@

L=

U.S. Department

of Transportation Publication No. FHWA-EP-00-002

May 2000
Federal Highway

Administration

Stormwater Best Management Practices

in.an Ultra- Urban Setting:
Selection and Monitoring

D
7 ARTMENT or

JUL 20 2009

NASSIF g
LIBRARY OH

Office of Natural Environment
400 7th Street, SW
Washington, DC 20590




Technical Report Documentation Page

1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
FHWA-EP-00-002

4. Title and Subtitle 4. Report Date February 2000

Stormwater Best Management Practices in an Ultra-Urban Setting: Selection and Monitoring
6. Performing Organization Code:

7. Author(s) Leslie Shoemaker, Mohammed Lahlou, Amy Doll, Patricia Cazenas (COTR) 8. Performing Organization Report No.

9. Performing Organization Name and Address 10. Work Unit No.(TRAIS)

Tetra Tech, Inc. Hagler Bailly Services, Inc.

10306 Eaton Place, Suite 340 1530 Wilson Boulevard 11. Contract or Grant No.

Fairfax, VA 22030 Arlington, VA 22209 DTFH61-95-C-00061

12. Sponsoring Agency Name and Address 13 Type of Report and Period Covered
Final Report

Office of Natural Environment July 1996 - February 1999

Federal Highway Administration

400 7th Street SW 14. Sponsoring Agency Code

Washington, DC 20590

15. Supplementary Notes Technical contributors: Fred Bank (FHWA), Abbi Ginsberg (FHWA), Christopher Dunn (FHWA), Richard Claytor
Participating States: Washington, Oregon, Massachusetts

16. Abstract

This report builds on recent FHWA manuals by expanding and presenting additional data, design criteria, and monitoring study results on
stormwater best management practices (BMPs) implemented in ultra-urban areas. An extensive literature search was performed along
with a comprehensive analysis of documented information currently available, with the focus on identifying new and successful
technologies for ultra-urban areas. Factors used to identify ultra-urban BMP studies included:

Limited space available for BMP implementation (less than 0.5 ha [1 ac]).
Drainage area imperviousness greater than 50 percent.

Property value of land more than $215 per square meter ($20 per square foot).
Location of BMP in right-of-way (only available space).

Existence of build-out conditions at the site (lot-line to lot-line development).

The purpose of this report is to provide a planning-level review of the applicability and use of new and more traditional BMPs in ultra-urban
areas. This report focuses on the unique characteristics specific to ultra-urban settings and provides specific guidance for selecting and
siting stormwater management technologies. The information is structured in an informative, user-friendly format, with case studies
highlighting examples of BMP monitoring throughout the country and tables illustrating the characteristics of each BMP to facilitate
comparison and identification of specific technologies appropriate to a given site. BMP information is provided in fact sheets, which
address applicability, effectiveness, siting and design, maintenance, and cost considerations. The report is organized into separate
chapters that address ultra-urban considerations, BMP design information tailored to the ultra-urban environment, monitoring program
design, and BMP selection.

17. Key Words: water quality, highway runoff, ultra-urban, best 18. Distribution Statement

management practices, monitoring, stormwater management No restrictions

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages | 22. Price
Unclassified Unclassified 287

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized




IT

 SI* (MODERN METRIC) CONVERSION FACTORS
APPROXIMATE CONVERSIONS TO SI UNITS

APPROXIMATE CONVERSIONS FROM S| UNITS

Symbol When You Know  Multiply By To Find

When You Know  Multiply By To Find Symbol

LENGTH

0.305
0914
1.61

AREA

square milimeters
square meters
square meters
hectares

square kilometers

VOLUME
fluid ounces 29.57 milliliters
gallons 3.785 liters

yd cubic yards 0.765 cubic meters

NOTE: Volumes greater than 1000 | shall be shown in m®.
MASS

oz ounces 28.35 grams
b pounds 0.454 kilograms
T short tons (2000 ib)  0.807 megagrams

(of "metric ton")
TEMPERATURE (exact)

Fahrenheit 5(F-32)/9 Celclus
temperature or (F-32)/1.8 temperature
ILLUMINATION

foot-candles 10.76 lux
foot-Lamberts 3.426 candela/m?

FORCE and PRESSURE or STRESS
poundforce 445 newtons

poundforce per 6.89 kilopascals
square inch

* Sl is the symbol for the Intemational System of Units. Appropriate
rounding should be made to comply with Section 4 of ASTM E380.

square millimeters
square meters
square meters
hectares

square kilometers

VOLUME

milliliters 0.034
liters 0.264
cubic meters 35.71
cubic meters 1.307

MASS

grams 0.035 ounces oz
kilograms 2.202 pounds v b
megagrams 1.103 short tons (2000 Ib) T
(or “metric ton")

TEMPERATURE (exact)

Celcius 1.8C + 32 Fahrenheit
temperature temperature

ILLUMINATION

lux 0.0929 foot-candles
candela/m? 0.2019 foot-Lamberts

FORCE and PRESSURE or STRESS

newtons 0.225 poundforce
kilopascals 0.145 poundforce per
square inch

(Revised September 1993)
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1. INTRODUCTION AND PURPOSE

Best management practices (BMPs) are used to
mitigate the effects of highways and roads on local
conditions, in terms of both water quantity and
water quality effects. BMPs are used to reduce
peak flows, to reduce runoff volumes, and to
reduce the magnitude and concentrations of
constituents in runoff. Numerous studies have
been done on the effectiveness of BMPs, although
past studies have emphasized more traditional
BMPs such as wet and dry ponds and vegetative
practices. A new, emerging area of BMPs includes
technologies for highly urbanized, highly
impervious (“ultra-urban”) areas. Many of these
practices use existing stormwater and wastewater
technologies, modifying them to fit into the ultra-
urban environment.

The purpose of this document is to provide a
planning-level review of the applicability and use
of new and more traditional BMPs in ultra-urban
areas. This report is the result of extensive
research to identify and document BMP practices
in ultra-urban areas. The term “ultra-urban” has
been used to describe metropolitan areas of the
country where space for stormwater BMP
implementation is limited (Bell, 1996). The goal
of ultra-urban technology is to provide cost-
effective, low-maintenance solutions to stormwater
management problems in the ultra-urban
environment.

This document is not intended to be a design
manual. Other recent manuals by the Federal
Highway Administration (FHWA) provide design
guidance for more traditional BMPs, while design
specifications for new, commercially available
BMPs can be obtained from their manufacturers.
This report supplements the other recent FHWA
manuals, which are described below, by expanding
and presenting additional data, design criteria, and
monitoring study results on BMPs implemented in
ultra-urban areas. Evaluation and Management of
Highway Runoff Water Quality (Young et al.,
1996) was developed to support highway
practitioners by synthesizing the results of past
documentation and research onhighway

stormwater runoff into a unified user’s manual on
water quality impact assessment and mitigation.
Urban Drainage Design Manual Hydraulic
Engineering Circular 22 (Brown et al., 1996) was
developed to provide a comprehensive and
practical guide for the design of storm drainage
systems associated with transportation facilities.
Retention, Detention, and Overland Flow for
Pollutant Removal from Highway Stormwater
Runoff; Volume I: Research Report (Dorman et al.,
1996a) and Yolume II: Design Guidelines (Dorman
et al., 1996b) were developed to provide design
guidelines and specifications for measures to
reduce or eliminate the impacts of highway runoff
on surface waters.

1.1 BACKGROUND

The water quality impact of runoff from highways
and developed land is an environmental concern
that is addressed by both state and Federal
Department of Transportation (DOT) personnel
tasked with stormwater management
responsibilities. A number of current regulatory
requirements, at the Federal, state and local levels,
set the framework for stormwater management
(Young et al., 1996). The box below lists some of
the Federal programs which, along with state and
local regulatory requirements, need to be
incorporated into stormwater management
planning considerations. A brief discussion of
selected relevant programs is presented below.

The National Environmental Policy Act (NEPA)
establishes judicially enforceable obligations that
require all Federal agencies to identify the
environmental impacts of their planned activities.
The NEPA legislation and its requirements provide
the framework under which environmental impacts
of all substantial Federal projects are evaluated and
have been the starting point from which many
other environmental regulations are applied and
enforced. Any major effort that involves Federal
funding, oversight, or permits, such as highway
operations and projects, is subject to the NEPA
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|
Regulatory Framework

National Environmental Policy Act (NEPA)
Clean Water Act: National Pollutant
Discharge Elimination System (NPDES)

= Clean Water Act: Nonpoint Source Pollution
Control Program (Section 319)

s Coastal Zone Act Reauthorization
Amendments (CZARA)

= State regulatory requirements
Local regulatory requirements

process to ensure environmental concerns are
considered before implementation.

The Clean Water Act contains the primary
mechanism for protecting and improving water
quality. The purpose of the Clean Water Act is “to
restore and maintain the chemical, physical, and
biological integrity of the Nation’s waters” by
declaring unlawful the unregulated discharge of
pollutants into all waters of the United States. The
Act makes the states and the U.S. Environmental
Protection Agency (EPA) jointly responsible for
identifying and regulating both point sources and
nonpoint sources of pollution. The Act allows for
both environmental quality-based approaches
(water quality standards) and technology-based
approaches (treatment processes and BMPs) to
water quality control. Water quality management
planning is focused on priority water quality issues
in geographic areas. A number of relevant
programs operate under the Clean Water Act,
including Water Quality Certifications (section
401), the National Pollutant Discharge Elimination
System (NPDES) (Section 402), and the Nonpoint
Source Pollution Control Program (section 319).

The purpose of section 401 of the Clean Water Act
is to ensure that federally permitted activities
comply with the Act and appropriate state laws.
Any applicant for a Federal permit for an activity
that could result in a discharge of a pollutant to a
state’s waters is required to obtain certification
from the state where the activity will occur. The
state certifies that the materials or pollutants
discharged comply with the effluent limitation,

water quality standards, and other applicable state
laws.

Amended section 402 of the Clean Water Act
authorizes the NPDES program, under which
discharge permits are granted by EPA or by states
with EPA-approved programs. The NPDES
permit program regulates any discharges by point
sources, including stormwater discharges (except
for agricultural stormwater runoff and return flows
from irrigated agriculture) from municipalities
serving a population of 100,000 or more. The
overall approach to controlling stormwater runoff
from local roads and highways is through
stormwater management programs developed by
municipalities. Many state DOTs participated in
the NPDES permitting process where they were
designated as permittees by EPA or the states.

In 1987, Congress amended the Clean Water Act
to focus greater national efforts on nonpoint
sources. Congress enacted section 319, which
established a national program to control nonpoint
sources of water pollution. Under section 319,
states address nonpoint pollution by assessing
nonpoint source pollution problems and causes
within the state and developing and implementing
management programs to control nonpoint source
pollutants. The management programs include
BMPs for different categories of sources, a
schedule of implementation milestones, and
appropriate regulatory measures. Section 319
authorizes EPA to issue grants to states to assist
them in implementing these management
programs.

Congress enacted the Coastal Zone Act
Reauthorization Amendments of 1990 (CZARA)
to address several concerns, one of which was the
impact of nonpoint source pollution on coastal
waters. To participate in the CZARA program,
each coastal state must develop a Coastal Nonpoint
Pollution Control Program for implementing
management measures for nonpoint source
pollution to restore and protect coastal waters,
working in close conjunction with other state and
local authorities (USEPA, 1993). The central
purpose is to strengthen the links between Federal
and state coastal zone management and water
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CZARA Management Measures
for Urban Areas

Roads, highways, and bridges

Runoff from developing areas

Runoff from construction sites

Runoff from existing development

On-site disposal systems

General sources (households, commercial
activities, and landscaping)

quality programs and enhance state and local
efforts to manage land use activities that degrade
coastal waters and coastal habitats. CZARA
identified distinct source categories of nonpoint
pollution, one of which is urban areas. Areas
addressed by the management measures for urban
areas are listed in the box below.

Programs developed in response to the Federal
regulations vary significantly among states.
Activities associated with the construction,
operation, and maintenance of roads and highways
are also subject to state regulations and programs
addressing nonpoint source pollution (USEPA,
1992). Most states have refined their nonpoint
source management programs to include BMPs
that have proven effective in their area for
mitigating water quality impacts. Among the
projects most often included in state nonpoint
source programs are:

o Production of guidance materials on
stormwater management that include the
application of BMPs, planning guidance,
permitting requirements, and monitoring
practices.

o Demonstration projects for particular BMPs
under differing land use practices.

o Groundwater and surface water monitoring
programs to expand water quality and
nonpoint source impact assessments, and
provide ongoing water quality data to measure
nonpoint source program performance and
BMP efficiency.

In large metropolitan areas, watersheds often
extend over more than one community and
potential problems related to runoff may affect
more than one jurisdiction. Intergovernmental
cooperation is required in these situations to
provide effective stormwater management.
Typically in these situations, the local public
works agency has the ultimate responsibility for
implementation, maintenance, and enforcement of
nonpoint source programs. DOTs need to be
aware of state and local regulations and their
implication for a DOT’s activities. Frequently, the
DOT will join with local municipalities in
developing stormwater management programs and
applying for permits. The responsibility for
stormwater management related to highway runoff
becomes shared between the DOT and the local
jurisdictions. '

The DOT must determine the relative contribution
that its activities make to the total stormwater
system within the local jurisdiction and what
structural components of the system will be the
DOT’s responsibility. Once this has been
established, the DOT typically determines the
runoff volume and constituents associated with
these areas, assesses the potential impacts, and
establishes a series of structural and nonstructural
measures to control the impacts. Establishing the
performance of BMPs in ultra-urban areas provides
key information for DOT personnel that will aid
them in evaluating structural and nonstructural
measures.

1.2 REPORT
DEVELOPMENT

This report was developed based on an extensive
literature search and a comprehensive analysis of
documented information currently available.
Search criteria were used to identify stormwater
BMP monitoring studies that address ultra-urban
areas. The focus of the data gathering and analysis
effort was to identify new and successful
technologies for ultra-urban areas. The following
factors were used to distinguish between studies
addressing ultra-urban BMPs and studies
addressing urban BMPs:
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o Limited space available for BMP
implementation (less than 0.5 ha [1 ac]).

o Drainage area imperviousness greater than
50 percent.

o Property value of land over $215 per square
meter ($20 per square foot).

o Location of BMP in right-of-way (only
available space).

o Existence of build-out conditions at the site
(lot-line to lot-line development).

Also identified was literature that provided the
most recent information available addressing some
or all of the issues regarding BMP design and
evaluation in ultra-urban settings, including issues
such as:

o Stormwater quality, particularly highway and
roadway runoff characteristics.

o Site considerations.

o Design criteria.

o Constituent removal effectiveness.

o Operation and maintenance requirements.

o Issues related to the design or operation of the
system.

o Monitoring protocols and sampling methods.

o Conclusions and possible recommendations
for areas of additional study.

The literature review built on previous
compilations, including Evaluation and
Management of Highway Runoff Water Quality
(Young et al., 1996), Guidance Specifying
Management Measures For Sources Of Nonpoint
Pollution In Coastal Waters (USEPA, 1993),
Design of Stormwater Filtering Systems (Claytor
and Schueler, 1996), and 4 Review and Evaluation
of Literature Pertaining to the Quantity and
Control of Pollution from Highway Runoff and
Construction (Barrett et al., 1995), among others,
along with original abstract listings with particular
emphasis on recent material and reports. Contacts
with stormwater personnel across the country,
including academic, state and local government,

and DOT personnel tasked with stormwater
management, were also used to locate recent
studies and additional “gray” literature, those
monitoring studies that are not identified through
the typical literature search process. In addition,
design manuals from various jurisdictions across
the country and studies evaluating design criteria
for stormwater BMPs were reviewed.

The studies identified in the literature review
included monitoring done on stormwater BMPs in
an ultra-urban setting and monitoring done on
BMPs in urban settings applicable to ultra-urban
sites. These studies were entered into a database to
facilitate review and analysis of the study results
and evaluation of new and innovative
technologies. This CD-ROM database describes
these selected monitoring studies on stormwater
BMPs. The information can be accessed in a
number of ways: by study title, by location, by
general BMP type, by specific BMP type, and by
drainage area size.

The identified studies evaluate stormwater BMPs
in both urban and ultra-urban settings and address
various design factors in both laboratory (bench-
scale) and field settings. Relating the results of
these studies to other geographic areas of the
country requires comparison and evaluation of site
conditions and specific factors that affect the
effectiveness of stormwater BMPs. Monitoring
protocols and data evaluation techniques
significantly affect the representativeness of data
and their transferability to other regions of the
country.

Of the stormwater BMPs evaluated, most of the
studies have concentrated on detention/retention
ponds and wetlands. However, recent studies on
various filtering systems and water quality inlets
appear to be broadening the scope of stormwater
BMP evaluation. With a limited number of studies
conducted on each technology, defining the
performance of each BMP in different regional
settings is a difficult task. This report focuses on
the unique characteristics specific to ultra-urban
settings and provides specific guidance for
selecting and siting stormwater management
technologies in ultra-urban settings.
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1.3 REPORT
ORGANIZATION

This report illustrates various technologies
available for use in ultra-urban settings, and it
provides specific design criteria and reported
effectiveness of various BMPs where possible.

The information is structured in an informative,
user-friendly format, with case studies highlighting
examples of BMP monitoring throughout the
country and tables illustrating the characteristics of
each BMP to facilitate comparison and
identification of specific technologies appropriate
to a given site. The report is organized into
separate chapters that address ultra-urban
considerations, BMP design criteria, monitoring
program design, and BMP selection. The reader
can review the report in its entirety, or it can be
used as a reference for specific areas of interest.

The specific design criteria for each BMP build on
the information presented in the FHWA Manuals:
Evaluation and Management of Highway Runoff
Water Quality (Young et al., 1996), Urban
Drainage Design Manual Hydraulic Engineering
Circular 22 (Brown et al., 1996), and Retention,
Detention, and Overland Flow for Pollutant
Removal from Highway Stormwater Runoff;
Volume II: Design Guidelines (Dorman et al.,
1996b). When appropriate, and to avoid
redundancy between the documents, the reader is
referred to the FHWA manuals and other selected
sources for additional design information.

Chapter 2 presents the characteristics of ultra-
urban areas, including stormwater quantity and
quality characteristics, land use description, and an
overview of BMPs that can be used in ultra-urban
areas. The concerns typical of ultra-urban areas
are addressed to highlight factors that may need to
be considered when siting BMPs in ultra-urban
areas.

Chapter 3 includes specific design information,
tailored to the ultra-urban environment, for both
structural and nonstructural BMP technologies.
These criteria can facilitate determination of the
feasibility of various BMPs for a given site. The
BMP information addresses applicability,

effectiveness, siting and design, maintenance, and
cost considerations. Comparison tables are
provided at the beginning of the chapter, and a
section on innovative technologies (those whose
performance was still under evaluation at time of
publication) is also provided.

Chapter 4 addresses the process of designing a
BMP monitoring program through a discussion of
the four different phases involved—planning,
design, implementation, and program evaluation.
A thorough discussion of ultra-urban runoff
characterization is provided to aid in targeting
specific runoff constituents in the ultra-urban
environment. Methods for monitoring the
effectiveness of stormwater BMPs are presented,
along with data evaluation techniques and quality
control measures. Case study examples of selected
BMP monitoring studies are provided in Chapter
5.

Chapter 5 contains selected BMP monitoring
studies chosen because they illustrate one or more
of the objectives of a monitoring program
discussed in Chapter 4, and provide excellent
examples of the type of information that can be
gained from a BMP monitoring program.

Chapter 6 uses the information presented in the
previous chapters to present a decision-making
framework for effectively selecting BMPs, based
on the goals and objectives of the program, siting
considerations, and implementation costs.
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2. STORMWATER MANAGEMENT IN THE ULTRA-
URBAN ENVIRONMENT

2.1 INTRODUCTION

The objective of this chapter is to provide a
description of the characteristics of the ultra-urban
environment and the types of best management
practices (BMPs) typically found in ultra-urban
areas. To characterize ultra-urban areas, water
quality constituents typically found in stormwater
runoff are defined. An overview of typical urban
stormwater BMPs is presented, along with a
description of the physical characteristics and BMP
design considerations specific to the ultra-urban
environment. Additional design criteria for each
technology are presented in Chapter 3.

Federal, state, and local agencies responsible for
watershed management and pollution control
programs are increasingly becoming aware of the
significant effects that urbanization has on the
natural balance between stormwater runoff and the
ecosystem of wetland and stream systems. Land
use changes from agricultural to urban
(urbanization) result in the conversion of pervious
spaces, such as vegetated and open forested areas,
to increased areas of impervious surface, resulting
in increased runoff volumes and pollutant
loadings.

