal construction standards. The Virginia Institute of Marine Science could 
designate the resiliency zones by mapping a given sea level rise projection. In addition to 
changing the building code, local policy tools, such as zoning overlays, floodplain ordinances, 
and comprehensive plan updates were noted during Committee discussion. Mr. McFarlane 
suggested considering if any enabling legislation would be required for local implementation. 
Mr. Scott Smith noted developers are less likely to be interested in areas with additional 
requirements. Mr. Bradley stated that Virginia Beach has invested time identifying vulnerable 
areas of the city and an approach that allows more local flexibility in zone designation would be 
preferred. Mr. McFarlane also suggested considering the impact of corrosion on building 
foundations in coastal areas. Ms. Katchmark will continue to be involved in the Subworkgroup, 
and asked the Committee members to notify her if interested in participating.  
 

9. Regional Flood Sensors 
 
The regional flood sensors update was originally listed as item 8 on the distributed agenda. Ms. 
Katchmark updated the Committee on the effort to develop a regional network of sensors to 
monitor roadway flooding. Ms. Katchmark is coordinating with a technical working group to 
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review the responses to the previously issued Request for Information and discuss the 
development of a Request for Proposal. Ms. Katchmark suggested the idea of applying for 
Department of Defense Office of Economic Adjustment (OEA) grant funding to pilot a sensor 
network along important transportation corridors for military installations. While over 200 
potential sensor locations were identified by local staff across the region, a pilot project for a 
subset of sensors could potentially be launched with federal funding support. Ms. Katchmark 
noted the Coastal Resiliency Program budget includes a project fund of $100 thousand. Mr. 
McFarlane stated that HRPDC staff can contact OEA regarding feasibility.  The Norfolk and 
Virginia Beach Joint Land Use Study identified corridors of interest, and HRPDC staff will also 
reach out to the cities of Hampton and Newport News. Mr. Curtis noted that connecting flood 
sensors to a more robust warning system, such as base gate closures, would also be of interest.  
 
 

10. Sea Level Rise Policy Implementation Guidance  

Mr. McFarlane updated the Committee on the effort to develop regional sea level rise policy 
implementation guidance. The Commission previously adopted the Sea Level Rise Planning 
Policy and Approach in October 2018.  HRPDC staff is working to develop a guidance document 
on applying the USACE Sea Level Change Curve Calculator. This guidance will likely be 
distributed for review at the March Coastal Resiliency Committee Meeting. Previously the 
Committee supported drafting a stormwater management policy, for adoption by the 
Commission, that recognizes the importance of increased rainfall estimates in design guidance. 
The Committee previously suggested waiting until the 2019 City of Virginia Beach Public Works 
Design Standards Manual is approved to develop specific language. Mr. CJ Bodnar, City of 
Virginia Beach, stated the manual will be presented to Council for approval likely in spring 
2020. HRPDC staff will follow-up in the spring regarding a draft resolution.  

 
11. Update on Federal and State Efforts Related to Sea Level Rise and Recurrent Flooding 

 
Mr. McFarlane stated that $75 million has been included in an appropriations bill for the 
Defense Community Infrastructure Program through the Department of Defense OEA. A 
program or rule to administer the funds still needs to be developed, but off-base infrastructure 
projects could qualify. Mr. McFarlane noted the Virginia Beach and Norfolk Joint Land Use Study 
has been submitted, and military support is at the forefront of efforts to secure state funding for 
other resilience projects. Mr. McFarlane stated that the Virginia Coastal Resilience Master Plan 
will likely be complete towards the end of the upcoming 2020 General Assembly session.  
 

12. Updates on PDC and Local Efforts Related to Sea Level Rise and Recurrent Flooding  

Mr. Scott Smith noted the City of Norfolk Ohio Creek Watershed project is likely to begin 
construction in January 2020. The Pre-construction Engineering Design (PED) phase for the 
new berm and floodwall in the Harbor Park/downtown area is also underway as part of the 
USACE Coastal Storm Risk Management Study.   
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Mr. Rob Martz, HRSD, stated the HRSD climate change planning study is underway and includes 
coordination with Virginia Beach, Norfolk, and the Special Assistant to the Governor for Coastal 
Adaptation and Protection, Ann Phillips. Mr. Martz stated the final data will be shared. 

Mr. Bud Curtis, noted the City of Newport News is starting a resiliency program for all 
stormwater pump stations.  

Mr. McFarlane stated the Portsmouth and Chesapeake Joint Land Use Study is now underway, 
and addresses the issues of precipitation and tidal flooding. Updates will be provided to the 
Coastal Resiliency Committee regarding the methods and results of the study. Mr. Tim Hare, 
Arcadis, noted that he is involved with the modeling for the City of Portsmouth.   

 
13. Other Matters 

The next meeting of the Coastal Resiliency Committee will be held March 27, 2020.  
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8.0 Stormwater Management 

8.1 Introduction 

In addition to the factors that must be considered and evaluated in the design of any drainage 
system, drainage systems in coastal areas must account for the unique characteristics of coastal 
flooding, including the impacts of tides, sea level rise and rainfall due to climate change, low 
ground elevations, and high groundwater tables. 
 
Low elevations make many areas of the City vulnerable to flooding.  High tidal elevations can 
further decrease the elevational difference available for effective drainage and in some cases can 
make gravity drainage completely ineffective.  High groundwater tables, often located just below 
the land surface, can result in the rapid saturation of soils during rainfall events leading to 
increased runoff.  High groundwater tables can also affect normal water surface elevations, 
storage volumes in water bodies, and drainage. 
 
This Chapter of the Public Works Design Standards identifies the specific minimum design 
standards that must be met by all proposed drainage systems within the City of Virginia Beach.  
However, conformance to these standards does not relieve the licensed design professional or 
the firm for which the licensed design professional is performing the design, from performing all 
work in accordance with all applicable professional standards. The design professional must also 
ensure the design is consistent with sound engineering practice and principles and in accordance 
and compliance with all applicable codes, laws, and regulations.  The licensed design 
professional and the firm for which the licensed design professional is performing the work are 
responsible for the design and for assuring that the design meets all applicable requirements and, 
for the required design storm/tide frequency pairs and the check storm, results in no flooding on-
site and no increase in flooding upstream and downstream of the site. 
 
At a minimum, the design of drainage systems will: 
 
1. Be based on the standards stated and referenced herein. 

 
2. Calculate the Hydraulic Grade Line (HGL) for all components of all conveyance and 

routed systems, utilizing the appropriate beginning tailwater elevation (tidal water body, 
impoundment, or other major water body) in accordance with Section 8.3.D Hydraulic 
Grade Line and Tailwater Criteria and demonstrating the adequacy of the designed 
drainage system.  (The determination of the HGL is considered a basic engineering 
practice in drainage system design.  It is a necessary and standard practice used to 
check the hydraulic adequacy of the drainage system from the site to the point of 
adequacy and to the upstream ends of all systems draining to the site.) 

 
3. Account for the effects of the seasonally high groundwater elevations on the performance 

of the drainage system. 
 
4. Provide for the conveyance of upstream and other offsite areas without causing flooding 

of upstream areas. 
 
5. Demonstrate the adequacy and capabilities of the system, especially the system’s ability 

to not cause flooding downstream (This is a basic hydraulic requirement of all drainage 
designs, apart and distinct from any federal, state, or local regulatory requirement 
pertaining to downstream drainage systems.) 

 
6. Result in no flooding of those areas served by the designed drainage system. 
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7. Determine the HGL, groundwater hydrology, flood history and potential, drainage 
patterns, and water quality treatment measures associated with the pre-development 
drainage systems; compare the proposed (post-developed) drainage systems against the 
pre-developed systems; and mitigate proposed conditions to the extent that they are 
equal to or better than pre-developed conditions (i.e. less erosion, less flooding, minimal 
change to groundwater hydrology, and compliant water quality treatment). 

 
The above and other drainage system design requirements are more fully covered throughout 
Chapter 8 and in the referenced documents. 
 
All proposed drainage systems within the City of Virginia Beach shall be designed and 
constructed in accordance with this Chapter, the criteria and provisions contained in the below 
listed references.  Drainage systems for site and subdivision developments shall also be 
designed in accordance with Planning Department guidance.  

 
Virginia Department of Transportation Drainage Manual (VDOT DM) Chapters 3 through 
9 and 12, inclusive of appendices and computation forms 

 
Virginia Erosion and Sediment Control Handbook (VESCH)  
 
Virginia Stormwater BMP Clearinghouse, website 
( https://www.swbmp.vwrrc.vt.edu ) 
 
Virginia Stormwater Management Handbook (VSMH), website 
(https://deq.virginia.gov/Programs/Water/StormwaterManagement/publications.aspx) 
 

The designer shall become intimately familiar with these references and the documents they 
reference.  Consider the latest amendments and updates to the above listed references to be 
incorporated into these Design Standards. 
 
All drainage systems within the City of Virginia Beach shall also be designed in accordance with 
all applicable city, state, and federal codes, laws, ordinances, and regulations, including the City 
of Virginia Beach Stormwater Management Ordinance (SWMO).  The City is directly regulated by 
numerous federal and state stormwater management (SWM) and surface water quality 
regulations.  In order to meet these regulations, it is imperative that all documentation of required 
SWM measures is provided with projects and that the projects meet or exceed requirements to 
the fullest extent. 
 
Stormwater quantity and quality control measures shall be provided within the project limits or on 
land specifically acquired, usually in conjunction with the project, for SWM purposes in 
accordance with the SWMO and other applicable requirements of the City Code, state laws and 
regulations, or federal code, laws, and regulations.  The use of off-site stormwater management 
facilities (SWMFs/BMPs) shall be limited to off-site compliance options contained within the 
SWMO. 
 
The use of water bodies not specifically designed and constructed as SWMFs/BMPs must be 
avoided.  In all cases where offsite compliance options are being considered, the designer must 
provide the legal proof the project is allowed to use the offsite facility for SWM control as well as 
documentation demonstrating the adequacy of the SWMF/BMP for stormwater quality control. 
Development must also ensure adequate downstream capacity and provide easements to the 
extent required. 
 
Prior to beginning a project and throughout design development, designers are encouraged to 
meet with the City to discuss advanced design coordination. This coordination is especially 
important when complex drainage systems and tailwater conditions are involved.   
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1. For capital improvement or other City projects, the Public Works Stormwater Engineering 
Center is available for consultation, or 
 

2. For private development projects, the designer is encouraged to meet with 
Planning/Development Services Center (Planning/DSC). 

 
Updates to the City Stormwater Management Master Plan (SWMM files and reports) and the 
Comprehensive Sea Level Rise and Recurrent Flooding Study (Sea Level Wise Study) are under 
development.  These plans and reports, and other studies are available from the Public Works 
Stormwater Engineering Center.  Private developers and their designers should request these 
documents and files through Planning/DSC. 
 
For the development of any proposed site improvement or subdivision, all required on-site and 
off-site drainage shall be designed and constructed in its entirety by the developer (public or 
private) with appropriate consideration of upstream and downstream drainage and properties.  
 
Storm sewer systems, drainage inlets, ditches, channels, culverts, and waterway crossings shall 
be hydraulically designed in accordance with Chapters 3 through 9 and 12 of the VDOT DM, 
except as amended in these Design Standards.  VDOT DM forms are required with all design 
submittals.  Positive drainage, above and below ground, shall be provided for all projects. 
 
SWM Design will be required to be performed using the Stormwater Management Models 
(SWMM) created with the City Stormwater Management Master Plan with the following (2) 
exceptions: 

1 Any project with land disturbance less than 20,000 square feet; or, 

2 Any project which the post-developed impervious area is at least 10% less than the 
existing impervious area. 

Both exceptions will be required to perform their SWM design using computer modeling that uses 
a 24-hour storm event, the increased precipitation values within this Chapter and tailwater at their 
connection point, provided from the Master Drainage Models. 

8.2  Definitions 

The definitions provided herein establish the nomenclature utilized in this section.  
 

1. Check Storm – The check storm shall be defined as the 100-year design storm event. 
 

2. Culvert (References: VDOT DM, VDOT Road and Bridge Specifications, and VSMH, 
modified for clarification.)- A short closed conduit (box culvert, pipe, or other 
manufactured culvert), not classified as a bridge, which provides an opening through an 
area filled with soil for highway, roadway, or site development.  Also, one or more cross 
drainpipes connected by one or more drainage structures (inlets, junction boxes, or 
manholes) hydraulically designed to function as a culvert that is not connected to a storm 
sewer system. 

 
3. Depression Storage- The amount of rain that is retained on the surface in micro-

depressions, ditches, and other terrain irregularities where water is allowed to collect and 
pond. 

 
4. Drainage Area- A land area, water area, or both from which all runoff flows to a 

downstream point (proposed project or site entry point, project or site outfall, drainage 
structure, junction, node, upstream end of a culvert or storm drain, upstream face of a 
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waterway crossing, channel, ditch, swale, spillway, weir, point of adequacy, or point of 
analysis), as required. 

 
5. Drainage System- Includes all those components, manmade and natural, that convey 

and/or store stormwater runoff or other surface flows. 
 
6. Energy Grade Line (EGL)- The line that represents the total energy of flow at a given 

location.  It is the sum of the elevation head (z), pressure head (p/ρg), and velocity head 
(v2/2g). 

 
7. Flooding- A general or temporary condition of partial or complete inundation of normally 

dry land areas from: 
 

a. The overflow of inland or tidal waters, or 
 

b. The unusual and rapid accumulation runoff of surface waters from any source, or 
 

c. Mudflows, which are akin to a river of liquid and flowing mud on the surfaces of 
normally dry land areas, as when earth is carried by a current of water and 
deposited along a path of the current, 

 
d. The collapse or subsidence of land along the shore of a lake or other body of 

water as a result of erosion or undermining caused by waves or currents of water 
exceeding anticipated cyclical levels or suddenly caused by an unusually high 
water level in a natural body of water, accompanied by a severe storm, or by an 
unanticipated force of nature such as a flash flood an abnormal tidal surge, some 
similarly unusual and unforeseeable event that results in flooding as defined 
above. 

 
8. Hydraulic Grade Line (HGL)- A line coinciding with the level of flowing water in an open 

channel.  In a closed conduit flowing under pressure, the HGL is the level to which water 
would rise in a vertical tube at any point along the pipe.  It is equal to the energy grade 
line elevation minus the velocity head (V2/2g). 

 
9. Impoundment (Reference: VSMH)- A collection or storage of water, such as a pond, 

reservoir, pit, dugout, sump etc. 
 
10. Lake (Reference: VSMH)- A water-filled basin with a restricted outlet or no outlet; 

includes reservoirs and tidal ponds. 
 
11. Localized Flooding- Smaller scale flooding that may occur outside of a stormwater 

conveyance system. This may include high water, ponding, or standing water from 
stormwater runoff, which is likely to cause property damage or unsafe conditions. 

 
12. Major Water Body- A public bay, creek, lake, stream, river, ocean, or other large body of 

water that receives stormwater runoff and has a base flood elevation determined by the 
current Federal Emergency Management Agency (FEMA)  Flood Insurance Study (FIS), 
the City Stormwater Master Plan, or other study available from the Public Works 
Stormwater Engineering Center.  For tailwater computations the major (receiving) water 
bodies in the City of Virginia Beach are listed in Table J-12 in Appendix J.  When the 
project does not discharge directly into one of the water bodies listed above and the 
drainage system is tidally influenced, the designer shall determine the hydraulic grade 
line (HGL) and/or water surface profile (WSP) between the project discharge point and 
the mapped edge of the water body listed to provide an accurate tailwater control for 
design purposes. 
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13. Point of Adequacy (Reference: VDOT DM, see “adequate channel”)- A point in the 
downstream receiving stormwater conveyance system where it has adequate capacity to 
convey the design storm discharge under proposed (post-development) conditions to a 
major water body. 

 
14. Private Stormwater Drainage- Surface flow, channelized flow through collection methods 

such as pipes and ditches, storage, treatment and discharge of rainfall generated 
exclusively on private property and not defined as public stormwater drainage. 

 
15. Public Stormwater Drainage- The collection, conveyance, storage, and/ or treatment and 

discharge of stormwater runoff draining the public right-of-ways, public drainage 
easements, and City owned property. 

 
16. Stormwater Conveyance System (Reference: SWMO)-  A combination of drainage 

components that are used to convey stormwater discharge, either within or downstream 
of the land-disturbing activity. This includes: 

 
a. “Manmade stormwater conveyance system” means a pipe, ditch, vegetated 

swale, or other stormwater conveyance system constructed by man except for 
restored stormwater conveyance systems, 

 
b. “Natural stormwater conveyance system” means the main channel of a natural 

stream and the flood-prone area adjacent to the main channel, or 
 
c. “Restored stormwater conveyance system” means a stormwater conveyance 

system that has been designed and constructed using natural channel design 
concepts. Restored stormwater conveyance systems include the main channel 
and the flood-prone area adjacent to the main channel. 

17. Storm Sewer System (Reference: VDOT DM)- A drainage system (pre-developed and/or 
proposed) consisting of a series of at least two interconnecting pipes and two structures 
(drop inlets, manholes, junction boxes, etc.), initially designed to intercept and convey 
stormwater runoff from a specific storm event without surcharge.  A storm sewer system 
is one of several different types of manmade conveyance systems and is used 
interchangeably with the term “storm drain.” 

 
18. Stormwater Management Facility (Reference: SWMO)- A control measure that controls 

stormwater runoff and changes the characteristics of the runoff including, but not limited 
to, the quantity and quality, the period of release or the velocity of flow.   Hereafter this 
will be referred to as SWMF/BMP.  (This term includes stormwater management facilities, 
post-construction best management practices, stormwater treatment measures, and 
stormwater control measures.  SWMFs/BMPs include, but are not limited to, grass 
channels, swales, rainwater harvesting systems, permeable pavement, infiltration 
systems, bioretention systems, filtering practices, constructed wetlands, wet ponds, 
detention ponds, and manufactured storage and/or treatment devices.) 
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8.3  Design Requirements Applicable To All Drainage System Components 

The process for a typical project drainage design is shown below: 
 

Figure VIII-1  Typical Process for Drainage Design 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Positive surface drainage and positive stormwater conveyance systems shall be provided for all 
projects.  See Section 3.7 Streets and Alleys and Chapters 7 and 9 of the VDOT DM for minimum 
longitudinal slope requirements. 
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A. Design Storms – Minimum Frequency Criteria 

The following design storms are required (based on drainage area contributing to each 
project site outfall): 

 

Drainage Area 
(Acres) 

Design Storm 
Frequency 

< 300 10-year 
300 – 500 25-year 

≥ 500 50-year 
 

For each drainage area (contributing to a project or site outfall) less than 300 acres use a 
10-year design storm event for capacity design; for a drainage area (contributing to a 
project or site outfall) equal to or greater than 300 acres but less than 500 acres use a 
25-year design storm event; for a drainage area (contributing to a project or site outfall) 
equal to or greater than 500 acres use a 50-year design storm event.  (Note:  This 
requirement is more stringent than the VSMP Regulation and was applicable prior to 
January 1, 2013.)  
 
See Chapter 6 of the VDOT DM for explanations of design storms and return periods.  
 
Critical infrastructure projects shall be designed using a 100-year design storm (Consult 
with the City Department of Emergency Management to determine if the project contains 
critical infrastructure).  All project designs shall be checked for flood impacts from a 100-
year design storm (See Section 8.3.D.5 Check storm requirements for all projects).  A 
flow chart for design storm frequency selection is shown on the next page. 
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Figure VIII-2  Design Storm Frequency Selection 

 
If lower frequency design storm criteria is stated in the referenced documents (VDOT 
DM, Virginia Erosion and Sediment Control Handbook, Virginia Stormwater BMP 
Clearinghouse, or Virginia Stormwater Management Handbook) for drainage system 
components (channels, culverts, storm sewer systems, and SWMFs/BMPs), these 
Design Standards shall govern; however, the lower frequency design storm criteria cited 
in the reference documents shall also be analyzed and used for design.  Applicable laws, 
ordinances, and regulations may require analyses using additional design storm 
frequencies, such as a 1-year, 2-year, or 25-year design storm for channel protection or 
erosion control.   
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B. Design Storm Depth-Duration and Rainfall Distribution Criteria 

Design storm rainfall depths are generally taken from NOAA Atlas 14 precipitation 
frequency data.  However, precipitation frequency studies undertaken by the City indicate 
that actual rainfall frequency depths in Virginia Beach are approximately 10% greater 
than those specified in NOAA Atlas 14.  In order to address the need for more accurate 
design rainfall data and to consider projected increases in rainfall frequency depths over 
the next 30 years, rainfall depth-duration values were increased by 20% over NOAA Atlas 
14 values.  These updated design rainfall depths are presented in Table VIII-1.  Refer to 
the City of Virginia Beach study titled “Analysis of Historical and Future Heavy 
Precipitation,” dated July 24, 2017 (CIP 7-030, PWCN-15-0014, Work Order 9A) for 
additional information. 

 

Table VIII-1 
Design Rainfall Depths for City of Virginia Beach (Inches) 

Design Storm 
Frequency 

NOAA Atlas 14 Rainfall 
(24-Hour Duration) 

Design Rainfall  
(NOAA Atlas 14 + 20%) 

1-YR 3.00 3.60 

2-YR 3.65 4.38 

10-YR 5.64 6.77 

25-YR 6.99 8.39 

50-YR 8.16 9.79 

100-YR 9.45 11.34 
 

Note:  NOAA Atlas 14 precipitation depths do not vary significantly across the 
City (generally < 0.1” difference).  The NOAA 14 rainfall values shown above 
are based on latitude 36.8201 degrees, longitude – 76.0756 degrees but 
shall be used for the entire City. 

 
 

The design storm depth, duration, and rainfall distribution criteria (1-year through 100-
year design storm frequency) are dependent upon the analysis and design methodology 
to be used (See Section 8.4.C Methodologies for Stormwater Conveyance System 
Design and Section 8.5.B Methodologies for Design of SWMFs/BMPs).  PC-SWMM® 
files containing approved rainfall distribution data are available from the Public Works 
Stormwater Engineering Center. 

 
C. Sea Level Rise/ Recurrent Flooding Analyses 

The City of Virginia Beach is currently developing a comprehensive plan in anticipation of 
sea level rise (SLR) of 1.5 to 3.0 feet over the next 50 years (The Sea Level Rise Study).  
These values are consistent with the analysis and recommendations described in the 
report submitted to the Virginia General Assembly by the Virginia Institute of Marine 
Science in January 2013 entitled “Recurrent Flooding Study for Tidewater Virginia.”  As 
described in that report, recurrent flooding in the Tidewater region continues to increase 
in both frequency and severity and is partially attributable to documented SLR of more 
than one (1) foot over the past 80 years.  Sea level rise is currently projected to continue 
at a similar or increasing rate over the coming decades. 
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As sea levels rise, tidal receiving water bodies throughout the City experience associated 
increases in water levels.  This is particularly significant for the design of storm drainage 
systems which discharge to tidal waters.  The adequacy of tailwater computations 
required for the design of these systems is dependent on accurate tidal information 
throughout the life cycle of the infrastructure.  The process for incorporating tailwater 
criteria into storm drainage system design is described in detail in Section 8.3.D 
Hydraulic Grade Line and Tailwater Criteria.   

 
Base tidal elevations are generally taken from the FEMA Flood Insurance Study (FIS) for 
Virginia Beach and from studies undertaken by the City to assess tidal elevation 
frequencies particular to the City’s southern receiving water bodies.   

1. For development of Non-Critical Infrastructure within the City of Virginia Beach, 
design tidal elevations in the City shall be increased by 1.5 feet over the 
respective base (existing condition) values in order to address the impacts of 
minimum projected sea level rise on tidal tailwater levels.  

2. For development of Critical Infrastructure within the City of Virginia Beach, design 
tidal elevations in the City shall be increased by 3.0 feet over the respective base 
(existing condition) values in order to address the impacts of maximum projected 
sea level rise on tidal tailwater levels. 

 
3. Consult with the City Department of Emergency Management to determine if the 

project contains critical infrastructure. 
 

Refer to Table J-12 Design Tidal Elevations for Virginia Beach in Appendix J for design 
tidal elevations described in this section. 

 
D. Hydraulic Grade Line and Tailwater Criteria 

The Hydraulic Grade Line (HGL) must be calculated for all components of the proposed 
(post-development) conveyance and routed system, including any existing drainage 
system elements that contribute to or receive drainage from the proposed (post-
development) conveyance and routed systems.  The determination of the HGL is a 
standard engineering practice and is a requirement to check the adequacy of the 
drainage system. It is apart and distinct from any requirement of the VSMP Regulation or 
any other federal, state, or local regulatory requirement.  The calculation of the HGL is 
necessary to determine: 
 
1. The elevations along the system to which the water surface will rise when the 

system is operating under design conditions, and 
 

2. Whether those water surface elevations are acceptable per these Design 
Standards.   

 
For storm sewer system design, the HGL aids the designer in determining the 
acceptability of the proposed system by establishing elevations to which water will rise in 
the drainage structures (inlets, manholes, etc.) when the system is operating under the 
required design storm frequency and tailwater elevation (See Chapter 9 of the VDOT 
DM).  The step-backwater method (HEC-RAS or WSPRO) is used to compute the HGL 
(called “water surface profile” in the VDOT DM) in a waterway reach. This calculation is 
used to evaluate the unrestricted water surface elevations for bridge hydraulic design or 
to analyze and design channels with gradually varied flow (See Chapters 7 and 12 of the 
VDOT DM). 
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The HGL calculations shall begin at the point of adequacy in the downstream receiving 
stormwater conveyance or at the receiving water body, whichever is necessary to 
establish an accurate tailwater elevation (beginning water surface level) for the HGL 
calculations.  The point of adequacy shall be as determined using these Design 
Standards. 

The water surface of receiving waters (i.e. tailwater) affects the hydraulic conveyance of 
storm drainage systems.  Stacked tides in the City’s northern waters or wind-driven tides 
in the southern waters often last many days during major storm events.  Stacked tides 
occur in the Elizabeth or Lynnhaven River when steady winds from the north obstruct the 
flow of water out of those river basins.  Similarly, impoundments hold stormwater for 
many days after a major storm event.  Tributaries to tidal waters and impoundments also 
have higher than normal water surface levels during, and many days following, major 
storm events.   

A tailwater or starting water surface elevation is required for HGL analysis and design of 
drainage systems, open channels, culverts, impoundments, lakes, and SWMFs/BMPs.   
To address the combination of rain and receiving water surface elevation, each project 
shall be designed and analyzed using the following criteria: 

1. Tailwater Criteria for Projects Draining to Tidally Influenced Waters 

a. When the project point of discharge drains directly into one of the water 
bodies listed in Table J-12 Design Tidal Elevations for Virginia Beach in 
Appendix J, the licensed design professional shall design and analyze 
the drainage system, starting at the mapped or surveyed edge of the 
water body, using tailwater design criteria with corresponding design 
storm/tide joint probability pairs, or 0.8 times the system discharge pipe 
diameter (or height for non-circular conduits) plus the invert elevation of 
the system discharge pipe, whichever elevation is higher.  

b. The required design storm frequency for a project shall be determined 
from Table VIII-2 Design Storm Frequency for Determining Controlling 
Tailwater Elevation. The corresponding design storm/tide joint probability 
pairs are provided in Table VIII-3 Design Storm/Tide Joint Probability 
Pairs for Determining Controlling Tailwater Elevation.  The licensed 
design professional shall analyze both joint probability pairs for the 
required design storm frequency to determine which pair produces the 
more critical (higher) HGL within the storm conveyance system. 

c. The more critical (higher) tailwater elevation resulting from the above-
design storm/tide frequency pair analysis shall be compared to the 
elevation determined by multiplying 0.8 times the system discharge pipe 
diameter plus the invert elevation of the system discharge pipe.  The 
higher of the two elevations (invert elevation plus 0.8D or Table VIII-2) 
shall be selected as the controlling tailwater for the drainage system. 
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Table VIII-2 
Design Storm Frequency for Determining Controlling 

Tailwater Elevation 

Contributing Drainage Area or Description Design Storm 
Frequency 

< 300 Acres 10-year 
≥ 300 Acres and < 500 Acres 25-year 

≥ 500 Acres 50-year 

Critical Infrastructure Projects* 100-year 
 
* Emergency Management Centers, Evacuation Routes, Hospitals, Fire and 
Rescue Stations, Police Stations, Shelters, Principal Highways and Major 
Roadways, Public Works, Public Utilities, Emergency Operations Centers, 
Etc..  Consult with the City Department of Emergency Management to 
determine if the project contains critical infrastructure. 
 

 
 

Table VIII-3 
Design Storm/Tide Joint Probability Pairs for  
Determining Controlling Tailwater Elevation 

10-YR Design 25-YR Design 50-YR Design 100-YR Design 

Tide Rain Tide Rain Tide Rain Tide Rain 

10-YR 1-YR 25-YR 1-YR 50-YR 1-YR 100-YR 1-YR 

1-YR 10-YR 2-YR 25-YR 2-YR 50-YR 3-YR 100-YR 
 
Note:  Refer to Table J-12 Design Tidal Elevations for Virginia Beach in 
Appendix J for corresponding tide elevations. 
 
Note:  Joint probability pairs represent the highest-frequency tide with the 
lowest-frequency rainfall and the highest-frequency rainfall with the lowest-
frequency tide for each design frequency, as informed by joint probability 
studies undertaken by the City.  Please refer to the City of Virginia Beach 
study titled “Joint Occurrence and Probabilities of Tides and Rainfall,” dated 
October 2017 (CIP 7-030, PWCN-15-0014, Work Orders 2 and 5A) for 
additional information (This study is available from the Stormwater Engineering 
Center). 
 

d. When the project discharge point is not directly adjacent to a major water 
body, as defined herein, the designer shall determine the HGL between 
the project discharge point and the major water body to provide an 
accurate tailwater control for design purposes.  The HGL analysis shall 
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start at the mapped or surveyed edge of the major water body.  If the 
HGL is determined using the Environmental Protection Agency 
Stormwater Management Model (EPA SWMM) or City-accepted value 
enhanced versions of SWMM, static tides, not diurnal tides, shall be 
used in the analyses.  In no case can starting tailwater elevations be 
lower than the associated tidal elevation listed in Table J-12 in 
Appendix J. City Stormwater Master Plans and City SWMM files may be 
used for analysis, if available. 

2. Tailwater Criteria for Projects Draining to Impoundments, Lakes, SWMFs/BMPs 
(with no tidal influence), or Non-Tidal Waterways  

a. For drainage systems designed using the Rational Method which 
discharge into existing impoundments, lakes, SWMFs/BMPs, and non-
tidal waterways, the designer shall use the higher value of: 

i. 0.8 times the pipe diameter plus the invert of the system 
discharge pipe, or 

ii. The design year (10, 25, 50, or 100 based on contributing 
drainage area to each project or site outfall or critical 
infrastructure as per Table VIII-2 Design Storm Frequency for 
Determining Controlling Tailwater Elevation) peak water surface 
elevation (WSE) in the receiving water body or waterway at the 
pipe discharge location. (Use a 10-year controlling WSE if the 
design storm frequency is 10-year; use a 25-year controlling 
WSE if the design storm frequency is 25-year;  use a 50-year 
controlling WSE if the design storm frequency is 50-year; and 
use a 100-year controlling WSE if the design storm frequency is 
100-year.) 

b. For drainage systems designed using EPA SWMM or City-accepted 
value enhanced versions of SWMM the design year peak water surface 
elevation at each node in the system shall be determined using dynamic 
routing (by modeling) of all contributing storm hydrographs through the 
storm drainage systems and receiving impoundments, lakes, 
SWMFs/BMPs, or waterways to the downstream point of adequacy (See 
Sections 8.4 and 8.5 for additional SWMM analysis and design 
requirements). City Stormwater Master Plans and SWMM files may be 
used for analysis, if available. 

3. Tailwater Criteria for SWMFs/BMPs in Series:  These criteria also apply to 
SWMFs/BMPs that are in series, where one SWMF/BMP discharges into another 
SWMF/BMP, impoundment, or lake, which are in turn tributary to a tidal or non-
tidal water body or waterway.  All components of the drainage system must be 
analyzed to the point of adequacy.   

