ABSTRACT

PURVIS REBECCA ANNE Bioswale Design Optimization for Enhanced Application and
Pollutant Removal(Under the direction ddr. William Hunt).

A bioswale is a stormwater control measure (SCM) comprised of a vegetated channel
with underlying sandased engineered media, gravel layer, and perforated underdrain. The goal
of this SCM is to provide volume and flow rate mitigation while also improving outflow water
quality. While swales and bioretention have been studied extensively, limiteckpesvel
literature exists for bioswales. To examine hydrologic and water quality treatment, seven full
scale bioswales were tested with synthetic runoff under controlled conditions and fixseéikdd
bioswales were monitored alongside North Carolina roadve98§, 4095, and Brunswick).

The bioswales ranged in slope frord% and length from 10 to 30 m, with some incorporating a
forebay, check dams, and/or internal water storage (IWS).

Overall, the bioswales mitigated hydrology. Under controlled conditsaral
bioswale design configurations had significant exfiltration and increased length and the presence
of check dams significantly decreased overflow volume and rate, while addition of IWS had the
opposite impact. Despite design variations, alPBABS2, BS4) and 495 (BSN, BSS)
bioswales had significant peak flow rate reductions and significant exfiltration; design
differences at each site influenced underdrain hydrology more than overflow. BS2 and BS4 were
able to infiltrate up to a 9.7 mm and 8.2Znnevent, respectively. BSN and BSS were able to
infiltrate up to a 7.1 mm and 0.8 mm event, respectively. The Brunswick bioswale infiltrated
thirty-seven of thirtynine monitored events, with the largest event being 86.1 mm. This bioswale
likely achieved sch high exfiltration due to high hydraulic conductivity of the media and native,

underlying sandy soils.



Each bioswale design had varying concentration and load changes. For simulated events,
a 4% slope yielded higher combined outflow loads for all petits, relative to flatter (1%)
bioswales, and IWS inclusion decreased combined outflow load removal efficiency feNNO
and TP. The 5@8 bioswales (BS2, BS4) had varying water quality treatment. BS2 reduced
loads for TSS, TKN, TN, Pb and TZn, but exjeal TCu, and met all water quality thresholds.

BS4 reduced loads for TSS, N@2N, TCu, TPb, and TZn, but only met the metal thresholds. At
40-95, BSN reduced loads for TSS, TKN, and TN, met water quality thresholds for metals. BSS
reduced TSS, TKN, andNl, but exported Nes-N, and met water quality thresholds for TN and
metals. The Brunswick bioswale had significant concentration reductions for enterococci, fecal
coliform, TSS, VSS, and turbidity.

Pooling all data collected found that increased bioslealgth increased the volume of
outflow passing through the underdrain; increased base width increased outflow volumes;
forebay increased exfiltration; check dams decreased overflow and underdrain rates; and IWS
presence led to higher overflow volume aatkrwith decreased exfiltration.

From a water quality perspective, increased length and base width reduced outflow load
removal efficiency for several pollutants, possibly due to diminishing marginal returns. A
forebay increased load removal for TKN, pN, TP, OP, Cd, Cu, Pb, and TZn. Check dams
reduced load removal efficiency, while inclusion of IWS improved load removal fagiNO
OP, and Cu.

Key design recommendations include extending bioswale length, decreasing slope, and
incorporating check das and a forebay. IWS had promising water quality treatment, but
negative hydrologic improvements, indicating this design feature may bespeadiic

implementation. IWS is a positive addition for bioretention systems, where storage depth is



consistenticross the SCM, but the sloped base and underdrain of a bioswale reduces storage,
influencing the volume of anoxic conditions for denitrification.

This research showed the positive hydrologic and water quality treatment potential of
bioswales. However, atinued research on this growing SCM under varying conditions and

design parameters is needed to optimize hydrologic and water quality treatment.
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LIST OF ABBREVIATIONS

ADP i antecedent dry period

BRC i bioretention cell

CR'1 concentration reduction

d107 diameter that comprises 10% of the sample

d507 diameter that comprises 50% of gemple

d90i diameter that comprises 90% of the sample

DCd 1 dissolved cadmium

DCu i dissolved copper

DPbi dissolved lead

DZn 1 dissolved zinc

ET i evapotranspiration

Exfiltrated Vol T exfiltrated volume

Inlet PFR T inflow peak flow rate

Inlet Vol i inflow volume

IWS T internal water storage

LID i low impact development

LR i load reduction

NCDEQ 1 North Carolina Department of Environmental Quality

NCDOT 1 North Carolina Department of Transportation

NO23-N T nitrite and nitrate nitrogen

OP1 orthophosphi

Out T combined outflow

Over PFRT overflow peak flow rate

Over PFR Redi overflow peak flow rate reduction compared to inflow peak flow rate

Over Vol i overflow volume

Over Vol Redi reduction of inflow volume relative to overflow volume

Percent Exfil i percentage of inflow volume exfiltrated

Percent Overi percentage of outflow leaving as overflow

Percent Underi percentage of outflow leaving through the underdrain

PSD1 particle size distribution

SCM stormwater control measure

SECREF1T North Carolira State University Sedimentation and Erosion Control Research and
Education Facility

TKN 7 total Kjeldahl nitrogen

TCd 1 total cadmium

TCu i total copper

TN T total nitrogen

Total Outflow T total outflow volume

TP 1 total phosphorus

TPb T total lead

TSSi total suspended solids

TZn 1 total zinc

Under PFRT underdrain peak flow rate

Under PFR Redi underdrain peak flow rate reduction compared to inflow peak flow rate
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Under Vol i underdrain volume
Under Vol Redi reduction of inflow volume relative® underdrain volume
WQ 1 water quality
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CHAPTER 17 BloswALES: WHAT ARE THEY AND WHAT MORE Do WE NEED

To KNow?

1.1 Stormwater in the Highway Environment

Urbanization is a growing trend in the United States, with more than 75% of its
population livingin urban areas (Paul and Meyer, 2001). With urbanization comes hydrologic
and water quality degradation (Carle et al., 2005; Klein, 1979). Runoff from urban development,
especially roads and parking lots, contains pollutants including suspended soligisnbéals,
xenobiotic organic compounds, polycyclic aromatic hydrocarbons, pathogens, and nutrients
(Thomson et al., 1997; Opher and Friedler, 2010; Ingvertsen et al., 2012). This stormwater runoff
has a detrimental effect on water quality on both locdlragional scales (USEPA, 2002, 2009).

In 2002, there were nearly 4 million miles of highways within the United States, with
approximately 19.5% of these roads being owned by state highway agencies (Office of Highway
Policy Information, 2002). A breakdovet these state highway ageraywned roads found that
almost 86% are classified as rural, which generally have open drainage systems (State of Florida
DOT, 2006), while 19.4% are interstates and other expressways, which are considered urban.
These percentges are disproportionate to the average daily traffic (ADT) for each category
(NCHRP, 2006). Thus, while rural roads comprise a larger proportion ofostated mileage,
the number of vehicles using interstates and expressways per day makes maintenance and
management of the surrounding environment a priority. An increase in vehicles traveling on
roadways increases pollution present as vehicles deposit a variety of pollutants, which could be

washed off during subsequent rainfall events (NCHRP, 2006).



Additionally, urbanization, including roadways, alters the rates and volumes of surface
runoff. Studies have shown that when the impervious cover exceeds 10% or directly connected
impervious cover exceeds3®% of the drainage area, significant geomorphic antbgical
changes occur to streams (Booth and Jackson, 1997; Walsh et al., 2005; Chin, 2006; Vietz et al.,
2014).

To reduce the harmful impacts of stormwater runoff, better management practices are
needed, as well as an understanding of how to best degigmplement these practices. One
approach that many state highway agencies have been utilizing to reduce the harmful
environmental impacts of roadways is the adoption of low impact development (LID), which is a
decentralized stormwater management methti@HRP, 2006). Designs based on the LID
approach utilize storage, detention, infiltration, evapotranspiration, and plant uptakede
flow rates and remove pollutants (NCHRP, 2006). Stormwater control measures (SCMs) are
structural and nostructural pactices that achieve this design approach (Dunnet and Clayden,
2007; Knight et al., 2013). Generally, LID SCMs focusstormwater runoffolume reduction
through infiltration and evapotranspiration. Approaches also address flow attenuation, with the
goalof reducing discharge rates, primarily through detention, interception, and conveyance
(NCHRP, 2006). As noted, there are several mechanisms that influence hydrologic performance:
interceptioni the detention by vegetation; conveyaide decrease velogitand promote
infiltration; detentiori temporary storage of stormwater; retenficthe permanent storage of
stormwater; infiltratiori movement of water into the soil; and evapotranspiration (Efg
combined evaporation of water on or near the sofbsa and transpiration from vegetation. The
target of volume reduction, flow attenuation, or both will generally dictate the potential SCMs

that would be implemented at a specific site.



While hydrologic performance is important to manage, especialligimyhimpervious
drainage areas, hydrologic and water quality performance cannot be separated, since hydrology
affects the pollutants being transported (NCHRP, 2006). Hoffman and Quinn (1987) stated that
the flow rate from roadways could be an indicatortifi® mass export of pollutants, because an
increase in flow rate increases the mass of pollutants that can be transported.

Main pollutants in roadway runoff include sediment, nutrients, heavy metals, oil and
grease, xenobiotic organics, and pathogendHRE, 2006). These pollutants have negative
impacts on aquatic ecosystems, human health, water quality, and appearance of water bodies
(USEPA, 1999). An increase of total suspended solids (TSS) in surface water can have
detrimental effects including increawater temperatures and reduced light penetration due to
increased turbidity (USDA NRCS, 2012). These changes then affect plant growth and aquatic
visibility and respiration (Jurries, 2003; NCHRP, 2006). Another major concern with an increase
in sedimentoading are pollutants, such as nutrients and heavy metals, which can be patrticulate
bound, and therefore travel with sediment (NCHRP, 2006).

Nitrogen (N) and phosphorus (P) are two main nutrients of concern (USEPA, 2017), with
urban drainage as one ottlargest nutrient sources in the United States (Davis et al., 2006).
Although N and P are both naturally found in, and necessary to sustain aquatic ecosystems, in
excess they can lead to numerous problems, including eutrophication (Li and Davis, 2014;
UESPA, 2017). Dead algal blooms from eutrophication sink to the bottom of the water column,
microbes decompose them, and dissolved oxygen is depleted. A rapid decrease in available
oxygen can lead to large fish kills (Smith, 2003). Some algal blooms praukics that can
affect humans through ingesting water or fish that have bioaccumulated toxins. Algal blooms can

negatively impact ecosystem stability, aquatic health, and human health (Landsbert and



Shumway, 1998). N and P can be present in several fastaknttrogen (TN); inorganic
nitrogen (NQ", NOs), ammonia nitrogen (N$), and total Kjeldahl nitrogen (TKN);
orthophosphate (OP), soluble phosphate, and total phosphorus (TP).

Common heavy metals in the urban environment include cadmium (Cd), copper (C
lead (Pb), and zinc (Zn) (Gautam et al., 2014). Metals are of concern due to their potential
toxicity and persistence (Strecker, 1994; Dauvis et al., 2003). Metal presence is, in part, dependent
upon particles with which they can be associated. It bas bhown that the biological toxicity
of metals is mostly due to their concentrations in different physiochemical forms (Florence,
1982; Tanizaki et al., 1992; Ramirez et al., 2005). In aquatic systems, metals are generally
separated into dissolved andtpaulate forms (Joshi and Balasubramanian, 2010). Dissolved
forms can be divalent and complex with dissolved organic matter and carbonate (Li and Davis,
2008a) and are highly mobile and bioavailable. Particulate forms are elemental, mineral, or
sorbed (Liand Davis, 2008a) and are not an immediate risk. However, later dissolution of
particulate metals could lead to metal bioavailability (Joshi and Balasubramanian, 2010).

The United States Environmental Protection Agency (USHER&)eported pathogens as
one of the leading causes of surface water impairment (USEPA, 2016). While pathogens are the
main concern, fecal indicator bacteria (FIB), includitsgherichia col(E. coli), enterococci,
and total and fecal coliforms (Struck et al., 2008), are usedasdtric for regulations (Leclerc
et al., 2001; Savichtcheva and Okabe, 2006; P
bacteria levels poses potential health concerns, increased water treatment costs, and economic
losses in recreational watdtdESPA, 2012).

Potential sources of these pollutants include construction, vehicle deposition, atmospheric

deposition, surrounding land activity, and erosion (USEPA, 1999). Each of these constituents is



present in roadway runoff to varying degrees andiffierent forms (e.g. dissolved and
particulatebound), which are treated through different mechanisms. The magnitude and form,
along with the applicable removal mechanisms, will influence which SCM is best suited to

optimize water quality treatment atacation.

1.2 Stormwater Control Measures

1.2.1 Swales

Swales are a structural SCM commonly implemented in the highway environment (Davis
et al., 2012). Swales are shallow, vegetated channels that generally have triangular or trapezoidal
crosssectionsand have historically been designed for stormwater conveyance (Barret et al.,
1998b; Dauvis et al., 2012) (Figurel). Swale location is flexible, making them ideal for the
linear highway environment. Previous studies have reported mean runoff volum#&oreduc
ranging from 2347% (Deletic, 2001; Rushton, 2001; Backstrom, 2002; Barrett, 2005; Ackerman
and Stein, 2008; Knight et al., 2013). Swale peak flow rate reductions have been reported from

44-73.6% (Fassman and Liao, 2009; Winston et al., 2018).

Side Slopes
3:1orLess

Swale Slopes
as Close to

Zero as Drainage
Will Permit; <2%

Optional Railroad Tie
Check-dam
(Increases Infiltration)

W Hol 4
eep role Stone Prevents

Downstream Scour

Figure 1-1. Schematic of a grassed swale with a check dam (Source: NCDEQ, 2017).



Recently, research has focused on improving the design of swales for urban runoff
treatment. Pollutant removal is facilitated through both biological and chemical reactions within
the soil, filtration, sedimentation, and infiltration (Davis et al., 2001b; Dietz and Clausen, 2006;
Winston et al., 2012). Several studies have queadiifollutant reductions of runoff that &
entered a swale (Tablel). These results, while limitedhow that the mechanisms and
pollutant removal capabilities of swales are promising. However, there is still a lack of consistent
literature on pollutantemoval efficiencies (Backstrom, 2002; Winston et al., 2012).

Table 1-1. Pollutant removal capabilés of swales.
Concentration Reductions (%)

Study Location  "3SS TN TKN NOzeN TP OP Cd Cu Pb_ Zn
Clesg L TWUSA gl T %8 a L L1 1
B""("gggtzb)m Lule&, Sweden 79-98
K”Eggtlgt) al Ne, usA 81 24 24 20 21 76 19 147 - 72

L('thlg') Beijing, China 13 129 234 -8 72 - 51 395 524 549

1.2.2 Bioretention

Another commonly implemented SCM is bioretention (Liu et al., 2014; Lim et al., 2015).
Bioretention cells (BRs) utilize an engineered media for filtration that is generally-baised,
with small percentages of silt, clay, and organic matter (Hunt et al., 2012) (Figlré&His
mixture can vary by jurisdiction, affecting the hydrology and pollutant removabdéjes of
the practice (Davis, 2008; Liu et al., 2014; Gulbaz et al., 2015). The main mechanisms of a BRC
are infiltration, filtration, evapotranspiration, detention, exfiltration, and chemical and biological
transformations (Hsieh and Davis, 2005; Retdl., 2008; Hunt et al., 2012; Gulbaz and
KazeyilmazAlhan, 2014; Lim et al., 2015). A common BRC design feature is the presence of a
perforated underdrain, promoting free drainage and increasing the potential for exfiltration into

thein-situ soil. Anunderdrain can be modified with a raised outlet, creating internal water
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storage (IWS), which has the potential for enhanced water quality and hydrologic performance
(Kim et al., 2003; Sharkey, 2006; Li et al., 2009; Passeport et al., 2009). The laeydqorof
sand within the media promotes infiltration into the BRC, while the silt and clay promote
pollutant attenuation (Davis et al., 2001). The organic matter can complex positively charged
pollutants, including metals, due to its functional groupgb(ayl, hydroxyl, methoxy, quinine,

and phenolic) (Paus et al., 2014). Reported BRC performance varies, with several studies
reporting concentration reductions, while otherd &iaincreased outflow concentration (Table

1-2).
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Figure 1-2. Schematic of dioretention cell with internal water storage (Brown and Hunt, 2011).

Additionally, studies have shown bioretention systems to achieve peak flow reduction
from 2499% (Dietz and Clausen, 2005; UNHSC, 2006; Davis, 2008; Hunt et al., 2008; Hatt et
al., 2009 Lucke and Nichols, 2015; Winston et al., 2016) and volume reduction fre38%0
(Luell et al., 2011; Hunt et al., 2008; Jiang et al., 2017). These results highlight the promising

hydrologic performance of BRCs.



Table 1-2. Pollutant removal capaliés of bioretention systems.

Study

Location

Concentration Reduction (%)

TSS TN TKN NO2z3-N TP OP Cd Cu Pb Zn FC E.coli
. 49 52 16 65 - - 97 >95 >05 - -
Davis et al. (2003) Maryland, USA i 59 67 15 87 i i 13 70 64 i i
Dietz and Clausen (2006) Connecticut, USA 51 26 67 -108 - - - - - - -
Roseen et al. (2006) New Hampshire, USA 96 - - 27 - - - - - 99 - -
. -170 40 -4.9 75 240 93 - 99 81 98 - -
Hunt et al., (2006) North Carolina, USA i 40 45 13 65 69 i i i i i i
. 59 - - 90 79 - - 83 88 54 - -
Davis, (2007) Maryland, USA 54 i i 95 77 i . 77 8a 69 i i
Hunt et al., (2008) North Carolina, USA 595 322 443 -4.7 314 - - 54 314 77 - -
Rusciano and Obropta (2007 Laboratory columns - - - - - - - - - - 91.5 -
Garbrecht et al.2009 Laboratoy columns - - - - - - - - - - - 3291
Hunt et al. 2008 North Carolina, USA - - - - - - - - - - 69 71
Purvis et al. (2018) North Carolina, USA - - - - - - - - - - 6%

*TSST total suspended solids, TiNtotal nitrogen, TKN total Kjeldahl nitrogenNO2-3-N i nitrite/nitrate nitrogen, TP total phosphorus,

coliform, E. colii Escherichia coli

OPorthophosphate, Cidcadmium, Cu copper, Ph lead, Zni zinc, FCi fecal



1.2.3 Bioswales

Another SCM of growing interest is the bioswale.iddwale is a combination of a
standard swale and a BRC. On the surface, a bioswale looks like a standard swale, but below the
vegetation is a layer of engineered media (generally same as BRC media), a layer of gravel, and
a perforated underdrain (FigureSBnd 14). As with bioretention, the high sand content
promotes infiltration and the clay and silt fraction promotes pollutant attenuation (Davis et al.,
2001). The vegetation promotes sedimentation and interception, while the media increases
infiltration, filtration, and biological and chemical processes. The underdrain promotes free
drainage and thus continuous infiltration during an event. As with swales and BRC, bioswales
can be retrofitted with a forebay and/or check dams to promote ponding, deg@aesiflow

volume and rate, and with IWS to increase denitrification potential.

/Top of Berm

Biomedia

Non-woven Fabric

Washed Stone

Perforated pipe with filter sock

Figure 1-3. Typical horizontal crossection of a bioswale (Source: Jonathan Page, NCSU BAE).
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Figure 1-4. Typical longitudinal crossection of a bioswale; Conversiornstt = 0.305 m; 1 oz = 28.3 g;
(Source: Jonathan Page, NCSU BAE).

While there is growing literature on the positive performance of swales and bioretention,
there are little data and literature on bioswales for both hydrologic and water quality
performancebut initial studies are promising (Xiao and McPherson, 2009; McLaughlin, 2012;
Anderson et al., 2016). This lack of reported research limits design guidance and optimization,

highlighting the need for further research and monitoring of bioswales.

1.3 Bioswale Removal Mechanisms

As previously mentioned, the main mechanisms of SCMs include sedimentation, filtration,
biological treatment, chemical processes, infiltration, detention, and ET. To optimize these
removal mechanisms, several bioswale desigralbas can be altered to improve hydrologic
and water quality performance. The main design variables that have been considered to impact
swale performance are channel length, longitudinal slope, presence of check dams, cross
sectional geometry, vegetatiasuil infiltration rate, and storm event size (Yu et al., 2001;
Backstrom, 2002). In addition to these, BRC performance can be influenced by media

composition and depth, as well as underdrain configuration (Davis et al., 2009).
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1.3.1 Sedimentation

Sedmentation is the removal of particles due to settling, leading to removal of metals and
nutrients that are particulabmund (Revitt et al., 2017). A key design variable that can influence
sedimentation is the bioswale length. Studies on swales repaatddrtfer particles tend to
settle out within the first few meters of the channel due to their higher settling velocity
(Backstrom, 2002)Deletic and Fletcher (2006) reported thatgbdiment concentration
decreases exponentially with channel lenyilnet al. (2001) suggested that regardless of slope,
there is no improvement in TSS removal beyond a length of 75 m. Modeling of swales reported
increased sediment trapping efficiency with increased length, decreased side slopes, decreased
hydraulic loadingand decreased longitudinal slope (Winston et al., 2017).

Particle sedimentation may be dependent on other variables including the infiltration rate
of the underlying soil (Backstrom, 2002; Deletic, 2005), such as bioswale media, which
promotes infiltratio, thereby reducing the overflow volume and rate, promoting settling.

Previous swale laboratory and field experiments showed that sedimentation accounted for a
higher degree of trapping efficiency compared to filtration, highlighting the importance tf leng
(Backstrom, 2002). No studies report how bioswale length affects water quality performance, but
because a bioswale incorporates a porous undemyéttig promoting infiltration, settling of

particles is likely greater than that of a standard swalee{ldeR005).

Channel geometry also influences sedimentation. Swales are constructed using triangular
or trapezoidal geometry; the latter creates a larger surface area for infiltration (UWEX, 2000).
An increased base width of a trapezoidal geometry crehtd#®wer flows (Winston et al.,

2017), increasing sedimentation potential.
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Longitudinal slope affects sedimentatipotentialas steeper bioswales have higher
overflow rates (Davis et al., 2012; Yousef et al., 1987), reducing sedimentation. A steeper
bioswale requires more length to achieve the same amount of sedimentation as a shorter bioswale
on a shallower slope due to differences in overflow volumevalutity. Yu et al. (2001)
reported that swales having a more gradual slope (max. 3%) had arbiglogal of suspended
particles.

There are structural features that can be incorporated to promote sedimentation. A
forebay is a plunge pool upstream of a biosvealécan help decrease the inflow rate through

ponding, resulting in an increased potentisldedimentation (Figure3).

Plunge pool

Rip-rap
channel

/N

Figure 1-5. Forebay used to promote sedimentation upstream of a bioswale.
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Another structure to promote ponding and the corresponding sedimentation is a check
dam. Check dams are placed perpendicularly to surfacerilewales. A check dam can be
constructed from many different materials including engineered media or existing native soil
(Figure 26A) or materials such as gravel or sandbags (Fig@B){USEPA, 2014). The height
and spacing of check dams depends orswede length, slope, and overflow depth. In addition
to promoting settling through ponding, volume reduction can increase sedimentation due to
associated flow rate reductions. Davis et al. (2012) found that the presence of vegetated check
dams along swatesignificantly improved runoff volume reduction during moderate storms (23
33 mm).In a study by Winston et al. (2018yyales with rock check dams significantly reduced
runoff volume by 17%. Currently, there is no literature on how check dams influeseele

behavior.

-

Figre 1-6. ) Bioswale with earthen check dam B) Swale with rock check dams.

1.3.2 Infiltration
1.3.2.1 Media

Infiltration is the movement of water downward i@ media anth-situ soils.
Infiltration capabilities are inflenced by several factors including soil type, detention by

vegetation cover, and soil moisture (Urbonas and Stahre, 1993). Bioswales promote infiltration
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through the implementation of a sabdsed media, allowing for increased water movement
through the gil matrix (Davis et al., 2001). There are numerous implemented BRC media
compositions. Thenedia specification iNorth Carolina, USAs 75-85% sand, 80% fines (silt
and clay), and-30% organic matter, with aiRdex less than 30 (NCDEQ, 2018). Prince
Georgebs County in Maryl and, USA has a recomm
and 20% aged organic matter, which has shown good infiltration capacity, but can be costly
(Davis et al., 2009). Delaware, USA requires a ofig0% concrete sand, 30&iple-shredded
hardwood mulch, and 10% aged compost (DNREC, 2016). Additionally, the media depth needs
to be considered as this can influence the infiltration and exfiltration capabilities (Brown and
Hunt, 2011) A deeper bioswale provides a larger sggr&olume to promote increased
infiltration into the bioswale, exfiltration into the-situ soil, and associated decrease in total
outflow volume (Brown and Hunt, 2011).

Generally, a bioswale surfacevisgetated, which promote®tention storagef water by
grass blades that could later infiltrate into the underlying media. A typical bioswale also includes
a perforated underdrain, facilitating infiltration to the media by allowing free drainage. Check
dams may also be implemented, as previously diedyus$s detain runoff, thereby exposing more
water to infiltration.

1.3.2.2 In-Situ Soil

Infiltration into thein-situ soil from the mediaan also occur, both laterally and
vertically, referred to herein as exfiltration. Backstrom (2002) reported tBao6he inflow
volume was infiltrated for swales over permeable soil, compared to 33% on less permeable soils.
Soil properties, flow rate, and bioswale geometry greatly affect the potential for exfiltration. As

previously noted, a trapezoidal channel dases flow depths and increases contact time
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between the bioswale base and overflow volume (UWEX, 2000), which in turn can increase the
infiltrated volume, thus influencing the volume available for exfiltration. Exfiltration is also
promoted through the @sence of a gravel layer below the underdrain, which serves as detention
storagehatultimately will exfiltrate to underlying soils. Volume exfiltrated through the gravel
detentionlayerwill be dependent on the depth and void space of the stone lagevoltime
exfiltrated toin-situ soil can be increased through the addition of internal water storage (IWS),
promoting ponding and increasing the detained volume (Li et al., 2009). Storage volume, and
thus volume available for exfiltration associated WithS presence, will depend on the height of
the upturned underdrain. However, designs with IWS need to have an unsaturated zone
(difference between total media depth and IWS height) to ensure unsaturated media volume for

continued infiltration (Brown and Han2011).

1.3.3 Filtration

Filtration is the straining of particles, achieved by vegetation (Barrett et al., 1998) and the
underlying porous media (Hunt et al., 2012). Initially, grass blades can provide filtration by
trapping patrticles in the passingesflow while also slowing velocities to encourage
sedimentation (Barrett et al., 1998). Backstrom (2002) reported that swalekiwighort turf
grass had a lower TSS removal (80%) compared to those with fully developed turf (90%).
However, Yousef et a[1985) suggested that vegetation cover of 20% or less might remove
contaminants more effectively than those with at least 80% cover, as thick grass dsoikases
sorption site availability and increases organic litter, contributing to suspended adid lo
Additionally, filtration of sediment by vegetation can increase the removal of partitaatel

pollutants in the overflow.
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Channel geometry affects flow depth through the bioswale and therefore the vegetation
filtration capabilities. Trapezoidal gmetry allows for a shallower flow depth, increasing the
proportion of overflow below the vegetation height, increasing the filtration potential (Winston
et al., 2017).

The media underlying the vegetation serves as a large filter, by allowing entrapment o
particles in the mediads pore space (Li and D
within the media can be increasedgdrgvidingmore media volume for treatment, through an
increased depth and/or length of the SCM (Li and Davis, 2008b)afder surface area of a
trapezoidal channel also increases the ability for infiltration, which can promote filtration

through the media.

1.3.4 Detention

Detention is temporary storage of runoff, bathter ponded on the bioswale surfacel
water within the soil matrixheld between saturation afield capacity, and is released over time,
thus decreasing thpeakoutflow rate (NCHRP, 2006). Detention within a bioswale can be
increased through the implementation of forebays, as they can increase thetteen the start
of runoff from a roadway and flow entering the bioswale. Check dams also promote detention,
decreasing the outflow volume and rate. These two design parametelse usedbr
promoting detention, increasing pollutant removal potertiaiigh settling, and decreasing

runoff volume and flow rate.

1.3.5 Evapotranspiration
Evapotranspiration (ET) is the combination of evaporatidinooh a free water surface or
a soil surfacend transpiration from vegetation. Since bioswales havelsaad media and an

underdrain to promote infiltratioand exfiltration there is relatively limited potential for ET.
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Evaporation from a bioswale is promoted through interception of water on the grassed surface
and ponding promoted by a forebay and/or cldarks. Transpiration is achieved by water

uptake from root systems thatlater lost to the atmospherghe design variable that would
influence transpiration is vegetation selection, such as adaghity grass to promote

interception thereby increasintipe soitwater content of the media for subsequent ET

Vegetation selection is a balance of pollutant removal and volume mitigation goals. Thus, ET

may not be maximized, but is not a primary volume reduction mechanism for bioswales.

