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ABSTRACT

ASSESSING THE IMPACTS OF POST-CONSTRUCTION BEST MANAGEMENT PRACTICES ON
STORMWATER RUNOFF IN AN ULTRA URBAN ENVIRONMENT

By

Valerie Novaes

The effects of urbanization on water resources in the United States and around the world have
been well documented by scientists and engineers. Traditional storm sewer systems coupled with
detention basins have historically been implemented to mitigate the increased stormwater runoff volume
and peak flow rates from urbanized areas. However, this solution has been found to exacerbate the
problems associated with increased peak flow rates and runoff volumes in the receiving streams. Future
effectiveness of addressing urbanization must seek to mimic the natural hydrologic processes that
occurred prior to urbanization. Low Impact Development is an alternative approach to sewer systems that
has been implemented to promote the natural hydrologic processes including evaporation, infiltration, and
transpiration. However, detailed full-scale water quantity performance data is scarce. To address this
knowledge gap, the following research objectives were developed: (1) evaluate the influential factors that
impact infiltration rate in engineered soils, (2) determine the relation between the percentage of unfilled
pore space, soil compaction, and plant health, (3) analyze the overall health of the planted community,
and (4) evaluate how the bioretention systems have modified the surface runoff hydrograph with respect
to change in total volume, the time to peak, the peak flow rate and the overall shape of the runoff
hydrograph. An EPA SWMM model was developed and results indicate that a viable alternative exists to
the conventional stormwater drainage system that provides substantial reductions in runoff volume, peak
flow rates, and increase the time of concentration while changing the overall shape of the runoff

hydrograph. Additionally, improvements in data collection and performance testing were provided.
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1. INTRODUCTION

Worldwide, there is a well-documented decline in habitat and water quality of urban streams.
Runoff from urban areas is one of the leading causes of the decline in surface waters (EPA, 2000).
Urbanization is typically accompanied by increases in impervious surfaces such as roofs and roads,
construction of hydraulically efficient drainage systems, compaction of soils, and modifications to
vegetation. This results in a variety of impacts that are not easy to separate including increased intensity
and frequency of flood flows, stream erosion and the potential for decreased baseflows. Urbanization also
leads to water pollution from suspended sediments, heavy metals, hydrocarbons, nutrients and pathogens

(Hatt et al., 2004; Jacobson, 2011; Walsh et al., 2012).

Despite an increasing awareness and knowledge of these issues and potential solutions, the
transition to more sustainable urban stormwater management that mimics the natural hydrologic process
has been slow. This may reflect, among other factors, the lack of field scale performance data for Low
Impact Development (LID) practices. Meanwhile, the availability of LID modeling software is increasing.
Models can make design and application of LID more efficient and demonstrate water quality and water
quantity benefits when implementing LID practices that can be used for stormwater management in the
future. The challenge is to translate complex and highly variable natural processes through LID modeling

that can provide meaningful performance metrics and design considerations to address urban stormwater.

Based on the lack of field scale performance data for LID practices, the goal of this project is to
determine the impacts of one of these practices called bioretention facilities on the surface runoff
hydrograph in the ultra-urban corridor of Michigan Avenue in Lansing, Michigan. Additionally, the
project will investigate the link between unfilled pore space, soil compaction and plant health and

evaluate the factors that impact infiltration rates in the engineered soils.

There are three specific knowledge gaps that must be addressed when designing LID practices to

mitigate urban stormwater runoff.



* Impact of media material on infiltration rates: It is known that media material used in a
bioretention system will affect infiltration rates. Current research suggests that a higher
percentage of sand in the media will provide the best infiltration performance. Infiltration
rates with media materials in bioretention systems that contain higher clay content are poorly
understood and research should be performed. (Brown et al, 2009; Li et al., 2009, Brown and

Hunt, 2011a, Liu et al, 2014).

»  Effects of soil porosity and field capacity on system performance and plant health: Two of the
principal components of bioretention systems are plants and soil, which remain largely
untested. Additional research must be performed to understand how soil compaction and

porosity affect system performance (Johnston, 2011).

»  Effectiveness of bioretention on hydrograph modification: In evaluating the effects
bioretention systems on hydrograph modification, the capture efficiency must be addressed.
The capture efficiency of a bioretention system is defined as the fraction of total stormwater
volume captured by the system and can be used to demonstrate the water quantity and water
quality performance of the system. The capture efficiency is highly dependent on the design
of the bioretention (Li et al., 2009; Davis et al. 2012) and climatological conditions (Emerson
and Traver 2008). In order to ensure that bioretention systems are designed for optimal
performance based on design goals, accurate methods are needed to estimate the actual

performance of the system (Davis et al. 2009).

Therefore, the specific objectives of this project located in the ultra-urban corridor of Michigan

Avenue in Lansing are as follows:

1. Infiltration Capacity: What are the influential factors that impact infiltration rate in engineered

soils?



Porosity and Field Capacity: What is the percentage of unfilled pore space in the engineered soil?
Is there a correlation between the percentage of unfilled pore space, soil compaction, and plant

health?

Plant and Garden Health: What is the overall health of the planted community? What are the
trends in plant species survival/health? What is recommended for replanting specific gardens? Is
there any correlation between condition of the soil, the thickness of the mulch, the presence of

weeds, and the presence of trash/debris and the health of the plants?

Surface Runoff Hydrograph Modification with Bioretention: How have the bioretention systems
modified the surface runoff hydrograph with the gardens in place?

Quantification of Hydrologic Changes: What is the change in total runoff volume, time to peak,
peak flow rate and overall shape of the hydrograph with the implementation of bioretention

facilities?



2. LITERATURE REVIEW

2.1. OVERVIEW

This literature review focuses on three key areas of research associated with stormwater: the
stormwater impacts from urbanization, types of solutions used to treat the stormwater impacts, and
hydrologic modeling for hydrograph modification assessment studies. The first section examines the
changes (water quantity and quality) in streams and waterways from urbanization. The next section
describes the methods to mitigate the negative effects of urbanization on water resources including an in-
depth review of bioretention practices. Finally, hydrologic models and their applications in respect to

determining the mitigation effects of best management practices are reviewed.

2.2. URBANIZATION

2.2.1. Water Quantity Aspects of Urbanization

Urbanization alters the hydrology of our lakes, rivers and streams by increasing impervious
surfaces resulting in an increase in overland flow runoff (Burns et al. 2012). As urbanization and
impervious cover increase, the ability for precipitation to be intercepted by vegetation and either infiltrate
into the ground, be stored in the soil column or evapotranspiration significantly decreases (Paul et al.,
2001). Pre-urbanization conditions are characterized by pervious land cover that allows precipitation to
infiltrate into the ground, including a substantial amount that deeply infiltrates replenishing groundwater
and streams. A very small percent of precipitation that falls onto pervious land is actually converted to
runoff, typically less than 20% (Paul and Meyer 2001; CWP 2003; EPA 2012,). Conversely, watersheds
characterized with a majority of impervious surfaces, experience approximately 75-100% runoff and 0-
15% infiltration with only a small percentage of that deeply infiltrating (CWP 2003; Burns et al., 2012;).
A study conducted by Simmons and Reynolds (1982) assessing annual baseflow discharges for two
streams on Long Island, New York found that discharge volumes were reduced by more than 40%

following urban development (Konrad and Booth, 2002).
4



As urbanization and stormwater runoff increase, the risk of flooding increases, which threatens
the public welfare and surrounding infrastructure (Brown et al., 2009; Burns et al., 2012; EPA 2012).
Many cities in North America constructed extensive sewer systems initially to help control the outbreak
of disease (Staley and Pearson, 1899). Most sewage collection systems collected both sewage and urban
runoff (combined sewer) incorporating relief structures that allowed flow to be discharged into a nearby
river or stream when the capacity of the collection system was exceeded (combined sewer overflow,
CSO) (Burrian, 1999; EPA, 2004). As urbanization exploded, the quantity of combined sewer discharges
increased causing serious water pollution problems. Cities and communities were forced by the United
States Environmental Protection Agency (USEPA) to reduce or eliminate CSO related pollution problems
(EPA, 1994). A solution to the CSO problem was to implement sewer separation constructing a separate

sewer for stormwater runoff from wastewater.

Researchers have found that changes to peak flow rates (specifically increases) and stormwater
runoff volumes have a strong correlation to the increase in impervious cover (Konrad and Booth, 2002;
CWP, 2003; EPA, 2012; Burns et al., 2012). Increases in peak flow rates exacerbate the problems of
erosive velocities and scour by extending the duration of higher flows (Fongers et al., 2001, Baker et al.,
2008). The more frequent high peak flow rates occur in a stream, the greater the risk of producing simple
trophic structures with low taxonomic diversity (Rabeni and Wallace, 1998; Konrad and Booth, 2002).
Another result is the increase in the frequency and duration of bankfull flow events. The Center for
Watershed Protection cites that these events expose the stream channel to more shear stress above the
critical threshold needed to maintain bank and bed sediment loads. As a consequence, the stream channel

adjusts by expanding its cross-sectional area (CWP, 2003).

2.2.2. Water Quality Aspects of Urbanization

Runoff from urban areas is one of the leading sources of water quality degradation in surface

waters. Increased loads of pollutants and at higher concentrations enter urban streams as a result of



urbanization. The quantity of pollutant loads conveyed to receiving streams through stormwater runoff is
directly proportional to the quantity of impervious cover (CWP, 2003). These pollutants include
sediment, nutrients, metals, hydrocarbons, bacteria and pathogens, organic carbon, methyl tertiary butyl-
ether (MTBE) pesticides and deicers (CWP, 2003). Further, studies have documented that degradation
from pollutants occurs even at low levels of catchment urbanization (Booth et al., 2004; Hatt et al., 2004;

Walsh et al., 2005).

Increased sediment loads in stormwater runoff cause sediment to deposit in receiving streams,
covering benthic organisms, including aquatic insects and freshwater mussels. Suspended sediments in
stormwater runoff are the major carriers of other pollutants into receiving streams like heavy metals and
hydrocarbons (CWP, 2003). Nutrients, while essential for aquatic systems, cause negative impacts on
receiving waters in excessive concentrations. Many studies have indicated that nutrient concentrations are
directly linked to land use type, with urban and agricultural watersheds producing the highest nutrient

loads (Chessman et al., 1992; Wernick et al., 1998; Paul et al., 2001; USGS, 2001; CWP, 2003)

The decrease in quality of stream biotic health has been directly linked to the increase in percent
of impervious cover (EPA, 2000; Walsh et al., 2001; Stephnuck et al., 2002; Morse et al., 2003, Hatt et
al., 2004)). Faulkner (2004) identified habitat fragmentation and biochemical and physical changes to
streams as specific results of urban stormwater due to urbanization. Other studies have documented that
increases in peak flow rates from urbanization produces bank instability, undercut banks, exposed roots,
and channel incision (Bragg et al., 2005; Bunn & Arthington, 2002; Roy et al., 2005). The bed-scouring
and channel-erosive effects include reduced periphyton biomass, reduced macrophyte and fish
populations and low diversity in lotic assemblages (Konrad and Booth, 2002, EPA 2012). In particular,
high peak flow rates causing streambed scour directly affect stream biota by killing organisms or

dislodging them and transporting them downstream.



Prolonged periods of low flows have been documented to pull the water out of the stream
floodplain and vegetation changing the riparian corridor species to more drought-tolerant species (Poff et
al., 2009). Low flow conditions can also result in changes to nutrient uptake and cycling, creating a
potential source of nitrate rather than a sink for nitrate (EPA, 2012).However, several studies have not
found any conclusive evidence that impervious cover is responsible for lower baseflows during certain
times of the year (Hollis, 1975; Evett et al., 1994). For example, Konrad and Booth found that stream
baseflows actually increased during the summer months (Konrad and Booth, 2002). Increased infiltration
from lawn watering, leaking water supply systems, inputs from wastewater treatment plants and septic
systems are common sources for the increased baseflow (Brandes et al., 2005; Price, 2011; Burns et al.,
2012). In either scenario, the result is extremes in stream baseflows. Researchers have found that these
extremes are a direct impact to lotic communities often resulting in mortality and decreases in

macroinvertebrate community composition, density and/or diversity (Coleman et al. 2008).

Walsh et al. (2005) assessed that aquatic ecosystem damage is quite common where the urban
stream syndrome is present, which is characterized by flashy hydrographs, higher pollutant levels, highly

modified channel geomorphology, and decreased biotic richness.

It is evident that the water quality impacts realized from urbanization are a result of the increased
runoff that carry the pollutants into nearby stream and rivers, along with the higher peak flows which
contribute to the channel erosion and bank-instability. It is hypothesized then, that a reduction in the
quantity of stormwater runoff, will have a direct impact on improved water quality and reduced pollutant

loads.

2.3. SOLUTIONS TO IMPACTS OF URBANIZATION
Urban stormwater managers are challenged to provide a solution to the water quality and water
quantity problems that have been created by urbanization resulting in an increase in impervious surfaces.

The traditional approach of collecting stormwater in a traditional storm water collection system, of catch



basins and underground storm sewer pipes that discharge to a detention basin and is slowly released to the
local waterbody was discussed above. This approach does not fully address the problems caused by

CSO’s or flooding risks (Walsh et al. 2005).

Low impact development (LID) is an alternative approach that reduces peak flow rates,
stormwater runoff volumes, provides water quality treatment, and minimizes exposure of the stream
channel to erosive flows (EPA, 2000; Davis, 2007; Davis, 2008; USGS, 2010). LID is a widely used term
that has been used interchangeably with the term Green Infrastructure. For the purposes of this research,
the term LID is referred to as an approach to land development or re-development that use or mimic
natural processes to store, infiltrate, evaporate, transpire, or reuse stormwater on the site as close to its
source as possible. Weinstein (The Executive Director of the LID Center) remarks in a 10" anniversary of
the LID Center letter that any successful LID project requires the use of hydrology and hydrologic
processes as the framework for design, micromanagement techniques, a focus on controlling stormwater
at the source, incorporating simplistic, non-structural methods and creating a multi-functional landscape
and infrastructure (Weinstein, 2008). LID provides benefits beyond just water quality and water quantity
benefits including reduced energy use, reduced CO; emissions, air quality improvements, and reductions
in urban heat island effect (Weinstein, 2008; CNT, 2010; EPA, 2013; EPA, 2014). From a community
livability perspective, the benefits of LID include recreation, reduced noise pollution, improved human

health, beautification and adding aesthetic value (Weinstein, 2008; CNT, 2010; EPA, 2013; EPA, 2014).

Specific examples of LID practices include bioretention facilities (rain gardens), vegetated
bioswales, green roofs, water harvesting (rain barrels and cisterns), and permeable (porous) pavement
(SEMCOG, 2008). All of these practices focus on intercepting the stormwater runoff before it enters the
conventional stormwater drainage system and is conveyed to the nearby stream and allowing the water a

chance to infiltrate into the ground, and promote evapotranspiration (SEMCOG, 2008; Burns et al., 2012).



2.4. BIORETENTION FACILITIES

Bioretention has been used as a stormwater LID practice since 1992 and is very common in
communities across Michigan and the United States (EPA, 1999; Hunt, 2006; Davis et al., 2009, Hunt et
al., 2012). Bioretention facilities are more than just infiltration practices. They are designed to mimic all
aspects of the natural site hydrology, including interception, infiltration, soil storage, detention and
evapotranspiration to retain and treat stormwater runoff (Weinstein, 2008; Trowsdale 2011). Bioretention
systems are composed of an excavation area backfilled with engineered soil over an aggregate storage
layer and a shallow area above the soil for surface storage. The systems are typically planted with native
vegetation such as trees, shrubs and grasses to remove pollutants from stormwater runoff. A mulch layer
is incorporated to protect the soil and retain water. An underdrain is provided when the native underlying

soils lack the capacity to infiltrate water effectively (Thompson et al., 2008).

2.4.1. Design Criteria

A wide variety of design guidelines exist including recommendations for soil media mixtures,
aggregate storage layer stone size, vegetation options, drawdown time, and infiltration rates (Carpenter &
Hallam, 2010; Hunt et al., 2012). Design guidelines for soil media mixtures and aggregate storage layers
are based on specific design goals (i.e. water quality treatment versus water quantity) and geographic
region. Guidelines for drawdown time and infiltration rates are applicable regardless of the design goal;
however, vary based on the geographic region. Due to the fact that designs are specific to geographic

location, the variability in the design guidelines is expected.

Research suggests that the ability of water to move into and through a bioretention system
determines its effectiveness (Thompson et al., 2008; Li et al., 2009; Hunt et al., 2012). Water quality
treatment efficiencies are directly related to the ability of a bioretention system to reduce outflow
volumes. Hunt et al. (2012) advised that in many cases, the single reason pollutants loads are less at the

outflow than at the inflow is due to the hydrologic modifications and water balance in the bioretention



system. Further, the effectiveness of bioretention systems to provide water quality treatment and water
quantity reductions is predominantly controlled by the soil particle arrangement and stability (Thompson
et al., 2008). Therefore, it is important to understand treatment mechanisms as well as hydrologic

modification mechanisms to allow effective design of bioretention systems.

2.4.1.1.Vegetation Options

Vegetation used in bioretention facilities varies by geographic location, the necessary level of
care, the land use environment, and aesthetic and functional goals. A variety of studies have documented
that vegetation is an important system component for enhancing the function of bioretention systems
(Denman et al., 2007; Henderson et al., 2007; Lucas and Greenway 2008; Read et al. 2008; Bratieres et al.
2008 from Barrett 2013). Plants directly contribute to treatment efficiency by degradation of organic
pollutants, uptake of macronutrients and heavy metals (Breen, 1990; Schnoor et al., 1995; Cunningham
and Ow, 1996) and maintenance of longer-term soil porosity (Read et al., 2008). Plants also make direct

use of nitrogen and phosphorous.

Additionally, research indicates that pollutant removal and system functionality can be affected
by the type of vegetation selected (Read et al., 2008; Bratieres et al., 2008). Read et al (2008) observed
that the large variation in reported pollutant removal efficiencies in bioretention systems, is directly
affected by the choice of plants. The study concluded that the type of plant species selected, could have a
measurable impact on the bioretention system effectiveness. As an example, certain plants have a high
number of microscopic root hairs that greatly increase the area of soil accessible to plants (Read et al.,
2008). Limited research is available evaluating how particular plants, both native and non-native,
influence pollutant removal for bioretention systems in the state of Michigan. The choice of plants needs
to be based not only on their treatment ability but also on their capacity to survive in stressful growing

and environmental condition (Read et al. 2008).
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2.4.1.2.Bioretention Soil Media

The soil media used in bioretention systems directly influences the stormwater treatment
effectiveness as well as overall system performance (Hunt et al., 2009). It must be able to effectively treat
stormwater and maintain the ability to drain the storm event while surviving and providing aesthetic

benefits in the environmental conditions it resides in.

Bioretention soil media typically consists of a mix of sand, soil, and compost. Current literature
regarding the content of soil media varies widely. It does not characterize soil media properties and fail to
evaluate it based on its treatment capacity and functionality (Ermilio and Traver, 2006; Hunt et al., 2008;
Read et al., 2008; Barrett et al., 2013). In general, studies provide information on the percentages of the
various soil media components but do not provide quantitative information about organic matter content
and type of organic matter, permeability, water holding capacity, and particle size distribution among

others.

Organic matter in bioretention systems provides enhance aggregate stability, water holding
capacity, hydraulic conductivity, and decreases bulk density (Albiach et al., 2001; Thompson et al.,
2008). However, the incorporation of organic matter also increases the potential for compaction,
increasing the bulk density, which can result in a reduction in the infiltration capacity (Gregory et al.,
2006; Thompson et al., 2008). Current research indicates that organic matter present in addition to a soil
component provide a more stable structure to increase the longevity of the bioretention system. Although
compost will eventually degrade and lose its performance enhancing effects, it provides a structure for

plant roots and macrospores to mature so that the impact is sustained (Olson et al., 2013).

