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ACADEMIC ABSTRACT
Residential infill development and the associated increases in impervious cover and stormwater
runoff have the potential to overwhelm aging infrastructure causing erosion, flooding, and
ecological degradation of waterways. The lack of greenfield sites available for new development
around urban centers coupled with a desire for maintaining a traditional neighborhood aesthetic
drives residential infill and replacement of existing smaller homes by significantly larger
structures, minimizing open space available for stormwater mitigation. An analysis of residential
infill development trends in Fairfax County was performed to characterize the effects of intensified
development. Development patterns were identified and assessed using digitized impervious cover
data extracted from aerial imagery of the study area for six selected years from 2002 to 2015. The
average annual increase in percent impervious area was computed to be 0.3%. Redevelopment was
found to be mainly occurring in areas zoned as lower-density residential. The spatial distribution
of redevelopment showed trends of clustered increases as opposed to isolated events. The
hydrologic analysis performed revealed that from 2002 to 2015, there was an 8,930 m3 (7.2 acreft) increase in stormwater runoff volume, 38% of which is contributed to by runoff generated from
development that is considered exempted from regulation in Fairfax County. Additionally, there
was a 28 kg/year (62 lb/year) increase in total phosphorus loads attributable to the change in
impervious cover due to residential development throughout the study area. The results of this
study provide a quantitative basis for municipalities to amend policies regulating residential
development and its associated stormwater management.
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GENERAL AUDIENCE ABSTRACT
Residential infill and redevelopment is contributing to significant increases in impervious cover in
suburban areas, resulting in increased stormwater runoff. This has the potential to overwhelm
aging infrastructure causing erosion, flooding, and ecological degradation of waterways. The lack
of greenfield sites available for new development around urban centers coupled with a desire for
maintaining a traditional neighborhood aesthetic drives residential infill and replacement of
existing smaller homes by significantly larger structures, minimizing open space available for
stormwater mitigation. An analysis of residential infill development trends in a watershed within
Fairfax County was performed to characterize the effects of intensified development. Development
patterns were identified and assessed using digitized impervious cover data extracted from aerial
imagery of the study area for six selected years from 2002 to 2015. The average annual increase
in impervious area was evaluated against metrics such as lot size and location to determine
historical trends and predict future rates of infill development. A hydrologic analysis was
conducted to quantify the increase in stormwater runoff and associated quality of runoff impacts
attributable to the change in impervious cover due to residential development throughout the study
area. The results of this study provide a quantitative basis for municipalities to amend policies
regulating residential development and its associated stormwater management.
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CHAPTER 1. INTRODUCTION
1.1

BACKGROUND

In an effort toward more sustainable urban growth, residential development is transitioning away
from new construction in open spaces and toward compact and infill development closer to diverse
uses and amenities in already urbanized areas. Many conventional neighborhoods in and around
urban areas of the U.S. were constructed in the Post-World War II era, instigated by returning
veterans, increasing populations, and lack of housing (Miller 2012). During this time, the
“American Dream” of owning a single-family home with a large yard accompanied by a feeling
of self-sufficiency and freedom could be achieved with the expansion of suburbia. Subdivisions
from that time are typically made up of a collection homogenous single-family homes accessed by
sprawling roads and disconnected from other land uses. Current development models call for more
compact growth that promotes infill development, mixed-uses, walkability, and diversity. Infill
development takes place on vacant or already developed lots within a largely urbanized area. In
order to maximize the utility of existing land, infill often strives to convert low-density, singlefamily lots to either higher density residential or commercial uses. However, in many cases infill
development can also have unintended consequences.
Older, established neighborhoods closer to metropolitan centers are being redeveloped and retrofit
with new homes and additions to suit the desires of current homebuyers. The desires of new home
buyers can typically be characterized by large single-family homes with sizable living spaces. The
U.S. Department of Housing and Urban Development released a 2015 study reporting that the
average floor area of a new single-family home has increased 60% from approximately 1,600
square feet in the 1970’s to nearly 2,700 square feet in 2015 (U.S. Department of Housing and
Urban Development 2015). While the sizes of residences in post-war era neighborhoods were
standard of that time, they are much smaller than the average homes of today. Therefore, as more
affluent occupants move into already developed neighborhoods, larger homes are constructed in
place of the existing structure. The process of demolishing these smaller homes followed by the
construction of new, larger single-family structures is a form of redevelopment that has been
termed “Mansionization” (Hekl and Dymond 2016; Szold 2005).
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Mansionization and other forms of infill typically maximize yield and utility of the land by fully
developing the allowable area of a lot. However, the larger expanses of impervious cover and loss
of permeable area can have detrimental effects on the stormwater runoff that will ultimately be
generated from the site. The increased volume and flow in runoff can overtax existing stormwater
infrastructure that was designed for the capacity of the original subdivision. When the volume of
runoff exceeds the capacity of the existing infrastructure, it can lead to localized flooding and
deterioration of manmade stormwater conveyances and natural channels.
1.2

PROBLEM STATEMENT

Most municipalities have developed zoning ordinances which regulate new large-scale
developments and subdivisions, including enforcing mechanisms related to the design and
maintenance of appropriate stormwater control measures. However, many infill projects involve
parcel-scale redevelopment taking place on residential lots with areas that are small enough to be
exempt from standard stormwater management regulations. The assumption is that this small-scale
redevelopment does not have significant lasting impacts on a watershed’s hydrologic response.
However, infill development in an established neighborhood can happen rapidly where many
nearby lots experience redevelopment after the economic potential of the area is realized. When
left unmanaged due to regulatory minimum thresholds, accumulated infill development impacts
can cumulatively cause significant stormwater quality and quantity impacts to receiving streams.
1.3

PURPOSE AND OBJECTIVES

The purpose of this study is to identify and analyze the effects of residential infill development
and mansionization on the water quality and quantity impacts to receiving streams. This study
develops a methodology for identifying residential infill development as it applies to the study
area. Using acquired data from 2002 to 2015, historical and future trends of infill development are
identified and assessed in an area of Fairfax County, Virginia comprising the Dead Run watershed.
Finally, the water quality and quantity impacts of infill are enumerated based on hydrologic
calculations and established loading rates as specified by the Commonwealth of Virginia.
The primary objectives of this study include:
1. Review of existing Fairfax County data for the Dead Run Watershed
2

2. Literature Review of relevant studies and infill development
3. Develop a refined area of study for the tracking of ‘residential infill’ development
4. Digitize impervious land cover from 2002-2015 using aerial imagery
5. Analyze the historical rate and predict the future rate of infill
6. Propose recommendations for tracking infill development in a municipality
7. Estimate water quality/quantity impacts of infill based on hydrological calculations and
established phosphorus loading rates
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CHAPTER 2. LITERATURE REVIEW
2.1

SMART GROWTH AND INFILL DEVELOPMENT

Previous residential development paradigms were centered on fulfilling the “American Dream” of
owning a large single-family home with a yard and private automobile. In the post-world war era,
this desire in the housing market initiated the development of large, low-density, homogenous
subdivisions on the fringes of metropolitan areas (Nechyba and Walsh 2004). This development
pattern, eventually coined suburban sprawl, has since received a great deal of criticism due to its
encroachment into open space, dependence on vehicular travel, and lack of diversity. Today, smart
growth is a term that is commonly used to describe a more sustainable means of urban growth.
This approach deters suburban sprawl by promoting development principles such as compact and
infill development, mixed land uses, walkability, and preservation of open space as well as
environmentally critical areas (Jun et al. 2017; Godschalk 2004; Knaap and Talen 2005).
Proponents of smart growth advocate the creation of affordable housing, the revitalization of older
neighborhoods, the decrease of vehicular travel, and the creation of aesthetically diverse
communities (Downs 2005; Nasar, Evans-Cowley, and Mantero 2007; US EPA 2015; Alexander
and Tomalty 2002). Localities often support principles of smart growth, specifically infill
development, to avoid the costly construction of new roads and expanding other infrastructure and
utilities to outlying areas (Steinacker 2003).
In theory, smart growth principles can provide an effective means of sustainable urban growth.
However, it is difficult to implement these principles as intended. Core goals of compact, infill
development are to increase housing density, alleviate housing prices, and generate diverse
neighborhoods. However, in many neighborhoods, residential redevelopment is geared toward
moderate- to high- income residents. While this does well to attract residents who typically reside
in suburban neighborhoods to infill developments, it does not help achieve affordable housing
goals (Steinacker 2003). Housing costs can also increase with the desire to live in more compact,
walkable areas in proximity to diverse land uses (Alexander and Tomalty 2002). Consequently,
increases in home values and the affluence of residents results in gentrification of redeveloped
communities. Moreover, as single family lots are redeveloped and simply replaced by larger
homes, housing density will remain constant and only the perceived density of a neighborhood
increases (Fairfax County 2000).
4