1.3.6 Biological Treatment
Living organisms in a system transform or remove pollutants through micrebially
mediated transformations and uptake and storage (NCHRP, 2006). Microbial processes are
performed by bacteria, algae, and fungi in the water column, soil matrix, ramtawhon
wetted surfaces (Kadlec and Knight, 1996; Karthikeyan and Kulakow, 2003; Minton, 2005). In
stormwater, the conversion of nitrogen species is generally the most important (NCHRP, 2006).
Nitrogen transformation processes include ammonificatidnfication, denitrification,
and fixation. Ammonification involves bacteria mineralizing organic nitrogen into ammonium
and is promoted by warm temperatures, high moisture content, and high organic matter
(NCHRP, 2006). While this process can occur irstvales, especially during flow conditions,
the rapid drainage associated with bioswales and thus the dry conditions between flow events,
limits the potential for intraventammonification(NCHRP, 2006). Nitrification is the oxidation
of ammonium to nitra and requires aerobic conditions (NCHRP, 2006) and can occur when a
bioswale is not completely inundated. However, this process can result in an export of nitrate
that has accumulated in the media and flushed by subsequent rainfall events, which has been

noted in previous bioretention studies (Davis et al., 2001; Li and Davis, 2014). When a bioswale
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is anoxic, denitrification, the reduction of nitrate tpdes, can occur. Although bioswales are
designed to provide continuous drainage, a saturated zanen kas internal water storage

(IWS) can be incorporated (Kim et al., 2003). IWS creates the anoxic environment needed to
promote denitrification (Kim et al., 2003). However, the height of the IWS should be limited to
ensure there is still an aerobic zoagtevent pollutant mobilization (Brown and Hunt, 2011).
Finally, nitrogen fixation bacteria in the root system can supply the plant nutrients, including
nitrogen (NCHRP, 2006Dverall,Lucas and Greenway (2008) reported that BRC vegetation
enhances totalitrogen removal.

Uptake and nutrient storage processes involve the removal of nutrients and metals via
bioaccumulation into the vegetation. Phosphorus uptake is needed to promote plant health, in
turn increasing the capacity for the vegetation and sndiog soil to increase in sorption
capacity (NCHRP, 2006). The potential for metal chelates, created through reactions with
organic matter, can lead sobsequentptake of metal species that are in the aqueous phase
(NCHRP, 2006). Due to the relativelyng retention time required for many of these uptake
processes, this is generally not a main component of runoff treatment (NCHRP, 2006). Should
metals be a target pollutant, then vegetation selection becomes a key design variable to increase
uptake. This &an be achieved by planting hyperaccumulating vegetation (NCHRP, 2006).
Vegetation selection also influences filtration, ET, and uptake of nutrients.

The presence of bacteria and their attachment to media can lead to extracellular polymer
production (Marbkall et al., 1971; Fletcher and Floodgate, 1971; Lynch and Bragg, 1985),
leading to the creation of a biofilm on the sand particles (Bellamy et al., 1985). Biofilm can act
as an additional sorbent for bacterial adhesion (Bellin and Rao, 1993), witheh&aldor

irreversible adherence (Costerton, 1984). Adsorption is increased with increasing temperature
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(Hendricks et al., 1979), while also decreasing bacteria survival (Ostrolenk et al., 1947,
Kristiansen, 1981; Stenstregm ad Hoffner, 1982; Shah anch&deat, 1994). While biological
treatment can reduce bacterial concentrations, difficulty arises in permanent sequestration due to
the potential for reproduction promoted within the media (Matthess and Pekdeger, 1985; Fontes

et al., 1991).

1.3.7 Chemicd Processes

Highway runoff constituents are generally partitioned into dissolved and particulate
bound for ms. Pollutant partitioning and speci
including pH, hardness, redox conditions, organic carbon,aamcl ¢concentrations (NCHRP,

2006). Water chemistry will influence SCM pollutant removal efficiency.

The main chemical process occurring in bioswales is sorption, which encompasses
absorption anddsorption. Absorption is when a substance in one statedgporated into a
substance of a different state (NCHRP, 2006), such as inflow water being atispsioéd
particles in the media @ongthe bioswale surface. Adsorption is a physi@mical process
which bonds ions and molecules onto another molgsulsh as with nutrients, dissolved metals,
and organics (NCHRP, 2006). Solute mass trarsfeociated witkorption and mechanisms
include precipitation, chelation, and hydrolysis (Strawn et al., 2015). Precipitation is the creation
of a solid from iongn solution (Strawn et al., 2015), such as stormwater runoff. Chelation is a
complexation processes binding a molecule and a cation (Strawn et al., 2015), such as a metal
ion binding to organic matter. Hydrolysis is a dissociation reaction involving titengpof a
water molecule to bind to a cation, thus altering the cation concentration in solution (Strawn et
al., 2015). The extent of transformations these processes achieve depends on the pollutant and

the media conditions within a bioswale.
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P removabenerally occurs by sorption and precipitation but is pH dependent and
removal rate varies from minutes to hours (NCHRP, 2006). Several field studies showed that the
extent of P removal was influenced by media compositesultsrecommending a media Wi
lower Rindex and increased CEC sites (Hunt et al., 2006; Sharkey, 2006). P sorption capacity is
increased with mediads clay fraction (Lucas
that variations in calcium, iron, and aluminum concentratio@ssand media for constructed
reed beds showed a threefaidreasan P removal due to increased sorption sites.

Metals have varying removal processes and kinetics. For example, lead is generally
removed through surface complexation and precipitaiahigher rate than zinc, which is
removed by surface complexation and hydrolysis at a slow rate (NCHRP, 2006). Research has
suggested biological waste material such as coconut coir, water treatment sludge, tea leaves, and
rice husks can be incorporatiedmedia for increased ion exchange, surface adsorption, and
complexation of metals (Sud et al., 2008; Gadd, 2009). Additionally, media depth influences the
extent of chemical processes and could impact bioswale design as studies have found that a
deeper sil column can result in more mobilization and leaching of heavy metals (Feng et al.,
2012).

Bacteria can adsorb to the media surface in a reversible reaction or permanently adhere to
a particle. Presence of clay particles within the media increasesidlaatihesion due tahigh
cation exchange capacity (CEC) and large surface area per unit volume (Huysman and
Verstraete, 1993a). Interaction can be increased by the presence of iron oxide coating on clay
particles (Tan et al., 1992; Mills et al., 199dhdson and Logan, 1996). Organic matter within
the media also increases the CEC for enhanced adsorption (Gammack et al., 1992; Huysman and

Verstraete, 1993b; Lawrence and Hendry, 1996), but organic matter in the agueous phase can
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decrease adsorption duectampetition for available sites (Harvey et al., 1989; Johnson and
Logan, 1996).

While sorption can result in an initial removal of pollutants from runoff entering a
bioswale, these bonds can be broken, leading to desorption, and thus cause a pleastiaifre
this pollutant. The potential for leaching can also be decreased thtmigbke o media that
drains within several hours (Liu et al., 2005) to prevent saturated conditions that promote

desorption.

1.4 Current Swale Design Tools

Elliott and Trowsdale (2007) identified approximately 40 models developed for urban
stormwater and this number has likely grown over the years. Each of the identified models varies
in aspects including range of uses, scale, resolution, flow routing, infiltrationndoata
transport, and user interface. Elliott and Trowsdale (2007) reviewed ten of these models to
determine their applicability to model LID urban stormwater drainage. Some key areas for
improvement within these models are the need for-teng time-seriessimulation, contaminant
transport and removal processes, effects of infiltration, changes in baseflow, linkage to
environmental risk analyses, and integration of drawing and spatial design software (Elliott and
Trowsdale, 2007). There are currently resign tools to specifically design and predict bioswale

performance.

1.4.1 SWMM
One of the models reviewed for modeling SC
Management Model (SWMM). This is a dynamic rainfalhoff water quality simulation model

used for unoff quantity or quality for single event or continuous simulation, usually in urban
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areas (USEPA, 2015). SWMM is a free and widely used detailed model that is generally
implemented for planning and initial designs. There are many advantages to using ,SWiM

as its applicability on small catchments, including soil moisturegéand flow routing to the
drainage network. However, SWMM does not directly model some LID practices, including
bioswales (Gilbaz and Kazeyilmathan, 2017). Currently, mediaC3/s are not incorporated

into this model, but can be indirectly modelled using storage and infiltration devices. One of the
main design objectives of using media isrtaximizeinfiltration, so theinability of SWMM to

model infiltration makeit less thandeal for designing bioswales.

1.4.2 SwaleMod

SwaleModisanExcdd ased design tool created by Nort
Department of Biological and Agricultural Engineering (NCSU BAE) for analysis of a standard
dry swale. The tool computdse swal eds TSS capture and the po
based on design storms. TSS removal is calculated based on hydrologic and geometric design
inputs, Stokeds Law, the Aberdeen Equation, a
provide ontinuous modeling, but rather manipulates design variables of a standard swale to
maximize sediment removal and ensure only-+eoosive behavior prior to final design and
construction.

Although SwaleMod is a straightforward and uendly program, thee are some
parameters that could be improved. Currently the program is based on equations, with no
consideration oémpirical datdor constructed swales. Also, there is no method for computing
the removal efficiency of other pollutants, including nutisesind metals. Additionally, the tool

does not give outputs on hydrology, includthg proportion of inflowexiting as surface runoff
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or infiltrated into the native underlying soils. Finally, SwaleMod does not have an interface that

allows for the designig and modeling of bioswales.

1.5 Future Research Needs

1.5.1 Bioswale Performance Database

Currently there are little data on bioswales and their hydrologic and water quality
performance. Substantial research is needed to (1) build a databasen é23tronger
understanding of their capabilities, and (3) lead to the creation of improved design tools. Studies
should evaluate a variety of design parameters including longitudinal slope, channel length, and
the presence of check dams and/or IWS, andruratging storm events in regard to hydrologic
and water quality treatment. Analysis is needed for any potential interactions between drainage

area characteristics and design parameters.

1.5.2 Development of Design Tools and Guidance Materials

Collectionof data from plot and field studies can be used to create a comprehensive
bioswale design tool. Current swale design tools, such as SwaleMOD, can serve as a template for
a bioswale design tool that is based upon bioswale analysis. Other supplemenialsysueh
as nomographs, could be created to show how changing one variable (e.g., longitudinal slope or
length) will influence bioswale behavior or optimize the design for the desired.

Since bioswales are a new but growing practice, there are few gesleiadily available
on how to properly design and maintain these systertepth research and analysis will allow

for the development of such guidelines for those implementing a bioswale.
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1.6 Conclusions

Bioswales can be a promising SCM, but thelenged research and findings on their
hydrologic and water quality treatment. Several removal mechanisms and manydesigles
could influence performance. Gaining a better understanding of how each variable affects
hydrology and water quality, as Wvas potential variable interactions, is vital to optimizing
bioswale designs. This optimization will allow for improvements in the quantity and quality of
stormwater runoff that is discharged from bioswales. The lack of bioswale testing data yields a
neeal for an inrdepth study to establish a large database for future analysis and designs. These
data can then be used to create bioswale design tools and guidelines to ensure this SCM is

appropriately employed.
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CHAPTER 271 EVALUATING BIOSWALES UNDER CONTROLLED CONDITIONS TO
BETTER UNDERSTAND DESIGN FACTORS AFFECTING HYDROLOGIC AND WATER

QUALITY TREATMENT

2.1 Abstract

Bioswales are a promising stormwater control measure (SCM) for roadway runoff
management, but few studies have assessed their perforataheelot or field scale. A
bioswale is a vegetated channel with underlying engineered media and a perforated underdrain to
promote improved hydrologic and water quality treatment. Six bioswales, with varied lengths
and slopes, were constructed andetest at Nort h Car ol ina State Uni
Sedimentation and Erosion Control Research and Education Facility (SECREF). Retrofits of
check dams and internal water storage (IWS) were added for further testing. Several design
configurations led to signidant volumes of exfiltration. Increased length and presence of check
dams significantly decreased the overflow volume and rate, while addition of IWS had the
opposite impact. Pollutant load removal was high (>38#46) significanfor all constituents, but
reductions varied among design configurations. A 4% longitudinal slope yielded higher
combined outflow loads fall pollutantsrelative to flatter (1%) sloped bioswales. IWS inclusion
increased combined outflow (overflow plus underdrain) load removaOatM and TP. Ideally
surface runoff will percolate through the media; to accomplish this proportionally longer
bioswales and check dams should be used. Bioswale hydrologic and water quality treatment was
found to be comparable to that reported for steshday swales and bioretention. Overall, these
plot-scale bioswales highlight (1) promising hydrologic and water quality mitigation possibilities

and (2) the need for further research to improve design guidance.
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2.2 Introduction

Urbanization is a globgdhenomenon; in 2014 54% of the global population lived in
urban areas arttie levelis expected to reach 66% by 2050 (United Nations, 2014). The
impervious cover linked with urbanization negatively affects urban hydrology and water quality
(Morisawa and LBlure, 1979; Arnold et al., 1982; Bannerman et al., 1993; Brabec et al., 2002;
Shuster et al., 2005; Todeschinie, 2016). Pollutants, including suspended solids, nutrients,
polycyclic aromatic hydrocarbons, and heavy metals, have been found in urbar{Thnaison
et al., 1997; Opher and Friedler, 2010; Ingvertsen et al., 2012), having a detrimental effect to
water quality on both local and regional scales (USEPA, 2002, 2009).

Low impact development (LID) is a design philosophy to manage stormwater with
limited space (Fletcher et al., 2014). The overarching purpose of LID is to develop land in such a
way that the developed | andds hydrologic and
development as closely as possible (Holfbads et al., 2003; Rushta2001).

Stormwater control measures (SCMs) are employed to achieve LID principles by
conveying, infiltrating, and treating runoff (Dunnett and Clayden, 2007; Knight et al., 2013).
Swales, a structural SCM, are shallow, vegetated channels with triangtrgvemoidal cross
sections, designed to convey stormwater (Barrett et al., 1998). Previous studies have reported
that swales provide mean volume reductions ranging frod728 (Knight et al., 2013; Rushton,
2001; Backstrom, 2002; Ackerman and Stein, 2@@etic, 2001; Barrett, 2005) and flow rate
mitigation ranging from 44 3.6% (Fassman and Liao, 2009; Winston et al., 2018). The main
removal mechanisms of a swale are sedimentation, gross patrticle filtration, and infiltration, with
some potential for biolgical and chemical reactions on the grass surface (Barrett, et al., 1998;

Stagge et al., 2012; Yu et al., 2001). While many studies have reported the capabilities of
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conveyance through swales, literature is not consistent with respect to pollutant removal
capabilities (Backstrom, 2002; Winston et al., 2012).

Another commonlyused SCM is a bioretention cell (BRC), which utilizes an engineered
media to promote infiltration and pollutant removal. The media is primarily sand, with small
per cent ag ¢sitand Elay)fafdionganis matter (Hunt et al., 2012). BRCs reduce runoff
volume and mitigate peak flows, while also improving water quality (Davis, 2007). Reported
bioretention peak flow rate reductions range fronr®2% (Dietz and Clausen, 2005; UNHSC,

2006; Davis, 2008; Hunt et al., 2008; Hatt et al., 2009; Lucke and Nichols, 2015; Winston et al.,
2016). Monitored bioretention volume reduction ranged from&% (Luell et al., 2011; Hunt et

al., 2008; Jiang et al., 201 The mairpollutantremoval mebanisms of a BRC are filtration,
infiltration, and nutrient transformation (Hunt et al., 2012). Bioreteriigenerally regarded as

the most effective SCM at pollutant removal (Davis et al., 2009).

Bioswales are a SCM that combines the conveyance dels&gdry swale and the
infiltration and nutrient transformation mechanisms of a BRC (Christianson et al., 2004). A
bioswale appears as a grassed swale on the surface, but underlying the vegetation is an
engineered, high flow media, similar to that of a®mvith an additional gravel layer and
perforated underdrain beneath. In theory, the vegetation promotes sedimentation, the media and
underdrain promote filtration, and the medi abd
sorption of phosphorus and heavytaie and chemical transformations (Davis et al., 2001; Hunt
et al., 2006)Infiltration rates depend atrainage configuratigrbioswale desigrandin-situ
soil. Additionally, bioswales can incorporate design features such as a forebay upstream of the
bioswale and check dams along the length. A forebay is a shallow pool where runoff ponds prior

to entering the bioswale; its intent is to slow inflow, which in turn can yield particle
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sedimentation. Check dams also promote ponding, allowing for sedimeniakicemd

detention. Bioswales can also incorporate a temporarily saturated zone, known as internal water
storage (IWS), which can promote denitrification and potentially have positive hydrologic
impacts (Kim et al., 2003; Sharkey, 2006; Li et al., 2008sPport et al., 2009; Brown and

Hunt, 2011).

There is limited data on hydrologic and water quality treatment provided by bioswales
(McLaughlin, 2012; Xiao and McPherson, 2009; Anderson et al., 2016) and how design
influences treatment capabilities. Thusar@er data set is needed to better understand system
performance. Pathogen and sediment treatment by bioswales has been examined (Purvis et al.,
2018), but little to no data exist on water quality treatment of nutrients, metals, and sediment.
Since bioswles appear to be a promising SCM, additional research is needed to better
understand their hydrologic and water quality treatment capabilities. Sufficient knowledge could

lead to adjustments in bioswale design standards.

2.3 Materials and Methods

2.3.1 Location

The study site for theontrolledbioswaletrials was located at the North Carolina State
University (NCSU) Sediment and Erosion Control Research and Education Facility (SECREF)
(Figure21) , i n Ral ei gh, North CaNoli7B8Ad ¢RG6) 41U8KS8
An onsite pond (A, Fig. 21) was the water source for all testing. Water flow rate from the pond
to the bioswales was controlled by a gate valve (B, FIQ. 2ll flow to the bioswales passed
through an inlet weir structure (C,g-i2-1), where flow rate and influent water quality were

monitored then flowed in a pipt the forebay of each bioswale (D, FiglR
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Figure 2-1. Aerial of SECREF components:iAsource pond, B pond valve, G Inlet Structure, and D
I Siteof bioswale constructio(Sourcei Google Mapk

2.3.2 Design Variables

Six bioswales were constructed at SECREF, with lengths of 10, 20, and 30 m, and
longitudinal slopes of 1 and 4% (TablelR To create a bioswale, a trench with a width of 0.9 m
and epth of 0.9 m was excavated. The excavated trench was lined with a woven geotextile
fabric (AASHTO M-288, Class 3; approx. 163 L/mirdynensuring the media remained in the
system while still allowing for exfiltration. The base was filled with 0.15 m of MStandard
#57 stone (0.2 to 3.8 cm stone size (NCDOT, 2016)). A-thIater diameter (OD) perforated
high-density polyethylene (HDPE) pipe wrapped with a filter sock was placed over the stone
layer along the length of the bioswale. The pipe was coweitbd.15 m of ASTM #57 stone,
providing a depth o®.3 m of stone and underdrain within the layer. The stone/underdrain layer

was covered with Type2ggoe x t i | e ( PropexE Geof&NCEOT801; 611
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2018) to prevent media from migrating int@tstone layer and underdrain. The remaining 0.6 m

of the trench was backfilled withigh-flow media comparable to the North Carolina Department

of Environmental Quality standard (NCDENR, 2009) (TabB 2with 88% sand and 12% fines,

and covered with Ceipiede sodEremochloa ophiuroidgsEach bioswale had trapezoidal

surface geometry, with 3:1 horizontal:vertical (H:V) side slopes and included a trapezoidal
forebay. A detailed crossection of the forebay design can be seen in Appendix A. Prefabricated
outlet structures were installed at the end of each bioswale and are discussed in detail in section
2.3.3. A longitudinal crossection of the bioswale system can be seen in Fig@reahorizontal
crosssection in Figure -8, and a completed SECREF aenmaFigure 24.

Table 2-1. Design characteristics of SECREF pduale bioswales.
Characteristic #1 #2 #3 #4 #5 #6
Forebay length (m) 2.7 2.7 2.7 2.7 2.7 2.7
Forebay pool depth (m) 0.15 0.15 0.15 0.15 0.15 0.15

Media depth (m) 0.6 0.6 0.6 0.6 0.6 0.6
Base width (m) 0.9 0.9 0.9 0.9 0.9 0.9
Underdrain length (m) 29 186 8.5 29 186 85
Total length (m) 30 20 10 30 20 10
Longitudinal slope (%) 4 4 4 1 1 1
Retrofitted Check Dams 4 NA NA 2 NA NA
Surface geometry Trapezoidal
Surface side slopes (H:V, 3:1

Media Storage (L) 5,097 3,364 1,682 5,097 3,364 1,682
Gravel Layer Storage (L) 3,177 2,095 1,048 3,177 2,095 1,048

Table 22. High flow media characteristics.

Characteristic Value
Sand 85-88%
Fines (Clay and Silt) 8-12%
Organic Matter 3-6%
P-Index 10-30 (1036 ppm)
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CLEANOUT WITH

THREADED CAP A S aR QUITLET STRUCTURE

BIO-SWALE MEDIA

PLUNGE POOL
NCDOT CLASS ‘A’ STONE
WOVEN FABRIC SUB-GRADE
NON-WOVEN 8 OZ. FABRIC (TYPE 2) )

AT MEDIA - STONE INTERFACE WOVEN FABRIC ALONG 6"PERFORATED PIPE =
BASE OF TRENCH WITH FILTER SOCK FROM BIO-SWALE TO
WASHED ASTM #57 STONE OQUTLET STRUCTURE

49 DEGRE BOW

12"DRAINAGE PIPE

Figure 2-2. Longitudinal crosssection of bioswales. Conversion: 1 ft = 0.305 m; 1 oz = 28.35 g. (Source: Jonathan Page, NCSU).

TOP OF BERM

THIN CUT CENTIPEDE SOD

WOVEN FABRIC

BIO-SWALE MEDIA

NON-WOVEN 8 OZ. FABRIC (TYPE 2)
WASHED ASTM #57 STONE

6" PERFORATED PIPE
WITH FILTER SOCK

Figure 2-3. Horizontal crosssection of bioswales. Conversion: 1 ft = 0.305 m; 1 oz = 28.35ayir¢e: Jonathan Page, NCSU).
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Outlet Structure

| T

Figure 2-4. Aerial image of SECREF pletcale bioswales (SouréeDr. Richard McLaughlin, NCSU).
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2.3.3 Flow Monitoring Equipment/Setup
A single, existing inlet structure (0.9 m x 0.5 m x 0.8 m) was usediton the
bioswales and consisted of a wooden box with a baffle to still the water flow and an®@chv/
weir (Figure 25). Additionally, the outlet of each bioswale was fitted with a wooden monitoring
structure (1.2 m x 1.2 m x 1.2 m). The overflow anderdrain flow had separate monitoring
points nested within the structure; both with a baffle, to still the incoming flow, and a45° V
notch weir (Figure ). Each weir (inlet, overflow, underdrain) was fitted with a Teledyne ISCO
6712 (Lincoln, NE,USAput omat ed sampler with a 730E bubbl

depth over the weir platestand to take volume@aced water quality samples.

Inlet

Baffle

V-notch

Figure 2-5. SECREF bioswale inlet monitoring structure.
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Overflow

Underdrain
Flow

Figure 2-6. Outlet monitring structure, Witseprate mnltoring‘ boxes for the surface overflow and
underdrain flow.

2.4 Methodology

2.4.1 Weir Equations

The hydraulic measurements relied on the bubbler modules to measure the stage over the
weir crestand to determine flow rates and volumes. 8si for water quality, 200 mL aliquots
were pulled based on the cumulative volume passing over the weir. The sampler converted the
flow depth to a corresponding flow rate using the following equations.

The equation for the 30° inlet weir (Eqn. 1) is:

0 ox& 08 (1)

whereQ is the flow rate (L 3) andH is the flow depth (m).

The equation for the 45° overflow and underdrain weirs (Eqn. 2) is:

0 uvx® O° (2)
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Flow rates at each of the monitoring points (inlet, overflow, and underdrane) w
multiplied by the 2minute data collection interval to determine the runoff volume passing over
each weir using the following equation:

w 0 o 3)
whereV is the corresponding volume (1Q,is the corresponding flow rate (I} andt is the

time dep (120 s sampling interval).

2.4.2 Hydrologic Testing

Hydrologic tests were performed only on bioswales #1 and #4 due to their longer length
(30 m). The longer length allowed for the full range of overflow conditions that could be
monitored on thesedswale designs. As an example, if all overflow at a specific flow rate
infiltrated within 23 mof the bioswale inletthis would not be observed on the shorter bioswales.
The water supply pond and inlet weir size limited the range of allowable flowsésted. The
existing inlet structure had a 30°, 0.3 nrmwtch weir, capping the memum measurable flow
rate at 18.4 L& The water supply pond could supply a maximum of approximately 300,000 L.

2.4.2.1 Bioswales without Check Dams

Bioswales #1 and #4ere tested simulating a frenteighted hydrograph and stepping
down the inlet flow rate every 30 minutes. Inflow occurred for approximately 4 hours. The initial
peak inflow rate wasn averaggel2.7 L st

The flow depth was measured at 3 m incremalusg the bioswale length, including at
the start of the bioswale and immediately upstream of the outlet structure. The length of overflow
was measured. Measurements were takemy 10 minutes for 30 minutes and then the inlet

flow rate was stepped dowhhese measurements continued for the entlieut hydrograph.
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In addition to collecting manual measurements (flow depth and length), 6712 ISCOs with
730E bubbl er modul e snflow,mvetiownandwndsrdrain flonerates u r e d
(Egn. 2) and thearresponding volume was calculated (Eqgn. 3). Hydrologic tests were conducted
four times for bioswale #1 and five times for bioswale #4.

2.4.2.2 Check Dam Bioswales

Following initial hydrologic testing, bioswales #1 and #4 were retrofitted with check
dams Four check dams were installed on bioswale #1, each 0.3 m in height and placed at every
0.3 m of vertical drop along the bioswale (each center approximately 7.6 m apart), with the last
check dam placed at the end of the bioswale. Bioswale #4 was tetr@fith two check dams,
each 0.15 m in height, spaced 15 m apart. All check dams had a side slope of 4:1 H:V and a top
width of 0.6 m (Figure ). This spacing was selected to ensure the 0.3 m or 0.15 m vertical
drop between the centers of each check.ddontailwater conditions were created by this check
dam layout.

The existing sod was removed where each check dam was placed. Check dams were
constructed with the same high flow media as the bioswale. Pyramat® (75 HPTRM) geotextile
fabric was placed oveéhe media, feathered with media, and covered with Centipede sod

(Eremochloa ophiurodgs
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Figure 2-7. Check dam crossections. Dimensions are in meters.
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Bioswales with check dams were also tested with a-fs@ighted hydrograph, stepping
down the inléflow rate every 30 minutes. Inflow occurred for approximately 4 hours. The initial
peak inflow rate was, on average, 81 s
The 6712 | SCOs with 730E bubbl einetmodul es w
overflow, and underdrain rates (Eqn. 2) and theesponding volume was calculated (Eqgn. 3)
for all flow rates. For each flow setting, visual observations were made to note which check
dams caused ponding. Check dam hydrologic tests were conducted four times for both bioswales

#1 and #4.

2.4.3 Water Qualty Testing

2.4.3.1 Design Storm

Bioswales #3 and #6 (10 m each, 4% and 1% slope, respectively) were tested for water
guality events. Each test was performed by simulating entwodurationwater quality event,
with a peak intensity of 19 mm-h(NCDEQ, 2017). An SCS Type Il rainfall distribution

(USDA, 2011) was used to create the design storm hydrograph. The watershed simulated was an
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impervious 0.13 ha roadway with a curve number (CN) of 98. Based on the restrictions of
existing infrastructure (pondate valve, and inlet structure), a stgmlrograph was selected for
testing, with each step lasting 20 minutes (6 total) (Figt8g 2

9.0
Simulated Hydrograph

SCS Hydrograph

Inlet Flow Rate (L 3)
N w N (&) (o)) ~ (o]
O o o o o o o

=
o

0.0
0 20 40 60 80 100 120
Time (min)

Figure 2-8. Typical inflow hydrograph for water quality tests and SCS design hydrograph.

The inflow was spiked wiit pollutants (Table-3) to create synthetic runoff based on
highway runoff and other simulated bioretention studies (Davis, 2003; Hsieh and Davis, 2005;
Kayhanian et al., 2007). All nutrients and metals were thoroughly mixed into the sediment prior
to teding. The spiked sediment was added to the inffovr to passing over the inlet weir at a
regular rate, via feathering, throughout the entire hydrogfgdithering was the addition thie
dry pollutant mixture, where the sediment was thoroughly mix#d ai chemical additions, and

hand applied to the inflow volumereating synthetic runoff.
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Table 2-3. Spiked inflow concentrations for plstale testing.
Mean Inflow Concentration

Pollutant + Std. Dev . Chemical Source
(eg/l L)
TSS 44 mg/L £ 10 Silt loam (5% clay, 64% silt, 31% sanc
TKN 667 £ 110 Sodium nitrate (NaNg)
NO3-NO, 165+ 75 Sodium nitrate (NaNg)
TP 1834 + 270 Sodium phosphate (MdPQy)
Ortho-P 1787 + 266 Sodium phosphate (NdPQy)
Total Cd 746+1.8 Cadmium chloride (CdG)
Dissoled Cd 6.99+1.9 Cadmium chloride (CdG)
Total Cu 10.08 + 2.5 Copper sulfate (CusSfp
Dissolved Cu 9.41+23 Copper sulfate (CusSfp
Total Pb 13.15+4.4 Lead nitrate (Pb(N€)2)
Dissolved Pb 12.03+ 4.6 Lead nitrate (Pb(N€)2)
Total Zn 31.50+7.0 Zinc chloride (ZnGJ)
Dissolved Zn 27.65+6.7 Zinc chloride (ZnCJ)

2.4.3.2 Water Quality Sampling

The automated samplers at each monitoring point (inlet, overflow, underdrain) obtained
200 mL aliquots on programmed intervals based on the cumulativeegassing over the
weir. Composite samples were collected in a 10 L sample bottle at each monitoring station.
Water quality collection was conducted in conjunction with that of hydrologic data (2.4.2.1).