2.4.2. Water Quality Treatment

The evaluation of water quality treatment performance of bioretention systems has predominantly
been in the laboratory (Davis et al., 2001; 2003, Trowsdale, 2011). These studies suggest that bioretention
systems are effective at reducing stormwater contaminants including sediments, heavy metals and
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phosphorous (Sun and Davis, 2007; Bratieres et al., 2008; Lucas and Greenway, 2008; Trowsdale, 2011).
Limited measurements at field scale applications of bioretention systems supported the laboratory
findings of high removal efficiencies for sediments and heavy metals (Hatt et al., 2009; Trowsdale, 2011).
Full-scale bioretention water quality and quantity performances data is scarce and further research of

pollutant removal efficiencies in field applications to provide more conclusive results is necessary.

This section will discuss reported treatment efficiencies of bioretention systems for nutrients,
total suspended solids and heavy metals. Typically these are quantified by reporting the percent removal
from the influent to the effluent. However, the use of fractional removal (percent) can be misleading and
inaccurate for effective treatment systems when the input pollutant concentration is very low (Davis,
2007). Event mean concentrations (EMCs) prove a better way to represent performance but can be
misrepresentative because they do not consider the size of the runoff event. Therefore, total pollutant
mass removal is a more representative measure of bioretention system efficiency for water quality
performance. Limited studies are available that report pollutant mass removal efficiencies so EMCs or

fractional removal will be presented in cases where mass removal is not reported.

2.4.2.1. Nutrient Removal

Total nitrogen and total phosphorous load reductions have been documented at both the
laboratory scale and field scale applications. Nitrogen removal has been reported between 30 and 95
percent (Hunt, 2006; Davis et al., 2009; Liu et al., 2014). On a total pollutant mass removal basis,
nitrogen rates range between 90 and 95% (Davis, 2007). Increases in nitrogen removal can be realized by
retaining water in the bioretention system for longer periods of time. This ca be achieved by changes to

the bioretention system design.

Researchers have found good phosphorous removal in bioretention systems (Davis et al., 2006;
Hseih et al., 2007; Lucas and Greenway, 2008) while significant variations were noted in a study by

Hsieh and Davis (2005a). More recently, phosphorous mass removals in bioretention facilities have been
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noted between 77-79% (Davis, 2007). Dietz and Clausen (2005) noted a net export of phosphorous from
bioretention systems. A review of the temporal data; however, suggested that higher concentrations
occurred in newer facilities due to phosphorous being washed from the original soil media. Hunt et al.
(2006 and 2012) noted that phosphorous performance was highly dependent on the soil composition in
the bioretention system while nitrogen removal efficiencies are linked to plant selection (Lucas and

Greenway, 2008).

2.4.2.2.Suspended Solids

Suspended solids and particulate matter are removed in bioretention systems through
sedimentation and filtration. As water passes through the soil media in a bioretention system, it is filtered
allowing fine particles to be captured. Larger particles are strained out at the surface of the media (Hunt et
al., 2012). Davis (2007) reported total suspended solids (TSS) mass removal was between 54-59% while
a study by the University of New Hampshire reported TSS removal as high as 97% for a bioretention

system (UNHSC, 2006).

A more recent study by Trowsdale (2011) supported the observation that total suspended solid
concentrations are significantly reduced through the use of bioretention systems, with median and
maximum concentrations measured in the outflow were 3 and 42 mg/L, respectively as comparted to the
inflow values (median 30 mg/L, max 375 mg/L). Bioretention systems that have been in place for several
years provide for greater filtration and sedimentation of TSS with improved TSS removal efficacy (Liu et

al., 2014).

Removal efficiencies can be modestly improved with the addition of vegetation as it slows the
water velocity, allowing more settling time for sediment (Emerson and Traver, 2008; Hatt et al., 2009a).
Additionally, protection of the bioretention area from construction sediment will reduce the chance of

system failure from large inflows of sediment before practice establishment.
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2.4.2.3.Metals

Heavy metals wash from tires, automobile exhausts, road asphalt, parking dust and recreational
land into urban stormwater runoff (Reddy et al., 2014) and are a major contributor to the degradation of
many urban streams and rivers (NRDC, 1999). The primary treatment mechanism for these pollutants is
adsorption by the engineered soil media and overlaying mulch layer (Hunt et al., 2012). Overall, high
removal rates of heavy metals have been documented for bioretention systems (Davis et al., 2003; Hunt et
al., 2008; Hatt et al., 2009b). In order to ensure that the adsorbed heavy metals do not become re-
suspended and transported through the effluent, the periodic removal of the top 10-cm (4-inches) of soil

media is necessary (Li and Davis, 2008; Hunt et al., 2012)

Copper mass removal efficiencies range between 77 and 99% and lead mass removal efficiencies
have been reported between 84 and 93% (Clark et al, 2004; Davis, 2007, WaDOT, 2007). The wide range
of removal efficiencies could be affected by the overall runoff volume reduction observed in the

bioretention system.

Reported concentrations of total dissolved zinc inflow values had a median concentration of 659
(total) and 355 (dissolved) pg/L, respectively. Effluent values show bioretention systems remove much of
the Zn from the water, reducing the median total concentration to 29 pg/L and the dissolved to 24 pg/L.

Studies done by Clark et al. (2004) reported zinc mass percent removal varies between 54 and 69%.

Further, metal adsorption can be increased at higher pH levels, with effective adsorption
occurring within a pH range of 6-7 (Hunt et al., 2012). Therefore, it is necessary to ensure design of the

bioretention system to maintain a pH between 6-7 in the engineered soil media.

2.4.3. Water Quantity Benefits

Sources of runoff are diverted into bioretention systems directly as overland flow or through a
stormwater drainage system as close to the source as possible. Reductions in stormwater volumes occur

within bioretention systems through evapotranspiration, vegetation uptake and infiltration into the native
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underlying soils. Numerous studies have documented bioretention performance in improving watershed
hydrology (Davis et al, 2001; 2003; Dietz and Clausen, 2005; 2006; Hunt et al., 2006 and 2008; Davis
2007 and 2008). In general, bioretention systems have been found to be effective in reducing runoff
volume and in treating the first flush (first one-half inch) of stormwater runoff. However, bioretention
systems are less effective at reducing runoff volume for larger storm events (EPA, 2000; Williams and
Wise 2006). However, still limited quantitative information on hydrologic impacts of LID, specifically
bioretention is available (Davis, 2008). Actual volume removal efficiencies vary largely, ranging from
40% to 97%, due to differences in design and climatic conditions (Ahiablame et al., 2012a; Zhang and

Guo, 2013).

Rates of runoff volume reduction have been examined as they relate to evapotranspiration.
Research has found that evapotranspiration (ET) loss from a bioretention facility may account for
approximately 10% to 19% of total inflow (Li et al., 2009; Liu et al., 2014). These rates of ET are
substantial and support a goal of bioretention in mimicking predevelopment hydrology. A further increase
in ET loss can be realized with larger bioretention surface areas but also cost more. Additional studies
have shown that increasing the root zone volume provides a greater opportunity for inter-event storage

and for increased vegetation update of stormwater (Hunt et al., 2012).

Runoff volume reduction that is attributed to infiltration (or exfiltration from the bioretention
system) was determined by Li et al (2009) to be around 8%. The study documents that deeper storage
media depths promote increased infiltration as well as increased ET. The incorporation of an internal
storage zone shows the ability to appreciably increase the volume reduction for small storms in

bioretention systems (Li et al., 2009).

2.4.4. Costs

The USEPA (1999) documents that construction cost estimates for a bioretention facility are
slightly greater than those for traditional landscaping for new development sites. The increased cost is
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typically offset by the decreased cost for stormwater conveyance at the site. Typical construction costs
vary widely depending on the cross-section, vegetation, and environmental constraints and site
restrictions. Ballestero (2013) published costs of $12,000 per impervious acre for a retrofit situation and
$25,000 per impervious acre for a non-retrofit application. Prince George’s County (2007) summarizes
that a net reduction of between 15% and 50% of the site development costs can be realized with the

integration of bioretention facilities.

2.4.5. Limitations

The use of bioretention facilities have few limitations. For example, bioretention facilities are not
appropriate in locations where the water table is within 6 feet of the ground surface or 2 feet the bottom of
the bioretention practice (EPA 2000). One of the principal components of a bioretention system in terms
of water quality and water quantity treatment benefits is the vegetation. As such, the long-term

performance of the bioretention depends on the survival and maintenance of the vegetation.

Another factor is installation of bioretention in areas with highly contaminated runoff. In this
case, impermeable liners must be installed at the bottom of the bioretention facility to prevent migration

of contaminated water (Prince George’s County, 2007).

2.5. PERMEABLE PAVEMENT

Permeable pavements are comprised of a surface that allows stormwater to pass through it, along
with a filter and reservoir layer for capturing the stormwater runoff from the tributary drainage area.
These pavement systems have been installed since the early 1980°s throughout the United States and are
now well established stormwater management practices (Ferguson, 2005; Gilbert and Clausen, 2006;
Schaus, 2007; Horst et al., 2011; Welker et al., 2012). There are a variety of different types of permeable
pavement including modular paving systems (e.g. concrete pavers, articulating concrete blocks, grass

pavers) or poured in place solutions (e.g. pervious concrete, porous asphalt, glass porous paving) (EPA,
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1999). Schaus (2007) reported that the design of the pavement mix is the key to the effectiveness of the

system to adequately control stormwater runoff.

The benefits of permeable pavement systems include runoff volume reduction, groundwater
recharge, and pollutant removal capacity, among others (Legret and Colandini, 1999; Kwiatkowski et al.,
2007; Haselbach et al., 2011; Nemirovsky et al., 2013). These benefits are achieved primarily through

infiltration and adsorption of stormwater pollutants to the pavement system.

2.5.1. Design Criteria

Permeable pavement systems are comprised of three main components including a surface
course, a filter course, and a reservoir course. The surface course consists of an open graded asphalt or
concrete mix approximately 50-100 mm (2-6 inches) thick depending on the structural strength necessary
(FHWA, 2004; Schaus, 2007). The air void percentage of the surface course is the critical component to
ensuring the pavement system functions for stormwater management. Air void percentages ranging from
16 to 22% (or greater) have been recommended by NAPA (2003) as well as other studies (Backstrom,
2000; FHWA, 2004). The filter course consists of a crushed aggregate, which filters the stormwater
runoff before infiltrating into the reservoir layer and native soil. The depth ranges between 25-50 mm (1-2
inches) (FHWA, 2004; Schaus, 2007). The third component is a reservoir course that provides storage
volume for stormwater until the water can infiltrate into the native soil. The depth of this layer depends on
the quantity of stormwater that is to be stored (FHWA, 2004). The air void percentage of the reservoir

layer should be at approximately 40% (Cahill, 2003; Schaus, 2007).

2.5.2. Water Quality Treatment

2.5.2.1.Nutrient Removal
Two long term permeable pavement studies in Maryland and Virginia provided an estimate of

permeable asphalt’s pollutant removal efficiency. The studies observed phosphorous removal efficiency
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to be 65% and 80% to 85% for total nitrogen (EPA, 1999). Pollutant removal efficiencies for

phosphorous are further supported by Ballestero (2013) who reported 60% removal of phosphorous.

2.5.2.2.Suspended Solids

The two long term permeable pavement studies performed in Maryland and Virginia observed
that 82% to 95% of suspended solids removal through a permeable pavement system (EPA 1999). More
recent pollutant removal efficiencies reported by Ballestero (2013) and the Asphalt Paving Association of
Michigan (2014), indicate suspended solids removal efficiency near 100% for permeable pavement

systems.

2.5.2.3.Metals

An early study of permeable pavement systems reported heavy metal reductions of 79% for lead,
and 75% for zinc (Legret et al., 1996). Published data from the Asphalt Paving Association of Michigan
reports metals removal of 85% (2014). Another recent study by Zhao and Zhao (2014) documented
reductions in lead concentrations above 95%. However, the study reported zinc levels increased in the
short-term. This was noted to potentially be caused by the aggregate material used in the reservoir storage
layer not being cleaned prior to installation. Lead reductions were observed only long time after the rain
event. The study suggests that future research is needed to better quantify the pollutant removal

efficiencies of metals in permeable pavement systems (Zhao and Zhao, 2014).

2.5.3. Water Quantity Benefits

There are two approaches to permeable pavement design for stormwater runoff capture and
volume reduction. The first approach considers sizing the reservoir course to hold the calculated runoff
volume from a design storm event. The second approach is to design the pavement system for a percent
reduction in stormwater runoff compared against the rainfall total (Field et al., 2004; Tennis et al., 2004;
Martin and Kaye, 2014). This approach has reported stormwater runoff volume reductions ranging from
90% to 100% for smaller, more frequent storm events (Pratt et al., 1989; Dreelin et al., 2006; Collins et
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al., 2008; Martin and Kaye, 2014). Martin and Kaye (2014) discuss the lack of published data on

quantifying the stormwater runoff volume reductions over a broad range of storm events.

2.5.4. Costs

The costs of permeable pavement systems tend to be approximately 35% to 40% higher than
traditional pavement systems (APAM, 2014). Costs vary with location and installation conditions
(Ballestero, 2013). Additionally, concrete pavers and articulating concrete blocks are typically more
expensive than porous asphalt or pervious concrete. Ballestero (2013) reports a cost per impervious acre

of $58,000 for porous asphalt and $174,000 for porous concrete.

2.5.5. Limitations

Permeable pavements are most successful at sites that have an underlying soil permeability of
greater than 13 mm per hour (ACI, 2006; Schaus, 2007). As such, sites with poor infiltration capacity
should incorporate an underdrain into the system design. The EPA (1999) reported that there is a risk of
contaminating groundwater by pollutants not easily trapped, adsorbed, or reduced in the pavement system

that migrate through to the soil and groundwater.

2.6. VEGETATED BIOSWALES

Bioswales are defined as linear planted areas that allow for collection, conveyance, filtration and
infiltration of stormwater (SUNY 2015). Bioswales are composed of a shallow area for surface storage
above a vegetated layer. They often contain amended soils to promote infiltration. While vegetated swales
have been widely used as a stormwater LID practice, there are certain properties that have not been
quantified. These aspects include whether pollutant removal rates decline over time, the effect of the
slope of the bioswales on the filtration capacity, and design factors that enhance the pollutant removal

efficiency (EPA 1999).
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2.6.1. Design Criteria

The design of vegetated bioswales depends on the intended function, either as an infiltration
practice, water quality practice or a combination of the two. Bioswale dimensions are typically long and
narrow with widths between 0.6 and 2.5 meters with a maximum ponding depth of 0.5 meters (Dorman et
al., 2013). The soil media mix components are identical to bioretention facilities based on the pollutant of
concern and hydrologic goals. A bioswale includes a longitudinal slope to allow for stormwater runoff
conveyance to a downstream LID practice or a storm sewer system. As such, flow velocity is a major
design component to allow adequate settling time for suspended solids. Flow velocity should not exceed
the permissible shear stress of the bioswales bed materials (TxDOT, 2011; Dorman et al., 2013). Mulch
and vegetation are critical design components for hydrologic, water quality, and aesthetic perspectives.

Design and selection of these components should meet the criteria for bioretention facilities.

2.6.2. Water Quality Treatment

Bioswales are intended to provide similar pollutant removal capacity as a bioretention facility
with a narrower configuration. Limited research shows that bioswales can achieve up to 92% pollutant
removal efficiency for stormwater runoff (DEQ NWR, 2003; Aklaku, 2014). Bioswales can achieve much
higher levels of suspended solids removal compared to the removal efficiency of metals and nutrients.
Increased levels of suspended solids removal can be achieved with the incorporation of check dams and

ensuring the longitudinal slope provides for adequate settling time (Dorman et al., 2013).

2.6.2.1.Nutrient Removal
Bioswales can achieve a moderate percentage of nutrients removal in runoff (OR DEQ, 2013).
Horner and Chapman (2007) report removal efficiencies for total phosphorous in the range of 49% to

74% and nitrate removal in the range of 39% to §9%.
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2.6.2.2.Suspended Solids

Ballestero (2013) published data on pollutant removal efficiencies for various LID practices. The
study reports a suspended solids removal efficiency ranging from 50% for a stone-lined bioswales to 57%
removal for a vegetated swale. Other studies report pollutant removal efficiencies for bioswales ranging
from 83% to 92% (DEQ NWR, 2003; Aklaku, 2014). The suspended solids removal is achieved through

settling as the vegetation in the bioswales slows the stormwater runoff down.

2.6.2.3.Metals

Bioswales have been documented to achieve a moderate percentage removal of metals in
stormwater runoff, ranging from 20% to 60% (OR DEQ, 2003). A study by Aklaku (2014) published
overall metal removal efficiencies for bioswales systems ranging from 30% to 90%. Removal efficiencies
for lead were between 67% and 90%, between 30% and 55% for dissolved zinc, and between 63% and

76% for total zinc.

This relatively lower level of removal compared to sediment is due partly to the large percentage
of metals and nutrients that appear in dissolved form in runoff. Since most bioswales infiltrate only a
portion of their flow, removal rates for pollutants in dissolved form are lower than those for sediment

(Aklaku, 2014).

2.6.3. Water Quantity Benefits

Vegetated bioswales can be designed as infiltration practices or as water quality treatment
devices. The narrow configuration of a vegetated bioswales system and its intended use along narrow
spaces at the edges of parking lots and roads, require restrictions on infiltration to prevent undermining

surrounding infrastructure and foundations (Dorman et al., 2013).
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2.6.4. Costs

Costs of vegetated bioswales vary greatly depending on size, plant material, and site
considerations. However, they are generally less expensive when used in place of underground storm

sewer piping. Ballestero (2013) reported costs of vegetated bioswales at $13,000 per impervious acre.

2.6.5. Limitations

Vegetated bioswales are versatile and can be designed to provide the same hydrologic and water
quality benefits of a bioretention facility with similar limitations. Compared to a bioretention facility,
bioswales are typically incorporated into space limited locations and as such, typically provide less

hydrologic and water quality benefits than a bioretention facility (Dorman et al., 2013).

2.7. GREEN ROOFS

Green roofs are rooftops that have a growing medium and vegetation. In general, there are two
types of green roofs, intensive and extensive (Long et al., 2006; Cresswell, 2007; Molineux et al., 2009;
and Castleton et al., 2010). Intensive green roof systems have a deep growing medium layer to support
trees, bushes, shrubs, perennials or succulents. Intensive roof systems require structural support, along
with a waterproofing membrane to prevent building leaks, insulation, drainage cups to provide aeriation,
water and a barrier to roots (Bengtsson et al., 2005; Aziz and Ismail, 2007). These types of green roofs
require more structural support and as such, can support loads from human traffic as well. Extensive
green roofs have a shallow soil with hardy succulents that grow horizontally. These systems require little
or no additional structural support and are designed only for occasional maintenance foot traffic

(Bengtsson et al., 2005; Aziz and Ismail, 2007)

Green roof systems have been installed for a relatively short period of time (Voorhies, 2012).
Limited research suggests that green roofs offer value by providing stormwater retention (Bengtsson et

al., 2005; Aziz and Ismail, 2007; Voorhies, 2012).
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2.7.1. Design Criteria

The two major design components for green roofs that provide hydrologic and water quality

treatment benefits are the soil growth medium and vegetation.

2.7.1.1.Growing Medium
The growing medium is typically made up of a mineral based mixture of sand, gravel, crushed

brick, leca, pea, organic matter and some soil, depending on the type of system (Peck and Kuhn, 2014).

2.7.1.2.Vegetation

Location, wind, rainfall, air pollution, building height, shade, and soil depth are all factors in
determining what plants can be grown and where. Since green roofs, by definition, are placed on top of an
impermeable system, the root growth of vegetation used is limited to the depth and horizontal width of
the green roof system. Vegetation incorporated into an extensive system often consists of hardy, dryland
species, such as sedum, grasses, mosses, festucias, irises and wildflowers (Peck and Kuhn, 2014). The

type of vegetation for an intensive roof system is more diverse, and with a few exceptions, are limitless.

2.7.2. Water Quality Treatment

Improvement of water quality is one of the main stated benefits of green roofs through vegetation
and the growing media. However, these benefits are not properly understood and it is still uncertain
whether or not green roofs improve or degrade local runoff water quality. Several studies and reports
indicate that green roofs act as sources of pollutants (Moran, 2005; Vijayaraghavan et al., 2012;

Razzaghmanesh et al., 2014; Speak et al., 2014).