As urbanization occurs, the quantity of stormwater
runoff from the surrounding watershed increases
due to the reduction in the amount of pervious
spaces available to infiltrate rainwater and
snowmelt. The greatly increased runoff volumes
and the subsequent erosion and sediment loadings
to surface waters that accompany these changes are
of concern. Hydrologic and hydraulic changes
result from site clearing, grading, and the addition
of impervious surfaces and maintained landscapes.
Hydrological changes to the watershed are directly
related to an increased amount of impervious
surface. Roads, parking lots, sidewalks, rooftops,
and other impervious surfaces decrease the
infiltrative capacity of the ground and result in
changes to peak runoff frequency, time to peak,

runoff volume, and runoff velocity, disturbing the
receiving stream channel and wetlands. Stream
channels respond by either increasing their cross-
sectional area to accommodate the higher flows or
down-cutting the channel. This channel instability
begins a cycle of streambank erosion and habitat
degradation, and may increase the frequency and
severity of flooding.

In response to these detrimental ecological stresses
that urbanization places on a watershed, BMPs
have been developed to reduce water quantity
impacts and water quality constituents normally
associated with stormwater runoff from
urbanization. The “ultra-urban” environment (a
term coined by the city of Alexandria, Virginia;
see box below) has been used to describe
metropolitan areas of the country where space for
stormwater BMP implementation is limited. These
heavily urbanized areas present special challenges
to those responsible for stormwater management.
Stormwater management in these ultra-urban areas
may necessitate retrofits to existing stormwater
control and conveyance systems.

The Ultra-Urban Environment

Alexandria, Virginia, is one of the most densely
populated cities in the U.S. Most of the land is
already developed, in many cases with lot-line
to lot-line structures. Property values are also
extremely high (over $215 per square meter.or
$20 per square foot). For these conditions,
which exist in the heavily urbanized portions of
most metropolitan areas, the city staff coined
the term, “ultra-urban environment.” (Bell et al.,
1998)
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Figure 1. Changes in runoff flow resulting from increased impervious area
(adapted from North Carolina Department of Natural Resources and Community
Development, as cited in Livingston and McCarron, 1992)

2.2 THE ULTRA-URBAN
ENVIRONMENT

Ultra-urban areas are characterized by high
densities of paved surfaces or buildings that result
in a high degree of imperviousness. Buildings,
parking facilities, urban streets, highways, or
walkways cover a majority of the land area, with
imperviousness typically greater than 50 percent in
ultra-urban areas, and up to 100 percent in some
cases. These impervious surfaces can provide an
effective environment to collect and accumulate
constituents from atmospheric deposition,
vehicular traffic, or other sources. Figure 1
illustrates these changes in runoff resulting from

increased impervious area. High runoff conditions
efficiently transport many water quality
constituents. Several factors have been identified
as major influences on the types of constituents
and their concentrations in urban runoff. Among
these are site-specific characteristics, such as land
use practices. Ultra-urban areas typically contain
higher population densities. These areas exhibit
high levels of trash and debris, which tend to clog
stormwater control structures and pollute receiving
streams. In addition, the pets of the people living
in ultra-urban areas are a potential concern since
they deposit fecal matter in the urban environment.
This fecal matter is washed off during storm events
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and contributes pathogenic bacteria to stormwater
runoff.

Traffic characteristics are another major influence
on constituent loadings in stormwater runoff.
Though mass transit methods such as subways are
frequently implemented in ultra-urban areas,
automobile usage is typically very high. Traffic
densities are highest in urban areas, due to
commuter traffic and people traveling to
commercial/business areas for personal business.
Increased automobile usage contributes to the
constituent loadings deposited in the urban
environment.

Identifying these constituent sources aids in
characterizing the runoff from ultra-urban areas.
This information helps to determine the most
effective technologies for removing constituents
from stormwater runoff, one key element in
determining the type of BMP necessary to achieve
water quality benefits. Fish and aquatic life
concerns may also be relevant to BMP selection in
some areas. Lack of oxygen and high temperatures

are inter-related and very important for aquatic life.

For fish and other aquatic life, temperature can be
one of the most significant pollutants and presents
difficult challenges in ultra-urban areas.

2.2.1 Target Water Quality
Parameters

The characteristics of highway runoff have been
the focus of several studies (Barrett et al., 1995).
Stormwater runoff from roadways and impervious
surfaces in heavily developed areas has been
shown to contain significant levels of constituents
such as street litter, animal and bird waste,
atmospheric deposition, and inputs from urban
road runoff (Shaver, 1994). Among the
constituents found in highway runoff are
particulates, chromium, copper, cadmium, lead,
nickel, nitrogen and phosphorus, zinc, manganese,
petroleum hydrocarbons, and rubber. A list of
these constituents and their primary sources is
included in Table 1.

Major sources of constituents on highways are
vehicles and atmospheric deposition. Vehicles
generate water quality constituents on highways

Table 1. Constituents and sources in

highway runoff
Constituent Source
Particulates Pavement wear, vehicles,
atmospheric deposition,
maintenance activities
Nitrogen, Atmospheric deposition and
Phosphorus fertilizer application
Lead Leaded gasoline from auto
exhausts and tire wear
Zinc Tire wear, motor oil, and grease

Iron Auto body rust, steel highway
structures such as bridges and
guardrails, and moving engine
parts

Copper Metal plating, bearing and
brushing wear, moving engine
parts, brake lining wear, fungicides
and insecticides

Cadmium Tire wear and insecticide
application

Chromium Metal plating, moving engine parts,
and brake lining wear

Nickel Diesel fuel and gasoline,
lubricating oil, metal plating,
bushing wear, brake lining wear,
and asphalt paving

Manganese Moving engine parts

Cyanide Anti-caking compounds used to
keep deicing salts granular

Sodium, Calcium, Deicing salts

Chloride

Sulphates Roadway beds, fuel, and deicing
salts

Petroleum Spill, leaks, antifreeze and

hydraulic fluids, and asphalt
surface leachate

Adapted from USEPA, 1993.

both directly and indirectly. Vehicles contribute
constituents directly from normal operation and
wear of frictional parts. Cars and other vehicles
were suggested as the source of over 50 percent of
the total load to the Lower San Francisco Bay of
three metals—copper, cadmium, and zinc
(Woodward Clyde, 1992). Reportedly, tire wear
could account for at least half of the total cadmium
and zinc loads deposited in the bay each year, with
the copper load being linked to brake pad wear.
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Metals that are strongly linked to cars, such as
cadmium and copper, are found to have higher
concentrations in runoff from streets and parking
lots and minimal concentrations in roof and lawn
runoff. Fish are very sensitive to metals such as
copper. Vehicles can also pick up and carry solids
from parking lots, urban roadways, construction
sites, farms, and dirt roads and deposit them onto
urban streets (Barrett et al., 1995). Through this
indirect mechanism, vehicles can contribute solids
and associated water quality constituents to
highway surfaces. The results of several studies
characterizing highway runoff constituent
concentrations are presented in Table 2.

Several factors affect overall constituent loadings
in street runoff. Street runoff is strongly
influenced by emissions and leaks from vehicular
traffic. Streets are usually directly connected to
stormwater drainage systems by curb and gutter.
Curb and gutter systems are not very effective at
trapping and retaining fine particles that are
deposited in them. Often these particles are
washed into storm drains.

Disconnecting impervious surfaces and directing
runoff from impervious surfaces to pervious
surfaces can provide the opportunity for infiltration
of stormwater runoff, reducing both stormwater
quantity and constituent loading to the receiving
stream. Unfortunately, there are limited
opportunities for directing stormwater runoff to
pervious surfaces in the ultra-urban environment
since most of the land area is already covered with
impervious surfaces.

In one study, Bannerman et al. (1993), streets were
identified as a significant source of urban
constituents in residential, commercial, and
industrial areas. The study collected over 300
runoff samples from 46 micro-sites in two
watersheds, sampling runoff from lawns,
driveways, rooftops (residential and flat industrial),
commercial and industrial parking lots, and a series
of street surfaces (feeder, collector, and arterial).
Streets produced some of the highest
concentrations of phosphorus, suspended solids,
bacteria, and several metals. In addition, streets
generated a disproportionate amount of the total

10

Table 2. Constituents of highway runoff

Parameter Concentration’
Total Suspended Solids (TSS) 45-798
Volatile Suspended Solids (VSS) 4.3-79
Total Organic Carbon (TOC) 24-77
Chemical Oxygen Demand (COD) 14.7-272
Biochemical Oxygen Demand (BOD) 12.7-37
Nitrate+Nitrite (NO;+NO,) 0.15-1.636
Total Kjeldahl Nitrogen (TKN) 0.335-55.0
Total Phosphorus as P 0.113-0.998
Copper (Cu) 0.022-7.033
Lead (Pb) 0.073-1.78
Zinc (Zn) 0.056-0.929
Fecal coliform (organisms/100 ml) 50-590

Ranges of average values reported in the literature (Barrett et
al., 1995).
' mg/L unless otherwise indicated.

runoff volume from the watershed. Parking lot
areas had moderately high concentrations of all
constituents.

Other studies have found the concentrations of
some of the metals and nutrients significantly
correlated with that of total suspended solids
(TSS). These results suggest that controlling TSS
may result in reducing other constituents with the
same particle sizes. The City of Austin (1990)
found the event mean concentration (EMC) values
of total phosphorus (TP), total Kjeldahl nitrogen
(TKN), total organic carbon (TOC), lead (Pb), and
zinc (Zn) are related to the values of TSS EMC.
This correlation indicates that these constituents
may be removed along with the particulates by
filtration technologies such as sand filters.

The impact on the environment from the use of
road salt or other deicing agents is another issue to
address when characterizing runoff from streets
and highways. Although sodium chloride,
typically used as the primary chemical deicer in
northern states, is an inexpensive and effective
choice, concerns have been raised about the
potential negative impacts (from chloride) on the
environment, human health, roadway
infrastructure, and vehicles. The Michigan
Department of Transportation identified some of
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Potential Impacts of Road Salt

Contamination of drinking water supplies.
Corrosion of automobiles.
Corrosion of bridges and other
infrastructure.

= Damage to vegetation within 15.2m (50 ft)
of roadside.

= Temporary reduction in soil microbes,
followed by summer recovery.
Sensitivity of various deciduous trees.
Attraction of deer to salts on roadways,
increasing the risk of accidents.

= Stratification of small lakes, hindering
seasonal turnover.

= Secondary components (3 to 5 percent of
road salt composition) include nitrogen,
phosphorus, and metals in concentrations
exceeding those in natural waters. (Public
Sector Consultants, 1993)

these impacts in a recent study (Public Sector
Consultants, 1993), and those potential impacts of
road salt are listed in the adjacent box.

Stormwater “hotspots” are another issue affecting
ultra-urban runoff characterization. Land uses or
activities that generate higher-than-normal
concentrations of hydrocarbons, trace metals, or
toxicants have been defined as “hotspot” areas.
Increased constituent loadings from these areas
may generate concerns about sediment toxicity,
groundwater contamination, or toxicity in
receiving surface waters. More effective
stormwater treatment may be required in these
areas. A preliminary list of potential stormwater
hotspots is included below (Claytor and Schueler,
1996):

o Airport deicing facilities.
o Auto recycler facilities.

o Commercial nurseries.

o Commercial parking lots.
o Fueling stations.

o Fleet storage areas (bus, truck).

o Industrial rooftops (depending on the roof
surface).

o Marinas.

o Qutdoor container storage of liquids.

o QOutdoor loading/unloading facilities.

o Public works storage areas.

o Vehicle service and maintenance areas.

o Vehicle and equipment washing/steam
cleaning facilities.

Identifying “hotspot” areas will aid in determining
the most effective BMP, in terms of constituent
removal capability, in addition to determining the
most appropriate location for the BMP. While the
physical characteristics of ultra-urban areas help
determine the water quality constituents contained
in stormwater runoff, these physical characteristics
may also limit the feasibility of various BMPs.

2.2.2 Urban Stormwater
Management

The hydroiogic effects of development can cause a
multitude of problems, including significant
flooding potentially endangering life and property.
In the ultra-urban environment, stormwater runoff
must be routed efficiently and effectively to
minimize flooding. Therefore, when considering
BMP alternatives for a specific site, both water
quantity and water quality issues are taken into
consideration.

Efficient collection and routing of stormwater
runoff in ultra-urban areas are essential to
minimize localized flooding and provide efficient
drainage to properties. Increased impervious
surfaces within ultra-urban areas can lead to
increases in storm runoff volumes and higher
runoff velocity due to increased imperviousness
and reduced areas for infiltration of runoff. For
example, approximately 55 percent of the rain that
falls each year in forested basins in King County,
Washington, eventually appears as streamflow; for
an impervious basin, approximately 85 to

90 percent of annual rainfall eventually appears as
streamflow (King County, Washington, 1996).




Federal Highway Administration

2. Stormwater Management in the Ultra-Urban Environment

In some cases BMPs can be used to mitigate the
downstream effects of increased peak flows in
receiving waters. For example, detention facilities
can help maintain the rate and/or duration of flows
at predevelopment levels. The basic concept of a
detention facility is to collect water from
developed areas and release it at a slower rate than
the rate at which it enters the system. The
difference between the inflow and outflow is then
temporarily stored in a pond or vault. Due to
space limitations in the ultra-urban environment,
BMPs are frequently designed to provide multiple
benefits. Whenever possible, BMPs provide both
water quantity and water quality benefits.

Several studies have documented the “first flush”
phenomenon, indicating pollutant concentrations
tend to be much higher at the beginning of a storm
compared to the middle or the end (Barrett et al.,
1995). This has led to requirements in some states
to capture and treat the “first flush” or water
quality volume (WQV) of a storm, typically the
first 12.7 mm (0.5 in) of runoff from the
impervious area in a drainage basin. Based on this
definition of WQV, the WQV for each impervious
hectare is just under 126 n? per impervious hectare
(1,800 f* per impervious acre). In other states, the
WQV of a storm is defined as the first 25.4 mm (1
in) of runoff from the impervious area in a
drainage basin. In ultra-urban areas stormwater
quality requirements are frequently limited to
treating only the WQV of a storm event.

Requirements for design of water quality BMPs
vary around the country. For areas of existing
development, requirements are not specifically
identified because of the constraints of the ultra-
urban environment. Local conditions, availability
of funding, and problem pollutants vary widely in
developed communities. Suitable areas for
structural treatment systems are often unavailable
in heavily urbanized areas. Retrofitting existing
conveyance systems with new BMPs to provide
water quality benefits may provide the only
opportunity to improve the water quality of
receiving streams.

Retrofitting is a process that involves the
modification of existing control structures or
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conveyance systems, initially designed to safely
convey or temporarily store stormwater runoff to
minimize flooding. Retrofitting existing
conveyance systems and installing a new BMP
designed for water quantity control and/or water
quality treatment is an option used in the ultra-
urban environment. These BMPs must fit into the
existing storm drain system, and match the existing
hydraulic gradient. Ultra-urban BMPs are
frequently configured off-line and designed to treat
a certain portion (usually the “first flush™) of a
storm. The remainder of the runoff bypasses the
water quality BMP. Where existing development
or financial constraints limit the feasibility of
locating different BMP options, it might be
necessary to evaluate and prioritize various factors
to determine the most appropriate retrofit for a
particular site.

2.2.3 Ultra-Urban BMP Technologies

BMP technologies fall into two distinct categories,
as illustrated in the box below. The first group of
ultra-urban BMPs are control measures that are
mainly associated with structural practices. These
BMPs can be installed on-line, retaining and
treating the entire storm event, or they can be
configured off-line, treating only a portion of the
storm event, with the rest of the runoff bypassing
the BMP.

.|
Best Management Practices

Structural:

= Infiltration technologies, including
bioretention

Ponds and pond/wetland combinations
Filtering systems

Vegetated swales and filter strips
Water quality inlets

Porous pavements

Nonstructural:
= Street sweeping
Source controls
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Ultra-urban stormwater BMPs focus on the
collection, pretreatment, storage, and eventual
treatment to remove constituents of a specific
quantity, typically the WQV or first 12.7 mm (0.5
in) of runoff from impervious areas. Isolating the
WQV of a storm requires the construction of an
isolation/diversion weir, set to allow overflow
when the BMP is completely full (Bell, 1996).
Many BMPs designed to treat only the WQV
portion of a storm can be more effective if
designed off-line for this reason. These structural
BMPs are generally implemented under conditions
where land space requirements are considered to
be a constraint. Such is the case in an ultra-urban
setting, where retrofitting is a common practice.

Structural BMP technologies typically use one or
more of the following treatment mechanisms to
achieve water quality benefits:

o

Detention (particle settling).

o Adsorption (chemical and physical processes).

o Biological removal mechanisms.

o

Filtration (physical process).

Infiltration technologies include infiltration basins,
trenches, and bioretention. Infiltration
technologies use the interaction of the chemical,
physical, and biological processes between soils
and water to filter out sediments and other soluble
constituents from urban runoff. As the stormwater
percolates into the ground, fine material suspended
in stormwater is captured within the soil. The
resulting treated runoff percolates through to the
groundwater. Infiltration trenches are well-suited
to the ultra-urban environment since they can be
located completely underground. However, they
are limited to areas that have specific soil types and
groundwater table characteristics and may have
higher maintenance costs because they are
completely underground. Bioretention is a
relatively new type of infiltration technology
potentially suited to ultra-urban areas.

Bioretention areas manage stormwater runoff by
using a conditioned soil layer that contains a
mixture of detritus, humus, and mineral and
biological complexes in a shallow depressed area.
The soil layer and the microbes living in the soil
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enhance filtration, and the vegetation aids
constituent removal. Since small bioretention
areas can be located in medians, parking lot
islands, or grassy areas along streets, they are ideal
for the constricted ultra-urban environment.

Detention and retention practices temporarily store
stormwater to control runoff, and settle and retain
suspended solids and associated constituents.
Stormwater ponds, including retention or wet
ponds, dry detention ponds, and pond/wetland
combinations, have been the traditional detention
and retention practices used to provide both water
quantity and water quality control. Generally, dry
ponds are designed to provide stormwater
hydrologic control through detention and retention
or wet ponds are designed with a permanent pool
to also provide for treatment of stormwater
pollution. Wetlands and shallow marsh systems
use the nutrient uptake of vegetation to enhance
constituent removal. Ponds are effective
technologies for reducing constituent loadings
from stormwater runoff. They can be implemented
in ultra-urban areas by siting a number of smaller
ponds rather than one large pond system to provide
some measure of water quality control.
Opportunities exist, however, where sufficient land
area is available to implement a pond BMP as part
of an urban park setting, which provides both
aesthetic and educational benefits. Ponds or
pond/wetland combinations should be considered
as a possibility where these opportunities exist.

Stormwater filtering systems have been developed
and used successfully in ultra-urban areas due to
their relatively small footprint and moderate
physical requirements (modest head requirements
and no soil restrictions). A number of filtering
systems have been developed for use in heavily
urbanized areas. These include the Delaware sand
filter, Austin sand filter, packed bed filter, leaf
compost filter, and vertical sand filter. Each of
these filters provides the same basic components:
(1) a sedimentation area to retain the largest
particles, which may clog the filter medium, and
(2) a filter chamber containing the filter medium,
that filters and removes soluble constituents. Most
stormwater filters are designed to treat only a
portion of a storm event, usually the WQV, and
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therefore are configured off-line. The Delaware
sand filter is an example of a stormwater BMP that
has been modified to fit into the ultra-urban
environment. Its shallow configuration, with the
sedimentation and filtration chambers below
ground but relatively accessible for periodic
maintenance, fits in well with the limited space
environment of ultra-urban areas.

Vegetated practices include technologies such as
grassy swales and filter strips. Vegetated swales
and filter strips are designed to capture and filter
runoff, with a portion of the runoff infiltrating into
the soil. Vegetation is used to enhance biological
uptake of stormwater constituents. These BMPs
can be easily used along roadway corridors and
require minimal maintenance (mowing to maintain
vegetation at a certain height). Buffer strips of
only a few meters can remove a significant amount
of suspended constituents from highway runoff
(Yu et al., 1995).

Manufactured/pretreatment technologies include
water quality inlet BMPs such as oil/grit
separators, water quality access holes, and catch
basin inserts. Water quality inlets typically use
detention to enhance removal of both coarse and
fine sediments, trap debris and trash, and separate
oil and grease from the runoff. Though most of
these technologies are well suited to the ultra-
urban environment due to their minimal space
requirements and physical restrictions, only limited
independent evaluation of these technologies has
been performed to date. To maintain their
effectiveness, provisions must be made for
frequent cleaning and inspection. FHWA has
previously not recommended the use of water
quality inlet BMPs such as oil/grit separators for
highway applications, although they may perform
adequately in maintenance yards with proper
maintenance after installation. Finally, many states
recommend they be considered only for
pretreatment applications or as a last alternative.

