
ABSTRACT 

PURVIS, REBECCA ANNE. Bioswale Design Optimization for Enhanced Application and 

Pollutant Removal. (Under the direction of Dr. William Hunt). 

 

A bioswale is a stormwater control measure (SCM) comprised of a vegetated channel 

with underlying sand-based 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, limited peer-reviewed 

literature exists for bioswales. To examine hydrologic and water quality treatment, seven full-

scale bioswales were tested with synthetic runoff under controlled conditions and five field-scale 

bioswales were monitored alongside North Carolina roadways (50-98, 40-95, and Brunswick). 

The bioswales ranged in slope from 1-4% 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 conditions, several 

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, all 50-98 (BS2, BS4) and 40-95 (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 8.2 mm event, 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 thirty-nine monitored events, with the largest event being 86.1 mm. This bioswale 

likely achieved such 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 pollutants, relative to flatter (1%) 

bioswales, and IWS inclusion decreased combined outflow load removal efficiency for NO2-3-N 

and TP. The 50-98 bioswales (BS2, BS4) had varying water quality treatment. BS2 reduced 

loads for TSS, TKN, TN, Pb and TZn, but exported TCu, and met all water quality thresholds. 

BS4 reduced loads for TSS, NO2-3-N, 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, and TN, but exported NO2-3-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 bioswale length 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 and rate with 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, NO2-3-N, TP, OP, Cd, Cu, Pb, and TZn. Check dams 

reduced load removal efficiency, while inclusion of IWS improved load removal for NO2-3-N, 

OP, and Cu.   

Key design recommendations include extending bioswale length, decreasing slope, and 

incorporating check dams and a forebay. IWS had promising water quality treatment, but 

negative hydrologic improvements, indicating this design feature may be a site-specific 

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



consistent across 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, continued research on this growing SCM under varying conditions and 

design parameters is needed to optimize hydrologic and water quality treatment. 
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CHAPTER  1 ï BIOSWALES : 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 living in 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 solids, heavy metals, 

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 local and regional 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 breakdown of these state highway agency-owned 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 percentages are disproportionate to the average daily traffic (ADT) for each category 

(NCHRP, 2006). Thus, while rural roads comprise a larger proportion of state-owned 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).  



2 

 

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 exceeds 2-3% of the drainage area, significant geomorphic and ecological 

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 design and implement 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 method (NCHRP, 2006). Designs based on the LID 

approach utilize storage, detention, infiltration, evapotranspiration, and plant uptake to reduce 

flow rates and remove pollutants (NCHRP, 2006). Stormwater control measures (SCMs) are 

structural and non-structural practices that achieve this design approach (Dunnet and Clayden, 

2007; Knight et al., 2013). Generally, LID SCMs focus on stormwater runoff volume reduction 

through infiltration and evapotranspiration. Approaches also address flow attenuation, with the 

goal of reducing discharge rates, primarily through detention, interception, and conveyance 

(NCHRP, 2006). As noted, there are several mechanisms that influence hydrologic performance: 

interception ï the detention by vegetation; conveyance ï to decrease velocity and promote 

infiltration; detention ï temporary storage of stormwater; retention ï the permanent storage of 

stormwater; infiltration ï movement of water into the soil; and evapotranspiration (ET) ï the 

combined evaporation of water on or near the soil surface 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.  
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While hydrologic performance is important to manage, especially in highly impervious 

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 indicator for the 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 pathogens (NCHRP, 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 increased water 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 sediment loading are pollutants, such as nutrients and heavy metals, which can be particulate-

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 of the largest 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 produce toxins 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 
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Shumway, 1998). N and P can be present in several forms: total nitrogen (TN); inorganic 

nitrogen (NO2
-, NO3

-), ammonia nitrogen (NH3), and total Kjeldahl nitrogen (TKN); 

orthophosphate (OP), soluble phosphate, and total phosphorus (TP).  

Common heavy metals in the urban environment include cadmium (Cd), copper (Cu), 

lead (Pb), and zinc (Zn) (Gautam et al., 2014). Metals are of concern due to their potential 

toxicity and persistence (Strecker, 1994; Davis et al., 2003). Metal presence is, in part, dependent 

upon particles with which they can be associated. It has been shown 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 and particulate 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 (Li and 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 (USEPA) has reported pathogens as 

one of the leading causes of surface water impairment (USEPA, 2016). While pathogens are the 

main concern, fecal indicator bacteria (FIB), including Escherichia coli (E. coli), enterococci, 

and total and fecal coliforms (Struck et al., 2008), are used as the metric for regulations (Leclerc 

et al., 2001; Savichtcheva and Okabe, 2006; Pan and Jones, 2012; OôNeill et al., 2013). Increased 

bacteria levels poses potential health concerns, increased water treatment costs, and economic 

losses in recreational waters (UESPA, 2012).  

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

deposition, surrounding land activity, and erosion (USEPA, 1999). Each of these constituents is 
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present in roadway runoff to varying degrees and in different forms (e.g. dissolved and 

particulate-bound), 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 at a location.  

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 

cross-sections and have historically been designed for stormwater conveyance (Barret et al., 

1998b; Davis et al., 2012) (Figure 1-1). Swale location is flexible, making them ideal for the 

linear highway environment. Previous studies have reported mean runoff volume reduction 

ranging from 23-47% (Deletic, 2001; Rushton, 2001; Bäckström, 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). 

 
Figure 1-1. Schematic of a grassed swale with a check dam (Source: NCDEQ, 2017).  
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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 quantified pollutant reductions of runoff that have 

entered a swale (Table 1-1). These results, while limited, show that the mechanisms and 

pollutant removal capabilities of swales are promising. However, there is still a lack of consistent 

literature on pollutant removal efficiencies (Bäckström, 2002; Winston et al., 2012). 

Table 1-1. Pollutant removal capabilities of swales. 

Study Location 
Concentration Reductions (%) 

TSS TN TKN  NO2-3-N TP OP Cd Cu Pb Zn 

Barrett et al.  

(1998) 
TX, USA 

87 - 33 50 44 - - - 41 91 

85 - 44 23 34 - - - 17 75 

Bäckström  

(2002) 
Luleå, Sweden 79-98 - - - - - - - - - 

Knight et al.  

(2013) 
NC, USA 81 24 24 20 -21 -76 19 -147 - 72 

Li et al.  

(2016) 
Beijing, China 13 12.9 23.4 -8 -72 - 51 39.5 52.4 54.9 

 

1.2.2  Bioretention  

Another commonly implemented SCM is bioretention (Liu et al., 2014; Lim et al., 2015). 

Bioretention cells (BRCs) utilize an engineered media for filtration that is generally sand-based, 

with small percentages of silt, clay, and organic matter (Hunt et al., 2012) (Figure 1-2). This 

mixture can vary by jurisdiction, affecting the hydrology and pollutant removal capabilities of 

the practice (Davis, 2008; Liu et al., 2014; Gülbaz et al., 2015). The main mechanisms of a BRC 

are infiltration, filtration, evapotranspiration, detention, exfiltration, and chemical and biological 

transformations (Hsieh and Davis, 2005; Read et al., 2008; Hunt et al., 2012; Gülbaz and 

Kazeyilmaz-Alhan, 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 

the in-situ soil. An underdrain 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 large percentage of 

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 groups (carboxyl, hydroxyl, methoxy, quinine, 

and phenolic) (Paus et al., 2014). Reported BRC performance varies, with several studies 

reporting concentration reductions, while others had an increased outflow concentration (Table 

1-2).  

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

Additionally, studies have shown bioretention systems to achieve peak flow reduction 

from 24-99% (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 from 20-98% 

(Luell et al., 2011; Hunt et al., 2008; Jiang et al., 2017). These results highlight the promising 

hydrologic performance of BRCs.  
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Table 1-2. Pollutant removal capabilities of bioretention systems. 

Study Location 
Concentration Reduction (%)   

TSS TN TKN  NO2-3-N TP OP Cd Cu Pb Zn FC E. coli 

Davis et al. (2003) Maryland, USA 
- 49 52 16 65 - - 97 >95 >95 - - 

- 59 67 15 87 - - 43 70 64 - - 

Dietz and Clausen (2006) Connecticut, USA  51 26 67 -108 - - - - - - - 

Roseen et al. (2006) New Hampshire, USA 96 - - 27 - - - - - 99 - - 

Hunt et al., (2006) North Carolina, USA 
-170 40 -4.9 75 -240 -9.3 - 99 81 98 - - 

- 40 45 13 65 69 - - - - - - 

Davis, (2007) Maryland, USA 
59 - - 90 79 - - 83 88 54 - - 

54 - - 95 77 - - 77 84 69 - - 

Hunt et al., (2008) North Carolina, USA 59.5 32.2 44.3 -4.7 31.4 - - 54 31.4 77 - - 

Rusciano and Obropta (2007) Laboratory columns - - - - - - - - - - 91.5 - 

Garbrecht et al. (2009) Laboratory columns - - - - - - - - - - - 32-91 

Hunt et al. (2008) North Carolina, USA - - - - - - - - - - 69 71 

Purvis et al. (2018) North Carolina, USA - - - - - - - - - - 
65-

75 
- 

*TSS ï total suspended solids, TN ï total nitrogen, TKN ï total Kjeldahl nitrogen, NO2-3-N ï nitrite/nitrate nitrogen, TP ï total phosphorus, OP ï orthophosphate, Cd ï cadmium, Cu ï copper, Pb ï lead, Zn ï zinc, FC ï fecal 

coliform, E. coli ï Escherichia coli. 
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1.2.3  Bioswales 

Another SCM of growing interest is the bioswale. A bioswale 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 (Figures 1-3 and 1-4). 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, decreasing overflow 

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

 

Figure 1-3. Typical horizontal cross-section of a bioswale (Source: Jonathan Page, NCSU BAE). 