4. Tailwater Criteria for Storm Sewer Systems Analyzed or Designed Using the 
Rational Method Draining to Proposed Stormwater Retention Facilities Designed 
Using the Modified Rational or Course ‘C’ Method (Drainage Area (Contributing 
to Each Site Outfall) Equal To or Less Than Two (2) Acres): 

Set the starting tailwater elevation at SWMFs/BMPs the higher value of: 
 

a. 0.8 times the pipe diameter plus the invert of the system discharge pipe, 
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or 
 

b. The water surface elevation at the peak rise of the stormwater retention 
facility (SWMF/BMP) design storm routing. 

 
Tailwater elevation data may be available from the Stormwater Engineering 
Center. 

 
5. Check storm requirements for all projects 

a. All drainage system designs including SWMFs/BMPs and conveyance 
systems shall be checked using the check storm HGL analysis 
(incorporating the tailwater criteria stated in Section 8.3.D.1 Tailwater 
Criteria for Projects Draining to Tidally Influenced Waters or Section 
8.3.D.2  Tailwater Criteria for Projects Draining to Impoundments, Lakes, 
SWMFs/BMPs (with no tidal influence), or Non-Tidal Waterways) for 
flooding of buildings and streets:  
 

i. Within the project limits,  

ii. Upstream or up-pipe to the upper limits of each watershed that 
drains to the project, and  

iii. Downstream or down-pipe of the project limits to the downstream 
point of adequacy. 

In cases where off-site structure and street flooding are determined to 
occur under pre-developed (existing) 100-year design storm drainage 
conditions, the HGL shall not increase over the pre-developed condition. 

 
b. The use of SWMM dual links is encouraged and will provide more 

realistic model results. If building flooding occurs or streets are not 
passable (100-year HGL elevation is above crown of roadway or top of 
curb), then the project (including grading, street profiles, conveyance 
systems, and SWMFs/BMPs) shall be redesigned to meet this 
requirement.  Additionally, the Floodplain Ordinance applies. 
 

c. The lowest floor (as defined in the current Floodplain Ordinance) of a 
newly constructed building or manufactured home shall be set to the 
higher of the following: 
 
i. The minimum distance above the base flood elevation 

established in the City’s Floodplain Ordinance or, 

ii. The same distance above the highest 100-year design storm 
HGL elevation within the drainage sub-catchment of the building 
(incorporating the tailwater criteria stated in Section 8.3.D.1 
Tailwater Criteria for Projects Draining to Tidally Influenced 
Waters or Section 8.3.D.2 Tailwater Criteria for Projects 
Draining to Impoundments, Lakes, SWMFs/BMPs (with no tidal 
influence), or Non-Tidal Waterways). 

Sound engineering judgment and practices shall be used when developing the 
downstream tailwater elevations. The designer shall always take into consideration the 
potential for datum differences and make the correct adjustments. 
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The Designer is advised to meet with Planning/ Development Services Center Staff 
for private development projects or Public Works Stormwater Engineering Center 
for City projects to discuss the design approach for projects having complex 
tailwater conditions. 

  
E. Compensation for Seasonal High Groundwater 

All developments and projects shall include a seasonal high baseflow in all channel, lake, 
wetland, pond and other waterway and waterbody design calculations and routings.  The 
designer shall include the minimum allowable baseflow rate using the seasonal high 
baseflow shown in Table VIII-4 for each drainage area. The seasonal high baseflow shall 
be added to the most upstream node, waterway, or water body in the drainage area or 
areas in which the development or project is situated.  For example, if the drainage area 
to one outfall in a development is 60 acres, the seasonal high baseflow to be added to 
the most upstream node in the drainage area equals 0.5 c.f.s., because the on-site 
drainage area to each site outfall is between 50 and 100 acres. 
 
If the seasonal high groundwater table does not influence the development or project 
drainage, then the designer shall submit hydro-geotechnical or soil science data and 
reports that substantiate that claim. 

 

Table VIII-4 
Groundwater Baseflows According To Drainage Area 

Drainage Area within 
Development or Project to 

Each Outfall (Acres)* Seasonal High Baseflow (c.f.s.) 

<50 0.2 

≥ 50 and  < 100 0.5 

≥ 100 and  < 250 1.2 

≥ 250 and  < 500 2.3 

≥ 500 and  < 1000 4.7 

≥ 1000 Consult with Public Works 
Stormwater Engineering Center 

*  Exclude drainage areas upstream of the project. 
  

F. Upstream and Downstream Drainage 

This section provides guidelines for consideration of upstream and downstream 
stormwater runoff and downstream improvements and easements associated with all 
development and redevelopment in the City of Virginia Beach. 
 
Drainage systems shall be of adequate design for the type of proposed improvements 
and must sufficiently handle the existing and projected contributing upstream stormwater 
runoff. There must be no detrimental impacts, such as on-site flooding of buildings and 

 
Attachment 3A



 Chapter 8 – Stormwater Management 
April 2020 

 

_____________________________________________________________________________  
City of Virginia Beach – Public Works Design Standards 

8 - 16 

streets and an increase in the frequency or level of off-site flooding of upstream or 
downstream properties, public right-of-ways, or drainage systems.   
 
The designer shall accurately demonstrate with calculations and documentation that the 
project will create drainage, erosion, flooding, groundwater, or water quality conditions 
that are equal to or better than the pre-developed condition (less erosion, less flooding, 
minimal change to the groundwater hydrology, no decrease in baseflow rate or seasonal 
high groundwater table, and  compliant water quality treatment).  The site and upstream 
and downstream channels, culverts, storm sewers, and SWMFs/BMPs shall be analyzed 
for the pre-development and post-development condition and designed in accordance 
with these Design Standards and the documents referenced in Section 8.1.  Pre-
developed and proposed (post-developed) discharge rates, velocities, volume, and 
location and timing of hydrographic peaks shall be determined for all required design 
frequencies (Minimally 2-, 10-, and 100-year, see Section 8.3.A Design Storms –
Minimum Frequency Criteria). 

For example, a pre-developed farm may have ditches, depressions in fields, and ponds 
that store stormwater.  The depressions in fields can act as large shallow ponds and can 
significantly attenuate the pre-developed runoff rate.  If these pre-developed features are 
ignored in the design of a development project on the site, downstream erosion and 
flooding beyond what the designer anticipated may occur. 

All drainage system designs including SWMFs/BMPs and conveyance systems shall be 
checked using HGL analysis for flooding of buildings and streets within the project limits, 
upstream or up-pipe to the upper limits of each drainage area that drains to the project, 
and downstream or down-pipe of the project limits to the point of adequacy.  This 
analysis must use the 100-year design storm to the downstream point of adequacy, 
incorporating the tailwater criteria stated in Section 8.3.D Hydraulic Grade Line and 
Tailwater Criteria.  The modeling of flow down streets using dual links is recommended.  
The lowest floor (as defined in the current Floodplain Ordinance) of a newly constructed 
building or manufactured home shall be set the minimum distance above the base flood 
elevation established in the City’s Floodplain Ordinance or the same distance above the 
highest 100-year design storm HGL elevation within the drainage sub-catchment of the 
building (incorporating the tailwater criteria stated in Section 8.3.D.1 Tailwater Criteria for 
Projects Draining to Tidally Influenced Waters or Section 8.3.D.2 Tailwater Criteria for 
Projects Draining to Impoundments, Lakes, SWMFs/BMPs (with no tidal influence), or 
Non-Tidal Waterways), whichever elevation is higher.  
 
Adequacy of the downstream system must be demonstrated for all of the following: 
 
1. The downstream system must adequately convey the design storm to the point of 

adequacy, using freeboard heights and headwater depths stipulated herein and 
in the referenced documents.  The design storm shall either be the 10-year, 25-
year, 50-year, or 100-year design storm, whichever corresponds to the each 
drainage area contributing to its respective project or site outfall, served by the 
downstream system or type of facility (Critical or non-critical, See Section 8.3.A 
Design Storms – Minimum Frequency Criteria). 
 

2. When flooding does not exist upstream or downstream of the proposed project, 
the post-developed HGL may increase provided it does not exceed the rim of 
structures or top of bank of open conveyance systems. When flooding exists 
upstream or downstream of the proposed project, the post-development design 
year HGL (10, 25, 50, or 100 per Section 8.3.A) shall not increase over the pre-
development design year HGL (10, 25, 50, or 100 per Section 8.3.A) in all 
receiving channels and water bodies, as determined using methods described in 
the VDOT DM and the VSMH. 
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3. All requirements of the Floodplain Ordinance, SWMO, VDOT DM, and applicable 

state and federal codes, laws, and regulations shall be met. 
 

If the upstream or downstream water surface elevation or HGL increases, where flooding 
already exists, by 0.01 feet or more, the design must be revised to eliminate that 
increase.  If either the review engineer or the design consultant suspect that the post-
development or pre-developed flows (rate or volume) exceed the capacity of the pre-
developed (existing) receiving channel, then downstream drainage easements and 
improvements will be required up to a point within a wide natural floodplain of a major 
water body (See Definitions) downstream. (Note:  This requirement is more stringent than 
the VSMP Regulation and was applicable prior to January 1, 2013.) 
 
If the development drains directly via overland runoff or a stormwater conveyance system 
into a major water body, the development may continue to discharge into the major water 
body, at its present undeveloped rate of runoff without having an easement of record. 
This is provided that there is neither an increase in stormwater discharge or volume nor 
any more than a one (1) minute change in the timing of the peak discharge. 
 
The need for drainage easements and the type of drainage easement required (private or 
public) will be evaluated on a case by case basis.  Whether the drainage easement is 
designated as private or public depends upon the source of the stormwater.  The 
developer must obtain a private drainage easement to drain any private stormwater 
through man-made portions (such as a canal, ditch, or pipe) of the downstream system 
that are not within public drainage easements or right-of-way. 
 
Public easements are required for public drainage.  When any stormwater from public 
land or right-of-ways discharges onto private property, a public drainage easement shall 
be dedicated to the City of Virginia Beach along the entire conveyance system 
downstream to the closest of the following: 
 
1. The point of adequacy,  

 
2. A major water body (See Definitions), 

 
3. A City of Virginia Beach right-of-way, or 

 
4. A City of Virginia Beach public drainage easement. 
 
See Chapter 2 Plats and Easements for detailed requirements 
 
The point of adequacy shall be as determined using these Design Standards.  If a or b, 
above, is on private property, then the public drainage easement shall continue 
downstream until it reaches a City of Virginia Beach right-of-way or public easement, or  
a major water body (See Definitions).  These requirements apply to all projects, even if 
the project stormwater outfall is held back to existing (pre-development) conditions, 
because emergency spillway flows and other system overflows are required to be 
conveyed through an easement or right-of-way. 
 
The designer must submit proof of the downstream channel adequacy to the City.  
Minimally, the designer shall submit a Stormwater Management Plan that is in 
conformance with the SWMO.  Information that is required to supplement the 
downstream adequacy analysis includes, but is not limited to: 
 
1. Topographical surveys that include contours and elevations, 
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2. Location and size of vegetation growth within the existing ditch including trees, 
 

3. Photographs, 
 

4. Channel calculations that include a reasonable channel lining coefficient, 
 

5. Drainage and erosion control calculations for the pre-development and post-
development 2-year 24-hour and 10-year 24-hour design flows, 
 

6. Pre-development and post-development drainage area maps, and 
  

7. A location map.   
 

Pre-developed vs. post-developed runoff comparisons shall be performed using 
the same method of analysis. 

 
If downstream improvements are proposed to provide conformance with the SWMO, then 
public drainage easements shall be provided for the downstream improvements to 
include the full extent of the improvements. 
 
The Designer is advised to meet with Planning/ Development Services Center Staff 
for complex private development projects or Public Works Stormwater Engineering 
Center for complex City projects to discuss the design approach. 
 

G. Evaluation of Existing (Pre-developed) Drainage Conditions 

The existing (pre-developed) drainage condition must be evaluated for all projects to 
provide a comparison against the proposed drainage condition.  The pre-developed 
drainage patterns, drainage systems, SWMFs/BMPs, groundwater hydrology (baseflow 
rate and seasonal high groundwater table), flood history and potential, and water quality 
must be evaluated on-site, adjacent to the project site, and upstream and downstream of 
the project site for the following reasons: 

 
1. To provide a detailed understanding of these features 
 
2. To coordinate proposed improvements with adjacent existing features 
 
3. To minimize the erosion and flood impact from the proposed drainage 

improvements 
 
4. To facilitate a detailed comparison between the pre-developed drainage 

condition and the proposed (post-developed) drainage condition 
 

The pre-developed drainage system evaluation shall include: 
 
1. Site visit/field review with photographic and written documentation 
 
2. Documentation recommended by these Design Standards and the documents 

referenced in Section 8.1 
 
3. Analysis to the same level of detail and extent as the proposed drainage system 

design, using the same methodologies as used for the proposed drainage 
system and as required by these Design Standards and the documents 
referenced in Section 8.1 
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H. Projects Adjacent to or Discharging onto Property in Other Cities 
 
When there is potential for stormwater runoff to discharge into adjacent Cities or onto 
property  in other Cities, the designer must consult with the agencies of that City and the 
property owner to determine any additional requirements. 

8.4  Stormwater Conveyance System Design Requirements 

This section provides design requirements that are applicable to all conveyance systems (storm 
sewers, culverts, channels, ditches, swales, etc.).  The VDOT DM is the primary reference for 
conveyance system design.  Because SWMF/BMP design requirements are predominantly 
dictated by the SWMO and BMP Clearinghouse, SWMF/BMP design requirements are presented 
in Section 8.5 SWMF/BMP Design Requirements, separate from stormwater conveyance system 
design requirements. 
 
The design of complex conveyance systems, such as bridges, restored streams, rivers, 
stormwater pumping stations, or drainage systems in coastal zones, requires additional analysis. 
The use of applicable design standards and specifications are recommended.  The Designer is 
advised to meet with Planning/ Development Services Center Staff for complex private 
development projects or Public Works Stormwater Engineering Center for complex City 
projects to discuss the design approach.  
 
A. Design Storms – Frequency for Stormwater Conveyance System 

Design 

All stormwater conveyance system designs shall incorporate all requirements stated in 
Section 8.3 Design Requirements Applicable to All System Components, as well as this 
section.  In addition to the minimum freeboard requirement of VDOT DM Chapter 7  
Ditches and Channels, stormwater conveyance system designers shall incorporate the 
headwater depth criteria of VDOT DM Chapter 8  Culverts.   
 

B. Design Storm Rainfall Distributions for Stormwater Conveyance 
Systems 

Except for the design of stormwater conveyance systems (storm sewers, culverts, 
channels, ditches, and swales) serving less than 20 acres, where use of the Rational 
Method is permissible, design storm rainfall distributions shall be based on the City-
modified NOAA Type “C” 24-hour, 25-year rainfall distribution (See Section 8.3.B Design 
Storm Depth-Duration and Rainfall Distribution Criteria). The shape of the NOAA Type-C 
25-year rainfall distribution curve is used to generate all other rainfall distribution curves.  
PC-SWMM® files that contain the rainfall distribution data are available from the Public 
Works Stormwater Engineering Center. 
 

C. Methodologies for Stormwater Conveyance System Design 

The design methodology selection process is as shown in Figure VIII-3. 
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Figure VIII-3  Design Methodology Selection for Stormwater Conveyance 
Systems

 
 

1. Drainage Area (Contributing to Each Site Outfall) < 20 acres  
 
The "Rational Method" or allowable methods stated in paragraph b), below, may 
be used to determine the peak stormwater runoff from each drainage area with 
less than 20 acres contributing to each project or site outfall.  Otherwise, EPA 
SWMM-based models shall be used for storm sewer system design. 

a. To obtain rainfall intensities for use with the Rational Method, designers 
shall refer to the latest rainfall duration-intensity-frequency information for 
the City of Virginia Beach provided in the VDOT DM, which is based on 
National Oceanic and Atmospheric Administration (NOAA) Atlas 14 
rainfall data.  Consistent with the discussion in Section 8.3.B Design 
Storm Depth-Duration and Rainfall Distribution Criteria, the designer 
shall utilize the Steel Formula coefficients found in Table J-1 in 
Appendix J to calculate rainfall intensity.  
 

b. See paragraph c) below for time of concentration calculation 
requirements. 

  
c. The runoff coefficients shown in Table J-2 in Appendix J shall be used 

to calculate site specific composite runoff coefficients for use with the 
rational equation. 

 
2. Drainage Area (Contributing to Each Site Outfall) ≥ 20 Acres  

 
a. For stormwater conveyance systems receiving ≥ 20 acres of drainage 

area to each project or site outfall, the City requires drainage system 
analyses, pre-developed and proposed (post-developed) discharge 
hydrographs, and designs using EPA SWMM. Alternatively, designers 
can use a computer program that includes an EPA SWMM engine with 
Dynamic Routing that can be automatically uploaded into EPA SWMM.  
 

b. The modeler shall use Green-Ampt infiltration method and parallel pipe/ 
overland flow dual links rather than flood storage nodes.  City 
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Stormwater Master Plan models currently under development use 
Green-Ampt Infiltration parameters. The Green-Ampt parameters shown 
in Table J-13 in Appendix J shall be used for the Green-Ampt infiltration 
method. 
 

c. When EPA SWMM-based models are used, runoff flows times are 
computed using the catchment runoff widths.  See paragraph c below for 
time of concentration and travel time calculation requirements for the 
Rational and NRCS (SCS) Win TR-55 methods. 

 
d. The design storm rainfall distributions are available from the Public 

Works Stormwater Engineering Center.  Excel® files of the rainfall 
distribution data are available from the Public Works Stormwater 
Engineering Center. 

 
e. The design storm rainfall distributions available from the Public Works 

Stormwater Engineering Center (based upon 120% of the City-modified 
NOAA Type “C” 24-hour, 25-year rainfall distribution) shall be used.  
Occasionally, longer analysis periods than 24 hours may need to be 
included in the project analysis and design to reduce model instability 
and provide more accurate modeling results.  If longer analysis time 
periods are not used by the designer, the City reviewer may require their 
inclusion. 

 
3. Time of Concentration for Rational and NRCS (SCS) Win TR-55 Methods 

a. For many hydrologic methods, accurate time of concentration 
calculations must be performed in order to properly “size” a drainage 
system.  The longest Time of Concentration (Tc) to each inlet shall be 
used for most catchments (See the Section 6.4.4.1.8 Common Errors of 
the VDOT DM for overland flow conditions that require adjustments to 
the Tc calculation). 
 

b. When using the Rational Method, the Kinematic Wave Formulation is an 
acceptable manual method for determining the flow time for the first 100 
feet of sheet flow (flow depths less than 0.1 feet).  Manning’s Roughness 
Coefficients for Kinematic Wave Formulation are shown on Table J-3 in 
Appendix J.  FHWA or NRCS overland flow charts, equations, or 
software should then be used to determine times for shallow 
concentrated flow (flow depths between 0.1 and 0.5 feet).  For flow 
depths deeper than 0.5 feet, channel or pipe flow times should be 
determined. 

 
c. When using the Rational Method, the total time of concentration (Tc) to 

an inlet or other point of analysis equals the sum of sheet flow time plus 
shallow concentrated flow time plus channel/pipe flow time.  For NRCS 
(SCS)  Win TR-55, Tc equals the sum of Travel Times (Tt) for sheet flow, 
shallow concentrated flow, and channel/pipe flow.  See Chapter 5 
Tabular Hydrograph Method of NRCS TR-55 for development of travel 
times for stream reach routing. 

 
4. Compliance with the SWMO is required no matter what design method is used 

for stormwater conveyance system design. 
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D. Additional Requirements for Stormwater Conveyance Systems 
This subsection provides additional requirements for specific components of stormwater 
conveyance systems, including storm sewer systems, storm drain inlets, channels, 
ditches, swales, canals, and lakes.  
 
1. Storm sewer systems receiving less than 20 acres of drainage to each site 

drainage outfall may be designed in accordance with Chapter 9 of the VDOT 
DM. See Section J.1 Storm Sewer System Design Outline in Appendix J for an 
overview of an approved method for sizing each storm sewer system receiving a 
drainage area less than 20 acres to the each project or site drainage outfall and 
for drainage inlets in the City of Virginia Beach.  Otherwise, EPA SWMM-based 
models may be used for storm sewer system design. 

2. Storm sewer systems receiving 20 acres or more of drainage (to each project or 
site drainage outfall) shall be designed in accordance with these Design 
Standards and the referenced documents. 

 
3. Manning’s “n” Roughness Coefficients for Storm Sewer Pipe and Culverts are 

provided in Table J-4 in Appendix J. 
 

4. Design Methods for Storm Drain Inlets 

Storm drain inlets on public highways and streets shall be designed in 
accordance with Chapter 9 of the VDOT DM, except rainfall intensity values shall 
be increased by 20%. 

 
5. Drainage Structure Standards and Dimensions 

 
a. Standard drawings for City of Virginia Beach drainage structures are 

shown in Appendix B. 
 

b. Dimensions for City of Virginia Beach and VDOT drainage structures are 
provided in Tables J-5, J-6, and J-7 in Appendix J. 

 
6. Design Methods for Channels and Culverts 

 
Channels and culverts shall be designed in accordance with Chapters 7 and 8, 
respectively, of the VDOT DM.  
 

7. Manning’s “n” Roughness Coefficients for Channels, Streams, and Floodplains 
are listed in Table J-8 in Appendix J.  The selection of Manning’s “n” is 
generally based on observation; however, considerable experience is essential in 
selecting appropriate n-values. 

 
8. Ditches greater than 18 inches in depth shall be piped within City of Virginia 

Beach right-of-ways, public easements, and City owned property, unless required 
to meet the SWMO.  However, the installation of underground storm sewer 
systems shall be the preferred method for closing ditches greater than 18 inches 
in depth on all projects.  Open drainage systems and channels are allowed 
where culvert requirements exceed a 72-inch diameter of reinforced concrete 
pipe (or equivalent), but must be approved by the plan review engineer. 

 
9. Swale systems may be utilized up to 18 inches in depth, as measured from the 

invert of the swale to the “top of (excavated) cut.”  Swale side slopes must be no 

 
Attachment 3A



 Chapter 8 – Stormwater Management 
April 2020 

 

_____________________________________________________________________________  
City of Virginia Beach – Public Works Design Standards 

8 - 23 

steeper than 3:1 H:V (horizontal to vertical); however, flatter slopes are 
encouraged.  The minimum longitudinal slope of swales shall be 0.5% or 0.005 
ft./ft.  Drainage swales shall not be constructed to flow across more than one lot, 
as it is difficult to prevent blockage by future, downstream, adjacent property 
owners.  Dry swales, designed and constructed in accordance with the Virginia 
Stormwater BMP Clearinghouse Design Specifications, are permitted on 
individual lots.  An individual lot is a lot that is not congregated with other lots. 

 
10. Storm drain piping conveying private drainage shall be on a single lot. 
 
11. Shorelines and side slopes for canals and for lakes and ponds with a normal pool 

surface area of one acre or more shall be at a minimum designed and 
constructed in accordance with the following standard drawings (See Appendix 
B): 

 
a. B-23 Rip Rap Shoreline Protection for Lakes, Ponds, and Canals without 

Benching 

b. B-24 Acceptable Slope Alternative for Lakes, Ponds, and Canals without 
Benching 

c. B-25 Rip Rap Shoreline Protection for Lakes, Ponds, and Canals with 
Benching  

For lakes and ponds with a normal pool surface area of less than one acre, the 
minimum required side slope is 4:1. 

12. Whenever the canal top-of-bank to top-of-bank width is 30 feet or greater, public 
maintenance easements (as per the above standard drawings) shall be provided 
on both sides of the canal beyond the top of bank.  All public maintenance 
easements shall be free and clear of trees and structures but shall be sloped to 
facilitate drainage.  Maintenance easement cross slopes shall not be more than 
6%.  The requirement for public maintenance easements along both sides of 
canals will not be waived, since crews cannot maintain wider canals from only 
one (1) side. 

 
13. The designer shall inspect and classify the soil on all bank slopes graded steeper 

than 7:1 H:V and recommend appropriate stabilization and wave protection 
measures.  In no case shall side slopes be steeper than 3:1 H:V. 

14. Bank slope protection for canals and for lakes and ponds with a normal pool 
surface area of one acre or more shall be installed adjacent to all water bodies 
with bank slopes steeper than 7:1 H:V in accordance with the standard drawings.  
Bank slopes that are steeper than 7:1 H:V require riprap or other appropriate 
long-term hardened revetment design for stabilization at the waterline, as shown 
on the standard drawings.  This minimizes escarpments and damage from wave 
action at the normal waterline. 

15. Channels, canals, and lakes shall only be excavated from previously undisturbed 
soil. Box cutting (vertical excavation) followed by establishment of conforming 
bank slopes by placement of fill material is strictly prohibited. 

16. Whenever open channel drainage systems or swales are installed, adequate 
bank stabilization and erosion control measures shall be carried out according to 
the Virginia Erosion and Sediment Control Law and Regulations, the Virginia 
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Erosion and Sediment Control Handbook, the City Code, Chapter 30, Article III 
"Erosion and Sediment Control,” and  Chapter 9 of these Design Standards. 

8.5 SWMF/BMP Design Requirements 

This section provides design requirements for SWMFs/BMPs within the City of Virginia Beach.  
The SWMO provides specific water quality and quantity design and compliance requirements and 
references the VSMH, Virginia Stormwater BMP Clearinghouse website, VSMP Regulation, and 
these Design Standards.   
 
Typical steps to provide compliance with the VSMP Regulation and SWMO while performing 
drainage design, including design of conveyance systems and SWMFs/BMPs, are shown in the 
next three figures (See Figures VIII-4 a, b, and c on the next few pages). 
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Figure VIII-4a  Typical Steps for VSMP/SWMO Compliance 

 
(Figure Continued on Next Page) 
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Figure VIII-4b  Typical Steps for VSMP/SWMO Compliance 

 
(Figure Continued on Next Page) 
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Figure VIII-4c  Typical Steps for VSMP/SWMO Compliance 

 
 

A. Design Storms – Frequency, Duration, and Rainfall Distributions for 
SWMF/BMP Design 

Section 1-15 of the SWMO specifies the minimum frequency and duration standards for 
stormwater management design. 
 
Additionally, all SWMFs/BMPs shall be designed to safely route the 10-year, 25-year, 50-
year, or 100-year design storm without facility failure in accordance with Sections 8.3.A 
Design Storms – Minimum Frequency Criteria and 8.3.D Hydraulic Grade Line and 
Tailwater Criteria.  SWMFs/BMPs shall not cause flooding of buildings or make streets 
impassable during the 100-year design storm (See Section 8.5.C Additional Design and 
Construction Criteria for SWMFs/BMPs).   
 
The lowest floor  (as defined in the current Floodplain Ordinance) of a newly constructed 
building or manufactured home shall be set the minimum distance above the base flood 
elevation established in the City’s Floodplain Ordinance or the same distance above the 
highest 100-year hydraulic grade line (HGL) elevation within the drainage sub catchment 
of the building (incorporating the tailwater criteria stated in Section 8.3.D.1 Tailwater 
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Criteria for Projects Draining to Tidally Influenced Waters or Section 8.3.D.2 Tailwater 
Criteria for Projects Draining to Impoundments, Lakes, SWMFs/BMPs (with no tidal 
influence), or Non-Tidal Waterways), whichever elevation is higher.  
 
The routing of the following design storms under pre- and post-development conditions 
through all drainage systems contributing to the project, within the project limits, and 
flowing from the project downstream to the point of adequacy shall be included with all 
stormwater management plan submittals made to the City: 
 
1. 1-year or 2-year design storm as per the SWMO, 

  
2. 10-year, 25-year, 50-year, or 100-year design storm, as per Section 8.3.A, and 

 
3. 100-year check storm, as per Section 8.5.C.3. 
 
For SWMF/BMP and conveyance system analysis and design, the design storm rainfall 
distributions (based upon 120% of the City-modified Type “C” 24-hour, 25-year rainfall 
distribution available from the Public Works Stormwater Engineering Center) shall be 
used for stormwater conveyance system and routing analysis and design.  The shape of 
the 25-year rainfall distribution curve is used to generate all other rainfall distribution 
curves.  PC-SWMM® files containing the approved rainfall distribution data are available 
from the Public Works Stormwater Engineering Center. 
 
Stormwater control structures must be able to operate without any adjustments after 
installation and shall be able to handle the designed stormwater flow for all required 
storm events.   
 
The licensed design professional and the firm for which the licensed design professional 
is performing the work are responsible for the design and for assuring that the design 
meets all applicable requirements and, for the required design storm/tide frequency pairs 
and the 100-year check storm, results in no flooding on-site  and  no increase in flooding 
upstream and downstream of the site. 

 
B. Methodologies for Design of SWMFs/BMPs 

The design methodology selection process for SWMFs/BMPs is as follows: 
 
 

1. When total land disturbance is less than 20,000 square feet or the proposed 
impervious area is at least 10% less than the existing impervious area:  Designer 
may use any computer design software that utilizes the 24-hour design storm 
hyetograph with increased precipitation and the static tailwater provided by the 
Development Services Center or the Public Works Stormwater Engineering 
Center.  Under these conditions, the requirement to evaluate flooding impacts, 
upstream and downstream of the proposed project, is waived. 
 

2. All other development projects not included in Paragraph 1 above shall use the 
following computer programs for hydrologic and hydraulic calculations pertaining 
to SWMFs/BMPs: 

 
a. EPA SWMM, or 

 
b. Value enhanced SWMM programs that can directly exchange input data 

with EPA SWMM. 
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These computer programs are preferred by the City for use in all hydrologic and 
hydraulic analyses, no matter what size the drainage area is. 

 
3. All SWMF/BMP designs shall conform to the SWMO, as amended by these 

Design Standards.   
 
4. In cases under Paragraph 1 above, the designer is responsible for determining 

appropriate software for each design and analysis and for demonstrating the 
applicability and appropriateness of the software for each design. 
 

5. The Designer is advised to meet with Planning/ Development Services 
Center Staff for complex private development projects or Public Works 
Stormwater Engineering Center for complex City projects to discuss the 
design approach. 

   
C. Additional Design and Construction Criteria for SWMFs/BMPs 

1. All residential subdivision retention and detention SWMF/BMP basins must be 
designed in such a way that the 100-year storm event rise does not exceed the 
base flood elevation shown for Zones AE, AH, AO, or AR on the FEMA FIRM 
maps. To be excluded from this requirement, the ground of the affected 
residential subdivision must be set a minimum of one (1) foot above the FEMA 
FIRM base flood elevation.  (Note:  This requirement is more stringent than the 
Virginia Stormwater BMP Clearinghouse Design Specifications and was 
applicable prior to January 1, 2013.)   

2. Tailwater conditions must always be considered when analyzing the hydraulic 
performance of an outlet device.  Many factors, such as annual high tides, 
seasonal high groundwater, and flood elevations, will affect tailwater elevations.  
(Note:  This requirement is more stringent than the Virginia Stormwater BMP 
Clearinghouse Design Specifications and was applicable prior to January 1, 
2013.)  A backwater check shall be calculated to determine the correct orifice 
and outlet sizes.  See Section 8.3.D Hydraulic Grade Line and Tailwater Criteria 
for additional guidance.  

3. All drainage system designs including SWMFs/BMPs and conveyance systems 
shall be checked using 100-year design storm hydraulic grade line analyses for 
flooding of buildings and streets within the project limits, upstream or up-pipe to 
the upper limits of each drainage area that drains to the project, and downstream 
or down-pipe of the project limits to the downstream point of adequacy, 
incorporating the tailwater criteria stated in Section 8.3.D.  If building flooding 
occurs or streets are not passable (100-year HGL elevation is above crown of 
roadway or top of curb), then the project (including grading, street profiles, 
conveyance systems, and SWMFs/BMPs) shall be redesigned to meet this 
requirement.  Additionally, the Floodplain Ordinance applies. 