2.4.3.3 Water Quality Analysis

Water quality samples were retrieved for analysis after flow over the weir was completed.
Each 10 L bottle was shaken tesespend any pollutants and ssdmpled into the appropriate
collection containers, as specified by the analytical method (Ta®jeAll composite amples
were analyzed for total suspended solids (TSS) (APHA, 1997), total Kjeldahl nitrogen (TKN)
(USEPA, 1978), nitrite and nitrate (N@N) (USEPA, 1993a), total phosphorus (TP) (USEPA,
1993b), orthophosphate (OP) (USEPA, 1993b), cadmium (Cd), copperé@d (Pb), and zinc
(Zn), with metals being analyzed for total (T) and dissolved (D) phases (USEPA, 1994). Any
remaining sample was discarded and the bottle was washed with deionized water and replaced in

the ISCO for the next test. All sample bottlesre placed on ice immediately after sd@mpling
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and chilled to less than 4° C for transport to the North Carolina State University Center for

Applied Aquatic Ecology (NCSU CAAE) (Raleigh, NC, USA) for sediment and nutrients

analyses and the North Cara@ibepartment of Environmental Quality WSS Chemistry

Laboratory (NCDEQ WSS) (Raleigh, NC, USA) for metal analyses. Practical detection limits

(PQLs) and analysis methodology for each pollutant are reported in Fédble 2

Table 2-4. Practical detection limstfor all monitored pollutants.

Pollutant PQL (¢ Analytical Methodology
TKN 280 EPA Method 351.2, Rev. 2.(
NO2-3-N 11.2 EPA Method 353.2, Rev. 2.(
TP 10 EPA Method 365.1, Rev. 2.
OoP 12 EPA Method 365.1, Rev. 2.(

TSS (mg/L) 25 SM 2540 D

Cd (T&D) 0.5 EPA Method 200.8, Rev. 5.
Cu (T&D) 2.0 EPA Method 200.8, Rev. 5.
Pb (T&D) 2.0 EPA Method 200.8, Rev. 5.«
Zn (T&D) 10 EPA Method 200.8, Rev. 5./

Particle size distribution (PSD) tests were conducted for tests with sufficient outflow

volume. Samples were taken to the North Carolina Staiteersity Department of Marine,

Earth, and Atmospherigciences Lab (Raleigh, NC) for analysis using a laser diffraction particle

size analyzer. Results were reported as the differential volume percentage for particles from 0.04

to 2000
calculate the percent of sand, silt, and clay within each sample

2.4.3.4 Internal Water Storage (IWS) Retrofit

€

m

n di aoe,taeddovalued. Thesg data ivelean used te
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During preliminary testing, the outlet structure for bioswale #3 lifted due to a buoyancy

issue, causing the underdrain to beadiapproximately 0.3 m and creatiig factointernal

water storage (IWS). IWS is a temporarily saturated zone, which can promote denitrification and

exfiltration (Li et al., 2009; Passeport et al., 2009; Brown and Hunt, 2011). To statistically

compare biswale #3 and #tbr water qualityperformancebioswale #6 needed an IWS retrofit.
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retrofitted with an upturned elbow to create 0.3 m of NAf®] the bioswalwvas then tested for

water quality and renamed bioswale #6R.

2.4.4 Hydrologic Data Analysis

Inlet peak flow rate, ifiow volume, overflow peak flow rate, overflow volume,
underdrain peak flow rate, underdrain volume, depth of surface flow, length ofesflofac
exfiltrated volume, and combined outflow volume were determined from hydrologic data.

Representation of hydrologic componesti®wn in Figure D.

Overflow
—)
///lOUTJ’_ET///
y L 737 W 7 ST T’;"RE .
O RO O O S O N oL S 7 ” 7 COmbIned
[ > || Qutflow
Underdrain —
1 Exfiltration =

Figure 2-9. Discharge volumes for bioswale hydrologic monitoring.

The following were calalated: overflow, underdrain, and combined outflow peak flow
reductions (Egn. 4paverage flow depth, average length of flandexfiltrated volume (Eqgn. 5)
and percentage of inflow volume exfiltrated (Eqn. 6).

0 Qi & 0o QO wo NE &

n n

pmmp 4)
W W W W (5)

The exfiltrated volume entered soils underlying the bioswale.
0 Qi @ QESBEQOD & i DN QY O 1—6-6-90 pmimb (6)

Continuous hydrologic data were collected from the inlet, overflow, and underdrain

during water quality testing. While flow depth and length of flow were not measured during
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these tests, labther hydrologic metrics (peak flow rate reduction, exfiltrated volume) were

calculated.

2.4.5 Check Dam Hydrologic Data Analysis

Data for each flow rate setting during check dam hydrologic testingugereto
determindnlet peak flow rate, ifhow volume, underdrain peak flow rate, and underdrain
volume. Underdrain peak flow reduction and percent of inflow volume exfiltrated (Eqns. 4 and

5) were calculated.

2.4.6 Water Quality Data Analysis
Water quality concentrations were used to determine thesntmation reduction (CR) of
overflow, underdrairilow, and combined outflow (Eqn. 7):

6¢¢&QQE OV DDA @ WE ¢

R i
pmmh (7)
All pollutant loads were calculated using Egn. 8:
0 £ & & O00LCEE@ € O O OCDECEECDQ E O 1 LCEOTDEGE® € | | Qi /& 8'QQE(])

where pollutant concentratigne g') was measured at the specific monitoring point (inlet,
overflow, underdraingssociated with #gnvolume collected at the same point (L).

Load reduction was calculated using Eqn. 9:

D€ MNQO OdWE & p T% (9)

2.4.7 Statistical Analysis

In addition to calculating the hydrologic and water quality treatment provided by each
bioswale, statistical analysis was conacto determine if any design differences influenced
performance. To compare all potential associations, all data were imported into R software (v.

3.4.3) (R Core Team, 2013) and a correlation
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Additionally, Wilcoxon sigrrankednonparametric tests were conducted to determitigeife
were any significant correlatioris U = 0 be®v&ejindividual inflow hydrologyparameters
(peak flow rate, volume) and water qualigrametergconcentration, loacgndcorreponding

overflow, underdrain, and outflow value (hydrology avater quality).

2.5 Results and Discussion

2.5.1 Hydrologic Performance Without Check Dams

Bioswale #4 (1%, 30m) had appreciable combined outflow rate reduction and inflow
volume exfiltratel, but neither were significant (Tables2. When the peak outflow rate
occurred the majority of the outflow was through the underdrain, with the exception of one
event. Theaverage length of flow was shorter than the full bioswale length (3llus)tating
periods whemo overflowoccurred and, thug|l inflow volume infiltrated the medid he lag
time for the underdrain, was longer than that of the overflow, highlighting that infiltratidn
passage through the media slowed water movement morehthanrface vegetation.

Bioswale #1 (4%, 30m) had significanteducedoutflow rate andxfiltratedinflow
volume (Table ). At the point of peak outflow rate, three events imade tharonehalf of the
outflow volume leaving as overflow. This bioswalkso had an average flow length shorter than
30 m highlighting periods of underdrammly flow. The lag time in peak flow rate was also
longer for the underdrain comparedhat ofthe overflow, but the average lag times for all
monitoring points (overfiw, underdrainandoutflow) were shorter thatmose of the 1% slope
bioswale The shorter lag timeare likelydue to the steeper slope, limitingntact time with
vegetation and media. The steeper slidgy explains laver mean combined outflow rate

reduction for the 4% bioswaleompared to the 1% bioswale.
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Flow rate and volume data were also collected during water quality testing. Visual
inspections and corresponding data revealed periods of undeodigifiow for all water quality
trials. All water quality trialssignificanty exfiltratedwaterandreduced theombined outflow
rate (Table 27).

The combined outflow pealatereductions wereomparable to those reported for
bioretention (Hunt et al., 2008; Lucke and Nichols, 2015). The volumetredsiérom each
bioswale design was comparabdeand at times largethan thoseeported for swales (Deletic,
2001; Rushton, 2001; Backstrém, 2002; Barrett, 2005; Ackerman and Stein, 2008; Knight et al.,
2013) particularly when comparing cumulative fiemance, rather than mean reduction.
Volume reductions were also comparable to those reportédioi@tention (Hunt et al., 2006;
Lucke and Nichols, 2015; Luell et al., 2011, Jiang et al., 2017), and des(Anderson et al.,

2016).
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Table 2-5. Hydrologic behavior for 1%, 3@n standard bioswale (#{)=4).

Inlet Peak Inlet Combined Outflow  Fraction of Volume at Peak Outflow Rate Overflow Underdrain  Total Outflow

Event Flow Rate Volume  Peak Flow Rate Overflow Underdrain Volume Volume Volume
(L/s) (L) (L/s) (%) (%) (L) (L) (L)

1 141 115,433 4.6 10 90 6,966 51,765 58,731

2 13.6 109,434 4.2 100 0 30,073 29,828 59,901

3 10.2 63,674 8.5 16 84 4,710 38,294 43,004

4 10.8 99,627 3.9 74 26 34,339 19,314 53,653
Mean 12.2 97,042 5.3 50 50 19,02 34,800 61,072
Median 12.2 104,531 4.4 45 55 18,520 34,061 55,692

Table 2-5. Hydrologicbehavior for 1%, 30 m standard bioswale (#4) (n=4).

Combined Outflow Percentage Average Average .
Peak Flow Rate of Volume Flow Length of Peak Flow Rate Lag Time From Inlet Peak Flow Rate (hr)
Event Reduction Exfiltrated Depth Flow Overflow Underdrain Combined
(%) (%) (cm) (m)

1 67 49 4.1 24.2 0.10 1.40 1.40

2 69 45 5.8 28.4 0.30 0.80 0.33

3 17 32 3.2 19.9 0.27 0.40 0.40

4 64 46 5.9 29.0 0.67 0.47 0.67
Mean 54 43 4.7 25.4 0.34 0.77 0.70

Median 66 46 4.9 26.3 0.29 0.64 0.54




Table 2-6. Hydrologicbehavior for 4%, 30n standard bioswale (#1). Bolded values are significant from (@etb).

Inlet Peak Inlet Combined Ouflow  Fraction of Volume at Peak Outflow Rate Overflow Underdrain  Total Outflow
Event Flow Rate  Volume Peak Flow Rate Overflow Underdrain Volume Volume Volume
(Ls) (L) (Ls) (%) (%) (L) L) (L)
1 15.1 114,315 55 0 100 1,185 54,574 55,759
2 12.7 84,936 8.4 91 9 15,561 28,49 44,058
3 9.1 79,631 7 98 2 17,433 25,838 43,271
4 134 106,863 7.4 74 26 18,764 42,023 60,787
5 15.2 117,326 5.7 0 100 5,704 55,807 61,511
Mean 13.1 100,614 6.8 53 47 11,729 41,348 53,077
Median 134 106,863 7 74 26 15,561 42,023 55,759
Table 2-6. Hydrologicbehavior for 4%, 30 m standard bioswale (#1) (n=5).
Combined Outflow Percentage  Average Average
Peak Flow Rate of Volume Flow Length Peak Flow Rate Lag Time From Inlet Peak Flow Ratéghr)
Event Reduction Exfiltrated Depth of Flow . :
%) (%) (cm) (m) Overflow Underdrain Combined

1 64 51 3.0 19.4 0.33 0.60 1.03

2 34 48 4.0 25.2 0.27 0.73 0.23

3 23 46 4.6 27.4 0.00 0.07 0.00

4 45 43 4.8 27.4 0.30 0.47 0.30

5 63 48 3.4 21.0 0.60 0.40 0.23

Mean 46 47 4.0 24.1 0.30 0.45 0.36

Median 45 48 4.0 25.2 0.30 0.47 0.23
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Table 2-7. Mean hydrologidoehavior for water quality tests conducted on 10 m bioswales.

Bioswale  Slope Inlet Peak Inlet Volume Overflow Peak Overflow Underdrain Peak Underdrain
4 (%) IWS Flow Rate L Flow Rate Volume Flow Rate Volume
(Lsh (Ls?h L) (Ls?h L)
6 1 7 N 84+03 16,141 +1,125 2+0.6 1,841 + 821 1.8+0.6 4,219 + 505
6R 1 5 Y 8.2+0.3 17,047 +932 26+04 2,888 + 614 1.1+0.3 4,078 + 258
3 4 8 Y 84+03 16,594+ 739 45+0.6 5,069 + 1383 0.5+0.1 2,095 + 274

Table 27. Mean hydrologidehavior for water quality tests conducted on 10 m bioswales. Bolded values are sigmificatibons compared to
inflow (U=0.05).
Bioswale  Slope Combined Out_flow IanOV\_/ Volume
n IWS Rate Reduction Exfiltrated

# (%) (%) (%)
6 1 7 N 73 62
6R 1 5 Y 71 59
3 4 8 Y 49 57
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2.5.2 Hydrologic Performancd With Check Dams

The check dam bioswales never had overflow; however,lowgr flow rates were
monitored.Both monitored bioswales (#1 and #4) had appreciatilene and combined flow
rate reductions, but were not signifitalikely due to limited number of trial§ables 2-8 and 2
9). The 1% bioswalé@ad lower volume exfilated and combined outflow rate reduction and a
shorter peak underdrain rate lag time compared to the 4% bioswale, lsictméounded byhe
higher inflow rate and volume for the tests on this bioswale.

The underdrain peak flovate reductions were cqrarable tahose reported for
bioretention (Hunt et al., 2008; Lucke and Nichols, 2@if)to thehydrologic treatment of
swales withcheck dams (Davis et al., 2012; Winston et al., 2018). The volume reductions were
within the rangeo those reported fawales (Deletic, 2001; Rushton, 2001; Backstrém, 2002;
Barrett, 2005; Ackerman and Stein, 2008; Knight et al., 2013) and bioretention (Hunt et al.,
2006; Luell et al., 2011; Lucke and Nichols, 2015; Anderson et al., 2016; Jiang et al.]2017).
should benoted that the majority of the rainfall depths monitored for the reported swale studies
weregenerallysmaller tharthe smulations of this study. This is likely why mean volume
reduction for swales was higher than reported bioswale performance.

The abilty to potentially eliminate or greatly decrease overflow was an important finding
of bioswales with check dams, especially in areas with flooding concerngeatigpberosion
due to highflow rates. Detention created by the check dams allowed for itibitranto the
medig and exfiltration into the underlying soil followe@ihe 1% and 4% check dam bioswales
had surface storage of approximately 3,000 L and 2,000 L, respectively. The highest flow rate
settings resulted in volumes 4 to 6 times larger thesesurface storageolumes. Surface

storage alone does not explain this outstanding performance; the infiltration rate of the fill media
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was also sufficiently high. These results can be used to yield eventual design recommendations

in regard to check dasn
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Table 2-8. Hydrologicbehavior for 1%, 30 m bioswale with check daw)(n=4).

Fraction of Volume at

Peak Outflow Rate Overflow  Underdrain Total Outflow

Inlet Peak Inlet Combined Outflow

Event Flow Rate Volume  Peak Flow Rate Overflow Underdrain Volume Volume Volume
(L/s) L) (L/s) (%) (%) L) L) L)
1 10.4 93,619 4.8 0 100 0 48,454 48,454
2 7 70,587 3.2 0 100 0 33,223 33,223
3 7.4 78,621 3.7 0 100 0 37,200 37,200
4 7.9 85,304 3.9 0 100 0 39,076 39,076
Mean 8.2 82,033 3.9 0 100 0 39,488 39,488
Median 7.7 81,963 3.8 0 100 0 38,138 38,138

Table 2-8. Hydrologicbehavior for 1%, 30 m bioswale with check dams (#4) (n=4).

Combined Outflow Peak Percentage of Peak Flow Rate Lag TimeFrom Inlet Peak Flow Rate (hr)
Event Flow Rate Reduction Volume Exfiltrated . .
0 o Overflow Underdrain Combined
(%) (%)

1 54 48 NA 0.60 0.60

2 54 53 NA 0.57 0.57

3 50 53 NA 0.57 0.57

4 51 54 NA 1.03 1.03

Mean 52 52 NA 0.69 0.69

Median 52 53 NA 0.59 0.59
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Table 2-9. Hydrologicbehavior for 4%, @ m bioswale with check dams (#1) (n=4).

Fraction of Volume at

Inlet Peak Inlet Combined Outflow Overflow Underdrain Total Outflow
Event Flow Rate Volume Peak Flow Rate Ovepr(:lil\ijUtﬂL(J)r\?:jzsjtfain Volume Volume Volume
(L/s) L) (L/s) (%) (%) (L) (L) (L)
1 6.5 68,722 2.5 0 100 0 24,575 24,575
2 7.5 69,210 3.1 0 100 0 27,968 27,968
3 6.4 81,023 2.7 0 100 0 32,992 32,992
4 7.7 78,728 3 0 100 0 28,075 28,075
Mean 7 74,421 2.8 0 100 0 28,403 28,403
Median 7 73,969 29 0 100 0 28,022 28022
Table 2-9. Hydrologicbehavior for 4%, 30 m bioswale with check dams (#1) (n=4).
Combined Outflow Peak Percentage of Peak Flow Rate Lag Time From Inlet Peak Flow Rate (hr)
Event Flow Rate Reduction Volume Exfiltrated . )
(%) (%) Overflow Underdrain Combined
1 62 64 NA 0.77 0.77
2 59 60 NA 0.83 0.83
3 58 59 NA 1.17 1.17
4 61 64 NA 1.00 1.00
Mean 60 62 NA 0.94 0.94

Median 60 62 NA 0.92 0.92




2.5.3 Hydrologic Treatment and Design Statistical Analysis

Correlation analysis wasonducted on bgwale design and hydrologic treatment to
determine any significant correlations to assist in future bioswale design optimization. Bioswale
slope,length, check dams, and IWS were all found to have significant correlations with
hydrologic treatment (Figur2a-10). The higher the longitudinal slope, the higher the volume and
rate leaving as overflow, thus decreasing the volume passing through the media for further
treatment. Bioswale length had positive associations with the underdrain volume and flow rate,
meaning as the length increased the underdrain volume, underdrain peak flow rate, and
proportion of outflow leaving the underdrain increased. This highlights that increased length
allowed for more infiltration into the bioswale medldie presence of checlaohs also had
significant reductions in overflow volume and flow rate, resulting in significant increases for the
underdrain peak flow rate and percent of outflow passing through the undefdi@ition of
IWS had negative correlations with the underdhaidrology (volume and peak flow rate),
resulting in lower underdrain peak flow rates and volumes compared to bioswales without IWS.
Bioswales with IWS had higher overflow rates, compared to those without, likely caused by
ponding withinthe IWS decreasingnsaturated media available for continuous infiltration.

For individual bioswale designs, positive correlations were reported betweepeaket
flow rate and overflow peak rate and between the inlet volume and underdrain volume.and rate
An increase inrilet volume and flow rate resulted in lower volume and flow rate mitigation.

To increase the percent of inflow volume that is exfiltrated to the underlying soils, a
bioswale should incorporate check daansl extend the channel leng&dditionally, an
increased length and therefore increased infiltrative surface area, enabled more outflow to pass
through the underdrain, thus bioswale length should be extendetidoe hydrologic

treatmentThe presence of IWS decreased the underdrain volume and psaktio but was
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not found to significantly promote exfiltration, so may not be an optimal feature for hydrologic

treatment if targeting decreased overflow volume.
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Figure 2-10. Association matrix for SECREF bioswale hydrologic performance. Gideded
represents a significant positigssociationredshaded represents a significant negadissociationand
an O0X0 represeagsbcgatoan i nsignificant
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2.5.4 Comparison to Swale and Bioretention Hydrologic Treatment

SCMs focus on volume and flowteamitigation to achieve the goal of mimicking pre
development hydrology. All calculated volume and flow rate reductions from theqallt® trials
were within the range of previously reported swale and bioretention hydrologic treatment (Table
2-10). Theseesults highlighted that bioswales can be employed as a SCM to achieve
comparable hydrologic mitigation to commonly used SCMs of swales and bioretention. It should
be noted when comparing these bioswales to other SCMS that the reported hydrologicttreatmen
for this study are based on simulated runoff events and a limited range in inflow rates, rather than

rainfall events which would be observed in the field setting.
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Table 210. Comparison omeanSECREF bioswale hydrologic treatment to reported evaatl bioretention results.

Volume Flow Rate

Study SCM Location Reduction Reduction*
(%) (%)
1%, 10m, no IWS 62 73
1%, 10m, IWS 59 71
4%, 10m, IWS 57 49
Herein 1%, 30m, no CD North Carolina, USA 43 54
1%, 30m, CD 52 52
4%, 30m, no CD 47 46
4%, 30m, CD 62 60
Rushton (2001) Swale Florida, USA 32-50 -
Ackerman and Stein (2008 Swale Oregon, California, and North Carolina, US  21-77 -
Fassman and Liao (2009) Swale Auckland, New Zealand 11-75 31-86
Davis et al. (2012a) Swale Maryland, USA 27-63 -
Knight et al. (2013) Swale North Carolina, USA 0-80 -
Rujner et al. (2016) Swale Lulea, Sweden 55 40
Lucke et al. (2014) Swale Sunshine Coast, Australia - 61
Winston et al. (2018) Swale North Carolina, USA 17-20 44-48
UNHSC (2006) Bioretentio New Hampshire, USA - 85
Ackerman and Stein (2008 Bioretention California, Oregon, and Washington, USA  14-77 -
Davis (2008) Bioretention Maryland, USA - 44-63
Hunt et al. (2008) Bioretention North Carolina, USA >96
Luell et al. (2010) Bioretention North Carolina, USA 47-69 -
Lucke and Nichols (2015) Bioretention Sunshine Coast, Australia 32-84 7994
Winston et al. (2016) Bioretention Ohio, USA 24-96 36-59
Jiang et al. (2017) Bioretention China 54-98 -

*Reported flow rate reductions from this syuare for the combined outflow rate, except for bioswales with check damst@bynly have underdrain flow.



2.5.5 Water Quality Analysis

2.5.5.1 Water Quality Events

All water quality tests were spiked with approximately the same concentratiorhof eac
pollutant (Table 211), but variations were observed, likely due to slight human error in weighing
out each pollutant. Mean concentrations and ranges for the overflow, underdrain, and combined
outflow are reported in Tables12, 2-13, and 214. Individual concentrations were used to

calculate concentration reductions, loads, and load reductions
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Table 211. Inlet mean pollutant concentratioasd patrticle size distributiofwith ranges).

Inlet TSS TKN NO23s-N TN TP OP

(mg/L) (ug/L) (ug/L) (egl/ L (ug/L) (ug/L)

1%. 10 WS 46 627 132 759 1874 1793
' (2471 54) (55271 790) (1107 149) (6897 920) (1390i 2188) (14317 2161)

1%. IWS 4}2 7_(_)2 2.5.37 989 1§75 1§86
' (3171 58) (5321 918) (2327 339) (8707 1165) (1577i 2453) (1651 2397)

4% IWS 46 650 133 783 1854 1799

(307 58) (5507 800) (1087 211) (680i 1012) (1491i 2198) (1437i 2215)

Table 2-11. Inlet mean pollutant concentratioasd particle size distributiofwith ranges).

nlet TCd DCd TCu DCu TPb DPb TZn DZn

(ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ugll)  (ug/l)  (uglL)

1% nolws /-8 7.7 10 9.5 13.2 12.4 31.4 28.1
' (4571 9.4) (4.71 9.9) (8.2i 12) (8.1 11) (81 18) (7.5i 18) (23i 45) (207 43)

1%. IWS 9.3 8.5 12.6 11.9 16.8 17.4 38 32.2
' (7.2i 11) (6.81 11) (117 17) (9.37 16) (147 20) (147 23) (32i 46) (307 36)

4% IWS 7.3 6.4 10.1 9.3 13.3 12.3 30.1 25.5

(5.41 10) (411 9) (7.91 16) (6.71 14) (8.21 22) (7.6 20) (24i 40) (177 36)

Table 2-11. Inlet mean pollutant concentratioasd particle size distributiofwith ranges).

Inlet (diom) (diom) d90 (& Clay(%) Silt (%) Sand (%)
o WS 6.8 30.3 1234 5 67 28
! (5.201 8.51) (25.04i 37.09) (95.051 221.7) (4.51 6.26) (54.81 72.86) (21.59i 40.46)
9%, WS 7 36.5 187.1 5 57 38
! (4.991 8.55) (29.031 43.41) (139.81 2452) (4.16 6.2) (51.21i 64.13) (29.92i 44.63)
296 WS 6.6 30.1 131.4 5 67 28

(4.71 8.39)  (22.64i 41.22) (82.85i 216.9) (4.25i 7.09) (53.4i 73.44) (21.42i 42.35)
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Table 2-12. Overflow mean pollutant concentratioasd particle size distributiguvith ranges).

Overflow TSS TKN NO23s-N TN TP OP

(mg/L) (ug/L) (ug/L) (egl/ L (ug/L) (ug/L)

1%, no ws 26 679 143 822 2019 2050
' (167 31) (5687 834) (1157 170) (6937 971)  (1812i 2303) (1861 2310)

1%. IWS 2"4 7_(_)5 3.90 1.905 1&_9_97 2060
' (167 30) (5541 884) (25071 350) (9047 1141) (15777 2453) (1651-2397)

4% IWS 26 835 210 1045 1882 1839

(177 42) (6147 1159) (1637 266) (777i 1425) (1741i 2013) (1705i 1973)

Table 2-12. Overflow mean pollutant concentratioasd particle size distributiofvith ranges).

Overflow TCd DCd TCu DCu TPb DPb TZn DZn

(ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L)

1% 1o IWS 55 54 1__1 19.8 1?.7 1?.2 2?.3 2}.7
' (2.2719.1) (2.218.9) (8.4i14) (7.4714) (4.6121) (4.4721) (14i133) (157 32)

1% IWS 6...1 6'.'1 1%.4 19.7 1?.4 ;‘6 %8 2?.2
' (3.9111) (391 11) (9.1112) (8.6112 (147 19) (147 18) (217 33) (187 30)

4% IWS 2.3 2.2 13.9 13.3 10 9.4 21.3 18.9

(0.97 41) (0.813.8) (9.11 20) (8.5118) (5.6i 18) (5.1i 18) (13i32) (11i 28)

Table 2-12. Overflow mean pollutant concentratioasd particlesize distributior(with ranges).

d10 d50 doo 0 o 0
Overflow (& m) (& m) (& m) Clay (%) Silt (%) Sand (%)
6.5 27.2 71.4 6 75 19
1%, no IWS .. . . . . .
(4.31 9.6) (21.137 34.63) (54.23i1 80.01) (4.08i1 7.56) (69.75i 81.91) (10.53i 26.17)
1%. IWS 51 24.6 78 7 75 18
' (3.587 6.83) (20.53i1 28.44) (58.841 92.83) (5.147 8.12 (69.97i 81.07) (12.1i 23.01)
4% IWS 5.2 23 63.1 7 80 13

(3.01i 7.64) (18.54i 28.96) (46.94i 82.63) (4.97i 9)  (75.31i 83.86) (7.55i 19.72)
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Table 213. Underdrain mean pollutant concentratiamsl particle size distributiofwith rarges).

Underdrain TSS TKN NO2-3-N TN TP OP

(mg/L) (ug/L) (ug/L) (egl/ L (ug/L) (ug/L)

1%. 10 WS 20 6"29 1__10 7"39 1%65 1%25
' (5-51) (4627 856) (1027 135) (56471 992) (12507 1582) (12477 1460)

196, WS, 8 532 230 762 1373 L3gs
' (371 14) (4591 723) (1717 280) (6307 922) (12727 1525) (12777 1551)

4% IWS 21 713 134 847 1476 1375

(87 44) (5667 965)  (97i 158) (6807 1123) (1293i 1588) (1000i 1667)

Table 2-13. Underdrain mean pollutant concentratiamsl particle size distributiafwith ranges).

Underdrain TCd DCd TCu DCu TPb DPb TZn DZn
(ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L)
0.6 0.6 10.5 9.9 5.3 5 12.7 11.9

1%, no IWS .. ; - . . . .

(0.571.1) (0.571.1) (6.8118) (6.61717) (3.5-7.1) (3.47 6.6) (1071 20) (107 19)

1%. IWS 0.5 0.5 6 57 5 4.8 10 10
! (0.5) (0.5) (4.71 8.2) (4.6182) (4.3159) (4.115.6) (10) (10)

0.6 0.6 10.3 9.6 6.6 6.2 10.6 10

4% IWS

(051 1.2) (05-1.2) (7.9-15) (7.4-14) (5.6-8.2) (51 8) (107 14) (10)

Table 2-13. Underdrain mean pollutant concentrati@msl particle size distributigfwith ranges).