 

 

 



10 

 

Figure 1-4. Typical longitudinal cross-section of a bioswale; Conversions: 1 ft = 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 

performance, but 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 design variables 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, vegetation, soil infiltration rate, and storm event size (Yu et al., 2001; 

Bäckström, 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  

Sedimentation is the removal of particles due to settling, leading to removal of metals and 

nutrients that are particulate-bound (Revitt et al., 2017). A key design variable that can influence 

sedimentation is the bioswale length. Studies on swales reported that larger particles tend to 

settle out within the first few meters of the channel due to their higher settling velocity 

(Bäckström, 2002). Deletic and Fletcher (2006) reported that the sediment concentration 

decreases exponentially with channel length. Yu et 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 loading, and decreased longitudinal slope (Winston et al., 2017).  

Particle sedimentation may be dependent on other variables including the infiltration rate 

of the underlying soil (Bäckström, 2002; Deletic, 2005), such as bioswale media, which 

promotes infiltration, 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 of length 

(Bäckström, 2002). No studies report how bioswale length affects water quality performance, but 

because a bioswale incorporates a porous underlying media, promoting infiltration, settling of 

particles is likely greater than that of a standard swale (Deletic, 2005).  

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 creates shallower flows (Winston et al., 

2017), increasing sedimentation potential.  
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Longitudinal slope affects sedimentation potential as 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 volume and velocity. Yu et al. (2001) 

reported that swales having a more gradual slope (max. 3%) had a higher removal of suspended 

particles.  

There are structural features that can be incorporated to promote sedimentation. A 

forebay is a plunge pool upstream of a bioswale and can help decrease the inflow rate through 

ponding, resulting in an increased potential for sedimentation (Figure 1-5).  

 
Figure 1-5. Forebay used to promote sedimentation upstream of a bioswale. 

Plunge pool 

Rip-rap 

channel 
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Another structure to promote ponding and the corresponding sedimentation is a check 

dam. Check dams are placed perpendicularly to surface flow in swales. A check dam can be 

constructed from many different materials including engineered media or existing native soil 

(Figure 1-6A) or materials such as gravel or sandbags (Figure 1-6B) (USEPA, 2014). The height 

and spacing of check dams depends on the swale 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 swales significantly improved runoff volume reduction during moderate storms (23-

33 mm). In a study by Winston et al. (2018), swales with rock check dams significantly reduced 

runoff volume by 17%. Currently, there is no literature on how check dams influence bioswale 

behavior.  

 
Figure 1-6. A) Bioswale with earthen check dams; B) Swale with rock check dams.  

1.3.2  Infiltration  

1.3.2.1  Media 

Infiltration is the movement of water downward into the media and in-situ soils. 

Infiltration capabilities are influenced by several factors including soil type, detention by 

vegetation cover, and soil moisture (Urbonas and Stahre, 1993). Bioswales promote infiltration 

A) B) 
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through the implementation of a sand-based media, allowing for increased water movement 

through the soil matrix (Davis et al., 2001). There are numerous implemented BRC media 

compositions. The media specification in North Carolina, USA is 75-85% sand, 8-10% fines (silt 

and clay), and 5-10% organic matter, with a P-index less than 30 (NCDEQ, 2018). Prince 

Georgeôs County in Maryland, USA has a recommended composition of 50% sand, 30% topsoil, 

and 20% aged organic matter, which has shown good infiltration capacity, but can be costly 

(Davis et al., 2009). Delaware, USA requires a mix of 60% concrete sand, 30% triple-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 storage volume to promote increased 

infiltration into the bioswale, exfiltration into the in-situ soil, and associated decrease in total 

outflow volume (Brown and Hunt, 2011).    

Generally, a bioswale surface is vegetated, which promotes detention storage of 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 discussed, to detain runoff, thereby exposing more 

water to infiltration.  

1.3.2.2  In-Situ Soil 

Infiltration into the in-situ soil from the media can also occur, both laterally and 

vertically, referred to herein as exfiltration. Bäckström (2002) reported that 66% of the 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 decreases 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 presence of a gravel layer below the underdrain, which serves as detention 

storage that ultimately will exfiltrate to underlying soils. Volume exfiltrated through the gravel 

detention layer will be dependent on the depth and void space of the stone layer. The volume 

exfiltrated to in-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 with IWS 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 Hunt, 2011).  

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 particles in the passing overflow while also slowing velocities to encourage 

sedimentation (Barrett et al., 1998). Bäckström (2002) reported that swales with thin, short turf 

grass had a lower TSS removal (80%) compared to those with fully developed turf (90%). 

However, Yousef et al. (1985) suggested that vegetation cover of 20% or less might remove 

contaminants more effectively than those with at least 80% cover, as thick grass decreases soil 

sorption site availability and increases organic litter, contributing to suspended solid loads. 

Additionally, filtration of sediment by vegetation can increase the removal of particulate-bound 

pollutants in the overflow.  
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Channel geometry affects flow depth through the bioswale and therefore the vegetation 

filtration capabilities. Trapezoidal geometry 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 of 

particles in the mediaôs pore space (Li and Davis, 2008b). Straining of sediment and pollutants 

within the media can be increased by providing more media volume for treatment, through an 

increased depth and/or length of the SCM (Li and Davis, 2008b). The larger 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, both water ponded on the bioswale surface and 

water within the soil matrix held between saturation and field capacity, and is released over time, 

thus decreasing the peak outflow rate (NCHRP, 2006). Detention within a bioswale can be 

increased through the implementation of forebays, as they can increase the time between 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 parameters may be used for 

promoting detention, increasing pollutant removal potential through settling, and decreasing 

runoff volume and flow rate.  

1.3.5  Evapotranspiration 

Evapotranspiration (ET) is the combination of evaporation of from a free water surface or 

a soil surface and transpiration from vegetation. Since bioswales have sand-based media and an 

underdrain to promote infiltration and 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 check dams. Transpiration is achieved by water 

uptake from root systems that is later lost to the atmosphere. The design variable that would 

influence transpiration is vegetation selection, such as a high-density grass to promote 

interception, thereby increasing the soil-water 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 microbially-

mediated transformations and uptake and storage (NCHRP, 2006). Microbial processes are 

performed by bacteria, algae, and fungi in the water column, soil matrix, root zone, and on 

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 ammonification, nitrification, 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 in bioswales, especially during flow conditions, 

the rapid drainage associated with bioswales and thus the dry conditions between flow events, 

limits the potential for intra-event ammonification (NCHRP, 2006). Nitrification is the oxidation 

of ammonium to nitrate 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 to N2 gas, can occur. Although bioswales are 

designed to provide continuous drainage, a saturated zone, known as 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 zone to prevent pollutant mobilization (Brown and Hunt, 2011). 

Finally, nitrogen fixation bacteria in the root system can supply the plant nutrients, including 

nitrogen (NCHRP, 2006). Overall, Lucas and Greenway (2008) reported that BRC vegetation 

enhances total nitrogen 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 surrounding soil to increase in sorption 

capacity (NCHRP, 2006). The potential for metal chelates, created through reactions with 

organic matter, can lead to subsequent uptake of metal species that are in the aqueous phase 

(NCHRP, 2006). Due to the relatively long 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 can 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 (Marshall 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), with the potential for 

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; Stenstrøm ad Hoffner, 1982; Shah and Bhatnagar, 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  Chemical Processes 

Highway runoff constituents are generally partitioned into dissolved and particulate-

bound forms. Pollutant partitioning and speciation is influenced by the stormwaterôs chemistry, 

including pH, hardness, redox conditions, organic carbon, and ionic concentrations (NCHRP, 

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

The main chemical process occurring in bioswales is sorption, which encompasses 

absorption and adsorption. Absorption is when a substance in one state is incorporated into a 

substance of a different state (NCHRP, 2006), such as inflow water being absorbed by solid 

particles in the media or along the bioswale surface. Adsorption is a physio-chemical process 

which bonds ions and molecules onto another molecule, such as with nutrients, dissolved metals, 

and organics (NCHRP, 2006). Solute mass transfer associated with sorption and mechanisms 

include precipitation, chelation, and hydrolysis (Strawn et al., 2015). Precipitation is the creation 

of a solid from ions in 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 the splitting of 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 removal generally 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 composition; results recommending a media with a 

lower P-index and increased CEC sites (Hunt et al., 2006; Sharkey, 2006). P sorption capacity is 

increased with mediaôs clay fraction (Lucas and Greenway, 2008). Arias et al. (2001) reported 

that variations in calcium, iron, and aluminum concentrations in a sand media for constructed 

reed beds showed a threefold increase in P removal due to increased sorption sites.  