2.7.3. Water Quantity Benefits

Stormwater runoff volume is reduced through green roof systems via plant evapotranspiration and
water retention in the soil and plant system. Runoff volume reductions of up to 50% have been reported
by several studies (Bengtsson et al. 2005; Musa et al, 2008; Berghage et al., 2009; Aziz and Ismail, 2011).
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Another study by Moran et al., (2005) reported stormwater runoff volume reductions between 55% and
67% for two sites in North Carolina. Other studies have reported less substantial reductions in stormwater

runoff of between 11 to 15% (Beckman et al., 1997)

2.7.4. Costs

Green roofs are more expensive to install than traditional roofs. A study by Wong et al. (2003)
reported green roof installation costs ranged from three to six times the cost of a conventional roof
system. However, the study stated that the green roof system was projected to have three-times the life
expectancy of the conventional roof systems. Specific installation costs for an extensive green roof

system are between $108 to $217 per square meter (Dunnett and Kingsbury, 2004).

2.7.5. Limitations

The widespread use of green roofs is limited by high installation costs and extra structural load
requirements. Green roofs require a roofing membranes to hold the (dry) system in place to prevent wind
blow off. In many cases, the amount of material required to hold the system down in a high wind event is
greater (when the system is wet) than the capacity of the structural system to support this weight

(Voorhies, 2012).

2.8. RAINWATER HARVESTING SYSTEMS

Water harvesting techniques have a long history throughout the world (EPA, 2008; Beatty and
McLindin, 2012). The practice includes capturing, storing and using rainwater runoff at the place it
occurs. Rainwater harvesting can include systems such as a rain barrel that captures residential rooftop
runoff and is used for garden irrigation or a more complex system such as a cistern that provides for
multiple end-uses (TWDB, 2005). The residential application where the end use is garden irrigation does
not require treatment and are typically less than 380 liters (100 gallons) of storage. The more complex
system used for non-potable indoor use requires treatment (EPA, 2008) and allow for storage of more

than 380 liters (100 gallons) of rainwater (Dorman et al., 2013).
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2.8.1. Design Criteria

Currently there is no uniform national guidance for the design or use of rainwater harvesting
systems for both a residential garden irrigation use or commercial non-potable water use system (EPA,
2008). System design is therefore the responsibility of the system owner. Design of individual systems is

based on the water demand for the targeted end use of the system.

2.8.2. Water Quality Treatment

While the runoff that is captured from rainwater harvesting practices is often considered clean
runoff, pollutants generated from the rooftop itself are present in the water but are generally in low
concentrations (EPA 2008). These include metals or hydrocarbons from roofing materials, nutrients from
atmospheric deposition and bacteria from bird droppings. When rainwater harvesting systems are
implemented, these pollutants are captured and prevented from being conveyed to the conventional storm
sewer system. However, the treatment is typically insignificant and is ultimately provided by a

downstream LID practice (Dorman et al., 2013)

The pollutant removal mechanisms of cisterns are poorly understood (Dorman et al., 2013).
Despite this, rainwater harvesting can greatly reduce pollutant loads to waterways if stored rainwater is
infiltrated into surrounding soils or conveyed to a downstream LID practice. Additional pollutant removal

can be seen with the implementation of solids screening mechanisms and other filtration systems.

2.8.3. Water Quantity Benefits

One of the major functions of a rainwater harvesting system is the storage or flow attenuation
(Dorman et al., 2013). Residential rain barrels,; however, do not typically provide substantial hydrologic

benefits because they tend to be undersized relative to their contributing drainage area.
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2.8.4. Costs

The cost for a residential rain barrel between 208 to 380 liters (55 to 100 gallons) is typically
around $100. This equates to approximately $0.26 to $0.48 per liter ($1.00 to $1.80 per gallon) of

rainwater captured (TWDB, 2005).

Costs for a cistern vary widely depending on the size, material and intended end use of the
system. Costs range from approximately $0.13 per liter up to approximately $1.05 per liter ($0.50 to
$4.00 per gallon) (TWDB, 2005). It should be noted that as the tank size increases, the cost per gallon of

rainwater decreases.

2.8.5. Limitations

Rainwater harvesting systems are most beneficial when the storage system is adequately sized for
the tributary drainage area. The system must be drained between rain events to achieve hydrologic and

treatment benefits after each rainfall event (Jones and Hunt, 2010; Dorman et al., 2013).

Plumbing codes have been recognized as a barrier to implementing rainwater harvesting systems
(EPA, 2008). Many codes across the country require roof downspouts to be connected to the storm sewer
system or make no provisions for rainwater reuse. In the western part of the United States, water rights
and the doctrine of “first in time, first in line” causes an additional barrier to rainwater harvesting as many

western states view this doctrine as a prohibition to rainwater harvesting (EPA, 2008).
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2.9. HYDROLOGIC MODELING FOR HYDROGRAPH MODIFICATION

Many factors influence the performance of bioretention systems, including type of vegetation,
type and depth of soil media, surface area, total storage volume, and the presence or absence of an
underdrain. Design of bioretention systems must simultaneously account for these factors to achieve
maximum effectiveness over the long-term. To determine the effects that bioretention systems have on
urban stormwater hydrographs, a hydrologic model is necessary because of the predictive capabilities and

the ability for models to account for interactions of all bioretention system components.

Many hydrologic models can predict the water quality and water quantity impacts of LID
practices (EPA, 2014). In general, LID practices are represented in models in two ways. The first is
process representation (e.g. infiltration, sedimentation, adsorption, and ET) occurring within the LID
practice. The second is practice representation that entails combining all the complex processes that the
LID practice can perform into one parameter (e.g. representing the effects of bioretention with curve
number values), (Ahiablame et al., 2012a). Elliott and Trowsdale (2007) cite that all of the models lack
components of modeling the effects of LID practices. For example, none of the models include
temperature, despite this being an important stressor in urban streams. Very few include dissolved oxygen
depletion calculations and most have limited or no ability to predict pathogenic micro-organisms or

bacterial indicators.

The following models are commonly used for modeling the effectiveness of bioretention systems
and illustrate the two representative approaches to modeling LID practices. The models discussed below

are currently available and have not been superseded by a newer version of the model or replaced.

2.9.1. USEPA Stormwater Management Model with LID Controls (SWMM)

SWMM is a physically based, spatially distributed, watershed-scale model that operates on a
continuous daily or sub-hourly time step. The SWMM model was developed by the United States

Environmental Protection Agency — Water Supply and Water Resources Division (EPA, 2014) and is
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public domain. This model is used to simulate both water quality and quantity of urban stormwater
runoff. SWMM allows modeling of a discrete storm event as well as long-term continuous simulations.
EPA SWMM is suitable for a wide range of uses but is too complex to be used by the general public or

non-modeling planners (Elliott & Trowsdale, 2007).

2.9.1.1.SWMM Model Components

SWMM model components include hydrology, weather, soil, temperature, depression storage,
and watershed characteristics (EPA, 2010). The model uses subcatchments to define land area that
accumulates precipitation and provides for infiltration and surface runoff to a specific node, other

subcatchment or to a stormwater management practice.

Surface runoff is simulated using a simple nonlinear reservoir routing process, which includes
rainfall intensities and antecedent moisture conditions, depression storage, land use and topography.
Subsurface flow (routing) is modeled using either steady flow routing, kinematic wave routing and
dynamic wave routing and assumes complete mixing. The model generates a complete runoff hydrograph,
including flow rate and flow depth and routes it through a user-defined network of links and nodes.
Several studies have documented that the SWMM model is most sensitive to the percent impervious and
depression storage parameters with regards to the effects on peak flow and total stormwater runoff

(Tsihrintzis et al., 1998; Barco et al., 2008).

2.9.1.2.SWMM Model Applications

Various studies have used SWMM to study the impacts of urbanization on water resources. A
study performed by Boeley (2008) evaluated urban stormwater drainage for a large parking lot at the edge
of a university campus. Jang et al. (2007) used SWMM to model both pre- and post-development
conditions of four planned development areas. The study evaluated methods to improve irrationalities in
modeling to improve accountability of the hydrologic impacts from planned development areas. Cambez

et al. (2008) used SWMM 5 to model selected urban areas and found limitations in the catchment
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hydrological description and found no relevant benefits to the water quality model tool. Krebs et al.
(2013) present the setupand results of a parameter sensitivity analysis using LID practices in a highly
urbanized small catchment. Guan et al. (2014) use SWMM to model the effects of land cover changes on
hydrological response to storms and change in distribution of peak and low flows. The study then
incorporated LID practices and analyzed their effects on catchment hydrology. Tobio et al. (2015)
performed a study to optimize the design of LID practices using SWMM rather than modeling the

hydrologic changes of an LID practice already implemented.

The introduction of LID routines into SWMM is fairly recent. The following limited studies have
modeled LID practices on a watershed scale using SWMM. Bosely (2008) analyzed the hydrologic
changes with the implementation of swales, bioretention, rain barrels and vegetated roofs using SWMM.
The study concluded that more tests are required to identify parameter sensitivity to model results.
Additionally, the study determined that although SWMM has weaknesses in peak flow and timing
predictions, those can be overcome by considering relative, rather than absolute differences between
model results. Abi Aad et al. (2010) studied rain gardens and rain barrels using SWMM to estimate the
percentage runoff volume reduction, peak flow reduction time delay of the runoff hydrograph and any
potential reduction in runoff due to infiltration from a very small site. Eichenwald et al. (2010) developed
a SWMM model for a multiyear project that modeled LID practices and provided final recommendations
for LID practices to maximize the reduction of stormwater runoff volume and pollutant loads. This study
focused on using SWMM for design recommendations rather than post-construction assessments. Tate
(2010) modeled a combination of distributed infiltration trenches and underground storage vaults,
vegetated swales and porous pavement. This study found that SWMM consistently predicted larger peak
flows than other models. Rosa et al. (2015) setup a SWMM model to evaluate the impacts on stormwater
runoff hydrology and nutrient export with the incorporation of LID practices in a watershed. The study
results suggest that calibration is needed to improve predictions for watershed with LID practice

incorporated.
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2.9.2. RECARGA

RECARGA is a design tool for evaluating the performance of bioretention facilities, rain garden
facilities, and infiltration basins. It is a MATLAB based application that can simulate continuous rainfall,
a single discrete event, or a user specified volume. The model was developed by the University of

Wisconsin — Madison, Civil and Environmental Engineering Department.

2.9.2.1. RECARGA Model Components

RECARGA model parameters include hydrology, weather, LID practice characteristics, and
watershed (tributary area) characteristics. The model breaks hourly precipitation data into smaller time
steps and calculates runoff from the tributary area by performing a water budget calculation and utilizing

the SCS Curve-Number Method and initial abstraction methods (Atchison and Severson, 2004).

Model output information includes the depth of water for each water budget term (i.e. runoff,
infiltration, ET), recorded at hourly time steps, and relative water content in each layer (root zone, storage
zone and native soil layer) of the LID practice. This is expressed as a fraction of the overall soil volume
utilized by the runoff generated. The model uses Green-Ampt infiltration for initial infiltration and the
van Genuchten relations for drainage between soil layers (Dussaillant et al., 2004). Another feature of the
RECARGA model is the capability to calculate the facility to tributary area ratio required to meet a
certain target “stay on” volume. This allows the user to design the LID practice for a specific tributary

arca.

2.9.2.2.RECARGA Model Applications

Bioretention facility impact assessments have been performed using RECARGA in multiple
studies such as Shuster et al. (2007), Neilson & Turney (2010) and Sun et al. (2011) These studies
focused on the sensitivity of design elements and model parameters to the hydrologic performance

metrics rather than evaluating the effects that LID practices have on stormwater runoff hydrographs.
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2.9.3. Long-Term Hydrologic Impact Assessment Model (L-THIA)

The L-THIA model was developed by the College of Engineering at Purdue University. It is a
web-enabled screening level tool that quantifies the impact of land use change on water quantity and

water quality at both a site and watershed scale.

2.9.3.1.L-THIA Model Components

L-THIA model parameters include precipitation data, soils, event mean concentrations for
pollutant loading estimation, watershed characteristics and LID practice characteristics (Park et al., 2013).
Model output data includes both graphical and tabular runoff volumes, depths and associated pollutant

loads for the modeled watershed and LID practices.

2.9.3.2.L-THIA Model Applications

L-THIA has historically been used to evaluate the impacts of land use changes (e.g. from open
space to urbanized areas) in watersheds (Park et al., 2013). The ability to incorporate LID practices in the
evaluation was incorporated in 2012. Therefore, limited studies are available that evaluate the effects of
proposed land use changes with the incorporation of LID practices. These documented studies include:
Ahiablame et al. (2012b and 2013). Study results indicate the need for enhancing metrics and modeling

techniques for evaluating the performance of LID practices.

2.10. SUMMARY

Low Impact Development practices have been implemented across the country since the early
2000’s. Water quality and water quantity performance evaluation of bioretention systems has
predominantly been in the laboratory (Davis et al., 2001; 2003, Trowsdale, 2011). Limited measurements
at field scale applications of bioretention systems supported the laboratory findings of high removal
efficiencies for sediments and heavy metals (Hatt et al., 2009; Trowsdale, 2011). Full-scale bioretention
water quality and quantity performances data is scarce and further research of pollutant removal

efficiencies in field applications to provide more conclusive results is necessary.
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In recent years, there has been a growing interest in modeling LID practices to evaluate their
performance (Elliott and Trowsdale, 2007; Bosely, 2008). However, most modeling efforts focus on
relative comparisons of LID effectiveness between scenarios. Ahiablame et al. (2012b) suggests that
modeling approaches need to account for design considerations and guidelines to represent actual ground
conditions. The study also recommends the need to standardize modeling techniques when evaluation and
reporting the effectiveness of LID practices. Many studies have been performed using SWMM and other
modeling programs to evaluate land use changes on stormwater runoff volumes and peak flow rates. In
more recent years, SWMM has been used to model LID practices. However, limited studies have been
performed using the LID routines in SWMM to evaluate ability of bioretention facilities to modify the

surface runoff hydrograph.
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3. INTRODUCTION TO METHODOLOGY AND RESULTS

This thesis is in the form of two research papers. The first paper, entitled “Michigan Avenue
Bioretention Three Years Later: The Monitoring Results Are In”, aims to evaluate how well the
constructed bioretention facilities in an ultra-urban environment are performing. The infiltration capacity,
porosity and field capacity, and plant and garden health were all evaluated to determine the influential
factors of infiltration rate in engineered soils, the correlation between percentage of unfilled pore space,
soil compaction and plant health. Soil samples were taken of the engineered soil and evaluated in the
laboratory for porosity and field capacity. Additionally, infiltration testing was performed along with an

overall plant and health qualitative assessment.

The objective of the second paper, entitled, “Determining the Effectiveness of Bioretention
Facilities for Hydrograph Modification” is to quantify the impacts of bioretention on water quantity in the
Michigan Avenue corridor. Bioretention facilities were physically represented within the EPA SWMM
model to quantify the modifications to the surface runoff hydrograph with and without the LID practices.
The EPA SWMM model was calibrated for peak flow rate, total runoff volume, and time to peak using
observed water quantity and precipitation data. Forty seven years of precipitation data from the rain gauge
at the Capital City airport was used in the model to perform a continuous simulation with the bioretention

facilities in place.
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4.1. ABSTRACT

The Great Lakes are the largest group of freshwater lakes on Earth. Therefore, preserving the
freshwater resources of the Great Lakes is of the utmost environmental and economic importance. Four
out of the five Great Lakes border Michigan and water resources are so important to the state that water
quality status was identified as one of the indicators to measure Quality of Life. As the capital of
Michigan, the City of Lansing is committed to improving water quality. In 2007, the City began its Go
Green! Go Lansing! Initiative, which focuses on bringing together and promoting various local
environmental programs. At the same time, the city began construction of bioretention gardens along a
busy downtown corridor leading to Michigan’s Capitol to treat stormwater runoff from the sidewalk and
road. A total of 34 bioretention gardens with just over 706 square meters (7,600 square feet) were
constructed along a four-block stretch. The objective of this study was to monitor and determine how well
the bioretention gardens were performing in terms of overall plant health, infiltration capacity, and
porosity and field capacity of the engineered soil. Selecting the plants are crucial to the bioretention
system performance. Twenty seven types of native trees, shrubs, grasses and perennials were used

including the following six plants that performed the best Eupatorium maculatum (Joe-Pye Weed),
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Eupatorium perfoliatum, (Boneset), Hibiscus moscheutos (Rose Mallow), Iris virginica (Southern Blue
Flag), Panicum virgatum (Switch Grass), and Vernonia missurica (Ironweed). Each bioretention garden
was thoroughly assessed to document the health of the plants, structural integrity of the bioretention areas,
and any erosion and trash problems. Using a 24-inch double ring infiltrometer, a Turf-Tec infiltrometer,
and a mini-disk infiltrometer, the infiltration rate of the engineered soil was measured. Nine soil samples
were obtained and sent to a laboratory for analysis to determine the porosity and field capacity of the

engineered soil.

The bioretention garden assessment indicated that ninety percent of the gardens had good overall
plant health. This indicates that bioretention systems are able to survive in this challenging environment.
The infiltration results showed highly variable infiltration rates, ranging from 0 - 63.5 cm/hr (0 - 25 in/hr).
Porosity varied from 43.2% to 62.5% and field capacity values range from 25.8% to 40.5%.. Finally, low
compactions were observed in bioretention sites with the ability to store 5.9 cubic meters (210 cubic feet)

of water for every 28.3 cubic meters (1,000 cubic feet) of soil.

KEYWORDS: Low impact development, bioretention, post-construction monitoring, infiltration testing,

soil analysis, plant health assessment

4.2. INTRODUCTION

Healthy rivers, streams and lakes are an important part of a thriving state, country and planet; as
humans and ecosystems depend on clean water for survival. The world is rapidly becoming more
urbanized and the harmful effects on streams draining urban land are consistently observed. It has been
well documented that stormwater runoff from the urban environment contains many pollutants that are
harmful to the environment and the nations waterways. These pollutants include sediment, heavy metals,
nitrogen, phosphorous, oil and grease, chlorides, and pathogens (Davis et al., 2009, Collier et al., 2011,
Walsh et al., 2012, Hatt et al., 2004). As urbanization expands, the quantity of evaporation and infiltration

into the native landscape decreases and stormwater runoff volumes increase (Vicars-Groening and
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Williams, 2007, Carter et al., 2009). Larger stormwater volumes can carry more pollutants than before
that have many environmental consequences. In addition, this results in lower groundwater recharge,

increased flood frequency and volume, and higher pollutant loads to our nearby lakes, rivers and streams.

To address these negative effects of urbanization, stormwater engineers have been implementing
stormwater best management practices (BMPs) in order to capture, treat, and store stormwater runoff
close to its source. Common stormwater BMPs include extended detention basins, permeable pavement,
green or blue roofs, bioretention facilities, rain gardens, constructed wetlands, and vegetated swales.
Bioretention is known to be the most widely implemented and effective urban BMP (Woods-Ballard et
al., 2007; Davis et al., 2009). Bioretention systems provide filtration and treatment through a shallow
surface layer, a soil layer, an aggregate storage layer and plants. In bioretention, stormwater runoff is
generally stored in a shallow surface layer, within the soil layer and/or in an aggregate/stone layer. The
soil layer provides the opportunity for contaminants to sorb to the soil particles, filtered or biologically
degraded. Evapotranspiration is achieved by plant uptake and through release back into the atmosphere
and infiltration occurs through the bottom of the system into the native soil layer (Denich and Bradford,

2010; Trowsdale and Simcock, 2011; Zhang and Guo, 2012; Zhang and Guo, 2014)

Despite the widespread use of bioretention systems throughout the country, detailed performance
information is not available for many regions (Davis et al, 2009). In addition, in planning and designing

bioretention systems, the following knowledge gaps must be addressed:

* Impact of media material on infiltration rates: It is known that media material used in a
bioretention system will affect infiltration rates. Current research suggests that a higher
percentage of sand in the media will provide the best infiltration performance. Infiltration
rates with media materials in bioretention systems that contain higher clay content are poorly
understood and research should be performed. (Brown et al, 2009; Li et al., 2009, Brown and

Hunt, 2011a, Liu et al, 2014).
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*  Effects of soil porosity and field capacity on system performance and plant health: Two of the
principal components of bioretention systems are plants and soil, which remain largely
untested. Additional research must be performed to understand how soil compaction and

porosity affect system performance (Johnston, 2011).