2.2

METHODS FOR MANAGING INFILL DEVELOPMENT AND MANSIONIZATION

As the popularity of neighborhoods in and around urban areas increase, they begin to take on the
influx of new residents with more substantial housing desires than what is available. Noticing the
changing character of established neighborhoods, localities have begun to take steps toward
managing residential infill development and mansionization. An infill and residential study
conducted by Fairfax County, VA noted issues pertaining to infill development include the
“compatibility of the new development with the existing neighborhood/area”, “additional traffic
congestion and cut-through traffic”, loss of trees and open space, and “storm drainage and erosion
control” (Fairfax County 2000). These issues align with those summarized in Szold (2005)
excluding impacts which are more specifically associated with mansionization such as disruption
in the “visual rhythm” of the neighborhood, driveway placement and multiple-car garages that
dominate the street frontage, reduction in available “starter home” properties, and loss of historical
residential structures. A report by Montgomery County, Maryland also cited issues related to the
increase in property taxes and loss of diversity that accompanies increased affluence and larger
homes (Montgomery County Department of Planning 2006). Most restrictions and ordinances that
have been implemented in redeveloping neighborhoods are driven by the desire to preserve the
original aesthetic and character of the community.
Redevelopment in older neighborhoods, especially in the case of mansionization where the
existing home is completely torn down and replaced, threatens the historic character of the
community. Various regulatory methods have been proposed or implemented in redeveloping
areas in an attempt to combat mansionization. A study conducted by Nasar et al., (2007) surveyed
103 U.S. cities about the presence of mansionization and their approach to regulation. Of the
localities that responded, many had adopted regulations pertaining to building height limits, design
review, floor area ratios and bulk and mass controls to manage oversized housing. Other
communities attempt to establish more stringent regulations for home construction that exceeds
specified design thresholds such as a maximum percentage of floor area on second story,
impervious surface coverage, or building setbacks (Szold 2005; Montgomery County Department
of Planning 2006). Szold (2005) cited examples of localities that implemented preservation
ordinances or “appearance codes” to establish design reviews for the architectural style of newconstruction homes in established neighborhoods. This is similar to the approach taken by
5

Montgomery County where “Architectural Covenants” can be implemented in neighborhoods to
ensure that all new construction matches the existing character of the neighborhood and is
approved by a design review board (Montgomery County Department of Planning 2006). In 2004,
New Jersey took an approach to managing oversized-homes by implemented a “McMansion” tax
on the purchase of any newly constructed homes valued at $1 million or more (Diskin 2004).
As the impacts of infill on stormwater runoff characteristics are more extensively studied,
regulations can be implemented that constrain residential redevelopment in order to preserve the
environmental conditions of a community in addition to the aesthetic character. Many of the
regulations cited above regarding limitations for oversized homes including thresholds for FAR,
impervious coverage, building setbacks, etc. are also effective for minimizing stormwater impacts
from development. These are mainly development characteristics that can be regulated through the
amendments to local ordinances and design standards. Pond and Kacvisnsky (2006) suggested
alternative measures that can be implemented by localities to limit the hydrologic impacts of infill
and mansionization such as:


The development of best management practices (BMPs) geared specifically toward
applications in single-family residential development.



Impose development fees for specific development types which would help offset costs of
improving infrastructure and funding new enforcement programs.



The creation sub-watershed plans to predict the impact of redevelopment on stormwater
runoff and to help establish Capital Improvement Plans aimed to replace inadequate
stormwater infrastructure.

2.3

STORMWATER MANAGEMENT REGULATIONS

The Clean Water Act, established in 1972, lays out regulatory guidelines for maintaining and
improving the quality of surface waters within the United States. Its primary environmental goal
is to ensure that U.S. waters are “fishable” and “swimmable.” First enacted as the “Federal Water
Pollution Control Act” in 1948, the Act was significantly restructured in 1972 and has since been
known as the “Clean Water Act” (CWA). Through the CWA, the Environmental Protection
Agency (EPA) is tasked with implementing pollution control programs and developing national
water quality criteria for pollutants in surface waters. Regulations established in the 1972
6

amendments largely focused on point source discharges from wastewater treatment plants and
industrial facilities. However, Section 402 of the CWA launched the National Pollutant Discharge
Elimination System (NPDES) program that also limits nonpoint source pollutant discharges into
streams, rivers, and bays and created a permitting system for municipal discharges. Additionally,
section 303 of the CWA establishes total maximum daily load (TMDL) allocations which are
issued by the EPA and state governments to evaluate and address water “impairments” and
pollution thresholds.
In 2010, the EPA established the Chesapeake Bay TMDL. The Bay TMDL identifies the maximum
allowable pollutant loads entering the Bay for phosphorus, nitrogen and sediment. This TMDL is
the largest of its kind and implicates watersheds across Delaware, Maryland, New York,
Pennsylvania, Virginia, West Virginia, and Washington D. C. It has necessitated the development
of Watershed Implementation Plans (WIPs) for each jurisdiction within the Bay watershed which
were generated using the nitrogen and phosphorus loading allocations for all states and major river
basins in the managed area.
Preceding the Bay TMDL, Virginia had enacted the Chesapeake Bay Preservation Act (Bay Act)
in 1988 to improve the quality of the Chesapeake Bay and its tributaries by implementing more
effective land use planning and management policies (VDEQ 2018b). The purpose of the act is to:
1) Prevent an increase in nonpoint source pollution from new development, 2) reach a 10%
reduction in pollution from redevelopment, and 3) achieve a 40% reduction in pollution from
agriculture (State Water Control Board 2012). The Bay Act instructs localities within the state to
identify Chesapeake Bay Preservation Areas which are made up of Resource Protection Areas
(RPAs) and Resource Management Areas (RMAs). RPAs are contained within a 100 foot buffer
surrounding wetlands and streams within the Chesapeake Bay watershed. RMAs consist of
floodplains, areas containing erosive or highly permeable soils, and wetlands not incorporated in
a RPA (State Water Control Board 2012). Under the Bay Act, localities are charged with
incorporating revisions in their development criteria and ordinances to ensure the quality of the
state waters are protected by applying more stringent regulations to development in the
preservation areas.
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The implications of the CWA, Bay TMDL and the Bay Act of Virginia combine to drive Virginia’s
stormwater management policies. At the state level, the Virginia Stormwater Management Act
authorizes the Virginia Department of Environmental Quality (VDEQ) to manage the Virginia
Pollutant Discharge Elimination System (VPDES) which issues permits for all point and nonpoint
source discharges to state surface waters. This includes the management of Virginia Stormwater
Management Program (VSMP) which issues permits for stormwater discharges from construction
activities and from the municipal separate storm sewer systems (MS4). MS4s are owned or
operated by a government or institutional entity and convey polluted stormwater runoff by means
of road drainage systems, catch basins, constructed channels and storm drains. The VDEQ is also
responsible for issuing TMDLs for state waters geared toward various pollutants. In other words,
it limits the total amount of a pollutant that can be discharged into a water body designated as
“impaired”. There are currently over 300 TMDLs established in Virginia (VDEQ 2018a).
Federal and state regulations shape the requirements for localities including those for the study in
Fairfax County, Virginia. The County enforces the regulations passed down from the federal and
state levels through the Fairfax Code of Ordinances and the Public Facilities Manual. The
stormwater management ordinance lays out the requirements and procedures for the local
stormwater management program as well as the county’s MS4 program.
2.4

QUANTIFYING RUNOFF QUANTITY AND QUALITY IMPACTS

2.4.1 Estimating Runoff Quantity
The National Resources Conservation Service (NRCS) provides the TR-55 method for estimating
runoff and other hydrologic characteristics for small, urbanizing watersheds (NRCS 1986).
Specifically, the NRCS Runoff Curve Number (CN) method is used to estimate runoff depth as a
function of precipitation depth and the initial abstraction of a given rainfall event (Equation 1).
The runoff volume of a site is then calcualted by multiplying the runoff depth, Q, by the total site
area.
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(𝑷−𝑰 )𝟐

𝑸 = (𝑷−𝑰 𝒂)+𝑺

(Equation 1)

𝒂

Where: 𝑄 =
𝑃=
𝐼𝑎 =
𝑆=

Runoff depth (inches)
Rainfall depth (inches)
initial abstraction (inches)
Potential maximum retention after runoff begins (inches)

The initial abstraction variable takes into account all water that can be retained by various land
cover characteristics before runoff begins. Through empirical studies, it is assumed that Ia = 0.2S.
In other words, 20% of the potential storage is abstracted and not available to runoff . Land cover
conditions are represented by Curve Numbers (CNs) which are assigned using the land use or land
cover, hydrologic condition, and the hydrologic soil group (HSG) of an area. The value for storage
is a function of the land cover conditions and is expressed by:

𝑺=

𝟏𝟎𝟎𝟎
𝑪𝑵

− 𝟏𝟎

(Equation 2)