Metals have varying removal processes and kinetics. For example, lead is generally 

removed through surface complexation and precipitation at a higher 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 incorporated in media 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 soil 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 increases bacterial adhesion due to a high 

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., 1994; Johnson 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 aqueous phase can 
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decrease adsorption due to competition 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 potential release of 

this pollutant. The potential for leaching can also be decreased through the use of a 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, infiltration, contaminant 

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 long-term time-series simulation, 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 no design tools to specifically design and predict bioswale 

performance.  

1.4.1  SWMM  

One of the models reviewed for modeling SCMs was the USEPAôs Storm Water 

Management Model (SWMM). This is a dynamic rainfall-runoff water quality simulation model 

used for runoff quantity or quality for single event or continuous simulation, usually in urban 



22 

 

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 SWMM, such 

as its applicability on small catchments, including soil moisture storage and flow routing to the 

drainage network. However, SWMM does not directly model some LID practices, including 

bioswales (Gülbaz and Kazeyilmaz-Alhan, 2017). Currently, media SCMs 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 is to maximize infiltration, so the inability of SWMM to 

model infiltration makes it less than ideal for designing bioswales.  

1.4.2  SwaleMod  

SwaleMod is an Excel-based design tool created by North Carolina State Universityôs 

Department of Biological and Agricultural Engineering (NCSU BAE) for analysis of a standard 

dry swale. The tool computes the swaleôs TSS capture and the potential erodability of the swale 

based on design storms. TSS removal is calculated based on hydrologic and geometric design 

inputs, Stokeôs Law, the Aberdeen Equation, and Manningôs Equation. This program does not 

provide continuous modeling, but rather manipulates design variables of a standard swale to 

maximize sediment removal and ensure only non-erosive behavior prior to final design and 

construction.  

Although SwaleMod is a straightforward and user-friendly program, there are some 

parameters that could be improved. Currently the program is based on equations, with no 

consideration of empirical data for constructed swales. Also, there is no method for computing 

the removal efficiency of other pollutants, including nutrients and metals. Additionally, the tool 

does not give outputs on hydrology, including the proportion of inflow exiting 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 designing 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 database, (2) gain a stronger 

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, and under varying 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 

Collection of 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 supplemental materials, such 

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 guidelines readily available 

on how to properly design and maintain these systems. In-depth 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 there is limited research and findings on their 

hydrologic and water quality treatment. Several removal mechanisms and many design variables 

could influence performance. Gaining a better understanding of how each variable affects 

hydrology and water quality, as well as 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 

need for an in-depth 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  2 ï 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 performance at the plot 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 and tested at North Carolina State Universityôs (NCSU) 

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 significant 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%) and significant for all constituents, but 

reductions varied among design configurations. A 4% longitudinal slope yielded higher 

combined outflow loads for all pollutants relative to flatter (1%) sloped bioswales. IWS inclusion 

increased combined outflow (overflow plus underdrain) load removal of NO2-3-N 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 standard dry 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 global phenomenon; in 2014 54% of the global population lived in 

urban areas and the level is expected to reach 66% by 2050 (United Nations, 2014). The 

impervious cover linked with urbanization negatively affects urban hydrology and water quality 

(Morisawa and LaFlure, 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 urban runoff (Thomson 

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 landôs hydrologic and water quality behavior mimics that of pre-

development as closely as possible (Holman-Dodds et al., 2003; Rushton, 2001). 

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 triangular or trapezoidal cross-

sections, designed to convey stormwater (Barrett et al., 1998). Previous studies have reported 

that swales provide mean volume reductions ranging from 23-47% (Knight et al., 2013; Rushton, 

2001; Bäckström, 2002; Ackerman and Stein, 2008; Deletic, 2001; Barrett, 2005) and flow rate 

mitigation ranging from 44-73.6% (Fassman and Liao, 2009; Winston et al., 2018). The main 

removal mechanisms of a swale are sedimentation, gross particle filtration, and infiltration, with 

some potential for biological 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 (Bäckström, 2002; Winston et al., 2012).  

Another commonly-used SCM is a bioretention cell (BRC), which utilizes an engineered 

media to promote infiltration and pollutant removal. The media is primarily sand, with small 

percentages of ñfinesò (silt and clay) and organic 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 from 24-99% (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 20-98% (Luell et al., 2011; Hunt et 

al., 2008; Jiang et al., 2017). The main pollutant 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 al., 2009).  

Bioswales are a SCM that combines the conveyance design of a dry 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 BRC, with an additional gravel layer and 

perforated underdrain beneath. In theory, the vegetation promotes sedimentation, the media and 

underdrain promote filtration, and the mediaôs natural organic material (NOM) promotes 

sorption of phosphorus and heavy metals and chemical transformations (Davis et al., 2001; Hunt 

et al., 2006). Infiltration rates depend on drainage configuration, bioswale design, and in-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 sedimentation, ET, and 

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., 2009; Passeport 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. 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 data exist on 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 could 

lead to adjustments in bioswale design standards.  

2.3  Materials and Methods 

2.3.1  Location 

The study site for the controlled bioswale trials was located at the North Carolina State 

University (NCSU) Sediment and Erosion Control Research and Education Facility (SECREF) 

(Figure 2-1), in Raleigh, North Carolina (NC), USA (35Á 44ô 9.9492ò N, 78Á 40ô 41.4588ò W). 

An on-site pond (A, Fig. 2-1) was the water source for all testing. Water flow rate from the pond 

to the bioswales was controlled by a gate valve (B, Fig. 2-1). All flow to the bioswales passed 

through an inlet weir structure (C, Fig. 2-1), where flow rate and influent water quality were 

monitored, then flowed in a pipe to the forebay of each bioswale (D, Fig. 2-1). 
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Figure 2-1. Aerial of SECREF components: A ï source pond, B ï pond valve, C ï Inlet Structure, and D 

ï Site of bioswale construction (Source ï Google Maps). 

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% (Table 2-1). To create a bioswale, a trench with a width of 0.9 m 

and depth of 0.9 m was excavated. The excavated trench was lined with a woven geotextile 

fabric (AASHTO M-288, Class 3; approx. 163 L/min/m2), ensuring the media remained in the 

system while still allowing for exfiltration. The base was filled with 0.15 m of ASTM standard 

#57 stone (0.2 to 3.8 cm stone size (NCDOT, 2016)). A 0.15-m outer 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 covered with 0.15 m of ASTM #57 stone, 

providing a depth of 0.3 m of stone and underdrain within the layer. The stone/underdrain layer 

was covered with Type 2 geo-textile (PropexÊ GeotexÈ 801; 6111.87 L/min/m2) (NCDOT, 

D 

C 

B 
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2018) to prevent media from migrating into the stone layer and underdrain. The remaining 0.6 m 

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

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

and covered with Centipede sod (Eremochloa ophiuroides). Each bioswale had trapezoidal 

surface geometry, with 3:1 horizontal:vertical (H:V) side slopes and included a trapezoidal 

forebay. A detailed cross-section 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 cross-section of the bioswale system can be seen in Figure 2-2, a horizontal 

cross-section in Figure 2-3, and a completed SECREF aerial in Figure 2-4.  

Table 2-1. Design characteristics of SECREF plot-scale 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 18.6 8.5 29 18.6 8.5 

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 2-2. High flow media characteristics. 

Characteristic Value 

Sand 85-88% 

Fines (Clay and Silt) 8-12% 

Organic Matter 3-6% 

P-Index 10-30 (10-36 ppm) 
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Figure 2-2. Longitudinal cross-section of bioswales. Conversion: 1 ft = 0.305 m; 1 oz = 28.35 g. (Source: Jonathan Page, NCSU). 

 

 
Figure 2-3. Horizontal cross-section of bioswales. Conversion: 1 ft = 0.305 m; 1 oz = 28.35 g. (Source: Jonathan Page, NCSU). 
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Figure 2-4. Aerial image of SECREF plot-scale bioswales (Source ï Dr. 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 used to monitor the 

bioswales and consisted of a wooden box with a baffle to still the water flow and a 30° V-notch 

weir (Figure 2-5). 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 and underdrain flow had separate monitoring 

points nested within the structure; both with a baffle, to still the incoming flow, and a 45° V-

notch weir (Figure 2-6). Each weir (inlet, overflow, underdrain) was fitted with a Teledyne ISCO 

6712 (Lincoln, NE, USA) automated sampler with a 730Ê bubbler module, to measure flow 

depth over the weir plate crest and to take volume-paced water quality samples. 