Post-construction monitoring sought to evaluate how well the constructed bioretention areas were

performing. The overall goal is to evaluate how the bioretention facilities perform in relation to the design

elements, construction constraints and the long-term survivability. Specifically, the following questions

or objectives were to be addressed:

4.3.

4.3.1.

Infiltration Capacity: What are the influential factors that impact infiltration rate in engineered

soils?

Porosity and Field Capacity: What is the percentage of unfilled pore space in the engineered soil?
Is there a correlation between the percentage of unfilled pore space, soil compaction, and plant

health?

Plant and Garden Health: What is the overall health of the planted community? What are the
trends in plant species survival/health? What is recommended for replanting specific gardens? Is
there any correlation between condition of the soil, the thickness of the mulch, the presence of

weeds, and the presence of trash/debris and the health of the plants?

MATERIALS AND METHODS

Study Area

Michigan Avenue, in the heart of downtown Lansing, contributes to the ultra-urban environment

with four driving lanes, a center turn lane and additional roadside parking on both sides of the street

(Figure 4-1). An extra wide sidewalk lines the corridor between the back of the curb and the building

faces.
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Figure 4-1. Study Area.

With a nearly 100% impervious surface and a traditional curb and gutter drainage system that
discharges directly to the Grand River only two blocks away, there is little to no opportunity for
stormwater to infiltrate. The Grand River is listed as an impaired water body in the State of Michigan’s
2004 Section 303(d) list (MDEQ, 2014). The impairments are for combined sewer overflow (CSO)

discharges (pathogens), and water quality exceedances for dissolved oxygen.

The Michigan Avenue bioretention system has a total tributary drainage area of 16,592 m? (4.1
acres) of mostly transportation and commercial land use. The City of Lansing installed over 30
bioretention systems along a busy avenue in the downtown corridor. Construction was completed on the
bioretention facilities installed along Michigan Avenue in spring 2008 and is one of a few facilities in the

country successfully installed in an ultra-urban environment. The combined surface area of the gardens
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are 709 m? (7,631 square feet), or approximately 4% of the contributing area. This comparable to what is

typically required using a traditional detention pond system (USEPA, 2014).

4.3.2. Overview of the Michigan Avenue Bioretention Facility Design

Planning for the Michigan Avenue bioretention project began in January 2004 with the formation
of a Mayoral Task Force. The Task Force’s recommendation called for “Greening Up” the corridor to the
Capitol Building along with creating an attractive walkable area. In 2005, a meeting of commercial

businesses was held to discuss the bioretention idea. Design began shortly after.

The Michigan Avenue bioretention gardens were designed to address stormwater runoff and
provide an educational opportunity for the general public of the water quality benefits of a stormwater
BMP project in the City of Lansing. The location of this project along the main corridor leading up to the
State Capital building harmonizes with the recommendation of the task force to beautify the corridor
(Figure 4-2). The bioretention gardens were designed to capture and treat, at a minimum, 2.54 cm (one

inch) of runoff according to the Michigan LID manual (2009) .
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Figure 4-2. Michigan Avenue bioretention project location and surrounding area.

Stormwater enters the bioretention garden areas from the street by curb cuts. Curb cuts direct
runoff to a sediment forebay before spilling into the bioretention areas (

Figure 4-3). Bioretention is incorporated as a depressed 1.52 m (5 feet) wide trench designed to
hold 54.6 equivalent cm (21.5 inches) of water in the cross section before forcing excess stormwater
down the traditional curb and gutter system. The soil mixture used for this project was selected to retain
enough water to sustain the tall floral plants chosen for this application while providing a slower
infiltration rate of about 0.83 cm/hr (0.33 inches per hour). Research suggests that the extensive root
system of native plants, maintains and even enhances soil permeability (Wolverton, 1986; USEPA,
2014).The soil mix was engineered with a mixture of 30% Michigan Department of Transportation

(MDOT) 2NS sand, 30% topsoil (10% sand, 40% silt, 40% clay, 10% organic matter), 10% coconut coir
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fiber, and 30% municipal compost 0.76 to 0.91 meters deep (2.5 to 3 inches). Below the soil mix is a 38.1
centimeter (15 inches) deep aggregate storage layer (34R Aggregate). Underdrains located 30.5
centimeters (12 inches) above the bottom of the gardens allow excess water to leave the system and
protect the adjacent businesses and roadway. Metal grates were provided to allow pedestrians to traverse

the expanse of vegetation from their cars to the sidewalk.

Typical Cross-Section

DECORATIVE

/ FENCE

BUILDING

CONCRETE

/SIDEWALK

SCALE: NONE

MICHIGAN AVENUE @

SAND / TOPSOIL / COMPOST MIXTURE

SEDIMENT TRAP
GEOTEXTILE BLANKET

RETAINING
BLOCKWALL

Figure 4-3. Typical Bioretention cross-section

Specially chosen trees, and native perennials and shrubs within the bioretention areas provide
nutrient and water uptake. Plants were chosen for their tolerance to road salt, drought, flooding, height,
and showiness. The native perennials and shrub plants include Joe-Pye Weed (Eupatorium maculatum),
Boneset (Eupatorium perfoliatum), Rose Mallow (Hibiscus moscheutos), Southern Blue Flag (Iris
virginica), Switch Grass (Panicum virgatum), Ironweed (Vernonia missurica), Nodding Wild Onion
(Allium cernuum), Swamp Milkweed (Asclepias incarnata), Tall Tickseed (Coreopsis tripteris), Alum
Root (Heuchera), Giant St. Johns Wort (Hypericum ascyron), Rough Blazing Star (Liatris aspera), Marsh
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Blazing Star Liatris spicata), Beardtongue (Penstemon), Yellow Coneflower (Rudbeckia hirta), Three

Lobed Coneflower (Rudbeckia triloba), and Stiff Goldenrod (Solidago rigida).

Construction of the bioretention system began in the spring of 2007 and was completed in spring
2008. The bioretention project was included as part of an overall streetscape enhancement project that had
a total construction cost of approximately $2 million, of which approximately $931,000 was for the
bioretention facilities. This cost equates to approximately $1,315 per square meter ($122 per square foot)
of bioretention, which is in line with projects around the country with similar ultra-urban constraints

(Perry, 2009).

The photos in figure 4 chronicle the construction process. The construction process began by
digging trenches for the locations of the bioretention facilities (Figure 4-4(a)), then forms were placed
(Figure 4-4(b)) to build the concrete block retaining walls. Concrete block retaining walls were selected to
work around large utility pipes, such as a fiber-optic duct, that traversed the bioretention areas (Figure
4-4(¢c)). Each bioretention area was then backfilled with aggregate stone for the storage reservoir (Figure
4-4(d)), an engineered soil mixture (figure 4(e)) and finally planted with the specially chosen plants

(Figure 4-4(%)).
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Figure 4-4. Photos that chronicle the construction process for the bioretention project along
Michigan Avenue

4.3.3. Post Construction Monitoring

Post-construction monitoring included an evaluation of the infiltration capacity of the engineered
soil, measuring the porosity and field capacity of the engineered soil, performing an overall plant and
health qualitative assessment and evaluating how the bioretention systems modified the surface runoff

hydrograph.

4.3.3.1. Infiltration

The infiltration capacity of the bioretention gardens was measured using three different
infiltrometers, a 24-inch double-ring infiltrometer, a Turf-Tec infiltrometer, and a mini-disk infiltrometer.
All three infiltrometers estimate the vertical movement through the bottom of the test area (surface of the
bioretention facility); however the surface area used to perform the measurement differs between them.

The 24-inch double ring infiltrometer provides the largest surface area for testing the infiltration,
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comparted to the Turf-Tec and mini-disk infiltrometers. All three infiltrometers were used to measure the
infiltration capacity. It was later determined that the mini-disk infiltrometer is unable to obtain accurate
infiltration readings and was discarded from the analysis. Infiltration capacity was measured in one of the
bioretention gardens at three separate locations. Infiltration was measured both at the surface (through the
mulch) and in the same location after removing the mulch layer and the top 5.1 centimeters (2 inches) of
soil per specifications in the standard testing methodology. Testing was performed with and without the
mulch to determine if the mulch layer was limiting the vertical infiltration of the bioretention system.

Hence, a total of six infiltration tests were conducted with one infiltrometer.

While it is understood that many factors affect infiltration rate and tests taken at the same site are
not likely to give identical results (ASTM, 2009), the design team wanted to ensure some level of
accuracy of the test data. If any one of the three locations produced a result greater than 20 percent
different from any of the other locations during the infiltration testing, an additional location/reading was

taken by the double-ring infiltrometer (Tetra Tech 2010).

4.3.3.2. Porosity and Field Capacity

The percentage of unfilled pore space in the soil of the bioretention gardens was determined by
taking the difference between porosity and field capacity of the soil. Porosity and field capacity were
measured in three of the bioretention gardens; 1) the same garden as the flow monitoring, 2) the garden
with frequent standing surface water, and 3) a garden with notably prosperous vegetation and good
drainage. Porosity and field capacity was measured at three separate locations (a total of nine tests) by
scooping two cups of soil into a sampling container and sending the samples to the laboratory for

analysis, (Fetter, 1994).

More detailed descriptions of laboratory tests are included in Appendix A. Porosity was measured
following the United States Golf Association (USGA) Putting Green Method, 1997. Field capacity was

analyzed using an approach described at Methods of Soil Analysis, Part I (Black, 1965).
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4.3.3.3. Plant and Garden Health

A plant and garden health assessment was conducted in September 2009 of each individual
garden that began on the northwest corner of Pennsylvania Avenue and Michigan Avenue and continued
along the north side of Michigan Avenue, returning on the south side. An assessment form was created to

meet the study design objectives that included the following (Tetra Tech, 2011):

1. Photographs

2. Quantification of each grass, forb, and tree species present

3. Qualitative assessment of each plant species (robust, average, unhealthy)

4. Pervasiveness of weeds (absent, few present, excessive)

5. Condition of the soil (good, excessively dry, excessively wet)

6. Degree of erosion (none, some, excessive)

7. Degree of soil compaction (normal, excessive)

8. Thickness of mulch (good, too thick, too thin)

9. Pervasiveness of trash/litter (absent, normal, excessive)

10. Overall aesthetics

At the time the assessment was conducted, the grasses and forbs had gone dormant making it

casier to count species than if all was flourishing. The trees still had their leaves and could be assessed

qualitatively (Tetra Tech, 2011).

4.4. RESULTS AND DISCUSSION

The results and discussion section details the infiltration, porosity and field capacity results, and

the plant and garden health assessment results.

4.4.1. Infiltration

Infiltration testing was performed to understand what factors influence or affect infiltration rates.

Infiltration testing was initially performed in August and September of 2010 to analyze the factors that
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impact infiltration rates. After observing scattered data results with no consistent pattern, additional
testing was performed again in June of 2011. The measured infiltration rates for each location using 24-
inch Double Ring and Turf Tec instruments are shown below in Table 4-1. Summary of infiltration
testing results. The mini-disk infiltrometer was originally planned as a third test method, however, water
readily seeped horizontally away from the infiltrometer and hence accurate readings could not be
obtained. The use of the mini-disk infiltrometer was abandoned after several attempts. The final
infiltration rate was determined by averaging the last three measurements for each test. Infiltration rates
ranged from 0 to 54.6 cm/hr. Figure 4-5 displays the raw infiltration test results of tests performed at
bioretention garden A located on the south side of Michigan Avenue, west of Hill Street, in front Young

Bros & Daley business.

Table 4-1. Summary of infiltration testing results

Garden ID Location Equipment Date Mulch and | Infiltration

within top 5.0-cm (cm/hr)

Garden soil

8/13/2010 Removed 22.1
24-inch In Place 0.5
East 6/1/2011 Removed 0.3
In Place 5.6
Turf-Tec 6/1/2011 Removed 56
9/28/2010 Removed 7.4
24-inch 6/2/2011 In Place 4.8
Middl Removed 3.0
© 9/28/2010 | Removed 54.6
A; south side west of Turf-Tec 6/2/2011 In Place 50.5
Hill St (Young Bros ?egllwed 32-‘6)

& Daley) 24-inch 6/3/2011 R '
. Removed 13.5
Middle-West In Place 5
Turf-Tec 6/3/2011 Removed 4
8/13/2010 Removed 18.3
24-inch In Place 27.7
6/3/2011 Removed 4.6
West 8/13/2010 Removed 9.1
" In Place 17.5

Turf-Tec 6/3/2011

Removed 0.0
B; north side west of Middl 24-inch 9/27/2010 Removed 10.2
Hosmer St (MSHDA) © Turf-Tec 9/27/2010 Removed 1.5
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Figure 4-5. Garden A infiltration testing

As evident from the summary table (Table 4-1) and Figure 4-5, a wide range of infiltration values

was recorded. The variation was observed with time, between test equipment, with and without the mulch

layer, and between locations within the bioretention garden. See Appendix B for infiltration testing results

from garden B. Infiltration rates using the 24-inch Double Ring infiltrometer were between 0.13 cm/hr

and 36.6 cm/hr with an average of 12.4 c/hr. The range of infiltration rates using the Turf-Tec

infiltrometer was 0.0 cm/hr to 54.7 cm/hr with an average of 17.2 cm/hr. The calculated p-value from

performing a two sample t-test is 0.013, which is less than 0.05 (or 5 percent) suggesting that infiltration

rate is dependent on the test equipment used,

Installing the infiltrometer equipment through the mulch layer proved to be problematic; the

mulch itself limited the ability to drive the infiltrometer through it. Additionally, the mulch often floated
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during the test and complicated the measurement process. Evidence of horizontal seepage through the
mulch layer was visually observed in many of the tests. The purpose of trying to measure the infiltration
through the mulch was to determine if the mulch layer was limiting the infiltration. Infiltration results
with the mulch in place range between 0.2 and 6.0 cm/hr and infiltration with the mulch removed ranges
between 0.0 and 9.4 cm/hr. A simple t-test was performed to determine whether the samples are
significantly different. Since the calculated p-value was 0.178, greater than 0.05 (or 5 percent) it can be
concluded that there is no difference between the means of the data sets with and without the mulch in
place. Based on the test results and observations it was determined that the mulch layer is not limiting the
infiltration rate. Removal of the mulch and the top layer of soil, as called for in the standard testing

methodology (Schueler, 2009) are recommended for any future infiltration tests.

One of the lessons learned through this project was that measuring infiltration within a small area
is challenging based on the heterogeneous nature of the system and the interaction between plants and the
soil. Future infiltration measurements are suggested to be accomplished by flooding the entire garden area

and measuring the time required to drain.

4.4.2. Porosity and Field Capacity

Soil testing was performed to measure for porosity and field capacity on the 700 block and 800
block of Michigan Avenue. Results of the porosity and field capacity soil testing are summarized in
Table 4-2. The readings from the three locations were averaged together to describe the porosity and field

capacity of the garden.
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Table 4-2. Soil analysis results

Garden Location Lab Bulk Capillar Non- Porosity | Water Temporary
Location within No. Density | yPore | Capillary (%) Holding Storage
the (g/cm3) | Space Pore sum of | Capacity Volume

garden (%) Space the pore @ 1/3 (Porosity -

(%) space Bar (%) Field
field Capacity)
capacity

700 block East 31452 1.06 45.3% 7.2% 52.4% 31.3% 21.1%
south side Center | 31453 1.18 43.1% 5.5% 48.6% 29.7% 18.9%
(#1) flow West | 31454 1.20 39.2% 4.0% 432% | 27.5% 15.7%
monitoring Average | 1.15 42.5% 5.5% 48.1% 29.5% 18.6%
800 block East 31455 1.17 44.2% 5.1% 49.2% 25.8% 23.5%
south side Center | 31456 1.25 41.8% 4.7% 46.5% 25.8% 20.7%
(#2) good West 31457 1.29 40.9% 4.8% 45.7% 25.8% 19.9%
vegetation Average | 1.24 | 42.3% | 4.9% | 47.2% | 25.8% 21.4%
700 block East 31458 1.08 49.6% 8.2% 57.8% 27.9% 29.8%
north side Center | 31459 0.89 52.2% 10.3% 62.5% 40.5% 22.1%
poor est 31460 . 9% 4% 2% 6% 6%
(#3) W 1.05 42.9% 6.4% 49.2% 31.6% 17.6%
draining Average 101 48.2% 8.3% 56.5% 33.3% 23.2%
Overall Average 1.13 44.3% 6.2% 50.6% 29.5% 21.0%

The difference between the porosity and the field capacity is the percentage of unfilled pore space

in the engineered soil or the temporary storage volume available for stormwater storage in the soil. The

soil test results indicate this ranged from 18.4% to 21.6%, or an average of 21.0%. This means that given

28.3 cubic meters (1,000 cubic feet) of soil, the garden can temporarily store 5.9 m* (210 cubic feet) of

stormwater runoff.

Soil compaction can be directly quantified using a variety of compaction measuring devices, such

as a penetrometer. Compaction can also be indirectly quantified by measuring the bulk density of the soil.

Research suggests (Daddow, 1983) that at a bulk density of approximately 1.65 g/cm® root growth begins

to be limited for the type of soil in the garden. The average bulk density of the soil mix in the three

gardens tested ranged from 1.01 to 1.24 g/cm?. Since the measured bulk density is well below the

suggested value at which root growth becomes limited, the level of compaction in the gardens is not

limiting the vegetation growth or the rate of infiltration.
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A discussion on the correlation between unfilled pore space, soil compaction and plant health is

further discussed in Section 4.4.3.

4.4.3. Plant and Garden Health Assessment

The plant and garden health assessment was conducted in September 2009 to evaluate the overall
health of the plants and assess any trends in species survival or correlations between soil conditions,
garden conditions and health of the plants. A separate assessment form was filled out for each
bioretention system along with photo documentation. All assessments were completed on the same day to

provide an equal comparison between gardens and plants.

Example photos that were taken as part of the assessment are provided in Figure 4-6. Photo (a)
depicts field crews documenting the condition of the plants, presence of trash and debris and performing a
count of each plant. Photo (b) provides a longitudinal view of the conditions of one of the bioretention
facilities at the time of the plant and garden health assessment. This garden exhibits good overall plant
health and aesthetics, has few weeds present and minimal trash and debris. Photo (¢) shows an example of
a sump cover in poor structural condition in need of repair. Photo (d) demonstrates a garden that had a fair

amount of sediment accumulation and trash and debris.
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Figure 4-6. Plant and garden health assessment photos

During installation of the bioretention facilities a total of 37 trees, 28 shrubs, 212 grasses and
3,134 perennials were planted. The quantitative assessment performed in September 2009 (one and half
years later), identified 32 trees, 21 shrubs, 139 grasses and 1,863 perennials. This results in an average
overall plant survival rate of 72%. Research suggests that this plant survival rate is within the acceptable
range of plant survival rates in the urban environment (Schneider, 2011). The loss experienced with the
perennial plants of approximately 40% is higher than expected. The higher loss is attributed to two
bioretention gardens in particular that had little to no vegetation remaining, including being void of

weeds. It is assumed that vandalism was a contributing factor.

51



The plant and garden health assessment included a qualitative ranking of each plant species in
each garden; indicated by checking either robust, average or unhealthy for each plant. Then, based on the
health of each plant species, a determination was made on the overall health of each garden (indicated as
either good, fair or poor). Upon review of the qualitative scoring it was concluded that qualitatively,
ninety percent (90%) of the gardens were rated as having good overall plant health. The overall good
performing plants include: Joe-Pye Weed, Boneset, Rose Mallow, Southern Blue Flag, Switch Grass, and

Ironweed.