4. See Section 8.3.F Upstream and Downstream Drainage for upstream and 
downstream drainage adequacy requirements. 
 

5. As a check, extend the FEMA FIRM Zone AE, AH, AO, or AR 100-year base 
flood elevation horizontally into the streets that are within the project limits and 
check proposed road grades.   If  building flooding occurs or streets are not 
passable (flood elevation is above crown of roadway or top of curb) during the 
FEMA FIRM Zone AE, AH, AO, or AR 100-year base flood, then the project 
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(including grading, street profiles, conveyance systems, and SWMFs/BMPs) shall 
be redesigned to meet this requirement.  Additionally, the Floodplain Ordinance 
applies. 

6. The lowest floor  (as defined in the current Floodplain Ordinance) of a newly 
constructed building or manufactured home shall be set at the minimum distance 
above the base flood elevation established in the City’s Floodplain Ordinance or 
the same distance above the highest 100-year design storm HGL elevation within 
the drainage sub-catchment of the building (incorporating the tailwater criteria 
stated in Section 8.3.D.1 Tailwater Criteria for Projects Draining to Tidally 
Influenced Waters or Section 8.3.D.2 Tailwater Criteria for Projects Draining to 
Impoundments, Lakes, SWMFs/BMPs (with no tidal influence), or Non-Tidal 
Waterways), whichever elevation is higher. 

7. Stormwater detention and retention facilities must be designed to return to a 
water surface elevation that will provide 90% of the design event storage 
capacity within 48 hours of the end of the City’s 24 hour 10-year storm.  This 
requirement is in addition to the drawdown requirements of the Virginia 
Stormwater BMP Clearinghouse. 
 

8. The elevation of the normal dry weather water level will not be less than the 10-
year design tidal elevation (See Table J-12 Design Tidal Elevations for Virginia 
Beach) of the downstream major water body.  (Note:  This requirement is more 
stringent than the Virginia Stormwater BMP Clearinghouse Design Specifications 
and was applicable prior to January 1, 2013.)   This dry weather water level 
minimizes the destruction of vegetation due to saltwater inundation and will help 
mitigate the high flood stage or tide impact on the available storage within the 
SWMF/BMP.   

9. The baseflow of the nearest major water body shall be considered in establishing 
the normal dry weather elevation of a SWMF/BMP.  The depth of baseflow shall 
be added to the controlling outfall invert elevation to derive the normal dry 
weather water surface of the SWMF/BMP (See Section 8.3.E Compensation for 
Seasonal High Groundwater for baseflow addition requirements).  Infiltration shall 
not be considered in the calculation. 

10. For SWMF/BMP design, the seasonal high groundwater (SHGW) level shall be 
determined and certified by a Virginia licensed professional engineer, 
hydrogeologist, or soil scientist with training and experience in advanced soil 
morphology.  The certification of the SHGW level shall be included with the 
drainage calculations. The professional’s certificate for training in “Advanced 
Hydric Soils for Soil Scientists” shall be included with the SHGW certification. 
The locations of any groundwater monitoring wells, infiltration tests, and soil 
borings shall be shown and labeled on the plans.  During the infiltration and 
percolation testing, the underlying soils shall soak for 24 hours before 
determining the infiltration or percolation rate, in accordance with regulatory 
(Virginia DEQ, NRCS, or U.S. Army Corps of Engineers) practices. 

11. The designer shall consider the effects of groundwater in all open conveyance 
system and SWMF/BMP analyses and designs.  Seasonal high groundwater 
baseflows and levels shall be compensated for in the design of all open 
conveyances and all SWMFs/BMPs (above and below ground).  Groundwater 
flow (baseflow) into each open conveyance link or reach shall be determined 
using the procedures described in Section 8.3.E Compensation for Seasonal 
High Groundwater.  The seasonal high baseflow shall be added to the most 
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upstream node, waterway, or water body in each drainage area within the 
development or project. 

 
12. See the Virginia Stormwater BMP Clearinghouse Design Specifications for 

minimum vertical separation distances between SWMFs/BMPs and the seasonal 
high groundwater table and for additional SWMF/BMP design requirements. 

 
13. The Virginia Stormwater BMP Clearinghouse freeboard requirements for 

extended detention basins shall also apply to dry detention ponds. 

14. Positive drainage shall be provided for all SWMF/BMP discharges.  Except 
where there are downstream flow constraints and the proposed (post-
development) discharge must be reduced to the capacity of the downstream 
channel, discharge from a properly designed system shall not exceed the pre-
development rate for all storm frequencies up to and including the required 
design storms.  The downstream system from a SWMF/BMP must always be 
considered in the design process. (Note:  This requirement is more stringent than 
the VSMP Regulation and was applicable prior to January 1, 2013.)   

15. Outlet control structures shall be designed to discourage clogging.  Washed 
gravel can be piled around small diameter perforated pipes or orifices to 
discourage clogging due to sediments in the stormwater.  The minimum on-site 
storm sewer pipe diameter used to restrict stormwater runoff flows shall be six (6) 
inches.  See Appendix B Principal Spillways of the Virginia Stormwater BMP 
Clearinghouse Design Specifications for outlet control structure design guidance. 

16. SWMFs/BMPs shall only be excavated from previously undisturbed soil.  Box 
cutting (vertical excavation) followed by establishment of conforming bank slopes 
by placement of fill material is not allowed. 

17. All wet SWMF/BMP retention basins shall conform to the following Standard 
Drawings: 

a. B-23 Rip Rap Shoreline Protection for Lakes, Ponds, and Canals without 
Benching 

b. B-24 Acceptable Slope Alternative for Lakes, Ponds, and Canals Without 
Benching 

c. B-25 Rip Rap Shoreline Protection for Lakes, Ponds, and Canals with 
Benching 

Bank slopes steeper than 7:1 H:V shall have riprap or other appropriate long-
term hardened revetment design for stabilization at the waterline to prevent 
erosion from wave action.  (Note:  The requirement for riprap stabilization at the 
waterline is more stringent than the Virginia Stormwater BMP Clearinghouse 
Design Specifications and was applicable prior to January 1, 2013).  In no case 
shall side slopes be steeper than 3:1 H:V. 

 
18. Liners shall only be used in proposed wet ponds when a stormwater hot spot 

discharges into the pond. 

19. Infiltration basins, infiltration trenches, dry wells, permeable pavement, and 
vegetative swales with check dams in public right-of-ways are discouraged.  
However, if these SWMFs/BMPs are used in the right-of-way, after receiving 
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Planning/ DSC and Public Works approval, then the outlet pipes and outfall 
channels shall be designed to the point of adequacy for at least a 10-year design 
discharge.  The designer shall assume the ground surface is fully saturated. 

20. All underground SWMFs/BMPs must be marked with a 5" x 5" x ¼" or larger steel 
plate at each corner or marked with white metallic marking tape, three (3) inches 
wide, placed on top of the SWMF/BMP, not to exceed one (1) foot below the 
ground surface level.  In certain cases, at the option of the City Inspector, it may 
be appropriate to use both. 

21. Control structures shall be person-accessible and shall be of sufficient size to 
accommodate a 12-inch diameter vacuum hose. 

 
22. Plastic (HDPE, PE, etc.) and corrugated (aluminum or steel) metal manufactured 

treatment devices (MTDs) are not allowed with City right-of-way. 

23. Privately owned SWMFs/BMPs (Ponds, infiltration facilities, bioretention facilities, 
dry swales, filtering practices, rainwater harvesting systems, etc.) shall only be 
placed on a single lot, not crossing any lot lines and not within the public right-of-
way, and shall not be placed behind residential structures in rear yards.   

D. Additional Safety Considerations for SWMFs/BMPs 

Even the most carefully designed outlet systems are susceptible to clogging.  Outlet 
structures shall be equipped with an emergency overflow design or an emergency 
overland flow path to an adequate receiving channel or water body, thereby preventing 
buildings and parking lots from flooding. 
 

E. Maintenance Requirements 

Where public stormwater is routed through an SWMF/BMP, a drainage and impoundment 
easement must be recorded over the entire SWMF/BMP.  These easements must be 
dedicated to the City of Virginia Beach when such facilities are not within a public right-of-
way.  
 
SWMFs/BMPs require regular maintenance.  Accessible 20-foot wide public access 
easements from public streets to SWMFs/BMPs and around SWMFs/BMPs shall be set 
aside so maintenance equipment can access all SWMFs/BMPs.  These easements shall 
be dedicated to the City.  SWMFs/BMPs may need public easements for staging of 
maintenance equipment, drying of dredge spoils, or stockpiling of excavated material.  
Additionally, 20-foot wide public lake access easements (one (1) for every five (5) acres 
of lake) shall be dedicated to the City.  SWMFs/BMPs greater than ¼ acre shall provide 
adequate space near them for spoil or stockpile facilities (needed for maintenance) or 
provide a public easement on a park site with a minimum of two public access pumping 
easements along the appropriate lot lines.  The pump-hose easements must have a 
minimum width of 10 feet. (Note: These requirements are more stringent than the Virginia 
Stormwater BMP Clearinghouse Design Specifications and were applicable prior to 
January 1, 2013.)  See Sections 2.4 Drainage and Maintenance Easements and 
Section 8.4.D Additional Requirements for Stormwater Conveyance Systems for 
additional easement requirements.   
 
City site development projects (fire stations, libraries, police stations, recreation centers, 
schools, etc.) with ponds on City property that are not within City right-of-way must 
provide all required City of Virginia Beach drainage impoundment easements on the site 
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drawings and any recorded subdivision plats.  These easements shall be labeled as 
proposed drainage easements on the drawings and subdivision plats.  A note shall be 
provided on the subdivision plat stating: “All easements shall be established by a 
legal document prior to transferring the property to private ownership.” 
 
Within each public access and maintenance easement, a paved driveway shall be 
installed from the street to the 20-foot wide maintenance easement that encircles the 
impoundment easement of each SWMF/BMP site.  The paved driveway access shall be 
constructed with either asphalt or concrete, designed to support an AASHTO HS-20 live 
load, have a minimum width of 15 feet, and have a City of Virginia Beach standard 
residential entrance with a width to match the paved driveway and contain two 2-foot 
wide flares located at the roadway.  Each of the paved driveways shall be maintained by 
the City as necessary. These access easements shall be dedicated to the City of Virginia 
Beach by deed in order to allow the City staff to inspect all SWMF/BMP sites.  The 
designer shall consult with the Planning/ DSC stormwater engineer about design ideas 
and needs for each access.  The Planning/ DSC stormwater engineer may also 
coordinate with the Department of Public Works Operations Division concerning any 
specific site access needs and/or restrictions for each SWMF/BMP.  Access to each 
SWMF/BMP shall be available at all times and property owners found impeding this 
paved driveway shall be given 24 hours’ notice to remove the impediment or the City will 
remove the obstruction at the property owner’s expense.  No permanent structures or 
obstructions are permitted in the easement and the driveway surface shall not be altered 
by private entities and/or property owners without prior approval from the City of Virginia 
Beach. 

Outlet devices and other structures must be constructed of reinforced concrete.  Bolting 
appurtenances in place discourages vandalism.  All components of outlet devices and 
other structures shall be accessible for maintenance.   
 
The owner shall execute a “SWMF Maintenance Agreement” for storm and surface water 
facility and system maintenance for all SWMFs/BMPs, with the exception of single family 
site developments.  The preliminary and final plats and completed SWMF Maintenance 
Agreement must be submitted to Planning/ DSC for review and recordation in the office 
of the Clerk, Circuit Court in the City of Virginia Beach.  The latest agreement form and 
plat requirements are available from Planning/DSC. 

 
F. Impoundment Easements 

A City drainage and impoundment easement must be recorded, by plat, over the entire 
lake, pond, drainage system, retention basin, detention basin, or other SWMF/BMP 
where public water is routed, when such facilities are not within a public right-of-way.  
The following notes must be shown on the plat where City or public waters or stormwater 
runoff flows through or into such a facility. 
 

Note 1.  “The variable width Impoundment, Drainage, Access, and 
Maintenance Easement shall be available for all of the following, but not 
limited to, conveyance, collection, storage, drainage, impoundment, 
treatment, and other related uses of surface water and/or groundwater and 
maintenance of and access to and over the stormwater management 
facility.  No alterations whatsoever of the stormwater management facility 
and its bank side slopes within the limits of the impoundment, drainage, 
access, and maintenance easement is permitted without the approval of the 
Department of Public Works.  City maintenance shall be limited to that as 
described in the recorded Deed of Easement, see Note 2.” 
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Note 2.  “Variable width impoundment, drainage, access, and maintenance 
easement to be dedicated to the City of Virginia Beach by deed recorded 
Instrument Number __________ in the Office of the Clerk of Circuit Court in 
the City of Virginia Beach.” 
 
Note 3.  “Twenty-foot (20’) wide access and maintenance easement to be 
dedicated to the City of Virginia Beach by deed recorded as Instrument 
Number ________ in the Office of the Clerk of Circuit Court in the City of 
Virginia Beach.” 
 
Note 4, if storm water pipes are located in the access way and for use in 
dedicating public drainage easements:  “_____-foot (__’) wide drainage, 
access, and maintenance easement hereby dedicated to the City of Virginia 
Beach.”  
 

All required drainage and impoundment easements shall be platted and dedicated to the 
City of Virginia Beach.  In no case shall a subdivision lot be allowed to be platted over a 
SWMF/BMP. 

 
G. Stormwater Management Facility (SWMF/BMP) Maintenance 

Schedule 

SWMF/BMP maintenance and maintenance schedules shall be in accordance with the 
Virginia Beach Stormwater Management Facility Inspection and Maintenance Manual. 

8.6 Materials 

All storm sewer systems, culverts and open drainage systems/ways shall be constructed in 
accordance with the applicable provisions of Divisions II through VI of the VDOT Road and Bridge 
Specifications, the VDOT Road and Bridge Standards, City of Virginia Beach Standard 
Amendments to the VDOT Road and Bridge Specifications, City of Virginia Beach Amendments 
to the VDOT Road and Bridge Standards, and these Design Standards, including the Standard 
Drawings in Appendices A, B, and C. 

 
A. Drainage Structures    

1. VDOT Drainage Structures 
 

VDOT storm drainage inlets and curbs and gutters (CG-6 or CG-7) shall be used 
in all right-of-ways greater than 60 feet, unless otherwise directed or approved by 
the Department of Public Works.  All other drainage structures, including catch 
basins, storm inlets, junction boxes, and manholes, shall be standard precast or 
cast-in-place concrete structures, unless otherwise approved by the Department 
of Public Works.  Use of brick or non-standard drainage structures requires 
Department of Public Works approval.  Hollow masonry block structures are not 
permitted within the City right-of-ways, public easements, or City property. 
  

2. Inlet Shaping 
 

All storm structures (drop inlets, catch basins, and manholes, etc.) shall have full 
diameter invert shaping in accordance with VDOT Standard IS-1. 

3. Weep Holes 
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All storm drainage inlet structures in the right-of-way shall have a note or detail 
indicating that the drainage structures have permanent weep holes installed at 
the aggregate/subgrade interface.  These weep holes will remain open after 
completion of the construction by using hardware cloth (or an acceptable 
alternative as approved by the City’s Inspector) to prevent gravel intrusion into 
the drainage structure.  Weep holes shall be constructed in accordance with City 
Standard Drawings as specified in Appendix B or in accordance with the VDOT 
Road and Bridge Standards. 
 

4. Pipe Connections to Drainage Structures 

When storm sewer pipes are within City right-of-way or public easements, all 
connections shall be with a standard drainage structure, as referenced herein.  
Appropriate flexible, sealed connections in accordance with manufacturers’ 
recommendations shall be used when pipes and structures of dissimilar materials 
are joined. 

 
5. Requirements for Modified or Non-Standard Drainage Structures 

 
Detailed drawings and supporting structural design computations must be 
included in the design documents when storm drainage structures are designed 
using other than City of Virginia Beach or VDOT standards or when standard 
drawings are modified.  The drawings and structural design computations shall 
be prepared, signed, dated, and sealed by a structural engineer licensed by the 
Commonwealth of Virginia, Board of APELSCIDLA. 
 

6. Minimum Interior Dimensions 
 
Where the depth of the modified or special design drainage structure is less than 
four (4) feet, the length and width shall each be a minimum of three (3) feet or the 
outside diameter of the largest connecting pipe, whichever is greater, along each 
wall pair.  Where the depth of the modified or special design drainage structure is 
equal to or greater than four (4) feet, the length and width shall each be a 
minimum of four (4) feet or the outside diameter of the largest connecting pipe, 
whichever is greater, along each wall pair.  See Tables J-5, J-6, and J-7 in 
Appendix J for suggested minimum drainage structure dimensions. 

 
B. Pipes 

1. Minimum Allowable Pipe Diameter for Pipes within City Right-of-ways or Public 
Easements 
 
The minimum storm sewer pipe diameter that is permitted in the City right-of-way 
or public drainage easement shall be 15 inches.  When conditions adjacent to a 
paved street or parking lot dictate, such as at the shallow end of the system or 
where conflicts exist, a 12-inch, 10-inch or 8-inch pipe with a reach length not to 
exceed 50 feet may be used as an exception. This is intended for situations 
involving connections or extensions to existing systems with established 
geometric constraints. This exception to the minimum pipe size criteria shall not 
be considered for new storm sewer systems.  

 
2. Allowable Pipes 

 
a. All pipes in public easements, City right-of-ways, and City owned 

property shall be reinforced concrete pipe, conforming to the 
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specifications for concrete storm sewer pipe (AASHTO designation M-
170) with the modification that all reinforced concrete pipes shall be 
manufactured with concrete having a minimum compressive strength of 
4,000-psi.  All pipe joints shall be sealed in accordance with the VDOT 
Road and Bridge Specifications. 

 
b. Pipes from the following list may be used in installations that are not 

subject to paragraph 1, above: 
 
a) Concrete, Class III, IV, or V (only Class V reinforced concrete 

pipe shall be used under railroad tracks). 
 

b) Polyvinyl chloride (PVC) ribbed or corrugated storm sewer pipe 
(smooth interior). 

 
c) Polyethylene (PE) double-wall pipe (smooth interior). 

 
d) Ductile Iron.  
 

c. Corrugated aluminum alloy pipe and pipe arches; aluminum-coated, 
asphalt-coated, galvanized, polymer-coated, and plain corrugated steel 
pipe and pipe arches; and coated, galvanized, and plain aluminum alloy 
and steel structural plate pipe, pipe arches, and bottomless arches are 
not allowed within public easements, right-of-ways, and City owned 
property. 

 
3. Allowable Culvert Types 

 
In addition to any of the types of pipes listed in Section 8.6.B.2, above, VDOT 
standard reinforced concrete box culverts may be used when conveyances cross 
fields, roadways or parking lots. 
 

4. Minimum Pipe Slope 
 
The minimum and maximum pipe slopes required by the VDOT DM shall be 
used.   
 

5. Pipe Joints 
 

All pipe joints within City right-of-ways, public easements, or City property, shall 
be sealed in accordance with the VDOT Road and Bridge Specifications.  Non-
gasket joints shall be sealed using a VDOT approved method and wrapped with 
approved filter fabric.  For 12-inch to 36-inch storm pipes, a minimum 24-inch 
wide filter fabric shall be used; for 48-inch and larger pipes, a minimum 36-inch 
wide filter fabric shall be used. Each joint shall be completely wrapped with 
approved filter fabric cut to the required width and secured in place with the ends 
overlapping at least two (2) feet prior to backfilling. 
 
a. Tie-in locations between pipes and drainage structures shall be grouted 

and sealed with a material that conforms to the VDOT Road and Bridge 
Specifications and covered with a three (3) foot wide filter fabric which is 
secured in place as stated above.  No lift holes allowed.  
 

b. Proposals for alternate joint systems that provide soil-tight joints must be 
submitted to the Department of Public Works for approval of work within 
the City right-of-way, public easements or City property.  For 
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development plans on private property, proposals must be sent to 
Planning/ DSC for approval. 

 
c. Where significant groundwater flow is anticipated, avoid placing coarse, 

open-graded materials, such as Virginia Class A1 riprap, above, below, 
or adjacent to finer materials, unless methods are employed to impede 
migration (fines may migrate into the coarser materials due to the action 
of hydraulic gradient from groundwater flow).  A filter fabric shall be used 
to separate the materials to prevent migration. 

 
6. Marking Non-Concrete and Non-Metal Pipe 

 
 All pipes not made of concrete or metal shall have three (3) inch white metallic 

marking tape placed above the pipe at an elevation no less than one (1) foot 
below the ground surface. 

 
7. Backfilling of Pipes and Culverts 

 
All pipes and culverts installed in the City right-of-way, public easements, or City-
owned property that are subject to traffic loadings shall be:  
 
a. Backfilled with Select Borrow for Trench Backfill, Minimum CBR-15 (in 

accordance with the City of Virginia Beach Amendments to the VDOT 
Road and Bridge Specifications) or granular material (as defined by 
AASHTO M 145 “Classification of Soils and Soil-Aggregate Mixtures for 
Highway Construction Purposes”), 
 

b. Placed in six (6) inch lifts, and 
 

c. Compacted to 95 percent of standard density based on AASHTO 
Specifications T-99 (ASTM D698). 

 
8. Pipe Cover 

 
a. Concrete Pipe – To protect pipe during construction, minimum height of 

cover prior to allowing any traffic to cross the installed pipe, shall be the 
diameter or span (for elliptical pipe) divided by 2 or three (3) feet, 
whichever is greater.  Minimum finished height of cover is to be the 
diameter or span (for elliptical pipe) divided by 2 or two (2) feet, 
whichever is greater, in accordance with the VDOT Road and Bridge 
Standards. 

b. Plastic Pipe – Plastic pipe and fittings shall be installed in accordance 
with VDOT Road and Bridge Standards, PB-1:  “Plastic Pipe Culvert 
Bedding” and ASTM D2321 “Standard Practice for Underground 
Installation of Thermoplastic Pipe for Sewers and Other Gravity-Flow 
Applications.”  Furthermore, underground installation of plastic pipe for 
sewers and other gravity flow applications shall be made with 
embedment materials conforming to VDOT Road and Bridge 
Specifications, AASHTO M 145 “Classification of Soils and Soil-
Aggregate Mixtures for Highway Construction Purposes” or ASTM 
D2487 “Standard Practice for Classification of Soils for Engineering 
Purposes (Unified Soil Classification System).”  Embedment materials 
shall be chosen from the following: 
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(1) VDOT Class I Backfill (Crusher Run Aggregate, Size No. 25 or 
26 or Aggregate Base Material, Size No. 21A only), 
 

(2) AASHTO M 145 group A-1, or 
 

(3) ASTM D2487classification GW. 
 

c. Ductile iron pipe, Thickness Class 52, or Class V concrete pipe shall be 
required if less than two (2) feet of final cover exists. 
 

9. Flowable Backfill 
 

Flowable fill may be used on a case-by-case basis, after receiving approval from 
the Department of Public Works. 

 
C. Culvert and Pipe Durability 

1. Polyvinyl Chloride (PVC) Pipe (Smooth Interior) 
 

Polyvinyl Chloride (PVC) pipe and fittings shall be manufactured and tested in 
accordance with AASHTO M304 with a minimum pipe stiffness of 46 psi at five 
(5) percent deflection when tested in accordance with ASTM D2412.  PVC pipe 
shall be certified by the compounder as meeting the requirements of ASTM 
D1784, cell class 12454B.  PVC pipe shall be joined with two gaskets and/or a 
water tight sleeve in accordance with the manufacturer’s recommendations for 
their system to result in soil tight performance (no soil infiltration into pipe) as 
defined in AASHTO M294-94.  Otherwise, all joints and other infiltration points 
must be wrapped in accordance with Section 8.6.B.5, above. 

 
2. Polyethylene (PE) Double Wall Pipe (Smooth Interior) 

 
Corrugated Polyethylene (PE) pipe, AASHTO M294, shall be produced and 
certified by the resin producer’s professional engineer as meeting the 
requirements of ASTM D3350.  Cell class 335420C PE pipe shall be joined with 
two gaskets and/or a watertight sleeve as recommended by the licensed design 
professional and by the pipe manufacturer for their system to result in soil-tight 
performance (no soil infiltration into the pipe) as defined in AASHTO M294.  
Otherwise, all pipe joints and all other points of potential soil infiltration shall be 
wrapped with geotextile fabric in accordance with Section 8.6.B.5, above. 

 
D. Standard Inspections 

The developer, contractor or permittee shall, at their expense, inspect all constructed 
storm sewer pipes and culverts with a cumulative total more than 200 linear feet of storm 
sewer pipe and/or culverts located within City rights-of-way and public easements 
utilizing a closed circuit television (CCTV) camera. Inspection shall include, but not be 
limited to, initial cleaning, dewatering and CCTV inspection. All data gathered to describe 
the conditions within the pipe system shall be collected and coded accurately and 
consistently utilizing standards established in Nassco’s Pipeline Assessment Certification 
Program (PACP).  For subdivision projects, the CCTV inspection shall be completed, 
submitted, reviewed, and approved by the Department of Planning prior to approval of 
the Certificate of Completion or start of defect period.  For site plan projects, the CCTV 
inspection shall be completed, submitted, reviewed, and approved prior to surety 
reduction or start of defect period. Any substandard construction work, defects or 
damage shall be corrected by the developer, contractor or permittee at their expense to 
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the satisfaction of the City. The corrective action must take place under the observation 
of Department of Planning/Civil Inspections or by providing an updated CCTV inspection 
to be reviewed and approved prior to approval of Certificate of Completion, start of 
defect, or surety reduction, whichever is applicable. Prior to the release of a Subdivision 
and/or Right of Way defect surety, a final visual inspection will be performed by Civil 
Inspections. If any deficiencies are noted, an additional CCTV inspection of the defective 
section may be required at the Civil Inspectors discretion.  

 
8.7    Stormwater Utility-Fee Adjustment Program 

All developed sites discharging stormwater runoff into the City storm sewer system or into bodies 
of water within the City, either directly or indirectly, will be charged a fee in accordance with 
Chapter 32.5 of the Code of Virginia Beach as it pertains to the Stormwater Management Utility. 
Any existing developed site may request a fee adjustment by submitting a Stormwater Utility 
Adjustment Application provided in Appendix K. 
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Appendix J 
 
Stormwater Management Design Checklists and 
Tables 
 

J.1 Storm Sewer System Design Outline 

 
The below outline is for designing closed storm sewer systems, including drainage structures, 
with contributing drainage areas less than 20 acres and times of concentration (Tc) between 5 
and 30 minutes.  Use SWMM for analysis and design when Tc is ≥ 30 minutes. 
 
A. Rainfall Intensity 

1. IDF Equation 
 
a. if =

B

(Tc+D)E
 

 
Where: 
 
if  = Rainfall intensity for a given recurrence interval “f” (2 yr., 
10 yr., 25 yr., etc.), in inches/hour. 
Tc = Drainage area time of concentration (assumed equal to 
the storm duration), in minutes. 
E = 1.0 for all sites in Virginia Beach 

 
b. Use for drainage areas less than 20 acres and times of concentration 

between 5 and 30 minutes. 
 

c. Use the latest B and D coefficients for Virginia Beach (city) for 
determining rainfall intensity in the Rational and Modified 
Rational Methods as shown in Table J-1 below.  Consistent with the 
discussion in Section 8.3.B Design Storm Depth-Duration and Rainfall 
Distribution Criteria, these coefficients include the requisite 20% increase 
to obtain the design intensity for Rational Method computations. 

 
TABLE J – 1 Steel Equation Coefficients 

Coefficient 2-Year 10-Year 25-Year 50-Year 100-Year 
B 158.7 238.1 285. 333.3 370.4 
D 18.5 22.8 25.1 27.1 24.4 

 
 

2. Time of Concentration (Tc)- Includes sheet flow plus overland flow plus 
channel flow.  Use a minimum of five and a maximum of 30 minutes. 

 
a. Kinematic Wave Formulation (See chart in VDOT Drainage Manual 

(VDOT DM), but ignore impervious area restriction). 
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i. Tt =
0.93(nL)0.6

i0.4S0.6
 

 
Where: 
 
     Tt – sheet flow travel time, 
minutes, 
n = manning’s roughness coefficient for overland 
sheet flow, 
L = flow length, feet, 
i = rainfall intensity, inches/hour, and 
S = average surface slope (feet/feet). 

 
ii. Sheet flow (flow depth is 0.1 feet or less) - maximum 

 length is 100 feet. 

iii. Minimum slope is 0.1% - maximum slope is 6.0%. 
 

iv. See Table J-3 Manning’s Roughness Coefficients for 
 Kinematic Wave Formulation. 

 
b. FHWA/NRCS Overland Flow (See charts in VDOT DM). 

 
i. Vforest with heavy ground litter = 2.516 S0.5 

Vfallow or woodland = 5.032 S0.5 
Vcultivated-straight row = 8.762 S0.5 
Vnearly bare or untilled = 9.965 S0.5 
Vgrassed waterway or unpaved = 16.135 S0.5 
Vpaved = 20.328 S0.5 

 
Where: 
 
V = the average velocity in feet per second, and 
S = the average surface slope in fee per feet. 

 
i. For overland flow on grass use methods approved by Virginia 

DCR or DEQ, as appropriate. 
 

ii. Use with the Rational Method or SCS (NRCS) Unit 
Hydrograph Method (Do not use in SWMM analyses). 
 

iii. Shallow concentrated flow (flow depths of 0.1 to 0.5 feet) –
minimum length is 50 feet; maximum length is 10,000 feet, but 
not beyond interception by natural or man-made channels or 
pipes. 

 
iv. Minimum slope is 0.1% - maximum slope is 50.0%. 

 
c. Open Channel Flow and Closed Conduits 

 
i. Use Manning’s Equation for design storm flow.  Apply Bernoulli 

Theorem (hydraulic grade line) to closed conduits.  Divide length 
by average velocity to obtain travel time for each segment.  See 
VDOT DM Chapters 8 and 9 for additional requirements. 
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B. Rational Method - Use for drainage areas less than 20 acres. 

1. Runoff Coefficient (C)– Site specific formulation required.  See Table J-2 
Rational Method Runoff Coefficients.  See VDOT DM, VESCH, or VSMH for 
additional values and ranges. 

 
2. Time of Concentration - Inlet Time 

 
a. See subsection J.1.1.2 above. 

 
b. The minimum allowable time of concentration is 5 minutes. 

 
3. Intensity (Rainfall) - Use a 10-year storm event for Virginia Beach from VDOT 

DM or Hydraulic Design Advisory, whichever is most current.  Consistent with the 
discussion in Section 8.3.B Design Storm Depth-Duration and Rainfall 
Distribution Criteria, the designer shall utilize the Steel Equation Coefficients in 
Table J-1 to obtain the design intensity for Rational Method computations. 

 
4. Flowrate (Runoff) - Q = (CiA). 

 
Where: 
 
Q = maximum rate of runoff (cfs) 
C = dimensionless runoff coefficient, dependent upon land use 
i = design rainfall intensity (in./hr.), for a duration equal to the time 
of  concentration of the drainage area 
A = drainage area (acres) 

 
C. Storm Drain Conduit Design – See VDOT DM 

1. Pipe Length Between Structures 
 

a. For 12 inch pipe, the length should not exceed 50 feet. 
 
b. For 15 to 42 inch pipe, the length should not exceed 300 feet. 
 
c. For 48 inch or larger pipe, the length should not exceed 800 feet. 

 
2. Slope - Should be given in either in ft./ft. or sometimes in percent. 

(Use Table J-5 Drainage Structure Minimum Depth of this manual to verify that 
the depth is adequate at the drainage structures).  The minimum and maximum 
pipe slopes required by the VDOT DM shall be used. 