Where: 𝐶𝑁 = Runoff curve number
The CN method was originally developed by the Soil Conservation Service (now NRCS) in the
1950s to be for small, agricultural watersheds. Over time, this method has been implemented in
numerous areas and has since become the standard practice for estimating quantities of runoff and
flood peak rates in the United States and abroad for urbanizing areas. While the NRCS-CN method
is a widely used model to calculate surface runoff volume due to its simplicity, it has also received
criticism due to its age, assumptions, area applicability, and sensitivity to curve number input
(Ponce and Hawkins 1996). For example, it has been found that the ratio of initial abstraction to
runoff storage could be better represented as 5% rather than 20% (Woodward et al. 2004; Lim et
al. 2006). Others assert that the applied CN values need to be refined to account for the “complexity
of land surface features in urban environments” (Fan et al. 2013).
2.4.2 Estimating Runoff Quality
Nutrients in urban runoff have been identified as being a significant contributor to the decline of
the Chesapeake Bay (VDCR 1999). Therefore, regulations have been established to limit the
quantities of phosphorus and nitrogen discharged from development and manage the quality of
stormwater runoff. The Virginia Runoff Reduction Method was developed by VDEQ in order to
9

promote better stormwater design and provide an incentive for the use of Low Impact
Development (LID) and Environmental Site Design (ESD) strategies for application in land
development projects (VDEQ 2016a). This method is a multi-step, iterative process to stormwater
design which aims to minimize development disturbance, apply runoff reduction practices, and
execute pollutant removal using available best management practices (BMPs) (Hirschman,
Collins, and Schueler 2008).
The VRRM uses land cover runoff coefficients similar to those referenced in other hydrologic
models, including the rational method. However, these were derived through more extensive
research to ensure the most applicability with the method. The land cover conditions for the VRRM
are categorized into three classifications: forest/open space, managed turf/disturbed soil, and
impervious cover. The varying runoff coefficients are assigned based on the land cover condition
and underlying HSG, resulting in eight classifications for land cover conditions. A composite
runoff coefficient for the analyzed site is computed using the runoff coefficient for each land
condition and the proportion of the site that the area covers (Equation 3).
𝑹𝒗𝒄𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒆 = (𝑹𝒗𝑰 ∗ %𝑰) + (𝑹𝒗𝑻 ∗ %𝑻) + (𝑹𝒗𝑭 ∗ %𝑭)
Where: 𝑅𝑣𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
𝑅𝑣𝐼 =
𝑅𝑣𝑇 =
𝑅𝑣𝐹 =
%𝐼 =
%𝑇 =
%𝐹 =

(Equation 3)

Composite or weighted runoff coefficient
Runoff coefficient for Impervious Cover
Runoff coefficient for Turf cover or disturbed soils
Runoff coefficient for Forest/Open Space
Percent of site in Impervious cover
Percent of site in Turf cover
Percent of site in Forest/Open Space

The VRRM uses the composite runoff coefficient in addition to a constant target rainfall event
depth of one inch to calculate a site’s required treatment volume (Equation 4). This value is based
on Virginia’s 90th percentile rainfall event (Hirschman, Collins, and Schueler 2008; VDEQ 2016a).
Using the 90th percentile rainfall event ensures that the runoff volume for the majority of rainfall
on an annual basis will be controlled. Stormwater controls designed for larger events that occur
less frequently would be much more costly and difficult to implement. Unlike the precipitation
depth used for the TR-55 curve number method, the same target depth is used for stormwater
design throughout the state of Virginia and is programed into the VRRM spreadsheet
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computations. The resulting treatment volume is used to implement appropriate BMPs which have
an acceptated rate of runoff reduction to manage the computed volume.

𝑻𝒗𝒔𝒊𝒕𝒆 =
Where: 𝑇𝑣𝑠𝑖𝑡𝑒 =
𝑅𝑑 =
𝑅𝑣𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
𝑆=

(𝑹𝒅∗𝑹𝒗𝒄𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒆 ∗𝑨)
𝟏𝟐

(Equation 4)

Runoff Reduction volume (acre/feet)
Rainfall depth for target event (1 inch for “water quality” storm)
Composite or weighted runoff coefficient
Total site area (acres)

To calculate the total post-development pollutant load of a site, the VRRM uses a modified version
of the “Simple Method” developed by the Environmental Protection Agency (EPA). The
computation incorporates a composite runoff coefficient generated from the proportions of land
cover conditions, the computed treatment volume, an event mean concentration (EMC) for total
phosphorus (TP) (0.26 mg/L), as well as the fraction of average annual rainfall depth that produces
runoff (0.9) (Equation 5). The annual pollutant load of the site is evaluated against the allowable
standard of 0.41 lb/ac/year to determine the required reduction to be achieved by proposed BMPs
(Equation 6).
𝑻𝒗
𝑳 = 𝑷 ∗ 𝑷𝒋 ∗ ( 𝒔𝒊𝒕𝒆⁄𝑹𝒅) ∗ 𝑪 ∗ 𝟐. 𝟕𝟐
Where: 𝐿 =
𝑃=
𝑃𝑗 =
𝑇𝑣𝑠𝑖𝑡𝑒 =
𝑅𝑑 =
𝐶=

Pollutant load for site (pounds/year)
Average annual rainfall depth (inches) = 43 for Virginia
Fraction of total rainfall that produces runoff = 0.9
Post-development treatment volume for site (acre/feet)
Rainfall depth for target event (1 inch for “water quality” storm)
Composite or weighted runoff coefficient
𝑳𝒓𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 = 𝑳𝑻𝑷 − 𝑻𝑷𝒕𝒂𝒓𝒈𝒆𝒕 ∗ 𝑨

Where: 𝐿𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝐿 𝑇𝑃 =
𝑇𝑃𝑡𝑎𝑟𝑔𝑒𝑡 =
𝐴=

(Equation 5)

(Equation 6)

Required TP Load Reduction (pounds/year)
Post-development TP load for site (pounds/year)
Target phosphorus load (pounds/acre/year) = 0.41 lb/acre/year
Total site area (acres)

This method is programmed into two spreadsheets distributed by the VDEQ; one to be used for
new development and one for redevelopment. The differences between the spreadsheets are
contained in the methods for calculating the required phosphorus reduction based on allowable
amounts mandated by the state. In new development, the phosphorus load from the project site
cannot exceed 0.46 kg/ha/year (0.41 lb/acre/year). However, in redevelopment scenarios, there is
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a required percentage reduction below the predevelopment TP load quantity after development has
occurred. Additionally, in redevelopment, the 0.46 kg/ha/year (0.41 lb/acre/year) threshold is
applied only to the area containing a net increase of new impervious cover. The VRRM and
accompanying spreadsheets streamline and standardize the process for computing water quality
requirements in development projects.
2.4.3 Nutrient Credit Trading
Virginia’s nutrient trading program was initially established in 2005 and is administered by VDEQ
(VDEQ 2008). Nutrient Credit Trading allows new and increased nutrient discharges from point
and nonpoint sources to be offset by purchased credits from offsite locations. Credits are issued by
private entities or “banks” which aggregate credits generated by multiple farmers (NRCS 2018a).
Farmers generate credits by implementing BMP enhancements or land conversion in areas which
would have historically generated larger quantities of nutrient laden runoff (VDEQ 2008).
Currently, the most common form of credit generation is the conversion of agricultural land to
forested land (VDEQ 2017). All enhancements generate offsets on an annual basis which only
need to be purchased once and have an indefinite lifetime. When applicable, this one-time cost is
an attractive alternative to costly on-site stormwater control measures which typically require
recurring maintenance (Nobles, Goodall, and Fitch 2017).
Under Virginia Code, nutrient credits can be purchased in order to meet Virginia Stormwater
Management Program (VSMP) phosphorus reduction requirements when (State Water Control
Board 2015):
1. Less than 5 acres of land are disturbed; OR
2. The post-construction phosphorus removal requirement is less than 10 pounds per year;
OR
3. At least 75% of the required post-construction phosphorus removal can be achieved using
onsite BMPs but full compliance with Virginia removal requirements cannot practicably
be met onsite.
Credits purchased must be from a bank which resides in the same 8-digit Hydrologic Unit Code
(HUC) as the project site. HUC’s are subdivisions of the major river basins within the state of
Virginia and around the country. The disadvantage of purchased credits is that, while increased
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loads may be mitigated at the HUC level, local tributaries adjacent to development will still be
impacted. Trading of nutrient credits can be used to achieve post-development stormwater quality
requirements provided that the substitution of credits does not violate more stringent local
stormwater management ordinances which are in place to prevent further degradation of local
water resources (State Water Control Board 2015).
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CHAPTER 3. ASSESSMENT OF MANSIONIZATION AND RESIDENTIAL INFILL