 
Figure 2-5. SECREF bioswale inlet monitoring structure. 
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Figure 2-6. Outlet monitoring structure, with separate monitoring 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 crest and to determine flow rates and volumes. To test 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: 

 ὗ σχσȢς ὌȢ (1) 

where Q is the flow rate (L s-1) and H is the flow depth (m).  

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

 ὗ υχρȢτ ὌȢ  (2) 

Overflow 

Underdrain  

Flow 



45 

 

Flow rates at each of the monitoring points (inlet, overflow, and underdrain) were 

multiplied by the 2-minute data collection interval to determine the runoff volume passing over 

each weir using the following equation: 

 ὠ ὗ ὸ (3) 

where V is the corresponding volume (L), Q is the corresponding flow rate (L s-1), and t is the 

time step (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 these bioswale designs. As an example, if all overflow at a specific flow rate 

infiltrated within 23 m of the bioswale inlet, this would not be observed on the shorter bioswales. 

The water supply pond and inlet weir size limited the range of allowable flows to be tested. The 

existing inlet structure had a 30°, 0.3 m V-notch weir, capping the maximum measurable flow 

rate at 18.4 L s-1. The water supply pond could supply a maximum of approximately 300,000 L.  

2.4.2.1  Bioswales without Check Dams 

Bioswales #1 and #4 were tested simulating a front-weighted hydrograph and stepping 

down the inlet flow rate every 30 minutes. Inflow occurred for approximately 4 hours. The initial 

peak inflow rate was, on average, 12.7 L s-1.  

The flow depth was measured at 3 m increments along 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 taken every 10 minutes for 30 minutes and then the inlet 

flow rate was stepped down. These measurements continued for the entire 4-hour hydrograph.  
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In addition to collecting manual measurements (flow depth and length), 6712 ISCOs with 

730Ê bubbler modules continuously measured inflow, overflow, and underdrain flow rates 

(Eqn. 2) and the corresponding volume was calculated (Eqn. 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 retrofitted with 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 2-7). This spacing was selected to ensure the 0.3 m or 0.15 m vertical 

drop between the centers of each check dam. No tailwater 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 over the media, feathered with media, and covered with Centipede sod 

(Eremochloa ophiurodes).  
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Figure 2-7. Check dam cross-sections. Dimensions are in meters. 

Bioswales with check dams were also tested with a front-weighted hydrograph, stepping 

down the inlet flow rate every 30 minutes. Inflow occurred for approximately 4 hours. The initial 

peak inflow rate was, on average, 8 L s-1. 

The 6712 ISCOs with 730Ê bubbler modules were continuously measuring inlet, 

overflow, and underdrain rates (Eqn. 2) and the corresponding volume was calculated (Eqn. 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 Quality Testing 

2.4.3.1  Design Storm 

Bioswales #3 and #6 (10 m each, 4% and 1% slope, respectively) were tested for water 

quality events. Each test was performed by simulating a two-hour duration water quality event, 

with a peak intensity of 19 mm hr-1 (NCDEQ, 2017). An SCS Type II 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 (pond, gate valve, and inlet structure), a step-hydrograph was selected for 

testing, with each step lasting 20 minutes (6 total) (Figure 2-8).  

 

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

The inflow was spiked with pollutants (Table 2-3) 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 testing. The spiked sediment was added to the inflow prior to passing over the inlet weir at a 

regular rate, via feathering, throughout the entire hydrograph. Feathering was the addition of the 

dry pollutant mixture, where the sediment was thoroughly mixed with all chemical additions, and 

hand applied to the inflow volume, creating synthetic runoff.  
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Table 2-3. Spiked inflow concentrations for plot-scale testing. 

Pollutant 

Mean Inflow Concentration 

± Std. Dev . 

(ɛg/L) 

Chemical Source 

TSS 44 mg/L ± 10 Silt loam (5% clay, 64% silt, 31% sand) 

TKN 667 ± 110 Sodium nitrate (NaNO3) 

NO3-NO2 165 ± 75 Sodium nitrate (NaNO3) 

TP 1834 ± 270 Sodium phosphate (Na2HPO4) 

Ortho-P 1787 ± 266 Sodium phosphate (Na2HPO4) 

Total Cd 7.46 ± 1.8 Cadmium chloride (CdCl2) 

Dissolved Cd 6.99 ± 1.9 Cadmium chloride (CdCl2) 

Total Cu 10.08 ± 2.5 Copper sulfate (CuSO4) 

Dissolved Cu 9.41 ± 2.3 Copper sulfate (CuSO4) 

Total Pb 13.15 ± 4.4 Lead nitrate (Pb(NO3)2) 

Dissolved Pb 12.03 ± 4.6 Lead nitrate (Pb(NO3)2) 

Total Zn 31.50 ± 7.0 Zinc chloride (ZnCl2) 

Dissolved Zn 27.65 ± 6.7 Zinc chloride (ZnCl2) 

 

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 cumulative volume passing 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 to re-suspend any pollutants and sub-sampled into the appropriate 

collection containers, as specified by the analytical method (Table 2-6). All composite samples 

were analyzed for total suspended solids (TSS) (APHA, 1997), total Kjeldahl nitrogen (TKN) 

(USEPA, 1978), nitrite and nitrate (NO2-3-N) (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) 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 bottles were placed on ice immediately after sub-sampling 
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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 Carolina Department 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 Table 2-4.  

Table 2-4. Practical detection limits for all monitored pollutants. 

Pollutant PQL (ɛg/L) Analytical Methodology 

TKN 280 EPA Method 351.2, Rev. 2.0 

NO2-3-N 11.2 EPA Method 353.2, Rev. 2.0 

TP 10 EPA Method 365.1, Rev. 2.0 

OP 12 EPA Method 365.1, Rev. 2.0 

TSS (mg/L) 2.5 SM 2540 D 

Cd (T&D) 0.5 EPA Method 200.8, Rev. 5.4 

Cu (T&D) 2.0 EPA Method 200.8, Rev. 5.4 

Pb (T&D) 2.0 EPA Method 200.8, Rev. 5.4 

Zn (T&D) 10 EPA Method 200.8, Rev. 5.4 

 

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

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

Earth, and Atmospheric Sciences 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 ɛm in diameter, along with the d10, d50, and d90 values. These data were then used to 

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

2.4.3.4  Internal Water Storage (IWS) Retrofit 

During preliminary testing, the outlet structure for bioswale #3 lifted due to a buoyancy 

issue, causing the underdrain to be raised approximately 0.3 m and creating de facto internal 

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 bioswale #3 and #6 for water quality performance, bioswale #6 needed an IWS retrofit. 

After the first round of water quality testing, the outflow end of bioswale #6ôs underdrain was 
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retrofitted with an upturned elbow to create 0.3 m of IWS, and the bioswale was then tested for 

water quality and renamed bioswale #6R.  

2.4.4  Hydrologic Data Analysis 

Inlet peak flow rate, inflow volume, overflow peak flow rate, overflow volume, 

underdrain peak flow rate, underdrain volume, depth of surface flow, length of surface flow, 

exfiltrated volume, and combined outflow volume were determined from hydrologic data. 

Representation of hydrologic components shown in Figure 2-9.  

 

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

The following were calculated: overflow, underdrain, and combined outflow peak flow 

reductions (Eqn. 4), average flow depth, average length of flow, and exfiltrated volume (Eqn. 5), 

and percentage of inflow volume exfiltrated (Eqn. 6). 

ὖὩὥὯ Ὢὰέύ ὶὥὸὩ ὶὩὨόὧὸὭέὲ

   Ƞ Ƞ      

   
ρππϷ (4) 

 ὠ ὠ ὠ ὠ  (5) 

The exfiltrated volume entered soils underlying the bioswale.  

ὖὩὶὧὩὲὸὥὫὩ έὪ ὭὲὪὰέύ ὺέὰόάὩ ὩὼὪὭὰὸὶὥὸὩὨ
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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, all other 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 testing were used to 

determine inlet peak flow rate, inflow 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 the concentration reduction (CR) of 

overflow, underdrain flow, and combined outflow (Eqn. 7): 

ὅέὲὧὩὲὸὶὥὸὭέὲ ὙὩὨόὧὸὭέὲ ὅὙ

   ȟ ȟ  

 
ρππϷ  (7) 

All pollutant loads were calculated using Eqn. 8:  

 ὖέὰὰόὸὥὲὸ ὰέὥὨὴέὰὰόὸὥὲὸ ὧέὲὧὩὲὸὶὥὸὭέὲὺέὰόάὩ ὥὸ ὧέὶὶὩίὴέὲὨὭὲὫ ύὩὭὶ (8) 

where pollutant concentration (ɛg L-1) was measured at the specific monitoring point (inlet, 

overflow, underdrain) associated with the volume collected at the same point (L).  