 
3. Capacity  = [S1/2 × K], in c.f.s. 

 
Where: 
 
S = Slope of the energy grade line (assumed to be parallel to the bottom slope 
for uniform flow, 
K = Conveyance = (1.486/n) × A ×(Rh)2/3 

n =  Manning’s ‘n’ for storm sewer pipe (See Table J-4 Manning’s “n” Roughness 
Coefficients for Storm Sewer Pipe and Culverts) 
A = Flow area, in square feet 
Rh = Hydraulic Radius, in feet = A/P 
P =Wetted Perimeter, in feet 
For initial pipe sizing, the flow rate should not exceed the pipes capacity. 
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4. Velocity (V) 
 

a. If a pipe is flowing full (V=Q/A), then A equals the area of the pipe in S.F. 
and Q = rate of flow, in c.f.s. 

 
b. If a pipe is in open channel flow, uses the Hydraulic Element chart (The 

depth of flow should be greater than 25% of the pipe diameter). 
 
c. The only way to tell if the pipe is in open channel or full flow is to 

calculate the hydraulic grade line.  Assume the pipe is flowing full. 
 

5. Flow Time = L/(V×60) Flow time is given in seconds, where V equals the actual 
velocity for each conduit and L = conduit length. 

 
D. Hydraulic Grade Line - See VDOT DM. 

1. Outlet Water Surface Elevation (Tailwater (TW)) – See Section 8.3.D 
Hydraulic Grade Line and Tailwater Criteria and VDOT DM Chapters 7, 8, and 9 

 
2. HGL at each drainage structure that is adjacent to or within pavement must not 

be above the rim elevation or gutter flow line, whichever is lower. 
 

3. Conform to minimum freeboard requirements. 
 

4. The designer shall consider the effects of groundwater in all storm drainage 
system designs.  Seasonal high groundwater baseflows shall be included in all 
open channel water surface profile analyses.  See Section 8.3.E Compensation 
for Seasonal Groundwater for baseflow addition requirements. 

 
E. Spread Calculations for Curb Drop Inlets or Catch Basins 

1. Combination grate and curb inlets or gutter basins are discouraged. 
 

2. See Chapter 9 of the VDOT DM for inlet design criteria and procedures, except 
rainfall intensities shall be increased by 20%. 

 
3. All storm drain inlet designs for public highways and streets shall comply with the 

requirements of Section 8.4.D.4. 
 

a. Drainage Areas 
 

i. Low Point (sump or sag condition) – Use two drainage areas, 
one 
left (down station) and one right (up station) of the drainage 
structure.  Provide flanker inlets on each side of the sag inlet, 
sized to pick up drainage when the sag inlet is clogged. 
 

ii. On Grade – Use the total drainage area. 
 

b. Rainfall Intensity (I) 
 

See VDOT Drainage Manual.  Add 20% to required rainfall intensity values. 
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J.2 Rational Method Runoff Coefficients 
 

The Runoff Coefficients shall be based upon site specific criteria. The following values are for 
reference only: 

 
 
TABLE J - 2 
Rational Method Runoff Coefficients 
 
Area Classification 

 
Runoff Coefficient 

Building Roofs, Gravel, Pavement, and Other Impervious 
Surfaces 0.90 

 
Forested and Dry Marsh Areas 

 
0.20 

 
Managed Turf 

 
0.30 

 
Lakes, Ponds, and Other Water Bodies 

 
1.00 

 
J.3 Manning’s Roughness Coefficients for Kinematic Wave Formulation 
 

The following Manning’s ‘n’ roughness coefficients shall be used for overland flow in the 
Kinematic Wave formula in the City of Virginia Beach: 
 
 
 
TABLE J - 3 
Manning’s Roughness Coefficients for Kinematic Wave Formulation 
 
Surface 

 
"n" 

 
Dense shrubbery/Woods with light underbrush 

 
0.40 

 
Woods with dense underbrush 

 
0.80 

 
Fallow – no residue (non-compacted bare, plowed soil) 

 
0.05 

 
Cultivated soils – residue cover ≤ 20% 

 
0.06 

 
Cultivated soils – residue cover > 20% 

 
0.17 

 
Pasture 

 
0.35 

 
Lawns (Use Virginia DCR or DEQ approved methods) 

 
----- 

 
Sparse vegetation 

 
0.15 

 
Bare clay-loam soil (eroded) 

 
0.02 

 
Gravel surface 

 
0.012 

 
Concrete/asphalt/bare, compacted soil 

 
0.011 
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J.4 Manning’s “n” Roughness Coefficients for Storm Sewer Pipe and Culverts 
 
The following table represents the accepted Manning "n" factors for storm sewer pipes and 
culverts allowed in the City of Virginia Beach. 
 

TABLE J – 4 
Manning’s “n” Roughness Coefficients for Storm Sewer Pipe and 
Culverts 
Concrete 0.013 

PVC ribbed or corrugated sewer pipe (smooth 
interior) 

0.011 

Polyethylene double wall pipe (smooth interior) 0.013 

Aluminum spiral rib pipe 0.014 

Note:  Obtain “n” values for pipe not listed above from each manufacturer. 
 
J.5 Drainage Structure - Minimum Depth 
 

The Drainage Structure Minimum Depth information was compiled from the VDOT Road and 
Bridge Standards, City of Virginia Beach Department of Public Works Amendments to the 
VDOT Road and Bridge Standards, the standard drawings in Appendix B of these Design 
Standards, and actual field practices of the Department of Public Works.  Designers shall 
confirm that the information is correct.  See the next page for Table J-5  Drainage Structure 
Minimum Depth. 
 
See below for Table J-5 footnotes. 

 
†     Minimum depths for City standard drainage structures are based on AASHTO M170 /  

ASTM C 76 Wall C.  VDOT 'H' is per VDOT Road and Bridge Standards. 
 

††       The "H" dimension for this item is measured from the invert of the outfall pipe to the top 
of the drainage structure.  All other 'H' dimensions shown on the table are total height 
from inside bottom of structure to top of structure slab or casting, whichever is higher. 

 
*         If the drainage pipe does not cross under the curb or curb and gutter, subtract 0.64 feet 

to the minimum height. 
 
**       Safety Slabs are to be provided at approximately 10' vertical intervals and are to be 

spaced so as not to conflict with the pipe openings.  See VDOT Road and Bridge 
Standards, Volume I, SL-1 “TYPICAL CONCRETE SAFETY SLAB FOR DROP 
INLETS, MANHOLES AND JUNCTION BOXES” for more information. 
 

***     The maximum depth does not correspond to this combination of precast units but to the 
depth of the maximum number of precast units assembled into a drainage structure.  
See VDOT Road and Bridge Standards, Volume I, JB-1 “JUNCTION BOX CHAMBER 
DETAILS FOR 48” – 72” PIPE CULVERTS MAX. DEPTH (H) = 20’” for more 
information. 

 
****    The maximum depth does not correspond to this combination of precast units but to the 

depth of the maximum number of precast units assembled into a drainage structure.  
See the 103 section (PRECAST UNITS) of the VDOT Road and Bridge Standards, 
Volume I  for more information. 
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TABLE J-5 Drainage Structure Minimum Depth 
 

Drainage Structures 
Max.** 
 
Height 

Minimum Height of the Standard Drainage Structures in feet (H) 

Pipe Diameter (inches)  12 15 18 21 24 27 30 36 42 48 54 60 66 72 
Pipe Wall Thickness (inches)†  2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.75 5.25 5.75 6.25 6.75 7.25 7.75 
City St'd. Drop Inlet (B-2/B-5)†† 10' 2.15 2.42 2.69 2.96 3.23          
City St'd. Double D.I. (B-3) 10' 2.67 2.96 3.25 3.55 3.84 4.13 4.42 5.00 5.59 6.17     
City St'd. Single Curb DI (B-6/7)* 10' 2.92 3.21 3.50 3.80 4.09          
City St'd. Double to Quad Curb 
DI* 10' 2.92 3.21 3.50 3.80 4.09 4.38 4.67 5.25 5.84 6.42     

City St'd. Manhole (B-9) 
10'6-
3/4" 3.53 3.82 4.11 4.41 4.70 5.07 5.61 6.69       

Shallow CITY M.H - Mod. (B-11) 8' 2.73 3.03 3.32 3.61 3.90 4.19 4.48 5.07 5.65      
DI-1 10' 2.17 2.42 2.67 2.98 3.25          

DI-1A 20' 10.00 
10.0
0 

10.0
0 

10.0
0 

10.0
0          

DI-2A,B,C 9' 3.50 3.75 4.00 4.25 4.50          
DI-2AA,BB,CC 20' 9.00 9.00 9.00 9.00 9.00          
DI-2D,E,F 9'      4.75 5.00 5.50 6.00 6.50     
DI-2DD,EE,FF 20'      9.00 9.00 9.00 9.00 9.00     
DI-3A,B,C 8' 3.67 3.92 4.17 4.42 4.67 4.92 5.17        
DI-3AA,BB,CC 20' 8.00 8.00 8.00 8.00 8.00 8.00 8.00        
DI-3D,E,F 8' 3.67 3.92 4.17 4.42 4.67 4.92 5.17        
DI-3DD,EE,FF 20' 8.00 8.00 8.00 8.00 8.00 8.00 8.00        
DI-4A,B,C 8'        5.83 6.33 6.83     
DI-4AA,BB,CC 20'        8.00 8.00 8.00     
DI-4D,E,F 8'        5.83 6.33 6.83     
DI-4DD,EE,FF 16'        8.00 8.00 8.00     
DI-5 12'8" 2.75 3.00 3.33  3.83  4.42 5.00 5.50      
DI-7 Cast in Place 12'8" 2.50 2.77 3.04 3.58 3.85 4.13 4.40 4.67 5.21      
MH-1 Cast in Place or Brick 25' 1.94 2.21 2.53 3.05 3.48 4.09 4.73 5.94 6.61 7.15     
JB-1, Type A Tower 20'***          9.33 9.83 10.33 10.83 12.33 
JB-1, Type B Tower 20'***          7.17 7.67 8.17 8.67 10.17 
JB-1, Type C Tower 20'***          6.33 6.83 7.33 7.83 9.33 
B-1, T-MH-2, MH-1 frame 50'**** 3.96 4.25 4.54 4.83 5.13 5.42 6.71 7.29 7.88 9.46 10.04 11.63 12.21 13.79 
B-1, R-2 & T-DI-1, 48" to 96" 
Base 25'**** 2.50 2.77 3.04 3.31 3.58 4.88 5.17 5.75 6.34 6.92 7.50 8.08 8.67 9.25 
B-1 & T-DI-2A-C, 36" Base 4' 4.67 4.94 5.21            
B-1, R-2 & T-DI-2A-C, 48" Base 25'**** 5.50 5.77 6.04 6.31 6.58          
B-1, R-2 & T-DI-2A-C, 60" Base 25'**** 5.50 5.77 6.04 6.31 6.58 6.86 7.38        
B-1, R-2 & T-DI-2A-C, 72" Base 25'**** 5.50 5.77 6.04 6.31 6.58 6.86 7.38 7.92 8.46 9.00     
B-1, R-2 & T-DI-2A-C, 84" Base 25'**** 5.50 5.77 6.04 6.31 6.58 6.86 7.38 7.92 8.46 9.00 9.55 10.09   
B-1, R-2 & T-DI-2A-C, 96" Base 25'**** 5.50 5.77 6.04 6.31 6.58 6.86 7.38 7.92 8.46 9.00 9.55 10.09 10.63 11.17 
B-1 & T-DI-3A-C, 36" Base 4' 3.50 3.77 4.04            
B-1, R-2 & T-DI-3A-F, 48" Base 25'**** 4.34 4.61 4.88 5.15 5.42          
B-1, R-2 & T-DI-3A-F, 60" Base 25'**** 4.34 4.61 4.88 5.15 5.42 5.69 6.23        
B-1, R-2 & T-DI-3A-F, 72" Base 25'**** 4.34 4.61 4.88 5.15 5.42 5.69 6.23 6.75 7.30 7.84     
B-1, R-2 & T-DI-3A-F, 84" Base 25'**** 4.34 4.61 4.88 5.15 5.42 5.69 6.23 6.75 7.30 7.84 8.38 8.92   
B-1, R-2 & T-DI-3A-F, 96" Base 25'**** 4.34 4.61 4.88 5.15 5.42 5.69 6.23 6.75 7.30 7.84 8.38 8.92 9.46 10.00 
B-1, R-2 & T-DI-4A-F, 60" Base 25'**** 4.34 4.61 4.88 5.15 5.42 5.69 6.23 6.75       
B-1, R-2 & T-DI-4A-F, 72" Base 25'**** 4.34 4.61 4.88 5.15 5.42 5.69 6.23 6.75 7.30 7.84     
B-1, R-2 & T-DI-4A-F, 84" Base 25'**** 4.34 4.61 4.88 5.15 5.42 5.69 6.23 6.75 7.30 7.84 8.38 8.92   
B-1, R-2 & T-DI-4A-F, 96" Base 25'**** 4.34 4.61 4.88 5.15 5.42 5.69 6.23 6.75 7.30 7.84 8.38 8.92 9.46 10.00 
B-1, R-2 & T-DI-7, 48" to 96" 
Base 25'**** 2.67 2.94 3.21 3.48 3.75 5.05 5.34 5.92 6.51 7.09 7.67 8.25 8.84 9.42 

 
There are many conditions where the minimum height referenced above cannot be used due to conflicts or restriction 
with pre-development or post-development utilities, drainage items and pavement section. Engineering judgment is 
required in the design of any drainage structure. 
 
SEE PREVIOUS PAGE FOR FOOTNOTE TEXT. 
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J.6 Standard Interior Dimensions for Drainage Structures 
 
The information for the Standard Interior Dimensions for Drainage Structures was compiled from: 
VDOT Road and Bridge Standards, City of Virginia Beach Department of Public Works 
Amendments to the VDOT Road and Bridge Standards, the Standard Drawings in Appendix B of 
these Design Standards, and actual field conditions experience by the Department of Public 
Works staff.  Designers shall confirm that the information is correct.  See the next page for Table 
J-6  Standard Interior Dimensions for Drainage Structures. 
 
See below for Table J-6 footnotes. 
 
*   The maximum pipe size can increase by one pipe size only if there is one pipe entering 

the drainage structure. 
 
**  “Ht.” is the tower that connects to the top of the junction box.  See page 106.12 of the 

VDOT “Road and Bridge Standards, Volume I” for more information. 
  

 
Attachment 3B



 Appendix J – Stormwater Management Design Checklists and Tables 
 April 2020 

 
City of Virginia Beach – Public Works Design Standards 

J - 9 

  
TABLE J-6 Standard Interior Dimensions for Drainage Structures 

Drainage Structures Pipe Sizes 
Interior Dimensions (Deflection Angle of Pipe if laid Parallel to the 
Road) 

Min. Max. Sides (0 to 45 degrees) Front and Back (45 to 90 Degrees) 
CITY ST'D. Single D.I. 12" 24" Outer Pipe Diameter (Min. 2' 2") Outer Pipe Diameter (Min. 2' 2") 
CITY ST'D. Double D.I.. 12" 48" Outer Pipe Diameter (Min. 2' 2") Outer Pipe Diameter (Min. 5' 2") 
CITY ST'D. Single C.D.I. 12" 24" Outer Pipe Diameter (Min. 1' 9.75") Outer Pipe Diameter (Min. 2' 6.25") 
CITY ST'D. Double C.D.I.. 12" 48" Outer Pipe Diameter (Min. 1' 9.75") Outer Pipe Diameter (Min. 6' 4.5") 
CITY ST'D. Triple C.D.I. 12" 48" Outer Pipe Diameter (Min. 1' 9.75") Outer Pipe Diameter (Min. 10' 0") 
DI-1 or 1A 12" 24" 2' 2" 2' 2" 
DI-2A,2B,2C,2AA,2BB,2CC 12" 24" 2' 3" 2' 2" 
DI-2D,2E,2F,2DD,2EE,2FF 30" 48" 6' 8" 4' 8" 
DI-3A,3B,3C,3AA,3BB,3CC 12" 30" 2' 8" 2' 6" 
DI-3D,3E,3F,3DD,3EE,3FF 12" 30" 5' 0" 2' 6" 
DI-4A,4B,4C,4AA,4BB,4CC 36" 48" 4' 6" 4' 0" 
DI-4D,4E,4F,4DD,4EE,4FF 36" 48" 6' 2" 4' 0" 
DI-7,7A,7B 12" 36" 3' 0" 3' 0" 
DI-7,7A,7B 42" 42" 3' 6" 3' 6" 
DI-10A 12" 36" 3' 0" 3' 0" 

VDOT Shoulder Slot Inlet 
15" 
CMP 

15" 
CMP 0' 6" 10' 0" or 20' 0" 

VDOT Shallow MH-1 (Brick) 12" 18" 
Concentric Cone (Top 2' 0",Bottom 3' 
0") 

Concentric Cone (Top 2' 0",Bottom 3' 
0") 

MH-1 Cast in place or Brick 12" 48" 4' 0" 4' 0" 
B-1 or B-2 Base 12" 18"* 3' 0" 3' 0" 
B-1 or B-2 Base 12" 24"* 4' 0" 4' 0" 
B-1 or B-2 Base 12" 36"* 5' 0" 5' 0" 
B-1 or B-2 Base 12" 48"* 6' 0" 6' 0" 
B-1 or B-2 Base 12" 60"* 7' 0" 7' 0" 
B-1 or B-2 Base 12" 66"* 8' 0" 8' 0" 

Junction Boxes  

Pipe Sizes Interior Dimensions 

Min. Max. 

Sides (Deflection Angle of the 
Pipes) Front and Back** 

0  
degree 

1-30  
degree 

31-60  
degree 

61-90  
degree 

Type A  
Tower 

Type B  
Tower 

Type C  
Tower 

Ht. >3'8" 
Ht. 1'6"-
3'8" 

Ht. 0'8"-
1'6" 

JB-1 12" 48" 4' 0" 4' 2" 4' 8" 5' 8" 4' 3' 2' 
JB-1 12" 54" 4' 6" 4' 8" 5' 3" 6' 5" 4' 3' 2' 
JB-1 12" 60" 5' 0" 5' 3" 5' 10" 7' 1" 4' 3' 2' 
JB-1 12" 66" 5' 6" 5' 9" 6' 5" 7' 10" 4' 3' 2' 
JB-1 12" 72" 6' 0" 6' 3" 7' 0" 8' 6" 4' 3' 2' 
 
SEE PREVIOUS PAGE FOR FOOTNOTE TEXT. 
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J.7 Standard Throat Lengths for Drainage Structures 
 
The Standard Throat Lengths for Drainage Structures information was compiled from the following 
sources: VDOT Road and Bridge Standards, Volume I, City of Virginia Beach Department of Public Works 
Amendments to the VDOT Road and Bridge Standards, and the Standard Drawings in Appendix B of 
these Design Standards. 
 

 
TABLE J-7 Standard Throat Lengths for Drainage Structures 
 
Drainage 
Structures 

Pipe Sizes Length of Drainage Structure Throats 
Min. Max. 2'2" 2'6" 2'7" 3' 4' 4'8" 5' 6' 8' 9' 10' 12' 14' 16' 18' 20' 

CITY ST'D. Single D.I.* 12" 48"                 
CITY ST'D. Double D.I.* 12" 48"                 
CITY ST'D Single 
C.D.I.. 12" 48"                 
CITY ST'D. Dbl. C.D.I. 12" 48"                 
CITY ST'D. Triple C.D.I. 12" 48"                 
VDOT DI-1 or 1A* 12" 24"                 
VDOT DI-2A or 2AA** 12" 24"                 
VDOT DI-2B or 2BB** 12" 24"                 
VDOT DI-2C or 2CC** 12" 24"                 
VDOT DI-2D or 2DD** 30" 48"                 
VDOT DI-2E or 2EE** 30" 48"                 
VDOT DI-2F or 2FF** 30" 48"                 
VDOT DI-3A or 3AA 12" 30"                 
VDOT DI-3B or 3BB 12" 30"                 
VDOT DI-3C or 3CC 12" 30"                 
VDOT DI-3D or 3DD 12" 30"                 
VDOT DI-3E or 3EE 12" 30"                 
VDOT DI-3F or 3FF 12" 30"                 
VDOT DI-4A or 4AA 36" 48"                 
VDOT DI-4B or 4BB 36" 48"                 
VDOT DI-4C or 4CC 36" 48"                 
VDOT DI-4D or 4DD 36" 48"                 
VDOT DI-4E or 4EE 36" 48"                 
VDOT DI-4F or 4FF 36" 48"                 
VDOT DI-7* 12" 42"                 
VDOT DI-7A* 12" 42"                 
VDOT DI-7B* 12" 42"                 
VDOT DI-10A** 12" 36"                 
VDOT DI-10B** 12" 36"                 
VDOT DI-10C** 12" 36"                 
VDOT Shoulder Slot 
Inlet 

15" 
CMP 

15" 
CMP                 

 
*   Width of the grate(s) 
 
**  Width of the throat only. This drainage structure has a throat opening and a grate.  The grate dimensions are 

2' 6' by 1' 8" with the grate slots at a 45 degree angle from the face of curb.  See VDOT Road and Bridge 
Standards, Volume 1, DI-2 “STANDARD CURB DROP INLET 12” – 24” PIPE:  MAXIMUM DEPTH (h)=9’” 
for more information. 
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J.8 Manning’s  “n” Roughness Coefficients for Channels, 
Streams, and Floodplains 
 
Table J-8 Manning’s “n” Roughness Coefficients for Channels, 
Streams and Floodplains 
Type of Channel and Description Normal Maximum 
LINED CHANNELS (Selected linings)   
a. Concrete   

1. Trowel finish 0.013 0.015 
2. Float finish 0.015 0.016 
3. Gunite, good section 0.019 0.023 

b. Asphalt   
1. Smooth 0.013 - 

2. Rough 0.016 - 
c. Riprap (St’d VDOT sizes)   

1. Class 1A 0.038 - 
2. Class 1 0.040 - 
3. Class 2 0.042 - 
4. Class 3 0.045 - 
5. Type I 0.047 - 
6. Type II 0.050 - 

EXCAVATED OR DREDGED   
a. Earth, straight and uniform   

1. Clean, recently completed 0.018 0.020 
2. Clean, after weathering 0.022 0.025 

3. Gravel, uniform section, clean 0.025 0.030 
4. With short grass, few weeds 0.027 0.033 

b. Earth, winding and sluggish   
1. No vegetation 0.025 0.030 
2. Grass, some weeds 0.030 0.033 
3. Dense weeds or aquatic plants in deep channels 0.035 0.040 
4. Earth bottom and rubble sides 0.030 0.035 
5. Stony bottom and weedy sides 0.035 0.045 
6. Cobble bottom and clean sides 0.040 0.050 

c. Dragline excavated or dredged   
1. No vegetation 0.028 0.033 
2. Light brush on banks 0.050 0.060 
d. Channels not maintained, weeds and brush uncut   

1. Dense weeds, high as flow depth 0.080 0.120 
2. Clean bottom, brush on sides 0.050 0.080 
3. Same, highest stage of flow 0.070 0.110 
4. Dense brush, high stage 0.100 0.140 

NATURAL STREAMS   
1. Minor streams (top width at flood stage <100 ft)   

a. Streams on Plain   
1. Clean, straight, full stage, no rifts or deep pools 0.030 0.033 

2. Same as above, but more stones/weeds 0.035 0.040 
3. Clean, winding, some pools/shoals 0.040 0.045 
4. Same as above, but some weeds/stones 0.045 0.050 
5. Same as above, lower stages, more ineffective slopes and 

sections 
0.048 0.055 

6. Same as 4, but more stones 0.050 0.060 
7. Sluggish reaches, weedy, deep pools 0.070 0.080 
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Table J-8  (Cont’d)  Manning’s “n” Roughness Coefficients for Channels, 
Streams and Floodplains 
 
 
Type of Channel and Description 

 
Normal Maximum 

8. Very weedy reaches, deep pools, or 
floodways with heavy stand of timber 

and underbrush 

 
 
0.100 

 
 
0.150 

2.  Floodplains   
a. Pasture, no brush   

1. Short grass 0.030 0.035 

2. High grass 0.035 0.050 
b. Cultivated area   

1. No crop 0.030 0.040 
2. Mature row crops 0.035 0.045 
3. Mature field crops 0.040 0.050 

c. Brush   
1. Scattered brush, heavy weeds 0.050 0.070 
2. Light brush and trees, in winter 0.050 0.060 
3. Light brush and trees, in summer 0.060 0.080 
4. Medium to dense brush, in winter 0.070 0.110 
5. Medium to dense brush, in summer 0.100 0.160 

d. Trees   
1. Dense Willows, summer, straight 0.150 0.200 
2.Cleared land with tree stumps, no sprouts 0.040 0.050 
3. Same as above, but with heavy growth of sprouts 0.060 0.080 
4. Heavy stand of timber, a few down trees, little undergrowth,  

flood stage below branches 
 
0.100 

 
0.120 

5. Same as above, but with flood stage reaching branches 0.120 0.160 
3.   Major Streams (top width at flood stage > 100 ft) 
 

The n-value is less than that for minor streams of 
similar description, because banks offer less effective 
resistance 

  

a. Regular section with no boulders or brush - 0.060 
b. Irregular and rough section - 0.100 

 
 
Sources:  (1) VDOT DM, May 2017 
(2) Chow, V.T., Open Channel Hydraulics, McGraw-Hill, 1959 
(3) FHWA, River Engineering for Highway Encroachments, HDS No. 6, 2001 
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J.9 SWMF Stone Permeability Characteristics 
 

 
TABLE J - 9 
SWMF Stone Permeability Characteristics 
 
Aggregate type 

 
"k" (inches/hr) 

 
CFS per 2'x 2' section 

 
#1 

 
7100* 

 
0.656 

 
#57 (washed) 

 
580 

 
0.054 

 
#8 (washed) 

 
670 

 
0.062 

 
#50 sand (Tarmac) 

 
48 

 
0.0045 

 
Manufactured sand (Vulcan) 

 
1.42 

 
0.00013 

 
* Approximate value 
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J.10  Turbidity Curtains 
 
 

 
TABLE J-10 
Turbidity Curtains 
 
Product 

 
Description 

 
Type 1 Silt Curtain 

 
For Small Lakes & Ponds. Light Wt. 
100'l.12" Draft 
Ballast 1/4"Chain 
Wt. Per Ft.1.7# 

 
Type 1A  Silt Curtain 

 
For Lakes & Ponds 
Light Wt. 
100'l.6" Draft 
Ballast 3/8"Chain 
Wt. Per Ft.1.8# 

 
Type 2 Silt Curtain 
 

 
For Rivers & Streams of Light Current. Also Open Lakes & 
Bays. 
100'l. 
Ballast 5/16"Chain 

 
Type 3 Heavy Duty Containment 
Boom 

 
Channels, Harbors, Larger Bodies of Water. 
50'l.24" Draft 
Tension 3/8"Chain 
Wt. Per Ft.2.9# 

 
Containment Systems. 
Flatwater Barrier 
 
 
 
Lightweight 
Barrier 
 
 
 
 
 
Middle Weight 
Barrier 
 
 
 

 
Calm Protected Waters (Lakes, Ponds, Canals) 
Ballast: 1/4" Chain 
Floatation: 4" 
Expanded Polystyrene Over 
9#/Ft Buoyancy 
 
Waters W/Little Current (Lakes, Ponds, Canals) 
Ballast: 1/4" Chain 
Floatation: 6" 
Expanded Polystyrene Over 
9#/Ft Buoyancy 
 
Rivers, Open Lakes, Exposed Shorelines. 
Ballast: 5/16" Chain 
Floatation: 8" 
Expanded Polystyrene Over 
19#/Ft Buoyancy 
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J.11  List of More Stringent Items 
TABLE J-11 List of More Stringent Items 

Item Requirement 
Subject 

VSMP Regulation Code/BMP 
Specification 

Virginia Beach Public Works Design Standards 
(PWDS) Justification for More 

Stringent Requirement 
Reference Code/Spec Reference Standard/Spec 

1 Channel 
Protection – 
Limits of 
Analysis 

9VAC25-
870-66.B. 
Channel 
Protection, 
Item 4 

Unless subdivision 
3 of this subsection 
is utilized to show 
compliance with 
the channel 
protection criteria, 
stormwater 
conveyance 
systems shall be 
analyzed for 
compliance with 
channel protection 
criteria to a point 
where either: a or b 
(1% rule). 

PWDS 
8.3.D.1.d, 
PWDS 
8.3.D.2.b 
and 8.2 

8.3.D.1.d Tailwater Criteria for 
Projects Draining to Tidally Influenced 
Waters -  When the project discharge 
point is not directly adjacent to a major 
water body, as defined herein, the 
designer shall determine the HGL 
between the project discharge point and 
the major water body to provide an 
accurate tailwater control for design 
purposes. The HGL analysis shall start at 
the mapped or surveyed edge of the 
major water body. If the HGL is 
determined using the Environmental 
Protection Agency Stormwater 
Management Model (EPA SWMM) or 
City-accepted value enhanced versions 
of SWMM, static tides, not diurnal tides, 
shall be used in the analyses. In no case 
can starting tailwater elevations be lower 
than the associated tidal elevation listed 
in Table J-12 in Appendix J. City 
Stormwater Master Plans and City 
SWMM files may be used for analysis, if 
available. 
8.3.D.2.b Tailwater Criteria for 
Projects Draining to Impoundments, 
Lakes, SWMFs/BMPs (with no tidal 
influence), or Non-Tidal Waterways – 
For drainage systems designed using 
EPA SWMM or City-accepted value 
enhanced versions of SWMM, the design 
year peak water surface elevation at 
each node in the system shall be 
determined using dynamic routing (by 
modeling) of all contributing storm 
hydrographs through the storm drainage 
systems and receiving impoundments, 
lakes, SWMFs/BMPs, or waterways to 
the downstream point of adequacy (See 
Sections 8.4 and 8.5 for additional 
SWMM analysis and design 
requirements). City Stormwater Master 
Plans and SWMM files may be used for 
analysis, if available. 
8.2 Point of Adequacy (Reference: 
VDOT DM, see “adequate channel”) - 
A point in the downstream receiving 
stormwater conveyance system where it 
has adequate capacity to convey the 
design storm discharge under proposed 
(post--development) conditions to a 
major water body. 
Major Water Body- A public bay, creek, 
lake, stream, river, ocean, or other large 
body of water that receives stormwater 
runoff and has a base flood elevation 
determined by the current Federal 
Emergency Management Agency 
(FEMA)  Flood Insurance Study (FIS), 
the City Stormwater Master Plan, or 
other study available from the 
Stormwater Engineering Center.  For 
tailwater computations the following are 
considered major (receiving) water 
bodies in the City of Virginia Beach are 
listed in Table J-12 in Appendix J.  
When the project does not discharge 

9VAC25-870-66 does not 
address the large, flat 
watersheds (<2% slope) 
with tidally influenced 
waters that are within the 
City of Virginia Beach.  
The more stringent 
requirement (Analysis to 
the point of adequacy) 
prevents further 
degradation of water 
resources and addresses 
localized flooding within 
the watershed (VA Code 
62.1-44.15:33). 
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TABLE J-11 (Cont’d) List of More Stringent Items 

Item Requirement 
Subject 

VSMP Regulation Code/BMP 
Specification 

Virginia Beach Public Works Design 
Standards (PWDS) Justification for More 

Stringent Requirement 
Reference Code/Spec 

Refere
nce Standard/Spec 

1 
(Cont’
d) 

    directly into one of the water bodies 
listed above and the drainage system is 
tidally influenced, the designer shall 
determine the hydraulic grade line 
(HGL) and/or water surface profile 
(WSP) between the project discharge 
point and the mapped edge of the water 
body listed to provide an accurate 
tailwater control for design purposes. 