. d1o0 d50 doo o o o
Underdrain (& m) (& m) (& m) Clay (%) Silt (%) Sand (%)
2.2 17.4 41 11 83 6
1%, no IWS . . . . . .
(0.587 6.38) (13.48i 24.96) (32.63i1 54.68) (6.497 14.52) (78.37i 85.23) (2.187 11.03)
1% IWS 3.4 18.4 42.3 10 84 6
' (0.617 5.28) (13.067 21.56) (36.931 51.04) (7.077 15.77) (78.28i1 88) (4.727 9.25)
4% IWS 4.5 20.8 47.5 8

8
(1.35i 7.12) (15.08i 26.42) (36.69i 57.43) (5.65i 11.6) (81.71i 86.41) (5.22i 12.63)
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Table 2-14. Combined outflow mean pollutant concentratiansl particle size distributiofwith ranges).

Combined TSS TKN NO23-N TN TP oP

Outflow (mg/L) (ug/L) (ug/L) (egl/ L (ug/L) (ug/L)

1%, no IWS 22 653 123 776 1567 1546
' (117 47) (5517 853) (1057 136) (6717 988) (14717 1715) (14661 1718)

106, ws M 612 259 671 1631 1667
' (97 19) (4977 713) (21471 308) (B04i 928) (15511 1709) (15491 1742)

2% IWS 25 797 186 983 1758 1693

(157 40) (6047 1086) (1407 225) (758i 1311) (1675i 1842) (14671 1901)

Table 2-14. Combined outflow mean pollutant concentratians particle size distributiofwith ranges).

Combined TCd DCd TCu DCu TPb DPb TZn DZn

Outflow (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L)

1% 10 IWS 23 22 108 "10.3 "8 76 1?.5 1'5.6
: (0.97 4)  (0.97 3.9) (7.5117.2) (7i16.4) (5.5i 11.5) (5.1i 10.9) (12.5i 20.7) (11i 18.6)

1%, IWS 28 28 83 7:8 97 9_._4 17.5 1§.3
' (1.87 4.6) (1.87 4.6) (6.97 9.4) (6.47 9.1) (9.271 10.6)  (8.97 10) (14.57 19.6) (13.47 18.5)

4% IWS 1.9 1.8 12.8 12.2 9.2 8.7 18 16.2

(0.7i 3.5) (0.7i 3.3) (97 18.3) (8.4i 16.6) (5.9i 16.1) (5.3i 16)  (11.9i 25.8) (10.6i 21.8)

Table 2-14. Combined outflv mean pollutant concentratioasd particle size distributiofwith ranges).

Combined dio ds0 doo o . 0
Outflow (e m) (e m) (e m) Clay (%) Silt (%) Sand (%)
3.7 20.8 51.6 9 81 10
1%, no IWS .. . . .. . -
(1.591 7.06) (16.271 26.99)  (45.037 60) (5.981 12.84) (79.171 82.46) (6.987 14.21)
1% IWS 4.1 21.1 57.8 8 80 12
’ (2.017 5.82) (17.82i 24.03) (50.951 65.94) (6.32i 12.19) (74.63i 82.63) (9.351 13.37)
4% IWS 5 22.4 59.3 7 81 12

(2.811 6.64) (1.82i 25.95)  (46.92i 73.1)  (5.997 9.1)  (77.41i 84.22) (7.41i 15.81)
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2.5.5.2 Concentration Change

2.5.5.2.1 Sediment

All three bioswales had significaES concetmationreductionsn the overflow,
underdrain, andombined outfloncompared to the infloyTables 215, 2-16, and 217).
Additionally, all bioswale$ad a significant increase in the percentage of clay composing the
overflow sediment, highlighting thatiger particles were removed along the bioswale surface
through sedimentation and trapping by vegetation. The significant increased percentage of clay
was also found in the underdrain samples for all bioswales, showing that the media served as a
filter, particularly for particles larger than clay (>0.002 mm).

Table 2-15. Sediment change (%) for the 1%, no IWS bioswale (#6). Bolded values are significant
correlations with inflow A negative value represents greater than that of the inflow.

1%, no IWS TSS di0 d50 d90 Clay Silt Sand
Overflow 41 8 13 39 -12 -15 33
Underdrain 59 70 42 63 -115 -25 78
Combined Outflow 51 48 33 55 -81 -23 64

Table 2-16. Sediment change (%) for the 1%, IWS bioswale (#6R). Bolded values are significant
correlations with inflowA negative value represents greater than that of the inflow.

1%, IWS TSS di10 d50 d90 Clay Silt Sand
Overflow 39 27 32 56 -30 -33 51
Underdrain 86 55 50 77 -86 -49 84
Combined Outflow 66 44 42 68 -62 -42 70

Table 2-17. Sediment change (%) for the 484/S bioswale (#3). Bolded values are significant
correlations with inflowA negative value represents greater than that of the inflow.

4%, IWS TSS di0 d50 d90 Clay Silt Sand
Overflow 41 22 23 47 -31 -21 51
Underdrain 53 32 29 58 -55 -27 69
Combined Otflow 43 25 24 50 -37 -22 56

2.5.5.2.2 Nutrients

The 1%, no IWS bioswale (#6) had significant concentration increases in the overflow for

NO23-N, TN, TP and OP, presumably dueliiological processeparticle resuspensioand
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desorption along the iswale length (Table-28). However, underdrain flow had significantly
lower concentrations for NQ-N, TP, and OP compared to inflol underdrain concentrations
decreased, expected due to filtration, sorption, and vegetation uptake (NCHRP, 2006. Despi
the increased concentratsin the overflow, that of combined outflow was significantly lower.

The 1%, IWS bioswale (#6Rjad no significant nutrient concentration changes in the
overflow (Table 219). Underdrain flow had reductions for N@N, TN, TP, OP Significantly
reduced N@s-N concentration in the underdrain was likely due to the presence of IWS, which
created an anoxic zone that promoted denitrification (Kim et al., 20B83nd OP reductions
are likely due to chemical transformations (NP4 2006). Combined outflow had significant
reductions for N@s-N, TP, OP.

The overflow br the 4%, IWS bioswale (#8)ad significant concentration increases for
TKN, NO23-N, and TN, but no significant treatment for P forfiiable 220). These increase
are likely due to particle resuspension and biological processes along the bioswale length. Unlike
the overflow, the underdrain flow had no significant N treatment, but had reductions for TP and
OP, likely through filtration and chemical processes (NCHEI®6). The combined outflow
also had significant concentration increases for TKN, 882 and TN, with no significant P
treatmentDespite the IWS presence, there was no significantaNOtreatment. Bsed on the
vertical drop of 0.4 m along the biosidength and IWS depth of 0.3 m, the storage was only
within the stone layer and did not extend the full bioswale length. Thus, less volume was subject
to IWS and the associated anoxic zone compared to the 1%, IWS (#6R) bioswale for enhanced
water qualitytreatmentOverall,this design was not optimized for N or P concentration

reductionaunder these conditions
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Reductions of N and P were likely achieved by filtration, settling, and chemical and
biological treatment (NCHRP, 200B)creases in N and P coentrations leaving in the overflow
can be through resuspension of particutagend pollutantschemical transformations, and
biological processe€omparable concentration increases of N and P were reported for swales
(Knight et al., 2013; Li et al., 2@) and bioretention (Dietz and Clausen, 2006; Hunt et al., 2006;
Hunt et al., 2008). These increased were attributed to decomposition of vegetation, saturated
conditions leading to release of OP from iron oxides, and conditions not optimal for biological
treatment of N forms.

Table 2-18. Nutrient concentration change (%) for the 1%, no IWS bioswale (#6). Bolded values are
significantassociationsvith inflow. A negative value is a concentration greater than that of the inflow.

1%, no IWS TKN NO2.3-N TN TP  OP
Overflow -9 -8 -9 -9 -15
Underdrain 0 16 3 26 25
Combined Outflow -4 7 -2 15 12

Table 2-19. Nutrient concentration change (%) for the 1%, IWS bioswale (#6R). Bolded values are
significantassociation with inflow. A negative value is a concentmtigreater than that of the inflow.

1%, IWS TKN NO:23-N TN TP  OP
Overflow -1 -5 -2 -9 -11
Underdrain 22 20 22 25 25
Combined Outflow 11 10 11 11 10

Table 2-20. Nutrient concentration change (%) for the 4%, IWS bioswale (#3). Bolded values are
significantassociationsvith inflow. A negative value is a concentration greater than that of the inflow.

4%, IWS TKN NO23-N TN TP OP
Overflow -28 -67 -34 -3 -4
Underdrain -10 -4 -9 19 22
Combined Outflow -22 -46 -26 3 4

2.5.5.2.3Metals
Concerning metalghe 1%, no IWS bioswale (#6) only had significeaductions in the
overflow for Cd and ZrfTable 221). The underdrain and combined outflow had significant

reductions for Cd, Pb, and Zn.
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Similarly, no significant changes were noted from the underd@infrom the 1%, IWS
bioswale (#6R), but the overflow had reductions for Cd (Tat#2)2Combined outflow had
reductions for DCd and DCu.

The 4%, IWS bioswale (#3)verflow only had a significant reduction for DZhable 2
23). The underdrain and comtad outflow had significant reductions for all metals (Cd, Cu, Pb,
Zn).

The 4%, IWS bioswale (#3) overflow had significant reductions for Cd, Pb, and Zn, with
a significant increase in DCWMVhile this bioswale had less volume passing through the media
dueto slope, maximum metal removal has been reported to occur been the vegetation and top 10
cm of media (Kluge et al., 2018; Li and Davis, 2008). The higher proportion of volume
remaining near the bioswale surface for this configuration may be the soertganiced metal
treatmenfrom the overflow The increased DCu concentration is likely due to particle
resuspension and desorption. The underdrain and combined outflow had reductions for Cd, Pb,
and Zn. However, the combined outflow also had an increa€edcbncentration compared to
the inflow.

Overall, all bioswale design consistently had significant metal removal, with higher
reductions noted in the underdrain flovietal reductions along the surface and through the
media could be achieved through se filtration, chemical transformations (chelation,
hydrolysis, surface complexation), and vegetative uptake (NCHRP, 2006).

Table 2-21. Metal concentration changes (%) for the 1%, no IWS bioswale (#6). Bolded values are
significantassociationsvith inflow. A negative value is a concentration greater than that of the inflow.
1%, no IWS TCd DCd TCu DCu TPb DPb TzZn DZn
Overflow 30 32 -10 -13 7 4 29 21
Underdrain 92 92 -4 -4 56 56 58 55
Combined Outflow 72 72 -7 -9 38 38 46 43
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Table 222. Metal concetration changes (%) for the 1%, IWS bioswale (#6R). Bolded values are
significantassociationsvith inflow. A negative value is a concentration greater than that of the inflow.

1%, IWS TCd DCd TCu DCu TPb DPb TZn DZn
Overflow 35 31 8 8 0 4 25 21
Underdrén 94 94 51 51 69 72 73 69

Combined Outflow 70 68 33 33 41 45 53 49

Table 223. Metal concentration changes (%) for the 4%, IWS bioswale (#3). Bolded values are
significantassociation with inflow. A negative value is a concentration greater thanafhidue inflow.

4%, IWS TCd DCd TCu DCu TPb DPb TZn DZn
Overflow 70 67 46 -51 25 24 29 25
Underdrain 91 90 -8 -9 46 45 64 59

Combined Outflow 76 73 -34 -38 30 29 39 35

2.5.5.3 Load Change

2.5.5.3.1Sediment

All three bioswales had a significantdsment load removal from all three monitoring
points (overflow, underdrain, and combined outflgfable 224). Reduction from the overflow
was by sedimentatioffhe significant underdrain treatment was achieved by filtration through
the media.

Table 2-24. TSS load changes (%) for all bioswales. Bolded values are signifisantiation with

inflow.
TSS
1%, no IWS 1%, IWS 4%, IWS
Overflow 93 89 82
Underdrain 82 82 90
Combined Outflow 82 86 76

2.5.5.3.2Nutrients

Despite significant concentrationcreases for some nutrients, all three bioswales
achieved significant load removal for all nutrients (TKN, N, TN, TP, and OP) (Tables 2
25, 226, 227). TKN reduction presumably occurred as a result of biological processes in the
media, includingnitrification, which is the oxidation of ammonium to nitrate, and through

nitrogen fixation (NCHRP, 2006). While nitrification leads to an increase in nitrate within the
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system, which may lead to export from the system (Davis et al., 2001; Li and Dawvi}, 20
significant export of N@3-N was reported for these bioswales. One reason for this can be the
presence of the IWS, which can promote denitrification in the anoxic, saturated zone (Kim et al.,
2003). Additionally, the bioswale with no IWS (#6) alsad significant N@s-N load removal

from the combined outflow, showing IWS presence in these designs was not the only reason for
NO23-N outflow load removal, as noted in Davis (200%dditional N load reduction could also

be through sedimentation, féition, and vegetative uptake (NCHRP, 2006). P load removal

along the surface and through the media was through settling, filtration, sorption, and plant
uptake (NCHRP, 2006).

Table 2-25. Nutrient load changes (%) for the 1%, no IWS bioswale (#6). Baldkaks are significant
associatios with inflow

1%, no IWS TKN NO23-N TN TP oP
Overflow 87 87 86 87 86
Underdrain 76 79 75 82 89
Combined Outflow 62 66 61 69 68

Table 2-26. Nutrient load changes (%) for the 1%, IWS bioswale (#6R). Bolded valusijaificant
associationsvith inflow.

1%, IWS TKN NO:23-N TN TP OP
Overflow 83 82 83 82 81
Underdrain 81 81 81 82 97
Combined Outflow 64 63 64 63 63

Table 2-27. Nutrient load changes (%) for the 4%, IWS bioswale (#3). Bolded values are significant
associationswith inflow.

4%, IWS TKN NO23-N TN TP OP
Overflow 61 51 59 67 67
Underdrain 86 87 86 90 94
Combined Outflow 47 38 45 57 57

2.5.5.3.3 Metals

Similarly to treatment for nutrients, all three bioswales had significant load reduction for

all metals (Cd, Cu, Pb, Zn) at all monitoring points (overflow, underdrain, and combined
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outflow) (Tables 228, 229, 230). The load reduction in metals from a bioswale was through
particle settlingfiltration, vegetative uptake, and chemical processesafotre, hydrolysis,

surface complexation) (NCHRP, 2006).

Table 228. Metal load changes (%) for the 1%, no IWS bioswale (#6). Bolded values are significant
associationsvith inflow.

1%, no IWS TCd DCd TCu DCu TPb DPb TZn DZn
Overflow 92 92 87 87 88 88 91 90
Underdrain 98 98 72 72 89 88 89 88

Combined Outflow 90 90 55 54 77 77 80 79

Table 2-29. Metal load changes (%) for the 1%, IWS bioswale (#6R). Bolded values are significant
associationsvith inflow.

1%, IWS TCd DCd TCu DCu TPb DPb TZn DZn
Overflow 89 88 84 84 84 84 87 87
Underdrain 99 99 88 88 93 93 94 93

Combined Outflow 88 87 73 72 76 77 81 79

Table 230. Metal load changes (%) for the 4%, IWS bioswale (#3). Bolded values are significant
associationgvith inflow.

4%, IWS TCd DCd TCu DCu TPb DPb TZn DZn
Overflow 90 89 56 55 76 75 78 77
Underdrain 99 99 86 86 93 93 95 95

Combined Outflow 89 88 42 41 69 68 74 72

2.5.6 Bioswale Design, Event Characteristics, and Water Quality Correlations

Statistical analysis of concentrations, bioswalegtesand hydrologic performance
yielded few correlations between concentration changes and design parameters. An increased
slope resulted in lower concentration reductions from the overflow for TKNsMDard Cu.A
steeper slope had a higher proportdhe outflow leaving as overflow and higher overflow
rates, thus decreasing the potential for settling of pollutants along the surface and decreased time
for chemical transformations (Davis et al., 2012; Yousef et al., 1987). Reductions efficiency
from the underdrain for TKN, N&%-N, Cd, and Pb decreased with increasing slope. Poorer
performance through the media shows that removal mechanisms for these pollutants (filtration

and biological and chemical processes) were less active. This was potengaiyadiower
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volume passing through the media for enhanced treatment as slope increased. IWS presence was
not significantly correlated with any overflow or underdrain concentration reductions.

Outflow load changes were influenced by bioswale design atielogy (Figure 211).
Any significant correlations between bioswale slope and outflow load changes were negative,
meaning the steeper sloped bioswale more poorly removed TKps-NOTSS, Cu, and Zn
combined outflow loads. IWS had a negative associatitnNO.3-N and TP, resulting in a
lower load removal efficiency. Bioretention cells can include IWS to promote denitrification
(Brown and Hunt, 2011; Kim et al., 2003), with this SCM generally designed to have a flat base,
allowing for a uniform storageone across the SCM. However, bioswales have a sloped base,
directly affecting the storage available for IWS. Based on the designs from this study, the 1%,
IWS bioswale had a larger storage volume than the 4%, IWS bioswale based on the difference in
vertical drop across the same length. The lack of storage compared to a bioretention cell can be
the reason this design feature did not have positive treatment for these bioswales. Increasing
length and decreasing the slope will allow for more IWS volume fanpial treatment.

Higher overflow volumes and peak flow rates yielded lower outflow load reductions for
TKN, NO23-N, TP, OP, DCd, DPb, and Zn, likely due to limited opportunity for settling,
filtration, and biological and chemical processes, plus aeased potential for pollutant
resuspension. In contrast, higher underdrain peak flow rates increased load removal for TKN,
NO23-N, TP, OP, and Zn. Higher underdrain rates likely means more water is subject to media
filtration. Finally, increasing the amatiof exfiltration improved load removal for TP, OP, Cd,
Pb, and Zn.

Length was found to significantigcrease volume captyrand as such would likely

increasepollutant load reductions. However, length was not an included design variable since all
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wate quality tests were conducted on only one length (10 m). Length could also play a role in

pollutant reductions (Backstrém, 2002), but was not quantified in this study.
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Figure 2-11. Associatiomrmatrix for SECREF bioswale outflow load changes. Gigwade represents a
significant positiveassociationredshaded represents a significant negadissociation and an 06 X0
represents an insignificaassociation

2.5.7 Comparison to Swale and Bioretention Water Quality Treatment

Few studies have reportetbwale concentration reductions (CR), but many studies
have evaluated CR in swales and bioretention. Mitigation observed in bioswale overflow, based
on design, was compared to that of swales. Underdrain and combined outflow mitigation was

compared to thaif bioretention (Table-31).
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The 1%, no IWS bioswale (#6) and 1%, IWS bioswale (#6R) had overflow treatment in
range of swale reductions for TSS, TP, and Cd (Knight et al., 2013; Li et al., 2016) The 4%, IWS
bioswale (#3) overflow treatment was comgdae to that of swales for TSS, TP, Cd, and Pb
(Barrett et al., 1998; Li et al., 2016).

The 1%, no IWS bioswale (#6) underdrain treatment for TSS, Pb, and Zn were
comparable to bioretention treatment (Davis, 2007; Hunt et al., 2008), with slightly lower
treatment for TKN (Dietz and Clausen, 2006) and TP (Hunt et al., 2008). Combined outflow
concentration reductions for the 1%, no IWS bioswale were comparable to bioretention for TSS
and Pb (Davis, 2007; Hunt et al., 2008) and slightly lower for TSS anDang, 2007).

Underdrain treatment for the 1%, IWS bioswale (#6R) were comparable to bioretention for TSS,
Cu, Pb, and zZn (Davis et al., 2003; Roseen et al., 2006; Davis, 2007; Hunt et al., 2008), with
combined outflow water quality treatment similar tattbf bioretention for TSS, Pb, and Zn

(Davis et al., 2003; Davis, 2007; Hunt et al., 2008). The 4%, IWS bioswale (#3) treatment was
comparable to reported bioretention mitigation for TSS, TKN, Pb, and Zn from the underdrain
and Pb for the combined outfloi@avis, 2007; Hunt et al., 2008).

In some instances for sediment, nutrients, and metals, overflow and underdrain treatment
was comparable to that previously reported for swales and bioretention. However, noticeably
lower treatment was observed for N for(@#, TKN, NOx3-N). There are several bioswale
design features that could be incorporated which could increase treatment for these pollutants.
These features include a longer length to promote infiltration and a larger surface area for
settling, gross ftration, and biological and chemical processes and check dams to promote
infiltration of detainedsolumefor treatmenby the media. As previously mentioned, the length

and slope of a bioswale with IWS will determine the storage volume. iz:NNOremovalis a
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targeted treatment then these design parameters should be taken into account to optimize the
IWS capabilities. kss effectivéreatment, particularly for N forms, shows that these bioswale
designs were not optimized, but comparable performance feraeollutants highlights the
potential forgreater acceptance bibswalesas a commonly used SCM, with applicaticimmilar

to swales and bioretention.
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Table 2-31. Comparison of SECREF bioswale water quality treatment to reported swale anenioneresults. A negative reduction represents a
concentration increase compared to the inflow.
Concentration Reductions (%) |

Study Location TSS TKN NO,sN TN TP OP Cd Cu_ Pb_ 7n
1, no IWS Overflow 41 -9 -8 -9 -9 -15 30 -10 7 29
1, no IWS Underdrain 59 0 16 3 26 25 92 -4 56 58
1, no IWSOutflow 51 -4 7 -2 15 12 72 -7 38 46
1, IWS Overflow 39 -1 -5 -2 -9 -11 35 8 0 25
Herein 1, IWS Underdrain NC, USA 86 22 20 22 25 25 94 51 69 73
1, IWS Outflow 66 11 10 11 11 10 70 33 41 53
4, IWS Oveflow 41 -28 -67 -34 -3 -4 70  -46 25 29
4, IWS Underdrain 53 -10 -4 -9 19 22 91 -8 46 64
4, IWS Outflow 43 -22 -46 -26 3 4 76 -34 30 39
Swale 87 - 33 50 44 - - - 41 91
Barrett et al. (1998) Swale TX, USA 85 i 44 23 34 i i i 17 75
Biackstrom (202) ga::g Luled, Sweden 7998 - : .
Knight et al. (2013) Swale NC, USA 81 24 24 20 -21 -76 19 -147 - 72
Li et al. (2016) Swale Beijing, China 13 12.9 23.4 -8 -72 - 51 395 524 5409
. Bioretention - 49 52 16 65 - - 97 >05 >95
DM CEL (005 Bioretention 1412 T - 59 67 15 87 - - 43 70 64
Dietz and Clausen (200€ Bioretention CT, USA 51 26 67 -108 - - - - -
Roseen et al. (2006) Bioretention NH, USA 96 - - 27 - - - - - 99
Hunt et al., (2006) Bioretention NC, USA -170 40 -4.9 75 240 -93 - 99 81 98
Bioretention - 40 45 13 65 69 - - - -
Davis, (2007) Bioretention MD, USA 59 - - 90 79 - - 83 88 54
Bioretention 54 - - 95 77 - - 77 84 69
Hunt et al., (2008) Bioretention NC, USA 59.5 32.2 44.3 -4.7 31.4 - - 54 314 77

* Yellow indicates bioswale overflow and swales, light blue indicates bioswale underdrain and bioretention, and darkdties imaswale combined outflow.
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2.6 Summary and Conclusions

Bioswales are a newer SCM, effectively a combination akbémtion and swalebut
limited performance data exists for bioswales. Severalguialie bioswales with varying designs
were monitored for hydrologic and water quality mitigation. All bioswale designs reduced
overflow and underdrain peak flow rates frtmse of inflow.Simulated tests achieved at least
43% volume reduction and 46% combined outflow rate redudtemgth was found to have a
significant impact on both overflow and underdrain hydrologic impacts, showing this was a
variable that should baken into account for future designs. The addition of check dams
eliminatedoverflow for the limited range of scenarios tested and highlighted the favorable
hydrologic impact this feature can have on bioswale performance. The benefits of IWS were less
clea.

Changes in pollutant concentrations were decidedly mixed, with noticeably lower
treatment of N forms when comparedtablishedswale and bioretention treatmeRbwever,
all pollutant loads were significantlgwer than that of the inflowLoad redugbns were heavily
influenced by overflow and underdrain hydrologic performance and bioswale design. An
increased slope led to lower load removal efficiency for most pollutants. The implementation of
IWS significant reduced the N@N combined outflow loadAs more outflow left via the
underdrain, pollutant load removal efficiency improv&aaggestinggnhanced treatment by the
media. It should be noted that this study tested only a small range of potential inflow events and
limited variations between thedswale designs.

Future designs should account for increased length, decreased slope, and inclusion of
check dams, with the goal of increasing the volume passing through the media for enhanced

hydrologic and water quality treatment. While IWS increaseaveeflow volume and rate, due
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to ponding within the media, limiting the media volume available for infiltration, IWS did
decrease the underdrain volume and rate, which should improve water quality treatment.
Bioswales in this study have showapabilitiesto address hydrologic and water quality
attributes of runoff. Field examination is needed under a wider range of flows. These data have
contributed to the ultimate goal of optimizing bioswale designs for enhanced application and

pollutant removal.

84



2.7 Abbreviations and Correlation AxesLabels

ADP i antecedent dry period

BRC i bioretention cell

CR'1 concentration reduction

d107 diameter that comprises 10% of the sample

d507 diameter that comprises 50% of the sample

d907i diameter that comprises 90%tbe sample

DCd 1 dissolved cadmium

DCu i dissolved copper

DPbi dissolved lead

DZn 1 dissolved zinc

ET i evapotranspiration

Exfiltrated Vol T exfiltrated volume

Inlet PFR T inflow peak flow rate

Inlet Vol i inflow volume

IWS T internal water storage

LID i low impact development

LR i load reduction

NCDEQ 1 North Carolina Department of Environmental Quality

NCDOT 1 North Carolina Department of Transportation

NO23-N T nitrite and nitrate nitrogen

OP1 orthophosphate

Out T combined outflow

Over PFRT overflow peak flow rate

Over PFR Redi overflow peak flow rate reduction compared to inflow peak flow rate

Over Vol i overflow volume

Over Vol Redi reduction of inflow volume relative to overflow volume

Percent Exfil i percentage of inflow volume exfiltrated

Percent Overi percentage of outflow leaving as overflow

Percent Underi percentage of outflow leaving through the underdrain

PSD1 particle size distribution

SCM stormwater control measure

SECREFT North Carolina State University Sedimentation and Ero§lontrol Research and
Education Facility

TKN 7 total Kjeldahl nitrogen

TCd 1 total cadmium

TCu i total copper

TN T total nitrogen

Total Outflow T total outflow volume

TP 1 total phosphorus

TPb T total lead

TSSi total suspended solids

TZn 1 total zinc

Under PFRT underdrain peak flow rate

Under PFR Redi underdrain peak flow rate reduction compared to inflow peak flow rate
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Under Vol i underdrain volume
Under Vol Redi reduction of inflow volume relative to underdrain volume
WQ 1 water quality
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CHAPTER 37 EVALUATING THE HYDROLOGIC AND WATER QUALITY BENEFITS

OF FIELD -SCALE BIOSWALES IN THE NORTH CAROLINA PIEDMONT

3.1 Abstract

Bioswales are a promising stormwater control measure for highwayf management,
but few studies have assessed performance on a field scale. A bioswale is a vegetated channel
with underlying engineered media and a perforated underdrain to promote infiltration and reduce
pollutant loads. Two bioswales (BS2 and BS4&yevconstructed at the NC-BIC 98
interchange in Raleigh, North Carolina, USA, and were monitored for hydrology and water
quality for 13 months. The bioswales had different drainage areas, lengths, and slopes. BS4 had a
rock-lined forebay. BS2 was able ittfiltrate up to a 9.4/mm event and the largest event with
underdraironly flow was 70.9mm. BS4 infiltrated up to a 8@m event and the largest
underdraironly event was 1Z-mm. Both had events with significant peak flow rate reductions
(overflow and mderdrain) and a significant percent of exfiltrated volume. The differénces
design significantly influenced the underdrain hydrologic performance more than that of the
overflow. BS2 reduced loads for several pollutdiSS, TKN, TN, Cd, Pb, TZn)ut eported
total copper (TCu). All effluent concentrations met quality threshelxisept for that of TPBS4
had significant load reductions farfew pollutants (TSS, NQ-N, TCu, TPb, TZn)but only
met the North Carolina water quality thresholds for hsefBo maximize water passing through
the media the bioswale length should be extended and slope decreased. A wider base width,
presence of a forebay, and internal water storage (IWS) incorporation increased the percentage of
inflow volume exfiltrated. Tal outflow load reductions had few significant correlations with

bioswale design, but were increased with higher inflow volume exfiltration. Performance of

93



these bioswales was comparable to other studies of swales and bioretention. Overall, these
bioswaleshighlight the positive hydrologic and water quality improvements provided by a

bioswale.

3.2 Introduction

Urbanization is a global trend, with 54% of the 2014 global populétiog in urban
areas and predicted to rea&?o by 2050 (United Nations, 28). The impervious cover linked
with urbanization negatively affects water quality (Morisawa and LaFlure, 1979; Arnold et al.,
1982; Bannerman et al., 1993; Brabec et al., 2002; Todeschinie, 2016). Pollutants including
suspended solids, nutrients, polylay@aromatic hydrocarbons, and heavy metals have been
found in urban runoff (Thomson et al., 1997; Opher and Friedler, 2010; Ingvertsen et al., 2012).
Urban stormwater runoff has a detrimental effect to water quality, both on local and regional
scales (USBA, 2002, 2009).