Load reduction was calculated using Eqn. 9: 

 ὒέὥὨ ὙὩὨόὧὸὭέὲ ὒὙ
    

 
ρππ% (9) 

2.4.7  Statistical 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 

performance. To compare all potential associations, all data were imported into R software (v. 

3.4.3) (R Core Team, 2013) and a correlation matrix using Kendallôs tau was created (Ŭ=0.05). 
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Additionally, Wilcoxon sign-ranked non-parametric tests were conducted to determine if there 

were any significant correlations (Ŭ=0.05) between individual inflow hydrology parameters 

(peak flow rate, volume) and water quality parameters (concentration, load) and corresponding 

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

2.5  Results and Discussion 

2.5.1  Hydrologic Performance ï Without Check Dams 

Bioswale #4 (1%, 30m) had appreciable combined outflow rate reduction and inflow 

volume exfiltrated, but neither were significant (Table 2-5). When the peak outflow rate 

occurred, the majority of the outflow was through the underdrain, with the exception of one 

event. The average length of flow was shorter than the full bioswale length (30 m), illustrating 

periods when no overflow occurred and, thus, all inflow volume infiltrated the media. The lag 

time for the underdrain, was longer than that of the overflow, highlighting that infiltration and 

passage through the media slowed water movement more than the surface vegetation.  

Bioswale #1 (4%, 30m) had significantly reduced outflow rate and exfiltrated inflow 

volume (Table 2-6). At the point of peak outflow rate, three events had more than one-half of the 

outflow volume leaving as overflow. This bioswale also had an average flow length shorter than 

30 m, highlighting periods of underdrain-only flow. The lag time in peak flow rate was also 

longer for the underdrain compared to that of the overflow, but the average lag times for all 

monitoring points (overflow, underdrain, and outflow) were shorter than those of the 1% slope 

bioswale. The shorter lag times are likely due to the steeper slope, limiting contact time with 

vegetation and media. The steeper slope likely explains lower mean combined outflow rate 

reduction for the 4% bioswale compared 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 underdrain-only flow for all water quality 

trials. All water quality trials significantly exfiltrated water and reduced the combined outflow 

rate (Table 2-7).   

The combined outflow peak rate reductions were comparable to those reported for 

bioretention (Hunt et al., 2008; Lucke and Nichols, 2015). The volume reductions from each 

bioswale design was comparable to, and at times larger, than those reported for swales (Deletic, 

2001; Rushton, 2001; Bäckström, 2002; Barrett, 2005; Ackerman and Stein, 2008; Knight et al., 

2013), particularly when comparing cumulative performance, rather than mean reduction. 

Volume reductions were also comparable to those reported for bioretention (Hunt et al., 2006; 

Lucke and Nichols, 2015; Luell et al., 2011; Jiang et al., 2017), and bioswales (Anderson et al., 

2016).  
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Table 2-5. Hydrologic behavior for 1%, 30 m standard bioswale (#4) (n=4). 

Event 

Inlet Peak 

Flow Rate 

(L/s) 

Inlet 

Volume 

(L)  

Combined Outflow 

Peak Flow Rate 

(L/s) 

Fraction of Volume at Peak Outflow Rate Overflow 

Volume 

(L)  

Underdrain 

Volume  

(L)  

Total Outflow 

Volume  

(L)  
Overflow  

(%)  

Underdrain  

(%)  

1 14.1 115,433 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 19,022 34,800 61,072 

Median 12.2 104,531 4.4 45 55 18,520 34,061 55,692 

 

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

Event 

Combined Outflow 

Peak Flow Rate 

Reduction  

(%)  

Percentage 

of Volume 

Exfiltrated  

(%)  

Average 

Flow 

Depth  

(cm) 

Average 

Length of 

Flow  

(m) 

Peak Flow Rate Lag Time From Inlet Peak Flow Rate (hr) 

Overflow Underdrain  Combined 

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 
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Table 2-6. Hydrologic behavior for 4%, 30 m standard bioswale (#1). Bolded values are significant from zero. (n=5) 

Event 

Inlet Peak 

Flow Rate 

(L/s) 

Inlet 

Volume 

(L)  

Combined Outflow 

Peak Flow Rate 

(L/s) 

Fraction of Volume at Peak Outflow Rate Overflow 

Volume 

(L)  

Underdrain 

Volume  

(L)  

Total Outflow 

Volume  

(L)  
Overflow  

(%)  

Underdrain  

(%)  

1 15.1 114,315 5.5 0 100 1,185 54,574 55,759 

2 12.7 84,936 8.4 91 9 15,561 28,497 44,058 

3 9.1 79,631 7 98 2 17,433 25,838 43,271 

4 13.4 106,863 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 13.4 106,863 7 74 26 15,561 42,023 55,759 

 

Table 2-6. Hydrologic behavior for 4%, 30 m standard bioswale (#1) (n=5). 

Event 

Combined Outflow 

Peak Flow Rate 

Reduction  

(%)  

Percentage 

of Volume 

Exfiltrated  

(%)  

Average 

Flow 

Depth 

(cm) 

Average 

Length 

of Flow 

(m) 

Peak Flow Rate Lag Time From Inlet Peak Flow Rate (hr)  

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 hydrologic behavior for water quality tests conducted on 10 m bioswales.  

Bioswale 

# 

Slope 

(%)  
n IWS 

Inlet Peak 

Flow Rate 

(L s-1) 

Inlet Volume 

(L)  

Overflow Peak 

Flow Rate 

(L s-1) 

Overflow 

Volume  

(L)  

Underdrain Peak 

Flow Rate 

(L s-1) 

Underdrain 

Volume 

(L)  

6 1 7 N 8.4 ± 0.3 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 2.6 ± 0.4 2,888 ± 614 1.1 ± 0.3 4,078 ± 258 

3 4 8 Y 8.4 ± 0.3 16,594 ± 739 4.5 ± 0.6 5,069 ± 1,383 0.5 ± 0.1 2,095 ± 274 

 

Table 2-7. Mean hydrologic behavior for water quality tests conducted on 10 m bioswales. Bolded values are significant reductions compared to 

inflow (Ŭ=0.05). 

Bioswale 

# 

Slope 

(%)  
n IWS 

Combined Outflow 

Rate Reduction  

(%)  

Inflow Volume 

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 Performance ï With Check Dams 

The check dam bioswales never had overflow; however, only lower flow rates were 

monitored. Both monitored bioswales (#1 and #4) had appreciable volume and combined flow 

rate reductions, but were not significant, likely due to limited number of trials (Tables 2-8 and 2-

9). The 1% bioswale had lower volume exfiltrated and combined outflow rate reduction and a 

shorter peak underdrain rate lag time compared to the 4% bioswale, but this is confounded by the 

higher inflow rate and volume for the tests on this bioswale.  

The underdrain peak flow rate reductions were comparable to those reported for 

bioretention (Hunt et al., 2008; Lucke and Nichols, 2015) and to the hydrologic treatment of 

swales with check dams (Davis et al., 2012; Winston et al., 2018). The volume reductions were 

within the range to those reported for swales (Deletic, 2001; Rushton, 2001; Bäckström, 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). It 

should be noted that the majority of the rainfall depths monitored for the reported swale studies 

were generally smaller than the simulations of this study. This is likely why mean volume 

reduction for swales was higher than reported bioswale performance.  

The ability to potentially eliminate or greatly decrease overflow was an important finding 

of bioswales with check dams, especially in areas with flooding concerns or potential erosion 

due to high flow rates. Detention created by the check dams allowed for infiltration into the 

media, and exfiltration into the underlying soil followed. The 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 than these surface storage volumes. 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 dams. 
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Table 2-8. Hydrologic behavior for 1%, 30 m bioswale with check dams (#4) (n=4). 

Event 

Inlet Peak 

Flow Rate 

(L/s) 

Inlet 

Volume 

(L)  

Combined Outflow 

Peak Flow Rate 

(L/s) 

Fraction of Volume at 

Peak Outflow Rate 
Overflow 

Volume 

(L)  

Underdrain 

Volume  

(L)  

Total Outflow 

Volume  

(L)  
Overflow 

(%)  

Underdrain 

(%)  

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. Hydrologic behavior for 1%, 30 m bioswale with check dams (#4) (n=4). 

Event 

Combined Outflow Peak 

Flow Rate Reduction  

(%)  

Percentage of 

Volume Exfiltrated 

(%)  

Peak Flow Rate Lag Time From Inlet Peak Flow Rate (hr) 

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. Hydrologic behavior for 4%, 30 m bioswale with check dams (#1) (n=4). 

Event 

Inlet Peak 

Flow Rate 

(L/s) 

Inlet 

Volume 

(L)  

Combined Outflow 

Peak Flow Rate 

(L/s) 

Fraction of Volume at 

Peak Outflow Rate 
Overflow 

Volume 

(L)  

Underdrain 

Volume  

(L)  

Total Outflow 

Volume  

(L)  
Overflow 

(%)  

Underdrain 

(%)  

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 2.9 0 100 0 28,022 28,022 

 

 

Table 2-9. Hydrologic behavior for 4%, 30 m bioswale with check dams (#1) (n=4). 