Porous pavements are included in the category of
infiltration technologies but are unique in their
design. While conventional pavement results in
increased runoff, porous pavements allow
stormwater to percolate through the pavement and
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infiltrate into the soil below. Porous asphalt,
concrete, and interlocking paving stones allow
streets, parking lots, sidewalks and other
impervious surfaces to retain their natural
infiltrative capacity, while also providing the
functional features necessary for automobile and
pedestrian traffic. Porous pavements must be
correctly sited, designed, and installed, as well as
periodically maintained, for them to function
properly over their life span. They continue to be
studied and evaluated to determine whether any
reduction in infiltrative capacity occurs over time
due to an accumulation of sediments; the longevity
of porous materials is part of this evaluation.
Porous asphalt, concrete, and pavers have been
used in urban and ultra-urban areas. In the
highway setting, porous pavements could be used
on shoulders and rest areas or parking areas for
cars.

The second group of BMPs are viewed as
preventive measures and are to a large extent
associated with nonstructural practices.
Nonstructural measures, such as streetsweeping,
have been implemented in urban areas to reduce
constituent loadings in stormwater runoff, thereby
reducing the need for more expensive structural
measures. In a study of stormwater characteristics
for various land uses in the city of Austin (City of
Austin, 1990), constituent median EMCs were
reduced in areas where streetsweeping occurred at
least once per week, versus those areas that did not
receive maintenance. Street sweeping
technologies, adapted from those used to remove
spilled coal and coal dust from along railroad
tracks, have recently been used in stormwater
management applications and may reduce the need
for more expensive structural controls.

The feasibility of various BMP technologies in the
ultra-urban environment is limited by particular
design considerations specific to each site.
Conventional structural BMPs, such as extended
detention dry ponds, wet ponds, and infiltration
basins are often impractical to implement in ultra-
urban environments. With older cities frequently
located in river valleys, high water tables and the
prevalence of marine clays may preclude the use of
infiltration technologies (Bell, 1996). These
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limitations have generated modifications to
existing structural BMPs, and in some cases have
led to the design of new BMPs that can properly
treat or dispose of urban stormwater constituents.

2.2.4 Ultra-Urban Design
Considerations

Design considerations determined by the physical
characteristics of ultra-urban areas fall into several
categories. The considerations for a given ultra-
urban site include:

o Space limitations.

o Economic considerations.

o Conflicts with existing utilities.

o Safety issues.

o Maintenance requirements for BMPs.

Space Limitations: The limited space available for
BMPs can be a result of physical limitations,
particularly in retrofit situations where no prior
planning for BMP requirements has been
performed. Build-out conditions usually exist in
metropolitan areas, particularly in older business
districts of the cities. Lot line-to-lot line structures
are the norm, leaving limited space available for
BMP implementation. BMPs are frequently
located below ground, often the only appropriate
and cost-effective location in ultra-urban areas.

Retrofitting an existing stormwater conveyance
system with a water quality BMP involves
designing the BMP to fit in with the existing storm
drain system. Existing hydraulic gradients
between source areas and final discharge to the
receiving stream may limit the type of BMP
feasible for a specific site. Some BMPs, such as
filtering systems, have modest head requirements
that can fit into the existing hydraulic gradient of
the storm drain system. Head requirements for
other BMPs might preclude their application in
certain areas.

Economic considerations associated with BMP
implementation often determine whether to locate
installations below ground. Since there is less land
available, property values are at a premium. The
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. |
Economic Considerations

A wet pond in Northern Virginia designed to
treat 0.4 ha (1 ac) of impervious cover would be
required to have a permanent pool volume of
approximately 154 m? (5,500 ft*). With an
average depth of 1.5 m (5 ft), the pool would
require approximately 102 m? (1,100 ft?).
Factoring in the need for side slopes, storm
storage, buffer, access, etc., an area of
approximately 232 m? (2,500 ft?) would be
necessary. With typical real estate values in the
city of Alexandria of $430 per square meter ($40
per square foot), the real estate value alone of
the site would be $100,000. A $25,000
underground sand filter (with no real estate cost
since it can be located under a parking lot)
appears a very attractive alternative in this
situation (Bell, 1996). As a rule, maintenance
requirements should also be factored into any
evaluation of BMP options.

cost of real estate in areas of high land values and
the lost opportunity costs of additional
development that must be given up for
conventional BMPs located at the surface
frequently outweigh the cost of more expensive
BMP options such as sand filters. Property values
typically are over $215 per square meter ($20 per
square foot) in ultra-urban areas (Bell, 1996).
Right-of-way width for highways implemented in
ultra-urban areas is usually minimized to reduce
land requirements. This practice results in limited
space available for stormwater BMP
implementation. An example illustrating
economic considerations in determining the
feasibility of various BMP options is shown in the
adjacent box.

Locating BMPs below ground may require
additional structural measures to ensure stormwater
management structures can withstand vehicular
traffic in areas where they are implemented.
Delaware sand filters are typically designed to be
located along the periphery of parking areas.
Alaska Marine Lines located Delaware sand filters
along the perimeter of a paved area used to ship,
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BMP Installation Costs

The installation of a full-scale multichambered
treatment tank (MCTT) at a public works garage
in Milwaukee, Wisconsin, was designed to
withstand very heavy vehicles driving over the
unit. Though construction estimates were
$54,000, the actual cost of the unit was
$72,000, due in part to the need for additional
structural reinforcing and the uncertainties
associated with construction of a new device by
contractors (Pitt, 1996).

handle, and store cargo containers. Concrete lids
(AASHTO H-20) are segmented for ease in
removal and cover the complete trench area, with
vertical scuppers for stormwater inflow. The lid
material is designed to withstand loadings from
pedestrians, bicycles, and occasional light vehicles
(Spearman and Beard, 1995). An example
illustrating the economic considerations resulting
from additional structural measures is provided in
the adjacent box.

Conflicts with existing utilities may also limit
opportunities for BMP installation. Utilities are
frequently located below ground, which may also
be the only feasible location for stormwater BMPs.
In ultra-urban environments, water and sewer
piping, natural gas lines, and telephone and
electrical conduits are frequently located in rights-
of-way, also.often the only available space for a
BMP. The BMP might need to be modified to fit
into the space available without disrupting existing
utilities, incurring additional design costs. Or the
utilities might need to be relocated in order to
install the BMP, adding to the construction cost of
the installation.

Two main factors concerning safety issues should
be considered in evaluating the feasibility of
various BMP options. First, ultra-urban areas are
heavily populated, adding to safety concerns when
considering potential BMPs such as ponds,
wetlands, and surface sand filters. These open
surface systems may require additional measures
such as fencing to ensure the safety of the public.
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Second, locating BMPs underground, often the
only feasible location in ultra-urban environments,
presents additional maintenance requirements that
trigger worker safety regulatory requirements.
Depending on the type of BMP, these installations
may be considered confined spaces. Confined
spaces have specific requirements to ensure safe
access to the unit, which must be followed each
time the BMP is inspected or maintenance is
performed.

Maintenance requirements must be carefully
planned and implemented when BMPs are located
completely below the surface and access is limited
to access hole openings or the removal of concrete
panels. As previously mentioned, underground
BMPs may be considered confined spaces and
require additional measures to ensure safe access
for inspection or maintenance. Due to these
potential restrictions or additional measures, BMP
technologies that require periodic maintenance on
an annual or semiannual basis are often preferred
to those requiring more frequent maintenance
efforts. Difficulty in performing the maintenance
(increased level of effort) increases the cost of the
required maintenance.

Stormwater management in the ultra-urban
environment is determined by a number of
different factors, including runoff characteristics,
site design considerations, and the feasibility of
implementing various BMP options based on these
considerations. These factors are interdependent
and may restrict the types of BMPs that can be
implemented in a given location. The site design
considerations and management issues related to
each particular site must be analyzed and
prioritized to provide sufficient information to
evaluate the feasibility of various BMP options.
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3. BEST MANAGEMENT PRACTICES IN AN ULTRA-
URBAN SETTING

Stormwater BMPs, both structural and
nonstructural, have been used to mitigate the
effects of stormwater runoff on receiving water
bodies. Structural BMP techniques operate by
trapping and detaining runoff so that stormwater
constituents settle out or are filtered and trapped by
the underlying soil or media. The basic
mechanisms for removal of constituents are gravity
settling, infiltration of soluble nutrients through the
soil profile or filter media, or biological and
chemical processes. Structural BMPs might use
one or more of these mechanisms to achieve
constituent removal from stormwater runoff.
Nonstructural BMPs are typically “source control”
measures, designed to reduce the level of
contaminants and their concentrations in
stormwater runoff.

3.1 OVERVIEW OF BMPs

This chapter presents design guidance to evaluate
the different types of BMPs, both structural and
nonstructural, and their applicability for a given
ultra-urban site. The different BMP technologies
have been grouped according to primary treatment
mechanisms. The sections are outlined below:

Structural BMPs

3.2 - Infiltration Practices/Bioretention

3.3 - Detention and Retention/Wetland Practices
3.4 - Filtration Practices/Sand Filters

3.5 - Vegetated Swales/Filter Strips

3.6 - Water Quality Inlets

3.7 - Porous Pavements

Nonstructural BMPs

3.8 - Streetsweeping
3.9 - Other nonstructural BMPs (source control)

New and Innovative Practices

3.10 - New and Innovative Practices
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Most of the sections contain summary “fact sheets”
that give key information on specific BMP
technologies and include carefully collected data
on applicability, effectiveness, siting and design
considerations, maintenance considerations, and
cost considerations. The BMP technologies
highlighted in the fact sheets are directly applicable
to ultra-urban settings or areas directly connected
to roadways.

These factors were used to distinguish BMPs
applicable to ultra-urban settings and BMPs for
urban areas that are applicable, under certain
circumstances, to ultra-urban settings:

o

Limited space available for BMP
implementation (less than 0.5 ha [1 ac]).

Drainage area imperviousness greater than 50
percent.

Property value of land over $215 per square
meter ($20 per square foot).

Location of BMP in right-of-way (only
available space).

Existence of build-out conditions at the site
(lot-line to lot-line development).

Table 3 provides a brief summary of each of the
BMP technologies covered within each section of
Chapter 3. The table indicates whether the
information has been presented in a fact sheet
format or is provided as part of the section, and
whether case study evaluations are also presented.
Citations are provided within each section for easy
reference to detailed design procedures (if
applicable), design detail specifications, and
studies where technologies have been evaluated.
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Table 3. Overview of BMPs

Secti Treatment Common Technologies Addressed/
ection N N
Mechanism Characteristics  Fact Sheet (FS) or Case Study (CS)

Structural BMPs

3.2 - Infiltration adsorption, adequate soil Infiltration Trenches (FS) (CS)
Practices/Bioretention bnodggraQatuon, media critical Infiltration Basins (FS)

precipitation
Bioretention (FS)

3.3- Detention and particulate adequate Detention Ponds (FS) (CS)
Retention/Wetland  settling and hydrology and Wetlands/Shallow Marsh Systems (FS)
Practices biological soils required for

filtering retention/wetland Detention Tanks and Vaults (FS)
(wetlands) s
3.4 - Filtration straining, effective Underground Filters (FS) (CS)
Practices/Sand Filters adsorptlon, suspended solids Surface Filters (FS)
chemical removal
transformation, Organic Media Filters (FS) (CS)
microbial
decomposition
3.5- Vegetated infiltration, low cost, easy to Dry and Wet Swales (FS) (CS)
Swales/Filter Strips filtration, install . .
adsorption Vegetated Filter Strips (FS) (CS)
3.6 - Water Quality Inlets settling mainly Oil-Grit Separators (FS)
pretreatment Catch Basin Inserts (FS)
Manufactured Systems (FS)
3.7- Porous Pavements infiltration regular Porous Pavement (FS)
maintenance
essential to
prevent clogging
Nonstructural BMPs
3.8 - Streetsweeping physical can be Street Sweepers (FS) (CS)
removal of implemented as
surface build- part of a
up community-wide

3.9- Other Nonstructural  source control ~ Program
BMPs

New and Innovative Practices

3.10 - New and Innovative various under Alum Injection Systems, Multi-Chamber

Practices

development

Treatment Train (MCTT), Vegetated
Rock Filters, Vertical Filter Systems

20




3. Best Management Practices in an Ultra-Urban Setting

Federal Highway Administration

Monitoring studies evaluating the effectiveness
of various BMP technologies have been
collected to provide original information on the
effectiveness of the different BMPs. Figure 2
illustrates the location of the various ultra-urban
monitoring studies collected during the literature
search process. For illustrative purposes only,
these BMPs have been grouped into general
categories based on their treatment mechanisms.
The categories are filtration systems (e.g., sand
and organic media filters); infiltration practices
(e.g., infiltration trenches and porous
pavements); ponds and wetlands; swales and
filter strips; and manufactured/pretreatment
BMPs. These studies are in-depth reviews of
specific BMPs or components of BMPs. Less
than 10 percent of the BMP studies included an
evaluation of the larger treatment system, where

more than one BMP was used in series. Most of
the monitoring studies have been concentrated in
four areas of the country: Florida; City of Austin,
Texas; Washington, D.C. metro area (including
Maryland and northern Virginia); and the Puget
Sound Region, Washington. Variations in
geographic location, climatic conditions, and
physical site constraints may have a significant
impact on the results of the monitoring
evaluations. When reviewing BMP information,
it is advisable to consider the location and sites
where they were designed and developed.

Nonstructural BMPs are presented in Section
3.9. These BMPs are typically “source control”
measures and may include land use planning,
materials management practices, infrastructure
maintenance, and landscaping practices.
Nonstructural BMPs may help to minimize the
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M Greater Toronto, Canada
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Figure 2. Location of ultra-urban monitoring studies based on BMP type (number of
symbols indicates the number of BMP evaluations)
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need for more expensive structural controls.
They are often used together with structural
controls to help improve effectiveness.

Section 3.10 addresses new and innovative
practices for the ultra-urban environment.

These technologies have received some
preliminary evaluation, but the data are
insufficient at this time to provide the type of in-
depth discussion that is included in the fact
sheets presented in subsequent sections.

Table 4. Site considerations

Area Area Minimum Head Climate a
Typically | Required Requirement’ Significant
BMP Served (ha) | for BMP? | In Situ Soils (m) Configuration | Factor??
Structural BMPs
Infiltration Trench 0.8-1.6 2-4% dependent 0.9-2.4 off-line/on-line Yes
Infiltration Basin 0.8-8.0 2-4% dependent 0.9-1.2 off-line Yes
Bioretention 0.4-20.0 4-10% independent® 0.6-1.2 off-line/on-line Yes
Detention Ponds 0.8 min 10-20% | independent 0.9-1.8 on-line No
Wetlands 0.4 min 10% dependent 0.3-24 off-line/on-line Yes
Detention Tanks* 0.4-0.8 0.5-1% independent 1.5-2.4 off-line No
pnderground Sand 0.8-2.0 2:3% | independent 0.3-2.4 off-line No
Surface Sand Filters 0.8-2.0 2-3% independent 1.5-24 off-line Yes
Organic Media Filters 0.8-2.0 2-3% independent 1.5-2.4 off-line Yes
Vegetated Swales 0.8-1.6 10-20% dependent 0.6-1.8 on-line Yes
Vegetated Filter Strips <2 25%5 dependent negligible on-line Yes
Oil-Grit Separators 0.4-0.8 <1% independent 0.9-1.8 on-line No
Catch Basin Inserts <04 None independent 0.3-0.6 on-line None
Manufactured Systems 0.4-4 None independent 12 on-line None
Porous Pavements 0.8-1.6 NA dependent NA NA Yes
Nonstructural BMPs
Streetsweeping NA NA independent NA NA No
New and Innovative Practices

Alum Injection 20-80 <1% independent 0 on-line No
MCTT 0.1-1.0 0.5-1.5 independent 1.2-1.8 off-line Yes
g{gfﬁfe(a‘i'g;stem) 0.8-2.0 2% | independent 1218 off-line Yes
Vegetated Rock Filters 0.8-2.0 3-5%° independent 0.6-1.2 off-line Yes

NA = Not Applicable or Not Available
Adapted from Claytor and Schueler, 1996; Young et al., 1996; and others.
Either the depth of water in the typical design or the total drop in water level for flow-through designs.

N O 0 s WO N
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Climate issues to consider include prolonged drought and freeze periods.
When equipped with an underdrain system.
Based on storage of 12.7 mm (0.5 in) of runoff per acre of imperviousness.
Minimum recommended for best treatment efficiency.
Does not include pretreatment/equalization units required for the design.
Expressed as a percent of the total drainage area, can be modified to accommodate ultra-urban conditions.




3. Best Management Practices in an Ultra-Urban Setting

Federal Highway Administration

These technologies, for the most part, appear
promising, and ongoing evaluations may provide
confirmation of effective performance. For
example, the multi-chamber treatment train
(MCTT) has been piloted in a full-scale field
setting, with promising results. The monitoring
results from an installation at a public works
garage in Milwaukee, Wisconsin, should provide
additional verification of performance.

To help those involved in the BMP selection
process, summary tables (Tables 4, 5, and 6)
have been developed to assist in comparing and
evaluating the various limitations, constituent
removal capabilities, and site criteria associated
with different BMP technologies. These tables
will also be useful in applying the BMP selection

process outlined in Chapter 6.

Table S. Management considerations

Capital
BMP Costs O&M Costs | Maintenance | Training' | Effective Life?
Structural BMPs
. Moderate to Sediment/
Infiltration Trench High Moderate debris removal Moderate 10-15 years
5-10 years
Infiltration Basin Moderate Moderate Mowing Low before deep
tilling required
Mowing/
Bioretention Moderate Low plant Low 5-20 years®
replacement
Detention Ponds Moderate Low . Annugl Low 20-50 years
inspection
Annual
Wetlands Mode-_rate to Moderate inspection/ Low 20-50 years
High plant
replacement
Detention Tanks Moderate to High Frequent | \/-derate 50-100
High cleanout
Underground Sand . . Annual media
Filters High High removal Moderate 5-20 years
Biannual
Surface Sand Filters Moderate Moderate media Low 5-20 years
cleanout
Organic Media Filters High High Annual media | ) 5-20 years
removal
Vegetated Swales Low Low Mowing Low 5-20 years
Vegetated Filter Strips Low Low Mowing Low 20-50 years
oA . Frequent
Oil-Grit Separators Moderate High cleanout Moderate 50-100 years
. Moderate to Frequent
Catch Basin Inserts Low High cleanout Low 10-20 years
Manufactured Periodic
Systems Moderate Moderate cleanout Low 50-100 years
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Table S. (Continued)
Capital
BMP Costs O&M Costs | Maintenance | Training' | Effective Life?
Structural BMPs (continued)
Semi-annual
Porous Pavements Low Moderate vacuum Low 15-20 years
cleaning
Nonstructural BMPs
Streetsweeping Moderate | NA NA Low 4-8 years
New and Innovative Practices
Periodic
Alum Injection Moderate Moderate chemical Low 5-20 years*
resupply
Sand filter
cleaning &
MCTT High High replacement of Low 5-20 years*
oil absorbant
material
Regular
Biofilters (e.g cleanout of
StormTreat.S‘,stem) Moderate Moderate accumulated Low 5-20 years*
Y sediment/
floatables
Regular
Vegetated Rock Filters High High inspection and Low 5-20 years
cleanout

NA = Not Applicable or Not Available

Adapted from Young et al., 1996; Claytor and Schueler, 1996; USEPA, 1993; and others.

' In confined space entry is required, then training is placed at a moderate level; otherwise, training
requirements are low.

2 Assumes regular maintenance, occasional removal of accumulated materials, and removal of any
clogged media.

3 As a relatively new BMP, the effective life is uncertain. It is reasonable to assume an effective life
at least as long as a vegetated swale.