 

2 
(Cont’
d) 

  b. Releases a 
postdevelopment peak 
flow rate for the 10-year 
24-hour storm event that 
is less than the 
predevelopment peak 
flow rate from the 10-
year 24-hour storm 
event. 
Downstream stormwater 
conveyance systems do 
not require any additional 
analysis to 
show compliance with 
flood protection criteria if 
this option is utilized. 
3. Limits of analysis. 
Unless subdivision 2 b of 
this subsection is utilized 
to comply with the 
flood protection criteria, 
stormwater conveyance 
systems shall be 
analyzed for compliance 
with flood protection 
criteria to a point where: 
a. The site's contributing 
drainage area is less 
than or equal to 1.0% of 
the total 
watershed area draining 
to a point of analysis in 
the downstream 
stormwater 
conveyance system; 
b. Based on peak flow 
rate, the site's peak flow 
rate from the 10-year 24-
hour storm 
event is less than or 
equal to 1.0% of the 
existing peak flow rate 
from the 10-year 24- 
hour storm event prior to 
the implementation of 
any stormwater quantity 
control 
measures; or 
c. The stormwater 

 8.5.C.14 Positive drainage shall be 
provided for all SWMF/BMP discharges.  
Except where there are downstream 
flow constraints and the proposed 
(post- development) discharge must be 
reduced to the capacity of the 
downstream channel, discharge from a 
properly designed system shall not 
exceed the pre-development rate for all 
storm frequencies up to and including 
the required design storms. The 
downstream system from a 
SWMF/BMP must always be 
considered in the design process. 
8.2 Point of Adequacy (Reference: 
VDOT DM, see “adequate channel”) - 
A point in the downstream receiving 
stormwater conveyance system where 
it has adequate capacity to convey the 
design storm discharge under proposed 
(post--development) conditions to a 
major water body. 
Major Water Body- A bay, creek, lake, 
stream, river, ocean, or other large 
body of water that receives stormwater 
runoff and has a base flood elevation 
determined by the current Federal 
Emergency Management Agency 
(FEMA)  Flood Insurance Study (FIS), 
the City Stormwater Master Plan, or 
other study available from the Storm 
Water Engineering Center.  For 
tailwater computations the following are 
considered major (receiving) water 
bodies in the City of Virginia Beach are 
listing in Table J-12 in Appendix J.  
When the project does not discharge 
directly into one of the water bodies 
listed above and the drainage system is 
tidally influenced, the designer shall 
determine the hydraulic grade line 
(HGL) and/or water surface profile 
(WSP) between the project discharge 
point and the mapped edge of the water 
body listed to provide an accurate 
tailwater control for design purposes. 
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TABLE J-11 (Cont’d) List of More Stringent Items 

Item Requirement 
Subject 

VSMP Regulation Code/BMP 
Specification 

Virginia Beach Public Works Design Standards 
(PWDS) Justification for More 

Stringent Requirement 
Reference Code/Spec Reference Standard/Spec 

2 
(Cont’d) 

  conveyance system 
enters a mapped 
floodplain or other flood-
prone area, adopted by 
ordinance, of any 
locality. 

   

3 Design 
Storms- 
Rainfall 
Precipitation 
Frequency 
Data 

9VAC25-
870-72.A. 

A. Unless otherwise 
specified, the 
prescribed design 
storms are the one-
year, two-year, and 10-
year 24-hour storms 
using the site-specific 
rainfall precipitation 
frequency data 
recommended by the 
U.S. National Oceanic 
and Atmospheric 
Administration (NOAA) 
Atlas 14 Partial duration 
time series shall be 
used for the 
precipitation data. 

PWDS 
8.3.A, 
PWDS 
8.3.B 

8.3.A For each drainage area 
(contributing to a project or site 
outfall) less than 300 acres use a 10-
year design storm event for capacity 
design; for a drainage area 
*contributing to a project or site 
outfall)  equal to or greater than 300 
acres but less than or equal to 500 
acres use a 25-year design storm 
event; for a drainage area 
(contributing to a project or site 
outfall) greater than 500 acres use a 
50-year design storm event. 
8.3.B Design storm rainfall depths 
are generally taken from NOAA Atlas 
14 precipitation frequency data.  
However, precipitation frequency 
studies undertaken by the City 
indicate that actual rainfall frequency 
depths in Virginia Beach are 
approximately 10% greater than 
those specified in NOAA Atlas 14.  In 
order to address the need for more 
accurate design rainfall data and to 
consider projected increases in 
rainfall frequency depths over the 
next 30 years, rainfall depth-duration 
values were increased by 20% over 
NOAA Atlas 14 values. These 
updated design rainfall depths are 
presented in Table VIII-1. Refer to 
the City of Virginia Beach study titled 
“Analysis of Historical and Future 
Heavy Precipitation”, dated July 24, 
2017 (CIP 7-030, PWCN-15-0014, 
Work Order 9A) for additional 
information. 

Please refer to the City of 
Virginia Beach study titled 
“Analysis of Historical and 
Future Heavy Precipitation,” 
dated July 24, 2017 (CIP 7-
030, PWCN-15-0014, Work 
Order 9A). 

4 Design 
Storms - 24-
Hour Rainfall 
Distribution 

9VAC25-
870-72.C. 

B. The U.S. Department of 
Agriculture’s Natural 
Resources 
Conservation Service 
(NRCS) synthetic 24-
hour rainfall distribution 
and models, including, 
but not limited to TR-55 
and TR-20; hydrologic 
and hydraulic methods 
developed by the U.S. 
Army Corps of 
Engineers; or other 
standard hydrologic and 
hydraulic methods, shall 
be used to conduct the 
analyses described in 
this part. 

PWDS 
8.3.B, 
PWDS 
8.4.B, 
PWDS 
8.4.C.1, 
PWDS 
8.5.A and 
PWDS 
8.5.B 

8.3.B Design storm rainfall depths 
are generally taken from NOAA Atlas 
14 precipitation frequency data.  
However, precipitation frequency 
studies undertaken by the City 
indicate that actual rainfall frequency 
depths in Virginia Beach are 
approximately 10% greater than 
those specified in NOAA Atlas 14.  In 
order to address the need for more 
accurate design rainfall data and to 
consider projected increases in 
rainfall frequency depths over the 
next 30 years, rainfall depth-duration 
values were increased by 20% over 
NOAA Atlas 14 values. These 
updated design rainfall depths are 
presented in Table VIII-1. Refer to 
the City of Virginia Beach study titled 
“Analysis of 

Please refer to the City of 
Virginia Beach study titled 
“Analysis of Historical and 
Future Heavy Precipitation,” 
dated July 24, 2017 (CIP 7-
030, PWCN-15-0014, Work 
Order 9A). 
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TABLE J-11 (Cont’d) List of More Stringent Items 

 

Item Requirement 
Subject 

VSMP Regulation Code/BMP 
Specification 

Virginia Beach Public Works Design Standards 
(PWDS) Justification for More 

Stringent Requirement 
Reference Code/Spec Reference Standard/Spec 

4 
(Cont’d) 

    Historical and Future Heavy 
Precipitation”, dated July 24, 2017 
(CIP 7-030, PWCN-15-0014, Work 
Order 9A) for additional information. 
The design storm depth, duration, and 
rainfall distribution criteria (1-year 
through 100-year design storm 
frequency) are dependent upon the 
analysis and design methodology to 
be used.  (See Section 8.4.C 
Methodologies for Stormwater 
Conveyance System Design and 
Section 8.5.B Methodologies for 
Design of SWMFs/BMPs).  PC-
SWMM® files containing approved 
rainfall distribution data are available 
from the Public Works Stormwater 
Engineering Center. 
8.4.B Except for the design of 
conveyance systems (storm sewers, 
culverts, channels, ditches, and 
swales) serving less than 20 acres, 
where the use of the Rational Method 
is permissible, design storm rainfall 
distributions shall be based on the 
City-modified NOAA Type “C” 24-hour, 
25-year rainfall distribution (See 
Section 8.3.B Design Storm Depth-
Duration and Rainfall Distribution 
Criteria). The shape of the NOAA 
Type-C 25-year rainfall distribution 
curve is used to generate all other 
rainfall distribution curves. PC-
SWMM® files that contain the rainfall 
distribution data are available from the 
Public Works Stormwater Engineering 
Center. 
8.4.C.1 Drainage Area (Contributing 
to Each Site Outfall) < 20 acres – 
The “Rational Method” or allowable 
methods stated in paragraph b) below, 
may be used to determine the peak 
stormwater runoff from each drainage 
area with less than 20 acres 
contributing to each project or site 
outfall. Otherwise, EPA SWMM-based 
models shall be used for storm sewer 
system design. a) To obtain rainfall 
intensities for use with the Rational 
Method, designers shall refer to the 
latest rainfall duration-intensity-
frequency information for the City of 
Virginia Beach provided in the VDOT 
DM, which is based on National 
Oceanic and Atmospheric 
Administration (NOAA) Atlas 14 
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TABLE J-11 (Cont’d) List of More Stringent Items 

Item Requirement 
Subject 

VSMP Regulation Code/BMP 
Specification 

Virginia Beach Public Works Design Standards 
(PWDS) Justification for More 

Stringent Requirement 
Reference Code/Spec Reference Standard/Spec 

4 
(Cont’d) 

    rainfall data. Consistent with the 
requirements in Section 8.3.B Design 
Storm Depth-Duration and Rainfall 
Distribution Criteria, the designer shall 
utilize the Steel Formula coefficients 
found in Table J-1 in Appendix J to 
calculate rainfall intensity. 
8.4.C.2 Drainage Area (Contributing 
to Each Site Outfall) ≥ 20 Acres a. 
For stormwater conveyance systems 
receiving ≥ 20 acres of drainage area 
to each project or site outfall, the City 
requires drainage system analyses, 
pre-developed and proposed (post-
developed) discharge hydrographs, 
and designs using EPA SWMM. 
Alternatively, designers can use a 
computer program that includes an 
EPA SWMM engine with Dynamic 
Routing that can be automatically 
uploaded into EPA SWMM. 

 

4 
(Cont’d) 

     
8.5.A (SWMF/BMP Design)- For 
SWMF/BMP and conveyance system 
analysis and design, the design storm 
rainfall distributions (based upon 
120% of the City-modified Type “C” 
24-hour, 25-year rainfall distribution 
available from the Public Works 
Stormwater Engineering Center) shall 
be used for stormwater conveyance 
system and routing analysis and 
design. The shape of the 25-year 
rainfall distribution curve is used to 
generate all other rainfall distribution 
curves. PC-SWMM® files containing 
the approved rainfall distribution data 
are available from the Public Works 
Stormwater Engineering Center. 
8.5.B The design methodology 
selection process for SWMFs/BMPs is 
as follows: 
1. When total land disturbance is less 
than 20,000 square feet or the 
proposed impervious area is at least 
10% less than the existing impervious 
area: Designer may use any computer 
design software that utilizes the 24-
hour design storm hyetograph with 
increased precipitation and the static 
tailwater provided by the Development 
Services Center or the Public Works 
Stormwater Engineering Center. 
Under these conditions, the 
requirement to evaluate flooding 
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Item Requirement 

Subject 

VSMP Regulation Code/BMP 
Specification 

Virginia Beach Public Works Design Standards 
(PWDS) Justification for More 

Stringent Requirement 
Reference Code/Spec Reference Standard/Spec 

4 
(Cont’d) 

    impacts, upstream and downstream 
or the proposed project, is waived. 
2.  All other development projects not 
included in Paragraph 1 above shall 
use the following computer programs 
for hydrologic and hydraulic 
calculations pertaining to 
SWMFs/BMPs: 
a. EPA SWMM, or 
b. Value enhanced SWMM programs 
that can directly exchange input data 
with EPA SWMM. 
These computer programs are 
preferred by the City for use in all 
hydrologic and hydraulic analyses, 
no matter what size the drainage 
area is. 

 

5 
 

Drainage Area 
Limit for Use 
of Rational 
Method for 
Evaluating 
Peak 
Discharges 

9VAC25-
870-72. 
Design 
storms and 
hydrologic 
methods, 
paragraph 
D. 

For drainage areas of 200 
acres or less, the VSMP 
authority may allow for 
the use of the Rational 
Method for evaluating 
peak discharges. 

PWDS 
8.4.C.1 
 

8.4.C.1 Drainage Area 
(Contributing to Each Site Outfall) 
< 20 acres -  The "Rational Method" 
or the allowable methods stated in 
paragraph b) below, may be used to 
determine the peak storm water 
runoff from each drainage area less 
than 20 acres contributing to each 
project or site outfall. Otherwise, EPA 
SWMM-based models shall be used 
for storm sewer system design. 

Use of the NRCS 24-hour 
hyetograph for areas equal to or 
greater than 20 acres, instead of 
the Rational Method, is a more 
stringent requirement that 
addresses localized flooding 
within the watershed. (VA Code 
62.1-44.15:33) 

6 Drainage Area 
Limit for Use 
of Modified 
Rational 
Method for 
Evaluating 
Volumetric 
Flows to 
Stormwater 
Conveyances  

9VAC25-
870-72. 
Design 
Storms and 
Hydrologic 
Methods, 
paragraph E 

For drainage areas of 200 
acres or less, the VSMP 
authority may allow for 
the use of the Modified 
Rational Method for 
evaluating volumetric 
flows to stormwater 
conveyances. 

PWDS 
8.5.B.1, 
and 
PWDS 
8.5.B.2 

  The design methodology selection 
process for SWMFs/BMPs is as 
follows: 
1.When total land disturbance is less 
than 20,000 square feet or the 
proposed impervious area is at least 
10% less than the existing 
impervious area: Designer may use 
any computer design software that 
utilizes the 24-hour design storm 
hyetograph with increased 
precipitation and the static tailwater 
provided by the Development 
Services Center or the Public Works 
Stormwater Engineering Center. 
Under these conditions, the 
requirement to evaluate flooding 
impacts, upstream and downstream 
of the proposed project, is waived. 
2. All other development projects not 
in Paragraph 1 above shall use the 
following computer programs for 
hydrologic and hydraulic calculations 
pertaining to SWMFs/BMPs: 
a. EPA SWMM, or 
b. Value enhanced SWMM programs 
that can directly exchange input data 
with EPA SWMM. 
These computer programs are 
preferred by the City for use in all 
hydrologic and hydraulic analyses,  

The 24-hour hydrograph 
provides a more accurate, 
realistic representation of 
stormwater runoff patterns for 
longer duration rainfall events in 
drainage areas greater than 2 
acres.  This more stringent 
provision was applicable prior to 
January 1, 2013. 
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Item Requirement 
Subject 

VSMP Regulation Code/BMP 
Specification 

Virginia Beach Public Works Design 
Standards  (PWDS) Justification for More Stringent 

Requirement 
Reference Code/Spec Reference Standard/Spec 

6 
(Cont’d) 

    no matter the size the drainage 
area is. 

 

7 Residential 
Subdivision 
Retention 
and 
Detention 
SWMF/BMP 
Design 

BMP 
Clearing-
house 
Appendix A: 
Earthen 
Embank-
ment, Section 
A-7 Embank-
ment 
Geometry 

Height: The height of 
an earthen 
embankment is based 
upon the freeboard 
requirements relative 
to the maximum water 
surface elevation 
during the 100-year 
frequency storm 
event. 

PWDS 
8.5.C.1 

All residential subdivision 
retention and detention 
SWMF/BMP basins must be 
designed in such a way that the 
100-year storm event rise does 
not exceed the based flood 
elevation shown for Zones AE, 
AH, AO, or AR on the FEMA 
FIRM maps. To be excluded from 
this requirement, the ground of 
the affected residential 
subdivision must be set a 
minimum of one (1) foot above 
the FEMA FIRM base flood 
elevation.  

This more stringent requirement 
will prevent any further 
degradation to water resources 
and address localized flooding 
within the watershed. (VA Code 
62.1-44.15:33) This more 
stringent provision was applicable 
prior to January 1, 2013. 

8 Principal 
Spillways 

BMP 
Clearing-
house 
Appendix B: 
Principal 
Spillway 

Appendix B does not 
describe how to 
address tailwater 
conditions when 
determining the 
hydraulic performance 
of a principal spillway 

PWDS 
8.5.C.2 

Tailwater conditions must always 
be considered when analyzing 
the hydraulic performance of an 
outlet device.  Many factors, such 
as annual high tides, seasonal 
high groundwater, and flood 
elevations, will affect tailwater 
elevations. (Note: This 
requirement is more stringent 
than the Virginia Stormwater 
BMP Clearinghouse Design 
Specifications and was applicable 
prior to January 1, 2013.) A 
backwater check shall be 
calculated to determine the 
correct orifice and outlet sizes. 
See Section 8.3.D Hydraulic 
Grade Line and Tailwater Criteria 
for additional guidance. 

Most of this city is flat, low-lying 
and subject to flooding.  This 
more stringent requirement will 
prevent any further degradation 
to water resources, reduce 
excessive stream channel 
erosion and address localized 
flooding within the watershed. 
(VA Code 62.1-44.15:33)  ) This 
more stringent provision was 
applicable prior to January 1, 
2013. 

9 Wet Pond 
Minimum 
Design Depth 

BMP 
Clearing-
house Spec 
No.14 Wet 
Ponds, 
Section 5 
Physical 
Feasibility & 
Design Applic-
ations 

The depth of a wet 
pond is usually 
determined by the 
hydraulic head 
available on the site. 
The bottom elevation 
is normally the invert 
of the existing 
downstream 
conveyance system to 
which the wet pond 
discharges. Typically, 
a minimum of 6 to 8 
feet of head are 
needed for a wet 
pond to function. 

PWDS 
8.5.C.8 

The elevation of the normal dry 
weather water level will not be 
less than the 10-year design tidal 
elevation (See Table J-12 Design 
Tidal Elevations for Virginia 
Beach) of the downstream major 
water body. (Note: This 
requirement is more stringent 
than the Virginia Stormwater 
BMP Clearinghouse Design 
Specifications and was applicable 
prior to January 1, 2013). This 
dry weather water level 
minimizes the destruction of 
vegetation due to saltwater 
inundation and will help mitigate 
the high flood stage or tide 
impact on the available storage 
within the SWMF/BMP. 

This prevents backflow of 
saltwater into the proposed 
retention system that can kill 
vegetation acclimated to the 
freshwater environment. This 
more stringent requirement will 
prevent any further degradation 
to water resources. (VA Code 
62.1-44.15:33) These more 
stringent provisions were 
applicable prior to January 1, 
2013. 

11 Spoil 
Setback 

BMP 
Clearinghouse 
Spec. No. 14 
Wet Pond 
Section 6.8 
Maintenance 
Features, 
Section 9.4 
Sediment  

6.8  Good access is 
needed so crews can 
remove sediments, 
alleviate clogging, 
make repairs and 
preserve pond 
treatment capacity.  
9.3   Frequent 
sediment removal  

PWDS 
8.5.E 

SWMFs/BMPs require regular 
maintenance. Accessible 20-foot 
wide public access easements 
from public streets to 
SWMFs/BMPs and around 
SWMFs/BMPs shall be set aside 
so maintenance equipment can 
access all SWMFs/BMPs.  These 
easements shall be dedicated to  

Spoil area easements provide the 
ability to maintain the stormwater 
management facility's pollutant 
removal efficiency by removing 
excessive sediment 
accumulation. This more stringent 
requirement will prevent 
degradation of water resources, 
address increased nutrient and  
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TABLE J-11 (Cont’d) List of More Stringent Items 

Item Requirement 
Subject 

VSMP Regulation Code/BMP 
Specification 

Virginia Beach Public Works Design 
Standards (PWDS) Justification for More Stringent 

Requirement 
Reference Code/Spec Reference Standard/Spec 

10 Embankment 
Slope and 
Material 

BMP 
Clearinghouse 
Spec. No. 14 
Wet Pond, 
Section 6.6 
Internal 
Design 
Geometry 

Side slopes for wet 
ponds should 
generally have a 
gradient of 4H:1V to 
5H:1V.  The mild 
slopes promote better 
establishment and 
growth of vegetation 
and provide for easier 
maintenance and a 
more natural 
appearance. 

PWDS 
8.5.C.17 
and 
Standard 
Drawings 
B-23, B-
24, and B-
25 

All wet SWMF/BMP retention 
basins shall conform to the 
Standard Drawings: 
1) B-23 RIP RAP SHORELINE 

PROTECTION FOR LAKES, 
PONDS, AND CANALS 
WITHOUT BENCHING 

2) B-24 ACCEPTABLE SLOPE 
ALTERNATIVE FOR LAKES, 
PONDS, AND CANALS 
WITHOUT BENCHING 

3) B-25 RIP RAP SHORELINE 
PROTECTION FOR LAKES, 
PONDS, AND CANALS WITH 
BENCHING 

Bank slopes steeper than 7:1 H:V 
shall have riprap or other 
appropriate long- term hardened 
revetment design for stabilization 
at the waterline to prevent 
erosion from wave action. (Note: 
The requirement for riprap 
stabilization at the waterline is 
more stringent than the Virginia 
Stormwater BMP Clearinghouse 
Design Specifications and was 
applicable prior to January 1, 
2013). In no case shall side 
slopes be steeper than 3:1 H:V. 

With high winds in this city the 
fetch ends of lakes and ponds 
tend to erode heavily if not 
protected by riprap stone.  This 
more stringent requirement will 
prevent any further degradation 
to water resources (VA Code 
62.1-44.15:33).  
This more stringent provision was 
applicable to canals, wet ponds 
and lakes prior to January 1, 
2013.  

11 
(Cont’d) 

 Removal; 
BMP 
Clearinghouse 
Spec. No. 15 
Extended 
Detention 
Pond Section 
6.8 
Maintenance 
Features and 
Section 9.3 
Common 
Ongoing 
Maintenance 
Issues 

from the forebay is 
essential to maintain 
the function and 
performance of a 
pond.  ... The 
designer should also 
check to see whether 
removed sediments 
can be spoiled on-site 
or must be hauled 
away. 

 the City.  SWMFs/BMPs may 
need public easements for 
staging of maintenance 
equipment, drying of dredge 
spoils, or stockpiling of excavated 
materials. Additionally, 20-foot 
wide public lake access 
easements (one (1) for every five 
(5) acres of lake) shall be 
dedicated to the City. 
SWMFs/BMPs greater than 1/4 
acre shall provide adequate 
space near them for spoil or 
stockpile facilities (needed for 
maintenance) or provide a public 
easement on a park site with a 
minimum of two access pumping 
easements along the appropriate 
lot lines. The pump-hose 
easements must have a minimum 
width of 10 feet. 

sediment loadings and address 
localized flooding within the 
watershed (VA Code 62.1-
44.15:33). This more stringent 
provision was applicable prior to 
January 1, 2013. 
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J.12 Design Tidal Elevations for Virginia Beach 
 

TABLE J-12 
Design Tidal Elevations for Virginia Beach 
All Elevations in feet relative to the North American Vertical Datum (NAVD) of 1988 

Location Design 
Level 

1-
YR 

2-
YR 

3-
YR 

5-
YR 

10-
YR 

25-
YR 

50-
YR 100-YR 500-YR 

Lynnhaven Bay & River, 
Eastern Branch 

Existing 
Condition 3.1 3.6 4.0 4.4 5.2 5.8 6.2 6.7 8.5 

1.5 ft SLR 4.6 5.1 5.5 5.9 6.7 7.3 7.7 8.2 10.0 
3.0 ft SLR 6.3 6.9 7.3 7.7 8.5 9.2 9.6 10.1 12.0 

Lynnhaven Bay & River, Incl. 
all areas other than Eastern 
Branch (Western Branch, 
Broad Bay, Linkhorn Bay, 
Little Neck Creek) 

Existing 
Condition 3.2 3.9 4.3 4.8 5.5 6.3 6.9 7.4 9.3 

1.5 ft SLR 4.7 5.4 5.8 6.3 7.0 7.8 8.4 8.9 10.8 
3.0 ft SLR 6.4 7.2 7.6 8.1 8.8 9.7 10.3 10.8 12.8 

Chesapeake Bay 

Existing 
Condition 3.2 3.8 4.1 4.5 5.2 5.9 6.5 7.1 8.5 

1.5 ft SLR 4.7 5.3 5.6 6.0 6.7 7.4 8.0 8.6 10.0 
3.0 ft SLR 6.4 7.1 7.4 7.8 8.5 9.3 9.9 10.5 12.0 

Atlantic Ocean & Rudee Inlet 

Existing 
Condition 3.6 4.1 4.5 4.9 5.4 6.3 6.8 7.3 8.7 

1.5 ft SLR 5.1 5.6 6.0 6.4 6.9 7.8 8.3 8.8 10.2 
3.0 ft SLR 7.2 7.7 8.2 8.6 9.2 10.1 10.7 11.2 12.8 

Back Bay, North of Beggars 
Bridge Creek 

Existing 
Condition - - - - 2.4 3.4 4.2 4.9 6.4 

1.5 ft SLR - - - - 3.9 4.9 5.7 6.4 7.9 
3.0 ft SLR - - - - 7.6 9.0 10.1 11.1 13.2 

Back Bay, South of Beggars 
Bridge Creek 

Existing 
Condition - - - - - 2.4 2.8 3.3 4.2 

1.5 ft SLR - - - - - 3.9 4.3 4.8 5.7 
3.0 ft SLR - - - - - 7.6 8.1 8.8 10.1 

North Landing River 

Existing 
Condition - - - - - 2.8 3.4 3.9 4.9 

1.5 ft SLR - - - - - 4.3 4.9 5.4 6.4 
3.0 ft SLR - - - - - 6.3 6.9 7.5 8.5 

West Neck Creek at Indian 
River Road 

Existing 
Condition - - - - - 3.0 3.6 4.1 5.1 

1.5 ft SLR - - - - - 4.5 5.1 5.6 6.6 
3.0 SLR - - - - - 6.5 7.2 7.7 8.8 

Elizabeth River 

Existing 
Condition 2.8 3.6 4.1 4.7 5.8 6.5 7.1 7.9 10.3 

1.5 ft SLR 4.3 5.1 5.6 6.2 7.3 8.0 8.6 9.4 11.8 
3.0 ft SLR 5.9 6.7 7.2 7.8 8.9 9.6 10.2 11.0 13.4 

Notes: 
1. All elevations sourced from direct sampling and statistical analysis of the distribution of water elevations in each watershed 
2. Lynnhaven, Elizabeth River, and Atlantic Ocean elevations were sourced from the 2015 FEMA Flood Insurance Study 
3. Back Bay and North Landing River elevations were sourced from CIP 7-030, PWCN-15-0014, WO2A 
4. The values do not represent potential wind-driven water levels in the Back Bay and North Landing River 
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5. Back Bay, North Landing River and West Neck Creek at Indian River Road tailwater values have been limited to return 
periods where tailwater elevations are above recurring wind tides.  The designer shall use 25-year design tidal elevations for 1-
year to 10-year return periods in Back Bay – South North Landing River, and West Neck Creek at Indian River Road. 
6. Conditions related to a 3-ft rise in sea level include non-linear increases derived from numerical modeling completed by the 
U.S. Army Corps of Engineers and the North Carolina Floodplain Mapping Program 

 
J.13 Green-Ampt Infiltration Parameters for City of Virginia Beach 
 

TABLE J-13 
Green-Ampt Infiltration Parameters 

Soil Texture Hydraulic Conductivity 
(in/hr) 

Initial Moisture Deficit 
(fraction) 

Suction Head 
(inches) 

Sand 4.74 0.34 1.9 

Loamy Sand 1.18 0.33 2.4 

Sandy Loam 0.43 0.33 4.3 

Loam 0.13 0.31 3.5 

Silt Loam 0.26 0.32 6.7 

Sandy Clay Loam 0.06 0.26 8.7 

Clay Loam 0.04 0.24 8.3 

Silty Clay Loam 0.04 0.26 10.6 

Sandy Clay 0.02 0.22 9.5 

Silty Clay 0.02 0.22 11.4 

Clay 0.01 0.21 12.6 
 
 
Note:  Table values developed from Rawls, Brakensiek, and Miller, “Green-Ampt Infiltration 
Parameters from Soil Data”, Journal of Hydraulic Engineering, 109:1316 (1983). 
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Glossary of Acronyms  

 

Term Acronym Definition  

First Floor Elevation FFE 
Elevation of a structure’s first finished floor elevation, 

recorded in feet relative to the vertical datum.  

First Floor Height FFH 
Height of first floor above the ground elevation 

(calculated as FFE – LAG), reported in feet. 

Flood Assessment Structure Tool FAST 

FEMA Natural Hazards Risk Assessment Program 

open-source tool that analyzes site-specific flood 

losses (FAST, 2019). 

Flood Insurance Rate Map  FIRM 
Official map delineating the flood zones within a 

community. (FEMA, 2019b) 

General Building Stock GBS 
Census block level structural inventory provided in the 

FEMA Hazus software. (FEMA, 2017) 

Hampton Roads Hazard  

Mitigation Plan 
HMP 

2017 Regional hazard mitigation plan including 

flooding vulnerability analysis for Hampton Roads. 

Lowest Adjacent Grade LAG 
Lowest land elevation adjacent to the structure, 

recorded in feet relative to the vertical datum. 

Single-Family Residential Structure RES1 

Single-family residential structures with one or 

multiple stories. RES1 represents the code used by the 

FEMA Hazus software. (FEMA, 2017) 

Special Flood Hazard Area SFHA 

Area corresponding to the 100-year, or 1% annual 

chance, flood event and where the National Flood 

Insurance Program regulations must be enforced. 

(FEMA, 2019d) 

User-Defined Facilities  UDF 

Individual structure inventory with attributes 

compatible for input to FEMA’s Hazus software. 

(FEMA, 2017) 
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Executive Summary 
 

  Identifying structures vulnerable to flooding improves understanding of community flood risk 

and supports local government mitigation efforts. Previous flooding vulnerability assessments 

conducted by the Hampton Roads Planning District Commission (HRPDC) have defined structural 

damage based on the extent of flooding. Accounting for the depth of flooding relative to a structure’s 

elevation can further improve vulnerability assessments.  By comparing a structure’s first finished floor 

elevation (FFE) to the depth of water, the water level within the structure can be determined and 

translated to estimated damage. The FEMA Hazus-MH software provides estimates of flooding damage 

at the census block or individual structure-level with the appropriate user-supplied data. A required 

attribute is building first floor height (FFH), calculated as the difference between the FFE and lowest 

adjacent grade.  

Elevation certificates are the primary source of FFE measurements. However, less than 1% of 

structures in Hampton Roads have elevation certificates. This report builds upon the first phase of a 

multi-year initiative to develop a regional FFE database that addresses this data gap. In Phase 1 of the 

regional FFE initiative, information was recorded from over 2,000 elevation certificates, provided as 

digital copies from ten Hampton Roads localities, and joined with parcel and building footprints in a GIS 

data format (available at HRGEO.org). The resulting dataset was applied in two case study communities 

to pilot the development of a predictive statistical model. The model uses FFHs based on elevation 

certificates and building attributes to estimate FFH for structures without elevation certificates. 

This report documents Phase 2 of the regional FFE initiative, which supports the following 

objectives: (1) expand the spatial database of elevation certificate data and predictive modeling to 

additional Hampton Roads localities, (2) assess alternative FFH estimation approaches based on 

imagery, and (3) evaluate the sensitivity of damage estimates to a range of estimated FFHs. For Phase 2, 

three pilot communities, Chesapeake, Hampton, and York County, were selected.  

First Floor Elevation Data Collection, Assessment, and Analysis 

  The elevation certificate information GIS database was updated in October 2019 with new 

elevation certificates completed since the previous data call and additional York County elevation 

certificates. The statistical model developed for York County indicated building foundation type was the 

most important variable for predicting FFH, which corresponds with findings from Phase 1.  
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 Since the modeling approach required a significant number of elevation certificates, additional 

methodologies for estimating FFH were also explored. These included: (1) measuring FFH using Google 

Street View and Google Earth imagery (Needham and McIntyre, 2018), (2) counting the number of stairs 

leading to the first floor and assuming a stair height of 7.5 inches, and (3) adjusting the stair count FFH 

estimate based on the land elevation of the stairs relative to the structure’s lowest adjacent grade.  The 

elevation adjusted stair counting approach resulted in the lowest absolute average error (0.5ft) relative 

to the observed elevation certificate values, although all three methods had an average error of less 

than one foot.  The stair counting approach without adjusting for land elevation (method 2) was 

estimated to take less than one minute per structure. The most time intensive approach was measuring 

FFH from imagery (method 1), which generally took about 10 minutes per structure.  