The assessment found that no immediate action was needed on any gardens, and no erosion,
compaction, or structural issues were found. In general, few weeds were found in a majority of the
gardens, a small amount had excessively wet soils, and only a small amount had excessive trash. In any
ultra-urban downtown environment, street trash is a concern. Since the Michigan Avenue bioretention
gardens are depressed trenches, most of the street trash does end up in the gardens. For future design
projects, a trash rack or other filter system should be considered to capture the trash before entering the

gardens and to concentrate it in one location for easy cleaning and aesthetics.

Mulch was found to be placed too thick in almost 75 percent of the gardens, 22.9 centimeters (9
inches) thick in some areas. Overall, the aesthetics were rated as 64 percent ‘good’, 21 percent ‘fair’ and

15 percent ‘poor’.

Replanting of the perennials that did not survive was done in June 2011. The replacement
perennials were selected from both the original planting list as well as three new trial plants. Fifty-percent
of the replacement perennials were selected from the list of good performers (Joe-Pye Weed, Boneset,
Rose Mallow, Southern Blue Flag, Switch Grass, and Ironweed). The other half of the plants included:
Nodding Wild Onion, Swamp Milkweed, Tall Tickseed, Alum Root, Giant St. Johns Wort, Rough

Blazing Star, Marsh Blazing Star, Beardtongue, Yellow Coneflower, Three Lobed Coneflower, and Stiff
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Goldenrod all from the original planting list; plus the following three trial plants were selected: Purple

Coneflower, Queen of the Prairie and the Obedient Plant.

A few gardens are not draining sufficiently to support the originally selected species as evidenced
by the absence of planted species and the growth of cattails. The cattails are thriving, unique and
attractive, and are working to improve the garden drainage so a decision was made to leave the cattails in
place and supplement with new species including: Tall Sunflower (Helianthus giganteus), Three-Square
(Schoenoplectus pungens (Scirpus americanus)), and Softstem Bulrush (Schoenoplectus tabernaemontani

(Scirpus validus)).

4.5. CONCLUSION

The Michigan Avenue bioretention project was constructed to beautify the corridor, treat the
“first flush” of runoff, and provide a pedestrian friendly environment. Post construction monitoring was
performed in 2009 and 2010 to evaluate the performance of the bioretention systems. Quantitative
measurements have been recorded for infiltration, porosity and field capacity, and quantification of plants.
Qualitative observations were made regarding the plant and garden health. Replanting efforts of plants
that did not survive have been completed. As the data shows, the Michigan Avenue bioretention gardens
are a success, meeting the project objectives. While measured infiltration rates range from 0 to 63.5
cm/hr, several important conclusions were made. First, it was revealed, using a two sample t-test that the
infiltration rate is dependent on the type of infiltrometer used. Based on conversations with soil scientists
and a review of literature, future infiltration testing should be performed by flooding the entire area of the
bioretention practice. Additionally, it was determined that with a p-value above 0.05 (or 5 percent),
infiltration is not dependent on whether mulch remains in place or is removed. However, because of the
difficulty with properly installing the test equipment with the mulch in place, future infiltration testing
using infiltrometers should be conducted with the mulch layer removed. Porosity and field capacity
measured values indicate the bioretention gardens are able to capture and store approximately 2.54 cm (1

inch) of runoff from the project drainage area. Post construction monitoring indicates the gardens have
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optimal soil conditions, with bulk density values below that which is considered to be soil limiting. These
soil conditions provide an environment that is able to support the healthy plant growth quantified during

the plant and garden health assessment.

The results of this study demonstrate that a viable alternative exists to the conventional
stormwater drainage system that supports stormwater runoff capture and storage, and provides added

benefits of community beautification.
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5.1. ABSTRACT

Urbanization has seen a steady increase over the past several decades and has caused the overall
approach to stormwater runoff dramatically change. In general, stormwater management system facilities
help with mitigating the effects that stormwater runoff. However, the effectiveness of these systems varies
by the magnitude and frequency of stormwater runoff. Therefore, accurate methods are needed to estimate
the actual performance of the system. The objective of this project was to evaluate the effectiveness of
one of these systems called bioretention gardens in terms of their ability to change the surface runoff
hydrograph. Bioretention gardens were installed along a busy corridor in the ultra-urban downtown city
of Lansing, Michigan. Post-construction continuous flow monitoring was conducted in May 2010 through
November 2010. A flow meter was installed in the inlet sump at the upstream end of one bioretention
garden and one flow meter at the downstream end of the garden in the outlet pipe. A computer model was
developed using Stormwater Management Model to simulate hydrologic and hydraulic characteristics of
flow in the garden. Results from the flow meters were used to calibrate the computer model. Model
simulations for different rainfall events revealed the effectiveness of the bioretention on reducing surface

runoff volume and peak flow rates between 5% and 27% and between 33% and 87%, respectively. In
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addition, the time of concentrations were improved after bioretention implementation between 8% and

729%.

KEYWORDS: Low impact development, bioretention, post-construction monitoring, SWMM,

stormwater runoff, peak flow rate, urbanization

5.2. INTRODUCTION

Currently, more than 50 percent of the world’s population lives in urban areas and it is expected
that this number will increase by 67 percent by the year 2050 (UN-Habitat, 2012). From a water resources
perspective, change in natural runoff is one of the biggest issues with urbanization. Urbanization increases
the impervious surfaces within a watershed and; therefore, altering both surface runoff and the flow
regime of stream networks. The impact of impervious surfaces on runoff and water quality has been
extensively studied (Ayers et al., 1985; Bannerman et al., 1996; Benke et al., 1981; Walsh et al., 2005;
Walsh et al., 2012). In general, as urban area develops, the amount of precipitation that runs off the land
surface as overland flow surges, which significantly increases the risk of flooding (Brown et al., 2009;
Burns et al., 2012; EPA, 2012). As urbanization increases, the natural hydrologic cycle experiences a shift
from an infiltration-based system to a predominantly runoff-based system with a deterioration in water

quality and minimal ground water recharge (Walsh et al, 2012).

The expansion of impervious surfaces coupled with the implementation of conventional
stormwater drainage systems significantly affects the watershed and receiving stream hydrology by
increasing the volume, frequency and peak flow rates of stormwater flows; reducing infiltration and
evapotranspiration resulting in a reduction in groundwater recharge and baseflow (Burns et al., 2012;
Kauffman et al., 2009) and winter (Konrad et al., 2002). Figure 5-2 is a graphic representation of the
altered stream hydrology from urbanization comparing a pre-urban hydrograph (i.e. forest and meadow
land areas) and an urban hydrograph. The pre-urban hydrograph has a much lower peak flow rate, and the

recession limb (tail) of the hydrograph persists for an extended period of time because precipitation that is
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infiltrated slowly enters streams through subsurface flows (baseflow). The urban hydrograph is
characterized by a very high peak flow rate that happens very quickly (‘“flashy”) with little to no recession

limb as a result of the small amount of infiltration/evaporation occurring.

*

n Urban

hydrograph

Rainfall

Pre-urban
hydrograph

Rainfall {depth)
Flow or Discharge (volume/time)

e

Time

Figure 5-1. Comparison of pre- and post-urbanization hydrographs (Graph modified from data
from this thesis)

The challenge for urban stormwater managers is to mimic the natural hydrology, which was
presented before urbanization, so that impervious surface runoff is conveyed to streams with similar
hydrologic characteristics of the condition prior to development (Konrad et al., 2002). There are several
approaches to address this issue. The traditional approach entails collecting stormwater in a collection
system, such as catch basins and underground storm sewer pipes, that discharge to a detention basin and
is slowly released to the local waterbody (Burns et al., 2012). This approach focuses on water quantity
and does not address water quality and is generally ineffective at removing pollutants as adequate time for
solids to settle is not provided (Dauphin County, 2014). However, research has shown that detention

basins actually exacerbate the problem of erosive velocities in streams by extending the duration of higher
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flows (Fongers et al., 2001; Baker et al., 2008) as the basins release the water at a constant rate for a

longer period of time.

A modern approach to mimic the natural hydrology is low impact development (LID). LID
techniques have been shown to reduce peak flow rates, stormwater runoff volumes, provide water quality
treatment, and minimizes exposure of the stream channel to erosive flows through a combination of
extended detention and a reduction of runoff, (USGS, 2010; Davis, 2007; Davis, 2008; EPA, 2000). LID
is a flexible term that has been used interchangeably with the term Green Infrastructure and used
differently in different contexts. For the purposes of this study, we used a more comprehensive term for
LID as an approach to land development or re-development that use or mimic natural processes to store,
infiltrate, evaporate, transpire, or reuse stormwater on the site as close to its source as possible. In the LID
practices, stormwater is managed in small, cost-effective landscape features located on-site, where the
runoff is generated, rather than being conveyed to and managed in large detention facilities that provide
little to no benefit to the natural system. Examples of LID practices include bioretention facilities,
bioswales, rain gardens, blue and green roofs, rain barrels and cisterns, and permeable (porous) pavement.
Bioretention was selected for this study because the City Lansing requested a stormwater management
practice that provided aesthetic benefits with the addition of vegetation and trees as well as the hydrologic

benefits provided.

Bioretention is a practice that uses filtration to treat stormwater runoff (Davis et al., 2009).
Bioretention systems are shallow depressions of engineered soil that are typically planted with vegetation,
such as trees, shrubs, and grasses, to remove pollutants from stormwater runoff. Sources of runoff are
diverted into bioretention systems directly as overland flow or through a stormwater drainage system as
close to the source as possible. In general, bioretention systems have been found to be effective in
reducing runoff volume and in treating the first flush (first one-half inch) of stormwater (EPA, 1999).
However, they are less effective at reducing runoff volume for larger storm events and have been found to

export nutrients to downstream systems, (EPA, 2000).
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In evaluating the effects of bioretention systems on hydrograph modification, the issue of capture
efficiency of bioretention must be addressed. The capture efficiency of a bioretention system is defined as
the fraction of total stormwater volume captured by the system and can be used to demonstrate the water
quantity and water quality performance of the system. The capture efficiency is highly dependent on the
design of the bioretention (Li et al., 2009; Davis et al. 2012) and climatological conditions (Emerson and
Traver, 2008). In order to ensure that bioretention systems are designed for optimal performance based on
design goals, accurate methods are needed to estimate the actual performance of the system (Davis et al.,

2009).

This study is unique because it evaluates the effectiveness of bioretention system performance
beyond the few observed conditions using a calibrated hydrologic model, which is the goal of this study.

Specifically, the following questions will be addressed:

*  How have the bioretention systems modified the surface runoff hydrograph?
*  How does the surface runoff hydrograph compare with and without the gardens in place?
*  What is the change in total volume, the time to peak, the peak flow and the overall shape of the

hydrograph?

5.3. MATERIALS AND METHODS

5.3.1. Study Area

The bioretention project is located in Lansing, MI along Michigan Avenue between Larch Street
and Pennsylvania Avenue on both sides of the street (Figure 5-2). The area tributary to the bioretention
facilities is 16,592 square meters (4.1-acres) and with 7 lanes of street pavement, sidewalk from the back
of curb to building face, is nearly 100% impervious. Stormwater runoff drains via overland flow to the

curb and gutter where it enters the bioretention facilities through curb-cut inlets (Figure 5-3).
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Figure 5-3. Curb-cut inlet from street (curb and gutter) into pre-treatment sump and bioretention
facility

Continuously recording flow monitoring equipment, (ISCO 2150 Area Velocity Flow Module,
specification provided in Appendix C) was installed in a storm sewer downstream of the bioretention
area, in the sump inlet and outlet pipe of the bioretention area, and also in a storm sewer downstream of a
representative surrogate area not containing bioretention facilities. Rainfall information was collected
from a nearby rain gauge (ISCO 674 Rain Gauge with an ISCO 4150 Flow Logger, specifications

provided in Appendix C).

5.3.2. Flow Monitoring Sample Collection

Flow monitoring for the surrogate site was conducted May 2008 - November 2008, and in the

bioretention project area May 2010 — November 2010 using ISCO 2150 flow meters in both locations.
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Figure 5-4 shows the tributary area and flow meter location for the surrogate site, which was located
immediately west of the project area along Michigan Avenue at Cedar Street. The surrogate site was used
as the “pre” bioretention conditions and was selected based on having similar site characteristics as the
bioretention project area. Data was not collected during the winter months due to the problems associated

with accounting for the snow pack.
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Figure 5-4. Surrogate area and flow meter location

During the monitoring period, field crews visit each monitoring location periodically to retrieve
data, verify proper monitor operation and document field conditions. Upon successful initial installation
of the monitoring equipment and sensors and during routine site visits, one field staff member enters the

manhole to perform check measurements of flow rate, depth and velocity. This is done to ensure the
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manual measurements match the monitor. During each site visit, field crews measure and record the
power level, which is supplied by a dry cell battery pack and compare the clock time to the meter time for
accuracy. Data collected by the flow monitoring is downloaded to a computer and reviewed to check for
consistency and identify any deviations in the flow pattern, depth or velocity readings. Deviations may
indicate equipment failure or required maintenance of the equipment, such as removing dirt and debris

from the probe.

Monitoring of the surrogate area was done with an ISCO 2150 Area Velocity Module located in
the 24-inch circular storm sewer discharge pipe from the tributary area. The meter probe measured the
velocity and depth of the water in the pipe at 15-minute intervals. The flow rate was then computed based

on the pipe cross-sectional area (of flow) times the measured velocity.

In addition to monitoring in the storm sewer downstream from the bioretention facilities, ISCO
2150 flow meters were installed at a bioretention (sump) inlet and in the underdrain discharge pipe.
Bioretention garden #33, located on the south side of Michigan Avenue just west of 720 Michigan
Avenue (Young Brothers and Daly), was chosen as the representative bioretention facility for the post-
construction flow monitoring. Selection of the specific bioretention facility to be monitored depended on
accessibility for equipment placement, overall perceived function of the bioretention gardens, the ability
to isolate the underdrain, having a minimal number of inlet points, and the overall suitability of the site
characteristics to obtain accurate depth and velocity measurements. Figure 5-5 shows where bioretention
facility #33 (flow monitoring location #1) was located within the project area as well as the relative
location of the surrogate site flow monitoring location (location #2). Figure 5-6 shows details of where

the flow meters were installed within garden #33 (flow monitoring location #1).
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Figure 5-6. Detailed bioretention monitoring, location #1 (720 E. Michigan Avenue)

Influent flow depth to the bioretention garden was measured using a pressure transducer mounted
on the wall of the weir between the sediment sump and the entrance to the garden at 15-minute intervals.

The flow was then computed using the standard weir equation with the head over the weir being the depth
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recorded by the pressure transducer. The standard weir equation method is shown in equation 1 (Chow,

1958).

0 = exLxHO? (1)

Where, Q is the flow rate, ¢ is the discharge constant for the weir, L is the length of the weir, and

H is the head on the weir. The value for ¢ was selected from the weir manual (Chow, 1958), the weir

length was measured in the field and the head was measured by the pressure transducer.

Figure 5-7. Pressure transducer mounted to the wall of the sump at bioretention facility #33

The effluent flows from the bioretention garden #33 were measured by an ISCO 2150 area

velocity module located in the underdrain discharge pipe from the garden. The area velocity meter
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measures depth and velocity at 15-minute intervals. The discharge flow rate was calculated based on the
area times the velocity. Flow monitoring data was reviewed for data quality. Any bad data due to meter

failure or data measurements outside of the meter accuracy would be considered unusable for model

calibration.

5.3.3. Rain Gauge Locations

The rain gauges used for this study were located on the roofs of Bingham Elementary School and
the City of Lansing Harton Street Pump Station. Figure 5-8 shows the rain gauge locations in relation to
the project study areca. The rain gauge was a non-heated tipping bucket gauge totalizing rainfall
information on 5-minute intervals. The distance from the Bingham Elementary School rain gauge to the
project site is less than 800 meters (0.5 miles). The distance from the City of Lansing Harton Street Pump
Station to the project site is approximately 1,930 meters (1.2 miles). The two rain gauges were compared

but the Bingham Elementary School rain gauge took precedence.
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In addition to the natural rain events monitored, a man-made rainfall event was simulated

utilizing a water source from a nearby fire hydrant. The rainfall simulation approximated a 3.3-centimeter

(1.3-inch) rainfall event over 4-hours using a 1* quartile Huff rainfall distribution.

Figure 5-9. Rainfall simulation test
During the simulated rainfall event, the rate of flow entering the gardens was monitored by using
a hydrant flow meter. Check measurements of the flow rate were done by timing the duration to fill a
bucket, and the depth (converted to flow) over the weir monitor (Tetra Tech, 2010). The flow was
regulated such that the only flow leaving the garden was through the underdrain or infiltration, that is to
say water was not allowed to bypass the garden and the garden was not overfilled. The flow meter in the

underdrain pipe was used to record the discharge through the underdrain.

5.3.4. Model Setup

A hydrologic and hydraulic computer model was developed for the monitored area and used to
normalize and compare the hydrograph modification data. A range of rainfall events, from the 90-percent

non-exceedance event through the 100-year, 24-hour storm, was considered in the analysis.

The Storm Water Management Model (SWMM) is a dynamic rainfall-runoff simulation model

developed by the United States Environmental Protection Agency (EPA) — Water Supply and Water
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Resources Division (EPA, 2014). The model is used for discrete event or continuous (long-term)
simulations of runoff quality and quantity. EPA SWMM uses subcatchments to represent a land area that
collects precipitation and allows infiltration and drainage to a specific node, other subcatchment or to a
stormwater management practice. The model can account for infiltration and evaporation losses, and
depression storage, allowing water to pond on pervious and impervious surfaces, depending on the user
input. The model generates a complete runoff hydrograph and routes it through a user-defined network of

links and nodes.

The model requires various datasets for model setup including subcatchment properties,
precipitation data, soils data, infiltration parameters and evaporation rates. A list of the user-defined input

parameters for each subcatchment is detailed in Table 5-1.

Table 5-1. EPA SWMM subcatchment input parameters

Subcatchment | Description Unit
Property
Area The physical area of the subcatchment acres
Width Width of the overland flow path feet
% Slope Average slope of the ground surface %
% Impervious Percent of Subcatchment area that is impervious %
N-Imperv Manning’s N value for impervious area of subcatchment None
N-Perv Manning’s N value for pervious area of subcatchment None
Dstore-Imperv Depth of depression storage on impervious area inches
Dstore-Perv Depth of depression storage on pervious area inches
%Zero-Imperv Percent of impervious area that has no depression storage %
Subarea Routing | Selection of internal routing of stormwater runoff in the None
Subcatchment. Either discharges to an outlet, pervious or
impervious area.
Percent Routed | Percentage of runoff that is routed between sub-areas %

Infiltration Section to enter in the infiltration parameters for the Infiltration Rate
infiltration method selected. Decay Constant
Drying Time
Max. Volume
Groundwater Groundwater flow patterns including surface elevation, GW Various
flow coefficient, GW exponent, surface water flow
coefficient, surface water flow exponent, surface-GW
interaction coefficient, fixed surface water depth and
threshold GW elevation
Snow Pack Name of snow pack parameter set Name
LID Controls Pop-up of adding low impact development controls Various
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Table 5-1 (cont’d)

Subcatchment | Description Unit

Property

Land Uses Assignment of land uses to Subcatchment, used for water Various
quality modeling.

Initial Buildup Initial pollutant buildup on Subcatchment, used for water Various
quality modeling

Curb Length Length of curb (if needed for pollutant buildup functions), feet
used for water quality modeling

Physical characteristics of the tributary drainage area (subcatchment) were obtained using
topographic information gathered during survey work for the construction of the bioretention facilities,
and land use maps. As-built drawings and laboratory results of soil testing of the bioretention facilities

were used to set up the LID controls.

Version 5.0.022 of EPA SWMM was used for the model analysis of both the surrogate site and

the bioretention area.

5.3.5. Model Calibration

Model calibration is the process of varying input parameters that are used to represent a physical
system to best match actual field conditions. The parameters used in model calibration for this project
were the measured field conditions of the bioretention facilities, including soil conductivity, bulk density,
infiltration rate and the physical dimensions of the facility. These parameters were adjusted to present a

model that best fits the actual data to the model results.