Event 

Combined Outflow Peak 

Flow Rate Reduction  

(%)  

Percentage of 

Volume Exfiltrated 

(%)  

Peak Flow Rate Lag Time From Inlet Peak Flow Rate (hr) 

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 
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2.5.3  Hydrologic Treatment and Design Statistical Analysis 

Correlation analysis was conducted on bioswale 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 (Figure 2-10). 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 media. The presence of check dams 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 underdrain. Addition of 

IWS had negative correlations with the underdrain hydrology (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 within the IWS decreasing unsaturated media available for continuous infiltration.  

For individual bioswale designs, positive correlations were reported between inlet peak 

flow rate and overflow peak rate and between the inlet volume and underdrain volume and rate. 

An increase in inlet 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 dams and extend the channel length. Additionally, an 

increased length and therefore increased infiltrative surface area, enabled more outflow to pass 

through the underdrain, thus bioswale length should be extended to enhance hydrologic 

treatment. The presence of IWS decreased the underdrain volume and peak flow rate, but was 



63 

 

not found to significantly promote exfiltration, so may not be an optimal feature for hydrologic 

treatment if targeting decreased overflow volume.  

 
Figure 2-10.  Association matrix for SECREF bioswale hydrologic performance. Green-shaded 

represents a significant positive association, red-shaded represents a significant negative association, and 

an óXô represents an insignificant association.  
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2.5.4  Comparison to Swale and Bioretention Hydrologic Treatment 

SCMs focus on volume and flow rate mitigation to achieve the goal of mimicking pre-

development hydrology. All calculated volume and flow rate reductions from the plot-scale trials 

were within the range of previously reported swale and bioretention hydrologic treatment (Table 

2-10). These results 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 hydrologic treatment 

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 2-10. Comparison of mean SECREF bioswale hydrologic treatment to reported swale and bioretention results.  

Study SCM Location 

Volume 

Reduction 

(%)  

Flow Rate 

Reduction* 

(%)  

Herein 

1%, 10m, no IWS 

North Carolina, USA 

62 73 

1%, 10m, IWS 59 71 

4%, 10m, IWS 57 49 

1%, 30m, no CD 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, USA 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 Luleå, 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 Carolina, USA  >96 

Luell et al. (2010) Bioretention North Carolina, USA 47-69 - 

Lucke and Nichols (2015) Bioretention Sunshine Coast, Australia 32-84 79-94 

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, except for bioswales with check dams (CD), that only have underdrain flow.
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2.5.5  Water Quality Analysis 

2.5.5.1  Water Quality Events 

All water quality tests were spiked with approximately the same concentration of each 

pollutant (Table 2-11), 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 Tables 2-12, 2-13, and 2-14. Individual concentrations were used to 

calculate concentration reductions, loads, and load reductions.
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Table 2-11. Inlet mean pollutant concentrations and particle size distribution (with ranges). 

Inlet  
TSS 

(mg/L) 

TKN  

(ug/L) 

NO2-3-N 

(ug/L) 

TN 

(ɛg/L) 

TP 

(ug/L) 

OP 

(ug/L) 

1%, no IWS 46 

(24 ï 54) 

627 

(552 ï 790) 

132 

(110 ï 149) 

759 

(689 ï 920) 

1874 

(1390 ï 2188) 

1793 

(1431 ï 2161) 

1%, IWS 42 

(31 ï 58) 

702 

(532 ï 918) 

287 

(232 ï 339) 

989 

(870 ï 1165) 

1875 

(1577 ï 2453) 

1886 

(1651 ï 2397) 

4% IWS 46 

(30 ï 58) 

650 

(550 ï 800) 

133 

(108 ï 211) 

783 

(680 ï 1012) 

1854 

(1491 ï 2198) 

1799 

(1437 ï 2215) 

 

 

Table 2-11. Inlet mean pollutant concentrations and particle size distribution (with ranges). 

Inlet  
TCd 

(ug/L) 

DCd 

(ug/L) 

TCu 

(ug/L) 

DCu 

(ug/L) 

TPb 

(ug/L) 

DPb 

(ug/L) 

TZn  

(ug/L) 

DZn 

(ug/L) 

1%, no IWS 7.8 

(4.5 ï 9.4) 

7.7 

(4.7 ï 9.9) 

10 

(8.2 ï 12) 

9.5 

(8.1 ï 11) 

13.2 

(8 ï 18) 

12.4 

(7.5 ï 18) 

31.4 

(23 ï 45) 

28.1 

(20 ï 43) 

1%, IWS 9.3 

(7.2 ï 11) 

8.5 

(6.8 ï 11) 

12.6 

(11 ï 17) 

11.9 

(9.3 ï 16) 

16.8 

(14 ï 20) 

17.4 

(14 ï 23) 

38 

(32 ï 46) 

32.2 

(30 ï 36) 

4% IWS 7.3 

(5.4 ï 10) 

6.4 

(4.1 ï 9) 

10.1 

(7.9 ï 16) 

9.3 

(6.7 ï 14) 

13.3 

(8.2 ï 22) 

12.3 

(7.6 ï 20) 

30.1 

(24 ï 40) 

25.5 

(17 ï 36) 

 

 

Table 2-11. Inlet mean pollutant concentrations and particle size distribution (with ranges). 

Inlet  
d10 

(ɛm) 

d50 

(ɛm) 
d90 (ɛm) Clay (%) Silt (%)  Sand (%)  

1%, no IWS 6.8 

(5.29 ï 8.51) 

30.3 

(25.04 ï 37.09) 

123.4 

(95.05 ï 221.7) 

5 

(4.5 ï 6.26) 

67 

(54.8 ï 72.86) 

28 

(21.59 ï 40.46) 

1%, IWS 7 

(4.99 ï 8.55) 

36.5 

(29.03 ï 43.41) 

187.1 

(139.8 ï 245.2) 

5 

(4.16 ï 6.2) 

57 

(51.21 ï 64.13) 

38 

(29.92 ï 44.63) 

4% IWS 6.6 

(4.7 ï 8.39) 

30.1 

(22.64 ï 41.22) 

131.4 

(82.85 ï 216.9) 

5 

(4.25 ï 7.09) 

67 

(53.4 ï 73.44) 

28 

(21.42 ï 42.35) 
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Table 2-12. Overflow mean pollutant concentrations and particle size distribution (with ranges).  

Overflow 
TSS 

(mg/L) 

TKN  

(ug/L) 

NO2-3-N 

(ug/L) 

TN 

(ɛg/L) 

TP 

(ug/L) 

OP 

(ug/L) 

1%, no IWS 26 

(16 ï 31) 

679 

(568 ï 834) 

143 

(115 ï 170) 

822 

(693 ï 971) 

2019 

(1812 ï 2303) 

2050 

(1861 ï 2310) 

1%, IWS 24 

(16 ï 30) 

705 

(554 ï 884) 

300 

(250 ï 350) 

1005 

(904 ï 1141) 

1997 

(1577 ï 2453) 

2060 

(1651 -2397) 

4% IWS 26 

(17 ï 42) 

835 

(614 ï 1159) 

210 

(163 ï 266) 

1045 

(777 ï 1425) 

1882 

(1741 ï 2013) 

1839 

(1705 ï 1973) 

 

 

Table 2-12. Overflow mean pollutant concentrations and particle size distribution (with ranges).  

Overflow 
TCd  

(ug/L) 

DCd  

(ug/L) 

TCu  

(ug/L) 

DCu  

(ug/L)  

TPb  

(ug/L) 

DPb  

(ug/L) 

TZn  

(ug/L) 

DZn  

(ug/L) 

1%, no IWS 5.5 

(2.2 ï 9.1) 

5.4 

(2.2 ï 8.9) 

11 

(8.4 ï 14) 

10.8 

(7.4 ï 14) 

12.7 

(4.6 ï 21) 

12.2 

(4.4 ï 21) 

22.3 

(14 ï 33) 

21.7 

(15 ï 32) 

1%, IWS 6.1 

(3.9 ï 11) 

6.1 

(3.9 ï 11) 

11.4 

(9.1 ï 12) 

10.7 

(8.6 ï 12) 

16.4 

(14 ï 19) 

16 

(14 ï 18) 

28 

(21 ï 33) 

25.2 

(18 ï 30) 

4% IWS 2.3 

(0.9 ï 4.1) 

2.2 

(0.8 ï 3.8) 

13.9 

(9.1 ï 20) 

13.3 

(8.5 ï 18) 

10 

(5.6 ï 18) 

9.4 

(5.1 ï 18) 

21.3 

(13 ï 32) 

18.9 

(11 ï 28) 

 

 

Table 2-12. Overflow mean pollutant concentrations and particle size distribution (with ranges).  