Roadways are a major source of pollutants due to their accumulation on road surfaces
from vehicle emissions and intevent depositions (McKenzie et al., 2009; Apeagyei et al.,
2011; Gunawardana et al., 2012). Runoff flushes pollutamts fravements and transports them
to receiving waters. Constructing roads increases imperviousness, which in turn typically
increases the runoff volume and peak rate (Novotny, 2003; Minton, 2005). Lack of runoff
mitigation leads to hydromodification of dostneam receiving waters (Booth, 1990; USEPA,
2007).

The United States Federal Highway Administration (FHWA) stated that in 2016, North
Carolina (NC), USA, had 171,431 km of urban roadways (FHWA, 2016). During this same yeatr,
it was reported that RaleigNC and Durham, NC had a daily average of 13,912 and 13,759

vehicles per freeway lane, respectively (FHWA, 2018). Large roadway traffic volumes highlight
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the potential for significant pollutant deposition and accumulation on these impervious surfaces.
The North Carolina Department of Transportation (NCDOT) has implemented the Highway
Stormwater Program (NCDOT HSP) to address stormwater runoff associated with roadways,
through the implementation of structural and +stmuctural practices. Per an MS4 permsuisd
by the North Carolina Department of Environmental Quality (NCDEQ), NCDOT HSP is
obligated to install 14 retrofits annually (NCDOT HSP, 2016).

Heavy metals, nutrients, and sediment have been shown to be a major source for water
impairments in the Ureéid States (USEPA, 2016) (TabldLB Their negative effects on water
guality and human and aquatic health highlight the importance of finding practices to treat
polluted water, including roadway runoff, at or near the source.

Table 3-1. Extent of impairedvaters in the United States for key pollutants (USEPA, 2016).

Waterbody Metals Nutrients Sediment
Rivers and Streams (km) 151,280 189,924 223,559
Lakes, Reservoirs, and Ponds (ha) 498,573 159,595 203,233
Bays and Estuaries (Kin 21,041 47,332 1036
Coastal Shoreline (km) 19 217 NA
Wetlands (ha) 38,295 27,458 501

Heavy metals, both dissolved and particulate forms, impact human health and aquatic
life. Common heavy metals in the urban environment include cadmium (Cd), copper (Cu), lead
(Pb), and zin¢Zn), generally originating from vehicles, landfill leaching, and industrial
wastewater (Gautam et al., 2014). Cadmium overexposure can lead to renal dysfunction, bone
degeneration, and liver and blood damage in humans and is also highly toxic to a@ swiédsn(
et al., 2014). Copper can lead to nose, eye, and mouth irritation, nausea, diarrhea, and with
continuous exposure is shown to cause kidney damage. Copper is toxic to aquatic life at low
concentrations (Gautam et al., 2014). Lead exposure impaatsgadicially newborns, by

interfering with hemoglobin creation, kidney function, reproductive organs, nervous system
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function, and the gastrointestinal tract (Gautam et al., 2014). Large quantities of zinc can cause
nausea, vomiting, anemia, and choledtproblems (Gautam et al., 2014).

Eutrophication is a significant water quality concern. Urban drainage is one of the largest
sources of nitrogen (N) and phosphorus (P) (Davis et al., 2006). Excess nitrogen and phosphorus
in surface waters can lead to imdl algal blooms, which upon algal death and decomposition
leads to depleted dissolved oxygen levels in the water column (Pierzynski et al., 2000; Glasgow
et al., 2001). Low dissolved oxygen levels are of concern to aquatic health, often leading the
govenment to classify receiving waters as impaired.

Sediment has detrimental effects on water quality. Turbidity impedes sunlight from passing

through the water column, which in turn curtails aquatic plant growth. Sedimentation over time

alters the receivingat er bodyds bathymetry, potentially ;
decreasing channel depth and available volume, increasing flooding risk (Ongley, 1996).

Soil particles also transport pollutants such as metals and pathogens. Clay and silt
particles have higher affinity for pollutants due to their large surface area to volume ratio and
charge, compared to those of larger particles, and thus have a higher cation exchange capacity
(Sumner and Miller, 1996). Clay patrticles have ionic exchange siggcammonly a coating of
iron (Fe) and manganese (Mn) oxides which bind to these sites (Zhuang and Yu, 2002), to which
phosphorus and metals have a strong affinity. Ongley (1996) found that up to 90% of phosphorus
flux in rivers could be linked to suspendsztliment.

Low impact development (LID) is a design philosophy to manage stormwater with
limited space (Fletcher et al., 2014). The overarching purpose of LID is to develop land in such a
way that the devel oped | and § statehminuics thdseoojprec cond

development as closely as possible (Holrbaads et al., 2003; Rushton, 2001).
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Stormwater control measures (SCMs) are employed to achieve LID principles through practices
to convey, infiltrate, and treat runoff (Dunnett and @kty, 2007; Knight et al., 2013).

Swales, a structural SCM, are shallow, vegetated channels, which are generally triangular
or trapezoidal in surface geometry and are designed specifically to convey stormwater (Barrett et
al., 1998). Previous studies haeported that swales provide mean volume reductions fram 23
47% (Deletic, 2001; Rushton, 2001; Backstrom, 2002; Barrett, 2005; Ackerman and Stein, 2008;
Knight et al., 2013). Swale peak flow rate reductions have been reported #o81634
(Fassman and Lig 2009; Winston et al., 2018). The main pollutant treatment mechanisms of a
swale are sedimentation, gross particle filtration, and infiltration, with some potential for
biological and chemical reactions on the grass and soil surface (Barrett, et&l Ste@fye et al.,

2012; Yu et al., 2001). While many studies have examined conveyance through swales, a lack of
consistent literature on pollutant removal abilities remains (Backstrom, 2002; Winston et al.,
2012).

Another commonlyused SCM is a bioretenti cell (BRC), which utilizes an engineered
media to promote infiltration and pollutant removal. The media is primarily sand, with small
percentages of Afineso (silt and clay) and or
volume and mitigategak flows, while also improving water quality (Davis, 2007). Reported
bioretention peak flow rate reductions range fronr®2% (Dietz and Clausen, 2005; UNHSC,

2006; Davis, 2008; Hunt et al., 2008; Hatt et al., 2009; Lucke and Nichols, 2015; Winston et al.
2016). Monitored bioretention volume reduction ranged from&% (Luell et al., 2011; Hunt et

al., 2008; Jiang et al., 2017). The main removal mechanisms of a BRC are filtration, infiltration,
and nutrient transformation (Hunt et al., 2012). Bioretenisogenerally regarded as the most

effective SCM at pollutant removal (Davis et al., 2009).
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Bioswales are a SCM that combine the conveyance design of a dry swale and the
infiltration and nutrient transformation mechanisms of a BRC (Christianson ed@4.). 2A
bioswale appears as a grassed swale on the surface, but underlying the vegetation is an
engineered, higfiow media, similar to that of a BRC, below which is a gravel layer and
underdrain (Figure-3). The vegetation promotes sedimentation by sigwhe overflow rate,
allowing for larger particles to settle, the media and underdrain promote filtration, and the
medi aés natural organic materi al ( NOM) promot
chemical transformations (Davis et al., 2001 nHet al., 2006). Some infiltration is possible per
drainage configuration and-situ soil. Additionally, bioswales can incorporate a forebay
upstream of the bioswale, where runoff ponds, stills, and sedimentation occurs prior to entering
the bioswale. Céck dams can be installed along the bioswale length to promote ponding, which
increases potential for sedimentation, ET, and reduced overflow rate. Bioswales can also
incorporate a saturated zone, known as internal water storage (IWS), which promotes
denitification and potentially leads to exfiltration (Kim et al., 2003; Li et al., 2009; Passeport et

al., 2009; Brown and Hunt, 2011).

Top of Berm
_":Emzmzl |

Biomedia

Non-woven Fabric

Washed Stone

Perforated pipe with filter sock

Figure 3-1. Typical horizontal crossection of a bioswale.
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Limited preliminary data on runoff reduction exist for biossg{McLaughlin, 2012;
Xiao and McPherson, 2009; Anderson et al., 2016), thus a larger data set is needed to better
understand system performance. Pathogen and sediment treatment by bioswales has been
examined (Purvis et al., 2018), but little to no datatexon water quality treatment of nutrients,
metals, and sediment. Since bioswales appear to be a promising SCM, additional research is
needed to better understand their hydrologic and water quality treatment capabilities. Sufficient
knowledge will likelyinform future bioswale design standards. Therefore, research is needed to
(1) expand the bioswale database and (2) understand associations between design parameters and

performance to foster an overall understanding of bioswale capabilities.

3.3 Materials and Methods

3.3.1 Neuse River Basin

This study was located in Raleigh, NC, USA, which is within the Neuse River Basin
(Figure 32). The Neuse River Basin has a drainage area of 16,15%Hkmf which is within the
state of North Carolina, and is tB€ largest river basin in the state (NCDENR, 2009). A part of
the basin includes the Raleiffhu r ham metr opol i tan area, the sta
a2010 combined population of 632,22#hich ispredicted to increase by 15% (Raleigh) and
17.2%(Durham) by 2017 (United States Census Bureau, 2017). A North Carolina Department of
Environment and Natural Resources (NCDENR) (2009) study found that 1,617 km of freshwater
streams in the Neuse watershed were negatively impacted by nonpoint sourcerrcinofhg

stormwater runoff.
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Figure 3-2. Neuse River Basin (highlighted) in relation to the state of North Carolina (Source: NCDEQ,
2018), with the study site denoted.

3.3.2 50-98 Bioswale Location and Design Configuration

The NC 50 and NC 98 interahge in Wake County, NC, USA, was retrofitted with
several stormwater control measures, including six bioswales. Only two (BS2 and BS4) were
selected for monitoring (Figure3. The drainage area for each consisted of good condition

asphalt, grassed opspace, and woods.
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Figure 3-3. Aerial of the NC 5098 interchange and location of BS2 and BS4. (Source: Google Maps).

3.3.3 50-98 Bioswale Design

To construct each of the bioswales, a trench with a specified width (BS2r1.2
BS4=1.5m) and depth 00.9 m was excavated, with tbpstream endf the trench having a 2:1
horizontal:vertical distance (H:V) slope and the end of the trench having a 3:1 H:V slope. The
excavated trench was lined with a woven geotextile, ensuring the media remained itethe sys
while still allowing for exfiltration. The base was then filled with Grhsf ASTM standard #57
washedstone (0.23 to 3-8m stone size (NCDOT, 2016)). Next, a Grh80D perforated high
density polyethylene (HDPE) pipe wrapped with a filter sock viexsepl over the stone layer,
along the length of the bioswale. The pipe was covered withr.@bASTM #57washedstone,
resulting in a total of 0-8n of stone. The stone/underdrain layer was covered with a Type 2 geo

textile (PropexE LGenomt) NCEOTS2018);to pevedt inedi ffom
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migrating into the stone layer. The remaining 0.6 m of the trench was backfilled with media
comparable to the North Carolina Department of Environmental Quality standard (NCDENR,
2009) (Table 2), with 88% sad and 12% fines, and covered with Bermuda sbahodon
dactylon. Both bioswales had trapezoidal surface geometry, with 3:1slddslopes. Both
bioswales had at least one check dam. Each check daamhgu$tream and downstreatope

of 4:1 H:V, top widh of 0.6 m, height of 0.1, and was constructed using the existing soil.
Additionally, BS4 had IWS and a Class A-rigp (5 to 15.2m diameter stone (NCDOT, 2012))
lined forebay. Individual bioswale design characteristics can be found in T8Had

longitudinal crossections for the two bioswales are presented in Appendix C.

Table 3-2. High flow media characteristics. (NCDENR, 2009)

Characteristic Value
Sand 85-88%
Fines (Clay and Silt) 8-12%
Organic Matter 3-6%
P-Index 10-30 (1036 ppm)

Table 3-3.50-98 BS2 and BS4 bioswale design characteristics.

Characteristic BS2 BS4
Drainage area (ha) 1.38 0.72
Impervious cover (%) 14 13
Forebay length (m) NA 10.5
Forebay plunge pool length (m) NA 2.7
Forebay pool depth (m) NA 0.46
Forebay width (m) NA 2.1
Media depth (m) 0.6 0.6
Base width (m) 1.2 15
Underdrain length (m) 22 17.4
Total length (m) 26.8 235
Longitudinal Slope (%) 1.79 2.93
Check Dams 2 3
Internal Water Storage N 0.4 mat end
Surface geometry Trapezoidal
Surface side slopesi(V) 31 31
Media void storage (L 5,700 6,500
Gravel void storage (L) 3,590 4,190
Surface storage L 1,400 2,400

The bioswale in the nortbast loop (BS2) (Figure-®) had a drainage area of 1.38 ha,

14% of which was impervious roadway. BS2 was3286.in length, with a longitudinal slope of
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1.79%, and had two check dams. All highway runoff initially passed over a pervious grassed area
prior to reaching the bioswale inlet. A credsannel weir was installed at the entrance to BS2,
with a prefabricate 90° V-notch weir (Figure &). The existing concrete outlet structure was

fitted with prefabricated 60° Motch weirs for both the overflow and underdrain (Figu).3

Figure 3-4. Upstream view of BS2, with the outlet structure in the foreground.
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Figure 3-6. BS2 overflow and underdrain weir structures.

The bioswale in the nortivest loop (BS4) (Figure-3) had a drainage area of 0.72 ha,
13% of which was im@rvious roadway. BS4 was 231 in length and had a longitudinal slope
of 2.93%.Upstream othe bioswale was a rodked forebay, with a length of 16r& and an

average width of 2.1 m. The forebay followed the 2.93% slope of the bioswale, with tBesfirst
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m acting as a roekned channel, followed by a 2/m plunge pool, with a depth of 0-46. The

remaining 4m of the forebay was a rodined channel leading into thelet of the bioswale

(Figure 38). The entire forebay base was lined with Type 2tgeox t i | e fabric (Pro
Geotex® 801; 6111.87 L/minAnand then covered with G18 of class A riprap (5 to 15.2m

diameter stone) (NCDOT, 2012). The end of the BS4 underdrain was fitted with a 0.4m upturned
elbow, creating internal water storage (IWS).Aghway runoff initially passed over pervious

grassed area prior to reaching the forebay. A ethasnel weiwas installed at thmlet of the

bioswale, downstream of the forebay, with a prefabricated 12@5tvh weir (Figure 8). The

existing concete outlet structure was fitted with prefabricateddtch weirs, 90° for the

overflow and 60° for the underdrain (Figur®3

’ &
&

e

Figure 3-7. Upstream view of BS4.
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Figure 3-9. BS4 overflow ad underdrain weir structures.

3.3.4 Field Monitoring Setup and Methodology

Each weir (inlet, overflow, underdrain) had a Teledyne ISCO 6712 (Lincoln, NE, USA)
automated sampl er wi forlstage manBofingSarmpliny vds golumeno d u | e
pacedwhich was calculated based on the flow depth over the weir, its corresponding flow rate,
and the resulting volume passing over the weir. The ISCO converted the measured flow depth to
its corresponding flow rate and volume using the following equations.

The equation for the 60° weirs is as follows (Eqn. 1):
0 X wgp 08 (1)
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whereQ is the flow rate in L€ andH is the flow depth in m. This applies to the BS2 overflow,
BS2 underdrain, and BS4 underdrain.
The equation for the 90° weirs is as follo(igin. 2):
0 poyro® 2)
This applies to the BS2 inlet and BS4 overflow.
The runoff volume at each monitoring point was calculated by integrating over the ISCO 2
minute (120 s) flow data collection interval.

The equation for runoff volume is asltavs (Eqn. 3):

@ 0 0o 3
whereV is the corresponding volume in Q,is the corresponding flow rate in X sandt is the
measurement time interval (120 s).

Due to submergence of the BS4 inlet weir, caused by the deep forebay and tailwater
resulting from the downstream check dam, the sampling for this monitoring location was
triggered by rainfall at a rain gauge next to the inlet, which was then used to determine the inlet
peak flow rate and volume. Rainfall depth is a typicakgd prediwr of runoff volume in an
urbanized watershed (USEPA, 1992). The sampling program was triggered when 1.18 mm of
rain fell during a 6@minute time period. A sample was collected after each additional 0.8 mm of
rainfall. Rainfall data were collected om#@nute intervals. Since theresweno corresponding
flow data at the inlet, the inlet peak flow rate veaimate based on the rainfall data, using the

Rational Method (Eqn. 4):

0 Q6 Qb 4)
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whereQ is the peak flow rate (L', kis an English tanetic conversion factor (0.002783,is
the composite runoff coefficieritjs the rainfall intensity (mm Hj), andA is the drainage area
(ha).
Based on the site characteristics, a composite runoff coeffi€gnf 0.297 (0.95 for
asphalt (0.09 ha) and@for grass on a heavy soil with average slopg%® (0.63 ha)). The
rainfall intensity () was the Eminute peak rainfall intensity for the corresponding storm.
The BS4 inflow volume was calculated using the Discrete NRCS Curve Number method (Eqgn.

5).

0 Y p T (5)

where Q* is the runoff depth (mm), P is the rainfall depth (mm), S is the maximum retention
after rainfall begins (mm), and CN is the curve number. The Q* and corresponding runoff
volume was caldated for each land use (pervious and impervious) and combined to obtain the
total storm runoff for each event. A CN of 89 and 98 were used for the pervious areas and
impervious roadway, respectively.

Additionally, for both bioswales, the volume of raithfanding directly on the bioswale
area wagstimatedising the following equation (Eqn. 6):

0 YO Q (6)
whereVirain is the volume of water landing on the bioswale surface§A)s the bioswale surface
area (M), and d is the rainfall depth (mm). This volume was added to the inlet volume calculated
from the weir (BS2) or CN metho®8%4) and then used as the total inlet volume for all further
calculations (Eqn. 7).

® @ ® (7)
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3.3.5 Water Quality Sampling

Water quality samples were collected for analysis after flow over the weir was
completed. Bch 10 L bottle was shaken tegespend any pollutants and ssdimpled into the
appropriate collection containers, as specified by the analytical method (F4blAIB
composite samples were analyzed for total suspended solids (TSS) (APHA, 199K]etdédl
nitrogen (TKN) (USEPA, 1978), nitrite and nitrate (b4N) (USEPA, 1993a), total phosphorus
(TP) (USEPA, 1993b), orthophosphate (OP) (USEPA, 1993b), cadmium (Cd), copper (Cu), lead
(Pb), and zinc (Zn), with metals being analyzed for total (T)dasgblved (D) phases (USEPA,
1994). Any remaining sample was discarded and the bottle was washed with deionized water and
replaced in the ISCO for the next storm sampling event. All sample bottles were placed on ice
immediately after sulsampling and chiéd to less than 4° C for transport to the North Carolina
State University Center for Applied Aquatic Ecology (NCSU CAAE) (Raleigh, NC) for
sediment and nutrients analyses and the North Carolina Department of Environmental Quality
WSS Chemistry LaboratofNCDEQ WSS) (Raleigh, NC) for metals analyses. Practical
detection limits (PQLs) and analysis methodology for each pollutant are reported in-Bable 3

Table 3-4. Practical detection limits for all monitored pollutants.
Pollutant PQL (&1 Analytical Methodology

TKN 280 EPA Method 351.2, Rev. 2.(
NO23-N 11.2 EPA Method 353.2, Rev. 2.(
TP 10 EPA Method 365.1, Rev. 2.(
OoP 12 EPA Method 365.1, Rev. 2.(
TSS (mg/L) 2.5 SM 2540 D
Cd (T&D) 0.5 EPA Method 200.8, Rev. 5.
Cu (T&D) 2.0 EPA Method 200.8, Rek.4
Pb (T&D) 2.0 EPA Method 200.8, Rev. 5.¢
Zn (T&D) 10 EPA Method 200.8, Rev. 5./

Particle size distribution (PSD) tests were conducted for storms with sufficient runoff
volume. These samples were taken to the North Carolina State University Depaftiarine,

Earth, and Atmospheric Sciences Lab (Raleigh, NC) for analysis using a laser diffraction particle

109



size analyzer. Results were reported as the differential volume percentage for particles from 0.04
to 2000 em in di addetamdevalued. Thesg valweas tvdre themused tb

calculate the percent of sand, silt, and clay within each sample, yielding soil texture.

3.3.6 Hydrologic Data Analysis

A rain gauge located at BS4 was utilized to determine the total rainfall degacior
storm event. Storm events were separatadga minimum 6hour antecedent dry period (ADP)
criterion The rainfall depth, rainfall duration, and antecedent dry period tetdedfor each
event. The 5®8 site was monitored from March 2017 to AR@18. Rainfall depth during this
period totaled 111.8 cm, below the 124 £3month average rainfall f&@0092017 recorded
in Durham, NC, 16 km northwest of the-98 intersection (State Climate Office of North
Carolina, 2018). However, there was a clative period of approximately two weeks in which
no rainfall was recorded due to equipment failure.

Hydrologic data from each monitoring point (inlet, overflow, underdrain) were collected.
From these data, the following were calculated: total inlet ve|Juowerflow volume, underdrain
volume, inlet peak flow rate, overflow peak flow rate, underdrain peak flow rate, percent of inlet
volume exfiltrated, and peak flow rate reductions. The exfiltrated volume, the difference between
the inflow volume and the tal outflow (overflow and underdrain) (Egn. 8), represents the water
which left the bioswale network into tive-situ soil.

W W W W (8)
Peak flow rate reductions were calculated using Eqn. 9:
0 QA% & 0hd Q6 wo Qé &

h h

pmTmb (9)
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All volumes (total inlet, overflow, underdrain) were converted into the equivalent
watersheemillimeters (Eqn. 10).

0O _— (10)
whereDwsmmis the watershed rain depth equivalent (mm), total volume is the total volume for
the respective monitoring point (L), watershed area is the drainage &jea (m

This alculation helped determine if there were any ISCO recording errors, serving as a
ceiling for SCM outflow. Storms with at least 20% more outflow than inflow were removed from
the analysisThis criterionwas chosen as a threshold because this is withiaseriated range
of flow rates associated with thee v e | measurement accuracy of
(x0.002 m for a water level between 0.03 to 1.32 m, Teledyne ISCO, Inc., 2005).

Additionally, Wilcoxon sigaranked norparametric tests were condwtt® determine if

there were any significant correl atparametwrs ( U=0.

(peak flow rate, volume) and water qualiigrametergconcentration, load) and corresponding
overflow, underdrain, and outflow value (hydrgjoand water quality).

To better understand how each bioswale conveyed large events, those with the five
largest rainfall depths and five highest rainfall intensities welected for analysighe volume
and flow rate mitigation of these events was rgggbto allow for observation d¢drge event

performance.

3.3.7 Water Quality Data Analysis
Water quality data from both monitored bioswales were analyzed to determine

concentration reductions (CR) in the overflow and underdrain (BqUBEPA, 2002).
8 8 h h

6€¢& OQE OYDOCD S WE & 3

pmmp (12)
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where CR is the concentration reduction for the particular pollutant (%)comet is the
concentration for the particular pollutant at the inlet monitoring point (mg/L), and outflow conc.
is the concentration for the same pollutant at the specific outlet monitoring point (overflow or
underdrain) (mg/L).

Each concentration was miplied by the corresponding water volume (inlet, overflow,
or underdrain) to determine the load for each pollutant at each respective monitoring point. From
these calculated loads, the load reduction (LR) in the combined total outflow (overflow and

underdain) were calculated (Eqn2t

D& AMNQO OdWE & pTTD (12)

Paired inflow and outflow datwere statistically analyzed wikhsoftware (v. 3.4.3) (R
Core Team, 2013)3ingWilcoxon sigrrankednon-parametric test for all pollutant parameters:
TSS, TKN, NO23-N, TP, OrtheP, TCd, DCd, TCu, DCu, TPb, DPb, TZn, and DZn, to
determine i f reductions (concentration and | o
eachbioswale and each monitoring point were compared to the North Carolina Surface Water
Quality Standards and SCM target metrics (Tab$.3

Table 3-5. Water quality standards or metric for each monitored pollutant.

Pollutant Standard Classification Reference
TSS 10,000; 20,000  Trout; High Quality Waters NCDEQ, 2017a
Nitrate Nitrogen 10,000 Water Supply NCDEQ, 2017a
Total Nitrogen 990 Benthos health McNett et al., 2010
Total Phosphorus 110 Benthos health McNett et al., 2010
Cadmium* 1.8;0.72 Acute/Chronic NCDEQ, 2017a
Copper* 13.44 ; 8.96 Acute/Chronic NCDEQ, 2017a
Lead* 64.58 ; 2.52 Acute/Chronic NCDEQ, 2017a
Zinc* 117.18;118.14 Acute/Chronic NCDEQ, 2017a

* Metal concentrations given are based on a hardness of 100Inas ICAC%.

3.3.8 Bioswale Design, Hydrology, and Water Quality Interaction Analysis
In addition to calculating the hydrologic and water quality treatment provided by each

bioswale, statistical analysis was conducted to determine if any design differences influenced
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perfamance. To compare all potential associations, all data were imported into R software (v.

3.4.3) (R Core Team, 2013) and a correlation

3.3.9 Analysis for Bioswale Degradation

Over time, a bioswale has thetpntial for clogging due to sediment build up, which can
decrease its hydrologic function. The ratio of overflow volume to underdrain volume was
calcul ated for each storm event, as a potent.i
parametric test wearun comparing the storm event number to the rdtiwas hypothesized that

theratio would increase with storm number if clogging were occurring.

3.4 Results and Discussion

3.4.1 Hydrologic Performance

At both bioswales, the storm events were dividedt 0 e ¥/ e o t catégpres D)
inflow events, 2) events that were completely infiltrated and resulted in no appreciable overflow
and underdrain volumes, 3) events that produced only appreciable underdrain volume, and 4)
events that had apprecialaeerflow volume. For any storm event, the overflow or underdrain
volume was considered appreciable if (1) the volume was equal to or greater than 1% of the
inflow volume and (2) was greater than a runoff depth of 0.25 mm.

Twenty-six events were monitoreat BS2 (Table &). Of these, two storm events were
completely infiltrated. The largest infiltrated event was@m. While smaller events did have
appreciable underdrain volumes, this could be due to the rainfall intensity, where intensity results
in an nflow rate greater than the exfiltration rate. Storm events with only underdrain flow ranged
from 6.4mm to 70.9mm, highlighting the capability of this bioswale to handle and treat large

rainfall depths without overflow. The smallest event to produceflovewas 20.3 mm.
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Table 3-6. Fate of BS2 inflow based on ISCO and rainfall data.

Event Type Number Median Mean Range
of Events (mm) (mm) (mm)
ISCO Inflow Events 26 20.6 25.4 6.47 133.9
Completely Infiltrated 2 8.9 8.9 8.17 9.7
Underdraironly Flow 12 12.5 16.5 6.47 70.9
Overflow 12 26.4 37.1 20.37 133.9

Each oé&vehtectegprieswas statistically analyzed to determine if the peak
flow reductions (overflow and underdrain) and percentage of inlet volume exfiltrated were
significant. ForBS2, all overflow and underdrain peak flow rate reductions were significant
(Table 37). Overflow rate reductions were comparable to that of swales (Winston et al., 2018)
and underdrain and overflow reductions were comparable to that previously reported f
bioretention (Davis, 2008; Hunt et al., 2008; Lucke and Nichols, 2015). The percent of
exfiltrated volume were significantfarl | 6 e v e nt . The/vplente reductiens waere o0 s
somewhat comparable to those previously reported for swales (DelliG, Rushton, 2001,
Backstrom, 2002; Barrett, 2005; Ackerman and Stein, 2008; Knight et al., 2013), bioretention
(Lucke and Nichols, 2015; Anderson et al., 2016; Jiang et al., 2017), and bioswales (Anderson et

al., 2016).
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Table 3-7. Mean hydrology prformance of BS2.

Underdrain Combined

Inlet Peak Inlet Overflow Peak Overflow Underdrain
Event Type Flow Rate Volume Flow Rate Volume Peak Flow Rate Outflow Rate
(Ls? (L) (Ls? (L) (Ls? (Ls?
Rain gauge Inflow 10.5 78,749 5.2 27,666 1.4 5.6
Completely Infiltrated 0.793 2,662 0 0 0 NA
Underdraironly Flow 7.05 25,627 0 0 1.3 1.3
Overflow 15.6 99,477 114 59,975 1.7 10.7

*(N) 1 denotes data sets found to be normally distributed.

Table 3-7. Mean hydrology pdormance of BS2. Bolded values are significemtrelations with inflow(U=0.05).