* Estimated based on best professional judgement.
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Table 6. Pollutant removal effectiveness (%)

Oil &
BMP TSS TP TN NO, | Metals | Bacteria | Grease | TPH References
Structural BMPs

;f‘i':;‘:?“ 7599 [ 5075 | 45.70 | NA | 7599 | 7598 | NA | 75 |Youngetal (1996)

Infiltration Basin' | 75-99 | 50-70 | 45-70 NA 50-90 75-98 NA 75 |Young et al. (1996)

Bioretention' 75 | 50 50 NA |[75-80 | NA NA | 75 Z’gg; George's County
City of Austin (1990);
City of Austin (1995);
Harper & Herr (1993);

Detention y ’ ] Gain (1996);Martin &

Ponds® 46-98 | 20-94 | 28-50 | 24-60 | 24-89 NA NA NA Smoot (1986):Young et
al. (1996); Yu &
Benelmouffok (1988);
Yu et al. (1993 & 1994)

Wetlands 65 25 20 NA 35-65 NA NA NA | USEPA (1993)

Detention Tanks NA NA NA NA NA NA NA NA

Underground Bell et al. (1995);

Sand Filters 70-90 | 43-70 | 30-50 NA 22-91 NA NA NA | Horner & Horner(1995);
Young et al. (1996)
City of Austin (1990);

:L,'t:f:e Sand 1759 | 27.80 | 27-71 | 0-23 | 33-91 NA NA | NA [Welborn & Veenhuis
(1987)
Claytor and Schueler

Qrganlc Media 00-95 | 49 55 NA 48-90 90 90 20 (1996); Stewart (1992);

Filters Stormwater
Management (1994)
City of Austin (1995);
Claytor and Schueler
(1996); Kahn et al.

\S’:%?;Z‘ed 3090|2085 | 050 | NA [ 090 | NA 75 | NA [(1992); Yousef et al.
(1985); Yu & Kaighn
(1995); Yu et al. (1993
& 1994)

Vegetated Filter . y y ] Yu and Kaighn (1992);

Strips 27-70 | 20-40 | 20-40 NA 2-80 NA NA NA Young et al. (1996)

Qil-Grit

Separators 20-40| <10 <10 NA <10 NA 50-80 NA |Young et al. (1996)

Catch Basin .

Inserts NA NA NA NA NA NA up to 90 | NA | King County (1995)

Manufactured NA NA NA A

Systems N NA NA upto 96 | NA |Bryant et al. (1995)
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Table 6. (Continued)
Oil &
BMP TSS TP TN NO; |Metals | Bacteria | Grease | TPH References
Structural BMPs (continued)
Porous MWCOG (1983);
Pavements 82-95 | 60-71 | 80-85 NA 33-99 NA NA NA |Hogland et al. (1987);
Young et al. (1996)
Nonstructural BMPs
Streetsweeping? | 55-93 | 40-74 | 42-77 | NA | 35-85 NA NA NA [NVPDC (1992)
New and Innovative Practices
Alum Injection NA 89 78 14 NA NA NA NA |Harper (1990)°
MCTT 83 NA NA 14 95 NA NA NA | Pitt (1996)
Biofilters (e.g.,
StormTreat 95 89 NA NA 65-98 83 NA NA |Allard et al. (1996)
System)
pogetatedRock | o5 | 82 | 75 | Na |2180| 78 NA | NA [DRMP (1995)

NA = Not Applicable or Not Available. Removal efficiencies may be based on either mass balance or average
concentration calculations. The values may originate from evaluation of multiple events or from long-term
monitoring. Ranges are provided wherever possible.
' Based on capture of 12.7 mm (0.5 in) of runoff volume. Effectiveness directly related to volume of captured runoff.
2 Typical values; actual performance strongly related to the type of equipment, cleaning frequency, and number of

passes.

3 Study examined improvement in water quality within the lake receiving alum-treated stormwater runoff.
4 Included are results for three different types of ponds: extended detention wet pond, wet pond, and extended
detention dry pond.
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3.2 INFILTRATION
PRACTICES/BIORETENTION

3.2.1 Description and Purpose

Bioretention areas, infiltration basins, and
infiltration trenches can be classified as infiltration
practices. Infiltration basins and trenches mainly
use the interaction of the chemical, physical, and
biological processes between soils and water to
filter out sediments and constituents from
stormwater. As an added dimension, bioretention
areas use the interaction of plants to enhance the
treatment process. Constituents are first absorbed,
filtered and transformed by the soil and then taken
up by the plant roots. In the ultra-urban
environment facilities that incorporate infiltration
may be off-line or on-line. Off-line facilities
usually capture and treat the “first flush” of
stormwater, which contains the highest
concentration of pollutants. Larger storm events
are diverted around the off-line infiltration facility,
perhaps into another management system such as
an extended detention pond. On-line facilities pass
all of the stormwater through the system.

If the in situ soils in an ultra-urban area possess
medium to high infiltration rates, infiltration
practices can be extremely effective ultra-urban
BMPs for the removal of pollutants, such as metals
and nutrients from the stormwater. Bioretention
areas and infiltration trenches can be used to serve
small drainage areas, or they can be installed in
larger drainage areas, such as roadway
interchanges, to manage large quantities of runoff.

One of the issues encountered with using
infiltration practices as ultra-urban BMPs is the
potential for groundwater contamination. Recent
research in Europe on a series of infiltration
systems that had been installed for 12 to 45 years
indicated roadway runoff can influence the
concentration of heavy metals and polyaromatic
hydrocarbons (PAHs) in the underlying soils.
However, this study also found that pollution
concentrations decline with depth in the soil
column, reaching background levels at soil depths
less than 1.5 m (4.9 ft). Furthermore, the
pollutants captured in the soil tended not to
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repartition back into infiltrating stormwater
(Mikkelsen et al., 1996). An earlier evaluation of
infiltrating stormwater in sandy soil in Florida
seems to confirm the capture of certain heavy
metals, particularly lead and zinc (McKenzie,
1988). However, where systems infiltrate directly
into highly permeable soil (gravelly) layers
without passing through fine-grain soil layers,
stormwater pollutants appear to have a greater
influence on surficial groundwater aquifers
(Adolfson Associates, 1995).

3.2.2 Design Alternatives

For each of the technologies discussed in the
previous section, testing of in situ soils must be
done to determine if the infiltration rates of the
soils are acceptable. It is important that infiltration
trenches and basins have sufficient clearance above
the seasonal high groundwater level and any
impermeable soil layers (e.g., fragipans). Captured
stormwater must be able to infiltrate through all
soil layers so that the system will drain before the
next storm event. Bioretention area designs are
also affected by groundwater levels and in situ
soils. However, if there is insufficient clearance
above the groundwater or an impermeable soil
layer, underdrains can be installed to drain the
area.

In an ultra-urban setting, bioretention areas are
ideally suited to address water quality issues and
can be used for a range of drainage areas. A
bioretention area consists of a depressed planted
area that retains and infiltrates stormwater through
a carefully engineered soil that is typically 1.22 m
(4 ft) deep. The depressed area is heavily planted
with trees, shrubs, and groundcovers that can
withstand urban conditions (e.g., heat, salt, drought
conditions) and tolerate frequent inundation. The
planted vegetation provides a number of benefits,
including a habitat area for urban wildlife.
Pretreatment of stormwater flowing into
bioretention areas is recommended to remove large
debris, trash, and sand.

Infiltration trenches are used primarily to provide
water quality treatment for small drainage areas.
They can be sited in roadway medians or adjacent
to rights-of-way. The trench is filled with large
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stones, 25 to 75 mm (1 to 3 in) in diameter. The
stormwater is stored in the pore space between the
stones and then slowly infiltrates into the soils
below. The depth of the stones is typically from
1.2t0 2.4 m (4 to 8 ft). Stormwater enters the
trench either by sheet flow across the top of the
stones or from the outfall of a storm drain system.
It is recommended that some type of pretreatment
of stormwater, such as a sand filter or oil grit
separator, be used to remove sediments from the
system. Sediments can reduce the storage capacity
and clog the pore spaces of the subsoils, which
reduces the infiltration rate into the trench.

Infiltration basins are typically used to manage
large volumes of stormwater. Due to the amount of
space required, particularly for excavation,
infiltration basins typically are limited to roadway
interchanges and large residual parcels of land in
the right-of-way and may not be suitable for ultra-
urban areas. It is recommended that some type of
pretreatment, such as buffer strips or a dry, grassed
swale, be used to remove sediments from the
system.
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An infiltration trench is an excavated trench that
has been lined and backfilled with stone to form a
subsurface basin. Stormwater runoff is diverted
into the trench and is stored until it can infiltrate
into the soil, usually over a period of several days.
Infiltration trenches are very adaptable BMPs, and
the availability of many practical configurations
make it ideal for small (less than 4 ha [10 ac])
urban drainage areas, such as ultra-urban sites.
Infiltration trenches can be either on-line or off-
line systems. They are most effective and have a
longer life cycle when some type of pretreatment is
included in their design. Pretreatment may include
techniques such as vegetated filter strips or grassed
swales.

Infiltration trenches provide the majority of
treatment by processes related to soil infiltration,
which include sorption, precipitation, trapping,
filtering, and bacterial degradation. That the soils
surrounding infiltration trenches are effective
filters is best indicated by the tendency for these
soils to clog if heavily loaded with oil, grease, and
sediment. The extent of sorption and filtration is a
function of the soil type; for example, highly
permeable soils (i.e., sandy soils) usually have low
cation exchange capacities (CECs, or the affinity
for capturing positively charged pollutants).
However, as an infiltration trench is used, fine
material suspended in stormwater is captured
within the natural soil, creating a more effective
filtering matrix and increasing the pollutant
removal. Based on the limited information
available on chemical/biological changes in the
soils surrounding infiltration trenches, the
soil/stormwater interaction is complicated and site
specific. It is difficult to generalize regarding the
extent to which the soils operate aerobically or
anaerobically.

APPLICABILITY

Infiltration trenches are appropriate for ultra-urban
applications, particularly subsurface designs that
are covered with grating or pavement (Figure 3).
Essentially all of the surface above a subsurface
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infiltration trench can be used as parking or public
areas. Unfortunately, subsurface infiltration
trenches are relatively expensive BMPs; the
expense is due to construction of an underground
vault, which must be placed among other
subsurface utilities. Surface trench designs can be
moderately expensive BMPs and can be easier to
construct and operate, but they require greater
space commitments because they are usually
combined with area-intensive pretreatment such as
grass filter strips (Figure 4). Surface infiltration
trench designs are better suited to roadside
application where space is at less of a premium.

Figures 3 and 4 indicate only two of many possible
configurations. Both of these configurations
illustrate the essential design features, which
include pretreatment of runoff to minimize
sediment loading, stormwater storage in a
subsurface trench filled with stone, and discharge
of all captured stormwater into underlying ground
layers.

Both configurations shown in Figures 3 and 4 are
complete trench designs or designs that discharge
all treated stormwater into a highly permeable
underlying soil trench. Where a complete trench
design is undesirable or not feasible, a partial
trench design can be employed to infiltrate only a
portion of the stormwater runoff. Partial trench
designs may incorporate an underdrain system
placed several feet below the invert to intercept
exfiltrating stormwater. This approach enables
trench placement where there are relatively
impermeable soils or there is a confining soil layer.
As an alternative, a partial trench design can
integrate a discharge pipe that limits the storage
depth in the trench and routes all surplus
stormwater to an outlet. The principal advantage of
this design is it permits diversion of high flows and
if the soils become clogged stormwater can still be
discharged. Partial trenches can also be used as off-
line facilities and can easily be retrofitted onto
existing subsurface storm drains.
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EFFECTIVENESS

For infiltration trenches, effectiveness is solely a
function of the amount of stormwater infiltrated;
that is, the only pollutants not treated are those
associated with the stormwater that bypasses the
trench and are not infiltrated. The pollutants
discharged to surficial groundwater aquifers are
not generally accounted for in reported removal
rates. Projected removal rates reported for two
different designs are shown in Table 7.

In variable climates, harsh winter temperatures can
freeze the water in infiltration trenches and
eliminate the ability of the trench to store and
infiltrate water. It is recommended that information
on the soil freeze depth be obtained and the trench
invert be located below this depth.

SITING AND DESIGN
CONSIDERATIONS

For most ultra-urban applications designers should
look for soils with high percolation rates below the
proposed trench invert, surficial groundwater
aquifers that are not used for drinking purposes,
and ample clearance over bedrock. A range of
recommendations have been made regarding the
minimum permeability of the soil surrounding the
infiltration trench; some suggest a minimum
infiltration rate of 12.7 mm/h (0.5 in/h) (Yu and
Kaighn, 1992; Schueler et al., 1992), but some
states accept minimum values of 6.9 mm/h

(0.27 in/h) (MDE, 1986). Minimum infiltration
rates between 6.9 and 12.7 mm/h (0.27 and 0.50
in/h) are usually associated with loamy sand, sandy
loam, loam, and silt loam texture soils; however,
site-specific infiltration rates are a function of more
than the soil texture. It is recommended that site-
specific infiltration be measured in soils located

below the proposed invert of the infiltration trench.
In addition, soils should be examined to a depth at
least 1.52 m (5 ft) below the proposed invert to
identify if there are any underlying impermeable
soil layers (clay lenses, fragipans, or hardpans). It
should be noted that ultra-urban developments are
frequently placed on disturbed cut/fill soils. This
greatly increases the importance of site-specific
infiltration testing.

Designs can be sized to manage a range of runoff
volumes to meet specific water quality and
quantity objectives. Small-scale units can be
designed just to manage the first flush runoff
volume; these designs are sometimes referred to as
water quality exfiltration systems. Conversely, the
size of the trench can be increased to significantly
decrease the postdevelopment runoff rates and
limit flooding.

While placing infiltration trenches in low
permeability soils is questionable, trench designs
can be made to work in lower infiltrating soils, but
the surface area or size of the trench may become
prohibitively large. Designers should note that the
invert of the infiltration trench should be at least
1.22 m (4 ft) above underlying bedrock and at least
1.22 to 2.44 m (4 to 8 ft) over the seasonal high
groundwater elevation (Yu and Kaighn, 1992).

The trench bottom should be rototilled after
excavation. The addition of a sand filter layer at
the trench bottom should be considered to facilitate
movement of water between the stone storage area
and the subgrade. Designers considering
application of infiltration trenches can roughly
estimate 121 m? (1300 ft?) of trench bottom area

(a 1.22 m [4 ft] deep trench) is needed to store 12.7
mm (0.5 in) of runoff from a 0.4 ha (1 ac)
impervious service area. In addition, the minimum
recommended drain time is 24 hours and the

Table 7. Estimated pollutant removal effectiveness for water quality trenches (%)

TSS TP TN Metals BOD Bacteria Comments
75 50-55 45-55 75-80 70 75 Capture of 12.7 mm (0.5 in) of runoff
(first flush)
90 60-70 55-60 85-90 80 90 Capture of 50.8 mm (2 in) of runoff

Source: Schueler (1987).
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maximum recommended drainage time is 72
hours. Finally, it is recommended that trenches
should be located a minimum of 3.05 m (10 ft)
downgradient and 30.5 m (100 ft) upgradient of
any buildings and the ground slope should be less
than 20 percent. There are several good sources
available for detailed design and construction
procedures and information, including Urban
Drainage Design Manual Hydraulic Engineering
Circular 22 (Brown et al., 1996), Evaluation and
Management of Highway Runoff Water Quality
(Young et al., 1996), and Maintenance of
Stormwater Management Structures (MDE, 1986).

MAINTENANCE
CONSIDERATIONS

If appropriate sediment removal pretreatment is not
provided, the life expectancy of an infiltration
trench may be only five years (Schueler et al.,
1992) due to the pore space and trench bottom
becoming clogged. With proper regular
maintenance, however, a trench may last as long as
10 or 15 years before major rehabilitation of the
trench is required (Schueler, 1987). Following
installation, frequent inspections are recommended
at first, but these can be decreased to twice per
year. These inspections should look into water
levels in the infiltration trench, clogging of inlets
or outlets, and accumulation of sediment in
upstream pretreatment units. Immediate failure of
the trench might occur if sediment is not directed
away from the trench area during construction.
Consequently, it is recommended that all upstream
areas be stabilized before the trench is constructed.

Failure of an infiltration trench is determined by
the continued presence of pooled water three days
after rainfall has ended. A failure of this type leads
to removal or replacement of part or all of the rock
backfill. Surface infiltration trench rehabilitation
can be estimated to cost approximately 20 percent
of the initial construction costs, whereas
rehabilitation of an underground trench can exceed
the initial construction cost (Young et al., 1996).
Clearly, proper, regular maintenance is essential to
avoid costly trench rehabilitation.

33

Numerous design features can simplify
maintenance. An example includes placing a filter
fabric on top of the rock media, which can easily
be stripped off when it is full of debris.

COST CONSIDERATIONS

Infiltration trenches are most cost-effective for
small drainage areas where space is at a premium
and the water quality storage volume is less than
280 m* (10,000 ft* or approximately 12.7 mm [0.5
in] of runoff from 2 ha [5 ac]). Trench
construction costs (1995 dollars) can be estimated
using the following equation where V is the
storage volume in cubic meters (Young et al.,
1996):

C=1317.1 V°&

This cost estimation is valid only for trenches that
have storage volume on the order of 280 m?
(10,000 ft*). This formula does not include the
cost of special inlets or grass filters for
pretreatment of runoff but does include costs for
excavation, backfill, filter cloth, inlet and outlet
pipes, and fixtures.
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Figure 3. Underground trench with oil/grit chamber (adapted from Schueler, 1987)
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An infiltration basin is a shallow depression
created by excavation or berming that captures
stormwater and stores it until it can infiltrate into
the soil (Figure 5). Infiltration basins typically
serve drainage areas from 2 to 20 ha (5 to 50 ac).
In an ultra-urban setting it is strongly
recommended that they be used in an off-line
configuration because sediment accumulation and
particulates from stormwater runoff can clog the
system. The principal advantages of infiltration
basins are that they help preserve the natural water
balance of a site, they can serve large or small
developments, and they can be integrated into a
site’s landscaping or open space. If the area served
is less than 2 ha (5 ac), an infiltration trench is
usually the preferred BMP.

Infiltration basins provide the majority of treatment
by processes related to soil infiltration, which
include absorption, precipitation, trapping,
straining, and bacterial degradation. That the soils
below infiltration basins are effective filters is best
indicated by the tendency for these soils to clog if
heavily loaded with oil, grease, and sediment. The
extent of sorption and filtration is a function of the
soil type; for example, highly permeable soils (i.e.,
sandy soils) usually have low cation exchange
capacities (CECs, or the affinity for capturing
positively charged pollutants). The majority of
infiltration basins are placed in highly permeable
soils. However, as the basin is used, fine material
suspended in stormwater is captured within the
natural soil, creating a more effective straining
matrix and potentially increasing pollutant
removal. There is limited information available on
chemical/biological changes in the soils
surrounding infiltration basins and the extent to
which the soils operate aerobically and
anaerobically.

APPLICABILITY

Infiltration basins are appropriate only where there
is ample room for installation. The basin can
occupy an area between two and four percent of
the upstream impervious area, but can be placed in
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confined spaces if necessary. These facilities are
ideal for siting in interchanges and areas adjacent
to roadways. The primary highway application for
an infiltration basin is along roadways where
runoff conveyed in a grassed swale can be diverted
into the basin in areas where groundwater is not
used for drinking purposes.

Infiltration basins are a relatively inflexible BMP
primarily because a successful design requires soils
with a reasonably high infiltration rate. If a high-
infiltration-rate soil is not present, then the surface
of the basin will become prohibitively large. If the
proper soils are present, the designer is free to
establish the basin width and length based on local
constraints. Infiltration basins can be any shape; in
fact, many review agencies are advocating
nonrectangular shapes, which create aesthetically
pleasing earth forms. Infiltration basins add an
aesthetic value to roadside areas as long as they are
maintained and litter and debris are regularly
removed.

EFFECTIVENESS

Effectiveness is a function of the fraction of
stormwater infiltrated. The amount of stormwater
that bypasses the system due to overflow during
large storm events or that cannot be absorbed by
the system determines infiltration effectiveness. To
date, only limited data are available on the
intensity and amount of pollutants discharged to
surficial groundwater aquifers from infiltration
basins. Removal rates (in percent) reported for
three different design sizes are shown in Table 8.

In variable climates, harsh winter temperatures can
freeze the infiltration basins and when frozen,
infiltration basins will not provide pollutant
removal. Local meteorologic records should be
obtained to verify the mean monthly average low
temperature remains above freezing.
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Table 8. Estimated pollutant removal effectiveness for infiltration basins (%)

TSS TP TN Metals BOD Bacteria Comments
75 50-55 45-55 75-80 70 75 Capture of 12.7 mm (0.5 in) of
runoff (first flush)

99 65-75 60-70 95-99 80 90 Capture of 25.4 mm (1 in) of runoff

90 60-70 55-60 85-90 80 90 Capture of 50.8 mm (2 in) of runoff
Source: Schueler (1987).

benefits: the detention pond provides pretreatment

SITING AND DESIGN for the basin and provides flood protection, and the
CONSIDERATIONS infiltration basin can be located off-line, where it is

Infiltration basins can be installed where there is

sufficient surface area and soil infiltration capacity.