Overflow 
d10  

(ɛm) 

d50 

(ɛm) 

d90  

(ɛm) 
Clay (%) Silt (%)  Sand (%)  

1%, no IWS 6.5 

(4.3 ï 9.6) 

27.2 

(21.13 ï 34.63) 

71.4 

(54.23 ï 80.01) 

6 

(4.08 ï 7.56) 

75 

(69.75 ï 81.91) 

19 

(10.53 ï 26.17) 

1%, IWS 5.1 

(3.58 ï 6.83) 

24.6 

(20.53 ï 28.44) 

78 

(58.84 ï 92.83) 

7 

(5.14 ï 8.12) 

75 

(69.97 ï 81.07) 

18 

(12.1 ï 23.01) 

4% IWS 5.2 

(3.01 ï 7.64) 

23 

(18.54 ï 28.96) 

63.1 

(46.94 ï 82.63) 

7 

(4.97 ï 9) 

80 

(75.31 ï 83.86) 

13 

(7.55 ï 19.72) 
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Table 2-13. Underdrain mean pollutant concentrations and particle size distribution (with ranges).  

Underdrain  
TSS 

(mg/L) 

TKN  

(ug/L) 

NO2-3-N  

(ug/L) 

TN  

(ɛg/L) 

TP  

(ug/L) 

OP  

(ug/L) 

1%, no IWS 20 

(5 -51) 

629 

(462 ï 856) 

110 

(102 ï 135) 

739 

(564 ï 992) 

1365 

(1250 ï 1582) 

1325 

(1247 ï 1460) 

1%, IWS 6 

(3 ï 14) 

532 

(459 ï 723) 

230 

(171 ï 280) 

762 

(630 ï 922) 

1373 

(1272 ï 1525) 

1389 

(1277 ï 1551) 

4% IWS 21 

(8 ï 44) 

713 

(566 ï 965) 

134 

(97 ï 158) 

847 

(680 ï 1123) 

1476 

(1293 ï 1588) 

1375 

(1000 ï 1667) 

 

 

Table 2-13. Underdrain mean pollutant concentrations and particle size distribution (with ranges).  

Underdrain  
TCd 

(ug/L) 

DCd 

(ug/L) 

TCu 

(ug/L) 

DCu 

(ug/L) 

TPb 

(ug/L) 

DPb 

(ug/L) 

TZn  

(ug/L) 

DZn 

(ug/L) 

1%, no IWS 0.6 

(0.5 ï 1.1) 

0.6 

(0.5 ï 1.1) 

10.5 

(6.8 ï 18) 

9.9 

(6.6 ï 17) 

5.3 

(3.5 -7.1) 

5 

(3.4 ï 6.6) 

12.7 

(10 ï 20) 

11.9 

(10 ï 19) 

1%, IWS 0.5 

(0.5) 

0.5 

(0.5) 

6 

(4.7 ï 8.2) 

5.7 

(4.6 ï 8.2) 

5 

(4.3 ï 5.9) 

4.8 

(4.1 ï 5.6) 

10 

(10) 

10 

(10) 

4% IWS 0.6 

(0.5 ï 1.2) 

0.6 

(0.5 -1.2) 

10.3 

(7.9 -15) 

9.6 

(7.4 -14) 

6.6 

(5.6 -8.2) 

6.2 

(5 ï 8) 

10.6 

(10 ï 14) 

10 

(10) 

 

 

Table 2-13. Underdrain mean pollutant concentrations and particle size distribution (with ranges).  

Underdrain  
d10 

(ɛm) 

d50 

(ɛm) 

d90 

(ɛm) 
Clay (%) Silt (%)  Sand (%)  

1%, no IWS 2.2 

(0.58 ï 6.38) 

17.4 

(13.48 ï 24.96) 

41 

(32.63 ï 54.68) 

11 

(6.49 ï 14.52) 

83 

(78.37 ï 85.23) 

6 

(2.18 ï 11.03) 

1%, IWS 3.4 

(0.61 ï 5.28) 

18.4 

(13.06 ï 21.56) 

42.3 

(36.93 ï 51.04) 

10 

(7.07 ï 15.77) 

84 

(78.28 ï 88) 

6 

(4.72 ï 9.25) 

4% IWS 4.5 

(1.35 ï 7.12) 

20.8 

(15.08 ï 26.42) 

47.5 

(36.69 ï 57.43) 

8 

(5.65 ï 11.6) 

84 

(81.71 ï 86.41) 

8 

(5.22 ï 12.63) 
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Table 2-14. Combined outflow mean pollutant concentrations and particle size distribution (with ranges). 

Combined 

Outflow 

TSS 

(mg/L) 

TKN  

(ug/L) 

NO2-3-N 

(ug/L) 

TN 

(ɛg/L) 

TP 

(ug/L) 

OP 

(ug/L) 

1%, no IWS 22 

(11 ï 47) 

653 

(551 ï 853) 

123 

(105 ï 136) 

776 

(671 ï 988) 

1567 

(1471 ï 1715) 

1546 

(1466 ï 1718) 

1%, IWS 14 

(9 ï 19) 

612 

(497 ï 713) 

259 

(214 ï 308) 

871 

(804 ï 928) 

1631 

(1551 ï 1709) 

1667 

(1549 ï 1742) 

4% IWS 25 

(15 ï 40) 

797 

(604 ï 1086) 

186 

(140 ï 225) 

983 

(758 ï 1311) 

1758 

(1675 ï 1842) 

1693 

(1467 ï 1901) 

 

Table 2-14. Combined outflow mean pollutant concentrations and particle size distribution (with ranges). 
Combined 

Outflow 

TCd 

(ug/L) 

DCd 

(ug/L) 

TCu 

(ug/L) 

DCu 

(ug/L) 

TPb 

(ug/L) 

DPb 

(ug/L) 

TZn  

(ug/L) 

DZn 

(ug/L) 

1%, no IWS 2.3 

(0.9 ï 4) 

2.2 

(0.9 ï 3.9) 

10.8 

(7.5 ï 17.2) 

10.3 

(7 ï 16.4) 

8 

(5.5 ï 11.5) 

7.6 

(5.1 ï 10.9) 

16.5 

(12.5 ï 20.7) 

15.6 

(11 ï 18.6) 

1%, IWS 2.8 

(1.8 ï 4.6) 

2.8 

(1.8 ï 4.6) 

8.3 

(6.9 ï 9.4) 

7.8 

(6.4 ï 9.1) 

9.7 

(9.2 ï 10.6) 

9.4 

(8.9 ï 10) 

17.5 

(14.5 ï 19.6) 

16.3 

(13.4 ï 18.5) 

4% IWS 1.9 

(0.7 ï 3.5) 

1.8 

(0.7 ï 3.3) 

12.8 

(9 ï 18.3) 

12.2 

(8.4 ï 16.6) 

9.2 

(5.9 ï 16.1) 

8.7 

(5.3 ï 16) 

18 

(11.9 ï 25.8) 

16.2 

(10.6 ï 21.8) 

 

Table 2-14. Combined outflow mean pollutant concentrations and particle size distribution (with ranges). 

Combined 

Outflow 

d10  

(ɛm) 

d50 

(ɛm) 

d90 

(ɛm) 
Clay (%) Silt (%)  Sand (%)  

1%, no IWS 3.7 

(1.59 ï 7.06) 

20.8 

(16.27 ï 26.99) 

51.6 

(45.03 ï 60) 

9 

(5.98 ï 12.84) 

81 

(79.17 ï 82.46) 

10 

(6.98 ï 14.21) 

1%, IWS 4.1 

(2.01 ï 5.82) 

21.1 

(17.82 ï 24.03) 

57.8 

(50.95 ï 65.94) 

8 

(6.32 ï 12.19) 

80 

(74.63 ï 82.63) 

12 

(9.35 ï 13.37) 

4% IWS 5 

(2.81 ï 6.64) 

22.4 

(1.82 ï 25.95) 

59.3 

(46.92 ï 73.1) 

7 

(5.99 ï 9.1) 

81 

(77.41 ï 84.22) 

12 

(7.41 ï 15.81) 
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2.5.5.2  Concentration Change  

2.5.5.2.1  Sediment 

 All three bioswales had significant TSS concentration reductions in the overflow, 

underdrain, and combined outflow compared to the inflow (Tables 2-15, 2-16, and 2-17). 

Additionally, all bioswales had a significant increase in the percentage of clay composing the 

overflow sediment, highlighting that larger 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 d10 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 inflow. A negative value represents greater than that of the inflow. 

1%, IWS TSS d10 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 4%, IWS bioswale (#3). Bolded values are significant 

correlations with inflow. A negative value represents greater than that of the inflow. 