DEVELOPMENT ON STORMWATER RUNOFF
3.1

INTRODUCTION

Over 80% of the United States’ population resides in urban areas and this proportion is growing
(“Urban Population” 2016). At the same time, cities are looking for innovative ways to
accommodate the increasing population without expanding beyond current developable
boundaries or compromising the environmental condition of natural systems (Thorne et al. 2017).
As the availability of vacant, developable land in desirable locations becomes more limited near
urban areas, infill-type development is more prevalent. Infill development can be broadly defined
as the process of developing vacant land or rehabilitating existing properties within urban areas
that are already largely developed (US EPA 2015). Many U.S. neighborhoods were established in
the post-war era using development models that were dominated by new greenfield development
on the fringes of urban centers (Miller 2012). A major consequence of this type of development is
segregated land uses that necessitate regular vehicular travel (Johnson 2001; US EPA 2007). This
suburbanization paradigm resulted in extensive “urban sprawl” which is largely present in today’s
neighborhoods. Infill is typically regarded as a necessary component of sustainable urban
development which aims to decrease sprawl and establish limits for new development (Goetz
2013).
Infill often involves the transition of low density single family lots into either higher density
residential areas or commercial developments (Cherry 2016). Increasing the density of the existing
residential development deters the need for new greenfield sites occurring on the fringes of
developed areas, resulting in a decrease in urban sprawl. Infill can also promote economic
development by improving the utility of the land. Many “smart growth” principles involve
providing access to additional services through integration of mixed uses within a community.
Infill allows incorporation of a variety of uses in close proximity to established residential areas
which forms connected pedestrian networks with features such as sidewalks and trails. This
increases the walkability of neighborhoods as well as improving access to public transportation
and decreasing dependence on vehicular travel (Colin 2004; Thorne et al. 2017).
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In addition to the benefits, there are also major impacts and challenges associated with urban infill
development. As redevelopment occurs in established neighborhoods, it must also meet the current
housing market needs. The U.S. Department of Housing and Urban Development released a 2015
study reporting that the average floor area of a new single-family home has increased 60% from
approximately 1,600 square feet in the 1970’s to nearly 2,700 square feet in 2015 (U.S. Department
of Housing and Urban Development 2015). Consequently, lots in established neighborhoods are
redeveloped and the existing, smaller homes are replaced with much larger single-family
structures. This process has been termed “Mansionization” and is also known as “teardowns,”
“knockdowns,” “bash and build,” etc. (Hekl and Dymond 2016; Pond and Kacvinsky 2006).
Mansionization and other forms of infill maximize yield and utility of the land by fully developing
the allowable square footage of a lot and constructing larger expanses of impervious cover,
ultimately impacting the receiving waters.
Increase in impervious surfaces and the loss of vegetative surfaces inhibit infiltration and thus
reduces the natural processes of contaminant filtration and energy dissipation. In natural systems,
stormwater runoff is conveyed across “rough” land cover such as grasses, trees, and shrubbery that
aid in dissipating the transport energy and promoting infiltration. Therefore, at any point
downstream of where these natural processes occur, the volume of observed runoff is less than that
of the precipitation event (Cahill 2012; NRC 2008). By interrupting the natural processes through
urbanization or mansionization, unintended downstream environmental consequences can ensue
as a result of erosion, pollution, and flooding. It is well documented that urban development
typically results in increased volume and peak of stormwater runoff as well as an increased
quantity of surface water contaminants, such as fine sediment, phosphorus, and nitrogen (Albert
and Jones 2007; Arnold and Gibbons 1996; Bedan and Clausen 2009; Booth, Hartley, and Jackson
2002; NRC 2008).
The Washington D.C. metropolitan region of Fairfax County, VA is an area often distinguished
by its urban development and is by far the most populous jurisdiction in the state with a population
more than double the next leading locality (U.S Census Bureau 2010). The continued growth of
the County results in extensive new and redevelopment of residential, commercial, and industrial
areas. More recently, the rising population combined with increased affluence, has resulted in
widespread infill development in older, established neighborhoods (Fairfax County 2000). The
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current desire is to meet the housing and other needs of the new generation of County residents
without expanding significantly beyond the current development footprint. Although bordering
greenfield sites are being preserved, rapid infill development in these established neighborhoods
increases the percent impervious cover of the existing areas. This results in significant downstream
consequences when larger quantities of stormwater runoff overtax existing, older stormwater
infrastructure, and accumulate downstream, causing flooding, damage to infrastructure, and stream
bank erosion (Pond and Kacvinsky 2006; VDCR 1999). Recent Fairfax County inspections have
determined that 20% of the man-made stormwater infrastructure is more than 45 years old, 5% is
in a state of failure, and 20% in a state of significant failure (J. Patteson, Personal Communication;
2018).
Fairfax County is located within the Chesapeake Bay Watershed, an area that has profound impacts
on a sensitive ecosystem. In 2010, a total maximum daily load (TMDL) was established by the
U.S. Environmental Protection Agency (EPA) for the Chesapeake Bay after being classified as
impaired. This TMDL sets limitations on the allowable pollutant discharges that can enter the Bay
in order to halt further degradation and help transition the Bay back to a more healthy state. The
pollutants of concern for the area (total nitrogen, total phosphorous, and total suspended solids)
are all contaminants that commonly occur in stormwater runoff from urbanized areas (County
2016; Williams et al. 2017; Nelson 2014; Chesapeake Bay Foundation 2014). When viewing
residential development from the perspective of achieving the County’s required Chesapeake Bay
and other TMDL goals, it is important that the cumulative impacts of infill development are
considered to help guide future updates to the County’s stormwater ordinance and development
standards.
3.2

CASE STUDY: DEAD RUN SUBWATERSHED

Previous studies have been conducted to investigate stormwater drainage issues due to infill
development and mansionization in Fairfax County. A previous study (Hekl and Dymond 2016)
considered a 13 ha neighborhood in McLean, Virginia. It was determined that from 1997 to 2009,
a percent impervious cover increase of 7% resulted in a 5.6% increase in the overall runoff volume
for the 10-year storm.
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In order to investigate infill development impacts at a watershed scale, a larger portion of the
County has been identified as containing a considerable degree of residential infill development.
The Dead Run watershed is located in McLean, Virginia, drains 782 ha (1,933 acres)and is a
tributary of the Potomac River which divides Northern Virginia and Maryland and is part of the
greater Chesapeake Bay watershed.
Upstream of the outlet of Dead Run is a United States Geological Survey (USGS) gage station
which was established in 2007. This station takes real-time measurements of the waterway’s
discharge, temperature, dissolved oxygen content, pH, and specific conductance. The drainage
area for the location of this station on Dead Run is 5.31 km2 (1,338 acres) and is 87% residential.
This USGS station provides quantifiable downstream impacts of the development in the
subwatershed by recording stream discharge measurements and quality characteristics in real-time.
For this reason, the USGS gage drainage area was selected as the observation area for this study.
Comparing the results of this analysis to the historical measurements recorded by the station is
outside the scope of this study; however, its existence at the watershed’s outfall allows for future
analysis.
The Dead Run watershed boundary was provided by Fairfax County Department of Public Works
and Environmental Services (DPWES) and was constructed using county DEM datasets to account
for the area’s topography. According to the County’s general process for subwatershed delineation,
the initial delineation is automatically generated based on stream alignment and surface elevations.
The watershed boundary is then manually edited based on the layout of storm infrastructure to
establish an adjusted subwatershed (Tetra Tech and CDM 2012). To adjust for the Dead Run USGS
gage station as the outfall of the study area (1.2 kilometers upstream from the County’s defined
outfall point at the Potomac River), the northern boundary of the watershed was manually edited
using topographic data containing 0.3 m (2 ft) contour intervals as well as the county’s storm
network record. As a result, the study area does not include parts of the Dead Run Watershed that
extend beyond the location of the USGS station.
Analysis performed within the study area focused only on residential development. Therefore, it
was necessary to distinguish the residential area from alternate land uses within the USGS study
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area. Consequently, the following features within the adjusted watershed area were omitted for the
final area of analysis:
1.

Primary and Secondary Road Right-of-ways (ROWs)

2.

Areas zoned for uses other than Residential or Planned

3.

Areas designated as publicly owned

4.

Parcels with features which indicated a non-residential use via visual inspection.

Figure 1 illustrates the adjusted Dead Run study area as well as the limits of the residential area of
analysis. Recent parcel and zoning datasets were used to identify and omit necessary areas. Using
the most recent zoning map available, areas designated as commercial were omitted while those
zoned as residential or planned development were retained. The planned development zoned areas
often include high-density residential in addition commercial uses. Because public spaces fall
beyond the scope of private residential development, parcels designated as publicly-owned were
also omitted.
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Figure 1. USGS Dead Run Watershed and Area of Analysis

The remaining areas were spot checked using 2015 aerial imagery for conditional uses such as
libraries, schools, parks, power facilities, etc. Non-residential uses such as churches or schools
have different space and construction requirements. These uses will typically have more
exhaustive parking space requirements as well as open space regulations that will ultimately
influence the amount of impervious cover on the site. Parcels containing features that indicate nonresidential uses were omitted from the study. To ensure that these features were not residential
structures, Google maps was cross-referenced to identify buildings and uses (Google Maps 2018).
Public rights-of-way (ROW) designated as primary or secondary roads by the County were not
included in the study area as potential components of infill residential development. Public ROWs,
other than those designated as primary or secondary roads, were included with the assumption that
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many of the local roads were constructed in conjunction with a residential subdivision or complex
development and are therefore a factor of infill development. By assessing the shape of the road
and the designation by the county, local roads, cul-de-sacs, and driveways were identified and
maintained in the total residential impervious area.
The overall USGS Dead Run subwatershed is 541 ha (1,338 ac.) and contains 3,177 total parcels.
After eliminating nonresidential parcels, the primary/secondary roads, overlapping features and
parcel areas less than 93 m2 (1,000 ft2), the final area of analysis used for this study is 427 ha
(1,056 ac.) and contains 2,696 residential parcels. The area of the residential parcels accounts for
364 ha (900 ac.) of the area of analysis.
3.3