Given the general lack of open surface area in the
ultra-urban setting, infiltration trenches are
generally more applicable than infiltration basins.
However, infiltration basins can be employed
wherever large redevelopment efforts are planned
or along roadways where there is sufficient right-
of-way available.

Groundwater is one key issue in siting infiltration
basins. For ultra-urban applications, the surface
aquifer under many municipalities is not used as a
drinking water source, however, in some areas it is
the surface aquifer directly connected to a drinking
water aquifer. Nevertheless, most states or
municipalities have developed rules regarding the
placement of any facilities that discharge to the
groundwater, which must be researched by the
designer. As a general rule a minimum buffer
between the basin invert and the seasonal high
groundwater level of 0.6 to 1.2 m (2 to 4 ft) is
typically used in the eastern United States in areas
where water table depths are relatively shallow,
while 3 m (10 ft) is the buffer distance used in
some western states (Dorman et al., 1996).

Infiltration basins can be designed in a number of
ways. Often, infiltration basins are designed as
stand-alone facilities to provide water quality
management—a design that infiltrates the 2-year
runoff event. As an alternative, infiltration basins
are sometimes combined with detention ponds to
provide both stormwater quality and quantity
management. This arrangement yields multiple
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protected from high flows (Young et al., 1996).

Pretreatment is considered crucial to sustaining the
performance of infiltration basins; infiltration
basins are often preceded by detention ponds,
grassed swales, and filter strips. Additional design
examples and information can be found in Urban
Drainage Design Manual Hydraulic Engineering
Circular 22 (Brown et al., 1996), Evaluation and
Management of Highway Runoff Water Quality
(Young et al., 1996), and Design and Construction
of Urban Stormwater Management Systems
(ASCE, 1992).

The performance of infiltration basins can be
improved by keeping the infiltration area large,
ensuring the bottom is flat, and vegetating with a
dense turf of water-tolerant grass (Livingston,
1995). The actual size of the basin footprint is
dependent on long-term meteorologic trends, the
site’s demonstrated minimum infiltration rate, and
the dewatering time.

Construction activities will greatly affect the
performance of infiltration basins and the potential
for failure. It is critical to install the basin only
after the construction site has been stabilized to
minimize introduction of fine sediment into the
basin. In one study, approximately 40 percent of
the investigated basins had partially or totally
clogged within their first few years of operation.
Many of these systems failed almost immediately
after construction (MDE, 1986). During
excavation, compaction of the bottom and sides of
the infiltration basin must be minimized by using
vehicles equipped with oversized tires. The
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infiltration basin should be marked off or bermed
prior to any construction activity to ensure vehicle
entrance to the footprint area is not possible.

MAINTENANCE
CONSIDERATIONS

Routine and nonroutine maintenance is required to
keep infiltration basins operating effectively.
Infiltration basins should be inspected following
major storms, especially in the first few months
after construction. If stormwater remains in the
system beyond the design drawdown time
(typically 72 to 96 hours), either the infiltration
capacity was overestimated or maintenance is
needed.

Routine, periodic maintenance typically involves
moderate costs. Periodic maintenance includes
removing debris (litter, leaves, brush), mowing the
sides and bottom once growth exceeds 0.3 m (12
in) in height, and revegetating eroded or barren
areas. However, mowing is not necessary to
maintain performance. If mowed, grass clippings
should be removed to prevent clogging of the
surface. It is recommended that the side wall slope
be 3 (horizontal) to 1 (vertical) or flatter to help
sustain vegetation, permit access for maintenance,
and ensure public safety and ease of mowing.
However, side slopes of 2:1 have been used
successfully.

Occasionally, nonroutine maintenance or basin
rehabilitation may be required, which can be
costly, if clogging occurs. As a part of nonroutine
maintenance, deep tilling every 5 to 10 years to
break up the clogged surface layers followed by
regrading and revegetating is recommended. This
may include removing any accumulated sediment;
sediment removal should be performed only when
the soil surface is in a very dry condition to avoid
compaction of the basin bottom (Livingston,
1995). For infiltration basins it is important to
avoid the use of herbicides and fertilizers on
grassed portions of the strip since these
applications can directly contribute undesirable
pollutants to waterways.
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COST CONSIDERATIONS

Infiltration basins are moderate-cost BMPs. The
principal cost to install relates to earth moving and
construction costs and installation of inlet systems.
The construction cost can be estimated from the
following equation, where V is the volume of
stormwater managed in cubic meters (Schueler,

1987):
0.69

30 Y

0.02832

Note that the cost estimate obtained should be used
for conceptual cost estimating only and is in terms
of 1995 dollars.
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Figure 5. Schematic of an infiltration basin design (Young et al., 1996)
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Bioretention was developed as an innovative
approach in the ultra-urban environment.
Bioretention areas (BAs) are easy to construct and
require less infrastructure maintenance than many
other BMPs. In addition to their well-accepted
aesthetic value, BAs can be tailored in design and
location to fit into the ultra-urban landscape.

Water quality improvements result from
sedimentation, filtration, soil adsorption, microbial
decay processes, and the uptake of pollutants by
plants. The use of vegetation in BAs is modeled
from the properties of a terrestrial forest
community—an ecosystem dominated by mature
trees, subcanopy of understory trees, shrubs, and
herbaceous plants. Plants are selected based on
their tolerance to varying hydrologic conditions,
soil and pH requirements, and general
characteristics like aesthetics. An additional
important feature of bioretention is the soil in the
system, which contains a mixture of detritus,
humus, and mineral and biological complexes.
The soil layer and the microbes living in the soil
enhance infiltration, groundwater recharge, and
nitrogen and metals removal; provide valuable
water and nutrients for plant growth; and provide
oxygen for plant root metabolism and growth.

BAs consist of a flow-regulating structure that
processes inflow passing through a shallow
depressed planted area containing ground cover
(low-lying plant growth or an organic mulch), a
planting soil supporting a range of facultative plant
types, and a bottom support soil layer. Each of
these features has a specificrole in stormwater
pollutantremoval (Figure 6).

APPLICABILITY

BAs have unique features that make them
attractive for use in the ultra-urban environment.
They have the ability to fit in existing or proposed
medians or grassy areas along streets and parking
lots. In addition, by disposing of a significant
volume of annual rainfall on-site, BAs may reduce
the infrastructure costs required to collect and
convey the runoff off-site. BAs can also provide
benefits other than stormwater management,
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including creating green areas and natural habitat.
For facilities placed in new developments, the land
area requirement and cost can be minimized if the
local jurisdiction considers BAs part of the
required vegetated open space set-aside or if
installed trees count against local landscaping and
tree coverage requirements.

EFFECTIVENESS

Limited monitoring of the effectiveness of BAs has
been completed to date although there are ongoing
monitoring efforts. Due to the similarity between
bioretention technology and dry swales, however,
the pollutant removal capability should be
comparable (Claytor and Schueler, 1996). For
planning purposes it is acceptable to anticipate
BAs will remove 50 percent of total phosphorus
(TP), 50 percent of total nitrogen (TN), between 75
and 80 percent of metals, and 75 percent of total
suspended solids (TSS). Based on the nature of
the planting soil and the facultative plants normally
installed, BAs should be capable of managing
some petroleum hydrocarbon concentrations
commonly encountered in urban settings.
Pretreatment is not considered crucial to the
removal performance of BAs except where there is
an atypically high level of pollutant loading, which
can harm the planted growth (i.e., heavy
commercial or industrial settings).

In variable climates, seasonal differences in
removal performance should be anticipated for
BAs, due to the growing and dormant periods of
plants. Fall and winter temperatures force
vegetation into dormancy, thereby reducing uptake
of some runoff pollutants. However, carefully
selected planting soil should provide significant
storage capacity for many common urban
pollutants during no/slow growth periods as long
as soil infiltration can occur. Freezing
temperatures greatly reduce infiltration in BAs and
inactivate the most important pollutant removal
mechanism.

BAs are intended to be water quality control
practices, but they can be employed as either an
on-line or off-line design. If BAs are employed as
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on-line facilities, design features must be
incorporated to ensure nonerosive flow velocities
exist within the BA. During these larger rainfall
events, BAs should provide marginal treatment of
the high flow volume (principally large-diameter
suspended solids) even though the residence time
in most facilities will be short.

SITING AND DESIGN
CONSIDERATIONS

Bioretention is a relatively new technology being
refined to achieve maximum water quality
benefits. The basic design elements and major
components of BAs are discussed below. For
design examples and additional information,
several good sources are available, including
Design Manual for Use of Bioretention in
Stormwater Management (Prince George’s
County, 1993), Design of Stormwater Filtering
Systems (Claytor and Schueler, 1996), and
Highway Runoff Manual (WSDOT, 1995).

The basic design elements to be addressed are
proper soils, vegetation, and drainage. For most
ultra-urban applications designers should look for
relatively flat areas where deep soils (1.68 m [6 ft]
to bedrock) are present and where seasonal high
groundwater elevations are at least 1.68 m (6 ft)
below grade. Ideally, BAs will discharge collected
stormwater into underlying in situ soils and then
into the surficial groundwater aquifer. As an
option, designers can employ an underdrain system
to collect exfiltration from the BA wherever
existing deep soil layers will prevent exfiltration.
Underdrains are typically placed approximately
1.52 m (5 ft) below grade and must drain by
gravity to either an outlet or a storm drain.
Underdrain systems can also be used in BAs where
they will be placed in close proximity of building
foundations. A minimum 9.2 m (30 ft) offset is
recommended for BAs without underdrains.

Bioretention facilities combine a number of
physical, biological, and hydrologic components to
provide complementary functions to improve water
quality, control hydrology, and provide wildlife
and aesthetic improvements. The major
components of the BA are:

o Pretreatment area (optional).
o Ponding area.

o Ground cover layer.

o Planting soil.

o In-situ soil.

o Plant material.

o Inlet and outlet controls.

Pretreatment Area

Some BA designs incorporate an upstream
pretreatment area. Pretreatment is necessary where
a significant volume of debris or suspended
material will be conveyed by stormwater into the
BA; for example, parking lots or commercial areas
that are regularly sanded. In Figure 6, a grass
buffer strip is used to reduce the runoff velocity
and to filter large-diameter particulates from the
runoff. Other pretreatment devices that can be
employed are oil/grit separators, forebays, and
stilling basins.

Ponding Area

In BAs the ponding area is located over the
planting soil and provides surface storage for
stormwater runoff while it infiltrates and/or
evaporates after the rainfall period. Major design
parameters for the ponding area are the maximum
ponding depth and the duration of ponding. In
Prince George’s County, Maryland, these
parameters were established based on the type of
planting soil used and the type of adjacent land
use. The higher the infiltration rate of the planting
soil, the greater the maximum ponding depth (up
to 0.3 m [12 in]). Applications in residential areas
are permitted ponding for less than 24 hours; all
other applications are permitted 36 hours of
ponding (Prince George’s County, Maryland,
1993).

Ground Cover Layer

The surface of the BA is covered with an organic
ground cover layer. The organic layer provides a
medium for biological growth and provides the
carbon source needed for biological activities at
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the air/soil interface. It also helps to maintain a
sufficient organic percentage in the surface soil
horizon, in a sense simulating the leaf litter in
forest communities. It is recommended that
designers of BAs either use a mature mulch
(maximum depth of 76.2 mm [3 in]) or establish
permanent growth (e.g., grasses) within one
growing season (Prince George’s County,
Maryland, 1993).

Planting Soil

BAs contain a thick layer of planting soil, located
below the ground cover layer and supported by the
underlying in situ soils. This thickness also
provides for deep root plant growth. Planting soil
must have a high infiltration rate, support healthy
plant growth, adsorb nutrients and pollutants, and
provide additional storage capacity for stormwater.
These objectives can be met by using a planting
soil containing a clay content of 2.5 to 10 percent
and an organic content between 1.5 and 3 percent.

Prince George’s County permits BAs with higher
infiltration soils to have a greater ponding depth,
which resulted in a smaller surface area of the BA.
Based on this approach, designers might have to
choose between using less expensive existing
onsite soils or replacing existing soils with
imported highly permeable soils to permit a
smaller BA. To provide the infiltration necessary
to remove ponded stormwater it is recommended
that the soil texture be sand, loamy sand, sandy
loam, loam, or silt loam. In addition it is
recommended that the planting soil thickness be
1.22 m (4 ft) to ensure significant contact time
between infiltrating stormwater and the soil. This
soil depth will also help deeply rooted plant
growth become well established (Prince George’s
County, Maryland, 1993).

In Situ Soil

As shown in Figure 6, the in situ soil layer
provides a foundation for planting soils and drains
the infiltrated stormwater from BAs. Experimental
BAs have shown that in situ soils are crucial to the
success of the facility; if a location drains in a poor
manner, the BA will fail unless another means of
drainage is established. Prince George’s County,
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Maryland, recommended percolation tests be
performed to demonstrate that in situ soils possess
at least 12.7 mm/h (0.5 in/h) infiltration capacity.
Where poorly drained in situ soils are encountered,
it is still feasible to install bioretention but only
with the aid of an underdrain system. Additional
information on investigating in situ soils and
designing underdrain systems is provided in the
Prince George’s County Design Manual for Use of
Bioretention in Stormwater Management (Prince
George’s County, Maryland, 1993).

Plant Material

The role of plant species is to use nutrients and
other pollutants and remove water from the
planting soil through evapotranspiration. Plants
must be a low-maintenance, aesthetically pleasing
variety that is tolerant of urban stormwater
pollutants. They must have the ability to adapt to
conditions of drought and inundation. Key design
parameters for optimum plant material function
include species diversity, density, and morphology,
and the use of native plants. Ideally, the
community structure will be similar to that of a
forest community, providing diversity to reduce
susceptibility to insect and disease infestation. The
intention is to create a microclimate that is resistant
to urban stresses. The plants selected must be able
to prosper even when flooded to a depth of 0.15 m
(0.5 ft) or more at frequent intervals.

Inlet and Outlet Controls

The specifics of inlets and outlets of BAs are
highly dependent on whether the BA is an on-line
or off-line design. An on-line facility is one that
does not have a bypass that diverts excess
stormwater around the BA once it becomes full.

Because all stormwater will pass through an on-
line bioretention facility, both inlets and outlets
must be designed to ensure that the runoff rate
does not damage the BA. Prince George’s County
states that designers must ensure nonerosive flow
velocities exist within the BA for the 10-year
postdevelopment event (Prince George’s County,
Maryland, 1993). On-line facility designs usually
include protection such as riprapped inlets and
outlets, which are designed through an in-depth
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hydraulic evaluation. Possible outlets for on-line
areas include drop inlets or overflow weirs that
feed downstream swales or pipe systems.

Off-line BAs generally require smaller inlets than
on-line facilities because inlets are usually
designed to convey the runoff from the first 12.7
mm (0.5 in) of runoff from the site. All other
runoff must be diverted around the BA and
downstream to subsequent swales or pipe systems
without passing through the BA. This diversion
can be established by creating a ponding area in
the BA, which causes backwater conditions and a
resulting shift in discharge direction.

Designers must be careful not to undersize
entrances into BAs and to keep entrance velocities
in excess of 0.15 m/s (0.5 ft/s) to help prevent
clogging of the inlet area. Debris (e.g., sand) on the
parking area can be washed toward the
bioretention inlet and form a small dike, blocking
the inlet.

MAINTENANCE
CONSIDERATIONS

BAs require routine, low-cost maintenance,
similar to conventional landscaping maintenance,
to ensure the system functions well as a stormwater
BMP and remains aesthetically pleasing. Routine
inspections of the bioretention facility,
semiannually for the first year and annually
thereafter, along with spot inspections after major
storms the first year to verify the BA has not been
significantly disturbed, aid in ensuring the
performance of the BA. Other maintenance
considerations include:

o Planting soil bed - check the pH of the soils,
correct erosion, cultivate unvegetated areas to
reduce clogging from fine sediments over
time.

o Ground cover layer - mulch or replant bare
spots annually.

o Planting materials - replace dead or severely
distressed vegetation, perform periodic
pruning, etc.
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o Inflow/outflow - inspect for clogging, remove
sediment build-up, repair eroded pretreatment
areas, remove accumulated trash and debris.

COST CONSIDERATIONS

Initial estimates from engineers designing BAs
suggest project costs will be approximately
$24,700 per impervious hectare ($10,000 per
impervious acre), exclusive of real estate costs
(Bell, 1996).
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3.3 DETENTION AND
RETENTION/WETLAND
PRACTICES

3.3.1 Description and Purpose

Stormwater management ponds are designed to
mitigate the hydrologic and water quality impacts
of stormwater runoff by providing stormwater
quantity management and/or quality control. The
increased volume of runoff, due to increases in
impervious area, is stored and then released at a
controlled rate through an outfall structure.
Controlling the rate at which flow is released from
the facility can help to reduce downstream channel
erosion and prevent downstream flood damage.
Improvements in stormwater runoff quality can
also be achieved through settling, infiltration,
nutrient uptake, adsorption, and physical filtration.
Ponds that incorporate permanent pools of water
are designed to use the biological action of plants
and organisms to trap and then treat pollutants.

The distinction between the various types of
stormwater management ponds is based on the
type of hydrologic control provided due to the
design of the outlet control structure. Stormwater
management ponds can be designed to provide for
both control of increases in stormwater volumes
and peak flow rates, as well as for treatment of
stormwater pollution. In many cases, depending
on the design of the pond, multiple functions are
provided resulting in a hybrid system. The pond
design features that determine its function, and
thus provide the basis for categorization include:
depth of permanent pool, storm event discharge
volume/storage volume, storm event peak
discharge rate, and detention time.

The most basic categorization of pond types is
between wet and dry facilities. When designing
for water quality treatment, this is one of the most
important features to determine pollutant removal
efficiency. For these facilities, detention time,
generally a function of the travel distance or height
of the outflow weir, is an important design feature
for efficient pollutant removal. Generally, dry
ponds are designed to provide stormwater
hydrologic control. In most cases, this means
providing enough volume to store the stormwater
runoff from a site for a particular storm event, and
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release this volume at a predetermined rate (usually
that of predevelopment conditions). The pond
volume, coupled with the design of the outflow
control structure, determines the extent of
stormwater detention management provided.
Outflow control structures can take various forms
and shapes. Their most important features for
ensuring adequate quantity control include height
and area of outflow opening. Wet ponds generally
are designed with a permanent pool to provide for
greater treatment of stormwater pollution than by
dry ponds.

A variety of forms of detention and retention
practices exist. Detention ponds, extended
detention ponds, and retention (or wet) ponds are
common. Design of these facilities can take the
form of a shallow marsh or constructed wetland
when hydric conditions are available and
facultative plant species are abundant, with outlet
controls determining the extent of detention or
retention provided. In addition, these practices can
be designed as surface or underground facilities,
depending on available funding, soils and
groundwater conditions, and space limitations.

Where insufficient land area is available, as is the
case in many ultra-urban environments,
underground storage structures may be required.
Underground storage areas are usually constructed
of concrete vaults or corrugated metal pipe (CMP).
Pretreatment for water quality can help reduce

clogging.
3.3.2 Design Alternatives

Attenuation and treatment of stormwater runoff are
the primary objectives for designing detention and
retention/wetland practices. Design features can be
added to provide wildlife habitat, aesthetics,
recreation and educational opportunities and to
improve property values (USEPA, 1995).

The attenuation and storage features of detention
and retention practices reduce the volume and
rates of discharge of stormwater runoff generated
from a site. In an ultra-urban setting, design
control volumes can vary depending on the
available space for the facility. Following storage,
volume reduction occurs through infiltration,
evaporation, and evapotranspiration—key design
features of infiltration basins, retention/wet ponds,
and wetlands. Reduction in the rate of discharge
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of stormwater runoff occurs by constricting the
outflow from these facilities, generally through an
outlet control structure. In an ultra-urban setting,
facilities should be designed to reduce the peak
discharge rates, as well as their frequency of
occurrence, to as close to predevelopment
conditions as possible, while working within
available space constraints.

Treatment of stormwater runoff is designed to
reduce concentrations of suspended sediment,
dissolved and particulate nutrients, trace metals,
trash and debris, oil and grease, and toxins such as
trace organics. An effective detention, retention, or

wetland facility will reduce most or all of these
pollutants to levels below predevelopment levels.
Parameters of facility design that affect the
pollutant removal performance of these facilities
include the residence time (length-to-width ratio);
the depth of the permanent pool; the total depth;
the existence of a plunge pool; the presence,
density, and type of vegetation; and the presence
and length-to-width ratio of a forebay.

Table 9 provides a brief description of the
alternative detention and retention facilities and
their respective design goals, as well as important
design features.