The surrogate site (pre-bioretention condition) model was calibrated to flow monitoring data and
physical dimensions and conditions of the tributary drainage area. The calibrated coefficients from the
surrogate site model were used to set up the model of the bioretention facility. The bioretention facility
model was calibrated using the surrogate model data and to collected monitoring data and soil testing

values.
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5.4. RESULTS AND DISCUSSION
The results and discussion section details the flow monitoring, model calibration process and the

hydrograph modification results calculated from the calibrated model.

5.4.1. Flow and Precipitation Data Collections

The flow monitoring data collected for the surrogate site and the bioretention facility was
analyzed for completeness and validity to identify any anomalies in the measured data. This section

includes discussion of data collected from the flow meters as well as data collected from the rain gauges.

5.4.2. Surrogate Site

The flow meter for the surrogate site was installed early May 2008 and removed at the end of
October 2008. Flow monitoring results for the months of May, June and July showed several data
collection errors that indicate large sections of the flow monitoring data should not be used for
calibration. Flow depth measurements were recording negative values; a depth adjustment was made to
account for meter drift; however, depth values were still recording negative following the adjustment.
Velocity measurements were recorded as zero values in several cases. A scattergraph was generated for
each month displaying the relationship between flow depth and velocity under actual conditions versus
expected conditions (Manning’s formula values). The R? values for the trend line of this data relationship
ranged between 0.28 and 0.52, indicating a very poor correlation between flow depth and velocity (see
scattergraph plots (a), (b) and (c) in Figure 5-10). The hydrograph in Figure 5-11 shows the flow
monitoring data from the surrogate site meter location during the month of May. The green line shows
flow depth, the red line shows velocity, the dark blue line displays flow rate and the light blue line on the
secondary axis displays rainfall depth. It can be seen from the depth and velocity measurements that the
meter is not functioning properly. The flow depth does respond to rainfall events; however, in several
cases, the depth reading is negative and does not show a direct relationship to the velocity readings (see
scattergraph plots (a) and (c) in Figure 5-10).
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(a) Flow Rate vs Flow Depth, Scattergraph, May 2008
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Figure 5-10. Scattergraph plots of flow rate versus flow depth for the surrogate site
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Figure 5-11. Flow depth and velocity vs time and hydrograph for the surrogate site meter

5.4.3. Rainfall

Rainfall data for the flow monitoring analysis was recorded using a rain gauge installed at

Bingham Elementary School and checked against an existing rain gauge at Harton Street Pump Station.

Because of the localized nature of rainfall events and the relative proximity to tall buildings that may

obstruct rainfall measurements, existing rain gauges across the region were analyzed to determine spatial

variability of each rainfall event. Table 5-2 shows eight different rain gauge locations, RG1-RGS8 and the

summary of rainfall events measured for the storm events that occurred during the surrogate site flow

monitoring period. RG1 (highlighted in green) is the rain gauge at Bingham Elementary School. RG2-
RGS8 are regional rain gauges with precipitation data available either through the National Oceanic and

Atmospheric Administration (NOAA) or through the Global Historical Climatology Network (GHCN).
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Table 5-2. Rainfall depth recorded at regional rain gauges, September 2008-October 2008

Global Historical & -
National Oceanic and Climatology s &
Atmospheric Association Network Rainfall i £ Qi £
(NOAA) Rainfall (cm) (cm) == 0
= 2=
%) ]
. Z g 2
= — o~ o <r v Nk =) ~ ) - >
8 Q Q Q Q Ol QO > &) Q o 2 <
n & & & & Ml K< & & &
8/23/2008 | 0.64 | 0.25 | 0.18 | 0.18 | 0.15 | 0.19 | 0.18 | 0.18 | 1.60 | 0.42 | 0.22
9/4/2008 | 142 | 1.27 | 140 | 1.47 | 1.45] 140 | 1.57 | 132 | 1.83 | 147 | 1.42
9/29/2008 [ 2.11 | 2.51 | 1.75 | 2.62 | 241 | 232 | 2.16 | 1.68 | 2.11 | 2.17 | 2.34
10/8/2008 | 1.04 | 1.17 | 0.91 | 1.04 | 1.24 | 1.09 -- 1.12 ] 1.35 | 1.12 | 1.17
10/15/2008 [ 0.69 | 0.91 | 0.86 | 0.86 | 0.94 | 0.90 -- 0.69 | 097 | 0.85 | 091
10/20/2008 | 0.43 | 0.56 | 0.51 | 0.46 | 0.64 | 0.54 | 0.58 | 0.51 | 0.53 | 0.53 | 0.57
10/24/2008 [ 0.89 | 1.78 | 1.52 | 1.68 | 1.57 | 1.64 -- 1.07 | 1.07 | 1.37 | 1.78

— indicates rainfall data was not available for that particular storm event

As illustrated in the table, uneven rainfall distribution is common throughout the region. A
comparison was performed with the rainfall depth recorded at the Bingham Elementary School rain gauge
(RG1) with RG2 and RG6 as these three rain gauges are all within 800 meters of the surrogate site
monitoring location. From the comparison in Table 5-3, it can be seen that even within close distances to
the monitoring location, spatial variability in the recorded rainfall depth is present. In some cases, the
rainfall variability was as much as 100% difference between the Bingham Elementary School rain gauge
and, in this case, RG2. It was also observed that the larger rainfall events had less spatial variability than

the smaller rainfall events.
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Table 5-3. Rainfall depth comparison at three rain gauges closest to monitoring site

Rainfall Depth (cm) Average %
RG2, RG6 Change
Storm Rainfall from
Date RG1 RG2 RG6 (in) RG1
8/23/2008 0.64 0.25 0.18 0.22 -66
9/4/2008 1.42 1.27 1.57 1.42 0
9/29/2008 2.11 2.51 2.16 2.34 11
10/8/2008 1.04 1.17 -- 1.17 12
10/15/2008 0.69 0.91 -- 0.91 33
10/20/2008 0.43 0.56 0.58 0.57 32
10/24/2008 0.89 1.78 -- 1.78 100
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Figure 5-12. Rain gauge locations
The spatial variability observed in rainfall for the storm events during the monitoring period

proved to be a limitation for model calibration. Future post-construction monitoring should consider the
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spatial distance of the system to be analyzed and the rainfall measuring device. It is recommended that a
rain gauge be installed within the facility to be evaluated when possible. Obstructions that may affect the

accuracy of measuring rainfall should be considered when selecting the install location for the rain gauge.

5.4.4. Bioretention Facility

The flow meters for the bioretention facility, both at the inlet and downstream discharge pipe,
were installed at the end of May 2010 and removed at the beginning of November 2010. Initial review of
the flow monitoring data for the bioretention facilities indicated that the meters were responding to the
flow in a manner that is expected (The measured flow depth had a correlation to the rainfall and began
tapering off after the rain event). The hydrograph in Figure 5-13 displays the flow rate entering the
bioretention facility and the flow depth in the inlet sump measured by the meter probe. The green line
represents the flow depth, the dark blue line displays flow rate and the light blue line on the secondary
axis displays rainfall depth from RG 1. The measured flow depth shows an immediate response to rainfall
events, following by a slow decrease in the depth over time. Many factors affect the bioretention systems
ability to capture and infiltrate rain events (antecedent moisture conditions, time between rainfall events,
temperature, etc.) The flow rate hydrograph shows a reasonable correlation between the size of the
rainfall event and the height of the spike for flow rate, with an R? value of 0.72 given the high variability

in environmental conditions at the onset of each rainfall event.
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Hydrograph for Bioretention Facility - September 2010
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Figure 5-13. Hydrograph and flow depth for bioretention facility flow meter

Review of the flow monitoring data for the meter located in the discharge pipe downstream of the
bioretention facility indicated that there was a problem with several of the data points. Figure 5-14
displays the flow hydrograph, velocity and flow depth in relation to rainfall for the meter in the discharge
pipe downstream of the bioretention facility. The red line displays velocity, the dark blue line shows the
flow rate, the green line represents flow depth, and the light blue line on the secondary axis displays
rainfall depth. The velocity measurements show no pattern or consistent response to rainfall and are
constantly fluctuating. On July 13, 2010, the velocity flat-lined and indicated no response to the rain
events that occurred. The manufacturer’s specification for the ISCO 2150 Area Velocity Sensor indicate
that the level measurement range is 0.010 to 3.05 meters with an accuracy of £0.003 meters from 0.01 to

3.05 meters (see Appendix C for specification sheet from manufacturer). Based on reviewing the flow

77




monitoring data and the specifications of the equipment, it was determined that the flow monitoring data

for the meter in the discharge pipe downstream of the bioretention facility is unreliable.

Hydrograph for Bioretention Facility - July 2010
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Figure 5-14. Flow monitoring data — flow depth and velocity versus time at outlet
Due to a lack of reliable rainfall data and insufficient flow monitoring for the bioretention facility,
a man-made rainfall event was simulated using a water source from a nearby fire hydrant and hydrant
metering equipment. The man-made rainfall event provided for more accurate rainfall measurements as
all of the water discharging from the fire hydrant, was captured in the bioretention facility. Table 5-4
displays the simulated rainfall event, which recorded approximately a 3.3 centimeter (1.3 inch) rainfall

event over 4-hours using a 1* quartile Huff rainfall distribution.
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Table 5-4 Field measurement data for simulated rainfall event — November 1, 2010

Field Measurement Data (Simulation performed on 11/1/2010)
Meter Reading Flow Rate Flow Rate
A Time (ft) AVol AVol (cms) (cfs)
(min) Start End (ft}) (m?) (AVol/720 sec) | (AVol/720 sec)
0 4442580
122 4442513 | 4442580 | 67.5 1.91 0.0027 0.094
24 4442580 | 4442715 | 67.5 1.91 0.0027 0.094
36 4442715 | 4442770 55 1.56 0.0022 0.076
48 4442770 | 4442807 37 1.05 0.0015 0.051
60 4442807 | 4442843 36 1.02 0.0014 0.050
72 4442843 | 4442873 30 0.85 0.0012 0.042
84 4442873 | 4442898 25 0.71 0.0010 0.035
96 4442898 | 4442913 15 0.42 0.0006 0.021
108 4442913 | 4442928 15 0.42 0.0006 0.021
120 4442928 | 4442938 10 0.28 0.0004 0.014
132 4442938 | 4442941 3 0.08 0.0001 0.004
144 4442941 | 4442944 3 0.08 0.0001 0.004
156° 4442944 | 4442951 6 0.17 0.0002 0.008
168 4442951 | 4442956 6 0.17 0.0002 0.008
180 4442956 | 4442966 10 0.28 0.0004 0.014
192 4442966 | 4442976 10 0.28 0.0004 0.014
204 4442976 | 4442987 11 0.31 0.0004 0.015
216° 4442987 6.4 0.18 0.0003 0.009
228° 6.4 0.18 0.0003 0.009
240° 4442987 | 6.4 0.18 0.0003 0.009
Total 426.3 12.1

*Estimated - The meter reading for this time interval was not recorded. Therefore, the meter
reading at the next time interval was divided evenly between the two time intervals as the flow
rate was kept constant over the entire 24 minutes.

°Flow rates for the last three measurements were determined using a bucket test as the hydrant
flow meter was unable to measure such small flow quantities.

Flow measurements for the man-made simulated rainfall event were collected by the previously
installed flow meters for model calibration. The inflow hydrograph includes the flow measurements
recorded by the fire hydrant flow meter, which are presented in tabular format in Table 5-4. The outflow
hydrograph was recorded using the flow meter located in the outlet discharge pipe downstream of the

bioretention facility. Figure 5-15 displays the measured flow depth (depicted by the green line) and
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velocity (depicted by the red line), along with the calculated flow rate, shown in blue, during the rain

simulation event.
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Figure 5-15. Flow meter measurements for simulated rainfall event — November 1, 2010
Review of the flow monitoring results for the simulated rainfall event indicate that the meter
responded to the flow in a manner that is expected. The simulated event began at 09:00 on November 1%
and the effluent flow depth exhibited a quick response to the rainfall event starting at 10:00. The
simulated event ended at 13:00 and as is expected, the flow in the effluent pipe lags behind as water

slowly percolates through the garden.

The simulated rainfall event provided a more accurate rainfall event to use for model calibration
than the surrounding rain gauges and flow monitoring equipment techniques. Therefore, future post-

construction monitoring work should consider the use of several man-made simulated rainfall events,
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combined with flow monitoring equipment that has the ability to more accurately measure small flow

rates.

5.4.5. Model Calibration

The surrogate site flow monitoring and rainfall data was intended to provide a calibrated pre-
bioretention condition. The calibrated parameters, including width, depression storage values and percent
impervious cover, would be used in the bioretention facility model condition. However, based on the poor
rainfall data due to large spatial variability and erroneous flow monitoring data from the flow meters, the
surrogate site model condition was rejected. Although the calibration parameters for the surrogate site
were unsatisfactory, relative comparisons can be made between a pre-bioretention condition and post-

bioretention condition.

The post-bioretention condition model was calibrated. The flow and rainfall observations from
the man-made simulated rainfall event was used for the model calibration. Figure 5-16 shows the inflow
and outflow hydrographs for the simulated rainfall event measured by the flow meters at the inlet and
outlet of the bioretention facility. The red line with square points represents the inflow hydrograph and

the blue line with diamond point represents the outflow hydrograph.
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Figure 5-16. Inflow and outflow hydrographs from flow meters for simulated rainfall event

The bioretention facility model was calibrated to the inflow and outflow hydrographs. The R’

value between the observed and predicted flow rate is 0.94, which indicates that the model is performing

satisfactory in predicting flows. Adjustments were made to the subcatchment width, depression storage,

and percent impervious cover to match the inflow hydrograph in the model to the metered data. Table 5-5
and Figure 5-17 summarize the results of the inflow hydrograph calibration. The model performed well in

replicating the monitoring results for the man-made simulation event, indicating a range of 5.4% to 5.6%

difference between the data sets.

Table 5-5. Calibration results

Monitored Modeled % Difference
Volume (cubic meter) 12.1 11.4 -5.4
Peak Flow (cms) 0.0027 0.0028 5.6
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Figure 5-17. Calibration hydrograph results

Calibration for the outflow hydrograph was performed by populating the design components of
the bioretention facility from the as-built drawings and soil testing results. Addiitonal model parameters
for the bioretention facility (LID controls), including vegetation volume, hydraulic conductivity, storage
void ratio, and underdrain coefficients were then adjusted to calibrate the effluent flow hydrograph in the
model to the flow meter outflow hydrograph. Table 5-6 provides a list of the model parameters and the
calibrated values for the bioretention facility. The first set of calibrated model parameters (area, width,
percent slope, % impervious, Manning’s n and depression storage) displayed in Table 5-6 were used in

the model for the bioretetion facility before LID controls were implemented.
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Table 5-6. Calibrated model parameters

Parameter Calibrated Value
Area (acres) 0.11
Width (ft) 50
Percent Slope 2.58
% Impervious 100
Manning’s n Impervious 0.014
Manning’s n Pervious 0.3
D-Store Impervious 0.05
D-Store Pervious 0.05
Surface
Storage Depth (in) 14
Vegetation Volume Fraction 0.03
Surface Roughness (Manning’s n) 0.024
Surface Slope (%) 0
Soil
Thickness (in) 36
Porosity (volume fraction) 0.506
Field Capacity (volume fraction) 0.295
Wilting point (volume fraction) 0.055
Conductivity (in/hr) 13
Conductivity Slope 20
Suction Head (in) 5
Storage
Height (in) 12
Void Ration (voids/solids) 0.35
Conductivity (in/hr) 13
Clogging Factor 0
Underdrain
Drain Coefficient (in/hr) 1.8
Drain Exponent 0.8
Drain Offset Height (in) 3

A model calibration hydrograph comparing the underdrain discharge rate from the monitored data

and the model prediction is shown in Figure 5-18.
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Figure 5-18. Outflow hydrograph - model calibration plot

Overall, the results show that the calibrated model is slightly over predicting the volume by 14%
and predicting the flow rate very well, within 1% of the monitored data. The R value between the
observed and predicted flow is 0.91, indicating that the model is satisfactorily predicting the flows. The
model performs well at predicting the timing of the peak flow. As the model is over predicting the
outflow volume compared to what was measured, the calculated effectiveness of the bioretention facilities

for volume reduction will be conservative (under-predicted).

5.4.6. Effectiveness of Bioretention Facilities on Hydrograph Modification

The calibrated models for the bioretention facility were solved for a range of storm events

simulating both the site without (“pre”) and with (“post”) the bioretention facilities. Numerical results
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were obtained for total volume, time to peak, and peak flow for a range of rainfall recurrence intervals

and storm durations as well as a continuous simulation utilizing forty-seven years of rainfall records.

Recurrence intervals ranging between the 1- and 10-year and between 1- to 24-hour rainfall
durations were simulated. Table 5-7 provides a summary of the model analysis for both pre- and post-
conditions for the range of events. Example runoff hydrograph comparisons are shown in Figure 5-19 for

the 1- and 10-year recurrence intervals and the 1- and 24-hour rainfall durations.

Results indicate that the reduction in surface runoff volume ranges between 5 percent and 27
percent. The larger changes occurred for the smaller storm recurrence intervals with the shorter durations.
These results are in line with the design criteria as the bioretention facilities were designed to manage the

stormwater runoff from a 2.54-cm rainfall event (between a 1- and 2-year, one hour event).

A similar pattern is demonstrated from the change in peak flow rate from the pre- to post-
conditions. Results indicate that the reduction in peak flow rate ranges between 33 percent and 89 percent,
with the largest reductions occurring during the smaller recurrence interval storm during the shorter
duration events. The longer duration storm event results correlate to the engineered soil in the bioretention
facility having time to reach saturation and consequently allows more water to percolate through the soil
medium to the underdrain. Results for the change in time to peak show that the bioretention facilities are
significantly slowing the water down before it reaches the underdrain discharge pipe. Time to peak
reductions range between 8 percent and 729 percent. The greatest reductions occur during the one hour
storm event. These results support the occurrence that the bioretention facilities have time to reach
saturated conditions for the larger storm events. These results in more water reaching the underdrain at a

faster rate than for the shorter duration storms.
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Table 5-7. Hydrology Change Summary

Rainfall Pre- Condition Post- Condition Change from
(no bioretention) (with bioretention) Pre- to Post- Conditions
Recurrence | Duration | Total | SRO Qp Tp SRO Qp Tp SRO Qp Tp
Interval (hr) (em) | (em) | (ems) | (hr) | (em) | (ems) | (hr) | (%) | (%) (%)
2-month 1 1.32 1.30 0.004 | 0.17 0.94 0.001 1.08 | -27% | -87% 535%
6-month 1 1.96 1.93 0.006 | 0.17 1.55 0.001 | 1.33 | -20% | -84% 682%
1-year 1 241 2.39 0.008 | 0.17 2.01 0.001 1.41 -16% | -87% 729%
2-year 1 2.90 2.90 0.010 | 0.17 2.49 0.001 | 1.41 -14% | -89% 729%
10-year 1 4.09 4.09 0.016 | 0.17 3.66 0.006 | 033 | -11% | -64% 94%
25-year 1 4.88 4.88 0.019 | 0.17 4.45 0.008 | 0.25 -9% -56% 47%
100-year 1 6.20 6.17 0.025 | 0.17 5.79 0.016 0.2 -6% -33% 18%
2-month 24 2.84 2.34 0.001 12 1.91 0.000 20 -18% | -82% 67%
6-month 24 4.17 3.66 0.002 12 3.18 0.000 19 -13% | -81% 58%
1-year 24 5.16 4.65 0.003 12 4.11 0.001 13 -11% | -56% 8%
2-year 24 6.15 5.64 0.003 12 5.13 0.002 13 -9% -38% 8%
10-year 24 8.71 8.26 0.005 12 7.65 0.003 13 7% -40% 8%
25-year 24 10.39 9.88 0.005 12 9.30 0.003 13 -6% -38% 8%
100-year 24 13.21 | 12.70 | 0.007 12 12.07 | 0.004 13 -5% -34% 8%
90% 24 2.29 1.78 0.001 12 1.37 0.001 16 23% | -50% 33%

SRO: Surface Runoff; Qp: Peak Flow; Tp: Time to Peak

These hydrograph modifications are principally a function of the soil matrix slowing the water

down (the soil permeability), providing storage (the porosity of the soil) and capture capacity (the soil

field capacity). This is reiterated with the results in Figure 18 showing that the hydrograph modifications

are more substantial for the lower precipitation events. During the larger storm events, the bioretention

system reaches capacity either volumetrically or through the soil permeability rate. Once the system

capacity is exceeded, the surface runoff is allowed to bypass the bioretention system and is continues to

flow to the traditional catch basin/sewer system where no further hydrograph modification takes place.
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Figure 5-19. Runoff change as a function of total rainfall
Hydrograph results for a 1-year and 10-year recurrence interval 1-hour and 24-hour duration
storm events during the “pre” and “post” biorentetion conditions are graphically displayed in Figure . As
the figure shows, the 1-hour duration storms provide a greater reduction in the surface runoff volume,

peak flow, and time to peak than the 24-hour duration storms.
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Figure 5-20 (cont’d)
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A long term continous simulation utilizing forty-seven years of rainfall records from the Capital
City Airport was performed. Over the forty-seven year period of record from 1957 through 2008, there
were a total of 6,234 events totaling 3,693-centimeters (1,454-inches) of precipitation with a mean annual
average of 78-centimeters (3 1-inches) of precipitation. Table 5-8 summarizes the frequency analysis of
preciptation events for the forty-seven years. During the 47-year period, there were 288 precipitation
events greater than 2.54 centimeters (1-inch) with most of those event depths between 2.54-centimeters
(1-inch) and 5.15-centimeters (2.03-inches). Two large storm events greater than a 25-year storm

occurred but no flood events (100-year) occurred during the forty-seven year period.