METHODS

3.3.1 Data Acquisition and Processing
2015 parcel data was provided by Fairfax County DPWES and used to investigate infill patterns
by parcel. This year was selected to provide the most recent boundaries, owners and uses for each
lot during the study period. It is possible that larger parcels that were present in 2002 were
subdivided to accommodate higher density residential uses. Alternatively, parcels could also have
been combined over time to incorporate a larger structure on a single lot. Due to some inherent
error associated with using parcel data from numerous points in time, the parcel dataset applied
for this was kept constant throughout the study.
In several locations within the study area, ‘lots’ were present which were defined as encompassing
building footprints only, while leaving the surrounding property unassigned to a ‘parcel’. These
areas most likely represent a situation where the ‘lot’ designates the resident-owned portion of the
property and the remaining ‘parcel’ is separately owned by a condo/homeowner’s association or a
developer which is responsible for the maintenance beyond the building. These areas, where they
occurred, were aggregated to form a larger parcel which bounds these developments as a whole.
Parcels that delineate land under common ownership, such as multi-family residential properties,
contain overlapping parcels for each residential unit in the building. Duplicate parcels were
identified and removed from the dataset to ensure each lot is represented by only one parcel.
Finally, parcels less than 93 m2 were removed from the dataset. These smaller areas were typically
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found to represent partial segments of parcels which had been cut off by the watershed boundary
and were deemed a potential source of error to the study.
This study required the availability of high-resolution aerial imagery in order to effectively
delineate and quantify impervious surfaces throughout the Dead Run watershed. Datasets and
aerial imagery were provided by Fairfax County. Upon initial inspection of available datasets, the
range of analyzed years was established from 1997 to 2015. This range was specified due to the
availability of aerial imagery of the study area taken on an annual basis starting in 1997. Imagery
of the study area was not available for the years of 2000, 2001, 2006, and 2010. After assessing
the resolution of the imagery for each year, imagery for the period from 2003 to 2005, 2008, and
2012 was deemed too coarse for digitization.
Further, aerial imagery for land cover identification needs to be taken during months with minimal
tree cover. Imagery taken during spring or summer months was ruled out because of the obstruction
of impervious features by extensive tree canopy. The imagery from 1997 contained aerial images
taken throughout several seasons. The large percentage of tree cover in some locations hindered
visibility of the structures and other impervious features on the residential lots and resulted in the
omission of this dataset. After omitting the 1997 dataset, the years examined for this study are
2002, 2007, 2009, 2011, 2013, and 2015. The periods of analysis include the time intervals
between study years as well as the total change in the study area from 2002 to 2015.
In addition to aerial imagery for each year of analysis, Fairfax County provided a planimetric GIS
layer for 2009 in the form of a polygon feature class containing impervious features such as
building pads, driveways, and roads. However, the digitized layer lacked impervious cover
delineations for minor features such as sidewalks and patios. This layer was manually edited using
GIS software to account for all the areas deemed impervious through examination of aerial
imagery. Calendar year 2009 was the only dataset that was accompanied with planimetric layers.
After manual adjustment, this layer was implemented as the template for the digitization of
impervious cover for the other years of analysis. Figure 2 illustrates the impervious digitization
for a subsequent year using the 2009 layer to determine the change in impervious cover.
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(a)

(b)

Figure 2. Aerial Imagery showing the digitization of the (b) 2007 impervious cover for a single
parcel starting with the (a) 2009 planimetric data.

3.3.2 Evaluating Infill Trends
Four datasets containing different methods for subdividing areas were utilized to identify historical
trends of infill development, supplemental to the generated impervious cover layers described
above. All of the following layers were obtained from the Fairfax County’s geospatial data (Fairfax
County 2017).
1. Polygon feature class providing the extents of the 2010 Census blocks within Fairfax
County. This data was acquired by Fairfax County from the US Census Bureau.
2. Polygon feature class containing zoning classification for areas within Dead Run.
3. Polygon feature class portraying the boundaries of County subdivisions defined by plats.
The area of the overall Dead Run subwatershed is used to illustrate the proportion of the total area
that is comprised of impervious cover from residential infill development. The increase in
impervious cover from 2002 to 2015 was calculated as a ratio, including ROW, for each time
period of the total Dead Run study area. This represents the proportion of impervious contribution
by residential development within the study area. The impervious cover including residential
ROWs was also used to estimate the average annual increase for each analysis period. The
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impervious increase for each period of analysis was divided by the number of years within the
period to compare the average increases/year (Equation 7).
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑛𝑛𝑢𝑎𝑙 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 =

𝑌𝑒𝑎𝑟 2 𝐼𝑚𝑝𝑟𝑣. 𝐴𝑟𝑒𝑎 − 𝑌𝑒𝑎𝑟 1 𝐼𝑚𝑝𝑟𝑣. 𝐴𝑟𝑒𝑎

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑛𝑛𝑢𝑎𝑙 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 =

𝑌𝑒𝑎𝑟 2−𝑌𝑒𝑎𝑟 1

132.5 ℎ𝑎−123.5 ℎ𝑎
2007−2002

(Equation 7)

= 1.8 ℎ𝑎/𝑦𝑒𝑎𝑟

All other parcel-based analyses provide the change in impervious cover as a proportion of the
residential area of analysis (containing only the residential portions of the Dead Run study area),
as a proportion of the individual parcel areas or as a percent deviation from 2002 impervious. The
impervious layers used for these computations include only the area contained by parcel
boundaries, which omit the residential ROWs that are retained in the residential area of analysis.
One method of assessing the change in impervious cover over time involves comparing the 2002
impervious cover data with subsequent years. To identify spatial patterns of infill development,
this percent deviation from 2002 impervious was computed for each parcel within the area of
analysis for each available year of data. The 2010 US census blocks and Fairfax County
subdivision polygon feature classes were also utilized to illustrate the spatial distribution of
impervious change over time. Spatial distribution of changes using demographic blocks allows the
identification and assessment of other demographic factors which may be contributing to infill
development including property values, occupant median income, ancestry, employment status,
etc. The subdivision feature class defines the boundaries of land that has been subdivided and
recorded in county plats. These areas will typically represent neighborhoods that have been
developed together or during a similar time period. This grouping can be used to identify trends
that may be occurring due to the age of the original homes or due to lot proximity and shifting of
the aesthetics of the neighborhood.
Finally, the zoning dataset was used to subdivide parcels based on zoning classification. Zoning
categories group parcels with lots of similar size and development standards. The proportion of
impervious cover for each lot was computed. The average percent impervious cover/lot was
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determined for each zoning category by summing the percent cover for each parcel and dividing
that by the total number of parcels within the zoning category.
3.3.3 Estimation of Runoff Volume
The National Resources Conservation Service (NRCS) Curve Number Method was used to
determine the increase in runoff volume over the course of the examined years (NRCS 1986). This
method uses soil and cover conditions in conjunction with local precipitation data to estimate a
volume of runoff for a given area. Soil classification for Dead Run was extracted from the United
States Department of Agriculture (USDA) Web Soil Survey (WSS) (NRCS 2018b). The soil data
in the form of a polygon feature class encompassing Dead Run was downloaded from the USDA
(2018) website and trimmed using the limits of the study area. The soil dataset was intersected
with the 2015 parcel data and impervious cover layer to generate a complete land cover/hydrologic
soil group (HSG) layer for each parcel in each year of analysis.
The WSS contains the type of soil as well as the HSG for most soil classifications. In some cases,
the soil survey for a given area indicated multiple hydrologic soil classifications. For example,
sections of the area of analysis were classified as “Cordorus and Hatboro soils” with a HSG rating
of “B/D.” In cases where multiple ratings were identified, the rating with lower infiltration
potential was used, assuming saturated antecedent conditions. Additionally, areas classified as
“Urban Land” in the USDA soil survey were assigned a rating of D due to typical high levels of
compaction occurring on developed land. Land cover types designated as “water” are also assumed
to belong to HSG D.
A curve number (CN) was assigned for each land cover type and underlying HSG throughout the
study area to compute a value for the initial abstraction, and ultimately determine a runoff depth.
(NRCS 1986). CN values were assigned using Table 2-2a of the NRCS TR-55 Manual. All areas
designated as impervious using the digitized land cover dataset were assigned a CN of 98, while
all other areas were assigned a CN for open space in good condition based on the HSG (Table 1).
For the purposes the purposes of this study, “forest” cover or cover conditions which contain more
intensively vegetated areas were not identified. It was assumed that the majority of the trees on
the relatively small residential lots in the analysis area were not large or dense enough to constitute
forest cover.
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Table 1. Curve number and percent coverage of the study area for each land cover condition

Land Cover
Impervious Surfaces
(Buildings, Driveways, Roadway)
Open Space (Good Condition,
Grass cover > 75%)
Coverage of Study Area (%)