Table 9. Detention and retention BMP options

Design Goals
Water Quality | Water Quantity Primary Internal Important Features to
BMP Type Treatment Attenuation Design Processes Meet Design Goals
Detention Facility v vvv settling outlet control structure
adsorption length/width ratio
storage volume provided
depth
Retention Facility (Wet vV v evaporation soils
Pond) settling hydrology
adsorption vegetated bench
nutrient uptake depth of perm. pool
evapotranspiration length/width ratio
forebay design
Extended Detention Dry v vV settling detention time
Facility adsorption outlet control structure
length/width ratio
storage volume provided
depth
Extended Detention Wet vvv vV evaporation detention time
Facility settling soils
adsorption hydrology
vegetated bench
depth of perm. pool
length/width ratio
forebay design
Shallow Marsh/ vvv v evaporation soils
Constructed Wetland evapotranspiration hydrology
nutrient uptake vegetation density and
physical filtration type
settling depth of perm. pool
adsorption length/width ratio
forebay design

v - low effectiveness, v'v/ - moderately effective, v'v/v - highly effective.
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Generally, stormwater management ponds can be
categorized into five basic types (Figure 7).
Each type is described briefly below.

‘Stormwater Detention Ponds

Stormwater detention ponds are usually dry
ponds that provide hydrologic controls for
increased runoff discharge flowrates. However,
detention control volumes can be provided in
wet ponds, above the retention volume. These
ponds temporarily detain stormwater, releasing it
at a predetermined design flow rate, generally
that of predevelopment conditions. They are
intended to remain dry between storm events.
Unless significant infiltration occurs, the post
development increases in total stormwater runoff
volume are not significantly changed by
detention ponds (Schueler, 1987).

Stormwater Retention (Wet) Ponds

Stormwater retention ponds are often referred to
as “wet” ponds because they are designed to
have a permanent pool of water. This permanent
pool enhances particulate settling by increasing
residence time, and also provides conditions for
growth of aquatic vegetation, thereby enhancing
filtration, and metals and nutrient uptake
(transpiration). The permanent pool volume is
often defined as the volume equivalent to three
times the water quality volume or 12.7 mm (0.5
in) of runoff from the contributing drainage area
(Yu and Kaighn, 1992). Pollutant removal
efficiency is a function of pond depth, residence
time, drainage area-to-pool volume ratio, and
existence of aquatic vegetation. The post
development increases in total stormwater runoff
volume may not be significantly changed by
retention ponds.

Stormwater Extended Detention
Ponds

Stormwater extended detention ponds are
designed to temporarily detain stormwater runoff
for an extended period of time, generally 12 to
24 hours. Longer detention times have been
found to provide optimal pollutant removal
(Schueler, 1987). The detention time is a
function of the size of the outflow opening with
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respect to the storm event runoff volume. These
facilities are usually designed for the purposes of
providing water quality treatment for the first
flush of stormwater runoff, and may also provide
quantity control for small storm events (1-2 year)
necessary to minimize downstream bank erosion.
Pollutant removal of particulates is primarily
accomplished by gravitational settling (Schueler
et al,, 1992).

Extended Detention Dry Ponds: Dry extended
detention ponds are normally “dry” between
storm events, and therefore, do not have a
permanent pool of water (Schueler et al., 1992).

Extended Detention Wet Ponds: Wet extended
detention ponds improve the water quality
treatment efficiency of their dry counterparts by
providing additional settling and particulate
removal. The extended detention volume is
computed as the volume above the normal
(permanent) pool elevation.

Wetlands/Shallow Marsh Systems

Stormwater wetlands are typically hybrids of
either detention, retention or extended detention
ponds, that temporarily store stormwater runoff
in shallow pools throughout the facility. Design
conditions are such that emergent and riparian
wetland plants thrive within these facilities,
adding to their pollutant removal and wildlife
habitat benefits. These facilities require
adequate baseflow conditions to maintain their
permanent pool to support vegetation.
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Extended detention ponds have been used for a
number of years in urban applications, and are
designed to mitigate highway runoff stormwater
quality and/or quantity impacts. These systems
function by storing the increased runoff volume
that results from development, then slowly
releasing it at predevelopment runoff rates. The
controlled release rate is designed to maintain the
existing hydraulic conditions in the downstream
watercourse (ASCE, 1992). The most commonly
built facilities are dry extended detention (ED)
ponds and wet ponds with extended detention.
Figure 8 illustrates a cross-sectional view of a
standard ED pond system design.

Water quality benefits are achieved by treating the
“first flush” of runoff from impervious areas. The
“first flush” of runoff often contains the most
pollutants. When extended detention is the method
used for water quality treatment, the required
volume is released over a long period of time,
allowing sufficient time for particulates to settle
out. Nutrients, heavy metals, and other pollutants
associated with these particulates can also be
removed.

APPLICABILITY

In an ultra-urban application, detention ponds are
generally applicable as an end-of-pipe treatment
facility. The pond design will be site-specific and
extremely dependent on the site soils, existing
utility conflicts, property ownership, and drainage
area to be routed through the pond. Additional
space constraints may reduce the applicability of
some pond enhancement features such as a
forebay, micropool, and safety bench. For
example, the additional area needed to provide a
safety bench (0.3 m [1 ft] wide strip around
facility) may not exist in an ultra-urban setting. A
safety alternative such as a chain-link fence,
although not as aesthetically pleasing, may be
required.

Another problem that may occur in siting detention
ponds in ultra-urban environments is finding an
adequate 100-year storm overflow path.
Unfortunately, in the ultra-urban environment,
space is usually limited at the end of storm drain

FACT SHEET—DETENTION PONDS

systems. Additional opportunities for siting
extended detention facilities are in medians,
interchanges, adjacent to ramps, and along rights-
of-way adjacent to roads.

EFFECTIVENESS

Properly designed detention ponds can greatly
reduce the stormwater runoff impacts of highway
development. When coordinated with other BMPs
in the watershed, they can effectively reduce
stormwater peak flows. Dry detention ponds can
also remove up to 90 percent of particulates
(Kehoe, 1993). Dry detention ponds, however, are
not as effective at removing soluble pollutants.
Other design approaches such as wet ponds and
wetlands may be used in conjunction with
extended detention for more efficient water quality
control. Additional data on pollutant removal
effectiveness of detention ponds is shown in Table
10.

SITING AND DESIGN
CONSIDERATIONS

The success of a stormwater management pond
design is very dependent on site-specific
conditions. The major components common to
each system are the water storage area for quantity
and/or quality control and some type of outlet
structure. The outlet structure can be a concrete or
corrugated metal pipe (CMP) riser with openings
to release the stormwater at the predevelopment
runoff rates for specific storm events. The
calculations and routings may be accomplished
with very simple techniques, such as the Rational
and Storage-Indication methods, or more complex
models, such as HEC-22 or the Storm Water
Management Model (SWMM), may be used.

A number of physical conditions are critical to
siting and designing a pond. The side slopes of the
pond and embankment may be steep. To protect
both pedestrians and passengers, sufficient barriers,
such as fences, guardrails, and safety zones, must
be incorporated into the design. The saturated soils
found below a wet pond can affect the structural
stability of adjacent road embankments. The rate
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and timing of the peak discharge of the pond may
be critical to preventing or increasing downstream
flooding.

Although ponds are classified into the major
categories of detention and retention facilities,
there are also hybrid facilities that contain features
found in both systems. The most common of such
facilities, which are described below, are extended
detention dry ponds and wet ponds with extended
detention. Additional design examples and
information can be found in Urban Drainage
Design Manual Hydraulic Engineering Circular
22 (Brown et al., 1996), Evaluation and
Management of Highway Runoff Water Quality
(Young et al., 1996), and Design and Construction
of Urban Stormwater Management Systems
(ASCE, 1992).

Extended Detention Dry Ponds

Extended detention dry ponds can be designed as
two-stage, or water surface elevation, facilities. In
these cases, the upper stage stores and reduces
flood peaks and the lower stage is designed for

water quality control. The lower stage volume
may be able to treat a certain depth of water over
the impervious area, such as 12.7 mm (0.5 in) or a
design storm frequency, such as the 1-year 24-hour
storm event. The water is drawn down over a
period of time, normally between 24 and 48 hours,
through an orifice in the riser of the principal
spillway. This residence time may allow for as
much as 90 percent removal of particulates through
settling (Young et al., 1996). Residence times that
are too long may allow the water to become
heated, resulting in a potential thermal impact to
receiving waters. Removal of soluble compounds
is limited in dry ponds. A shallow marsh or
wetland may be incorporated into the design to
facilitate removal of nitrogen and phosphorus. The
incorporation of a forebay, energy dissipator, or
pretreatment facility before flow enters the pond
from a channel or pipe is important to lessen the
impact of sediment and grit on the pond and to
facilitate pond maintenance.

Table 10. Pollutant removal effectiveness of detention ponds (%)

Study TSS TP TKN NO, Metals Comments
City of Austin (1990)" 46 37 14 36 40-60  On-line wet pond
City of Austin (1995)' 94 81 44 64 - Wet retention pond
Yu & Benelmouffok 76 70 65 75 50-57 Extended detention wet
(1988)? pond
Martin & Smoot 78 20 -- -- 63 In-line wet detention pond
(1986)? as pretreatment to wetland
system. Efficiencies are for
pond only
Gain (1996)" 54 30 16 24 24-73  Evaluates modification by
flow barrier in wet pond;
pond is pretreatment to
wetland
Harper & Herr 85 54 26 92 37-75  Based on water column
(1993)! sampling from various sites
in the wet detention pond
Yu et al. (1993)? 67-93 75-94 - - - Dry detention pond
Yu et al. (1994) 2 96 81 44 64 - Dry detention pond, study

evaluated modifications to
outlet

Removal efficiencies based on concentrations.
2 Removal efficiencies based on mass loading.
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Extended Detention Wet Ponds

Wet ponds use a permanent pool of water to aid in
achieving water quality control. The pool may
cover the entire pond bottom or may be located in
only a portion of the pond. Sufficient drainage
area, fairly impermeable soils, and an adequate
base flow to the pond are important to maintain a
permanent pool. Sizing of the wet pool should
consider the “first flush” runoff volume.

Consideration must also be given to water depth
and pond length for settling. The pond depth must
be deep enough, usually 0.9 m (3 ft) or more, so
that wind-generated disturbance of bottom
sediments does not cause the resuspension of
sediments. Also, the pond depth should be
shallow enough, usually 2.4 m (8 ft) or less, so that
mixing occurs and the pond does not become
anoxic. Pond depths in excess of 2.4 m (8 ft)
should be avoided to prevent thermal stratification
(Schueler, 1987). Alternating areas of shallow and
deep pools in wet ponds can also be used to
increase the sediment trapping efficiency and
habitat diversity. Forebays are usually included to
reduce sediment deposition throughout the system
and facilitate maintenance. Incorporation of
wetland plants along the fringe of the pond helps
reduce erosion on the banks, provides some
habitat, and may provide opportunities for nutrient
removal.

The extended detention volume for a wet pond
occurs above the water quality volume and below
the crest of the pond. The water is released through
openings in the outlet structure. An emergency
spillway should be required to allow water to
discharge safely in the event of a large-scale storm
event.

MAINTENANCE
CONSIDERATIONS

Many detention facilities are embankment ponds.
Regular inspections are required to check for
seepage through the embankment, burrowing
animals, deep-rooted vegetation, and erosion along
the embankment and sides of the pond. Other
routine maintenance includes reseeding of the
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pond banks and bottom and removal of debris
from the spillway. Over time, sediment
accumulation may significantly reduce the capacity
of the pond. Studies have shown that every year up
to 1 percent of the storage of the 2-year 24-hour
storm event can be lost to sediment deposition
(siltation) (Yousef et al., 1986). Sediment can
reduce the quantity storage in a pond up to 20
percent over a 10-year period. Dredging of the
material may be required every 5 to 10 years to
restore the capacity of the pond. The sediment
should be tested to determine if it is a hazardous
material. Other considerations critical to the
efficiency of the pond include maintenance of
outlet structures, flow splitters, and clean-out gates
(Koon, 1995).

COST CONSIDERATIONS

Cost factors for stormwater management ponds are
extremely sensitive to site conditions. Availability
of in situ materials for embankment construction,
outlet protection, cost of excavation, liner
materials, and land costs are significant factors.
Maintenance and inspection costs for mowing and
periodic dredging are postdevelopment factors.
Other technologies such as infiltration trenches
may be more cost-effective in smaller drainage
areas due to construction and long-term
maintenance costs (Young et al., 1996). Studies
have suggested that preliminary costs can be
estimated by the following equation (adapted from
Wiegand et al., 1986):

C=168.39 x V¥
where:
C = construction cost estimate (1995 dollars) and

V = volume of storage of the pond (cubic meters)
up to the crest of the emergency spillway.

This cost should be increased by 25 percent for
construction contingencies.
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Figure 8. Cross-section view of a standard extended detention pond system
(Schueler, 1992)
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FACT SHEET—WETLANDS

AND SHALLOW MARSH SYSTEMS

Wetlands and shallow marsh systems use the
biological and naturally occurring chemical
processes in water and plants to remove pollutants
(ASCE, 1992). Oils, particulates, suspended
sediment, and soluble nutrients are removed or
settled out due to their residence time in the
wetland system and before they enter the
downstream receiving waters. Wetland and marsh
systems can have additional stormwater features
that help to attenuate peak storm flows. Figure 9 is
an example of a shallow marsh system.

These systems can often have great habitat value.
The fringe wetlands and deep water habitats
provide shelter and breeding places for many
species. Properly sited wetland systems can also be
scenic assets along a highway corridor.

APPLICABILITY

Wetland and shallow marsh systems must be
carefully sited to ensure that the desired functions
for the system are established and maintained. In
the ultra-urban environment the feasibility of
wetland establishment may be limited due to
factors such as drainage area or the absence of high
groundwater tables. Due to these considerations,
potential sites are most likely at low-lying
interchanges or medians where runoff can be
directed to them, or existing open areas such as
parks, which provide additional aesthetic and

educational benefits. Wetland and shallow marsh
systems have habitat value and can be efficient at
removing pollutants. Since these systems are
frequently inundated, adequate safety measures
such as safety benches, fences, guardrails, and
safety zones must be provided.

EFFECTIVENESS

Properly designed wetland systems are extremely
effective at removing soluble pollutants and
particulates from ultra-urban stormwater runoff.
Biological oxygen demand (BOD), chemical
oxygen demand (COD), and metals are also
significantly reduced. As the system ages and more
algae and detritus are generated in the pond, the
efficiency increases. When combined with
extended detention, wetland BMPs may be one of
the most effective systems to mitigate stormwater
runoff impacts. Figure 10 illustrates the use of an
extended detention pond as a pretreatment for a
wetland system. Table 11 provides data from a
study that monitored the pond and wetland system
at the inlet and outlet to the wetland. Many of the
suspended solids and some of the solubles were
removed by the pretreatment in the detention
facility (OWML, 1990). Average removal rates
that can be expected from a stormwater wetland
are 65 percent for total suspended solids (TSS), 25
percent for total phosphorus (TP), 20 percent for

Table 11. Pollutant removal effectiveness for wetlands (%)

Study TSS TP TN NO, Lead Zinc Comments
Martin & Smoot 95 53 42 47 90 92 Pretreatment by in-line detention
(1986) pond. Results are maximum
removals for shallow wetland
system only.
OWML, 1990 96 69 73 53 94 90 Results are maximum removals

for pond and wetland system.
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total nitrogen (TN), and 35 to 65 percent for metals
(USEPA, 1993).

SITING AND DESIGN
CONSIDERATIONS

Hydrology is likely to be the most important
limiting factor in the feasibility of a wetland or
marsh system for an ultra-urban area. Such
facilities may be on-line or off-line. On-line
facilities allow all stormwater flows to pass
through the system. Off-line facilities divert higher
flows, which may have erosive velocities or which
would inundate the system. There must be a
sufficient drainage area to maintain base flow in
the system. Water budgets should be performed to
determine the ability of the pond to maintain
vegetation in dry months. Adequate water will help
prevent the die-off of planted vegetation, which
can prevent invasive species from taking hold. The
groundwater elevation is also important since it
helps maintain the hydrology. A ratio of watershed
area to wetlands area of at least two percent is
recommended to have efficient removal
capabilities (Schueler, 1992). However, smaller
systems could be used in ultra-urban settings.

The wetland system should be designed to have
pockets of deeper water to help trap sediments and
to provide a diverse habitat. The length of the
wetland system and ratio of surface area to width
are important pollutant removal factors. The flow
length must be long enough to provide adequate
residence time to remove soluble pollutants and
sufficient settling time for particulates. A length-
to-width ratio of 2:1 is recommended to achieve an
adequate residence time.

Proper soil conditions are necessary for wetland
success. The wetland site must have existing
natural soil conditions that facilitate ponding, or
these conditions must be created using clay, PVC,
or other types of liners. In addition, wetland
pollutant removal functions are mediated in part by
the supply of organic material in the site. Organic
matter also affects the success of wetland plant
establishment. Consequently, organic material
must be incorporated into project soils if

construction requirements necessitate removal of
topsoil from the site.

Native plant species that are present in the area
should be retained whenever possible. When
planting a site is necessary, a diverse plant
community of species native to the project area
should be established to maximize wildlife and
water quality benefits. Planting a variety of
species increases the probability of establishing a
vigorous plant community and reduces the chance
of exotic species invasion into the site. A
vegetative buffer strip included around the marsh
or pond will reduce sediment inflow and provide
additional pollutant filtration. Irregular shorelines,
incorporation of nesting boxes, use of plants with
habitat characteristics of cover or food, islands for
nesting of waterfowl, and sufficient mudflat and
deepwater areas will also greatly enhance wildlife
habitat. For a thorough discussion of design
considerations, refer to Evaluation and
Management of Highway Runoff Water Quality
(Young et al., 1996). Designers are generally
cautioned to avoid species known to be aggressive
colonizers, noxious weeds, or ones not recognized
by state regulatory agencies.

MAINTENANCE
CONSIDERATIONS

Frequent maintenance and inspection, which
usually involves moderate costs, are critical during
the establishment of vegetation in the marsh or
wetland. Invasive and undesirable plants must be
culled from the planting area. The outfall structure
might also have to be adjusted to maintain the
proper hydrology for introduced plant species.
Though sediment rates may initially be high from
construction activity, it is important that sediment
be removed so that the plants can become
established and the pond capacity is maintained.
Once established, the wetland vegetation should be
periodically harvested so that the stand can
regenerate and the pond is not choked off by
vegetation. Systems that do not have consistent
and steady base flow may become eutrophic. The
outlet structure should incorporate features that
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protect it from blockage by debris and that allow
adjustments to be made to the water surface.

COST CONSIDERATIONS

Costs for ponds typically include costs for
embankment, riser and spillway structures, outfall
protection, vegetative stabilization, excavation, and
grading. Additional costs for site preparation can
include soil amendments, precision grading, plant
materials and creation of occluding layers in
coarse-textured soil types if wetlands systems must
be created on upland sites due to project
constraints. Project costs can be lowered if
existing pre-construction site conditions are
carefully considered and isolated areas with hydric
soils contained within the footprint of the project
are utilized as stormwater management facilities.

Additional maintenance costs will be incurred until
the establishment of the wetland ecosystem.
Invasive plants must be culled and dead plants
replaced. The outlet structure may have to be
adjusted, based on seasonal observations, to
achieve the proper water surface in the pond.
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Figure 9. Schematic design of a shallow ED marsh system
(adapted from Schueler, 1992)
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FACT SHEET—DETENTION TANKS

AND VAULTS

Detention tanks and vaults are underground
structures used to attenuate peak stormwater flows.
They are usually constructed out of either concrete
or corrugated metal pipe (CMP) and must consider
the potential loading from vehicles on the vault or
pipe (Figure 11). Pretreatment structures can be
used at the inlet to treat stormwater runoff and
remove trash and debris. In addition, flow splitters
can be used to direct only a portion of the
stormwater runoff to an underdrain detention.

APPLICABILITY

Due to the costs associated with underground
detention systems for construction and
maintenance, these systems are primarily used
when space is limited and there are no other
practical alternatives. In the ultra-urban
environment, costs for developable land may be
high enough that these systems become a feasible
alternative. Relatively expensive to construct,
concrete vaults are used primarily to control small
flows in areas where system replacement costs are
high. Less expensive, CMP systems are typically
used to control significant volumes of runoff in
parking lots, adjacent to rights-of-way, and in
medians, where they can be replaced or maintained
if necessary.

In the ultra-urban environment, underground
detention tanks have been used to decrease flows
in combined sewer systems. The stormwater is
stored in the tank and then can be released by a
remotely controlled valve to the wastewater
treatment plant after the peak flows have passed
through the plant.