Table 5-8. Frequency analysis of precipitation events for forty-seven year record

Recurrence Interval # of Events | Rainfall
Depth (cm)
Total number of events greater than 2.54-cm (1-inch) 288 >2.54
rainfall
Number of events between a 1 and 1.99 year return 31 5.16-6.12
Number of events between a 2 and 4 year return 17 6.15-7.54
Number of events between a 5 and 9 year return 6 7.57-8.69
Number of events between a 10 and 24 year return 4 8.71-10.36
Number of events between a 25 and 49 year return 1 10.39-11.73
Number of events between a 50 and 99 year return 1 11.76-13.18
Number of 100 year return events 0 13.21

Results from the forty-seven year continuous simulation demonstrate a significant change is
observed with the inclusion of the bioretention facility in the flow stream. The results calculate a 75
percent decrease in overall surface runoff volume with the bioretention gardens in place over the entire

forty-seven years of record. Figure 5-21 depicts the model output results.
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Figure 5-21. Continuous simulation of flow events for pre and post bioretention implementation
over 47 years of rainfall records

5.5. CONCLUSION

The bioretention facilities on Michigan Avenue were constructed as part of a Go Green! Go
Lansing! Initiative. The objective of post-construction monitoring was to assess how the bioretention
systems have modified the surface runoff hydrograph. Specifically, the study objectives were to evaluate
how the bioretention systems modified the surface runoff hydrograph, perform a comparison of the
surface runoff hydrograph with and without the bioretention gardens in place, and evaluate what the

change in total volume, peak flow rate, time to peak and overall shape of the hydrograph is.

Post-construction monitoring was performed in the bioretention project area starting in May 2010
and concluding in November 2010. Flow measurements at the inlet to the bioretention facility as well as

the effluent discharge pipe have been recorded using ISCO 2150 Area Velocity Modules. Rainfall was
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recorded using an ISCO 674 rain gauge with an ISCO 4150 flow logger. The inlet flow was recorded
using a depth probe located in the catch basin sump at the inlet of the bioretention facility. The effluent
flow was recorded using a depth and velocity probe installed on the bottom of the underdrain pipe in a

manhole immediately downstream of the bioretention facility.

The surrogate site that was originally designed to be the “pre” bioretention condition was rejected
after review of the rainfall data and flow monitoring data. The rainfall demonstrated a high rate of spatial
variability while the flow monitoring data indicated that the equipment was not responding to the flow in

an accurate manner.

The flow monitoring data from the bioretention facility was analyzed. This study concluded that
the flow monitoring equipment was not able to measure the small flow rates present in the outlet pipe of
the bioretention facility. However, comparisons between the “pre” and “post” bioretention model
scenarios were able to be made based on the implementation of a man-made simulated rainfall event.
Results indicate that peak flow rates were reduced from “pre” to “post” conditions by a range of 33% to
89%. The larger flow reductions occurred for the smaller storm events. Similar patterns were observed for
the total volume, with reductions ranging from 5% to 27%. Increases in time to peak ranged from 8% for
the larger events to 729% for the smaller storm events. A review of the overall shape of the surface runoff
hydrograph indicates that the shape changed from a flashy, quick peak with minimal to no event tail to
one with a smaller, delayed peak (increase in time to peak) and a more extensive tail on the hydrograph.
The resulting hydrograph correlates to a system that responds to the bioretention facilities by shifting to

an infiltration-dominated, pre-development system.

Lessons learned from the post-construction monitoring work were discussed with the goal of
improving the ability to more accurately assess the effects of bioretention facilities on the surface runoff
hydrology, including peak flow rate, volume and time to peak. Ensuring an accurate method to collect

rainfall data and monitor small flow rates into and out of the bioretention system is critical when

93



performing post-construction monitoring. While bioretention facilities have been implemented for years
in the stormwater management community, this study provides valuable information to the design
community. Over the course of this research work, preliminary findings and recommendations have been
implemented on new projects. Flow monitoring equipment suitable for extremely low flows is being used
and rain gauges are being installed at the LID practice locations rather than somewhere offsite. Manmade
rainfall events are increasing being utilized as well for quicker, more accurate flow monitoring data

collection.

Future analysis of the effects that bioretention systems have on the surface runoff hydrograph
with the recommended data collection methods is necessary. This will provide verification that the

recommended improvements prove effective.
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6. CONCLUSION

This research examined the effects that implementing bioretention facilities on the surface runoff
hydrograph in terms of total runoff volume, peak flow rate, time to peak, and shape of the surface runoff
hydrograph. The study area is located in the ultra-urban downtown corridor along Michigan Avenue
leading to the state capital in Lansing, Michigan. Post construction flow monitoring was conducted at the
upstream and downstream ends of a selected bioretention facility. Rainfall data was collected from a
nearby rain gauge. Soil samples of the engineered soil mixture were taken, infiltration testing was
performed and an overall plant and garden health assessment was completed. The following general

conclusions were made:

» Infiltration capacity of the engineered soil is dependent on the type of infiltrometer used but is not

dependent on whether the mulch layer remains in place or is removed.

* Porosity and field capacity measured values indicate the bioretention gardens are able to capture
and store approximately 2.54 cm (1 inch) of runoff from the project drainage area with an average
measured value for temporary storage volume of 21%.

* Post construction qualitative monitoring indicates the gardens have optimal soil conditions, with
bulk density values below which is considered to be soil limiting. These soil conditions provide
an environment that is able to support the healthy plant growth quantified during the plant and
garden health assessment.

*  The overall plant survival rate, at 72%, was within the acceptable range of plant survival rates in
the urban environment. Replanting recommendations for the 28% that did not survive, include
using the top six performing plants for 50% of the replacements and a mix from the complete

original list for the other 50% of the replacements.
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The flow monitoring equipment used was not able to measure the small flow rates present in the
outlet pipe of the bioretention facility. However, comparisons between the “pre” and “post”
bioretention model scenarios were able to be made based on the implementation of a man-made
simulated rainfall event.

Results indicate that peak flow rates were reduced from “pre” to “post” conditions by a range of
33% to 89%. The larger flow reductions occurred for the smaller storm events. Similar patterns
were observed for the total volume, with reductions ranging from 5% to 27%. Increases in time to
peak ranged from 8% for the larger events to 729% for the smaller storm events.

A review of the overall shape of the surface runoff hydrograph indicates that the shape changed
from a flashy, quick peak with minimal to no event tail to one with a smaller, delayed peak
(increase in time to peak) and a more extensive tail on the hydrograph.

The resulting hydrograph correlates to a system that responds to the bioretention facilities by

shifting to an infiltration-dominated, pre-development system.
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7. FUTURE RESEARCH

This study provides valuable insight into the performance of bioretention facilities and design
considerations for optimal performance. The relationships between bulk density, porosity, field capacity,
infiltration rate and plant and garden health were defined. The impacts of the implementation of
bioretention facilities on the surface runoff hydrograph were determined. However, there is need to
further enhance our understanding of the performance of bioretention practices along with other types of

LID practices. Suggestions for future research include:

* Evaluation of the effect on infiltration results of flooding the entire LID practice area.

e Perform infiltration testing at strategic locations within the LID practice facility. Suggested
locations include immediately adjacent to the flow inlet, adjacent to plant roots and in areas
where no plants are present, further away from the flow inlet. This will allow a determination of
whether infiltration is consistent across a given LID practice or if certain physical components
affect infiltration rates.

» Evaluate alternate flow monitoring methods. This may include completing several man-made
rainfall simulations by setting up an automated rainfall apparatus for different durations and total
rainfall depths. Due to the relative low cost of performing man-made rainfall simulations, this
should be done both short-term and long-term over the life of the LID practice to evaluate the

lifetime performance of the system.
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APPENDIX A — INFILTRATION TESTING METHODS

WMethodelogy for double-ring infltrometer lield test

A double-ring infilrometer consiss of two concenimic
metal rings. The rings are driven into the ground and
filled with water. The outer ring helps to prevent diver.
pent flow. The drop-in water lewel or volume in the
mner ring is used o calculate an nfiltration rate. The
mfiltration rate is the amount of witer per surface area
A i unit which PEnenmes e soils, T Qimmeer
of the inner ring shvould be approxinaely S0LT0 percent
of the dimmeter of the ouer rimg, with & maniam ianer
ring size of four mches. Double-rg infiltrometer test-
mg equipment designed specificaly for that purpase
may be purchased. However, fiell testing for stom.
waler BMP design may alse be cowducied with readily
wvailable materiak.

I 11 ! e BOIIEID I L) il

Two comcentric cylinder nngs s inches or gresier
m height. [nner ring diameter equal to 5070 percent
of outer ring diameter (ie.. an eight-inch ring and o
2-inch ring). Material typically avalable at o hardware
sone may be acoeprable.

» Water supply,

* Bropwatch or limer,

* Ruler or metal measuring mpe,

¢« Flat wooden board for driving ovlinders vniformly
into sodll,

+  Rubber mallet, and

*  Log sheets for recording data.

n jure for double-ring infil

*  Prepare level izsting anea

* Place outer ring in place: place lat board on ring
and drive ringinto soil o a minmum depth of o
inches.

¢« Place inner ring in center of ouer nng: place fal
board on ning and drive ring ints soil a min murm of
two inches, The bowom rim of both rings should be
ol the same lewel,

+ The test area should be presoaksd immedintely
prior w esting. Fill both rings vith waer @ waner
level indicator mark or rim st Meminuwte inlervals
for one hour. The minimum water depth should be

four inches. The drop in the water level diring the

last 30minuies of the prsoaking period should be

applied o the Following standard 1o deternine the

e inerval between neadings

= I water level drop is two inches or maoe, use
10 pinute measure ment intervals,

= If water level drop is less than two incwes, wse
JO-mimne mreasure men. ipervals,

*  Obtaina reading of the drop in water levd in the
center ing ot appropriate time intervals. After each
reading refill both rings to water level indicator
mark o rim. Messurement o the waner level in the
center ing should be mude from a fixed eference
point and should continue at the interval determined
until a minimum of eight readings are conpleted or
until astabilized rate of drop is obtained, whichever
occursfirst. A stabilized rate of drop meas a
differeace of 14 inch or less of drop betwen the
highes and lowest readings of four conseoutive
readings.

+ The drop that cocurs in the center ring during the
final parod or the average stabalized rate e xpressed
ms inches per hour, should represent the ifiltration
rate for that rest location

Methodoogy for percelation test
Equi : lat

*  Post hele digger or auger,

*  Water upply,

*  Stopwiich or umer,

*  Ruler o metal measuring tape,
*  Log sheets for reconding data,

+  Knife Made or sharp-pointed instroment for soil
scanficton),

»  Conres cand or fine gravel. and

+  Objectfor fined-reference point during
mueazmement (nail, twothpick, etc. ).
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Operating Instruciions

1. SETTING THE TINER:
A) PRESS THE STOP / RESET BUTTON ONCE TO R=SET THE TIMER
TO READ "0 00".
B} SET THETIMER FOR 15 MINUTES BY PRESSING MINUTES 15TIMES
LINTIL 1500 IS DISPLAYED.

2. PLACE DOUBLE AING CUTTING BLADES ONTHE AREA TO BE TESTEL.
SILICONE SPRAY MAY BE APPLIED TO THE CUTTER EDGES TO ALLOW
EASIER AND CLEANER REMOVAL OF TOOL.

3. PUSH DOWN ON HANDLE GRIFS WHILE SLISHTLY TURNING INSTRUNENT
Eﬁgﬁﬁgg FORTH" UNTIL THE SATURN RING IS AGAINST THE SOIL

*(ON TURF AREAS, EXCESSIVE TWISTING CAN ALSO CAUSE ROOTS
TO TEAR AND A PLUG TO BE PULLEDUPON REMCVAL OF TOO.).
** (DO NOT MOVE THE INSTRUMENT SIDE TO SIDEWHILE TURNING)

4, FILL BOTH THE QUTER AND INNER RING WITH CLEAN WATER UNTIL THEY
SUGHTLY OVERFLOW. {THIS |5 ACCOMPLISHED EASIEST BY FILLINGTHE
INNER RING FIRST AND ALLOWING IT TO SPILL OVER AND FILL THE QUTER
RING TO THE EDGE).

5. WHEN THE POINTER REACHES THE BEGINNING OF THE INCH SCALE
START THE TIMER IMMEDIATELY BY PRESEING THE START BUTTON.

6. AS THE WATER SZEPS INTO THE SOIL, THE PLASTIC BALL ATTACHED TO
THE TUBE WILL MEASURE THE WATER IN INCHES AND REGISTER IT DN
THE SCALE WITHTHE POINTER LOCATED JUST BELOW THE TIMER.

7. AT HFTEEN MINUTES. THE TINER WILL START BEEPING.

8. STOP THE BEEPER BY DEPRESSING THE STOP / RESET BUTTON ON THE
TIMER

9. NOTE THE POSITDN OF THE POINTER ON THE SCALE. RECORD THIS
NUMBER ON THE MONITORING RECORD. THIS SCALE IS IN INCHES.
MULTIPLY THE INCHES REGISTERED ON THE SCALE BY FOUR TO GIYE
YOU THE WATER INFILTRATION IN ONE HOUR.

10. ALSO RECORD THIS INFORMATION ON THE RECORD CHART.

Continued on next page

Page &
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11.TC REMOVE THE INSTRUMENT FROM THE SCIL, USE THE HAND GRIFS TO
ROTATE THE CUFS IN A TWISTING MOTION

12.THE HANDLES MY ALSO REQUIRE A SLIGHT BUT CONSTANT TURNING

WHILE LIFTING THE TOOL OUT OF THE GROUND. EXTRACT THE TOCL
SLOWLY IN ORDER NOT TO DISTURB THE S0IL SURFACE.

13. IF ANY SOIL IS REMOVED USE THE PLUG PUSHER THAT IS PROVIDED
\F;JE'SETHE TURF-TEC INFILTROMETER TO REMOVE THE PLUG IN ONE
IECE.

14. TO START TIMER AGAIN REPEAT STEP # 1. IT IS BEST TO GET SEVERAL
READINGS ON ANAREA TO GET THE AVERAGE INFILTRATION RATE.

15. IF THE INFILTRATION RATE ISSLOW, A THIRTY MINUTE OR AN HOUF LONG
TEST MAY BE DESIRED, IF THE INFILTRATION RATE IS FAST (IN NEW SAND
CONSTRUCTION), A FIVE MINUTE TEST MAY BE SUFFICIENT.

16. AFTER USING YCUR TURF-TEG INFILTROMETER, WASH THE CUTTER
BLADES, DRY, AND SPRAY WITH SILICONE THIS WILL HELP THE
INFILTROMETER "O REMOVE A CLEAN PLUG AND PREVENT RUST),

NOTE: TIMER OPERATES ON AN A 1.5 VOLT "AAA"BATTERY AND IS GOOD FOR A
LONG PERIOD. TO REP.ACE BATTERY REMOVE TIMER BY LOOSINING TWO
SCREWS LOCATED ON THE BACK SIDE OF THE FACE PLATE AND THEN
REMOVING TIMER. REFLACE BATTERY LOCATECD INSIDE TIMER BODY UNCER
BATTERY COVER. BE SURE TO REPLACE BATTERY COVER WHEN NEW BAITERY
IS INSTALLED AND THEN RE-ATTACK TIMER TO INFILTROMETER FACE PLATE.

Paga 7
Copyright Tirl-Tec Intemational Talahassee FL - www furf-lec com
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APPENDIX B — GARDEN B INFILTRATION RESULTS

Garden B Infiltration Testing Results

s Middle 24-in 9/27/10 mulch removed

w fgws Middle Turf-Tec 9/27/10 mulch removed

Legend Notes:
L - Location designated by color

- Unit designated by line:
24-inch double-ring solid line
Turf-Tec dashed line

A= p e — === T

b",-..__ -
--*_—"

15 30 45 60 75 20

Time (min)
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Figure B-1 Garden B infiltration testing results
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APPENDIX C - MONITORING EQUIPMENT MANUFACTURER SPECIFICATIONS

Specifications
2150 Flow Module 2150 Area Velocity Sens: 5

Size (HXWD): 2.9x11.3x7.5in (74 x 287 x 191 mm) Size (HXWXD): 0.75x1.3x6.0in (19 33 x 152 mm) Isco 2150 Area Veloclty

Weight 2.01b (0.9kg) Cable (Length x Diameter): | 33 ftx 0.37 in (10 m x 9 mm) standard. Custom lengths

Materials of ion:| High-mpact polystyrens, stainless steel avalable on request FlOW Module

Foertiied): Weight (including cabl 221bs (1 < .

Enclosure (self-certfied): | NEMA 4%, 6P (IPG8) eight (including cable) s (1kg) The 2150 Flow Module uses confinuous wave

reRange: | -40° to 140° F (-40° to 60° C) operating and storage Waterials of on: | Sensor- Epoxy, chlorinated polyvinyl chloride (CPYC), Dowslerischiiolonyt focity.

Power Required: 12 VDC nominal (7.0 to 16.6 VDC), 100mA typical, stainless stoel oppler technology to measure mean velocity.
1mA standby Cable - Polyvinyl chloride (PVC), chlorinated The sensor transmits a continuous ultrasonic

Power Source: Typically, an Isco 2191 Battery Module, containing polyvinyl chlorids (CPVC) wave, then measures the frequency shift of
2alkaline or2 rechargeable lead-acid batteries. (Other Operating Temperature: | 32° to 140° F (0° to 60° C) retumned echoes reflected by air bubbles or
pouer options are avaisble ask for detal) Level Method - Submerged pressure transducer mounted in particles in the flow.

Typical Battery Life: | Using 15-minute data storage interval the flow strsam .