Overflow Peak Flow Underdrain Peak Combined Outflow

Inflow Volume

Event Type Rate Reduction Flow Rate Reduction = Rate Reduction Exfiltrated
(%) (%) (%) (%)
Rain gauge Inflow 70 74 54 19
Completely Infiltrated NA NA NA 100
Underdraironly Flow NA 62 62 23
Overflow 35 82 (N) 38 1

*(N) T denotes data sets found to be normally distributed.
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The five largest rainfall intensities ranged from 118.9 to 80.8 mhiTrable 38). Of
these five events, two resulted in no appreciable overflow. Tlreqage of inflow volume
exfiltrated ranged from 3 to 77%. A combined outflow rate reduction of at least 55% was
achieved for these high intensity events. The highest rainfall intensity event at BS2 (118.9 mm
hr) (#32) was equivalent to a 5¢0min even{NOAA, 2018) and only had 9% of the inflow
volume exfiltrated, but had over half of the outflow volume passing through the media and
achieved a 56% peak outflow rate reduction. BS2 was likely able to infiltrate a large fraction of
inflow volume into the radia for the largest intensity event (#32) as rainfall only lasted 1.3
hours, reducing the chance of the media becoming saturated over an extended period, limiting
infiltration capabilities.

The largest five rainfall events had depths from 133.9 to 3th3hable 39), with a
combined outflow rate reduction of at least 11% achieved for all events. The largest rainfall
event (133.9mm) occurred over a 3@our period but only had 21% of the outflow pass through
the media. The long rainfall period, but lowadtion of underdrain volume was likely due to the
system remaining saturated during the event, limiting the unsaturated media volume available for
continuous infiltration.

Only one event had greater than 9% of inflow volume exfiltrated. This event gfth hi
exfiltration was the only event thaias ranked both in thtep five highest rainfall intensity and
rainfall depth (#22). Event 22 had a rainfall depth of #8r@ andintensity 0f100.6 mm htt
with no overflow and 77% of the inflow volunexfiltrated highlighting the ability of BS2 to
mitigate the volume of larger events (8@min). This event lasted over a-tbOur period, with
peak rainfall occurring during the first hour of rainfall. The lower intensity over the majority of

the rainfall period waskely why BS2 was able to pass all inflow through the media.
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Table 3-8. Hydrologic performance of BS2 events with largest rainfall intensities.

Overflow Peak  Underdrain Peak Combined Peak

Event Intensity Rgénf?hll Frequenc % Over of % Under of % Flow Rate Flow Rate Flow Rate
(mm/hr) (m[r)n) q y outflow outflow Exfiltrated Reduction Reduction Reduction
(%) (%) (%)
32 118.9 23.1 5yr-10min 38 62 9 56 83 56
18 103.6 23.6 2yr-15min 0 100 57 100 86 86
22 100.6 70.9 50yr-30min 0 100 77 100 86 86
35 100.6 335 5yr-15min 41 59 3 50 89 55
19 80.8 20.3 lyr-15min 35 65 15 67 84 67
*Frequency based on peaknfinute intensity and rainfall depth for each event, rather than storm duration. For refereoeinlgvent has an intensity of 122 mm/hr.
Table 3-9. Hydrologic performance of BS2 events with largest rainfall depth.
Rainfall Overflow Peak Underdrain Combined Peak
Event Debpth Intensity Frequenc % Over of % Under of % Flow Rate Peak Flow Rate Flow Rate
(mﬁ"n) (mm/hr) q y outflow outflow Exfiltrated Reduction Reduction Reduction
(%) (%) (%)
11 133.9 22.9 100yr6hr 79 21 9 6 93 12
22 70.9 100.6 50yr-30min 0 100 77 100 86 86
60 53.1 57.9 10yr-60min 81 19 9 7 94 11
35 33.5 100.6 5yr-15min 41 59 3 50 89 55
59 32.3 10.7 2yr-6hr 6 94 0 70 46 a7

*Frequency based qmeak 5minute intensity and rainfall depth for each event, rather than storm duration. For referefreinlgvent has an intensity of 122 mm/hr.
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Of the total 26 storm events analyzed at BS4, four were completely infiltrated
(mean=6.emm,Table 310). The range of events producing only underdrain flow was smaller
than that of BS2 (5.3 mm to 11.7 mm). A much smaller rainfall depth produced overflow at BS4
compared to BS2, but this could be due to rainfall intensity and differences between the two data
sesk. Moreover, the two bioswales were designed differently, notably the presence of a forebay
and IWS at BS4.

Table 3-10. Fate of BS4 inflow based on rain gauge and ISCO data.

Event Type Number Median Mean Range
of Events (mm) (mm) (mm)
ISCO Inflow Events 26 14.2 21.8 5.17 133.9
Completely Infiltrated 4 6.4 6.6 5.17 8.2
Underdrainonly Flow 4 8.4 8.4 5.31 11.7
Overflow 18 19.8 28.2 8.61 133.9

Onlytwo6 e v e n sceranof @)aall events and (4) overflow events, had significant
peak flow rate regctions (Table 3.1). These peak flow rate reductions were comparable to that
previously reported for bioretention (Davis, 206Rint et al., 2008; Lucke and Nichols, 2015).
These same two scenarios (1 antd&@] a significant percent of inflow volume dttAted. The
larger percent of exfiltrated volume, compared to those of BS2, can be linked with the IWS
design feature, which has reported significant hydrologic improvements (Li et al., 2009; Brown
and Hunt, 2011). The volume reductions were similaraselof swales (Deletic, 2001; Rushton,
2001; Backstrom, 2002; Barrett, 2005; Ackerman and Stein, 2008; Knight et al., 2013),
bioretention (Lucke and Nichols, 2015; Anderson et al., 2016; Jiang et al., 2017), and bioswales

(Anderson et al., 2016).
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Table 3-11.Mean hydrology behavior for BS4.

Inlet Peak Inlet Overflow Peak Overflow Underdrain Underdrain Combined

Event Type Flow Rate Volume Flow Rate Volume Peak Flow Rate  Volume Outflow Rate
(Lsh (L) (Lsh (L) (Lsh L) (Lsh
Rain gauge Ifiow 13.9 68,329 6.1 26,052 0.62 9571 5.9
Completely Infiltrated 9.9 3,370 0 0 0 0 NA
Underdraironly Flow 12.9 6,683 0 0 0.14 1,812 0.14
Overflow 14.9 96,447 8.9 37,661 0.88 13,422 8.6

*(N) denotes a data set found to be normally distributed.

Table 3-11. Mean hydrology behavior for BS4. ltalic values are signifieasbciations with inflowU=0.05).
Overflow Peak Flow Underdrain Peak Combined Outflow Inflow Volume

Event Type Rate Reduction Flow Rate Reduction = Rate Reduction Exfiltrated
(%) (%) (%) (%)
Rain gauge Inflow 47 94 (N) 55 51
Completely Infiltrated NA NA NA 100
Underdraironly Flow NA 99 99 59
Overflow 34 90 (N) 37 38

*(N) denotes a data set found to be normally distributed.
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The five highest rainfall intensities recorded at BS4 eanfigom 57.9 down to 30.5 mm
hr?, with three events having an intensity of 30.5 mrh(fiable 312). Of these seven events,
one resulted in no appreciable overflow and one exfiltrated all inflow volume. The events with
no overflow (#25 and #9) had thenest rainfall depths of these top events, allowing the
bioswale to capture all inflow. The highest intensity event (#60) did not result in a combined
peak flow rate reduction, likely due to the large percentage of volume passing over the surface
(88%), poentially increasing in flow rate along the length. This event occurred ovetebr6
period, with the peak rainfall intensity in the last hour of rainfall. The high proportion of
overflow volume could be due to the media being saturated at the poeslofginfall intensity,
decreasing the ability of the media to infiltrate inflow volume.

The five largest rainfall events ranged from 133.9 to 28.2 mm (TabB.3All events
had appreciable overflow and underdrain volume. Four of the events had lbwéitia outflow
occurring as overflow, which could be due to the media saturated with the large inflow volume,
decreasing unsaturated media volume for infiltration. A wide range of combined peak flow rate
reductions were noted, with two events havingneneased outflow rate compared to the inflow
rate, which could be caused by a an increased flow depth, decreasing the ability for vegetation to
slow flow. While not all of the largest rainfall events had flow rate reductions, each was able to
provide volune mitigation, with at least 21% of the inflow volume exfiltrated into underlying
soils.

Event 60 had high rainfall depth (rank=2) and intensity (rank=1). The majority of the
outflow left as overflow (88%) and did not result in a combined outflow ratgct®n. The
ability of BS4 to exfiltrate32% of the inflow volume during this large event was likely due to the

rainfall occurring over a 3@our period, with the peak intensity not occurring until the last hour
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of rainfall. While there was no peak flowate reduction, the positive volumeductionshows the

capability of BS4 to handle large rainfall depths and intensities.
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Table 3-12. Hydrologic performance of BS4 events with largest rainfall intensities

Overflow Peak Underdrain Peak

Combined Peak

Event Intensity RSénft?:l Frequenc % Over of % Under of % Flow Rate Flow Rate Flow Rate
(mm/hr) (m%) q y outflow outflow Exfiltrated Reduction Reduction Reduction
(%) (%) (%)
60 57.9 53.1 10yr-60min 88 12 32 -78 95 -75
24 41.1 135 2yr-60min 52 48 51 79 98 79
43 38.1 13.2 1lyr-60min 58 42 23 68 97 69
28 33.5 13.2 1yr-60min 28 72 53 20 95 91
30 30.5 14.0 1lyr-60min 39 61 37 86 96 87
25 30.5 9.7 1yr-60min 0 100 82 100 99 99
9 30.5 8.1 1lyr-60min 0 0 100 100 100 100
*Frequency based on peaknfinute intessity and rainfall depth for each event, rather than storm duration. For refererbajifiygvent has an intensity of 122 mm/hr.
Table 3-13.Hydrologic performance of BS4 events with largest rainfall depths.
Rainfall Overflow Peak Underdrain Peak Combined Peak
Event Debpth Intensity Frequenc % Over of % Under of % Flow Rate Flow Rate Flow Rate
(mﬁ"n) (mm/hr) q y outflow outflow Exfiltrated Reduction Reduction Reduction
(%) (%) (%)
11 133.9 22.9 100yr6hr 82 18 53 13 91 19
60 53.1 57.9 10yr-60min 88 12 32 78 95 75
47 37.6 22.9 lyr-2hr 83 17 67 33 94 28
59 32.3 10.7 2yr-6hr 31 69 62 69 85 74
58 28.2 MD 2yr-15min 73 27 21 MD MD MD

*MD=missing data; Frequency based on peakibute intensity and rainfall depth for each event, rather than storm duration.dfencef, 1y5min event has an intensity of 122 mm/hr.
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3.4.2 Bioswale Design, Storm Characteristics, and Hydrologic Performance Interactions

Statistical analysis was conducted to determine if any of the bioswale design variables
and/or storm characterig§ significantly influenced bioswale hydrologic performance. The
correlation results can be used to assist in design considerations for future bioswale applications
(Figure 310).

Rainfall depth influenced all hydrologic outcomes, except the volume ahkdflpe rate
reductions at the underdrain and the percentage of exfiltrated volume. The ADP had no
significant associations with the hydrologic behavior of the bioswales. An increased bioswale
slope decreased the underdrain volume and peak flow rateeapdrttentage of combined
outflow leaving the underdrain, due to a decreased time for infiltration along the bioswale.
Increased length resulted in increased underdrain volume and peak flow rate, with a larger
percentage of the outflow leaving through tinelerdrain, highlighting that length influenced the
capability for water to infiltrate into the media along a bioswale. An increased base width,
forebay, and IWS decreased the underdrain total volume and peak flow rate, while increasing the
percentage of ftow volume thatexfiltrated, as supported by the differences in hydrologic
performance between BS2 and BS4. While the forebay has a goal of stilling the water before the
flow enters the bioswale, this feature did not directly influence the overta fow rate for
this bioswale. However, as previously noted, there wehgtwo bioswales anseveral
differences in design that may have compounded the effects of the forebay.

In addition to bioswale design parameters, the rainfall event was also significa
hydrologic performance. An increase in inflow volume and peak flow rate from a larger or more
intense storm led to higher volume and peak flow rate for both the overflow and underdrain.

Additionally, the increase in inflow hydrology increased thegetage of outflow leaving as
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overflow with a decreased percentage for outflow leaving via the underdrain, due to inflow rates
exceeding infiltration capabilities of the media.

One main goal of a bioswale is to increase the proportion of flow passimg/thttoe
media to enhance treatment. Bioswale design parameters (length, base width, and slope) need to
be taken into account to increase outflow passing through the media. These characteristics and
parameters did not correlate with overflow; however pasgignificant associations were found
between the overflow and underdrain hydrology. Designing to improve undepdosided
mitigation indirectly influences overflow. Overall, these associations highlight that a bioswale
should not only be designed ibwithin a rightof-way, but also accommodate the design storm
and drainage area. Based on these two bioswales, the length and base width should be extended,
along with the addition of a forebay, and potentially IWS, to optimize the overall design and

bioswale volume and flow rate management.
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Figure 3-10. Associatiormatrix for 5398 bioswale hydrologic performance. Gregvaded represents a
significant positiveassociatia, redshaded representsanificant negative association and an 0 X0
represert an insignificanaissociation

3.4.3 Comparison to Swale and Bioretention Hydrologic Treatment

SCMs focus on volume and flow rate mitigation to achieve the goal of mimicking pre
development hydrology. The volume and combined flow rate reductions &emarso (1), all
events, for both BS2 and BS4 were within the range of previously reported swale and
bioretention hydrologic treatment (Tablel3). These results highlighted that bioswales could be
employed as a SCM to achieve comparable hydrologic mdigéo commonly used SCMs of

swales and bioretention.
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Table 3-14. Comparison of 5®8 bioswale hydrologic treatment to reported swale and bioretention results.

Volume Flow Rate
Study SCM Location Reduction Reduction*
(%) (%)
: BS2 (All eventsscenario) : 19 54
Herein BS4 (All events scenario North Carolina, USA 51 55
Rushton (2001) Swale Florida, USA 32-50 -
Ackerman and Stein (2008 Swale Oregon, California, and North Carolina, US  21-77 -
Fassman and Liao (2009) Swale Auckland, New Zealand 11-75 31-86
Davis et al. (2012 (a)) Swale Maryland, USA 27-63 -
Knight et al. (2013) Swale North Carolina, USA 0-80 -
Rujner et al. (2016) Swale Lulea, Sweden 55 40
Lucke et al. (2014) Swale Sunshine Coast, Australia - 61
Winston et al. (2018) Swale North Carolina, USA 17-20 44-48
UNHSC (2006) Bioretention New Hampshire, USA - 85
Ackerman and Stein (2008 Bioretention California, Oregon, and Washington, USA  14-77 -
Davis (2008) Bioretention Maryland, USA - 44-63
Hunt et al. (2008) Bioretention North Caolina, USA >96
Luell et al. (2010) Bioretention North Carolina, USA 47-69 -
Lucke and Nichols (2015) Bioretention Sunshine Coast, Australia 32-84 7994
Winston et al. (2016) Bioretention Ohio, USA 24-96 36-59
Jiang et al. (2017) Bioretention China 54-98 -

*Reported flow rate reductions from this study are for the combined outflow rate.
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3.4.4 Bioswale Degradation

Statistical analysis (Kendall 6s tau) was
volume ratio pemm of rainfall increased ovéime, showing hydrologic degradation of a
bioswale. If surface clogging were present, this ratio would increase with time. Neither BS2 nor

BS4 showed significant signs of degradation over then@8th monitored period (Figure1d).
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Figure 3-11.Graphcal representation of overflow to underdrain volume per mm of rainfall over time to
determine potential degradation.

3.4.5 BS2 Water Quality

3.4.5.1 BS2 Water Quality Events

Twenty-four events were sampled for water quality at BS2, with only 13 stoeesimg
the hydrologic requirements (Section 3.3.6) (TablkbR All 23 storms events were utilized to
determine average concentrations for the inlet, overflow, and underdrain. The storm
characteristics, pollutants sampled, and range of concentraticaisdgents are reported in

Appendix D. The 13 events that met hydrologic requirements were used to calculate the
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combined outflow concentration, outflow concentration reduction, loads at each sampling point,
and load reductions. At least one water qualitgnt was captured for each season. The storm
events range from 11.7 mm to 70.9 mm (mean 30 mm), with ADPs ranging from 0.57 to 12.88
days (mean 5.38 days). A majority of the storm events had a full set of water quality
measurements for the inlet and urtam (n=11 of 13).

Table 3-15. Rainfall characteristics and samples taken for each BS2 storm sampling event meeting the
hydrologic requirements.
Rainfall Antecedent Sampled Sampled Sampled for

Date Season  Depth Dry Period  for Inlet for Underdrain
(mm) (days) Flow? Overflow? Flow?
6/24/2017 Summer 23.6 0.57 S,N,M NA S,N,M
8/11/2017 Summer 70.9 3.30 S,N,M NA S,N,M
8/13/2017 Summer 24.6 0.78 S,N,M,P S,N,M,P S,N,M
9/6/2017 Summer 14.0 0.64 S,N,M NA S,N,M
9/21/2017 Summer 231 8.83 S,N NA SN
10/23/2017  Fall 33.5 7.36 S,N,M,P S,N,M,P S,N,M,P
3/6/2018  Winter 11.7 4.67 N NA S,N
3/11/2018 Winter 25.4 4.33 S,N,M SN, TM S,N,.M
3/20/2018  Spring 27.2 7.17 S,N,M S,N,.M S,N,.M
3/24/2018  Spring 28.2 3.67 S,N,M,P S,N,M,P S,N,M,P
4/7/2018  Spring 32.3 12.88 S,N,M SN S,N,.M
4/15/2018  Spring 53.1 7.73 S,N,M,P S,N,M,P S,N,M,P
4/24/2018 Spring 22.4 8.06 S,N,M,P S,N S,N,M,P

*MD: missing datasets, unable to calculate ADP; S: sediment (TSS), N: nutrients (TKN3-NQOPP, orthophosphate); P: particle size analysis;
M: all metals; TM: only total metals; NA: no appreciable volume to sample.

3.4.5.2 BS2 Impacts on Concentration

Mean concentrations and particle analysis for BS2 are reported in FabI&S2
combined outflow met the water quality thresholds for TSS, Tid,adl metals.
Table 3-16.BS2 mean pollutant concentratioBald italic values meet the defined water quality metrics.

TSS TKN NO.s-N TN TP OP
(mg/ll) (eg! (eg/!/ (egi(egl(eqgl

Sampling Location

Inflow? 34 993 72 1065 154 41
Overflow? 29 762 62 762 158 49
Underdraid 7 588 106 694 118 54
Combined Outflow 12 583 85 668 122 53

a: All 25 sampling events used; b: 13 events meeting the hydrologic requirements used.
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Table 3-16 (continued). BS2 mean pollutant concentratiol®ld italic values meet the defined water
quality metrics.
Sampling Location TCd DCd TCu DCu TPb DPb TZn DZn
(eg/(egi(egi(egi(egi(egi(egi(egl

Inflow?® 0.5 0.5 3.8 3.5 3.4 2.7 44 40
Overflow? 0.5 0.5 2.7 2.5 2.5 2.2 27 23
Underdraif 0.5 0.5 8.5 7.7 2.4 2.1 13 12

Combined Outflow 0.5 0.5 6.7 5.3 2.3 2.0 136 117

a: All 25 sampling events used; b: 13 events meeting the hydrologic requirements used.

Table 3-16 (continued). BS2 mean sediment sizes and composition.

Sampling Location d1o ds0 d90 % % %
Ping (enm (em (enm Clay Sit Sand

Inflow? 507 2823 7940 7.2 717 211
Overflow? 555 2793 77.07 6.8 725 20.6
Underdraid 410 24.02 6760 8.2 752 16.6

Combined Outflok 5.48 26.67 69.93 7 74 19

a: All 25 sampling events used; b: 13 events meeting the hydrologic requirements used.

The concentratioreductions ranged greatly among pollutants and sampling locations
(Table 317). Twenty-oneconcentration changes were statistically significant. Compared to
inflow concentrations, BS2 had significantly higher concentrations forsNNOin underdrain
and conbined outflow, OP in the overflow, underdrain, and combined outflowCan@ & D)
in theunderdrain andombined outflow, compared to that of the inflow. Previously reported
studies on swale and bioretention have also shown an increased concentifd@ai-bf (Hunt
et al., 2008), OP (Hunt et al., 2006; Knight et al., 2013), and Cu (Knight et al., 2013) leaving the
system. A concentration increase from the overflow could be a result of pollutant resuspension
along the bioswale surface. Increased comagons leaving through the underdrain compared to
the inflow was through desorption of pollutants from the media.

Significant concentration reductions from the overflow were achieved for TCu, TPb, and
TZn. Underdrain flow had reductions for TSS, TKN, TP, and Zn. The combined outflow

had reductions for TSS, TKN, TN, and TZn. Reduction in concentrations was achieved through
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filtration, particle settling, and chemical and biological processes along the surface and within

the media.

Table 3-17.BS2 mearpollutant percent concentration changes. Bolded valuesgréicant correlations
with inflow (U=0.05). Negative values correspond with higher concentrations compared to inflow.

Sampling Location TSS TKN NO2.3-N TN TP OoP
Overflow? -16 11 -28 11 -6 -54
Underdrair 61 32 -69 26 15 (N) -72

Combined Outflok 45 23 -70 18 6 -59 (N)

* N denotes datasets found to be normally distributed; a: calculated using all 25 water quality samples; b: calculatédtheiid ameeting

the hydrologic criteria.

Table 3-17. BS2 mean pollutant percent concentration changes. Bolded valuggrafieant correlations
with inflow (U=0.05). Negative values correspond with higher concentrations compared to inflow.
Sampling Location TCd DCd TCu DCu TPb DPb TZn DZn

Overflow? 4 4 18 17 23 14 23 21
Underdraif 2 2 -137 -132 6 8 46 43
Combined Outflow 0 0 -153 -125 5 5 22 13

* N denotes datasets found to be normally distributed; a: calculated using all 25 water quality samples; b: calculatbdtheidg ameeting

the hydrologic criteria.

Table 3-17. BS2 mean changes in size distribution and composition. Bolded valusgrafieant
correlations with inflo(U=0.05). Negative values correspond with increased size or percentage
compared to inflow sediment.
: : % % %
Sampling Location di0 d50 d9o Clay St sand
Overflow? -10 -6 -5 4 0 -9
Underdrain 28(N) 18 15 -29(N) -10 25
Combined Outflow NA NA NA NA NA NA

* N denotes datasets found to be normally distributed; a: calculated using all 25 water quality samples; b: calculatédtheiid ameeting

the hydrologic criteria.
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Over half of the reported overflow TSS concentrations were higherttanthhi gh qual |
watersd threshold (20 miR). HowevérMICuDde@rainsaples a) ( F
and the majority of the combined outflow concentrations were less than the threshold, showing

the ability of BS2 to treat to TS8reshold particulaly when passing through the media.
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Figure 3-12. Exceedance probability of BS2 TSS concentrations.
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For TN at BS2, concentrations for three occurrences in overflow and two in the
underdrain exceeded t he 0goo dicNeteend. l2@l8) heal t ho
(Figure 313). All reported outflow concentrations were less than the threshold, showing the
capabilities of the bioswale surface and media to promote gross filtration, settling, and biological

transformations of N forms.
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Figure 3-13. Exceedancerobability of BS2 TN concentrations.
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Unli ke TSS and TN, BS2 only had TP concent
threshold (110 e€g/L) (McNett et al., 2010) fo
and nine combined outflow concentrations (Figwkt3 BS2 showed stron@pabilities for
meeting TSS and TN thresholds, but poorly treated TP, which highlighted potential limitations of

this bioswale design for this drainage area and relative inflow concentrations.
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Figure 3-14.Exceedance probability of BS2 TP concentrations

Overall, BS2 was, on average, able to meet the water quality metrics for TSS, TN, and all
metals. The average combined outfl ow concentr
healthod threshol d. BS2 was abédneThéewariapere ovi de po
outcomes highlights the capabilities of different pollutant removal mechanisms. In particular,
filtration of TSS through the media and biological treatment of TN had better treatment than TP

removal mechanisms.
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3.4.5.3 BS2 Impact on bad

BS2 hadseveral load muctions observed in the overflow, underdrain, and combined
outflow (Table 318). The overflow had significant load reductions for TSS, TKN, N8R,
TN, TP, TCd, TCu, TPb, and TZn. Underdrain flow had load reductions for TS$, TN, TP,
Cd, Pb, and Zn. The combined outflow had load reductions for TSS, TKN, TN, TCd, DCd, Pb,
and TZn. However, the outflow had a load export of TCu.
Table 3-18.BS2 mean pollutant percent load changes for all monitoring points. Bolded values are

significant correlations with inflofU=0.05). Negative values correspond to an export.
Sampling Location TSS TKN  NO2s-N TN TP OP

Overflow? 55 62 50 61 56 48
Underdraifi 80 56 21 52 46 -7
Combined Outflow 53 32 -59 29 17 -48

* b: calculated using only the 13 meeting the hydrolagiteria.

Table 3-18. BS2 mean pollutant percent load changes for all monitoring points. Bolded values are
significant correlations with infloyiJ=0.05). Negative values correspond to an export.
Sampling Location TCd DCd TCu DCu TPb DPb TZn DZn

Overflow? 54 48 56 44 56 48 56 47
Underdraifi 50 50 -36 -25 51 54 71 70

Combined Outflow 21 26 -63  -53 23 31 43 39

* b: calculated using only the 13 meeting the hydrologic criteria.

Copper export at BS2 could be linked to a few factors, such as Cu generdihgbnore
tightly with organic matter, of which little was present (IPNI, 2016b); a lack of available sorption
sites therefore limits Cu binding. Higher concentrations of zinc, phosphorus, aluminum, and iron
can interfere with Cu adsorption by plant ro@iPI, 2016b). This site did have noticeably
higher concentrations of TP and Zn entering the bioswale than those of Cu, potentially
decreasing the ability of Cu to binddoganic matterLoad export from BS2 for TCu w&s0012
kg/ha. Other studies havisa reported an increase in Cu concentrations leaving bioretention,
with some resulting in load export (Li and Davis, 2009; Chahal et al., 2016).

While BS2 exported Cu, all other significant changes were load reductidm&N

removal can be due to ammaadtion, in which the organic N is mineralized into ammonium.

134



This biological treatment is promoted by warm temperatures, high moisture content, and high
organic matter (NCHRP, 2006). This removal can also be through plant uptake of nitrogen,
promoted by itrogen fixing bacteria in the media. Vegetation uptake of N reduces the load
leaving the system and promotes healthy vegetation, which in turn improves other removal
mechanisms such as filtration (Davis et al., 20068gse processes resulted in signiiica

removal from the overflow, underdrain, and combined outflow. Denitrification along the surface
can result in the NO23-N removal (NCHRP, 2006). These removal mechanisms resulted in
significant TN removal.

BS2 significantly reduced TP loadsthe overfow and underdrain, but not in the
combined outflow. Significant TP removal, but no significant OP remdngihlightedthe
stronger ability of the bioswale to remove particuladeind P compared to P in the aqueous
phase (Hurley and Forman, 2011; Lucad @meenway, 2011). Overflow reductions in TP are
likely due to gross filtration from the vegetation and sedimentation, particularly for sediment
bound P. As noted for TSS, the settling of particles in BS2 is promoted through the presence of
check dams. TRemoval through the media is a result of filtration, plant uptake, and chemical
transformations. Uptake of P can promote plant health and increase the capacity of the vegetation
and surrounding soil to increase its sorption capacity (NCHRP, 2006).

Severalmetal load reductions were achieved through BS2. These metal load reductions
highlight the ability of the bioswale to remove toxic metals from the inflow, reducing potential
for adverse effects on downstream ecosystems. Removal from the overflow ceoubé tiross
filtration, sedimentation, which is promoted by the check dams and increased if the metal is

particulatebound, and through biological and chemical transformations. Chelation with organic
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material on the bioswale surface can remove metalssasog the concentration and load in the
agueous phase (NCHRP, 2006).

Per previously stated water quality metrics (Tab®,3ombined BS2 outflow met the
thresholds for TSS, TN, and all metals, despited® and Cu concentration increag@sble
3-11). Several influent concentrations were less than the target threshold. When assessing how
well a practice performs it is important to examine not only percent removal, but also load
reductions and effluent concentrations (Lenhart and Hunt, 2011). BS&jhiglthis concept as
some concentrations increased in the outflow and pollutant export occasionally occurred and still

met all water quality target thresholds.