EFFECTIVENESS

Underground detention structures are effective
measures for stormwater runoff quantity control;
however, these facilities do not provide significant
water quality control or primary stormwater
treatment, without extensive modifications.
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Consequently, they are more frequently used to
attenuate and store peak flows. In addition to
providing insignificant stormwater treatment
without modifications, receiving waters can be
very sensitive to releases of the stored volume
from these underground detention systems.

Preliminary results of water quality monitoring of
modified underground detention structures have
demonstrated a total suspended solids (TSS)
removal rate of between 60 to 80 percent; a total
phosphorous (TP) reduction of between 20 and 40
percent; and a total lead reduction of between 40
and 70 percent. This facility, however, required
weekly maintenance and cleaning out of the
structure to maintain this efficiency (Northern
Virginia District Planning Commission, 1992). In
reality, few detention tanks and vaults receive
weekly maintenance.

SITING AND DESIGN
CONSIDERATIONS

The CMP systems used for large storage volumes
are usually a series of pipes interconnected by a
Jjunction box or main pipe with an outfall structure.
There should be a sufficient number of access
holes and access points in the system to efficiently
inspect and maintain both the outfall structure and
the storage area. Whenever possible, the system
should be located in an area where maintenance
and potential repairs can be conducted with
minimal disturbance to surrounding uses. Some
design information on CMP systems is available in
Design and Construction of Urban Stormwater
Management Systems (ASCE, 1992).

Water quality controls, such as water quality inlets
and sand filters, are often used to pretreat the
stormwater before it enters the system. This is
done to remove sediment and pollutants, which
might clog the system. CMP systems can work in
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conjunction with infiltration to provide additional
stormwater treatment.

When infiltration is used, perforations may be
added to the pipe to allow the pipe to store the
water until it can be exfiltrated into the soils below
the pipe. In critical areas, such as under roads and
parking lots, pipe joints may require gaskets and
water-tight seals to protect the integrity of the pipe.
Most systems have pipes or vaults inverts that are
1.8 to 3 m (6 to 10 ft) underground. Therefore, it
may be difficult to obtain an adequate outfall for
the system.

Another type of underground detention is the
retrofitting of overcapacity storm drain pipes with
baffles. The baffles cause the water to be stored in
the pipes and to be released to the outfall at a
slower rate (ASCE, 1992).

MAINTENANCE
CONSIDERATIONS

The cost and maintenance of these systems are
major considerations. The systems must be
designed so that they can have easy access for
inspection and maintenance. Maintenance is
usually conducted by periodically pumping out
sediments and debris. In areas of high sediment
flows, pretreatment is required to minimize the
inflow of particulates so that the need to clean the
system is reduced. An analysis of other
management measures in the watershed is required
to ensure that peak release rates are coordinated so
that peak flows are reduced to predevelopment
rates.

With the facilities located underground, inspection
and maintenance are important issues because of
the relatively high costs. In the ultra-urban
environment, the facilities may require location
under structures, such as buildings, parking lots,
and roadways. Frequent maintenance is required to
remove sediment and debris and to ensure that the
outlet structure is functioning properly. Large-scale
removal of accumulated sediment in the system
may be difficult due to limited access. In addition,
underground systems will be considered confined

spaces that require additional safety requirements
for inspection and maintenance.

COST CONSIDERATIONS

Due to the high costs associated with concrete
structure construction, the use of vaults is limited
to small drainage areas. A preliminary cost
estimate for the more expensive concrete vaults
can be provided by the following equation
(Wiegand et al., 1986):

0.816
C=38.1 _r
0.02832

where:
C = construction cost estimate (1995 dollars) and

V = volume of storage (cubic meters) for the
maximum design event frequency.

Corrugated metal pipes have been used extensively
in urban areas and are significantly less expensive
than vaults for storing large amounts of water.
Both concrete and CMP systems have long life
cycles.
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3.4 FILTRATION
PRACTICES

3.4.1 Description and Purpose

Surface or underground filters that use sand,
peat/sand, or compost filter media can be classified
as filtration practices. Noted for their ability to
consistently remove fine-grain suspended solids,
filters are not usually employed alone. Typically,
filters are combined with pretreatment measures
that remove large-grain sediments and other
constituents from stormwater prior to filtration.

Ultra-urban BMPs that use filters can be designed
for placement above or below ground level and can
operate as either off-line or on-line facilities. Off-
line facilities can capture and treat the water
quality volume (WQV) or the “first flush” of
stormwater, which often contains the highest
concentration of pollutants. Larger storm events
are diverted around an off-line filtration facility,
sometimes into another management system such
as an extended detention pond. On-line facilities
pass all of the stormwater through the system and,
as a result, are generally larger structures.

Filtration practices are usually designed to provide
only stormwater quality management due to the
relatively high cost of both installation and
subsequent maintenance, especially for
underground filters. Filtration BMPs have,
however, been installed and maintained at some
sites for many years and have been found to
provide consistent performance. Best of all,
filtration practices provide turnkey performance
that is independent of local conditions (e.g., soil
infiltration, seasonal groundwater levels).

Due to a wide range of available designs, a
practical filtration design can be found for roadside
applications (e.g., a ground-level design set in a
open space) and for congested ultra-urban
applications (e.g., an underground design set
below a parking area). In terms of its surface area
requirements, the footprint of a filtration practice
typically occupies between two and three percent
of the drainage area it serves. Consequently, most
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applications of filtration practices are for small to
medium drainage areas.

3.4.2 Design Alternatives

Often the commitment of land area for surface
filters is too large for most ultra-urban
applications. However, surface filters have been
extensively employed by several urban
municipalities, including Austin, Texas. Filter
designs consisting of a settling area and a filter
(most often with sand medium) have applicability
to highway settings, particularly at cloverleaf
interchanges. Pretreatment measures are not
usually incorporated into their design since the
settling area is designed with sufficient residence
time to remove the large-diameter material that
would accelerate clogging of the filter medium.
The settling area is typically a sediment chamber
with a permanent pool that provides for
pretreatment by storing the WQV to allow settling
of these larger diameter suspended solids.

An underground filter design is well adapted for
applications with limited land area and can also be
retrofitted into existing storm drain systems. Of all
filter practices, the underground system is the most
expensive, primarily due to the construction costs
of subgrade vaults. However, it may be the only
pragmatic option where multiple use of land area is
required (i.e., where the committed land area must
also be used for automobile parking or for public
parks). There are a number of design
configurations for underground filters, with
operating installations in a number of locations
including Washington, D.C., and Alexandria,
Virginia (Claytor and Schueler, 1996).

A variety of media can be employed as filter
media, including sand (only), peat/sand
combinations, and compost. Each of these media
has advantages and disadvantages. The longest
performance record exists for the sand medium,
which is used in the majority of existing facilities.
However, more recent designs have employed
peat/sand or compost in an effort to improve the
removal of metals and oil and grease from
stormwater. Some designs have resulted in
proprietary systems that attempt to standardize and
modularize the application of compost media.
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FACT SHEET—UNDERGROUND

SAND FILTERS

The underground sand filter typically consists of a
multi-chamber underground vault accessible by
access holes or grate openings. Multiple
configurations have been developed for
underground sand filters including the D.C. filter
design (Figure 12) and the Delaware filter design
(Figure 13). The D.C. design is intended to treat
flow conveyed by a storm drain, and can be
retrofitted within existing systems. The Delaware
filter design is intended to collect flow directly
from an impervious area and is well suited to
placement along parking areas. While their
deployments may differ, both of these designs
operate in basically the same manner.

During a storm, the water quality volume is
temporarily stored in an underground chamber(s)
that provides for pretreatment by settling. Over
time the stored volume flows by gravity into a
filter chamber where it moves through the sand
filter. Filtered runoff is collected in underdrains
and is then discharged into an adjacent storm drain
or natural channel. During large rainfall events
any flow in excess of the filter’s capacity is
diverted around the sand filter by means of an
overflow weir.

The underground sand filter works by a
combination of sedimentation and filtration. The
sedimentation section serves as a pretreatment
measure by removing larger diameter suspended
solids and capturing floating hydrocarbons. If the
filter consists of a 45.7 cm (18 in) layer of sand the
filter will trap up to 90 percent of the small
particles in stormwater runoff (diameters between
6 to 41 microns). A lower level of removal will
occur for any dissolved pollutants because the sand
medium adsorbs relatively small amounts of
positively charged dissolved materials. For
example, sand has a cation exchange capacity that
is 13 percent that of soil and 0.002 percent that of
peat. This means it is less effective in filtering and
removing dissolved metals and hydrocarbons.
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Often the intended use of sand filter BMPs is to
manage the first flush, which typically contains the
highest concentration of pollutants. If designed as
an off-line facility, however, it can provide true
capture and treatment of any water quality volume.
However, designers should note that it is relatively
expensive to install large structures (e.g., concrete
vaults) below grade and between any existing
subsurface utilities.

In summary, the underground sand filter is well
adapted for applications with limited land area and
provides turnkey performance that is independent
of local soil conditions, groundwater levels, and
other factors. It is most useful where multiple uses
of land area are required (i.e., where committed
land area is to be used for automobile parking or
for public parks).

APPLICABILITY

The underground sand filter is considered to be
highly applicable to the ultra-urban setting. It
requires a small commitment of land area, provides
dependable service, and is relatively effective at
urban pollutant removal. Its design is inherently
flexible; the size and shape of the unit can be set
based on local constraints. Because the unit is
below grade, it is safe for application in public
areas and is relatively vandal-proof. For roadside
applications, it can be placed adjacent to roadways
without imposing a safety hazard and can function
satisfactorily in the area below elevated roadways
or ramps. The effective life of a typical,
maintained underground sand filter is 5 to 20
years.

If there is a disadvantage associated with
underground sand filters, it is the relative expense
of construction compared to surface BMPs like
detention ponds. However, recognizing the
premium for space in the ultra-urban environment,
the underground filter is actually cost-effective and
sometimes may be the only feasible alternative.
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EFFECTIVENESS

Underground sand filters can be designed to
effectively treat a range of target water quality
volumes (e.g., the first 12.7 mm [0.5 in] runoff of a
storm). The design water quality volume may be
established by available space constraints,
hydraulic conditions, or by local stormwater
ordinances. Performance of this BMP is not greatly
affected by climate since its subsurface placement
will be below the frost line in most locations,
limiting freezing of the filter. In addition, the level
of treatment is generally independent of placement
and on-site soil conditions do not affect
performance. For larger-than-design events,
underground sand filters (on-line and off-line) will
only provide partial treatment. Pretreatment
options such as street sweeping or catch basins
remove trash and accumulated sand from roadway
sanding, both of which diminish a filter’s
operational performance and increase maintenance
requirements.

The underground sand filter has demonstrated
good total suspended solids (TSS) removals,
typically providing 85 percent treatment.
Effectiveness for nutrient removal is low, and in
fact the sand filter may be a source of nitrate (NQ)
since ammonia in stormwater will undergo
nitrification in an aerobic filter environment.
Trace metal removal rates range from between 65
and 95 percent. Removal of oil and grease
averages about 80 percent with influent
concentrations of 20 ppm and below. Reductions
in fecal coliform bacteria range from between 40
and 80 percent. See Table 12 for additional
information on the effectiveness of underground

sand filters.

The sand filter is most effective in managing
suspended solids but has questionable benefit
where downstream conditions are sensitive to
loadings of nitrogen or where high loadings of
hydrocarbon pollutants are expected. Anions such
as chloride from salted roadways are not removed
during sand filtration.

SITING AND DESIGN
CONSIDERATIONS

The flexible design of an underground sand filter
permits a variety of applications. A first test of the
feasibility of an application can be based on the
space requirements for 12.7 mm (0.5 in) of runoff
from an impervious area of 0.4 ha (1 ac). Using an
assumed storage depth of 0.9 m (3 ft), the surface
area requirement for a sand filter is approximately
14 m? (150 {t?) for the sediment chamber and 18.6
m? (200 ft?) for the sand filter area. More detailed
design information can be found in Design of
Stormwater Filtering Systems (Claytor and
Schueler, 1996) and Evaluation and Management
of Highway Runoff Water Quality (Young et al.,
1996).

In the final design the key components are the
sedimentation chamber that is usually a 0.92 m (3
ft) permanent pool depth and the filter bed that is
typically 45.7 to 61 cm (18 to 24 in) deep. A
maximum residence time of 40 hours is generally
applied to ensure the sand filter drains prior to
subsequent rainfall events. The total hydraulic drop
from inlet to outlet should be between 1.5 and 2.4
m (5 and 8 ft) to reduce the potential for backwater

Table 12. Pollutant removal effectiveness for underground sand filters (%)

Study TSS TP TKN NO3 Metals Bacteria Comments
Bell et al., 79 65 NA (-53) 25-91 NA Delaware sand
1995 filter

Horner >81 43-60 NA NA 22-66 NA Delaware sand
and filter; oil and
Horner, grease removal at
1995 >80%
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flow into the sand filter from the downstream
outlet. If the filter discharges to an existing storm
drain, it is recommended that the underdrain outlet
pipe drain into the top half of the downstream
storm drain. The main collector pipe should be
constructed with a minimum slope of 0.5 percent,
and observation/inspection ports and cleanouts
must be incorporated for all pipes. Access must be
provided to all chambers in the design, and the
design must conform to standards established by
OSHA for worker safety.

Underground sand filters consist of precast or
cast-in-place concrete vaults and can be installed

as on-line or off-line facilities. Off-line
applications are generally simpler to design
because a high-flow bypass is not required and
there is less potential for backwater flow entering
the facility. During construction no runoff should
enter the sand filter bed until the upstream drainage
area is completely stabilized and site construction
is completed. If practical, a sedimentation basin
may serve as a temporary sediment control basin
during site construction with the provision that
overflows will bypass the filter bed. It is
recommended that underground sand filters located
in areas with sensitive groundwater aquifers be
tested for water tightness prior to placement of the
filter layers.

MAINTENANCE
CONSIDERATIONS

The recommended frequency for performance
monitoring is four times per year. Each inspection
should log information on the depth of ponding
and oil and grease in the first chamber, the depth of
water over the sand medium, and the accumulation
of material over the sand medium. Any standing
water over the sand medium 40 hours after the
cessation of rainfall is indicative of clogging. Silt
accumulation of more than 12.7 mm (0.5 in)
indicates the need for replacement of the top layer
or all of the sand medium. Typical sand media
replacement intervals are from one to three years
(Claytor and Schueler, 1996).

The sand filter design can be modified to minimize
the effort associated with maintenance. For
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example, incorporating a plastic filter cloth
covered with a gravel layer (ballast) on top of the
sand medium creates a sacrificial layer that can be
easily replaced when clogging occurs.

Currently, there are limited data on the expected
maintenance costs associated with subsurface sand
filters. A Washington, D.C., underground sand
filter serving a 0.4 ha (1 ac) area was serviced by
removal and replacement of a gravel ballast and
filter cloth, for $1300 in 1994 (Bell, 1996). Note
that repair of subsurface sand filters requires
confined space entry, which requires larger
management crews, leading to higher repair costs.

Preparations must be made for disposing of fluids
and sediment removed from underground sand
filters. Captured fluids may have a high
hydrocarbon fraction and require special handling,
and if the sand filter medium is not regularly
replaced pollutants such as metals may accumulate
in the sediment to the point where their level is
considered hazardous.

COST CONSIDERATIONS

Underground sand filters are generally considered
to be a high-cost BMP option for water quality
management. In 1994, the construction cost per
impervious hectare served was $24,700 to $34,600
(or $10,000 to $14,000 per impervious acre
served), excluding real estate, design, and
contingency costs (Schueler, 1994). (Note that this
unit cost value should be used for conceptual cost
estimating purposes only.) In ultra-urban areas
where land costs are high, however, underground
sand filters can represent significant cost savings in
reduced land consumption. For small ultra-urban
areas with no land available, they may be the only
practical option for stormwater quality treatment as
they can be placed under roads or parking lots.

At this time manufacturers are beginning to make
available prefabricated units that include precast
vaults and inlets delivered to the site either
partially or fully assembled. These units will
eventually result in a decrease in construction
costs. Typical significant cost variables include the
location of subsurface utilities; type of lids and
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doors; customizing casting of weirs, sections, or
holes; and depth of the vault.
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The surface sand filter has been employed since
the early 1980s to provide stormwater quality
management. One of the forerunners in developing
the surface sand filter design has been the City of
Austin, Texas. As shown in Figure 14, the Austin
design consists of a bypass chamber, a
sedimentation chamber that provides pretreatment,
a flow distribution cell, and a sand filter bed. The
design illustrated shows many of the features
common to surface sand filters. Typically, the filter
bed has a 450 to 600 mm (18 to 24 in) deep sand
layer that traps or strains pollutants before runoff is
collected in an underdrain system (gravel and
perforated pipe) and conveyed to a discharge point.

A bypass chamber is used to protect the BMP from
high inflows, diverting any flow in excess of the
capacity of the structure. This works with the
sedimentation cell(s) to prevent high loads of
coarse sediment from entering the filter bed.
While the design illustrated in Figure 14 consists
of concrete structures/walls, earthen walls backed
with geomembranes and riprap sections can be
substituted in the basic design. In terms of
drainage area, the Austin design has been
successfully employed for drainage areas ranging
from 0.4 to 40.5 ha (1 to 100 ac).

Surface sand filters are very well suited to
managing the first flush volume, which typically
contains the highest concentration of pollutants.
However, the design is poorly suited to providing
stormwater quantity management to prevent
flooding because high flows can easily damage the
filter bed. As a result, it is strongly recommended
that the design be installed in an off-line
configuration.

The Austin filter works by a combination of
sedimentation, filtration, and adsorption. The
sedimentation section located just upstream of the
filter section serves as pretreatment, removing
larger-diameter suspended solids. Partially treated
stormwater then flows slowly into the filter
section, where fine-grain material is strained from
the stormwater as it passes through the filter
medium. The sand medium filter traps up to 90
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percent of the small particles in stormwater runoff
(6 to 41 microns) if a 460 mm (18 in) layer of sand
is used. However, the extent of adsorption by sand
of some dissolved pollutants is relatively small
when compared to other filter media. For
example, sand medium adsorbs much less
positively charged dissolved metals and
hydrocarbons than either soil or peat medium
primarily due to its relatively low cation exchange
capacity (CEC); sand has a CEC that is 13 percent
that of the soil medium and 0.002 percent of the
peat medium.

APPLICABILITY

Although it has been applied within an urban
setting, the Austin sand filter may require a
significant commitment of land area (generally
between two and seven percent of the drainage
area). Consequently, many of the installations
within the City of Austin are in newer, less densely
developed portions of the municipality. Within an
ultra-urban setting this design might be restrictive
requiring a completely subsurface BMP (see
underground sand filter design in the Underground
Sand Filters Fact Sheet).

The applicability of surface sand filters to roadway
projects has been demonstrated. For example, the
Texas Department of Transportation has designed
and/or installed Austin sand filters to provide
stormwater management for several large highway
projects. Overall, the design provides dependable
performance and can be designed so it does not
pose an additional safety hazard for automotive
traffic.

EFFECTIVENESS

The Austin sand filter design has demonstrated
good total suspended solids (TSS) removals,
typically providing 85 percent treatment.
Performance for nutrients is less significant, and in
fact the sand filter may be a source of nitrate (NQ)
since ammonia in stormwater will undergo
nitrification in the aerobic filter. However, sand
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filters are reported to decrease the total nitrogen
(TN) load by approximately 35 percent. Total

- phosphorus (TP) removals range up to 55 percent,
and there is a wide variation in metal removal rates
(ranging between 35 and 90 percent). Removal of
oil and grease by sand filters has been reported to
average between 55 and 84 percent (Horner and
Horner, 1995). Reduction in fecal coliform
bacteria ranges between 40 and 80 percent.

The bulk of Austin sand filter designs have been in
a warmer climate (central Texas) and reported
removal rates probably reflect this influence (see
Table 13). The filter performance would probably
decrease if exposed to prolonged cold periods,
which freeze the filter media. However, in a recent
application of a sand filter in Alexandria, Virginia,
it was reported that the filter operated effectively
immediately after an arctic freeze even with
several inches of frozen runoff in the settling area
(Bell et al., 1995).

With the integration of a sedimentation chamber,
the design provides pretreatment for the filter.
However, where high loadings of oil or grease are
encountered, additional pretreatment measures,
such as grassed swales or vegetated filter strips are
advisable.

SITING AND DESIGN
CONSIDERATIONS

Various design approaches can be taken in
designing surface sand filters, including those
developed in Austin. Design differences tend to be
found in the size of the sedimentation area, the

duration of sedimentation, and the loading rate of
the filter media. For practicality, most designs limit
the maximum water depth in the facility to less
than 2.4 m (8 ft) and drain the system by gravity.