Coastal Hazard Vulnerability Assessments 

The FFH estimates for the three pilot communities were applied in evaluating vulnerability 

assessment approaches. Three different vulnerability analysis methods were tested: (1) a census block 

scale analysis using default Hazus inventory data, (2) individual structure level analysis with default 

Hazus FFH values (default FFH method), and (3) individual structure level analysis with custom FFH 

values from local data and model predictions (custom FFH method). The census block scale analysis was 

conducted using FEMA’s Hazus software, and the individual structure level analysis for both the default 

and custom FFH approach was completed using the new FEMA open-source Flood Assessment Structure 

Tool. Building damages for the 1% annual chance flood event were compared across methods.  

 In each community, the census block scale analysis resulted in building damages that were at 

least three times greater than the dollar value of damages estimated at the individual structure scale. 

This is likely attributed to incorrect assumptions on building location and a higher percentage of 

basement and slab structure foundation types in the default Hazus inventory than what is observed in 

the community. At the individual structure scale, the default FFH values resulted in greater estimated 

building losses by tens of millions of dollars compared to the custom FFH estimates. This is the result of 

model predicted FFHs tending to be higher than the default Hazus FFH values. It is important to note a 

limited number of elevation certificates for certain classes of foundation types, such as slab, may affect 

the accuracy of model FFH estimates. For example, the model may inflate FFH estimates for slab 

structures in older neighborhoods because the slab elevation certificate sample is biased towards more 

recent raised slab development. Altering the FFH by less than one foot changed the estimated damage 

by hundreds of structures and millions of dollars in each community.  
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Given the uncertainty of FFH estimation approaches and the sensitivity of damage estimates to 

the FFH input, a vulnerability assessment approach that considers a range of FFH values for a given 

structure would help capture the variability.  Adapting a methodology developed by Parson and 

Onufrychuk (2019), damages for a range of FFH values, weighted by the probability of occurrence, were 

calculated for individual structures. Using Hampton as a pilot community, separate FFH ranges and 

corresponding probabilities were developed for slab foundation and Pre-FIRM and Post-FIRM 

crawlspace foundation structures. The building losses estimated with this approach were slightly greater 

than the range of damages observed from the single-value custom FFH and default FFH approaches. This 

method warrants further research in other pilot communities and at the regional scale.  

Conclusions and Next Steps 

Developing a regional database of FFH information will likely require the application of multiple 

methods, including imagery-based estimation and survey data where available. The statistical modeling 

and imagery-based analysis estimation approaches compared in this analysis have different data and 

time requirements. The predictive modeling approach developed in Phase 1 and 2 of the regional FFE 

initiative has the advantage of producing estimates for thousands of structures relatively quickly, but is 

limited by the availability of elevation certificates that represent the community building stock. While 

the imagery-based methods do not require building attribute data, they are more labor intensive given 

each structure must be reviewed individually. The evaluation of vulnerability assessment methods 

illustrates the need for accurate FFH data, given that resulting flood damage estimates are highly 

sensitive to changes in the FFH input. Where feasible, localities should utilize individual structure-level 

analyses to improve the accuracy of flooding vulnerability assessments. When reporting damage 

estimates for simulated flooding scenarios, it is also important to consider the potential sources of error 

and present losses as a range of values to better capture uncertainty.  

To build upon the findings of this analysis, the third phase of the regional FFE Initiative will 

include continued expansion of the FFE database across the region and coordination with entities 

conducting research related to FFEs and coastal hazards. In addition to the current 1% annual chance 

flood, future vulnerability assessments could also incorporate sea level rise. Phase 3 will document 

methods and research findings for other entities interested in developing and applying FFEs in 

vulnerability assessments and will help support regional and individual locality hazard mitigation 

planning efforts. 
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I. Introduction 
 

  The Hampton Roads region of southeastern Virginia is exposed to a variety of coastal hazards, 

including recurrent flooding, sea level rise, and storm surge. With over $1.1 billion of projects under 

design and $1.2 billion of projects proposed, local governments of the Hampton Roads region1 are 

actively planning and implementing projects to mitigate current and future flood risk (HRPDC, 2019b). 

Vulnerability assessments support local governments in identifying areas most at risk from flood hazards 

within the community. By quantifying potential dollar losses, project benefits can be compared to 

project costs in terms of losses avoided.  

  The HRPDC previously conducted regional vulnerability assessments related to storm surge and 

sea level rise (McFarlane, 2012). Metrics used to assess vulnerability included area, population, the 

number of businesses and personnel employed, linear miles of roads, and critical infrastructure exposed 

to storm surge (McFarlane, 2011). The results of these analyses indicated the Hampton Roads region is 

highly exposed to storm surge and sea level rise and provided justification for localities to integrate 

climate change considerations into planning and decision-making processes (McFarlane, 2012).   

While the methods applied previously by the HRPDC defined impacts based on the extent of 

flooding, the depth of flooding relative to a structure’s elevation is also an important consideration. 

Since the completion of these analyses, the Hampton Roads region has acquired improved elevation 

data (high-resolution LiDAR) to support three-dimensional vulnerability analyses (McFarlane, 2015). 

Finished first floor elevations (FFE) are a critical data set for assessing structural vulnerability to flooding. 

To determine the depth of flooding within the structure, the finished first floor height (FFH), or 

difference between the building’s FFE and lowest adjacent grade, can be compared to flood water 

depth. For example, a structure with a FFH of 1ft at a location with a 2ft flood depth would experience 

1ft of flooding within the structure. The flood depth within the structure can be translated into dollar 

losses using a depth-damage function, which relates a percent of the structure’s total value or 

replacement cost to flood depth.  

                                                           
1 The Hampton Roads region includes seventeen localities in southeastern Virginia: Chesapeake, Franklin, Gloucester County, 

Hampton, Isle of Wight County, James City County, Newport News, Norfolk, Poquoson, Portsmouth, Southampton County, 
Suffolk, Surry County, Town of Smithfield, Virginia Beach, Williamsburg, and York County. 
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The Federal Emergency Management Agency (FEMA) Hazus software applies depth-damage 

functions to estimate losses from simulated flooding events (FEMA, 2017). Flood hazard analysis in 

Hazus can be conducted at the census block or individual structure scale (FEMA, 2017). The Hazus 

software includes a default building inventory aggregated at the census block level, referred to as the 

general building stock (GBS) (FEMA, 2017). The user can apply the GBS without any modifications to 

conduct a basic flooding analysis (Pluss et al., 2018). The GBS analysis assumes structures are evenly 

distributed across the census block. For example, if 25% of the census block area is inundated with 3ft of 

water, Hazus assumes the depth of water is 3ft for 25% of single-family dwellings within the census 

block (Figure 1). This can lead to the over- or under-estimation of losses by incorrectly assuming the 

location of structures. To help address this source of error, census block shapes within the flood model 

inventory have been modified to exclude undeveloped areas, such as wetlands and forests. Satellite and 

land-use data from the 2011 National Land Cover Dataset were used to distinguish developed areas 

when developing the modified census block inventory, referred to as dasymetric (FEMA, 2019a). 

Although the equal distribution assumption of the GBS still applies, the dasymetric inventory helps 

reduce error by limiting the area of the census block to only developed areas. Given the coarse scale of 

analysis and higher level of uncertainty in structure location, the Hazus program recommends an 

analysis using only the default inventory with no modifications serve primarily as a baseline for 

additional research (Pluss et al., 2018).  

The location of structures within the GBS cannot be modified. However, actual structure 

locations can be incorporated into Hazus as user-defined facilities (UDF) (Pluss et al., 2018). The UDF 

dataset must represent structure locations as points and contain a suite of attributes for each structure, 

including building FFH. While the UDF analysis requires a greater time investment in data preparation 

than the default GBS analysis, it offers the advantage of producing damage estimates for each individual 

structure. Users can also substitute default depth damage functions with custom parameters given 

detailed engineering data is available (Pluss et al., 2018). FEMA’s Natural Hazard Risk Assessment 

Program encourages Hazus users to modify the default data with local data when available for more 

accurate results in support of mitigation planning (Pluss et al., 2018).  
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  As part of the regional 2017 Hampton Roads Hazard Mitigation Plan (HMP), a UDF Hazus 

analysis was conducted for the 1% annual chance flood event (HMP, 2017). In previous hazard 

mitigation plans, the Hazus analysis was conducted at the census block scale, resulting in greater 

damage estimates than what was reported by the UDF analysis (HMP, 2017). The UDF inventory 

incorporated available local assessor data for structural attributes; however, due to a lack of surveyed 

FFH data, the local FFH values were based on reference tables provided in the Hazus flood technical 

manual (HMP, 2017). Hazus provides default FFH values based on foundation type, Flood Insurance Rate 

Map (FIRM) status, and riverine or coastal flood zone (FEMA, 2017). For example, a Post-FIRM 

crawlspace structure would have a default FFH of 4ft (FEMA, 2017). The HMP recommended 

incorporating local FFH data into future vulnerability assessments to improve accuracy (HMP, 2017).  

 To address the existing FFE/FFH data gap, the HRPDC piloted a methodology for predicting the 

FFH of residential structures in Phase 1 of the regional first floor elevation initiative (Gordon and 

McFarlane, 2019). Phase 1 consisted of two primary objectives: (1) building a regional spatial database 

of information from elevation certificates, and (2) applying information from the elevation certificates to 

develop a predictive statistical model for estimating the FFH of structures without elevation certificates. 

Figure 1: Hazus building distribution assumption (left) compared to actual structure locations within a given 
census block (right). Adapted from FEMA E0172: Hazus for Floods Student Manual (FEMA, 2019a).  
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To build the regional spatial database, the HRPDC collected over 2,000 digital elevation certificate copies 

from ten Hampton Roads localities. Building elevation measurements and relevant attributes were 

recorded from the elevation certificates and joined with parcels and building footprints where available 

in a spatial GIS format. This database is now available for download by searching “elevation certificates” 

on the Hampton Roads Geospatial Exchange Online at HRGEO.org (HRGEO, 2019a). Based on the 

availability of elevation certificates, the cities of Hampton and Chesapeake were selected as pilot 

communities to develop the predictive statistical model for estimating FFH. Using a Random Forest 

methodology, building attributes, including foundation type, year built, current flood zone, difference in 

grade (highest adjacent grade minus lowest adjacent grade), and land elevation, were used to predict 

FFH. Foundation type was identified as the most important predictor in both models. The models 

showed an improvement in FFH estimation accuracy as compared to applying default Hazus foundation 

codes (Gordon and McFarlane, 2019). 

  This report documents the second phase of the regional FFE initiative. The first objective of this 

phase is to expand the spatial database of elevation certificate information and predictive modeling 

approach to additional Hampton Roads localities. The second objective is to assess alternative FFH 

estimation approaches based on imagery. The third objective is to evaluate the sensitivity of flooding 

damage estimates to a range of estimated FFHs in pilot communities. Three approaches to assess 

residential structural vulnerability were selected: (1) a census block scale analysis with default data, (2) 

an individual structure level analysis with default Hazus FFH values, and (3) an individual structure level 

analysis with custom FFH values estimated from local data. These options were assessed in terms of 

time commitment for data preparation and accuracy. Understanding the tradeoffs between time and 

accuracy in vulnerability assessments is important given limited resource availability for coastal hazard 

planning.  

  This report includes four main sections:  

(1) First Floor Elevation Data Collection, Assessment, and Analysis – Reviews the development of a 

predictive statistical model for estimating FFH in York County, which was selected as a pilot 

community based on the availability of additional elevation certificate data. This section also 

includes a comparison of imagery-based FFH estimation methods, including stair counting and 

photographic measurements.  
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(2) Coastal Hazard Vulnerability Assessments: Describes the selected vulnerability analysis methods 

and results for the 1% annual chance flood event in three pilot communities: Chesapeake, 

Hampton, and York County. 

(3) Alternative Vulnerability Assessment Approaches: Demonstrates an alternative approach to 

flood vulnerability assessment that does not require assigning a single FFH estimate to a 

structure. The damage estimate for each structure is based on a probability-weighted sum of 

damages for a range of FFH values.  

(4) Conclusions and Next Steps: Reviews key findings of the Phase 2 analysis and recommends next 

steps for Phase 3 of the regional FFE initiative, including expanding FFH estimates and coastal 

hazard vulnerability assessments across the Hampton Roads region.  
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II. First Floor Elevation Data Collection, Assessment, and Analysis  

Regional Elevation Certificate Database Update 
 
 The regional elevation certificate database created in Phase 1 had 2,065 elevation certificates. 

This database is available on the regional GIS portal, HRGEO.org (HRGEO, 2019a). Information recorded 

from the elevation certificates included all measurements reported in Section C, as well as property and 

flood zone information (Table 1).  

Table 1: Information recorded from FEMA Elevation Certificate, 2015 edition (FEMA, 2015a).  

Elevation Certificate Section Attributes Recorded 

A) Property Information 

Address 

Building Use 

Building Diagram  

B) Flood Insurance Rate Map Information 

NFIP Community Number 

Effective FIRM Panel Date 

Flood Zone 

Base Flood Elevation  

C) Building Elevation Information  

Elevation Datum 

All Structural Elevations (a-h), including Lowest 

and Highest Adjacent Grade 

D) Survey, Engineer, or Architect 

Certification 
Surveyor Signature Date 

 

Four separate GIS layers are available containing elevation certificate information: (1) parcel polygons 

with elevation measurements reported in the original vertical datum (NGVD 1929 or NAVD 1988), (2) 

parcel polygons with elevation measurements converted to NAVD 1988, (3) building footprints with 

elevation measurements reported in the original vertical datum, and (4) building footprints with 

elevation measurements converted to NAVD 1988.  

 To update the regional elevation certificate inventory, HRPDC staff contacted Hampton Roads 

localities in August 2019 requesting digital copies of new elevation certificates. A total of 504 finished 

construction elevation certificates were received and entered into GIS (Table 2). Included in this count 
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are additional historic elevation certificates provided by York County to complete their inventory. The 

updated inventory was published on HRGEO.org in October 2019 (HRGEO, 2019a).  

 

Table 2: Distribution of elevation certificates collected by locality during Phase 2 of the regional FFE 
initiative. All elevation certificates are for finished construction.  

Locality Total Elevation Certificates 
Elevation Certificates Added in 

October 2019 

Chesapeake 636 43 

Franklin 171 2 

Hampton 688 37 

James City County 187 10 

Newport News     6 2 

Norfolk 123 54 

Portsmouth 90 15 

Southampton County 33 1 

Suffolk 3 3 

Virginia Beach 200 38 

York County* 432 299 

TOTAL 2,569  504 

*The York County inventory includes historic elevation certificate copies that were not available digitally during 

Phase 1 of the regional FFE initiative. The inventory is now complete for the County.  

 

Case Study: York County Model Development and Results  
 

  In Phase 1 of the regional FFE initiative, a methodology to predict FFH for residential structures 

based on elevation certificate observations was piloted for the cities of Hampton and Chesapeake. 

These localities were selected due to an abundance of over 500 elevation certificates in each 

community. The modeling approach, referred to as Random Forest, generates and averages hundreds of 

regression trees to predict FFH based on building attributes (Liaw and Wiener, 2002). The Random 

Forest approach is best suited for sample sizes that include several hundred features (Esri, 2018a).  
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Following Phase 1, York County provided 299 elevation certificates in addition to the 133 

previously collected, establishing a sufficient sample size for Random Forest analysis.  Of the 432 

elevation certificates within the inventory, 366 residential certificates were suitable for use in model 

development and evaluation. Elevation certificates for accessory structures and non-residential 

buildings were excluded from the analysis. Given only seven structures outside the current Special Flood 

Hazard Area (SFHA) and Shaded-X flood zones had elevation certificates, the Random Forest model was 

applicable to structures only within the SFHA or Shaded-X flood zone. The elevation certificate data was 

randomly partitioned into a training data set of 293 observations (80%) and testing data set for model 

validation of 73 observations (20%) (Figure 2). The York County model included the same five predictor 

variables used previously for the Chesapeake and Hampton case studies, as well as a sixth predictor 

variable, total property value. The predictor variables are as follows:  

(1) Foundation type – Building FFH can vary by several feet between foundation types. For 

example, the Hazus technical manual assigns a 4ft foundation height to Post-FIRM 

structures with a crawlspace foundation, and a height of 1ft to slab structures (FEMA, 2017).  

(2) Year built – Given structures must comply with local floodplain ordinances, trends in FFH 

may vary based on when the community joined the FEMA National Flood Insurance Program 

and local policy changes. For example, in 2014 York County implemented a 3ft freeboard 

standard for structures in the SFHA, with an additional 1ft of freeboard for Coastal A and VE 

zones (York County, 2015).  

(3) Current Flood Zone –Structures built since the adoption of the most recent flood maps must 

comply with the building standards of the flood zone.  

(4) Difference in grade - Defined as the difference between a structure’s highest adjacent grade 

and lowest adjacent grade (LAG), difference in grade was applied as a predictor because 

sloping ground may result in a greater FFH.  

(5) Digital Elevation Model (DEM) value - The land elevation, or DEM value, at the structure 

location provides a spatial predictor that also reflects differences in risk within a flood zone. 

For example, structures built at a lower elevation in the SFHA may be required to have a 

larger FFH to comply with local floodplain regulations.  

(6) Total property value - Plotting FFH by total property value, including the combined assessed 

value of the land and structure, revealed a modest positive linear correlation between the 

two variables, meaning as property value increases, FFH also tends to increase (Pearson 

correlation coefficient of 0.18, p<0.001). 
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Figure 2: Distribution of elevation certificate locations used to support predictive model 
development in York County. 
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The predictive model was developed directly in ArcGIS Pro (v 2.2.0) using the Forest-based 

Classification and Regression tool (Esri, 2018a). The resulting explanatory variable importance scores 

reflect the frequency of a decision in the regression tree, or split, based on that variable and the relative 

impact of that split divided by the number of trees (Esri, 2018b). The most important predictor variable 

was foundation type, with a score representing 52% of all variable importance, followed by the DEM 

value (20%) and total property value (11%) (Table 3).  

Table 3: Summary of variable importance for explanatory variables included in the York County Random 
Forest model.  

Explanatory Variable Importance Percent Importance 

Foundation Type 1,132.20 52% 

DEM Value   434.06 20% 

Total Property Value   235.32 11% 

Year Built    200.54 9% 

Difference in Grade   156.39 7% 

Flood Zone    15.94 1% 

 

  To assess model accuracy, the Forest-based Classification and Regression tool provides Out of 

Bag (OOB) statistics, which are calculated iteratively and averaged using training data that is absent from 

a subset of the hundreds of regression trees (Esri, 2018b).  The OOB Mean Squared Error (MSE) and 

percent of variation explained are based on the ability of the model to accurately predict FFH for the 

subset of structures, and therefore are not based on the entire “forest” of regression trees (Esri, 2018b). 

The lower the MSE and higher percent of variation explained, the better the model performance. The 

results indicated the model explained 74.5% of the sample variance with an MSE of 2.02. Taking the 

square root of the MSE allows for interpretation of the result in the linear unit of the response variable. 

The Random Forest model on average produces FFH estimates that are within 1.42ft of the actual 

measured FFH.  

By applying the model to generate predictions for the reserved 73 testing data set features, the 

model performance for the entire forest of regression trees can be evaluated. Using the absolute value 
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of difference between the observed and predicted FFH (average absolute error), 45.2% of the predicted 

FFHs were within half a foot of the observed FFH (Table 4). All features in the testing data set were also 

assigned a default FFH based on Hazus reference tables provided in Appendix A. 38.4% of the FFHs 

estimated using Hazus default values were within half a foot of the observed value (Table 4). The 

average absolute errors were 0.83ft and 1.25ft for the Random Forest and Hazus estimation approaches 

respectively. Overall, the Random Forest prediction approach resulted in a 33.6% reduction in average 

error relative to the Hazus default assignment method (Figure 3).  

Table 4: Summary of absolute average errors for the York County Random Forest Model and Hazus 
default value estimates. 

Estimation Approach  Within +/- 0.5 ft Within +/- 1 ft 

Random Forest Model  45.2% (33/73) 72.6% (53/73) 

Hazus Default Value 38.4% (28/73) 53.4% (39/73) 

 

  The Pearson correlation coefficient 2 was 0.90 (p<0.001) when comparing the Random Forest 

predictions to the observed testing data FFH and 0.86 (p<0.001) when comparing the Hazus estimation 

approach to the observed FFH (Figure 4). Given that a value of one indicates perfect correlation 

between observed and predicted values, the Pearson correlation coefficients further support that the 

Random Forest model improved prediction performance relative to the default Hazus values. In the 

Figure 4 scatterplot, points left of the diagonal reference line represent overestimates of the observed 

FFH and points right of the diagonal line indicate underestimated values. The Hazus value assignment 

predicted FFHs of lower value than that reported on the elevation certificate for 72.6% of the testing 

data set, whereas the Random Forest approach underpredicted 56.2% observations. 

 

                                                           
2 The Pearson correlation coefficient measures the degree of linear association between two variables. A Pearson 
correlation coefficient of 1 indicates perfect positive correlation between observed and predicted values. A p-value 
less than 0.05 indicates the two variables are statistically significantly linearly related. (Hughes, 2013) 
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Figure 4: Comparison of absolute errors (Observed Elevation Certificate FFH –  
Estimated FFH) for the York County Random Forest model and Hazus default methods.  

Figure 3: Comparison of absolute error (Observed Elevation Certificate FFH – 
Estimated FFH) distribution for the York County Random Forest model estimated FFH 
and Hazus default assignment method.  
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Given the difference of several feet between an elevated first floor above storage foundation 

(referred to as solid wall) and crawlspace foundation, it is important to note how the model performs 

for different foundation types. The following foundation types used by the York County assessor’s office 

were included in the model: crawlspace (CRAWL), slab (SLAB), elevated (ELEV), and garage under living 

space (GAR/U). Solid wall structures can be classified as either ELEV or GAR/U depending on the use of 

the enclosure. For both crawlspace and solid wall structures, the absolute average error was greater 

when using the Hazus default method rather than the Random Forest method (Table 5). The Hazus 

default estimates underpredicted FFH for 69% of crawlspace structures and 86% of solid wall foundation 

types. The Random Forest approach only underpredicted FFH for 57% of crawlspace and solid wall 

foundation types. Given only one slab foundation structure was present in the testing data set, statistics 

for this foundation type were not calculated. Predictions for slab foundation type may be biased given 

the limited sample of slab structures (n=6) in the training data set likely does not reflect the true 

distribution of values.  

Table 5: Summary of absolute average errors for the York County Random Forest Model and Hazus 
default estimation methods by foundation type.  

 

Estimation Approach 

 

Crawlspace Avg. Error (n = 58) 

 

Solid Wall Avg. Error (n=14) 

Random Forest Model  0.71 ft 1.34 ft 

Hazus Default Value 1.00 ft 2.33 ft 

 

  Overall the York County predictive model had a slightly higher absolute average error than what 

was observed for Chesapeake and Hampton (Table 6). However, it is important to note the range of 

observed values was greater in York County; therefore, the model considered a larger range of possible 

FFH values. The larger FFH values correspond with structures that have an elevated living space above 

an enclosure. These structure types were excluded from the Chesapeake and Hampton models because 

the assessor foundation codes did not distinguish them. The percent variation explained by the model 

and reduction in error relative to the Hazus FFH values were highest for the York County model relative 

to the other pilot communities (Table 6). Foundation type was the most important predictor in all three 

case study localities (Table 6).  
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Table 6: Comparison of Random Forest model performance by case study community.  

 

 

Evaluation and Application of Imagery-Based Estimation Approaches  
 

  Given the constraints of data availability and model accuracy, developing a regional database of 

FFH information will likely require the application of multiple estimation methods. Visual review of a 

community’s building stock through imagery supports several different approaches for estimating FFH. 

Street-level panoramic images are widely available online through products such as Bing Maps or Google 

Street View, and available for download through Google API. Imagery-based methods to estimate FFH 

have been implemented in Hampton Roads and other regions. The following section provides a review 

of these methodologies and associated accuracy when compared to elevation certificate observations.  

 In Galveston, Texas, researchers developed a methodology for measuring FFH using a 

combination of Google Street View and Google Earth imagery (Needham and McIntyre, 2018). The 

methodology involves three measurements: (1) the vertical distance in pixels from the ground to the 

first floor, (2) the horizontal distance in pixels of a roof line in the same plane as the vertical distance 

measurement, and (3) the horizontal distance in inches of the roof line (Needham and McIntyre, 2018). 

The pixel measurements are recorded from Google Street View imagery and the roof line inches 

measurement is completed in Google Earth (Figure 5).  

  

Model Results Chesapeake Hampton York County 

% Variation Explained 69.5% 62.0% 74.5% 

MSE (RMSE ft) 0.47 (0.69 ft) 1.03 (1.02 ft) 2.02 (1.42 ft) 

Absolute Average Error (ft) 0.45 ft 0.80 ft 0.83 ft 

Most Important Predictor  

(% Importance) 

Foundation 

 (53%) 

Foundation 

 (38%) 

Foundation  

(52%) 

% Reduction in Error 

Relative to Hazus default  
19.6% 4.8% 33.6% 

 
Attachment 5A



15 
 

  

B) Measure in inches 

A) Measure in pixels 

Figure 5: Measurements recorded to estimate FFH using (A) Google Street View and  
(B) Google Earth.  
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To report the structure’s FFH in inches, the Google imagery measurements can be applied in the 

following equation (adapted from Needham and McIntyre, 2018):  

FFH = (Roof line inches / Roof line pixels) * vertical distance to first floor in pixels 

To evaluate the feasibility and accuracy of this approach in the Hampton Roads region, measurements 

were completed on a sample of 100 structures with corresponding elevation certificates. Structures 

were selected based on the best available imagery within four different communities and covered three 

general foundation types (Table 7).  

Table 7: Summary of structures selected for Google measurement by locality and foundation type.  

 

  Google Street View Images were collected through Google API.  Using Google API offers the 

benefit of controlling the camera pitch, or upward or downward angle, to ensure it is set to 0 (Wen, 

2019). However, more time and effort are required to position the camera perpendicular to the front of 

the structure by adjusting the camera heading value than if using a screen capture approach. The 

specific latitude and longitude coordinates and heading of the camera must be manually provided when 

accessing the API. A Python script outlining the steps is provided in Appendix B.  

 For each structure in the above sample, the FFH measurement was subtracted from the 

observed elevation certificate FFH to calculate the error. The absolute average error across all 

foundation types was 0.63ft, with a range of 0.01ft to 5.34ft. The structure with the maximum error has 

a difference in grade of nearly 6ft. To account for larger differences in grade, the difference between the 

land elevation at the location of the vertical measurement and the structure’s LAG could be added to 

the FFH estimate. The average error reported from the Galveston study for the Google measurement 

approach was 0.33ft based on a sample of 22 field observations (Needham and McIntyre, 2018). 

Locality Slab Crawlspace Solid Wall  Total 

Chesapeake 11 19 ---   30 

Hampton 10 13   7   30 

James City County --- 10 ---   10 

York County --- 13 17   30 

Total 21 55 24 100 
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Although this average error estimate is lower than what was observed in this analysis, 48% of FFH 

estimates were within +/- 0.33 ft of the elevation certificate observation.   

 While the Google measurement approach produced reasonably accurate results, the process 

can be time consuming and is not applicable to all structures. If imagery is available that provides a clear 

view of stairs, the number of stairs can be used to approximate FFH. This method was also applied in the 

Galveston vulnerability analysis, with a default stair height of 7.5 in (0.625 ft) (Needham and McIntyre, 

2018). Within Hampton Roads, the U.S. Army Corps of Engineers has applied a stair counting approach 

to estimate FFH for Pre-FIRM structures within the cities of Portsmouth and Norfolk. To directly 

compare the accuracy of this method to the Google measurement approach, stair counts were recorded 

for the same sample of 100 residential structures used in the measurement analysis. A value of 7.5 in 

was used to approximate the height of each stair. Across all foundation types, the absolute average 

error was 0.85ft when compared to elevation certificate FFH values. The stair estimated FFH 

underestimated the elevation certificate FFH value for 88% of the observations.  This is likely the result 

of the stairs beginning at a higher land elevation than the building’s LAG.  

To account for the difference in land elevation, the ground elevation at the approximate 

location of the stairs was determined in GIS using the DEM. The difference between the stairs ground 

elevation and the LAG was then added to the estimate of FFH based on the count of stairs (Equation 1). 

FFH = (Number of stairs * 0.625 ft) + (Ground elevation of stairs – LAG) 

When comparing the elevation adjusted stair count FFH to the elevation certificate FFH, the absolute 

average error was reduced to 0.51ft. This value is 40% lower than what was observed prior to the stair 

elevation adjustment.  

  Hazus default values based on foundation type were also assigned to each of the 100 sample 

structures. Structures with a foundation coded as “None” were assigned as slab or solid wall based on 

imagery review. The Hazus default FFH assignments resulted in the largest absolute average error when 

compared to the elevation certificates. Figure 6 provides a comparison of the overall distribution of the 

absolute average errors for each estimation method, and Table 8 summarizes the absolute average 

errors for each FFH estimation approach by foundation type. 
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Figure 6: Comparison of absolute error associated with each FFH estimation approach by comparing FFH 
estimates to elevation certificate values.  

 

Table 8: Summary of absolute error associated with each FFH estimation approach by foundation type.  

Foundation Type Measurement Stair Count Adjusted Stair Count Hazus Default 

Slab  0.36 ft 0.47 ft 0.40 ft 0.50 ft 

Crawlspace 0.68 ft 1.04 ft 0.47 ft 1.32 ft 

Solid Wall    0.75 ft 0.74 ft 0.68 ft 2.61 ft 

Overall Average Error    0.63 ft 0.85 ft 0.51 ft 1.46 ft 

 

  In addition to the level of accuracy, it is important to note the relative time investment involved 

with each FFH estimation approach. The FFH for thousands of structures can be assigned at once using 

the Hazus default or Random Forest analysis approach because the estimates are based on structure 

attributes (Table 9). The second fastest estimation method is stair counting, where recording the count 

of stairs can take less than one minutes per structure (Table 9). Adjusting for the elevation of the 

location of the stairs increases the time to roughly 1-2 minutes per structure, requiring manual point 
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placement in GIS to extract the land elevation from the DEM (Table 9). The Google Street View/Google 

Earth measurement approach is the most time intensive. While locating a given structure and correctly 

positioning the camera through Google API alone can take several minutes, the actual measurements 

also require a couple minutes. The Galveston study which developed the measurement methodology 

estimated an average of 4 hours per city block, with most city blocks containing more than 24 structures 

(Needham and McIntyre, 2018). This results in an average of around 10 minutes per structure. 

Therefore, the elevation adjusted Google stairs approach is roughly at least 5 times faster with 

comparable accuracy.  

Table 9: Comparison of time and data requirements for different FFH estimation methods.  

FFH Estimation Method Data Required Estimated Time per Structure 

Measurement 
Google Street View imagery, 

Google Earth imagery 
10 Minutes 

Stair Count Street-level imagery < 1 Minute 

Adjusted Stair Count 
Street-level imagery, 

Digital Elevation Model 
1-2 Minutes 

Hazus Default 

Foundation Type, 

Pre/Post-FIRM construction, 

Flood Zone 

< 1 Minute 

 

  The 100 structures used in this accuracy assessment satisfied the image quality required for 

both the stair counting and measurement approach. However, obstructions such as trees and cars, as 

well as difficulty obtaining a roofline measurement in the same plane as the vertical measurement, 

hinder the imagery methodologies. Over 300 structures with elevation certificate were reviewed to 

select the final sample of 100, resulting in a success rate of roughly 29% for structures that could be 

measured with both imagery-based approaches (Table 10). However, this figure may underestimate the 

true success rate for imagery analysis within the community given that it was based on only structures 

with available elevation certificates and was not a completely random sample.  
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Table 10: Summary of structures reviewed and structures that were not used due to obstructed imagery 
or lack of imagery. Percent unmeasurable represents 1 – (the number of structures measured / the 
number of structures reviewed).  