Soil Type (HSG)
A
B
C
D
98

98

98

98

39

61

74

80

1.6

10.0 62.0 26.4

The resulting runoff depths for each land cover condition were multiplied by the associated area
and used to estimate the area-weighted runoff depth and volume of runoff for each parcel in the
area of analysis (NRCS 1986, 2004). The increase in runoff volume for the 1-year, 2-year and 10year, 24-hour storms were determined for each period of analysis. The cumulative increase of the
examined parcels was computed by summing the runoff volumes throughout the study area. The
2- and 10-year storm events are typically utilized for localized flood control design applications
(Fairfax County 2015). Alternatively, the 1-year, 24 hour storm event is typically utilized for Low
Impact Development (LID) stormwater design.
3.3.4 Estimating Runoff Quality
The impact of residential infill development in Dead Run on the runoff quality was quantified
using Virginia’s standard procedure for computing nutrient loads and reduction requirements. For
any regulated development in the state, the Virginia Department of Environmental Quality
(VDEQ) requires the input of select design components into provided excel spreadsheets which
are programmed using the Virginia Runoff Reduction Method (VRRM) (State Water Control
Board 2012). There are separate worksheets available to calculate the required total phosphorus
(TP) load reductions based on new development and redevelopment scenarios. Although the
VRRM method does allow variations in the computation of required removals based on differing
development scenarios, this study was conducted ignoring any minimum regulatory thresholds
allowing a permissible TP load increase and is only interested in the change of generated TP loads
from the pre- to post- development condition.
The VRRM computation requires the input of areas for each land cover classification for both
“pre” and “post-” redevelopment conditions (VDEQ 2016b). For each period of analysis, the
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preceding year’s land cover conditions were using for “pre-redevelopment” and the subsequent
year was input for “post-redevelopment”. The areas for individual land cover conditions were
generated using the soil layer extracted from the USDA soil survey and the impervious cover
datasets for each analysis period. Impervious and pervious areas within each parcel were grouped
based on the underlying HSG rating.
In the VRRM spreadsheet, pervious areas can either be classified as “forest/open space” or
“managed turf/disturbed soil”. Areas which could be considered “forest & open space” according
to the definition used by the VRRM were not quantified during the digitization process and
therefore were not be specified in the spreadsheet computation. All areas that were not identified
as impervious cover were classified as “managed turf/disturbed soil”, which is consistent with the
methodology applied during the quantity analysis. Pervious areas on residential lots typically are
subject to turf management activities which include mowing, active recreational use, and fertilizer
and pesticide applications (Hirschman, Collins, and Schueler 2008; Robbins and Birkenholtz
2003). This is not consistent with areas that would be classified as forests and/or conserved open
space (VDEQ 2016a).
Following the automated input of areas for each land cover type, the computed pre- and posttreatment volumes and TP loads from each parcel were extracted from the VRRM spreadsheet.
This query was repeated for each analysis period. The difference between pre- and postredevelopment values were computed for each parcel and then summed to determine the
cumulative changes in treatment volumes and TP loads in each period for the total area of analysis.
The change in treatment volume and TP load for each time period as well as the cumulative
increase from 2002 to 2015 were compared to identify trends across the study period and evaluate
the impact of the cumulative increase in phosphorus loads.
The monetary cost to offset the increase in TP was estimated for several methods which are used
to mitigate nutrient-laden runoff: nutrient credit trading, site-based stormwater best management
practices (BMPs), and regionally-managed BMPs. Nutrient credit trading is typically a cost
effective way to offset increased nutrient loads by purchasing credits from a “bank” within the
same Hydrologic Unit Code (HUC). HUCs are used to identify different hydrologic features
around the country including drainage basins. The credits produced from nutrient banks are
26

generated by restoring areas which could potentially generate runoff with significant
concentrations of harmful nutrients. After restoration, runoff concentrations are significantly
improved; thereby generating a banked credit for trade. The credits can be purchased in lieu of onsite treatment when it is not feasible to mitigate the total required phosphorus loads using an onsite structural BMP. The disadvantage of purchased credits is that, while increased loads may be
mitigated at the HUC level, local tributaries adjacent to development will still be impacted. In
addition to water quality benefits, on-site treatment also typically results in a runoff volume or
peak reduction. Therefore, tributaries receiving discharge from lots with off-site treatment are
being impacted by both quality and quantity stressors due to nutrient credit purchases. Under the
regulations laid out in the County Stormwater Management Ordinance, off-site mitigation options
are not permitted when local water quality-based limitations at the point of discharge are present
(Fairfax County 2015). The typical cost for a 0.454 kg/year (1 lb/year) of phosphorus reduction
credit in the Potomac River basin is $25,000 ($11,350/kg/year) (Jeff Gilliland and Bruce
McGranahan, Personal Communication, 2018).
To estimate a lower and upper cost limit for mitigating the increased phosphorus loads produced
by infill, costs for lot-based BMPs based on computed treatment volume were obtained from the
cost functions produced by Hodges (2016). These functions were constructed using estimates for
Southwest Virginia. However, it has been assumed that the costs are translatable to the Northern
Virginia area due to the relative proximity. The lower limit was estimated using the cost function
for implementing a rooftop disconnection (RD) to dry well system (Equation 8). The upper limit
was established using the equation for pricing a standard bioretention facility for the lot (Equation
9). The range of costs produced by these equations is intended to be conservative and only used
for comparison purposes. A RD to dry well system is typically intended to treat runoff accumulated
from rooftops which is not always the only source of impervious cover for infill development.
Similarly, it is not always practical to design full size bioretention facilities on individual, smaller
lots.
(RD to Dry Well)

$300.30𝑇𝑣 + $478.73

(Equation 8)

(Bioretention)

$293.13𝑇𝑣 + $3,307.69

(Equation 9)

Where Tv = the treatment volume in cubic meters
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Cost estimates for regionally implemented BMPs were used to evaluate against the lot-base
practices. The cost per 0.454 kg (1 lb) of phosphorus reduction credit was provided by Fairfax
County using capital cost data for installed stormwater facilities from 2010 to 2017. This study
compares stream restoration to regionally distributed bioretention facilities which have capital
costs of $8,581/kg/year ($18,900/lb/year) and $73,094/ka/year ($161,000/lb/year), respectively
(C. Carinci, Personal Communication, 2018).
3.4

RESULTS AND DISCUSSION

3.4.1 Residential Infill Trends
Using the methods listed above for assessing historic trends of infill development, the following
results were found:
1. From 2002 to 2015, the impervious cover of the area of analysis increases 4% from 29%
to 33%, following a trend of 0.27% increase per year (Figure 3). The cumulative percentage
of impervious cover includes rights-of-way that were not exempt from the residential area
of analysis. The change in impervious cover is equivalent to a 3% increase from 23% to
26% of the entire Dead Run study area. Note that a slight reduction in the increase in
impervious area can be found around the nationwide slump in the residential market around
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Figure 3. Percent impervious cover of area of analysis
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2. The average annual increase in impervious cover was also identified for each period of
analysis (Figure 4). The largest average annual increase occurs in the time period between
2002 and 2007 (the real estate boom) while the lowest occurs between 2009 and 2011.
Between 2002 and 2007 there were several larger, undeveloped parcels which were
developed with high density residential units. For the remainder of the study period, there
were no additional large-scale developments. Alternatively, the period between 2009 and
2011 experienced lower rates of impervious change. This range of data represents the
period during the Great Recession during a time when less development was occurring.
The periods after 2011 indicate that the growth rate for infill is increasing toward post-

Average Annual Increase in
Impervious Area, ha
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Figure 4. Average annual increase in impervious cover

3. From 2002 to 2015, 39% of the 2,696 analyzed parcels experienced an increase in
impervious cover. Five percent of parcels experienced between 50% and 100% deviation
from 2002 levels of impervious cover while 9% of parcels had impervious areas which
more than doubled over the course of the study period (Figure 5).
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Greater than 100 %, 9%
50 to 100%, 5%

No Change
56%

0 to 50%
25%

Negative Change, 5%
Figure 5. Proportion of total parcels grouped by percent change from 2002 impervious cover

4. Figure 6 displays a graphical timeline of changing parcels within Dead Run. Areas which
experience increases in impervious cover from 2002, continue to intensify while infill
development expands from these already developing locations to neighboring areas. This
trend can be seen by examining the Dead Run parcels and also by observing the percent
increase in impervious cover within each census block. The percent increase in impervious
cover in the parcels is symbolized using smaller bins for the census blocks and subdivisions
to more effectively illustrate the change.
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Figure 6. Spatial distribution of percent increases in impervious cover from 2002 grouped by (a)
parcels, (b) census blocks, and (c) County subdivisions for each period of analysis.
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5. Residentially-zoned parcels were categorized by their respective zoning classification to
investigate the impervious cover increase per parcel as a percentage of the total parcel area
(Table 2). From 2002 to 2015, most residential lots zoned for lower density residential (R1 to R-4) experience a 3-4% increase in impervious with respect to the total parcel area. As
the density of zoning decreases, average lot sizes rise while the increase in percent cover
remains between 3 and 4% of the parcel area. Therefore, the average increase in impervious
cover from 2002 to 2015 per parcel increases as zoning density decreases from R-4 to R1. The majority of parcels within the area of analysis are zoned “R-3”, indicating a housing
density of three dwelling units (DU) per 0.405 ha (3 DU/acre). The average R-3 lot is
1,193m2 (12,846 ft2) and experiences a 45m2 (481ft2) increase in impervious cover over
the timeframe of the study. Most parcels zoned for higher-density residential (R-5 to R-12)
were already developed to nearly or at the maximum extent allowed in 2002 and, on
average, saw no change in impervious cover.
Table 2. Parcel count, average lot size, and impervious cover characteristics for different residential
zoning classifications.