Energizer® Model 529 alkaiine - 15 months iferenti i . <o e - . .
eyt e o 5 mon Trnedis o Dl e The 2150°s “smart” area velocity probe is
Program Memory: Non-volal programmable flash; can be updated Range (standard) 0.033 to 10 (0,010 to 305 m); !)m.l} on digi"al alectronic?, so the analog level
using PC without opening enclosure; retains user (optional) up to 30 ft (8.15 m). is digitized in the sensor itself to overcome
i gua st e Mandmum Allowable Level 34 ft (10.5m) electromagnetic interference. The probe is
Bullt-in Conversions Accuracy +0.01 ft from 0.033 to 10 %, (£0.003 m from also factory-calibrated for 10-foot (3 meter)
i 001t03.05m,) i 1t gt Standard Features

Flow Rate Conversions: | Up to 2 independent level-to-area conversions and/or Long-Tem Stability £0.023 ftyr (20.007 miyr) span at different temperatures. This built-in i
levelto-flow rate conversions. Range 32° o 122°F (0° to 50°C) calibration eliminates drift in the level signal, + Rugged, submersible enclosure meets

Level-to-Area Channel Shapes - round, U-shaped, rectangular, Velocity Measurement: Method - Doppler ultrasoric, frequency 500 kHz providing long-term level stability that reduces NEMA 4X, 6P (IP68) environmental specs.

Conversions: trapezoica, elpcal, with st correction; Typical Minimum Depth 0.06 (25 mm) B calibration frequency and commetel L o
Data Points - Up to 50 levekarea paints. Range -5 0 +20 s (-15 to+6 1 mis) L cals equency an pletely ¢ Cl y resistant epox:
lagel'mﬂ{w Mﬂpmzn-(m;; W:gsl zm: gmﬂ_";"?nig Fﬂrmlu‘A: Dal‘a Accuracy (in water with uniform velocity profile, speed climinates span recalibration. sensor withstands abuse, resists oil and
onversions: oints (up levekflow points); 2-temm polynomial of sound =4850 f's, for indicated velocity range) . . i imi
equation 0.1 ffs from -5 to 5 s (£0.03mis from In field use, the 2150 is typically powered grease fouling, and climinates the need
Total Flow Calculations: | Up to 2 independent, net, positive or negative, based on 1.5t0+1.5mis) cither by two alkaline, or Isco Rechargeable for frequent cleaning.
+2%of reading from 5 to 20 fis (1.5 to 6.1 m b . e : s
s ] Temperature Hesurement: M:Ww :;s,mg (:2"" C)n it ] Lead-acid batteries, within a 2191 Battery 4 Replaceable high-capacity internal
Data Handling and Communications - _ Module. Highly efficient power desi cartridge and hydrophobic filter
ata Storage: lon-volatile flash; retains stored data during program exlends batlery ife up to 15 months al rotect sensor reference Irom water entry

Data’s Norvolale fach 3 data 2191 Battery Module tends battery life up to 15 months at protect fe fr ter entry
vpdatos; Capasily 395,000 bylas (upo 79,000 Size (HWD): 6.0x9.6x7.6in (152244 x 193 mm) 15-minute data storage intervals. Other and internal moisture.
readings, equal to over 270 days of y i g : - B
readings at 15-minute nterval, plus total flow and Weight (without batteries): | 3.21b (1.4 kg) power options (including solar) are available. + Pressure transducer vent system
input voltage readings at 24-hour intervals) Watorials of Gon: | High tainiess stosl . P

Data Types: Level, velocity, flow rate 1, flow rate 2, total flow 1, Enclosure el certied): | NEVA 2X, 6P, (FG8) Applications ““mm_“cany sompensates for a""_"SPV heno
total flow 2, input voltage, temperature - i Porlabl a Lsite AV fl pressure changes to maintain accuracy.

Batteries: Two 6-volt Energzer Model 528" alkaline (25 Ahrs 4 Portable and permanent-site AV flow A <
[Qloragollode: 1 Rollover Sbitosporreadng _____| caparity) o Isco Rechargeable Lead-acid (5 Ahrs monitoring for inflow and infiltration, ¢ The quick-connect sensor can be casily
Storage Intorva TS 30 minutes o 1.2, capaciy) recormmended. i : fows ani removed and interchanged in the field
12, or 24 ho Note — i capacily assessment, sewer overflow, an A e 2
Storags rate variable based on level, velocity, flow rats, Dot G20 B 4 ot s el others seweratidies without requiring recalibration.
total flow, or input voltage . - .

Data Retrieval: Serial connection to PC or optional 2101 Field Wizard + Measuring shallow flows in small pipes. % Uptofour 2100 beneiﬂov\ “ﬁ“‘f“‘es can
module; optional modules for spread spectrum radio; . . Our low-profile area velocity sensor be networked by stacking and/or extension
land-fine or celular modem; HRTT. Modbus and 2150 Ordering Information D " cables.

420 mA analog available. " . minimizes flow stream obstruction and
Contact your Teledyne lsco representative for complete ordering defails and : §

Software: Tsco Flowink for setup, data retrieval, editing, analysis, Information on ofher 200 Series Modules. senses velocity in flows down to 1 inch
and reporting (25 mm) in depth.

‘Wultmodule networking:| Up to four 2100 Series Flow Modules, stacked and/or Descri Part No
g!;fu‘gté‘v&;%"m!d Max distance between modules 2150 with AV sensor, 2191 Battery Module, and Handle | 68-2050-002

i __ (1000 m). 2150 Module with AV sensor (only) 68-2050-001
Serial Communication | 38400 bps
Speed: Isco Flowfink? 5 Software 68-2540-200
Energizer® Model 529 Alkaline Lantem Battery (2 required)| 340-2006-02
Isco Lead-acid Battery (2 required) 60-2004-041
y TELEDYNE 1SCO Charger for Lead-acid Batteties (holds 2 batteries) 60-2004-040
Everywhereyoulook
4700 Superior Strect
Lincoln NE 68504 USA
Tel: (402) 464-0231
USA and Canada: (800) 228-4373 *
Fax: (402) 4653022 ﬁ
E-Mail: iscoinfo@teledyne.com 0
Internet: wwiw.teledyneisco.com
Certified Above lefi: Additional modules can be added for redundant or nutlti. ing (Isco 2110 Ultrasonic Modale shown).
Teedyne o e it lochange sossi ol rolce. 1S0 9001 Right: Optional mounting rings provide quick, secure sensor installation in round pipes from 6 to 80 inches (150 1o 2000 mm).
©2012 Telecyne scn » L2115  rev 11112

Figure C-1. ISCO 2150 Area Velocity Flow Module technical specifications
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Figure C-1 (cont’d)

Software Features

4 Secure data storage. All data are continuously stored in flash memory to protect against
loss in case of power failure

4 Easy to upgrade. New operating software can be downloaded into non-volatile flash
memory, without affecting stored program and data.

4 Records and stores input voltage and temperature data.

+ Variable rate data storage lets you change the data storage interval when programmed conditions
occur. This feature assures maximum information about an exceptional event — such as an overflow
— while conserving power and data capacity during normal conditions.

4 38,400 bps communication provides speedy setup and data retrieval.

@ (o) [c2)
vaissem ety (125 ) o Fem G810 te)

Variable rate data storage

The 2150 flow module has the ability
10 automatically switch data storage
rates based on varying conditions.

In the example atlefi, the S-minute data
storage rate automatically changed to 30
seconds when the flow rose above

aprogrammed level.
0, 4oy 4, ol iy R
oh o wls ok sh o vb ob ok ok ww ok w0
19him 1m0 Shdnros 7500 ak rannss 108 2
Dl @14l Llaim) | ETEAL )
2] Ml ) pIww 2zl el ulzlels Level stability
1 e stacked 21508 ~

Frequent multipoint level recalibration is a
requirement with other area velocity flow
meters. Isco's exclusive “smart” sensor
design in the area velocity probe yields
exceptionally low drift in the level signal.

The 2150's factory-calibrated 3-meter span
totally eliminates the need for cumbersome
span vecalibration in the field

In the example at left, two area velocity
probes were installed at the same site.

The level readings from both sensors track
closely without any drift, over an S-week
period.

Flowlink® Data Analysis

Isco Flowlink® Software is a powerful tool for
analyzing flow and water quality data. It provides
site setup, data retrieval, and t ive data

e e e et e
Dl sla) [leiels) | #lol i) ¥ | o) wlals) viwiw 2lolol @) olels o)

analysis, as well as advanced rep(;tting and
graphing. Sce separate datasheets for details on
Flowlink and Flowlink Pro software.

Information Delivery

Tsco 2100 Series Flow Modules offer a wide variety
of communication and retrieval options, to minimize
the need for expensive on-site visits and confined
space entry. These include:

Isco 2103 Land-line Modem Module

Reliable two-way dial-up communication between
down-hole 2100 Flow Modules and your desktop
computer, equipped with Isco Flowlink Software. A
dial-out feature enables the system to transmit a text
message alarm to your digital cell phone or pager.

Isco 2103¢ Cellular Modem Module

All the features of the 2103 Modem with the
convenience of cell phone access. And the 2103¢
can automatically send data via the Internet to a
designated server running Flowlink Pro software,
using economical 1xRTT packet-switched data
transmission.

Isco 2108 Analog Output Module

Provides current outputs for use with Isco 2100
Series Area Velocity and Ultrasonic Flow Modules.
It allows easy interface with SCADA/DCS or other
secondary instrument systems.

Modbus

2100 Series Flow Modules provide digital RS 232
Modbus output that can be used to interface with
external communication modules, SCADA systems,
or other devices.

‘wet vs dry graph
i

Oy st ST 24410010 131

e

e Tia 1=

The Flowlink screen shown above gives a comparison of dry and wet
weather flows, phis rainfall typical of an inflow & infiltration study

On-site Data Retrieval

Isco Flowlink Software
Download and process data on-site. Enjoy

hed data t capability, ad d
data editing and analysis, powerful reporting and
presentation choices, and a variety of downloading
and data handling options.

Isco 2101 Field Wizard

A durable, weatherproof module for on-site data
retrieval. Don’t risk damage to your fragile notebook
PC. The 2101 Field Wizard provides on-site display
of current readings, information about stored data,
diagnostics, and more.

Interrogate all 2100 Series Flow Modules in the
stack at one time, and store more than 14 days’ data
from up to 20 modules!

Isco 2102 Communication Module
Connect with your Isco 2100 Series Flow Modules
from the safety and convenience of your vehicle.

Digital spread-spectrum radio signals enable “drive-
up” data retrieval, system configuration, and level
calibration, with minimum power consumption.
“Plug and Play” setup — no interfacing needed.



4150 Flow Logger
Section 1 Introduction

1.6 Technical
Specifications

Figure 1-2 4150 Replaceable Paris

. Case and battery compartment door: polystyrene.
Connector panel: Noryl

Labels: polyester

Strap: nylon

Strap latches: acetyl plastic

Strap-latch retainer: stainless steel

Connector cap: (acetyl plastic)

e S A L

Suspension hook: stainless steel (not shown)

Table 1-1 4150 Flow Logger Technical Specifications

Size 10.5x 9.0 x 6.0 inches (26.7 x 22.9 x 15.2 centimeters)

Weight 8 pounds (3.6 kilograms), without batteries

Operating Temperature Oe to 140* F (-18» to 60° C)

Storage Temperature -40¢ to 140+ F (-40+ to 60+ C})

Enclosure Self-certified NEMA 4X, 6

Power Two 6-volt alkaline lantern batteries, or one 12-volt Isco 947 Lead-Acid Battery
Alkaline Battery Life 3 months with minimum level-reading intervals of 15 minutes

1-4

Figure C-2. ISCO 4150 flow logger technical specifications
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Figure C-2 (Cont’d)

4150 Flow Logger
Section 1 Introduction

Table 1-2 Standard/Extended Range AV Probe Technical Specifications

Sensor Size

13716" High x 1%s" Wide x 8%8" Long (3.0 x 4.1 x 16.8 cm)

Sensor Weight

Standard sensor:
2.1 pounds (0.96 kilograms) (includes 25-foot cable and connector)

Extended range sensor:

3.9 pounds (1.8 kilograms}) (includes 50-foot cable and connector)

Wetted Sensor Material

Polybutadiene-based polyurethane, stainless steel

Cable Length

Standard sensor: 25 feet (7.6 meters)

Extended range sensor: 50 feet (15.2 meters)

Maximum Distance:

(Between area velocity sensor and
Flow Logger)

Standard Sensor: 75 feet (22.8 meters} with optional extension cables.
Extended Range Sensor: 100 feet (30.5 meters) with optional extension cables.

The distance can be extended up tc 1000 feet (304.8 meters) with the optional
Quick Disconnect Box.

Cable Material

PVC (polyvinyl chloride),
CPVC (chlorinated polyvinyl chloride})

Operating Temperature

32%to 160+ F (0+ 1o 71» C)

Storage Temperature

-40s 10 160s F (-40» to 71s C)

Level Specifications

Level-Measurement Range

Standard sensor: 0.05 to 10.0 feet (0.015 to 3.05 meters}
Extended range sensor: 0.05 to 30.0 feet (0.015 to 9.14 meters)

Maximum Allowable Level

Standard sensor: 20.0 feet (6.10 meters})
Extended range sensor: 40.0 feet (12.19 meters}

Level Measurement
Accuracy

Standard sensor (25 C}:
0.033 to 5.0 ft: + 0.008 ft/ft (0.01 to 1.52 m: £ 0.008 m/m)
>5.0 ft: £ 0.012 ft/ft (>1.52 m: £ 0.012 m/m)

Extended range sensor (25 C):

Head change of 0.05to 15.0 feet (0.015 to 4.57 meter): + 0.03 foot (0.009 meter)
Head change of 0.05 to 21.0 feet (0.015 to 6.40 meter): + 0.09 foot (0.027 meter)
Head change of 0.05 to 30.0 feet (0.015 to 9.14 meter): + 0.30 foot (0.091 meter}

(Specifications include nonlinearity, repeatability, and hysteresis, but do not
include a temperature coefficient)

Compensated-Temperature Range

32% to 100e F (0« to 38+C)

Temperature Error

(over-compensated-temperature
range, per degree of temperature
change)

Standard sensor:
0.05 to 4.0 ft (0.015 to 1.22 m}): £ 0.005 ft/sF (+ 0.0027 m/sC)
4.0to 10.0 ft (1.22 to 3.05 m): £ 0.007 ft/sF (£ 0.0038 m/*C}

Extended range sensor:
0.05 to 30.0 ft (0.015 to 9.14 m): + 0.008 ft/»F (x 0.0044 m/*C})

1-5
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4150 Flow Logger
Section 1 Introduction

Figure C-2 (cont’d)

Table 1-2 Standard/Extended Range AV Probe Technical Specifications (Continued)

Velocity Measurement

Minimum Depth for Velocity Mea- |2, 3, 4 inches (50, 75, 100 mm} Selected during programming
surement
Range -5 to +20 feet per second (-1.5 to +6.1 meters per second}
Accuracy -5 to +5 ft/s (-1.5 to +1.5 m/s): + 0.1 ft/s (+ 0.03 m/s)

5 to 20 ft/s (1.5 to +6.1 m/s): 2% of reading
Resolution + 0.024 feet per second (+ 0.0073 meters per second)
Frequency 500KHz
Nose Angle 35 degrees from horizontal

Weight

Table 1-3 Low Profile AV Probe Technical Specifications

2.1 Ibs (.95 kg) including cable and connector

Sensor Dimensions

Length: 6.00 inches (15.2 cm)
Width: 1.31 inches (3.3 cm)
Height: 0.75 inches (1.9 cm)

Nose Angle

110° from horizontal

Wetted Sensor Material

Epoxy, chlorinated polyvinyl chloride (CPVC), Stainless-steel

Cable Material

Polyvinyl chloride (PVC})
Chlerinated polyvinyl chloride (CPVC})

Cable Length

25 ft (7.6 m)

Maximum Distance (between sen-
sor and module})

75 ft (22.8 m}) with optional extension cables.

The distance can be extended up to 1000 ft (300 m} with the opticnal Quick Dis-
connect Box.

Operating Temperature

32° to 122°F (0° to 50°C)

Storage Temperature

-40° to 160°F (-40° to 71°)

Level Specifications

Level Measurement Range

0.033 to 10.0 ft (0.01 to 3.05 m)

Maximum Allowable level

20 ft (6.1 m)

Level Measurement Accuracy

0.033 to 5.0 ft: + 0.008 ft/ft (0.01 to 1.52 m: + 0.008 m/m)
>5.0 ft: £ 0.012 ft/ft (>1.52 m: + 0.012 m/m)

Accuracy per foot of change from calibrated depth @77°F (25°C).

Includes non-linearity and hysteresis.

Temperature Coefficient

+ 0.0023 ft/°F (+ 0.0013 m/°C)

Maximum error within operating temperature range at zero pressure (per degree
of change from calibration temperature).

Maximum Leng-term Drift

0.033 ft (= 0.010 m)

1-6
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Figure C-2 (cont’d)

4150 Flow Logger
Section 1 Iniroduction

Table 1-3 Low Profile AV Probe Technical Specifications (Continued)

Velocity Measurement

Velocity Measurement Method

Doppler Ultrasonic

Frequency

500 kHz

Transmission Angle

20° from horizontal

Typical minimum depth for velocity
measurement

1 inch (25 mm)

Range

-5 to +20 ft/s (-1.5 to +6.1 m/s)

Velocity Accuracy

-5 to +5 ft/s (-1.5 to +1.5 m/s): + 0.1 ft/s (+ 0.03 m/s)
5 to 20 ft/s (1.5 to 6.1 m/s): 2% of reading

Velocity accuracy for a uniform velocity profile in water with a speed-of-sound of
4850 ft/s.
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674 Rain Gauge

Connects directly to 6712 and Avalanche Samplers, 4200 Flow Meters, and 4100 Flow Loggers

The Isco 674 Rain Gauge is a precision instrument that uses a tipping
bucket design for accurate rainfall measurement. I has an 8 inch
diameter orifice and is factory-calibrated to tip at either ©.01 inch or 0.1
mm of rainfall. With a 674 Rain Gauge connected, an Isco flow meter or
sampler will:

+ Plot graphs and print reports of rainfall data on the flow meter’s built-
in printer

« Store rainfall data in internal memory for retrieval and analysis with
Isco Flowlink® Software

* Activate sampling based on rainfall

Standard Features

+ Three-point leveling and integral bubble level make it easy to
align the rain gauge for maximum accuracy.

« Sapphire jewel bearings on the tipping bucket are spring-loaded
to prevent damage to the bearings and ensure consistent
operation over a wide temperature range.

« Screens cover all openings to prevent leaves, insects, and other
debris from clogging the gauge.

+ Included 50-foot cable connects directly to compatible Isco flow
meters and samplers.

Applications

+ Stormwater runoff monitoring

+ Inflow and infiltration studies

« Combined sewer overflow monitoring

* cMOM and CSO/SSO programs (Sewer overflow monitoring and
prevention}

+ General rainfall measurement

Options and Accessories

* English units - tips every 0.01 in. of rainfall
* Metric units - tips every 0.1 mm of rainfall

Specifications

Type: [Tipping bucket

ICompatible

i [sco 6700, 6712, and Avalanche Samplers, 4200 Series Flow Meters, 4100 Series Flow Loggers
lequipment:

IConnect cable: 50 ft. (15.2 m}, 2 conductor with 4-pin plug

Bearings: ISpring-loaded sapphire jewel

Orifice Diameter: 8 in. (20 cm)

Sensitivity: English - 0.01 inch; Metric 0.1 mm

English - £1% at 2 infhour; +3%;/-4% up to 5 infhour. Metric - £1.5% at 5 cm/hour; +3.5%/-9% up
IAccuracy:

fto 13 cm fhour
ICapacity : English — 22 inchesfhour; Metric — 38 cm/hour

[Qutput Signal: iContact closure of at least 50 millisecond duration

ISwitch Type: MNormally open, encapsulated reed; 10 watts, 200V DC, 0.5 A maximum
Height: 13 in. (33 cm}

Diameter : 9.5 in. (24 cm) (at mounting base}

Weight : 10 Ibs. (4.5 ka)

?:if::';’iure: 320 to 1409F (0° to 600C)

Storage Temperature: ||-400 to 1400F (-40° to 600C)

http://www.isco.com/products/products3.asp?PL=202803010

Home | Company Information | Products | Service & Support | Contact Us
Teledyne Isco

4700 Superior Street, Lincoln NE 68504
Tel 402.464.0221 email: iscainfo@teledyne. com

4/2/2015

Figure C-3. ISCO 674 Rain Gauge technical specifications
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