Locality 
Structures 

Measured 

Structures 

Reviewed 

Obstructed/Not 

in Same Plane 

No Street 

View Imagery 

Percent 

Unmeasurable 

Chesapeake 30  96 13 53 68.8% 

Hampton 30  63 16 17 52.4% 

James City 

County 

10 119 21 88 91.6% 

York County 30 69 13 26 56.5% 

Total 100 347 63 184 71.2% 

 

   Given that the elevation adjusted stair count approach produces the relatively lowest error and 

requires less time than the Google measurement approach, this method was applied to structures 

within the flooding vulnerability case study communities where the Random Forest predictions 

appeared inaccurate.  Suspect model predictions were identified for Chesapeake and Hampton by 

visually reviewing structures within close proximity (~0.1 mile radius) of elevation certificates reporting 

structures with an elevated living space (elevation certificate building diagram 5) or structures with 

storage enclosures under the living space (elevation certificate building diagram 6 and 7). In Hampton, 

the FFH of 88 structures with the “None” foundation code was estimated using stair counting after 

determining through imagery that the structures had an elevated living space, often over a garage 

(Table 11). Within York County, structures with foundation codes not included in model development 

due to insufficient sample size (i.e. pier, piling, raised slab, basement) were also estimated with the 

adjusted stair counting approach (Table 11). Hazus default FFH assignments were made for any 

remaining structures where the imagery and modeling approach were not suitable. Following 

completion of the imagery review and model development, FFH estimates were assigned to all single-

family residential structures within the 1% and 0.2% annual chance floodplains in the case study 

communities. Single-family residential structures were selected because a majority of the elevation 

certificates correspond with this occupancy type. 
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Table 11: Summary of FFH estimation methods applied to develop the building inventory for single-
family residential structures within the 1% and 0.2% annual chance floodplains. Hazus default values 
were applied to structures where the following three FFH estimation approaches were not suitable.  

Locality 

Total Number of 

Residential Buildings in 

the 1% and 0.2% annual 

chance floodplain 

First Floor Height Estimation Method 

Elevation 

Certificates 

Random Forest 

Model 

Imagery  

Stair Count 

Chesapeake  8,647 549 (6.3%)    8,093 (93.6%)     5 (0.06%) 

Hampton 13,625 605 (4.4%) 12,926 (94.9%) 88 (0.6%) 

York County   2,814   381 (13.5%)    2,384 (84.7%) 31 (1.1%) 

 

 This assessment demonstrates the utility of combining multiple approaches depending on the 

availability of observational data and building attribute data. Table 12 summarizes the data 

requirements, advantages, and disadvantages of the various FFH estimation methods.  
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Table 12: Summary and comparison of select FFH estimation methods.  

 Default Hazus Data Statistical Model Imagery Analysis 

Data Requirements 
Structure foundation type, 
Pre/Post-FIRM construction, and 
flood zone. 

Building attributes and flood 
zones for structures.  

Street-level imagery required at a 
minimum. FFH estimates can be further 
refined by identifying the elevation of 
the stairs with a Digital Elevation Model, 
or conducting measurements using 
Google Street View and Google Earth.  

Processing Time 
Generates FFH estimates for 
thousands of structures within 
minutes.  

Generates FFH estimates for 
thousands of structures within 
minutes.  

Stair Counting:  
<1 minute per structure 
Elevation Adjusted Stair Counting:  
1-2 minutes per structure 
Google Measurements: 
Around 10 minutes per structure  

Advantages 
Requires less time to prepare data 
than the statistical modeling 
approach. 

Reflects local FFH value range, 
which may differ from the Hazus 
default. 
 
Incorporates additional factors 
beyond the Hazus default 
approach that may influence FFH.  

Requires no local assessor information. 
Only structure address is required. 
 

 
 
 
Disadvantages 
 

Local assessor foundation codes 
may not be detailed enough to 
identify the correct Hazus 
foundation type code.  
 
Default FFH values may not reflect 
local conditions.  

Requires sample size of several 
hundred elevation certificates or 
survey observations that 
represent the range of structures. 
 

Data preparation for model 
development can be time 
intensive.  

Time intensive process given each 
structure must be assessed individually.  
 

Average stair height may not reflect 
actual stair height conditions. 
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III. Coastal Hazard Vulnerability Assessments 

Vulnerability Assessment Methods  
 

  Several vulnerability assessment methods were applied to each case study community to 

identify benefits and challenges. A single flooding scenario, the 1% annual chance flood, was applied for 

each assessment to offer consistency between the different methodologies. Two primary inputs were 

required for each analysis method: (1) a flood depth grid, and (2) the building inventory. Three flooding 

vulnerability assessment methods were applied for each case study community (Figure 7).  

 

 

  For each case study community, FEMA has developed a Flood Risk Database through the Risk 

Mapping, Assessment, and Planning (Risk MAP) program (FEMA, 2019c). The Flood Risk Databases are 

available for download from the FEMA Flood Map Service Center and include a water surface elevation 

grid and flood depth grid (FEMA Risk MAP, 2015a, 2015b, 2016). The water surface elevation grid 

provides flood water heights for the 1% annual chance flood event reported in the same vertical datum 

as the land elevation (FEMA Risk MAP, 2015a, 2015b, 2016). The flood depth grid is calculated by 

subtracting the elevation of the land (DEM) from the predicted water surface elevation (FEMA Risk MAP, 

Pilot 
Communities 

Chesapeake

Hampton

York County

Flooding 
Scenario

FEMA 1% annual 
chance flood 

depth grid

Analysis  
Methods

Default Data at 
Census Block Scale

Individual Structures 
with Default FFHs 

Individual Structures 
with Custom FFHs

Figure 7: Vulnerability assessment scenarios evaluated for each case study community. Default FFH refers to the 
values associated with foundation type in the Hazus technical manual (FEMA, 2017). Custom FFH refers to 
elevation certificate information and FFH estimates from predictive statistical modeling.  
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2015a, 2015b, 2016). For example, a predicted flood elevation of 8ft over a land elevation of 6ft results 

in a flood depth of 2ft.  Through the vulnerability analysis, the flood depth is compared to the structure’s 

FFH to calculate the depth of water within the structure.  

Three vulnerability methods were selected to compare the sensitivity of damage estimates to 

the scale of analysis and FFH input. These methods included: (1) census block scale analysis using default 

Hazus inventory data, (2) individual structure level analysis with default Hazus FFH values (default FFH 

method), and (3) individual structure level analysis with custom FFH values from local data and model 

predictions (custom FFH method). For the census block level analysis, the default Hazus GBS was applied 

to establish a baseline damage estimate that required minimal data preparation. For each census block 

within a selected community, default distributions of building square footage, occupancy type, building 

type, dollar exposure (replacement cost), foundation type, and first floor heights are provided. To create 

the flood scenario, the FEMA 1% annual chance flood depth grid from each community’s Flood Risk 

Database was imported into Hazus (FEMA Risk MAP, 2015a, 2015b, 2016). 

To estimate dollar losses for a given flooding scenario, Hazus applies a suite of depth-damage 

functions that vary based on the number of stories, presence of a basement, and occupancy type. The 

depth-damage functions are compiled from several sources, including the Federal Insurance and 

Mitigation Administration (formerly FIA) and U.S. Army Corps of Engineers (USACE) (FEMA, 2017). The 

FIA damage functions were developed through credibility analyses that combine available flood 

insurance claims data and theoretical base tables into weighted curves (FEMA, 2017). USACE depth-

damage functions have been developed for several districts, and the USACE Institute for Water 

Resources (USACE IWR) has developed national depth-damage functions for single-family residential 

structures without basements based on flood damage surveys (FEMA, 2017). Figure 8 displays default 

depth damage functions from Hazus reference tables for single-family residential structures with one, 

two, or three stories and no basement. The increase in percent damage per foot of water is not uniform 

across structure types. For example, a $300,000 home with one-story would have an increase in damage 

of $30,000 from 0ft to 1ft of water within the structure, whereas a two-story or three-story home would 

have an increase of less than $10,000 damage. This illustrates that damage estimates for single-story 

structures are more sensitive to changes in FFH than two-story or three-story structures.  

Depth-damage functions also differ between coastal and riverine flood hazards. The coastal 

flood hazard corresponds to areas within velocity zones subject to three-foot wave action under the 1% 

annual chance flood event (FEMA, 2017). The coastal depth-damage functions are relevant to structures 
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within the VE flood zone in Hampton Roads communities. Riverine depth damage functions are 

applicable to structures within the SFHA that are outside of VE flood zones, such as the AE flood zone, in 

coastal communities. Currently unique depth-damage functions are not established for Coastal A zones. 

The default coastal depth damage function for one-story single-family residential structures increases 

more rapidly than the riverine function. For example, at 4ft water depth, the coastal function estimates 

100% structural damage, whereas the riverine function reports only 47% structural damage. Therefore, 

distinguishing between structures within coastal VE zones and riverine flood zones significantly 

influences damage estimates.   

 

Figure 8: Depth damage function values provided in the Hazus software for one, two, and three-story 
single-family residential homes with no basement. Curves have been truncated from the full range of 
values (-4ft to 24ft). The single-story depth-damage function was developed by USACE IWR, and the 
two-story and three-story functions were produced by FIA. 

 

For an individual structure analysis, Hazus applies the appropriate depth-damage function to 

each structure based on the building’s attributes (FEMA, 2017). Incorporating individual structures into 

the Hazus software currently requires use of the Comprehensive Data Management System (CDMS) 
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(FEMA, 2017). To streamline the application of UDF data and reduce processing time, the Hazus program 

has developed a new open-source tool, referred to as the Flood Assessment Structure Tool (FAST) 

(FEMA NHRAP-Hazus, 2019). FAST requires the UDF inventory to be formatted as a comma-separated 

values (CSV) file and the flood depth grid to be formatted as a .tif file. The Hazus software and ArcGIS do 

not have to be installed to run FAST. The tool is able to process 10,000 structures per second, which 

drastically reduces processing time from the traditional Hazus UDF analysis. As in Hazus, the FAST 

output includes building and contents percent damage and dollar losses. (FEMA NHRAP-Hazus, 2019) 

For the individual structure vulnerability analysis, 

the FAST tool was applied for two scenarios: (1) default 

FFH based on Hazus reference tables, and (2) custom FFH 

based on elevation certificates, model predictions, and 

imagery analysis estimates. 

Table 13 lists the required building attributes for 

the FAST analysis. The steps for data preparation and 

analysis were as follows:  

(1) Information from local assessor data was 

adapted to the required occupancy class and 

foundation type codes.  

(2) Building replacement cost was calculated in 

GIS using the methodology applied by Hazus 

based on square footage. The appropriate 

R.S. Means value, or dollar value per square 

foot, was determined using building 

attributes and the census block income ratio 

ranges identified by Hazus (FEMA, 2017).  

Appendix C provides the detailed 

methodology and reference values for 

calculating replacement cost. 

(3) The latitude and longitude for each structure 

location was based on the structure’s LAG, or 

maximum flood depth if the structure’s LAG 

Figure 9: FEMA Flood Assessment Structure Tool 
user-interface. Attributes highlighted in green 
indicate required fields.  
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did not overlap with the depth grid. Discrepancies between the LAG and maximum depth 

are likely the result of different underlying DEMs between the LAG analysis and FEMA depth 

grid development. Appendix D describes the GIS methodology for assigning points to the 

building’s LAG. 

(4) Once all attributes were completed, the inventory was divided into structures located within 

the coastal VE flood zone and all other structures in the SFHA and output from GIS to a CSV 

file format.  

(5) The FAST tool was run separately for coastal VE structures and other buildings in the SFHA.  

‘Coastal V’ was selected as the flooding attribute for structures within the VE flood zone, 

and ‘Riverine’ was selected for all other structures (Figure 9). The FEMA 1% annual chance 

flood depth grid was loaded as a .tif file (Figure 9). The analysis results were transferred into 

GIS by joining the output CSV with the existing spatial inventory. 

 

Table 13: Required user inputs for the FEMA FAST tool and the corresponding source of each attribute.   

Attribute Description Source 

User Defined Flty Id Structure unique identifier Local parcel ID 

Occupancy Class Hazus occupancy class code Classified based on local assessor data 

Building Cost Replacement cost  
Calculated using square footage from 

assessor data and R.S. Means values 

Building Area Square footage of structure Local assessor data 

Number of Stories  
Number of stories rounded up to 

nearest whole number 
Local assessor data 

Foundation Type 
Corresponding Hazus foundation type 

reported as an integer 
Classified based on local assessor data  

First Floor Height 
Height of FFH above grade, reported 

in feet  

Determined using elevation certificates, 

model estimates, imagery estimates, or 

default Hazus values based on 

foundation type 
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Case Study Results: City of Chesapeake  

 

  Within the City of Chesapeake, approximately 4,524 single-family residential structures (RES1) 

intersected the FEMA 1% annual chance flood depth grid, with a total exposure value of $1.5 billion. The 

total exposure value represents the sum of all RES1 replacement costs within the 1% annual chance 

floodplain. The census block analysis estimated $219.2M (14.5% of total exposure value) in flood losses 

for 3,826 damaged RES1 structures, representing the largest damage estimate of the three scenarios 

(Figure 10). The individual structure level analysis using default foundation type FFH estimates resulted 

in 1,822 damaged structures, totaling $39.0M (2.6% of total exposure value) in RES1 losses (Figure 10). 

When using custom model predictions, elevation certificate, and stair-based values, the number of 

damaged structures was reduced to 1,443, totaling $17.1M (1.1% of total exposure value) in RES1 losses 

(Figure 10).  

Figure 10: Comparison of estimated dollar losses resulting from the 1% annual chance flood event for 
Chesapeake by FFH input. Default FFH refers to the values associated with foundation type in the Hazus 
technical manual (FEMA, 2017). Custom FFH includes elevation certificate information and FFH 
estimates from predictive statistical modeling and Google imagery. 
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 The two primary foundation types for RES1 structures in the Chesapeake 1% annual chance 

floodplain are crawlspace (84.5% of structures) and slab (15.1% of structures). When applying custom 

FFH values, the estimated flood losses decreased by 38% for RES1 crawlspace structures and 77% for 

slab structures relative to the default damage estimates (Figure 11). The substantial decrease in slab 

structure losses is attributed to the default method resulting in an average lower FFH estimate (1.0ft) for 

slab structures than the custom method (2.3ft). The custom method average FFH is higher due to the 

inclusion of raised slab structures in the elevation certificate sample. The default scenario resulted in an 

additional 325 slab structures and 194 crawlspace structures damaged than the custom scenario.  

  Of the structures which intersected the depth grid, 432 structures had corresponding elevation 

certificates. By using only the sample of structures with elevation certificates, the sensitivity of damage 

estimates to changes in FFH can be evaluated without introducing error from the model predictions. 

While the total estimated losses differed by less than 2% for crawlspace structures between default FFH 

Figure 11: Comparison of estimated dollar losses resulting from the 1% annual chance flood event for 
Chesapeake by FFH input for crawlspace and slab foundation type.  
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and elevation certificate FFH methods, the damages for slab structures were nearly twice as large when 

using default FFH values (Table 14). This is likely because raised slab structures were included in the 

elevation certificate sample. Approximately 71% of slab structures with elevation certificates included in 

the analysis were of building diagram 1B, or raised slab, with an average first floor height of 1.86ft. It is 

important to note that in the elevation certificate sample used to build the predictive model, 99% of 

slab structures were built between 2007 and 2018, and 43% were built in 2013 or later following the 

enactment of a 16in freeboard standard in the SFHA (City of Chesapeake, 2013). Therefore, the model 

may inflate slab FFH estimates for older structures because the elevation certificate sample used to train 

the model was biased towards more recent slab construction. In the SFHA, 71% of slab structures were 

built before 2007, which is outside of the range of the training data. Further review of slab structures 

within the SFHA using Google Street View imagery would help determine if the default FFH estimate of 

1ft may be more appropriate for older slab structures.  

Table 14: Estimated building losses from the 1% annual chance flood event for Chesapeake when using 
recorded elevation certificate FFH values and default FFH values. 

   

  Figure 12 displays the census blocks by level of flood damage, with the maximum census block 

building flood loss value of $9.8M. Figure 13 displays the density of individual damaged structures, 

weighted by loss value, for both the default and custom FFH scenarios. The number of structures 

experiencing a moderate level of damage was higher under the default FFH scenario than the custom 

(Table 15). The Hampton Roads HMP (2017) defines moderately damaged as 15-49% of total structural 

value, and substantially damaged as greater than 49%. The repetitive loss areas mapped for the regional 

HMP (2017) were also overlaid with individual structure point locations. Although the conditions under 

which repetitive flood loss structures experienced damage may not correspond with the 1% annual 

chance flood event, this comparison shows that generally the areas that are estimated to experience the 

greatest losses under the 1% annual chance flood overlap with areas that have repeatedly experienced 

flooding. 

FFH Method Crawlspace FFH Total Damage Slab FFH Total Damage 

Default  $1,632,912 $3,847,049 

Elevation Certificate $1,606,290 $1,961,371 
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Table 15: Summary of individual structures damaged under the 1% annual chance flood event using the 
default and custom FFH estimation methods for Chesapeake. Values are displayed as number of 
structures damaged and percent of total structures damaged under that scenario. 

 

 

FFH Method Buildings Moderately Damaged Buildings Substantially Damaged 

Default  223 (12.2%) 1 (<1%) 

Custom 51   (3.5%) 1 (<1%) 
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Figure 12: Census blocks included in the Hazus Analysis coded by estimated building losses from the 1% annual chance flood  
event for Chesapeake. The depth grid used in the analysis is provided as an inset map. 
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Figure 13: Distribution of individual structures with estimated flood damage weighted 
by the value of the loss for the 1% annual chance flood event in Chesapeake. Yellow 
indicates dense areas of high value losses.  

B) Custom 
FFH 

A) Default     
    FFH 

 
Attachment 5A



34 
 

Case Study Results: City of Hampton  
 

  Approximately 7,106 RES1 structures intersected the FEMA 1% annual chance flood depth grid 

in the City of Hampton, with a total exposure value of $1.9 billion. The census block analysis resulted in 

the largest building damage estimate of the three scenarios, with $295.4M in estimated losses for 5,879 

damaged RES1 structures (26.9% of total exposure value) (Figure 14). The individual structure level 

analysis using default foundation type FFH estimates resulted in $96.2M in RES1 losses (5.1% of total 

exposure value) (Figure 14). The estimated RES1 losses decreased to $86.5M (4.6% of total exposure 

value) when replacing default FFH estimates with custom FFH estimates, despite an increase from 3,785 

to 4,144 structures that experienced damage (Figure 14). Approximately 63.5% of structures that 

experienced damage in both the default and custom FFH scenarios had a higher loss value under the 

default scenario.  
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Figure 14: Comparison of estimated dollar losses resulting from the 1% annual chance flood event 
for Hampton by FFH input.  Default FFH refers to the values associated with foundation type in the 
Hazus technical manual (FEMA, 2017). Custom FFH includes elevation certificate information and FFH 

estimates from predictive statistical modeling and Google imagery. 
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  The three primary foundation types for RES1 structures in the Hampton 1% annual chance 

floodplain are crawlspace (5,524, 77.7% of structures), slab (1,382, 19.4% of structures), and solid wall 

(112, 1.6% of structures). Crawlspace and slab structures experienced greater losses under the default 

FFH scenario than the custom FFH scenario (Figure 15). 

Elevation certificates were available for 465 structures that intersected the 1% annual chance 

flood depth grid. Table 16 compares the total reported damage by crawlspace, solid wall, and slab 

foundation type for structures with elevation certificates. The average crawlspace elevation for Pre- and 

Post-FIRM structures with elevation certificates was 3.4ft and 4.4ft respectively. These averages are only 

around 0.4ft greater than the default FFH of 3 and 4ft; however, an overall decrease in damages of 

$1.4M (24%) was observed (Table 16). Four structures with an elevated living space, or solid wall 

Figure 15: Comparison of estimated dollar losses resulting from the 1% annual chance flood event for 
Hampton by FFH input for crawlspace and slab foundation type. 
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foundation type, were damaged in the 1% annual chance flood analysis when using the elevation 

certificate reported FFH. While the default FFH value of 7ft or 8ft was higher than the observed FFH for 

these select structures, the average FFH for structures with an elevated living space was 9.4ft based on 

elevation certificate data. Therefore, more damage was observed for solid wall structures in comparison 

to the default data set as a result of several abnormally low FFH values. 

 

Table 16: Summary of individual structures damaged under the 1% annual chance flood event using the 
default and elevation certificate FFH estimation methods for Hampton. 

 

   

   

 

 

  When creating the custom FFH dataset for Hampton, structures with a foundation type of 

“None” within close proximity of known elevated living space structures were reviewed using Google 

Street View imagery to determine if a slab or solid wall foundation code was appropriate. To assess the 

impact of these structures on the damage estimates, a vulnerability analysis was run with all “None” 

structures classified as slab foundation type. Therefore, rather than having a default FFH value of 7ft or 

8ft, the structures were assigned a FFH value of 1ft. Figure 16 compares the reported damages for slab 

and solid wall structures specifically. Under the Slab FFH, “None” Foundation scenario, all “None” 

foundation type structures have a value of 1ft. The Default FFH, Slab or Solid Wall Foundation scenario 

includes the reclassification of “None” foundation types to “Solid Wall” where necessary, with a default 

FFH value of 7ft or 8ft assigned. The third scenario includes the same foundation types as the previous 

but replaces default FFH estimates with values based on stair counts or elevation certificates. An 

additional 76 structures were damaged, resulting in an increase of $6.7M in losses, when the FFH value 

was changed but the foundation type was held constant. An additional 112 structures were damaged, 

resulting in an increase of $6.0M in losses, when assuming all structures were slab. The visual review of 

FFH Method 
Crawlspace FFH 

Total Damage 

Solid Wall  

FFH Total Damage  

Slab 

FFH Total Damage 

Default  $ 6,138,899 $ 0  $2,728,677 

Elevation Certificate $ 4,673,758 $ 277,130 $2,183,963 
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structures to confirm slab or elevated living space foundation type thus avoided an overestimation of 

damage by $6.0M. 

 

Figure 17 displays the census blocks categorized by flood losses, with the maximum building 

flood loss value of $11.9M. The density of damaged structures, weighted by loss value, for both the 

default and custom FFH scenarios are displayed in Figure 18. The number of structures experiencing 

moderate (15-49%) or substantial (>49%) damage was higher under the default FFH scenario than the 

custom (Table 17). To identify areas of overlap between damaged structures and areas that repeatedly 

flood, the repetitive loss areas created for the regional HMP (2017) were also mapped with damaged 

Figure 16: Comparison of damage estimates before and after adjusting foundation codes and FFH 
estimates for structures identified through Google imagery as having an elevated first floor living space. 
The far-left scenario assumes all structures of “None” foundation type are slab. The middle scenario 
reclassifies structures with an elevated living space as solid wall, with an FFH of 7ft or 8ft. The far-right 
scenario replaces default FFH values with custom FFH values.  
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individual structure point locations. Although the conditions under which repetitive flood loss structures 

experienced damage may not correspond with the 1% annual chance flood, the areas experiencing 

damage under the 1% annual chance flood generally fall within the repetitive flood loss areas, with the 

exception of an area of slab foundation structures near the southwest branch of Back River (Figure 18).  

 

Table 17: Summary of individual structures damaged under the 1% annual chance flood event using the default 
and custom FFH estimation methods for Hampton. Values are displayed as number of structures damaged and 
percent of total structure damaged. 

FFH Method 
Buildings Moderately  

Damaged 

Buildings Substantially 

Damaged 

Default  752 (19.9%) 11 (0.3%) 

Custom 504 (12.2%)   8 (0.2%) 
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Figure 17: Census Blocks included in the Hazus Analysis coded by estimated building losses from the 1% annual chance 
flood event for Hampton.  
The depth grid used in the analysis is provided as an inset map. 
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 Figure 18: Distribution of individual structures with estimated flood damage 
weighted by the loss value for the 1% annual chance flood event in Hampton. 
Yellow indicates dense areas of high value losses. 

A) Default FFH 

B) Custom FFH 
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Case Study Results: York County 
 

  Within York County, approximately 1,634 RES1 structures intersected the FEMA 1% annual 

chance flood depth grid, with a total exposure value of $659.8M. The census block analysis resulted in 

$77.9M in estimated losses for 951 damaged RES1 structures (11.8% of total exposure value), the largest 

damage estimate of the three scenarios (Figure 19). The individual structure level analysis using default 

foundation type FFH estimates resulted in 657 damaged structures, totaling $19.9M in RES1 losses (3.0% 

of total exposure value) (Figure 19). The estimated number of structures damaged decreased to 283, 

totaling $5.5M in losses (0.8% of total exposure value), when replacing default FFH estimates with 

custom model predictions, elevation certificate, and stair-based values (Figure 19).  

 

Figure 19: Comparison of estimated dollar losses resulting from the 1% annual chance flood event for 
York County by FFH input. Default FFH refers to the values associated with foundation type in the Hazus 
technical manual (FEMA, 2017). Custom FFH includes elevation certificate information and FFH 
estimates from predictive statistical modeling and Google imagery. 
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  The three primary foundation types for RES1 structures in the York County 1% annual chance 

floodplain are crawlspace (1,374, 84.1% of structures), solid wall (146, 8.9% of structures), and slab (71, 

4.3% of structures) (Figure 20). Estimated flood losses decreased by 74% for RES1 crawlspace structures 

when custom FFH values were used rather than the default losses. Similarly, for RES1 slab structures, 

estimated flood losses decreased by 85% when applying custom FFH values. A decrease in losses is 

attributed to higher FFHs under the custom scenario than the default. For structures within the 1% 

annual chance depth grid, the average FFH for Pre- and Post-FIRM crawlspace estimates of 4.0ft and 

4.6ft respectively exceeded the default crawlspace FFH values of 3ft and 4ft. Likewise, custom slab 

structures had an average predicted FFH of 2.9ft, whereas the default value was 1ft. However, it is 

important to note that the sample size of elevation certificates for slab structures used to develop the 

predictive model included only six structures. This limited sample may not be representative of the 71 

slab structures present within the SFHA. As a result, the model predictions may overestimate the true 

FFH for slab structures, particularly those built Pre-FIRM (39% of slab structures). Visual review of slab 

structures using Google Street View imagery would help identify structures where the model may be 

over-predicting FFH.  

Of the structures which intersected the depth grid, 325 structures had corresponding elevation 

certificates. The flood losses reported under the default scenario were over double the losses reported 

when using only the elevation certificate FFH values for crawlspace foundation types (Table 18). Based 

on this sample, the default FFH values for the crawlspace foundation type tend to underestimate the 

observed FFH from elevation certificates. The elevation certificate average crawlspace FFH are 3.8ft and 

4.5ft for Pre- and Post-FIRM structures respectively. Although more damage was observed for solid wall 

structures in comparison to the default data set, this can be attributed to several abnormally low values 

(Table 18). While the default FFH value of 7ft or 8ft over-predicted FFH for 10 structures, the average 

FFH for structures with an elevated living space was 9.8ft based on elevation certificate data for 80 

structures. A comparison of damage for slab structures is not presented given the limited sample size of 

three slab structures with elevation certificates in the SFHA.   
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Figure 20: Comparison of estimated dollar losses resulting from the 1% annual chance flood event for 
York County by FFH input. Default FFH refers to the values associated with foundation type in the Hazus 
technical manual (FEMA, 2017). Custom FFH includes elevation certificate information and FFH 
estimates from predictive statistical modeling and Google imagery. 

 

 

Table 18: Summary of individual structures damaged under the 1% annual chance flood event using the 
default and custom FFH estimation methods for York County. 

 

 

 

FFH Method 
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  The maximum flood loss for a census block is $6.1M (Figure 21). Figure 22 displays the density of 

damaged structures, weighted by loss value, for both the default and custom FFH scenarios. The number 

of structures experiencing a moderate (15-49%) level of damage was higher under the default FFH 

scenario than the custom (Table 19). The repetitive loss areas created for the regional HMP (2017) were 

also overlaid with the damaged individual structure point locations. Although the conditions under 

which repetitive flood loss structures experienced damage may be different, this comparison shows that 

generally areas that are estimated to experience the greatest losses under the 1% annual chance flood 

event correspond with areas that have repeatedly experienced flooding. 

 

Table 19: Summary of individual structures damaged under the 1% annual chance flood event using the 
default and custom FFH estimation methods for York County. Values are displayed as number of 
structures damaged and percent of total structures damaged for the given FFH estimation method. 

 

FFH Method Buildings Moderately Damaged Buildings Substantially Damaged 

Default  93 (14.2%) 0 (0%) 

Custom 17 (6.0 %) 0 (0%) 
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Figure 21: Census blocks included in the Hazus Analysis coded by estimated building losses from the 
1% annual chance flood event for York County. The depth grid used in the analysis is provided as an 
inset map. 
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B) Custom FFH A) Default FFH 

Figure 22: Distribution of individual structures with estimated flood damage weighted by the value of the loss for the 1% annual chance flood 
event in York County. Yellow indicates dense areas of high value losses. 
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Case Study Comparisons and Limitations 

 
Within each case study community, the estimated dollar losses from flood damage were highly 

sensitive to changes in FFH. Estimated dollar losses were highest at the census block analysis scale and 

lowest when using custom FFH estimates at the individual structure level (Table 20).  

 

Table 20: Summary of losses for each FFH scenario under the 1% annual chance flood event in each 
community. Values are displayed as total estimated dollar loss and as a percent of total structure 
exposure replacement value. 

 

  The Hazus assumption of equal distribution of structures across the census block likely 

contributes to inflated building losses relative to the 

individual structure analysis. For example, within a given 

census block in Chesapeake, the Hazus estimated building 

losses were $4.4M using the GBS inventory; however, the 

losses were only estimated to be $164K in the individual 

structure custom FFH analysis and $1.03 M in the default 

FFH analysis. Several structures were positioned just 

outside the SFHA, thus avoiding damage under the 1% 

annual chance flood scenario (Figure 23). It is important 

to note that the census block in Figure 23 also has a 

portion of the middle area removed. The Hazus flood 

model inventory includes dasymetric census blocks, in 

which the boundaries are modified to remove areas that 

are not developed. This decreases the overall area of the 

census block and helps reduce error associated with the 

Case Study Community 
Census Block  

Building Losses 

Default FFH 

Building Losses 

Custom FFH  

Building Losses 

Chesapeake $219.2 M (14.5%) $ 39.0 M (2.6%) $ 17.1 M (1.1%) 

Hampton $295.4 M (15.6%) $ 96.2 M (5.1%) $ 86.5 M (4.6%) 

York County $ 77.9 M (11.8%) $ 19.9 M (3.0%) $   5.5 M (0.8%) 

Figure 23: Example census block with uneven 
distribution of buildings.  
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equal distribution assumption. However, given the census block analysis does not include precise 

building locations, the assumptions of building location may still contribute to an overestimation, or in 

some cases underestimation, of damage compared to an individual structure level analysis.  

 Another important attribute of the census block analysis that contributes to higher damage 

estimates is the default foundation type distribution. For census blocks in the riverine floodplain, Hazus 

assumes a foundation distribution for RES1 structures of 23% basements, 35% crawlspace, and 42% slab 

structures (FEMA, 2017) (Table 21). This assumes a higher percentage of basements and slab structures 

within the riverine SFHA than what is observed in the Hampton Roads pilot communities (Table 21). 

Reducing the percent of basement foundation types would likely result in lower census block damage 

estimates. The foundation distribution can be adjusted in Hazus based on local assessor data. Rather 

than modifying the census block foundation distributions in this analysis, the individual structure level 

analysis was selected to more accurately reflect structure attributes and locations. 

 

Table 21: Foundation type distribution of single-family residential structures within the riverine flood 
zones of the Special Flood Hazard Area for each pilot community compared to the default Hazus 
foundation distribution. Locality foundation distributions were based on assessor data.  