Zoning
R1
R2
R3
R4
R5
R8
R12

Parcel
Count
247
349
1438
76
59
300
27

Avg. Lot Size
m2
3,527
1,900
1,193
595
995
382
313

2002 to 2015
Average Change in
% Impervious Cover
3%
3%
4%
4%
0%
0%
0%

Average Increase in
Impervious Cover
m2
110
56
45
14
0
0
0

The change in percent impervious cover of the watershed shows a relatively linear trend over the
course of the study. However, the average annual increase in impervious cover reveals that there
are distinct variations in the annual growth rate within each period of analysis. Mainly, the time
period between 2002 and 2007 shows a more substantial increase in impervious area which
indicates that, prior to the 2008 recession, infill development was occurring more intensely in Dead
Run. Similar development patterns were seen in the study conducted in Denver, CO by Cherry,
(2016) where a linear trend in building coverage existed for the entire period between 2004 and
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2014 but the period between 2008 and 2010 demonstrated a clear slowdown of development. It is
justifiable that the linear regression illustrated in this study, even with the Great Recession, better
encompasses the reality of long term development trends (i.e., a 3-year recession within a 10-year
period) since recessions cannot easily be predicted.
The average annual increase of the percent impervious cover throughout the course of the study
was found to be 0.3% per year. This rate of development is comparable to that seen in the study
conducted by Hekl and Dymond, (2016) which demonstrated a 7% increase in the percent
impervious cover of a smaller-scale watershed studied from 1997 to 2009, equivalent to a 0.6%
annual increase. However, there are many external factors that contribute to continued growth of
infill development. While, watersheds and neighborhoods in nearby areas have witnessed similar
growth rates as discussed above, a conclusion cannot be drawn that these rates necessarily apply
to other metropolitan regions. The spatial analysis of impervious cover increase performed in this
study begins to provide insight on external factors that may contribute to the growth of infill
development. These potential factors for intensification of redevelopment may include:


Proximity to commercial districts



Proximity to schools



Neighboring residential redevelopment



Year Built



Lot value



Zoning



Resident affluence



Resident age

To identify a correlation between the above factors and infill development would require extensive
statistical analysis outside of the scope of this study and provides opportunity for future
researchers. However, of the above factors, zoning designation was used to compare the
contribution of infill development from separate residential zoning categories over the course of
the study period. Most residential infill development is occurring in areas zoned for lower density.
On average, the lower density areas contain larger lots and therefore more space available for
mansionization-type development. This trend likely correlates to the increased affluence of
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homeowners which can afford more sizable lots and the cost of rebuilding a home. The ability to
identify areas of substantial infill development will assist in prioritizing efforts to manage the
runoff quantity and quality impacts such as implementation of infrastructure improvements,
erosion control measures, stream restoration, and BMP maintenance.
3.4.2 Impact on Runoff Volume and Localized Flooding
The cumulative increase in runoff volume from all analyzed parcels was computed for the 1-, 2-,
and 10-year, 24-hour storm events. For comparison with several existing studies found in the
literature, this increase was also presented as the average increase in volume for each percent
increase in the percent impervious cover of the study area (Table 3).
Table 3. Increased runoff volume and average percent increase in runoff volume per 1% increase
in imperviousness by storm event.

Storm Event
1-yr, 24-hr
2-yr, 24-hr
10-yr, 24-hr

Increased Runoff
Volume, m3
6421
7199
8930

% Increase
from 2002
6.6%
5.4%
3.5%

Average Percent Increase in
Runoff Volume per 1%
Increase in Impervious
1.79%
1.48%
0.95%

Due to the presence of the numerous contributing factors to infill development in other urban areas,
it is difficult to conclude that the trends that have been identified in this study are translatable to
other watersheds. However, studies which have conducted similar analyses of infill have found
comparable correlations between increased impervious area and increased runoff volumes. The
study conducted by Hekl and Dymond, (2016) found that, in a 13 ha subwatershed in McLean,
VA, for every 1% increase in the percent impervious area throughout the subwatershed, there is a
resulting 0.7% average increase in total runoff volume from a 10-year storm. This value is
comparable to the results in this study which determined a 0.95% increase in runoff volume per
1% increase in percent impervious. Similarly, the results from Panos, (2018) showed a 1.27%
increase in runoff volume for a 10-year storm due to a 1% increase in imperviousness of a 419 ha
neighborhood.
The increase in runoff computed for this study is directly proportional to the percent of impervious
cover in the area of analysis (Figure 7).
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Figure 7. Relationship between percent impervious cover and stormwater runoff volume.

If the trend of infill development were to continue and the percent impervious cover of the area of
analysis increases 0.3% per year, the subsequent increase in runoff volume from 2002 would be
14,364 m3 (14.35 acre/ft) by 2025 due to a 6% increase in imperviousness (Figure 8).

Increase in Volume of
Runoff since 2002 (1000 m3)

16
14
12
10

2025
14,364 m3

2015
8,930 m3

8
6
4
2
0
2005

2010

2015

2020

2025

2030

Year

Figure 8. Increase in volume of runoff since 2002 including forecasting of 2025 increase.

A primary concern of infill development is that less significant land-disturbances are typically
exempt from implementing runoff quantity/quality controls. While the increase in runoff coming
from one redeveloped lot may be negligible, cumulative impacts from hundreds of redeveloped
lots can eventually overtax existing infrastructure and lead to localized flooding. Common
guidance for many localities in Virginia is that any land disturbing activities that take place on lots
less than 0.405 ha (1 acre) are exempt from runoff control requirements. An analysis was
conducted to investigate the increase in runoff produced from parcels in Dead Run less than 0.405
ha (1 acre) and those that are exempt from implementing water quality/quantity controls based on
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Fairfax County ordinances. The County exemptions are applied to land-disturbing activities that
disturb less than or equal to 232 m2 (2,500 ft2).
For the purposes of this study, exemptions based on area quantities are the only conditions that
were investigated. Therefore, it is possible that more parcels in Dead Run are exempt from
stormwater quantity/quality controls than those listed for a variety of other reasons. The increase
in runoff coming from lots less than 0.405 ha (1 acre) and that from lots which experienced an
increase in impervious less than 232 m2 (2,500 ft2) are enumerated in Table 4.
Table 4. Area, parcel count, and increase in runoff volume for the area of analysis, lots less than
0.405 ha, and lots which experience an increase in impervious cover less than 232 m2
Area
(ha)
428

% of
Total
Area
--

# of
Parcels
2696

% of
Total
Parcels
--

Increase in
Runoff
Volume (m3)
8,930

% of Total
Runoff
Volume
--

Lots less than 0.405 ha
(1 acre)

149

35%

1167

43%

8,126

91%

Increase in
Impervious less than
232 m2 (2,500 ft2)

139

33%

971

36%

3,379

38%

Area of Analysis

The runoff from lots less than 0.405 ha (1 acre), which would typically be considered exempt in
many localities, accounts for 91% of the total runoff generated from the area of analysis, higher
than expected. Additionally, the runoff generated from development which is exempt in Fairfax
County due to a small increase in impervious area, is 3,379 m3 (275 acre/ft), contributing to 38%
of the cumulative volume increase from infill, again higher than expected.
Most traditional development projects in Fairfax County are required to implement adequate
stormwater quantity/quality controls to ensure that man-made and natural stormwater conveyances
can adequately convey the receiving discharge as well as to protect the ecological condition of
surrounding environment. Unmanaged runoff generated from infill development, which are
predominantly individual efforts and not subdivision projects, can hinder these efforts since it
appears to account for a significant amount of the overall runoff volume. As seen in the Table 4,
it is estimated that over a third of the cumulative runoff volume from 2002 to 2015 was generated
from lots exempt from quantity/quality controls. These unmanaged flows can cause receiving
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stormwater conveyance systems to exceed capacity and result in localized flooding and damage of
surrounding infrastructure. The increase in volume can also correlate with increase pollutant loads
carried by runoff. When uncontrolled, these pollutants make their way to downstream waterways
and have a detrimental effect on the ecological systems.
3.4.3 Sensitivity Analysis
A sensitivity analysis was performed on the runoff volume computations to test the results’
sensitivity to variables within the computational procedure. The variables tested were CN
selection, precipitation depth, and impervious area. When testing sensitivity to CN selection, the
CN’s were adjusted by a percent change of ±15% from the original values in increments of 5%.
The values for impervious area were kept constant since the CN value for any kind of impervious
cover is always 98. The change in runoff volume for a 10-year, 24-hour storm from 2002 to 2015
was computed using a different set of CNs in each replicated calculation. It was found that for each
1% change in the CN values selected, there is approximately a 3% change in the total increase in
runoff from 2002 to 2015 in Dead Run (Figure 9). This analysis showed that the results of this

Percent Change of Result

study are sensitive to CN selection, which was expected.
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15%

Percent Change of CN Values

Figure 9. Percent change in the increase in runoff volume for a 10-year, 24-hr storm event due to
the percent change of CN values for pervious cover

A sensitivity analysis was also performed on the precipitation depths used for the TR55
computation. Precipitation depths for a 24-hour storm event for various storm frequencies can be
acquired from the National Oceanic and Atmospheric Administration (NOAA) Atlas 14 Point
Precipitation Frequency Estimates (NOAA 2018). The precipitation depths employed in this study
for the 1- , 2- , and 10- year storm were taken using the geographic coordinates fo the centroid of
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the study area. For the sensitivity analysis, these depths were varied by ±0.01 inches from the
applied depth of 4.87 to represent the variation in depths present throughout the watershed area.
Using the precipitation depth variations for the 2002 and 2015 datasets, there was no change in the
increase of runoff volume over time from the original result. It can be assumed, at the scale of this
study area, the precise coordinates used to extract the precipitation data does not have a significant
impact on the estimated runoff volumes.
Finally, a sensitivity analysis was performed using 2009 impervious cover data with two different
impervious cover areas. The first dataset was the original provided by Fairfax County and shows
the basic planimetric features of the study area including roads, driveways, and building pads. The
second dataset is the same impervious cover data that was used in this study which was
manipulated to include other impervious features. The volume of runoff produced from a 10-year
storm event was found to be 254,200 m3 (209.65 acre/ft) and 261,300 m3 (212.43 acre/ft) for the
Fairfax dataset and the adjusted dataset used for this study, respectively. This is equivalent to
approximately a 1.3% difference. It is reasonable to conclude that manual adjustments made to
remotely sensed data to incorporate smaller planimetric features such as sidewalks, small patios,
and private playgrounds may not be necessary when performing this type of analysis on a large
scale, especially given the increases in quality of mapping in recent years.
3.4.4 Impact on Runoff Quality and Control
Using the VRRM, it was determined that, from 2002 to 2015, the total phosphorus (TP) load
produced from residential infill development increased by 28 kg/year (61.2 lb/year) from 365 to
393 kg/year (Figure 10). The accompanying increase in treatment volume is 2,791.11 m3 (2.27
acre/ft).
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Figure 10. Cumulative total phosphorus load from analyzed parcels in Dead Run

Adhering to the trend in impervious cover increase, there is a more substantial change in TP load
and treatment volume from 2002 to 2007 than seen in other periods of analysis (Figure 11).
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Figure 11. TP load and treatment volume increases for period of analysis including cumulative
increase of TP load throughout study period.