3.4.6 BS4 Water Quality

3.4.6.1 BS4 Water Quality Events

Sixteen storm events were sampledwater quality at BS4, with 11 of these events
meeting the hydrologic requirements (Section 3.3.6). Of these 11 events, 6 events had influent
concentrations. All 16 events were used to calculate mean concentration and concentration
reductions for each amitoring point, 11 events were used to calculate mean overflow and
underdrain loads, and 6 events were used to calculate inlet loads and associated load reductions.
Those events meeting the hydrologic requirements are detailed in TaBld Be storm
chaacteristics, pollutants sampled, and range of concentrations for all events are reported in
Appendix D. At least one event was captured for three seasons. The storm events ranged from
11.7mmto 53.2mm (mean 243nm) , wi t h ADPOG6s r adaygimeag4.4 r om O.

days).
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Table 3-19.Rainfall characteristics and samples taken for each BS4 storm sampling event.
Rainfall Antecedent Sampled Sampled Sampled for

Date Season  Depth Dry Period  for Inlet for Underdrain
(mm) (days) Flow? Overflow? Flow?
11/12/2017  Fall 18.5 3.20 S,N,M S,N,M,P S,N,M
1/12/2018 Winter 13.2 0.42 S,N,M,P S,N,TM S,N,M
1/28/2018 Winter 37.6 4.82 SN NA NA
2/4/2018  Winter 14.2 2.15 S.N,TM S,N,M S,N,M,P
2/28/2018  Winter 17 2.15 NA S,N S,N,M,P
3/6/2018  Winter 11.7 4.67 NA NA SN
3/11/2018 Winter 25.4 4.33 NA S,N,M,P S,N,M,P
3/20/2018 Spring 27.2 7.17 NA S,N,M,P S,N,M,P
3/24/2018 Spring 28.2 3.67 NA S,N,M,P S,N,M,P
4/15/2018  Spring 53.1 7.73 S,N,M,P S,N,M S,N,M,P
4/24/2018  Spring 22.4 8.10 S,N,M,P S,N,M,P S,N,M,P

*MD: missingdatasets, unable to calculate ADP; S: sediment (TSS), N: nutrients (TKN3MNOZP); O: orthophosphate; M: all metals; TM:

only total metals; P: particle size analysis; NA: no appreciable volume to sample.

3.4.6.2 BS4 Impacts on Concentration

Mean conentrations for each monitoring point at BS4 are found in Tai2i@. 3Vhile
geographically close to BS2, the inflow concentrations are noticeably higher and could be due to
the number/ type of vehicles takinlgverledfjuss exi t
upstream of the bioswal®nly metal water quality thresholds were met.

Table 3-20.BS4 mean pollutant concentratioB®ld italic values meet the defined water quality metrics.

TSS TKN NOx»N TN TP
(mg/L) (ug/L) (ugll) (& g/ (ugil)

Sampling Location

Inflow? 204 1496 274 1770 558
Overflow? 144 1342 303 1645 450
Underdraid 36 1053 310 1363 204

Combined Outflow 93 1191 335 1526 301

* a: calculated using all 15 water quality samples; b: calculated using the 11 meeting thediydridkria

Table 3-20.BS4 mean pollutant concentratioBald italic values meet the defined water quality metrics.
TCd DCd TCu DCu TPb DPb TZn DZn
(ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L)

Sampling Location

Inflow? 0.5 0.5 150 119 105 7.1 110 100
Overflow? 0.5 0.5 12 7.6 9.8 6.6 62 50
Underdraif 0.5 0.5 8.6 6.9 5.0 3.5 50 44

Combined Outflow 0.5 0.5 9.6 6.1 6.6 4.5 41 31

*a: calculated using all 15 water quality samples; b: calculated using the 11 meeting the hydrologic criter
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Table 3-20 (continued). BS4 mean sediment sizes and composition.
d10 d50 d9o % % %
(enm(em(emnmClay Silt Sand

Sampling Location

Inflow? 4.07 23.27 63.68 11.5 70.7 17.8
Overflow? 232 1525 4156 17 758 7.2
Underdraid 0.83 13.58 45.12 18.7 737 7.6

Combined Outflo 1.85 14.08 4096 215 715 7

* a: calculated using all 15 water quality samples; b: calculated using the 11 meeting the hydrologic criteria.

BS4 had significant decreases in concentration for all monitoring points (TFatle 3
The overflow had a significant decrease in the concentrations for TSSCUPTPb, andTZn.
Concentration reduction for these pollutants was achieved through gross filtration and
sedimentation, promoted by the vegetation. Sedimentation potential is fodtearsed by the
presence of a forebay and check dams, which promoted ponding and time for settling. Metal
removal was also achieved through chelation and hydrolysis (NCHRP, 2006). The underdrain
had significant reductions f@iSS, TKN, NQ3-N, TN, TP, TCu, and ZnReductions of N@s-N
in the underdrain are likely due to the presence of IWS, which promoted denitrification (Kim et
al., 2003) Removal mechanisms through the media are the same as those along the surface, with
additional removal potential byegetation uptake and filtratioN. removal was through
biological processes and P removal achieved by chemical transformations and filtration.

The combined outflow had significant concentration reductions for TS8,andDZn.
Overflow concentration dictions were comparable to that reported for swales (Barrett et al.,
1998; Knight et al., 2013; Li et al., 2016) and underdrain and combined outflow concentration
reductions were comparable to bioretention (Davis et al., 2003; Dietz and Clausen, 2Q@8; Hun

al., 2006; Roseen et al., 2006; Davis, 2007; Hunt et al., 2008).
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Table 3-21.BS4 mean pollutant percent concentration changes for all monitoring @ohdsvalues are
significant correlations with inflo§0.05).
Sampling Location TSS TKN NO2xN TN TP OP

Overflow? 97 15 25 14 24 -76
Underdraif 77 39 16 35 61 11
Combined Outflow 61 22 24 21 41 -41

* a: calculated using all 25 water quality samples; b: calculated using the 11 meeting the hydrologic criteria.

Table 3-21. BS4 mean pollent percent concentration changes for all monitoring pdiutiel values are
significant correlations with inflo§0.05).
Sampling Location TCd DCd TCu DCu TPb DPb TZn

DZn
Overflow? 0 0 42 41 37 24 53 49
Underdraifd -14 -17 32 27 24 23 61 60

Combined Outflow 0 0 42 33 36 16 60 54

* a: calculated using all 25 water quality samples; b: calculated usirid theeting the hydrologic criteria.
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At BS4, all overfl ow TSS c ongcueanltirtayt i woantse rwsed
threshold (20 mg/L) (NCDEQ, 2017a) (Figurd.B). This metric was only met for four
underdrain samples and two combinedflow concentrations. The inability to meet this
threshold could be due to construction upstream of the bioswale, increasing inflow TSS
concentrations and could also be due to this bioswale design not being optimized for TSS
removal. While a significantomcentration reduction was reported for TSS, the concentrations
leaving the bioswale were still above the threshold. This highlighted that the use of one
performance metric (e.g. concentration reduction) should not be the sole metric for determining

bioswde performance (Lenhart and Hunt, 2011).
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Figure 3-15. Exceedance probability plot of BS4 TSS concentrations.
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Poor performance was also reported for TN, with no reported combined outflow
concentrations meeting the thresH®.lOdyt¢d® 90 g/
underdrain and two overflow samples were less than the threshold, showing thtyiagtik
BS4 design to be a staiatbne SCM for meeting the TN threshold.
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Figure 3-16. Exceedance probability plot of BS4 TN concentrations.
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No measured TP concentrations were | ess th
eg/ L) ( Wlc20¥0) (Figure 7). Inflow TP concentrations were high, being several
times larger than the threshold. So, while a 41% TP concentration reduction was found for the

combined outflow, this reduction was still not able to meet the target.
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Figure 3-17. Exceedance probability plot of BS4 TP concentrations.

BS4 was able to achieve significant reductions for TSS and all metals, but only the metal
concentrations were less than the water quality thresholds. Overall, BS4 had positive pollutant
concentratia reductions, but the inability to meet water quality thresholds for nutrients
highlighted that this design may not be optimized for N and P concentration reduction. While the
majority of the concentrations for these pollutants were above the water ¢tfuadiyolds, visual
analysis highlighted that removal mechanisms are better when passing through the media for

TSS, TN, and TP.
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3.4.6.3 BS4 Impact on Load

The majority of pollutants had a sign#ict load reduction (Table &) for BS4.
Overflow had dad reductions for TSS, N&2N, TCd, TCu, TPb, and TZn. The underdrain had
load removal for TSS, TKN, NO2-N, TN, TP, OP, TCd, TCu, TPb, and TZn. Combined

outflow had load reduction for TSS, N&G2N, TCu, TPb, and TZn.

Table 3-22.BS4 mean pollutant peent load changeBold values are significant correlations with

inflow (U=0.05).
Sampling Location TSS TKN NOxs-N TN TP  OP
Overflowf 76 56 64 56 63 9
Underdraifi 96 84 80 83 a0 75
Combined Outflow 72 41 44 40 55 -16

* ¢: calculated using the 6 with inlet data.

Table 3-22.BS4 mean pollutant percent load changgsd values are significant correlations with
inflow (U=0.05).
Sampling Location TCd DCd TCu DCu TPb DPb TZn DZn
Overflow* 52 55 73 72 71 66 79 77
Underdraifi 71 76 84 85 83 82 92 93
Combined Outflow 23 35 57 57 54 46 71 70

* ¢: calculated using the 6 waitinlet data.

Unlike BS2, BS4 had a load reduction for A§N. This could be attributed to the
presence of IWS, which created an anoxic zone, promoting denitrification (Kim et al., 2003).
While previous results on IWS behavior in relation to nitrate rdalutave been varied (Kim et
al., 2003; Dietz and Clausen, 2006; Hunt et al., 2006; Davis, 2007; Passeport et al., 2009), this
design feature had positive performance for this particular bioswale.

Removal mechanisms for TSS were the same as that ofodB&&foverflonand
underdrain(gross filtration and sedimentation). TKN had a significant load reduction in the BS4
underdrain flowwhich can be achieved through nitrogexation and ammonification. Bad
removal was significant fahe underdrainvith removal mechanisms of filtratioparticle
settling uptake by vegetation, and sorption. The main processes for metal removal were

chelation, vegetation uptake, surface complexation, precipitation, and hydrolysis.
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Performance differences between the baaswalesvas most notable for NQ-N, with
BS4achieving a significant load reduction, while no significantN® removal was found in
the BS2 combined outflowhere are several design features that potentially impacted these
behaviors, in particulahe presence of a forebay and IWS at BS4.

At BS4, only metals met the target thresholds, likely due to the significantly higher
influent concentrations. The lack of meeting all water quality targets, but achieving significant
load reductions, reiteratesat bioswale performance should not be solely based on one

performance criteria.

3.4.7 Bioswale Design, Storm Characteristics, and Water Quality Correlations

A correlation matrix based on Kendall 6s ta
bioswale degjn variables and/or storm characteristiese correlated toutflow load removal
and hydrologic performand€&igure 318). Only NQ.3-N and Cu (both forms) outflow load
removal efficiency was significantly influenced by bioswale design. An increased wsiolee
base width, presence of forebay, and IWS inclusion all resulted in an increased load removal of
NO23-N and Cu. The wider base width, forebay and IWS design parameters promote time and
contact with the vegetation and media for enhanced treatntenindreased N£&-N load
removal when including IWS supports previous research on the anoxic zone promoting
denitrification (Kim et al., 2003; Passeport et al., 2009; Brown and Hunt, 2011). An increased
bioswale length decreased the load removal of N and Cu, possibly due to diminishing
returns where additional length did not provide appreciable removal.

Bioswale slope, base width, presence of a forebay, and presence of IWS led to significant
load reduction for Cu (both forms), which was linked ® significant decrease in underdrain

volume and peak flow rate (Figurel8). These design characteristics promote time and contact
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with the media for enhanced treatment. An increased length had the opposite effect, with a
decrease in Cu load removal eifiacy, potentially due to an increased length for Cu
resuspension, reducing the potential for removal.

A decrease in TSS load removal efficiency was reported for increased overflow rate and
volume, which corresponded with a reduced ability for smalldictes to settle out and
increased potential for resuspension under high flow conditions. Increased exfiltration led to
increased load removal for TKN, N@N, TP, OP, Cd, DCu, Pb, and DZn, due to increased
potential for settling, filtration, and chemiaatd biological processes as all exfiltrated water
passed through the media.

Few significant correlations between water quality treatment and bioswale design
parameters were found. While these bioswales varied in design, this shows that these designs did
not significantly differ in water quality treatment, except forAN@® and Cu. The lack of
significant findings for effects of bioswale design parameters can also be due to only two
different bioswales studied. Thus only two different values for eacgrdparameter were used

for statistical analysis, limiting the analysis power.
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3.4.6 Comparison to Swale and Bioretention Water Quality Performance

While few peefreviewed studies have reported bioswale pollutant removal, many studies
have evaluated the concentration reduction efficiency of other SCMs, in particules anwdle
bioretention. Bioswale overflow is comparable to swale performance because the surface is a
vegetated channel, resembling that of a swale. Underdrain and combined outflow performance is

comparable to bioretention because the underlying media ancdwaideconfiguration is similar
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to that bioretention cell design. The-98 bioswales were compared to previously reported water
guality treatment for swales and bioretention (Tab&3B

BS2 overflow was comparable to swale performance for TN, TP, i@FRla (Barrett et
al., 1998; Knight et al., 2013; Li et al., 2016). BS4 had several similar performances, with
overflow concentration changes comparable to swale performance for TSS, ZMNNNDP,
OP, Cu, Pb, and Zn (Barrett et al., 1998; Knight eRalL3; Li et al., 2016). The differences in
overflow water quality treatment are likely due to design parameters, in particular slope, length,
and presence of a forebay.

BS2 underdrain concentration reductions were similar to those of bioretention for TSS
TKN, TP, and Zn (Dietz and Clausen, 2006; Davis, 2007; Hunt et al., 2008) and combined
outflow concentration reductions were only comparable to bioretention for TKN and TP (Dietz
and Clausen, 2006; Hunt et al., 2008). BS4 concentration reductions w@reramge of
bioretention reductions for TSS, TN, TKN, N&N, TP, Cu and Zn from the underdrain and
combined outflow (Davis, 2007; Hunt et al., 2008), with the combined flow also matching Pb
removal efficiency (Hunt et al., 2008). The ability for BSdt bot BS2, to achieve comparable
underdrain and combined outflow treatment for.N@ is likely due to the presence of IWS,
which can promote denitrification (Kim et al., 2003).

While BS2 and BS4 had differences in reported concentration reductiondyibsivales
had several nutrient and metal reductions comparable to swale and bioretention treatment.
Swales and bioretention are commonly used SCMs and the comparable performance highlights
the potential for a bioswale to grow as a commonly used SCMriicylar in the roadway

environment for positive water quality treatment.
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Table 3-23. Comparison of BS2 and BS4 water quality performance to reported swale and bioretention results. A negative reduction is a
concentration increase compared to infllamcentration.

Concentration Reductions (%)

Study Location "5SS TN__ TKN _NO.=N TP OP Cd Cu_ Pb_ zn

BS2 Overflow -16 11 11 -28 -6 -54 4 18 23 23

BS2 Underdrain 61 26 32 -69 15 -72 2 -137 6 46

Herein BS2 Outflow NC. USA 45 18 23 -70 6 -59 0 -153 5 22

BS4 Overflow ' 48 14 15 25 24 -76 0 42 37 53

BS4 Underdrain 77 35 39 16 61 11 -14 32 24 61

BS4 Outflow 61 21 22 24 41 -41 0 42 36 60

Swale 87 - 33 50 44 - - - 41 91

Barrett et al. (1998) Swale TX, USA 85 i 44 23 34 i i i 17 75
Backstrom (202) Swae Luled, Sweden 7998 - - : S
Knight et al. (2013) Swale NC, USA 81 24 24 20 -21 -76 19 -147 - 72

Li et al. (2016) Swale Beijing, China 13 129 234 -8 -72 - 51 395 524 549

. Bioretention - 49 52 16 65 - - 97 >905 >05
DEME G EL, (2005) Bioretention LIy e - 59 67 15 87 - - 43 70 64
Dietz and Clausen (2006  Bioretention CT, USA 51 26 67 -108 - - - - -
Roseen et al. (2006) Bioretention NH, USA 96 - - 27 - - - - - 99
Hunt et al., (2006) Bioretention NC, USA -170 40 -4.9 75 -240 9.3 - 99 81 98
Bioretention - 40 45 13 65 69 - - - -

Davis, (2007) Bioretention MD, USA 59 - - 90 79 - - 83 88 54
Bioretention 54 - - 95 77 - - 77 84 69

Hunt et al., (2008) Bioretention NC, USA 59.5 322 443 -4.7 31.4 - - 54 314 77

* Yellow indicates bioswale overflow and swales, light blue indicates bioswale underdrain and bioretention, and darkdikebmafiwale combined outflow.
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3.5 Summary and Conclusions

Both bioswales mitigated peak flow and exfiltrated runoff2B&d significant overflow,
underdrain, and combined outflow peak flow re
as significant exfiltrated volumes for all scenarios except those categorized with overflow. BS2
peak flow rate and volume reductgwere within range of reported swale and biorention
performance. The second and third highest rainfall intensity events (103.6 and 100.6,mm hr
respectively) reported at BS2 produced no overflow volume. High intensity events had combined
peak flow rateeductions of at least 55%, while the maximum reduction for the largest rainfall
events was 55%, showing that BS2 was able to better handle high intensity events compared to
high rainfall depths, but could also be due to rainfall duration.

BS4 had signifiant overflow, underdrain, and combined outflow peak flow rate
reductions and percentage of inflow volume exfiltrated for all scenarios. The peak flow rate and
volume reductions were within range of reported swale and biorention performance. The seven
highest intensity events at BS4 achieved at least 32% of inflow volume exfiltrated and at least
87% combined peak flow rate reduction, except for the highest intensity event. The five largest
rainfall depths events at BS4 achieved at least 21% of inflow vadxfilerated and 19%
combined outflow peak flow rate reduction.

BS4 appeared to exfiltrate more reliably than that of BS2, likely due to presence of IWS.
Differences in underdrain volume and flow rate reduction and percent of exfiltration were found
to besignificantly influenced by the drainage area, impervious cover, bioswale slope, length,
base width, presence of forebay, and incorporation of IWS. As determined by comparing
overflow:underdrain volume ratios, there was no appreciable decrease in pedemnar the

12-month monitoring period for either bioswale.
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Concentration reductions varied between bioswales. BS2 overflow significantly
decreased TCu and TZn, but had an increased OP concentration. The underdrain concentrations
were lower for TSS, TKNTN, TP, and Zn than those of inflow, but increased fop.BN, OP
and Cu. Combined outflow had significant concentration decreases for TSS, TKN, TN, and TZn,
with increases for N&s-N, OP, and Cu. The increase in concentration for these pollutants was
observed in several bioretention studies, with a handful showing comparable percent increases in
loads leaving the system (Barrett, 2003; Li and Davis, 2009; Chahal et al., 2016). By comparing
the outflow concentrations from BS2, target thresholds reported met for TSS, TN, and all
metals.Overall, BS2 had load reductions for TSS, TKN, TN, Cd, Pb, and TZn, but exported TCu
(0.0012 kg/ha). BSdverflow concentrations were lower for TSS, TP, TCu, TPb, and TZn
relative to those of inflow; the underdrain degsed TSS, TKN, N&-N, TN, TP, TCu, and Zn,
and the combined outflow concentrasamere lower for TSS, TCu, and DZAowever, only the
water quality targets for all metals were met at BS4. BS4 had significant load removal for TSS,
NO23-N, TCu, TPb, ad TZn. The reduction of N&-N concentration and load at BS4, but not
at BS2, is likely due to the presence of IWS, which created an anoxic zone, promoting
denitrification (Kim et al., 2003).

Volume and flow rate mitigation from the overflow, underdraimj combined outflow
for most events were in the range of reported swale and bioretention performance. Several of the
overflow concentration changes were within the range of previously reported swale performance.
Underdrain and combined outflow concentva were comparable to bioretention performance
for some pollutants. The comparable performance in regard to both hydrologic and water quality
performance shows that bioswales can be used as a SCM, particularly in the roadway

environment.
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In isolation, ths study was not robust enough to make specific design guidelines.
Combined analysis of these two bioswales highlight an increased length and shallower slope
leads to more volume passing through the media for enhanced water quality treatment. Increased
bas width, forebay presence, and IWS all increased the percentage of exfiltrated volume, further
enhancing the hydrologic management. Load reductions were increased when overflow volume
and flow rate was decreased and the percentage of volume exfiltratmbeat. Therefore,
bioswale designs and effectiveness should not be based solely on one design parameter or
drainage area characteristic. Rather, performance of volumes, peak flow rates, outflow
concentrations, and outflow loads should all be utilizeddarabioswale design and if the
individual practice is capable of performing as a standalone SCM or if others are needed for
treatment in succession.

Both bioswales were promising with respect to hydrologic and water quality mitigation
and are comparabte swale and bioretention performance. Based on the two designs, BS4
performed bettethan reportedwales. At the same time, BS2 was comparable to swales. The
outcomes show that bioswales are promising and room for design optimization. Bioswales can
be mplemented along roadways for effective hydrologic and water quality management. Further
research on varying bioswale designs, influent concentratimalsrainfall event size (intensity
and depth) is needed to expand the bioswale performance databas#ifarous design and

performance optimization.
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3.6 Abbreviations and Correlation Axes Labels

BRC i bioretention cell

CR'T concentration reduction

d107 diameter that comprises 10% of the sample

d507 diameter that comprises 50% of the sample

d9071 diameter that comprises 90% of the sample

DCd 1 dissolved cadmium

DCu i dissolved copper

DPb1i dissolved lead

DZn i dissolved zinc

ET T evapotranspiration

Exfiltrated Vol i exfiltrated volume

Inlet PFR T inflow peak flow rate

Inlet Vol 7 inflow volume

IWS T internal water storage

LID 1 low impact development

LR T load reduction

NCDEQ 1 North Carolina Department of Environmental Quality
NCDOT 1 North Carolina Department of Transportation

NO2-3-N T nitrite and nitrate nitrogen

OP1 orthophosphate

Out T combired outflow

Over PFRT overflow peak flow rate

Over PFR Redi overflow peak flow rate reduction compared to inflow peak flow rate
Over Vol i overflow volume

Over Vol Red1i reduction of inflow volume relative to overflow volume
Percent Exfil i percentage ahflow volume exfiltrated

Percent Overi percentage of outflow leaving as overflow

Percent Underi percentage of outflow leaving through the underdrain
PSD1 particle size distribution

SCM i stormwater control measure

TKN T total Kjeldahl nitrogen

TCd i total cadmium

TCu i total copper

TN 1 total nitrogen

Total Outflow T total outflow volume

TP 1 total phosphorus

TPb i total lead

TSST total suspended solids

TZn 1 total zinc

Under PFRT underdrain peak flow rate

Under PFR Redi underdrain peak flow rate redtion compared to inflow peak flow rate
Under Vol i underdrain volume

Under Vol Red1 reduction of inflow volume relative to underdrain volume
WQ 1 water quality

152



3.7 References

Ackerman, D., and Stein, E. D. (2008). Evaluating the effectiveness ahbasgement
practices using dynamic modeliny Environ. Eng.134, 628639.

American Public Health Association (APHA). (199Thtal Suspended SolidSM 2540d
97; APHA: Washington, DC, USA.

Anderson, B. S., Phillips, B. M., Voorhees, J. P., Sieglerakd Tjeerdema, R. (2016).
Bioswales reduce contaminants associated with toxicity in urban storm water.
Environ. Toxicol. Chem35, 31243134.

Apeagyei, E., Bank, M. S., and Spengler, J. D. (2011). Distribution of heavy metals in road
dust along amrbanrural gradient in Massachusetfgmos. Environ.45: 23162323.

Arnold, C. L., Boison, P. J., and Patton, P. C. (1982). Sawmill Brook: An example of rapid
geomorphic change related to urbanizatibrGeol, 90, 155166.

Backstrom, M. (2002). Sedent transport in grassed swales during simulated runoff events.
Water Sci. Technql45, 4149.

Bannerman, R. T., Owens, D. W., Dodds, R. B., and Hornewer, N. J. (1993). Sources of
pollutants in Wisconsin stormwaté&h/ater Sci. Techngl28, 241259.

Barrett, M. E., Wals, P. M., Malina, J. F., Jr., and Charbeneau, R. J. (1998). Performance of
vegetative controls for treating highway rundff Environ. Eng.124, 11211128.

Barrett, M. E. (2003). Performance, cost, and maintamasquirements of Astin sandilters. J.
Water Res. Plan.Manl129(3): 234242.

Barrett, M. E. (2005). Performance comparison of structural stormwater best management
practicesWater Environ. Res77, 78-86.

Barrett, M. E. (2008). Comparison of BMP performance usiegriternational BMP
databasel. Irrig. Drain. Eng, 134, 556561.

Booth, D. B. (1990). Strearthannel incision following drainageasin urbanizationVater
Resour. Bull.26(3): 407417.

Brabec, E., Schulte, S., and Richards, P. L. (2002). Impervioteces and water quality: A
review of current literature and its implications for watershed plandirfgjan. Lit,
16, 499514.

Brown, R. A., and Hunt, W. F. (2011). Underdrain configuration to enhance bioretention
exfiltration to reduce pollutanb&ds.J. Environ.Eng.137(11): 1082L091.

Chabhal, M. K., Shi, Z., Flury, M. (2016). Nutrient leaching and copper speciation in
compostamended bioretention syster&i. Total Environ.556: 302309.

Christianson, R. D., Barfield, B. J., Hayes, J. Gsén, K., and Brown, G. O. (2004).
Modeling effectiveness of bioretention cells for control of stormwater quantity and
quality. In Critical Transitions in Water and Environmental Resources Management,
Proceedings of the 2004 World Water and Environmdésources CongresSalt

153



Lake City, UT, USA, June 23uly 1 2004; American Society of Civil Engineers:
Reston, VA, USA.

Davis, A. P., Shokouhian, M., Sharma, H., and Minami, C. (2001). Laboratory study of
biological retention for urban stormwater mgamentWater Environ. Res73, 5
14.

Davis, A. P., Shokouhian, M., Sharma, H., Minami, C., and Winogradoff, D. (2003). Water
guality improvement through bioretention: lead, copper, and zinc renWeagdr
Environ. Res.75: 7381.

Davis, A. P., Shokghian, M., Sharma, H., and Minami, C. (2006). Water quality improvement
through bioretention media: Nitrogen and phosphorus rem@iatkerEnviron. Res.78,
284-293.

Davis, A. P. (2007). Field performance of bioretention: water quéityiron. Eng. 8i., 24(8):
10481064.

Davis, A. P. (2008). Field performance of bioretention: hydrology impack$ydrol. Eng,
13(2): 9095.

Davis, A. P., Hunt, W. F., Traver, R. G., and Clar, Mi(@). Bioretention technology:
Overview of current practice arfidture needs]. Environ. Eng.135(3): 109117.

Deletic, A. (2001). Modelling of water and sediment transport over grassedJardgdrol,
248, 168182.

Dietz, M. E., and Clausen, J. C. (2005). A field evaluation of rain garden flow and pollutant
treatmentWater Air Soil Pollut.167 (:4), 123138.

Dietz, M. E., and Clausen, J. C. (2006). Saturation to improve pollutant retention in a rain
gardenEnviron. Sci. Techngl40(4): 13351340.

Dunnett, N., and Clayden, A. (2007). Rain gardenslamaging water sustainably in the
garden and designed landscafg@mber, Portland, OR, USA.

Fassman, E. A., and Liao, M. (2009). Monitoring of a series of swales within a stormwater
treatment train. 1tH2009: 329 Hydrology and Water Resources Symposium,
Newcastle: Adapting to Chang®arton, A.C.T.: Engineers Australia: 3838.

Fletcher, T. D., Shuster, W., Hunt, W. F., Ashley, R., Butler, D., Arthur, S., Trowsdale, S.,
Barraud, S., SemadeBavies, A., BertrandKrajewski, L., Mikkelsen, P.S., Rivard
G., Uhl, M., Dagenais, D., and Viklander, M. (2014). SUDS, LID, BMPs, WSUD and
morei The evolution and application of terminology surrounding urban drainage.
Urban Water J.Available at: http://dx.doi.org/10.1080/1573062X.2014.916314

Gautam, R. K.Sharma, S. K., Mahiya, S., and Chattapadhyaya, M. C. (2014). Chapter 1
Contamination of heavy metals in aquatic media: transport, toxicity and technologies
for remediation. I'Heavy Metals in Water: Presence, Removal and Sdety
Sharma, S. K.; TéRoyal Society of Chemistry, London, UK.

Glasgow, H. B., Burkholder, J. M., Mallin, M. A., Dearvidelia, N.J., and Reed, R. 2001).
Field ecology of toxidfiesteriacomplex spe@s and a conservative analysigheir role
in estuarine fish killsEnviron. Health Perspegt109 (5): 715.

154



Gunawardana, C., Goonetilleke, A., Egodawatta, P, Dawes, L., and Kokot, S. (2012). Source
characterization of road dust based on chemical and mineralogical composition.
ChemosphereB7(2): 163170.

Hatt, B. E., fetcher, T. D., Deletic, A. (2009). Hydrologic and pollutant remopeatformance
of stormwater biofiltration systems at the field scdledydrol, 365:310-321.

HolmanDodds, J. K., Bradley, A. A., and Potter, K. W. (2003). Evaluation of hydrologic
benefits of infiltration based urban storm water managenieAim. Water Resour.
Assoc,. 39, 205215.

Hunt, W. F., Jarrett, A. R., Smith, J. T., and Sharkey, L. J. (2006). Evaluating bioretention
hydrology and nutrient removal at three field sites imtN&arolinaJ. Irrig. Drain.
E., 132, 600608.

Hunt, W., Smith, J., Jadlocki, S., Hathaway, J., and Eubanks, P. (2008). Pollutant removal
and peak flow mitigation by a bioretention cell in Urban Charlotte, Bl.Environ.
Eng, 134(5): 403408.

Hunt, W. F., Davis, A. P., and Traver, R. G. (2012). Meeting hydrologic and water quality
goals through targeted bioretention desigrEnviron. Eng.138, 698707.