   

 

 

Foundation Type 
Hazus Foundation 

Distribution 

Chesapeake 

Foundation 

Distribution 

Hampton 

Foundation 

Distribution 

York County 

Foundation 

Distribution 

Pile 0% 0% <1% <1% 

Pier 0% <1% <1% 1% 

Solid Wall 0% <1% 2% 9% 

Basement 23% 0% 1% 1% 

Crawl 35% 85% 78% 84% 

Fill 0% 0% 0% 0% 

Slab 42% 15% 20% 4% 
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  Comparing the damage estimates between Hazus default and custom FFH values for only 

structures where elevation certificates were available provided a sensitivity analysis that excludes 

predictive model error. The total dollar losses were higher when using the default values rather than the 

elevation certificate values for each community (Table 20). This implies the default FFH assignment 

method may underestimate the FFH of structures in the pilot communities and consequently inflate 

damage estimates. It is important to note, however, that the elevation certificate sample is not random 

and may not reflect the true distribution of structure FFHs across the community, especially if the 

sample is skewed towards more recent construction. Across all three case study communities, there 

were several hundred elevation certificates available for crawlspace structures to support model 

development. Hampton had the largest abundance of Pre-FIRM elevation certificates, and also had the 

smallest difference in losses between the default and custom FFH losses. In Chesapeake, the number of 

Pre-FIRM crawlspace structures was very limited (n=12). Only one Pre-FIRM slab elevation certificate 

was available for Chesapeake, and only six slab structures overall were available in York County’s model 

training data set. Based on this sampling distribution, the model FFH predictions for Pre-FIRM slab 

structures in Chesapeake and York County are likely higher than what is observed because the sample is 

biased towards new construction.  

 To capture the uncertainty in predictive model FFH estimates, it is important to consider the 

damage estimates if assuming the model overestimated or underestimated structural FFH. Table 22 

reports the Random Forest predictive model absolute average error observed for each case study 

community. The rate of model predictions overestimating and underestimating FFH was fairly balanced 

across the three case study communities. The model predicted FFH underestimated the elevation 

certificate FFH for 48% to 56% of testing observations across the pilot communities. To assess the 

maximum damage within the range of average model error for each community, the average error was 

subtracted from each FFH estimate. Conversely, the average error was also added to each FFH estimate 

to assess the minimum damage estimate. Within each case study community, altering the FFH by less 

than one foot changes the damage estimates by hundreds of structures and millions of dollars (Table 

22). This emphasizes the importance of FFH estimation accuracy. It also provides justification for 

exploring a range of probable FFH values and damage estimates when conducting vulnerability 

assessments to better account for uncertainty. It is also important to note that only building losses are 

presented in this report. Content losses can also be calculated through Hazus and the FAST tool. Given 

the focus of this analysis was on modifying the FFH input, only building losses were presented for 

simplicity of comparison.  
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Table 22: Comparison of predictive model error across case study communities. The minimum number 
of structures damaged and building losses represents the results when adding the average error to each 
FFH estimate. The maximum number of structures damaged and building losses represents the results 
when subtracting the average error from each FFH estimate.  

 

 

IV. Alternative Vulnerability Assessment Approaches 
 

  Given the uncertainty associated with estimating FFH and the sensitivity of resulting damage 

estimates to the FFH input, a vulnerability assessment approach that considers a range of FFH values for 

a given structure may better capture the variability in damage estimates. The consulting firm AECOM 

developed a vulnerability assessment methodology that weights estimated damages for a range of FFH 

values by the likelihood of that FFH value occurring (Parson and Onufrychuk, 2019). For example, a 

crawlspace structure may have a 20% probability of having a FFH of 4ft, and only a 1% probability of 

having a FFH of 1ft. The respective probabilities are determined by fitting a probability density function 

to a distribution of observed FFH for a given structure type (Parson and Onufrychuk, 2019). For a specific 

flooding scenario, the losses associated with each possible FFH value are estimated for a given structure 

and then multiplied by the associated probability (Parson and Onufrychuk, 2019). By adding the 

weighted loss values, a cumulative damage estimate is produced that captures a range of possible FFH 

values (Parson and Onufrychuk, 2019).  

 To evaluate the feasibility of this approach within the Hampton Roads region, FFH distributions 

were developed using the City of Hampton’s elevation certificates. Hampton was selected among the 

case-study communities because of the robust sample of elevation certificates that includes an 

abundance of both Pre- and Post-FIRM structures. In the Random Forest model analysis for Hampton, 

Case Study 

Community 

Testing 

Absolute 

Average Error 

Custom FFH 

Building Losses ($) 

Range of Number of 

Structures Damaged 

Range of  

Building Losses ($) 

Chesapeake 0.45 ft $17.1 M 977 – 1,979 $10.7M - $ 28.6M 

Hampton 0.80 ft $86.5 M 2,681 – 5,516 $42.0M - $150.0M 

York County 0.83 ft $5.5 M 148 –  590 $ 3.1M - $  12.2M 

 
Attachment 5A



51 
 

foundation type and year built had the highest variable importance scores among the evaluated 

predictor variables. Based on this result, FFH distributions were developed for three classes of structures 

that encompassed most (96.2%) of the Hampton elevation certificate data: (1) Slab foundation, (2) Pre-

FIRM crawlspace foundation, and (3) Post-FIRM crawlspace foundation (Figure 24). The same training 

data sample applied in Random Forest model development was used to build density distributions, 

representing 80% of the available elevation certificates. The remaining 20% was reserved for comparing 

results to the estimated damages when using elevation certificate FFH values. Slab structures were not 

divided into Pre- and Post-FIRM given the narrower range of FFH values. 

  Intervals of 0.5ft were selected to capture a range of FFH values. A kernel density estimate was 

developed for each subset of data using normal distribution kernels3. The probability of a value falling 

within each FFH interval was calculated as the area under the kernel density function. A complete R 

script for formatting the data and calculating the probability values is available in Appendix E. The FFH 

values and associated probabilities were applied to the testing data set for each distribution category 

and output to a .CSV file for application in the FEMA FAST tool. The FAST tool calculated the associated 

building dollar losses for each value. Each dollar loss was then multiplied by the corresponding FFH 

probability to determine the weighted dollar loss, as presented in Table 23, for an individual slab 

foundation structure. 

  The estimated losses for the Hampton testing data set resulting from the probability-based 

approach were compared to the losses if using the FFH value from the elevation certificate. The total 

probabilistic estimated losses were $367K greater than the losses calculated from the elevation 

certificate values (Table 24). This difference is attributed to larger loss estimates specifically in the Post-

FIRM and slab categories. The losses for the testing data set were also calculated using the values 

predicted by the Hampton Random Forest model and the default Hazus FFH foundation types. The 

Random Forest predictive method overestimated losses by approximately $3K, and the default values 

overestimated damage by approximately $346K, relative to the elevation certificate damages (Table 24).   

 

 

                                                           
3 A kernel density estimate is the result of aggregating individual kernels, such as the normal distribution, centered 
on each individual data point. This creates a smoother and more detailed representation of the data structure than 
a histogram (Hughes, 2013). 
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Table 23: A summary of estimated building losses for FFH ranging from 0 to 3ft for a given slab structure. 
Note that the most likely value of 1ft has the highest associated probability. The weighted loss is a 
product of the building loss multiplied by the associated probability.  

  

 

 

Table 24: Comparison of estimated losses for the structures with elevation certificates reserved for the 
Hampton testing data set (n=107) by FFH estimation method.  

FFH Estimation Method 
Post-FIRM 

Crawlspace 

Pre-FIRM 

Crawlspace 
Slab Total 

Elevation Certificate $ 244,690 $ 586,177 $257,160 $1,088,027 

Random Forest Analysis $ 378,851 $ 463,398 $248,887 $1,091,136 

Probabilistic Estimation $ 542,572 $ 581,648 $330,716 $1,454,936 

Default Value $ 461,735 $ 567,804 $404,808 $1,434,347 

First Floor Height (ft) Building Losses Probability (%) Weighted Loss 

0  $ 33,898 2.8 $   949 

0.5  $ 32,437 15.9 $5,158 

1 $ 19,287 31.5 $6,075 

1.5 $ 3,215 23.8 $   765 

2 $ 0 16.2 $       0 

2.5 $ 0 6.2 $       0 

3 $ 0 1.9 $       0 

Total Damage   $12,947 
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  Given the limited size of the testing data set, the estimated losses were also calculated using the 

probability-based approach for all RES1 structures of the appropriate foundation types in the SFHA. The 

custom value estimate corresponds with the Hampton result in the Coastal Hazard Vulnerability 

Assessments section of the report and includes FFH estimates from elevation certificates, Random 

Forest analysis, and Google imagery. The default value estimate also corresponds with the previously 

reported Hampton result where FFH estimates from Hazus reference tables were applied. For structures 

with different foundation types from selected crawlspace and slab categories (2.8% of observations), the 

custom value losses were used. The probabilistic flood loss estimate of $98.5M is greater than both the 

custom and default FFH value flood losses (Table 25). Although it is difficult to determine which of the 

three flood loss estimates is most accurate without additional observational data, including the 

Figure 24: Distribution of FFH values from elevation certificates for three structure categories: (1) slab 
foundation, (2) Pre-FIRM crawlspace foundation, and (3) Post-FIRM crawlspace foundation. Fitted curves 
were developed through kernel density estimation. 
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probabilistic approach suggests that the range of flood building losses for the 1% annual chance flood 

event for RES1 structures within the Hampton SFHA is likely between $86.5M and $98.5M.   

Table 25: Estimated building losses for single-family residential structures within the Hampton Special 
Flood Hazard Area using three different FFH estimation methods.  

 

To apply a probabilistic approach in other communities, distribution functions could be 

developed for similar categories of structures, as well as additional categories, such as structures with a 

garage under the living space for York County. Another consideration that may improve the probability 

estimates is to shift the distributions based on location. Within the Random Forest analysis, land 

elevation (DEM) value was also a relatively important predictor. Future research could include grouping 

buildings by foundation type, year built, and land elevation given a sufficient sample size for probability 

distribution development.  While this methodology was tested in a single locality, regional distributions 

combining data from multiple localities could also be developed and compared to individual locality 

distributions to determine if the analysis could be implemented at a larger scale.  

The FFH distributions developed by Parson and Onufrychuk (2019) were based on stair count 

observations. For communities with more limited samples of elevation certificates, FFH data could be 

supplemented with stair counts to develop distributions. Although the probabilistic approach will not 

result in the assignment of a specific FFH for development of the regional FFH database, the ability to 

capture a suite of possible FFH values in the damage estimate helps to estimate the likely range of 

building losses.  

 

FFH Estimation Method Building Losses  
Difference Relative to  

Custom Values 

Custom Value $ 86,518,587  --- 

Default Value $ 96,188,582 $   9,669,995 

Probabilistic Estimation $ 98,494,364 $  11,975,777 
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V. Conclusions and Next Steps 
 

 Flooding vulnerability assessments support local hazard mitigation planning and projects to 

improve community resiliency. Building FFH is a key input in flood vulnerability analysis that directly 

impacts the estimated flood losses. This analysis used elevation certificates to inform development of 

statistical models that estimate FFH. When compared to observed FFH values, the FFH model 

predictions result in lower estimation error than the default FFH estimates derived from FEMA’s Hazus 

reference tables.  

Although the modeling approach offers the advantage of generating FFH estimates for 

thousands of structures within minutes, it is limited by the availability of elevation certificates that 

represent the community building stock.  Most communities do not have comprehensive observational 

FFH data. Developing local and regional databases of FFH information will likely require the application 

of multiple methods. While the imagery-based methods evaluated in this report do not require building 

attribute data, they are more labor intensive given each structure must be reviewed individually. Of the 

alternative imagery-based methods evaluated, counting stairs appeared to be more efficient in terms of 

time and accuracy than imagery measurements. The FFH estimation methods can help inform a more 

strategic sampling approach if resources become available for additional field data collection.  

Flood damage estimates are highly sensitive to FFH and other flood vulnerability assessment 

assumptions. In addition to evaluating FFH estimation methods, this study also evaluated vulnerability 

analysis approaches that differed in terms of scale and data requirements. The three different 

vulnerability methods tested included: (1) a census block scale analysis using default Hazus inventory 

data, (2) individual structure level analysis with default Hazus FFH values (default FFH method), and (3) 

individual structure level analysis with custom FFH values from local data and model predictions (custom 

FFH method). Estimated flooding damages were highest at the census block analysis scale and lowest 

when using custom FFH estimates at the individual structure level. Where feasible, localities should 

utilize individual structure analysis to provide a more accurate assessment of flooding vulnerability.  In 

addition, building damage estimates were higher when using default FFH estimates than custom FFH 

estimates. While the custom FFH model estimates may more accurately estimate the FFH for structures 

similar to those in the elevation certificate sample, the model predictions are less reliable for structure 

types not represented in the elevation certificate sample. Additional data gathering could increase the 

accuracy of the modeling approach. The vulnerability assessment methods comparison found that 
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changing FFH by less than a foot can increase or decrease flood damage estimates by hundreds of 

structures and millions of dollars across the community.  Using a probability-based method that 

considers a range of FFHs could help account for the uncertainty in FFH values and variability in resulting 

flood loss estimates.  

Vulnerability analyses support prioritization and design of flood mitigation projects at the local 

level and can assist communities in conducting benefit-cost analysis required for some competitive grant 

applications. Local government staff can also use FFE data for a variety of applications, such as 

identifying vulnerable structures, developing project proposals, or evaluating potential policy changes.  

While the 1% annual chance flood event was selected as the hazard scenario for this analysis, the 

methodologies evaluated in this study can be applied to other coastal hazard scenarios, including storm 

surge and sea level rise.  

  This report documents the second phase of a three-year regional FFE initiative. Within the third 

phase, the FFE dataset will continue to be expanded across the region and best practices will be 

documented for other entities interested in applying similar FFE estimation or vulnerability assessment 

approaches. Coordination with entities conducting research related to FFE and coastal hazards will 

support the development of complimentary products. Continued research and innovation in FFE data 

development and vulnerability assessment techniques will provide support for the upcoming Hampton 

Roads regional all-hazards mitigation plan update and local government resiliency efforts.  
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VIII. Appendices 

Appendix A: FEMA Hazus First Floor Height Reference Tables  
 

The following table summarizes the Hazus default FFH values, reported in feet, by foundation 

type, flood zone, and FIRM-status. This table is adapted from FEMA’s Multi-hazard Loss Estimation 

Methodology Flood Model Hazus-MH Technical Manual (Table 3.11 and Table 3.14, FEMA, 2017).   

Foundation Type 
Pre-Firm 

FFH 

Post-FIRM FFH 

(Riverine) 

Post-FIRM FFH 

(Coastal A zone) 

Post-FIRM FFH 

(Coastal V zone) 

Pile 7 8 8 8 

Pier/Post/Beam 5 6 6 8 

Solid Wall 7 8 8 8 

Basement/Garden Level 4 4 4 4 

Crawlspace 3 4 4 4 

Fill 2 2 2 2 

Slab 1 1 1 1 
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Appendix B: Python Script for Collecting Google Street View Imagery  
 

#Script to download and save Google Street View images through Google API. Please note an individual 

#Google API key is required.  

#Resources 

#Letchford, A. (2018). Streetview. https://github.com/robolyst/streetview 

#Martin, A.W. (2017) SimpleGoogleStreetView2.pyde 

#https://github.com/awmartin/spatialpixel/blob/master/Sketches/Intro/SimpleGoogleStreetView2/Sim

#pleGoogleStreetView2.pyde 

#Wen, R. (2019). Google-streetview 1.2.9 https://pypi.org/project/google-streetview/ 

#Import google_streetview for the api module 

import os 

import google_streetview.api #Wen, R. (2019).   

#Define parameters for street view api 

params = [{ 

    'size': '640x640', #max 640X640 pixels 

   'location' : ' ', #Enter coordinates in decimal degrees.  

    'heading': '0', 

    'fov': '60', 

    'pitch': '0', 

    'key': ' ‘ #Enter unique Google API Key.  

}] 

#Create a results object 

results = google_streetview.api.results(params) 

#Download images to specified directory 'downloads' 

results.download_links(' ‘ )#Provide local directory name.  

#Download metadata 

results.save_metadata('metadata.json')  
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Appendix C: Replacement Cost Calculation for Residential Structures  
 

The structural replacement cost in Hazus is based on published R.S. Means Values for industry-

standard cost-estimation (FEMA, 2017). For single-family residential structures, socio-economic data 

from the Census is applied to identify construction classes and associated replacement cost models 

(FEMA, 2017). Buildings are classified as Economy, Average, Custom, or Luxury based on the census 

block income ratio (IK) as shown in Table 26.  

Table 26:  Income ratio ranges for selecting and weighting R.S. Means building classifications. Values 
correspond with the weight applied to the R.S. Means cost per square foot when calculating 
replacement cost. Adapted from Hazus Technical Manual (Table 14.5, pg 14-15. FEMA, 2017). 

Income Ratio (Ik) Luxury Custom Average Economy 

Ik < 0.5    1 
0.5 </= Ik < 0.85   .25 .75 
0.85 </= Ik < 1.25  .25 .75  
1.25 </= Ik < 2.0  1   
Ik >= 2.0 1    

 

The Hazus software includes reference tables for identifying R.S. Means values of cost per square foot. 

The R.S. Means values vary by construction classification, number of stories, and the presence of a 

basement (Table 27). These average national values are further adjusted by a regional factor provided in 

the Hazus software (Table 28). 

Using values from the above reference tables, the structure replacement cost is calculated using 

the following formula (FEMA Risk Map CDS, 2016):  

BLDG_SQFT * RS_Means * Reg_Factor 

• BLDG_SQFT: Building Square Footage as reported in the assessor’s database. 

• RS_Means: 2018 RS Means Cost per square foot, weighted by income class for single-family 

residential structures.  

• Reg_Factor: Regional adjustment factor for replacement cost calculation. 

For example, the replacement cost for a $2,000 square foot, two-story, single-family residential home 

with an income ratio between 0.85 and 1.25 located in Chesapeake would be calculated as follows:  

2,000ft * ($163.95/ft * 0.25) + ($122.75/ft * 0.75)) * 0.95 = $252,795 replacement cost value. 

 
Attachment 5A



62 
 

For structures with a basement, an additive adjustment of additional cost per square foot of the 

structure is applied because the R.S. Means values do not consider basements in the base cost of the 

structure (FEMA, 2017). For structures with a partial basement, the basement additional cost was only 

applied to the corresponding square footage (i.e. half of structure’s square footage for a half basement 

foundation type).  Unless otherwise specified in the assessor data, all basements were assumed to be 

unfinished. 

An additional adjustment can be made for structures with attached and detached garages. Given limited 

data on the type of garage in the assessor database and a different FFH for a garage compared to the 

main structure, garage replacement costs were not accounted for in this analysis. 

Table 27: R.S. Means values representing cost per square foot for estimating structure replacement 
cost. Values copied from Hazus software reference tables.  

Description Height Class Average Base Cost 
Finished 

Basement Cost 
Unfinished 

Basement Cost 

Economy 1 story   97.61 26.45 9.55 
Economy 2 story 104.04 15.20 6.30 
Economy 3 story 104.04 15.20 6.30 
Economy Split level   96.69 15.20 6.30 
Average 1 story 116.66 32.80 11.25 
Average 2 story 122.75 21.05 7.40 
Average 3 story 127.94 16.65 5.80 
Average Split level 113.66 21.05 7.40 
Custom 1 story 159.51 53.65 21.65 
Custom 2 story 163.95 30.90 12.90 
Custom 3 story 168.69 22.50 9.60 
Custom Split level 153.15 30.90 12.90 
Luxury 1 story 188.84 59.00 22.65 
Luxury 2 story 194.94 34.55 13.85 
Luxury 3 story 201.09 25.50 10.40 
Luxury Split level 181.61 34.55 13.85 

 

Table 28: Regional location factors for adjusting R.S. Means values by community.  

Locality Regional Factor 

Chesapeake 0.95 
Hampton 0.95 
York County 0.96 
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Appendix D: Methodology for Assigning Building Point Locations for Flood 

Vulnerability Analyses  
 

The following steps outline the GIS methodology for assigning points to the Lowest Adjacent Grade 

(LAG) of a building for application in the flood vulnerability analysis. This analysis was adapted from Esri 

guidance (2019) and applied in ArcGIS Pro (v 2.2.0).  

1. Convert building footprint polygons to lines using the Feature to Line tool. 

2. Run Zonal Stats (Spatial Analyst Toolbox) with the statistic set to minimum and the zone set to a 

unique identifier for the building footprint lines.  

3. Apply the resulting Zonal Stats output raster and the Digital Elevation Model (DEM) in the Raster 

Calculator tool with the following command:  

a. Con (DEM == LAG, DEM)  

If a cell in the DEM raster equals the LAG value, the cell is retained. Otherwise, the cell is 

replaced with No Data.  

4. Apply the resulting Raster Calculator output raster in the Raster to Point tool. This converts 

raster cells to point value, retaining the original DEM elevation value.  

5. Run a Spatial Join of the resulting points and building footprints using “closest” to add necessary 

attributes for the flood vulnerability analysis.  

6. To confirm that all building footprints which intersect the Special Food Hazard Area (SFHA) have 

a point located within the SFHA boundary, run an Intersect function between the building 

footprints and SFHA polygon.  

For structures where the LAG point location did not intersect the SFHA, but another portion of the 

building footprint does, the point was relocated to the maximum flood depth value using the same 

workflow as above with the depth grid substituted for the DEM. The maximum value was selected to 

identify maximum flood depth.  The final point layer for the flooding vulnerability analysis is a 

combination of the LAG locations and locations adjusted for maximum depth where necessary.  
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Appendix E: Methodology for Probabilistic Vulnerability Assessment in R 

 
#Script to determine probabilities and format dataset for probabilistic vulnerability assessment approach. 

#Hampton selected as case study community because of large abundance of Pre/Post-FIRM Structures.  

#Develop separate probability density functions for crawlspace Pre-firm structures, crawlspace Post-firm 

#structures, and slab structures.  

#References: 

#Brownlee, Jason. A Gentle Introduction to Probability Density Estimation. 

#https://machinelearningmastery.com/probability-density-estimation/ 

 

#Moss, Jonas and Tveten, Martin. Package ‘kdensity’. 

#https://cran.rproject.org/web/packages/kdensity/kdensity.pdf 

#Moss, Jonas. Tutorial for kdensity. https://cran.r-project.org/web/packages/kdensity/vignettes/tutorial.html 

#Stack overflow. Repeat rows of a data.frame. https://stackoverflow.com/questions/11121385/repeat-rows-of-a-

data-frame 

#Statistical tools for high-throughput data analysis (STHDA). qplot: Quick plot with ggplot2-R software and data 

visualization.http://www.sthda.com/english/wiki/qplot-quick-plot-with-ggplot2-r-software-and-data-visualization 

 

#Load necessary packages 

library(arcgisbinding) 

arc.check_product() 

library(kdensity)   

library(EQL) 

library(dplyr) 

library(ggplot2) 

#Load Hampton Training Data 

gis_TrainHA <- arc.open(path = 

'K:/PHYS/PROJECTS/FFE/Hampton/HamptonFFEgdb.gdb/HA_TRAIN_NEW_FINAL_DEM') 

#Save as data frame 

TrainHA <-arc.select(gis_TrainHA) 

#----------Slab Distribution Development---------- 

#Subset by category slab 

attach(TrainHA) 

Slab_TrainHA<- TrainHA[which(Category=='Slab'),] 

detach(TrainHA) 
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#Build a probability density function for the continuous variable Finished First Floor Height. 

#Steps:  

# 1) Review the density of observations in the sample with a simple histogram  

# 2) Use a kernel density estimator to fit a density function with the kdensity R package.  Take the area under the 

curve using the integrate function to estimate the probability of a structure’s FFH falling within that range of 

values.  

#Step 1:  

attach(Slab_TrainHA) 

h<-hist(Finished_FirstFloorHeight, breaks=16) 

#Check normality 

qqnorm(Finished_FirstFloorHeight) 

qqline(Finished_FirstFloorHeight) 

#Step 2:  

kdeSlab <- kdensity(Finished_FirstFloorHeight,kernel='gaussian')  

plot(kdeSlab) 

lines(kdeSlab,col='red') 

#Determine the probabilities at appropriate 0.5ft intervals ranging from 0 to 3.  

integrate(kdeSlab,0,0.25) 

integrate(kdeSlab,0.25,0.75) 

integrate(kdeSlab,0.75,1.25) 

integrate(kdeSlab,1.25,1.75) 

integrate(kdeSlab,1.75,2.25) 

integrate(kdeSlab,2.25,2.75) 

integrate(kdeSlab,2.75,3) 

detach(Slab_TrainHA) 

#Create vectors of the desired FFH values and associated probabilities.  

hSlab <- c(0,0.5,1,1.5,2,2.5,3) 

#Probability vector with values from integrate functions above.  

pSlab<-c(0.028,0.159,0.315,0.238,0.162,0.062,0.019) 

#----------Pre-FIRM Crawlspace Distribution Development---------- 

#Step 1:  

attach(TrainHA) 

PreCrawl_TrainHA<- TrainHA[which(Category=='Pre-FIRM Crawlspace'),] 

detach(TrainHA) 

attach(PreCrawl_TrainHA) 

h<-hist(Finished_FirstFloorHeight, breaks=16) 

#Check normality 

qqnorm(Finished_FirstFloorHeight) 

qqline(Finished_FirstFloorHeight) 
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#Step 2:  

kdePreCrawl <- kdensity(Finished_FirstFloorHeight,kernel='gaussian')  

plot(kdePreCrawl) 

lines(kdePreCrawl,col='red') 

#Determine the probabilities at appropriate 0.5ft intervals ranging from 1 to 7.5.  

integrate(kdePreCrawl,1,1.25) 

integrate(kdePreCrawl,1.25,1.75) 

integrate(kdePreCrawl,1.75,2.25) 

integrate(kdePreCrawl,2.25,2.75) 

integrate(kdePreCrawl,2.75,3.25) 

integrate(kdePreCrawl,3.25,3.75) 

integrate(kdePreCrawl,3.75,4.25) 

integrate(kdePreCrawl,4.25,4.75) 

integrate(kdePreCrawl,4.75,5.25) 

integrate(kdePreCrawl,5.25,5.75) 

integrate(kdePreCrawl,5.75,6.25) 

integrate(kdePreCrawl,6.25,6.75) 

integrate(kdePreCrawl,6.75,7.25) 

integrate(kdePreCrawl,7.25,7.5) 

detach(PreCrawl_TrainHA) 

#Create vectors of the desired FFH values and associated probabilities.  

hPreCrawl <- c(1,1.5,2,2.5,3,3.5,4,4.5,5,5.5,6,6.5,7,7.5) 

#Probability vector with values from integrate functions above. 

pPreCrawl <-c(0.029,0.074,0.126,0.206,0.204,0.117,0.066,0.047,0.036,0.026,0.026,0.01,0.004,0.003) 

#---Post-FIRM Crawlspace Distribution Development----- 

#Step 1:  

attach(TrainHA) 

PostCrawl_TrainHA<-TrainHA[which(Category=='Post-FIRM Crawlspace'),] 

detach(TrainHA) 

attach(PostCrawl_TrainHA) 

h<-hist(Finished_FirstFloorHeight, breaks=16) 

#Check normality  

qqnorm(Finished_FirstFloorHeight) 

qqline(Finished_FirstFloorHeight) 

#Step 2:  

kdePostCrawl <- kdensity(Finished_FirstFloorHeight,kernel='gaussian')  

plot(kdePostCrawl) 

lines(kdePostCrawl,col='red') 

 
Attachment 5A



67 
 

#Determine the probabilities at appropriate 0.5ft intervals ranging from 2 to 8.5.  

integrate(kdePostCrawl,1.75,2.25) 

integrate(kdePostCrawl,2.25,2.75) 

integrate(kdePostCrawl,2.75,3.25) 

integrate(kdePostCrawl,3.25,3.75) 

integrate(kdePostCrawl,3.75,4.25) 

integrate(kdePostCrawl,4.25,4.75) 

integrate(kdePostCrawl,4.75,5.25) 

integrate(kdePostCrawl,5.25,5.75) 

integrate(kdePostCrawl,5.75,6.25) 

integrate(kdePostCrawl,6.25,6.75) 

integrate(kdePostCrawl,6.75,7.25) 

integrate(kdePostCrawl,7.25,7.75) 

integrate(kdePostCrawl,7.75,8.25) 

integrate(kdePostCrawl,8.25,8.75) 

detach(PostCrawl_TrainHA) 

#Create vectors of the desired FFH values and associated probabilities.  

hPostCrawl <- c(2,2.5,3,3.5,4,4.5,5,5.5,6,6.5,7,7.5,8,8.5) 

#Probability vector with values from integrate functions above. 

pPostCrawl<-c(0.031,0.081,0.139,0.162,0.162,0.151,0.098,0.064,0.047,0.021,0.013,0.009,0.005,0.006) 

#----------Create and Export Data for Vulnerability Analysis---------- 

#Overlay plots of the kernel density distributions from the training data for each of the categories.  

#Remove outlier values 

attach(TrainHA) 

plotTrainHA<- TrainHA[which(Category!='Outlier'),] 

detach(TrainHA) 

attach(plotTrainHA) 

qplot(Finished_FirstFloorHeight, data=plotTrainHA, geom='density', kernel='gaussian', fill=Category, alpha=I(0.5), 

xlab="First Floor Height", ylab="Density") 

detach(plotTrainHA) 

#Load Hampton data for SFHA structures that will be applied in vulnerability assessments.  

gis_HARES1 <- arc.open(path = 

'K:/PHYS/PROJECTS/FFE/Hampton/HazusdataFINAL.gdb/Hampton_UDF_RES1_Custom_Default_FINAL_LatLon') 

#Save as data frame 

HA_RES1 <-arc.select(gis_HARES1) 

#Subset data by category: Pre-FIRM Crawl, Post-FIRM Crawl, and Slab  

attach(HA_RES1) 

SlabHA<- HA_RES1[which(Category=='Slab'),] 
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PostCrawlHA<- HA_RES1[which(Category=='Post Crawl'),] 

PreCrawlHA<- HA_RES1[which(Category=='Pre Crawl'),] 

detach(HA_RES1) 

#Create multiples of the original dataset. Each = number of FFH values in distribution for that foundation type. 

dfSlab<-SlabHA %>% slice(rep(1:n(), each=7))  

dfPostCrawl<- PostCrawlHA %>% slice(rep(1:n(), each=14)) 

dfPreCrawl<-PreCrawlHA %>% slice(rep(1:n(), each=14)) 

#Duplicate values in the vector by the number of structures of that foundation type.   

hSlabR<-rep(hSlab,2910) 

pSlabR<-rep(pSlab,2910) 

hPostCrawlR<-rep(hPostCrawl,3697) 

pPostCrawlR<-rep(pPostCrawl,3697) 

hPreCrawlR<-rep(hPreCrawl,6773) 

pPreCrawlR <- rep(pPreCrawl,6773) 

#Create a new column using mutate that assigns a new FFH value to each row.  

attach(dfSlab) 

dfProbSlab<-dfSlab %>% mutate(FirstFloorHt=hSlabR, Probability=pSlabR) 

detach(dfSlab) 

attach(dfPreCrawl) 

dfProbPreCrawl<-dfPreCrawl %>% mutate(FirstFloorHt=hPreCrawlR, Probability=pPreCrawlR) 

detach(dfPreCrawl) 

attach(dfPostCrawl) 

dfProbPostCrawl<-dfPostCrawl %>% mutate(FirstFloorHt=hPostCrawlR, Probability=pPostCrawlR) 

detach(dfPostCrawl) 

#Write output to a CSV for use in vulnerability analysis tool. 

write.csv(dfProbSlab,file="C:\\OpenHazus_POC_demo\\ProbMethodData\\Hampton_Probability_Slab.csv") 

write.csv(dfProbPreCrawl,file="C:\\OpenHazus_POC_demo\\ProbMethodData\\Hampton_Probability_PreCrawl.csv") 

write.csv(dfProbPostCrawl,file="C:\\OpenHazus_POC_demo\\ProbMethodData\\Hampton_Probability_PostCrawl.csv") 
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