The comparative cost analysis conducted for methods of offsetting the increases in TP loads are
illustrated in Figure 12. The different practices evaluated in this comparison for mitigating
phosphorus loads are: nutrient credit trading, site-based stormwater best management practices
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(BMPs), and regionally-managed BMPs. For these estimates, phosphorus credits are priced at
$25,000 per 0.454 kg/year (1 lb/year). The estimates for on-site BMPs were produced using
Equations 2 and 3. A rooftop disconnection to dry well system was assessed to represent the lowerend cost of on-site BMPs whereas a bioretention facility was used to demonstrate the higher-end.
The cost estimates for constructing regionally managed, but distributed facilities were produced
using historic data from projects costs and accompanying phosphorus reduction credits provided
by Fairfax County for stream restoration projects and bioretention facilities. The costs produced
for this study do not take into account the municipal requirements involving required reduction

Cost To Manage Increase From 2002 TP Load

and the allowable phosphorus load of 0.46 kg/ha/year (0.41 lb/acre/year).
$12 M
9.9

$10 M

8.7

$8 M

7.6

7.0
5.7

$6 M

4.8

4.3
$4 M
2.4
$2 M

0.4

0.8

3.5

3.1
0.7

0.6

1.0

0.8

1.1
0.7

0.9

1.3
0.9

1.0

1.5
1.1

1.2

$0 M
2007

2009

Nutrient Credits (one-time expense)
High-end BMPs (Bioretention)
Bioretention (Distributed in Study Area)

2011

2013

2015

Low-end BMPs (RD to Dry Well)
Stream Restoration

Figure 12. Cost distribution of different practices for phosphorus mitigation to offset increases
from 2002 quantities for each period of analysis.

The least cost efficient means for mitigating nutrient loads is the implementation of distributed
bioretention facilities, which is estimated to cost $9.9 M to offset the increased loading from 2002
to 2015. Bioretention facilities are best suited for small drainage areas. Therefore, it is likely that
this estimate is greater due to the many individual systems in different areas that would be need to
be implemented in order to manage a large watershed such as Dead Run. Nutrient credits are
portrayed as being the more cost efficient option, costing $1.1M to offset the TP load increase
from 2002 to 2015. This especially holds true since nutrient trading only requires a one-time, fixed
transaction. Alternatively, the other management options can vary in price depending on design
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requirements and require annual maintenance which is not included in the estimated costs. While
nutrient trading is a cost effective strategy for larger watershed applications, it does not help to
address local stream impairments and TMDL’s. Evaluating the costs for the various practices,
stream restoration would be the most cost efficient method for mitigating nutrient loads and
preserving the ecological condition of local tributaries.
3.5

CONCLUSIONS

This study investigated the trends of residential infill development in the Dead Run watershed of
Fairfax County and described the quantity and quality impacts to stormwater runoff. Over the 13year study period from 2002 to 2015, the percent imperviousness of the area of analysis contained
within the Dead Run watershed increased from 29% to 33%. This resulted in an increase of runoff
volume from a 10-year, 24-hour storm event of 3.5% (approximately 8,930m3). The resulting
increase in total phosphorus load due to infill development is 28 ha/year (62 lb/year) which is a
7.7% change from 2002 loads. The cost for mitigating the increased nutrient loads over the study
period could range from $1.1M to $9.9M depending on what practices are implemented. The lower
end of the cost indicates the use of nutrient credits to offset the increases in nutrient loads. Though
this is attractive to developers, it often adds additional financial burden to the taxpayer since
jurisdiction’s often have to find alternative means to meet TMDL requirements of local waterways.
Alternatively, the upper cost implies the use of a regional bioretention facility to mitigate the
excess loads. If infill development continues to follow the trend laid out over the course of the
study period, the area of analysis will witness and 0.3% increase in imperviousness per year and
these stormwater impacts will intensify.
The results compare favorably with those found in other studies which have begun to quantify the
impact of infill development. The quantities of runoff volume and nutrient loads accumulated
across a neighborhood with increasing frequency of redevelopment will result in localized
flooding, potential damage to man-made infrastructure as well as the deterioration of natural
channels and systems. The quantifiable results of this study can be used to justify the tracking of
infill development in order to identify areas where additional control measures or modifications to
existing regulations may be needed to mitigate the cumulative quantity and quality effects of infill
development.
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CHAPTER 4. CONCLUSION
4.1

IMPLICATIONS

Homebuyers of the post-war era, when neighborhood development was rapidly expanding, sought
out the “American Dream” in the form of sprawling, detached, single-family homes with large
yards and the independence of vehicular travel. Alternatively, the new generation of residents is
in pursuit of living spaces in proximity to a diverse array of amenities and land uses where
connectivity, social interaction, and aesthetic and economic diversity are prioritized. The needs of
this new generation compliment the goals of smart growth models which aim to slow the
encroachment of new development into undeveloped spaces on the fringes urbanized areas. This
is done through the redevelopment of established neighborhoods near urban centers to better serve
the needs of the current housing market.
Residential development patterns are shifting from large-scale subdivision construction on
previously undeveloped rural areas to small-scale redevelopment on already development or
underutilized lots within urban areas. While the hydrologic impacts of large-scale, new
development taking place on greenfield sites has been well documented, less studies have been
conducted to quantify the impacts of accumulated small-scale redevelopment on stormwater runoff
characteristics. This study begins to understand and enumerate these effects at a watershed scale.
This study is conducted within a primarily residential watershed in Fairfax County. Many urban
neighborhoods are facing the same development trends and accompanying concerns. It is
anticipated that the results of this study will be applicable to similar established residential
neighborhoods with increased rates of redevelopment. If methods for tracking infill development
are established and the cumulative impacts on the affected watershed are quantified, suitable
management procedures can be incorporated to minimize the lasting environmental degradation.
4.2

FUTURE WORK

The results of this study indicate that redevelopment occurring in residential areas has a
quantifiable impact on runoff characteristics being conveyed off-site. However, given the range of
factors which could be driving residential redevelopment and the limited research available to
quantify the hydrologic impacts of this type of small-scale development, it cannot be stated with
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confidence that the trends identified in this study are directly translatable to other urban
watersheds. Future work needs to be conducted within watersheds of varying spatial and temporal
scales to develop empirical functions for quantifying the impacts of infill.
The hydrologic calculations and established loading rates used to estimate runoff volumes and
water quality characteristics provide a simplified means for extracting numerical quantities
representative of infill development impacts. However, it is important to reinforce these
estimations with observations of physical impacts to the surrounding environment. Future work
should be focused on collecting physical data of the changes in the environmental conditions over
time which may be attributable to increased runoff from redevelopment. A spatial analysis of flood
complaints, structure clogging and manhole surcharge events, as well as a visual inspection of
local storm infrastructure over time could reveal detrimental effects symptomatic of infill
development. This study area was selected due to its location upstream of a USGS monitoring
station which records real-time measurements of stream flow data such as gage height and flow
rate as well as a collection of water quality characteristics. Using this type of information tracked
over time, physical impacts of development to the receiving stream could be identified. Because
the increase in runoff volume estimated in this particular study is relatively small relative to the
size of the watershed, the USGS station may be far enough downstream that the changes due to
small-scale development are negligible. However, this does not mean there aren’t considerable
consequences to the local tributaries and infrastructure.
To more effectively alleviate the potential drainage and water quality issues resulting from infill,
it is necessary to identify the areas where these issues are prevalent. A preliminary study has been
conducted by Cherry (2016) to begin to predict where future parcel-scale redevelopment is likely
to occur. This type of study, where the various potential indicators for infill are tested in a
calibrated urban growth model, is essential for “flagging” areas where potential stormwater control
measures need to be implemented or improved. Infrastructure improvement, enhanced erosion
control and water quality measures, BMP maintenance, and stream restoration efforts can be
prioritized for areas where there is considerable development that is predicted to continue. The
prediction of future development paired with a more universally quantifiable impact of infill on
stormwater runoff characteristics will allow localities to make the necessary improvements to
existing stormwater management systems or ordinances to mitigate redevelopment’s impacts.
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