There are two basic designs for the Austin surface
sand filter that manage the first 12.7 mm (0.5 in) of
runoff, a partial sedimentation design and a full
sedimentation design. The designs differ in terms
of the volume of the sedimentation chamber and
the size of the filter area. A partial sedimentation
design creates a smaller footprint than a full
sedimentation design but typically requires more
maintenance. The partial sedimentation design is
intended for areas that are relatively flat sloped and
requires sufficient sedimentation area to store 20
percent of the water quality volume. The partial
sedimentation design requires 16.7 n? (180 ft?) of
filter area per impervious acre. The full
sedimentation design provides sufficient
sedimentation area to store the entire water quality
volume (100 percent), a volume that is
subsequently released to the filter bed over a 24-
hour period. The full sedimentation design requires
9.3 m? (100 ft?) of area per impervious acre
(assuming a permeability of the sand medium of

1 m/day [3.5 ft/day]). More extensive information
regarding the design process used for the Austin
sand filter should be acquired directly from the
City of Austin’s Environmental Criteria Manual
(City of Austin, 1991).

There are also other approaches to surface sand
filter designs that can be considered. One general
rule of thumb is the required sedimentation area in
square meters should be equal to 0.020 times the

Table 13. Pollutant removal effectiveness for surface sand filters (%)

Study TSS TP TN NO; Metals Comments

City of Austin (1990) 75 59 44 -13 34-82 Lead and zinc removal
high; copper removal low

City of Austin (1990) 92 80 71 23 84-91

City of Austin (1990) 87 61 32 -79 60-81

Welborn & Veenhuis 78 27 27 -111 33-60

(1987)
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water quality volume in cubic meters (0.066 for
area in square feet and volume in cubic feet) for
drainage areas with an imperviousness of less than
75 percent (Claytor and Schueler, 1996). For areas
with imperviousness greater than 75 percent, the
sedimentation area commitment is 0.0024 times
the water quality volume (0.0081 for area in square
feet and volume in cubic feet). These
recommendations recognize that ultra-urban runoff
typically contains a high percentage of large-
diameter sediment particles and therefore the
settling area can be decreased (Shaver, 1994).
When using this design approach, the
recommended length-to-width ratio of the settling
chamber is 2:1 or greater to limit short-circuiting,
and the minimum recommended water depth in the
settling chamber is 0.92 m (3 ft). This design
approach also calls for the total storage volume in
the sedimentation chamber and filter chamber to be
equal to 75 percent of the water quality volume.

At least half of the total storage volume should be
located in the sedimentation chamber. The facility
storage volume calculation should include void
storage in the sand medium (typical porosity
between 30 and 40 percent). In sizing the filter
area it is recommended that a drawdown time of 40
hours be used and that the total depth of sand
medium not exceed 0.61 m (2 ft). More
information regarding this design approach can be
found in Design of Stormwater Filtering Systems
(Claytor and Schueler, 1996).

It should be noted that for any of the surface filter
designs it is possible to substitute filter media other
than sand. Refer to the Organic Media Filters Fact
Sheet for additional information on organic media
filters (peat/sand and compost media) and their
advantages and disadvantages. Although over 500
Austin sand filters are currently operating, it is not
known how long the basic design will last. Given
the relatively low level technology typically
employed, it seems reasonable to assume an
effective life between 25 and 50 years with regular
maintenance.
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MAINTENANCE
CONSIDERATIONS

In general, the recommended frequency for
performance monitoring is at least once per year.
Each inspection should log information on the
depth and location of any ponding, the depth of
discoloration in the filter bed, and the depth of
accumulated material over the sand media.

Most filters exhibit diminished capacity after a few
years due to surface clogging by organic matter,
fine silts, and hydrocarbons. Restoration of the
original filtration capacity includes manual
removal of any accumulated material and the first
several inches of discolored sand. New sand is
placed to reestablish the design grade of the filter
medium. From a review of numerous references, it
appears the material (sand/silt) accumulates in
most sand filters at a rate between 13 to 25 mm/yr
(0.5 to 1 in/yr). Maintenance can be reduced by
employing surface sand filters only in drainage
areas with 100 percent imperviousness. This
significantly reduces the fine-grain material
reaching the filter (silt and clay) which can clog
the filter bed (Schueler, 1995). In areas with high
trash loading, a wide-mesh geotextile screen can be
placed over portions of the filter surface to
simplify removal of the debris.

Regarding specific maintenance issues for the
Austin sand filter design, the partial sedimentation
design requires more frequent maintenance of the
filter bed because there is less settling of solids in
the sedimentation chamber. This tends to lead to
greater sediment loads entering the filter bed than
is experienced for full sedimentation designs
(Young et al., 1996). Greater sediment loads
translate into higher maintenance costs because
more frequent replacement of the sand media will
be required.

COST CONSIDERATIONS

The surface sand filter design is a moderately
expensive BMP to employ (Claytor and Schueler,
1996). However, the cost of installation is strongly
correlated with the nature of the construction
employed. If the filter is installed within an ultra-
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urban setting, it is likely that relatively expensive
concrete walls will be used to create the various
chambers. This type of installation will be
significantly more expensive than an earthen-
walled design, where relatively inexpensive
excavation and compaction construction
techniques lower the installation cost. However,
earthen-wall designs require a greater land area
commitment, which can offset the reduction in
construction costs.

The construction cost of surface sand filters is also
related to economies of scale—the cost per
impervious hectare or acre served decreases with
an increase in the service area. In 1994, the
construction costs-for Austin sand filters were
$39,500 per impervious hectare (or $16,000 per
impervious acre) for facilities serving less than two
acres and $8,400 per impervious hectare (or
$3,400 per impervious acre) for facilities serving
greater than five acres (Schueler, 1994). These
construction cost estimates exclude real estate,
design, and contingency costs. (Note that these
unit cost values should be used for conceptual cost
estimating purposes only.)
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FACT SHEET—ORGANIC

MEDIA FILTERS

There are two types of organic filter media
typically used for stormwater management—
peat/sand and compost. The use of organic media
in surface or subsurface filter designs is intended
to provide a higher level of stormwater treatment
than a sand-only filter. Both of these organic
media are typically installed in filters to depths
between 460 to 600 mm (18 to 24 in), and are
drained by piped underdrain systems. (Figures 15
and 16 illustrate typical filter cross sections.)

The organic media filters improve water quality
through a combination of sedimentation, filtration,
and adsorption processes. The sedimentation
section located just upstream of the filter section
serves as pretreatment, removing larger diameter
suspended solids and capturing floating
hydrocarbons. Partially treated stormwater then
flows slowly into the filter section where fine-grain
material is strained from stormwater as it passes
through the filter media.

The subsurface or underground filter design is well
adapted for applications with limited land area and
provides turnkey performance that is independent
of local soil conditions, groundwater levels, and
other factors. The underground filter design
typically consists of a multi-chamber vault that is
completely below grade and is covered with a
grating or structural concrete. It is most useful for
multipurpose land uses, that is, where committed
land area will also be used for automobile parking
or for public parks. The surface filter design,
sometimes called the Austin filter, also consists of
a multichambered facility. While most of the filter
is located at or slightly below grade the filter is not
covered and so requires a commitment of land area
(refer to the Fact Sheets on Underground Sand
Filters and Surface Sand Filters for additional
information).

As with other stormwater filters, the purpose
of organic media filters is to manage the first
flush, which typically contains the highest
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concentration of pollutants. If designed as an
off-line facility, however, such filters can
provide true capture and treatment of any
water quality volume.

A number of design variations or proprietary
systems featuring organic media are currently
available (e.g., CSF® Stormwater Treatment
System, now StormFilter™). While these
systems basically use the same treatment
mechanisms, there are differences in the size
of settling areas or chambers, loading rates,
and media configuration.

APPLICABILITY

Organic media filters can be used in
underground and surface filter designs. Of
these, the underground sand filter is
considered to be more applicable to the ultra-
urban setting. It requires a small commitment
of land area, provides dependable service, and
is relatively effective in removing urban
pollutants. Furthermore, its design is
inherently flexible, and the size and shape of
the unit can be set based on local
requirements.

Surface filter designs can also utilize organic
media and are typically less expensive to
construct and maintain than underground
filter designs. Unfortunately, surface designs
typically prevent multipurpose land uses and
therefore are limited in their application to
ultra-urban settings. In roadside settings
where there is sufficient space (typically two
to three percent of the drainage area served), a
surface filter design may be preferred.

If they are placed below the frost line, the
performance of organic media filters is
relatively independent of season. In addition,
the level of treatment is generally independent
of placement and in situ soil conditions do not
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affect performance. For most designs
pretreatment is integrated into the filter
facility in the form of a settling chamber.
Additional pretreatment may be provided by
street sweeping to remove accumulated sand
and trash, which can diminish the useful life
of the filter.

EFFECTIVENESS

Organic media filters are highly efficient in
removing fine-grain material (small particles
in stormwater runoff between 6 and 41
microns). As an additional benefit, organic
media are capable of removing a portion of
dissolved material found in stormwater. For
example, the peat medium has a cation
exchange capacity (CEC) 500 times that of
sand. This greatly increases its ability to
adsorb or capture positively charged
dissolved metals and hydrocarbons,
increasing the removal performance.

Organic media filters have demonstrated
good total suspended solids (TSS) removals,
typically providing 90 to 95 percent removal
(Claytor and Schueler, 1996; Stewart, 1992).
Performance for nutrients is less significant;
in fact, the organic media may be a source of
soluble phosphorus and nitrate (NG;). Total
phosphorus (TP) removals range up to 49
percent, while variable removal of metals is
typically between 48 and 90 percent (Figure
14). Removal of oil and gasoline averages
about 90 percent (Claytor and Schueler,
1996).

SITING AND DESIGN
CONSIDERATIONS

Two broad categories of organic media
designs exist: (1) variations on existing sand
medium filter designs and (2) proprietary
designs that are optimized for organic media.
For the first design category, organic media
are simply substituted for sand, affecting the
size of the filter portion of the facility.
Information on existing sand filter designs is
provided in the Surface Sand Filters and
Underground Sand Filters Fact Sheets. These
sand medium designs should be varied to
reflect the permeability of the substituted
organic media. It has been recommended in a
recent evaluation that combination peat/sand
filters be designed based on a permeability of
0.8 m/day (2.75 ft/day), or a value
approximately 79 percent of that
recommended for sand-only filters (City of
Austin, 1991). On the other hand, compost
medium filters have a wide range of
permeability values depending on their age
and degree of clogging. Designers should be
aware that initial permeability can be very
high (in the range of 122 m/day [400 ft/day],
a value much higher than that used to specify
the filter area); Claytor and Schueler (1996)
recommend a design permeability value of
2.7 m/day (8.7 ft/day). Several good sources
are available for detailed design procedures
and information on underground and surface
filter designs, including Design of Stormwater
Filtering Systems (Claytor and Schueler,
1996) and Evaluation and Management of

Table 14. Pollutant removal effectiveness of organic filters (%)

Study TSS TP TKN NO, Metals Comments
Stewart, 1992 95 41 56 -34 50-90 CSF® Type | system
Stormwater 92 49 57 -145 48 - 81 3-year results for CSF® Type |
Management, system

1994
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Highway Runoff Water Quality (Young et al.,
1996).

One proprietary underground design that
features organic media is the CSF® Type II
system, which uses cylindrical filter
cartridges filled with a granular organic
medium consisting of composted leaves.
(Figure 16 illustrates a recent advancement in
StormFilter™ technology, formerly the CSF®
system.) The filter works by percolating
stormwater through the cylindrical cartridges
containing certified CSF® compost media.
Because of the highly porous nature of the
granular media, the flow through a newly
installed cartridge is restricted by a valve to
57 L/min (15 gal/min). This allows more
time for sediment to settle and ensures
adequate contact time for pollutant removal.
The CSF® system is equipped with scum
baffles that trap floating debris and surface
films; even during overflow conditions. A
typical unit requires 0.67 m (2.2 ft) of drop
from the inlet invert to the outlet invert. A
portion of the sediment settles out in the area
around the cylinders; more sediment,
including particulate forms of nutrients and
heavy metals, are trapped by the porous
structure of the compost. Sizes range from
1.83 m X 2.44 m (6 ft X 8 ft) (treating about
284 L/min [75 gal/min] peak flow) to 2.44 m
X 5.49 m (8 ft X 18 ft) vaults (which treat
about 1360 L/min [360 gal/min], or 0.023
m®/s [0.8 ft*/s]). Housed in standard size
precast or cast in place concrete vaulits, the
filter systems are installed in-line with storm
drains.

MAINTENANCE
CONSIDERATIONS

Annual maintenance costs for organic filters
vary as a function of the design used. Surface
filter designs using a peat/sand medium
require periodic mowing and removal of the
grass cuttings to avoid unwanted plant
growth. In addition, at least an annual
inspection is required for this design and

83

reseeding of the grass cover crop may be
required.

Filter designs that feature horizontal compost
bed filters will likely be replaced every three
to four years to prevent heavy metal
concentrations from reaching levels that
exceed the “clean sludge” definition under 40
CFR Part 503 (USEPA, 1994). These designs
also require removal of accumulated material
and rototilling of the compost to reestablish
the required permeability.

Maintenance for underground designs that use
organic media can be inferred from
information given for sand-only medium
filters given in the Fact Sheets for
Underground Sand Filters and Surface Sand
Filters. A D.C. underground sand filter
serving a 0.4 ha (1 ac) area was serviced by
removal and replacement of a gravel ballast
and filter cloth, for $1300 in 1994 (Bell,
1996). It is reasonable to assume organic
media filters would require comparable
service. It should be noted that repair of
subsurface filters requires confined space
entry, which dictates larger management
crews and a higher cost to repair than surface
filters.

The maintenance of proprietary organic media
filters varies with the manufacturer; it is likely
that maintenance will include removing
accumulated material that has settled in the
facility and periodic replacement of organic
media cartridges on an annual or biennial
basis. For example, manufacturers of the
CSF® system indicate annual maintenance
costs will range from $500 to $1200 (for 280
and 1360 L/min [75 and 360 gal/min]
systems, respectively).

COST CONSIDERATIONS

The cost of surface facilities using organic
media filters is comparable to the cost of
filtration facilities that use sand medium (with
the exception of proprietary systems). For
conceptual costing a price of $8,400 to
$39,500 per impervious hectare served (or
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$3,400 to $16,000 per impervious acre
served) can be used to estimate the
construction cost of a proposed facility,
excluding real estate, design, and contingency
costs (Schueler, 1994).

Underground filters are generally considered
to be a high-cost BMP option for water
quality management. The construction cost
per hectare served is typically around $34,600
and the cost per acre served is typically
around $14,000, excluding real estate, design,
and contingency costs (Schueler, 1994).

Drop-in CSF® vertical organic media units are
typically precast vaults delivered to the site
either partially or fully assembled. Typical
cost variables include the need for ballast,
type of lids and doors, customized casting of
sections or holes, and depth of the vault.
Systems treating peak flows of 280 and 1360
L/min (75 and 360 gal/min) have an
estimated installed cost of $10,000 and
$25,000, respectively (Stormwater
Management, 1996).
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3.5 VEGETATED
SWALES/FILTER STRIPS

3.5.1 Description and Purpose

Grassed swales and filter strips are moderate to
low-cost BMPs designed to improve the quality of
stormwater runoff by using biological and
chemical processes in soils and vegetation to filter
out constituents. Both BMPs are well suited to the
ultra-urban environment and can be located in
medians or along the shoulders of roads.

Grassed swales are carefully engineered grassed
channels that not only safely convey stormwater
from a roadway but also provide water quality
benefits. Grassed swales can also be sized to
detain stormwater and address water quantity
management needs. The swale designs can be
adapted to accommodate in situ soils with differing
percolation rates by varying the method of
detaining the stormwater within the channel.

Filter strips are evenly sloped vegetated areas that
treat stormwater by filtering it through vegetation
(grass or wooded growth). Filter strips located on
soils with high percolation rates can efficiently
address water quality issues over a short horizontal
length. This feature makes it feasible to use filter
strips as roadway shoulders or safety zones.

3.5.2 Design Alternatives

Grassed swale designs are categorized as either wet
or dry designs. Wet grassed swales maintain a
volume of water in the bottom of the trench by
having the invert located below the groundwater
table or by the use of baffles in the trench to detain
water. This system is designed to emulate a
natural wetland. Water quality improvement is
achieved by the settling out of particulates in the
water column and by the biological and chemical
action of the water. Dry grassed swales are
designed so that runoff infiltrates through the
bottom of the swale into the ground below. The
subsoils must be permeable and possess a high
infiltration rate. The treatment efficiency of both
grassed swale designs is dependent on the gradient
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of the swale, the swale size, and the infiltration rate
of the subsoils.

As a design option, stormwater quantity
management can be achieved in larger swales by
the use of check dams to pond the water within the
channel. The stormwater is slowly dewatered by a
notch in the check dam and released downstream
or infiltrated into the subsoils. Pretreatment by a
vegetated filter strip or other acceptable method to
reduce sediment loads in the system is important so
that the capacity of the channel can be maintained
and the soil pores are not clogged.

Vegetated filter strips are designed as a water
quality measure. As water flows in a sheet across
the area, particulates and constituents in the first
flush of stormwater are filtered out by the
vegetation. They are then infiltrated into the soils
or taken up as nutrients by the plants. Removal
efficiencies are dependent on the slope length,
gradient, and condition of the vegetation. A long
slope length and mild gradient provide the most
efficient removal rates. A berm is often included
at the downstream end to temporarily detain the
runoff. If necessary, energy dissipators, such as
gravel strips, are used to reduce the velocity of the
stormwater from the pavement areas before it
enters the filter strip. This helps to spread the
water out so that channels and rills, which can
cause the runoff to bypass the system, do not
develop.
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FACT SHEET—DRY AND WET

VEGETATED SWALES

Traditionally, swale designs were simple drainage
and grassed channels (Figure 17) that primarily
served to transport stormwater runoff away from
roadways and rights-of-way and provided
inconsistent water quality treatment (Claytor and
Schueler, 1996). Today, designers emphasizing
water quality management are shifting from the
drainage/grassed channel design concepts to
carefully engineered dry/wet vegetated swale
designs (Figure 17). Two general types of grassed
swales are discussed in detail here—a dry swale,
which provides water quality benefits by
facilitating stormwater infiltration, and a wet
swale, which uses residence time and natural
growth to treat stormwater prior to discharge to a
downstream surface water body.

Dry swales are distinguished from a simple
drainage/grassed channel by the addition of
carefully selected, highly permeable soil (usually
sandy loam), check dams, and an underdrain
system (Figure 18). These design features ensure
that infiltration of stormwater will not depend only
on the infiltration rate of the existing natural soils.
Only in special circumstances where natural soil
and groundwater conditions consistently provide
high infiltration will a traditional drainage/grassed
channel design provide the same water quality
benefits as a dry swale design.

Wet swales are distinguished from the simple
drainage/grassed channel by design features that
maintain a saturated condition in soils at the
bottom of the swale (Figure 19). The goal of a wet
swale is to create an elongated wetland treatment
system that treats stormwater through physical and
biological action. Unlike dry swales, infiltration of
stormwater is an undesirable condition in a wet
swale because it would likely result in conditions
detrimental to maintaining saturated soils to
support wetland vegetation.
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APPLICABILITY

Dry and wet swales are appropriate for use in
narrow areas along roads and medians where
sufficient space exists to accommodate the
additional storage depth and width. These swales
are relatively inexpensive BMPs, and the total cost
is principally related to earth moving construction
costs. Because drainage/grassed channels are
commonly installed in roadway right-of-way areas
to provide essential drainage, implementing a more
complex dry or wet swale design usually results in
a relatively small additional cost and provides
significantly better water quality management.
Where sufficient space is available in ultra-urban
areas, either dry or wet swales may be appropriate
BMPs.

The design requirements of swales are relatively
flexible; the gradient, size, and shape are typically
based on local regulations that ensure adequate
conveyance of the stormwater. In most
applications, swales are placed parallel to
roadways and care must be taken to ensure they do
not impose an unacceptable safety hazard to any
vehicles that might leave the roadway. Swales are
practically vandal-proof and add an aesthetic value
to roadside areas as long as they are maintained
and litter and debris are regularly removed.
However, wet swales can create ideal breeding
habitat areas for nuisance insects such as
mosquitoes.

EFFECTIVENESS

Both dry and wet swales demonstrate good
pollutant removal, with dry swales providing
significantly better performance for metals and
nitrate. Dry swales typically remove 65 percent of
total phosphorus (TP), 50 percent of total nitrogen
(TN), and between 80 and 90 percent of metals.
Wet swale removal rates are closer to 20 percent of
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