Hurley, S. E., and Forman, R. T. T. (2011). Stormwater ponds and biofilters for large urban
sites: Modeled arrangements that achieve the phosphorus reduction target for
Bost onds Ch arEtok Bng,B74: 85@863, USA.

Ingvertsen, S. T., Cederkvist, K., Régent, Y., SommerM4dgid, J., and Jensen, M. 012).
Assessment of existingadside swaleand engineered filter soil: Characterization and
lifetime expectancyd. Environ. Qual.41, 19601969.

International Plant Nutrition Institute (IPNI). (2016a). Nitrogen Notes: Nitrification.
International Plant Nutrition Institute, Redree Corners, GA, USA. Available at:
http://www.ipni.net/publication/nitrogean.nsf

International Plant Nutrition Institute (IPNI). (2016b). Nefacts: Copper. Internation&lant
Nutrition Institute, Peachtreedthers, GA, USA. Available atwww.ipni.net/nutrifacts

Jiang, C., Li, J., Li, H., Li, Y., and Chen, L. (2017). Field performance of bioretention
systems for runoff quantity regulation and pollutant remdiéter Air Soil Pollut,
228: 468.

Kim, H., Seagren, E. A., and Davis, A. P. (20)gineered bioretention for removal mfrate
from stormwater runoffWater Environ. Res75(4): 355367.

Knight, E. M. P., Hunt, W. F., and Winston, R. J. (2013). Sigside evaluation of foutevel
spreadewegetated filter strips and a swatedastern North Carolind. SoilWater
Conserv, 68, 6072.

Lenhart, H. A., and Hunt, W. F. (2011). Evaluating four sterater performance metrics
with a North Carolina Coastal Plain stemater wetlandJ. Environ. Eng.137(2):
155162.

155



Lucas, W.C., and Greenway, M. (2011). Phosphorus retention by bioretention mesocosms
using media formulated for phosphorus sorption: response to accelerated.|traigs.
Drain. Eng, 137(3): 144153.

Li, H., and Davis, A. P. (2009). Water quality improvergmough reductions of pollutant
loads using bioretentiod. Environ. Eng.135(8): 567576.

Li, H., Sharkey, L. J., Hunt, W. F., Davis, A. P. (2009). Mitigation of impervious surface
hydrology using bioretention in North Carolina and Marylahddydmol. Eng, 14(4):
407-415.

Li, H., Li, K., and Zhang, X. (2016). Performance evaluation of grassed swales for
stormwater pollution controProcedia Eng.154: 898910.

Lucke, T., and Nichols, P. W. B. (2015). The pollution removal and stormwater i@ducti
performance of streetide bioretention basins after ten years in operaBon.Total
Environ, 536: 784792.

Luell, S. K., Hunt, W. F., and Winston, R. J. (2011). Treating highway bridge deck runoff
using bioretention and a swaRroceedings bWorld Environ. Water ResouCongress
2011, ASCE, 364874.

McKenzie, E. R., Money, J. E., Green, P. G., and Yong, T. M. (2009). Metals associated with
stormwateirelevant brakes and tire sampl8si. Total Environ.407(22): 5855%860.

McLaughlin, J(2012). NYC bioswales pilot projeanproves stormwater managemediear
Waters 20-23.

McNett, J. K., Hunt, W. F., Osborne, J. A. (2010). Establishing steater BMP evaluation
metrics based upon ambient water quality associated with benthic madeinate
populationsJ. Environ. Eng.136(5): 535641.

Minton, G. R. (2005)Stormwater Treatment: Biologal, Chemical, and Engineeririgyinciples
2nd ed. Resource Planning Associates. Seattle, WA.

Morisawa, M., and LaFlure, E. (1979). Hydraulic gesdry, stream equilibrium and
urbanization. IPAdjustments of the Fluvial Systems, Proceedings of the 10th annual
Geomorphology Symposium Series, Binghampton, New York, NY, U324, 21
September 197Rhodes, D.D.; Williams, G.P.; Eds.; Kendall/Hunt Rslihg Co.,

Inc.: Dubuque, IA, USA.

National Cooperative Highway Research Program (NCHRP). (2006). NCHRP Repert 565
Evaluation of best management practices for highway runoff control. Transportation
Research Board: Washington, DC, USA. Available @fi:Hnap.edu/23211

North Carolina Department of Environment and Nalté&tesources (NCDENR). (200®euse
River Basin Water Quality Plan. NCDENR Division ofatér QualityPlanning Section
i Basinwide Planning Unit: Raleigh, NC, USA. Available at:
https://files.nc.gov/ncdeq/Water%20Quality/Planning/BPU/BPU/Neuse/Neuse%20PI
ans/2009%20Plan/NR%20Basinwide%20Plan%202009%20Final.pdf

North Carolina Department of Environment and NaltiResources (NCDENR). (201¥euse
River Basin. NCDENR Office of Enkenmental Education and PubAdfairs: Raleigh,

156



NC, USA. Available at:
http://www.eenorthcarolina.org/Documents/RiverBasin_pdfs/final_web_neuse.pdf

North Carolina Department of Environmental Quality (NCDEQ). (2017a). NC Surface Water
Quality Standard$able. North Carolina Department of Environmental Quality
Division of Water Resources, Raleigh, NC, USA. Available at:
https://deq.nc.gov/about/divisions/watesources/planning/classificatistandards

North Carolina Department of Environmental QuaffyCDEQ). (2017b). North Carolina
Stormwater Control Measure Credit Document. North Carolina Department of
Environmental Quality, Raleigh, NC, USA. Available at: https://files.nc.gov/ncdeq/

North Carolina Department of Transportation (NCDOT). (2012nhd&ted Specificatiorts
16 Erosion Control and Roadside Development. North Carolina Department of
Transportation: Raleigh, NC, USA. Available online:
https://connect.ncdot.gov/resources/Specifications/Pages/2012StandSpecsMan.aspx?
Order=SM16-1610

North Carolina Department of Transportation (NCDO{P016). Division 10 Material$\North
Carolina Department of Transportation: Raleigh, NC, USA. Available online:
https://connect.ncdot.gov/resources/specifications/2006%20specifications%20books/
10.%20materia.pdf

North Carolina Department of Transportation (NCDOT). (2018). Standard specifications for
roads and structures. North Carolina Department of Transportation: Raleigh)3¥C,
Available at:
https://connect.ncdot.gov/resources/Specifications/Stalbrary/2018%20Standa
rd%20Specifications%20for%20Roads%20and%20Structures.pdf

North Carolina Department of Transportation Highway Stormwater Program (NCDOT HSP).
(2016). NPDES Permit Annual Report. NCDOT Highway Stormwater Program.
Raleigh, NC. Ava#ble at:
https://connect.ncdot.gov/resources/hydro/HSPAnnualReports/2016

Novotny, V. (2003)Water Quality: Diffuse Pollution and Watershed Managem2md ed.
John Wiley and Sons, New York.

Ongley, E. (1996). Control of water pollution from agricult¥AO irrigation and drainage
paper 55. Food and Agriculture Organization of the United Nations, Rome, Italy.

Opher, T., and Friedler, E. (2010). Factors affection highway runoff qudtihyan Water J.
7,155172.

Passeport, E., Hunt, W. F., Line, D, Emith, R. A., and Brown, R. A. (2009). Field study of
the ability of two grassed bioretention cells to reduce stwater runoff pollutionJ.
Irrig. Drain. Eng., 135(4): 505510.

Pierzynski, G. M., Sims, J. T., and Vance, G. F. (2000). Soil phasplaod environmental
quality. InSoils and Environmental Qualjt§55207. CRC Press. Boca Raton, FL,
USA.

157



Purvis, R. A., Winston, R. J., Hunt, W. F., Lipscomb, B., Narayanaswamy, K., McDaniel, A.,
Lauffer, M. S., and Libes, S. (2018). Evaluating tregex quality benefits of a
bioswale in Brunswick County, North Carolina (NC), USKater, 10: 134.

R Core Team. 2013R: A Language and Environment for Statistical Computifey. 3.4.3.
Vienna, Austria: R Foundation for Statistical 426 Computing. ISBA@05107-0.

Rushton, B. T. (2001). Lownmpact parking lot design reduces runoff and pollutants lahds.
Water Resour. Plan. ManadL27, 172179.

Sharkey, L. J. (2006). The performance of bioretention areas in North Carolina: A study of

waterqualy , wat er quantity, and soil medi a.

Univ., Raleigh, NC, USA.

Stagge, J. H., Davis, A. P., Jamil, E., and Kim, H. (2012). Performance of grass swales for
improving water quality from highway runofVater Res.46, 681-6742.

State Climate Office of North Carolina. (2012p092017 North Durham WatdReclamation
Facility Annual Rainfall. Available at: http://climate.ncsu.edu/

Sumner, M. E., and Miller, W. P. (1996). Cation Exchange Capacity and Exchange
Coefficiens. InMethods of Soil Analysis, Part 3, Chemical Methb&SSA Book
Series no 5Soil Science of America and American Society of Agronomy, Madison,
WI, USA.

Syers, J. K., and Curtin, D. (1988). Inorganic reactions controlling phosphorus cycling. In:
Tiessen, H. (edphosphorus Cycles In Terrestrial and Aquatic Ecosystem®P,
Saskatchewan Institute of Pedology, Saskatoon, Cana@®,.17

Teledyne ISCO, Inc. (2005). ISCO 730 Bubbler Flow Module. Lincoln, NE, USA.

Thomson, N. R., McBean, E. A., Smrdss, W., and Monstrenko, I. B. (1997). Highway
stormwater runoff quality: Development of surrogate parameter relationsYpear
Air Soil Pollut, 94, 307347.

Todeschinie, S. (2016). Hydrologic and Environmental Impacts of Imperviousness in an
Industrial Catchment of Northern Italy. Hydrol. Eng, 21, 05016013.

United Nations. (2014). World Urbanization Prospettse 2014 Revision, Highlightgjnited
Nations Department of Economic and Social Affairs, Population Division.
Available at https://esa.un.org/unpd/wup/publications/files/wup2€edighlights.pdf

United States Department of Transportation Fedgigtiway Administration (FHWA)(2016).
Highway Statistics 2016. USDOTeBeral Highway Administration: Washington, DC.
Available at:https://www.fhwa.dot.gov/policyinformation/statistics/2016/

United States Environmental Protection Agency (USEPA). (1Ni8pgen, Kjeldahl, Total
(Colorimetric, Automated Phenate) by AutoanalyER?A Method 351.1; USEPA:
Cincinnati, OH, USA.

United States Enkonmental Protection Agency (USEPA). (1998PDES Storm Water
Sampling Guidance DocumemPA 833B-92-002. USEPA Office of Water:
Washington, DC, USA.

158

Ma ¢



United States Environmental Protection Agency (USEPA). (1988dgrmination of
Nitrate-Nirite Nitrogen by Automated ColorimetriZPA Method 353.2, Revision 2.0;
USEPA: Cincinnati, OH, USA.

United States Environmental Protection Agency (USEPA). (19884grmination of
Phosphorus by Semiutomated ColorimetryEPA Method 365.1, Revision 2.0;
USEPA Cincinnati, OH, USA.

United States Environmental Protection Agency (USEPA). (1Z2termination of Trace
Elements in Waters and Wastes by Inductively Coupled Pibtama Spectrometry
EPA Method 200.8, Revision 5.4; USEPA: Cincinnati, OH, USA.

United States Environmental Protection Agency (USEPA). (2@0®an Stormwater BMP
Performance MonitoringEPA-821-B-02-001; USEPA 459 Office of Water:
Washington, DC, USA.

United States Environmental Protection Agency. (2007). Reducing stormwater cosgghthr
low impact development (LID) strategies and practices. Technical Report N&- 841
07-006. Washington, DC, USA: US EPA Nonpoint Source Control Branch.

United States Environmental Protection Agency. (2009). National water quality inventory:
Report toCongress, 2004 reporting cycEPA 841R-08-001, Washington, DC, USA.

United States Environmental Protection Agency (USEPA). (2016). Water quality assessment
and TMDL information. USEPA: Cincinnati, OH, USA. Available at:
https://iaspub.epa.gov/wagdi0/attains_index.home

University of New Hampshire Stormwater Center (UNHSC). (20B8)5 Data Rep.
CICEET, Durham, NH, USA.

Winston, R. J., Hunt, W. F., Kennedy, S. G., Wright, J. D., and Lauffer, M. S. (2012). Field
evaluation of storawater controimeasures for highway runoff treatmehtEnviron.
Eng, 138, 101111.

Winston, R. J., Dorsey, J. D., and Hunt, W. F. (2016). Quantifying volume reductiqreakd
flow mitigation for three bioretention cells in clay soils in northeast CBon Total
Environ, 553: 8395.

Winston, R. J., Powell, J. T., and Hunt, W. F. (2018). Retrofitting a grass swale with rock
check dams: hydrologic impactdrban Water J, doi:
https://doi.org/10.1080/1573062X.2018.1455881

Xiao, Q., and McPherson, E. G. (2008gsting a bioswale to treat and reduce parking lot
runoff. Center for Urban Forest Research, University dif@aia-Davis. Available
at: https://www.fs.fed.us/psw/topics/urban_forestry/products/psw_cufr761_P47ReportL
Res_ AC.pdf

Yu, S. L., Kuo, J. T.Fassman, E. A., and Pan, H. (2001). Field test of grassal
performance in removing runoff pollutiod. Water Resour. Plan. Manad.27, 168
171.

Zhuang, J., and Yu,-®R. (2002). Effects of surface coatings on electrochemical properties
and conteninant sorption of clay mineral€hemospheret9: 619628.

159



CHAPTER 47 EVALUATING THE HYDROLOGIC AND WATER QUALITY BENEFITS

OF FIELD -SCALE BIOSWALES IN THE NORTH CAROLINA COASTAL PLAINS

4.1 Abstract

Bioswales are a promising stormwater control mea&@a) for highway runoff
management, but few studies have assessed performance on a field scale. A bioswale is a
vegetated channel with underlying engineered media and a perforated underdrain to promote
improved hydrologic and water quality performanceoTioswales (BSN and BSS) were
constructed at the40 and 495 interchange in Benson, North Carolina, USA and were
monitored for hydrology and water quality for 6 months. The bioswales had different drainage
areas and length. BSN was able to infiltrateaup 7.1 mm event and the largest event with only
underdrain flow was 5.8 mm. BSS infiltrated up to a 0.8 mm event and the largest underdrain
only event was 7.1 mm. Both had scenarios with significant peak flow rate reductions (overflow
and underdrain) aha significant percent of exfiltrated volume. The differences in design and
drainage area significantly influenced underdrain hydrologic performance, but not that of the
overflow. BSN had a significant load reduction T8S, TKN, and TN, anthet water qality
thresholds for TN and all metals. BSS combined outflow had only a significant load reduction
for TSS, TKN, and TN, but exported NERN. This bioswalanet the water quality thresholds
for TN and all metals. The pollutant concentrations in the undierflow was found to be
significantly influenced by the drainage area, percent of impervious cover, length, and base
width. Overall, these bioswales highlight the complex, yet positive hydrologic and water quality

performance that can be achieved by s\Wwale.
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4.2 Introduction

Urbanization is a global trend, with 54% of the 2014 global population living in urban
areasand predicted to rea@d6% by 2050 (United Nations, 2014). The impervious cover linked
with urbanization negatively affects water qua(ityorisawa and LaFlure, 1979; Arnold et al.,

1982; Bannerman et al., 1993; Brabec et al., 2002; Todeschinie, 2016). Pollutants including
suspended solids, nutrients, polycyclic aromatic hydrocarbons, and heavy metals have been
found in urban runoff (Thomsaeat al., 1997; Opher and Friedler, 2010; Ingvertsen et al., 2012).
Urban stormwater runoff has a detrimental effect to water quality, both on local and regional
scales (USEPA, 2002, 2009).

Roadways are a major source of pollutants due to their accumutbatiooad surfaces
from vehicle emissions and intevent depositions (McKenzie et al., 2009; Apeagyei et al.,

2011; Gunawardana et al., 2012). Runoff flushes pollutants from pavements and transports them
to receiving waters. Constructing roads increasggerviousness, which in turn typically

increases the runoff volume and peak rate (Novotny, 2003; Minton, 2005). Lack of runoff
mitigation leads to hydromodification of downstream receiving waters (Booth, 1990; USEPA,
2007).

The United States Federal HighyAdministration (FHWA) stated that in 2016, North
Carolina (NC), USA, had 171,431 km of urban roadways (FHWA, 2016). During this same year,
it was reported that Raleigh, NC and Durham, NC had a daily average of 13,912 and 13,759
vehicles per freeway laneespectively (FHWA, 2018). Large roadway traffic volumes highlight
the potential for significant pollutant deposition and accumulation on these impervious surfaces.
The North Carolina Department of Transportation (NCDOT) has implemented the Highway

Stormwater Program (NCDOT HSP) to address stormwater runoff associated with roadways,
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through the implementation of structural and +stmuctural practices. Per an MS4 permit issued
by the North Carolina Department of Environmental Quality (NCDEQ), NCDOT HSP is
obligated to install 14 retrofits annually (NCDOT HSP, 2016).

Heavy metals, nutrients, and sediment have been shown to be a major source for water
impairments in the United States (USEPA, 2016) (Takl¢. & heir negative effects on water
guality and huran and aquatic health highlight the importance of finding practices to treat
polluted water, including roadway runoff, at or near the source.

Table 4-1. Extent of impaired waters in the United States for key pollutants (USEPA, 2016).

Waterbody Metals Nutrients Sediment
Rivers and Streams (km) 151,280 189,924 223,559
Lakes, Reservoirs, and Ponds (ha) 498,573 159,595 203,233
Bays and Estuaries (Kin 21,041 47,332 1036
Coastal Shoreline (km) 19 217 NA
Wetlands (ha) 38,295 27,458 501

Heavy metals, botHissolved and particulate forms, impact human health and aquatic
life. Common heavy metals in the urban environment include cadmium (Cd), copper (Cu), lead
(Pb), and zinc (Zn), generally originating from vehicles, landfill leaching, and industrial
wastewger (Gautam et al., 2014). Cadmium overexposure can lead to renal dysfunction, bone
degeneration, and liver and blood damage in humans and is also highly toxic to animals (Gautam
et al., 2014). Copper can lead to nose, eye, and mouth irritation, naasdeajiand with
continuous exposure is shown to cause kidney damage. Copper is toxic to aquatic life at low
concentrations (Gautam et al., 2014). Lead exposure impacts all, especially newborns, by
interfering with hemoglobin creation, kidney function, naguctive organs, nervous system
function, and the gastrointestinal tract (Gautam et al., 2014). Large quantities of zinc can cause

nausea, vomiting, anemia, and cholesterol problems (Gautam et al., 2014).
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Eutrophication is a significant water quality cenn. Urban drainage is one of the largest
sources of nitrogen (N) and phosphorus (P) (Davis et al., 2006). Excess nitrogen and phosphorus
in surface waters can lead to harmful algal blooms, which upon algal death and decomposition
leads to depleted diss@d oxygen levels in the water column (Pierzynski et al., 2000; Glasgow
et al., 2001). Low dissolved oxygen levels are of concern to aquatic health, often leading the
government to classify receiving waters as impaired.

Sediment has detrimental effectswater quality. Turbidity impedes sunlight from passing

through the water column, which in turn curtails aquatic plant growth. Sedimentation over time
alters the receiving water bodyds bathymetry,
decreasinghannel depth and available volume, increasing flooding risk (Ongley, 1996).

Soil particles also transport pollutants such as metals and pathogens. Clay and silt
particles have higher affinity for pollutants due to their large surface area to voluonantti
charge, compared to those of larger particles, and thus have a higher cation exchange capacity
(Sumner and Miller, 1996). Clay patrticles have ionic exchange sites, and commonly a coating of
iron (Fe) and manganese (Mn) oxides which bind to these(Ziteiang and Yu, 2002), to which
phosphorus and metals have a strong affinity. Ongley (1996) found that up to 90% of phosphorus
flux in rivers could be linked to suspended sediment.

Low impact development (LID) is a design philosophy to manage stormwigiter
limited space (Fletcher et al., 2014). The overarching purpose of LID is to develop land in such a
way that the developed | andds hydrologic cond
development as closely as possible (Holrbaads et al.2003; Rushton, 2001).

Stormwater control measures (SCMs) are employed to achieve LID principles through practices

to convey, infiltrate, and treat runoff (Dunnett and Clayden, 2007; Knight et al., 2013).
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Swales, a structural SCM, are shallow, vegetahahigels, which are generally triangular
or trapezoidal in surface geometry and are designed specifically to convey stormwater (Barrett et
al., 1998). Previous studies have reported that swales provide mean volume reductions from 23
47% (Knight et al., 203;3Rushton, 2001; Backstréom, 2002; Ackerman and Stein, 2008; Deletic,
2001; Barrett, 2005). Swale peak flow rate reductions have been reported fit3r6%!

(Fassman and Liao, 2009; Winston et al., 2018). The main pollutant treatment mechanisms of a
swale ae sedimentation, gross patrticle filtration, and infiltration, with some potential for

biological and chemical reactions on the grass and soil surface (Barrett, et al., 1998; Stagge et al.,
2012; Yu et al., 2001). While many studies have examined conweyamugh swales, a lack of
consistent literature on pollutant removal abilities remains (Backstrom, 2002; Winston et al.,
2012).

Another commonlyused SCM is a bioretention cell (BRC), which utilizes an engineered
media to promote infiltration and polarnt removal. The media is primarily sand, with small
percentages of Afineso (silt and clay) and or
volume and mitigate peak flows, while also improving water quality (Davis, 2007). Reported
bioretention pak flow rate reductions range from-249% (Dietz and Clausen, 2005; UNHSC,
2006; Davis, 2008; Hunt et al., 2008; Hatt et al., 2009; Lucke and Nichols, 2015; Winston et al.,
2016). Monitored bioretention volume reduction ranged fror&% (Luell et al., Q11; Hunt et
al., 2008; Jiang et al., 2017). The main removal mechanisms of a BRC are filtration, infiltration,
and nutrient transformation (Hunt et al., 2012). Bioretention is generally regarded as the most
effective SCM at pollutant removal (Davis et 2009).

Bioswales are a SCM that combine the conveyance design of a dry swale and the

infiltration and nutrient transformation mechanisms of a BRC (Christianson et al., 2004). A
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bioswale appears as a grassed swale on the surface, but underlying thiéoveigedn

engineered, higfiow media, similar to that of a BRC, below which is a gravel layer and
underdrain (Figure-4). The vegetation promotes sedimentation by slowing the overflow rate,
allowing for larger particles to settle, the media and undarghiromote filtration, and the

medi aés natural organic materi al ( NOM) promot
chemical transformations (Davis et al., 2001; Hunt et al., 2006). Some infiltration is possible per
drainage configuration and-situ soil. Additionally, bioswales can incorporate a forebay

upstream of the bioswale, where runoff ponds, stills, and sedimentation occurs prior to entering
the bioswale. Check dams can be installed along the bioswale length to promote ponding, which
increaes potential for sedimentation, ET, and reduced overflow rate. Bioswales can also
incorporate a saturated zone, known as internal water storage (IWS), which promotes
denitrification and potentially leads to exfiltration (Kim et al., 2003; Li et al., 2B@8seport et

al., 2009; Brown and Hunt, 2011).

Top of Berm
/ Sod

Biomedia

Non-woven Fabric

Washed Stone

Perforated pipe with filter sock

Figure 4-1. Typical horizontal crossection of a bioswale.
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Limited preliminary data on runoff reduction exist for bioswales (McLaughlin, 2012;
Xiao and McPherson, 2009; Anderson et al., 2016), thereflarger data set is needed to better
understand system performance. Pathogen and sediment treatment by bioswales has been
examined (Purvis et al., 2018), but little to no data exists on water quality treatment of nutrients,
metals, and sediment. Since biades appear to be a promising SCM, additional research is
needed to better understand their hydrologic and water quality treatment capabilities. Sufficient
knowledge will likely inform future bioswale design standards. Therefore, research is needed to
(1) expand the bioswale database and (2) understand associations between design parameters and

performance to foster an overall understanding of bioswale capabilities.

4.3 Materials and Methods

4.3.1 Neuse River Basin

This study was located in Benson, NISA, which is within the Neuse River Basin
(Figure 42). The Neuse River Basin hasirainage area of 16,1&M?, all of which is within the
state of North Carolina, and is th& Birgest river basin in the state (NCDENR, 2009). A part of
the basin includs the Raleigfbur ham metropolitan area, the sta
a2010combined population of 632,222, whichpisedicted to increase by 15% (Raleigh) and
17.2% (Durham) by 2017 (United States Census Bureau, 2017). A North Carolina Dapaftme
Environment and Natural Resources (NCDENR) (2009) study found that 1,617 km of freshwater
streams in the Neuse watershed were negatively impacted by nonpoint source runoff, which

includes stormwater runoff.
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Figure 4-2. Neuse River Basin (ihligh'in Iaion to the state of North Carolilgo(rce NCDEQ,
2018), with the study site denoted.

4.3.2 40-95 Bioswale Location and Design Configuration

Two bioswales (BSN and BSS) were installed along exit ramps at the Intersta#040 (I
and Intersate 95 (195) interchange in Benson, NC (Figur8) which is in the Coastal Plains
region. Both bioswales treat runoff frord0, a two lane interstate and one lane exit ramp, both

with good condition asphalt during the study period.
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4

Figure 4-3. Aerial of 140-95 interchange and location of BSN and BSS. Drainagge @and bioswale
location notedSource: Google Maps).

4.3.3 40-95I| Bioswale Design

To construct each of the bioswales, a trench with a specified width (BSN=0.98 m;
BSS=1.1 m) and ¢¢h of 0.9 m was excavated, with tlngstream endf the trench having a 2:1
horizontal:vertical distance (H:V) slope and the end of the trench having a 3:1 H:V slope. The
excavated trench was lined with a woven geotextile, ensuring the media remahmedyistém
while still allowing for exfiltration. The base was then filled with 0.15 m of ASTM standard #57
washedstone (0.2 to 3.8 cm stone size (NCDOT, 2016)). Next, ad. CD perforated high
density polyethylene (HDPE) pipe wrapped with a filter smek placed over the stone layer,

along the length of the bioswale. The pipe was covered with 0.15 m of ASTMa#hiedstone,

168



resulting in a total of 0.3 m of stone. The stone/underdrain layer was covered with a Type 2 geo
textile (Prope x4/mber NEDOE, 2018) fo preverit Media from
migrating into the stone layer. The remaining 0.6 m of the trench was backfilled with media
comparable to the North Carolina Department of Environmental Quality standard (NCDENR,
2009) (Table ) (83% sandl7% fines) and covered with Bermuda s@grfodon dactylon
(Figure 44). Both bioswales had trapezoidal surface geometry, with 3:Islddslopes. The
lengths and longitudinal slopes varied for each bioswale (TaBJeBoth bioswales had a rip

rap linedforebay (Figure %6 and 47) upstreanof each bioswale and a check dam located at the
end of the bioswale, made with existing soil (Figw@ @nd 47). Bioswale design

characteristics can be found in Tabl8 4nd a general crosection in Figure 4. Gross

sections are reported in Appendix E.

Table 4-2. High flow media characteristics.

Characteristic Value
Sand 85-88%
Fines (Clay and Silt) 8-12%
Organic Matter 3-6%
P-Index 10-30 (1036 ppm)

Table 4-3.40-95 BSN and BSS bioswale design charastes.

Characteristic BSN BSS
Drainage area (ha) 0.19 0.25
Impervious cover (%) 74 78
Forebay length (m) 2.7 2.7
Forebay pool depth (m) 0.15 0.15
Media depth (m) 0.6 0.6
Base width (m) 0.98 1.1
Underdrain length (m) 134 5.5
Total length (m) 15.2 7.6
Longitudinal Slope (%) 1 1
Check dams At end At end
Check dam top width (m) 1.2 1.2
Check dam height (m) 0.3 0.3
Surface geometry Trapezoidal
Surface side slopes (H:V) 31 3:1
Media void storage (L 3.,143 1,359
Gravel void storage (L) 1,982 849
Surface storage {L 2,600 1,100
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Figure 4-4. Horizontal crosssection of bioswales at b intersection. Conversion: 1 ft = 0.305 m; 1 oz = 28.35 g. (Source: NCDOT)
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Figure 4-6. Longitudinal crosssection of bioswales at 485 intersection. Conversiof ft = 0.305 m; 1 oz = 28.3 {Source: NCDOT)
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A) B)

Figure 4-7.40-95 bioswale design. A) Downstream view of bioswale with forebaydridreground; B)
Upstream view of bioswale with outlet structure and check dam in the foreground.

The bioswale in the north looB$EN) had a drainage area of 0H# 74% of which was
directly connected impervious area. The bioswale in the south loop [B8%)drainage area of
0.25 ha, 78% of which was directly connected impervious area. All highway runoff was routed
directly to the respective bioswale inlet through an installed-andgutter system. While
physically close, soil grab samples found that soil around BSN was a sandy loam and that
around BSS was a loam. Thus, these bioswales had differsit soil, which could influence

performance.

4.3.4 Field Monitoring Equipment/Setup
Each forebay was installed with a gedricated runoff colletion box and a 60° ¥otch

weir, with the box directly connected to the candgutter structure (Figure-8). The concrete
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