4%, IWS TSS d10 d50 d90 Clay Silt Sand  

Overflow 41 22 23 47 -31 -21 51 

Underdrain 53 32 29 58 -55 -27 69 

Combined Outflow  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 

NO2-3-N, TN, TP and OP, presumably due to biological processes, particle resuspension, and 
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desorption along the bioswale length (Table 2-18). However, underdrain flow had significantly 

lower concentrations for NO2-3-N, TP, and OP compared to inflow. TP underdrain concentrations 

decreased, expected due to filtration, sorption, and vegetation uptake (NCHRP, 2006). Despite 

the increased concentrations in the overflow, that of combined outflow was significantly lower.  

 The 1%, IWS bioswale (#6R) had no significant nutrient concentration changes in the 

overflow (Table 2-19). Underdrain flow had reductions for NO2-3-N, TN, TP, OP. Significantly 

reduced NO2-3-N concentration in the underdrain was likely due to the presence of IWS, which 

created an anoxic zone that promoted denitrification (Kim et al., 2003). TP and OP reductions 

are likely due to chemical transformations (NCHRP, 2006). Combined outflow had significant 

reductions for NO2-3-N, TP, OP.  

 The overflow for the 4%, IWS bioswale (#3) had significant concentration increases for 

TKN, NO2-3-N, and TN, but no significant treatment for P forms (Table 2-20). These increases 

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 (NCHRP, 2006). The combined outflow 

also had significant concentration increases for TKN, NO2-3-N, and TN, with no significant P 

treatment. Despite the IWS presence, there was no significant NO2-3-N treatment. Based on the 

vertical drop of 0.4 m along the bioswale length 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 quality treatment. Overall, this design was not optimized for N or P concentration 

reductions under these conditions. 
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 Reductions of N and P were likely achieved by filtration, settling, and chemical and 

biological treatment (NCHRP, 2006).Increases in N and P concentrations leaving in the overflow 

can be through resuspension of particulate-bound pollutants, chemical transformations, and 

biological processes. Comparable concentration increases of N and P were reported for swales 

(Knight et al., 2013; Li et al., 2016) 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 

significant associations with 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 

significant associations with inflow. A negative value is a concentration greater than that of the inflow. 
1%, IWS TKN  NO2-3-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 

significant associations with inflow. A negative value is a concentration greater than that of the inflow. 

4%, IWS TKN  NO2-3-N TN TP OP 

Overflow -28 -67 -34 -3 -4 

Underdrain -10 -4 -9 19 22 

Combined Outflow -22 -46 -26 3 4 

 

2.5.5.2.3  Metals 

 Concerning metals, the 1%, no IWS bioswale (#6) only had significant reductions in the 

overflow for Cd and Zn (Table 2-21). 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 underdrain flow from the 1%, IWS 

bioswale (#6R), but the overflow had reductions for Cd (Table 2-22). Combined outflow had 

reductions for DCd and DCu.  

The 4%, IWS bioswale (#3) overflow only had a significant reduction for DZn (Table 2-

23). The underdrain and combined 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 DCu. While this bioswale had less volume passing through the media 

due to 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 source of enhanced metal 

treatment from 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 increased DCu concentration compared to 

the inflow.  

Overall, all bioswale design consistently had significant metal removal, with higher 

reductions noted in the underdrain flow. Metal reductions along the surface and through the 

media could be achieved through settling, 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 

significant associations with inflow. A negative value is a concentration greater than that of the inflow.  

1%, no IWS TCd DCd TCu DCu TPb DPb TZn  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 2-22. Metal concentration changes (%) for the 1%, IWS bioswale (#6R). Bolded values are 

significant associations with 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 

Underdrain 94 94 51 51 69 72 73 69 

Combined Outflow 70 68 33 33 41 45 53 49 

 

Table 2-23. Metal concentration changes (%) for the 4%, IWS bioswale (#3). Bolded values are 

significant associations with inflow. A negative value is a concentration greater than that of the 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 

2.5.5.3.1  Sediment 

 All three bioswales had a significant sediment load removal from all three monitoring 

points (overflow, underdrain, and combined outflow) (Table 2-24). Reduction from the overflow 

was by sedimentation. The significant underdrain treatment was achieved by filtration through 

the media.  

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

inflow.  

 TSS 
 1%, no IWS 1%, IWS 4%, IWS 

Overflow 93 89 82 

Underdrain 82 82 90 

Combined Outflow 82 86 76 

 

2.5.5.3.2  Nutrients 

 Despite significant concentration increases for some nutrients, all three bioswales 

achieved significant load removal for all nutrients (TKN, NO2-3-N, TN, TP, and OP) (Tables 2-

25, 2-26, 2-27). TKN reduction presumably occurred as a result of biological processes in the 

media, including nitrification, 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 Davis, 2014), no 

significant export of NO2-3-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) also had significant NO2-3-N load removal 

from the combined outflow, showing IWS presence in these designs was not the only reason for 

NO2-3-N outflow load removal, as noted in Davis (2007). Additional N load reduction could also 

be through sedimentation, filtration, 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). Bolded values are significant 

associations with inflow  

1%, no IWS TKN  NO2-3-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 values are significant 

associations with inflow.  
1%, IWS TKN  NO2-3-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 

associations with inflow.  

4%, IWS TKN  NO2-3-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 2-28, 2-29, 2-30). The load reduction in metals from a bioswale was through 

particle settling, filtration, vegetative uptake, and chemical processes (chelation, hydrolysis, 

surface complexation) (NCHRP, 2006). 

Table 2-28. Metal load changes (%) for the 1%, no IWS bioswale (#6). Bolded values are significant 

associations with 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 

associations with 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 2-30. Metal load changes (%) for the 4%, IWS bioswale (#3). Bolded values are significant 

associations with 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, bioswale design, and hydrologic performance 

yielded few correlations between concentration changes and design parameters. An increased 

slope resulted in lower concentration reductions from the overflow for TKN, NO2-3-N, and Cu. A 

steeper slope had a higher proportion of the 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, NO2-3-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 potentially due to a lower 
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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 and hydrology (Figure 2-11). 

Any significant correlations between bioswale slope and outflow load changes were negative, 

meaning the steeper sloped bioswale more poorly removed TKN, NO2-3-N, TSS, Cu, and Zn 

combined outflow loads. IWS had a negative association with NO2-3-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 storage zone 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 for potential treatment.  

Higher overflow volumes and peak flow rates yielded lower outflow load reductions for 

TKN, NO2-3-N, TP, OP, DCd, DPb, and Zn, likely due to limited opportunity for settling, 

filtration, and biological and chemical processes, plus an increased potential for pollutant 

resuspension. In contrast, higher underdrain peak flow rates increased load removal for TKN, 

NO2-3-N, TP, OP, and Zn. Higher underdrain rates likely means more water is subject to media 

filtration. Finally, increasing the amount of exfiltration improved load removal for TP, OP, Cd, 

Pb, and Zn.  

Length was found to significantly increase volume capture, and as such would likely 

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

pollutant reductions (Bäckström, 2002), but was not quantified in this study. 

 
Figure 2-11. Association matrix for SECREF bioswale outflow load changes. Green-shaded represents a 

significant positive association, red-shaded represents a significant negative association, and an óXô 

represents an insignificant association.   

2.5.7  Comparison to Swale and Bioretention Water Quality Treatment 

Few studies have reported bioswale 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 that of bioretention (Table 2-31).   
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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 comparable 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 and Zn (Davis, 2007). 

Underdrain treatment for the 1%, IWS bioswale (#6R) were comparable to bioretention for TSS, 

Cu, Pb, and Zn (Davis et al., 2003; Roseen et al., 2006; Davis, 2007; Hunt et al., 2008), with 

combined outflow water quality treatment similar to that of 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 outflow (Davis, 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 forms (TN, TKN, NO2-3-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 filtration, and biological and chemical processes and check dams to promote 

infiltration of detained volume for treatment by the media. As previously mentioned, the length 

and slope of a bioswale with IWS will determine the storage volume. If NO2-3-N removal is a 
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targeted treatment then these design parameters should be taken into account to optimize the 

IWS capabilities. Less effective treatment, particularly for N forms, shows that these bioswale 

designs were not optimized, but comparable performance for several pollutants highlights the 

potential for greater acceptance of bioswales as a commonly used SCM, with applications similar 

to swales and bioretention.  
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Table 2-31. Comparison of SECREF bioswale water quality treatment to reported swale and bioretention results. A negative reduction represents a 

concentration increase compared to the inflow.  

Study 
 

Location 
Concentration Reductions (%) 

 TSS TKN NO2-3-N TN TP OP Cd Cu Pb Zn 

Herein 

1, no IWS Overflow 

NC, USA 

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 IWS Outflow 51 -4 7 -2 15 12 72 -7 38 46 

1, IWS Overflow 39 -1 -5 -2 -9 -11 35 8 0 25 

1, IWS Underdrain 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 Overflow 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 

Barrett et al. (1998) 
Swale 

TX, USA 
87 - 33 50 44 - - - 41 91 

Swale 85 - 44 23 34 - - - 17 75 

Bäckström (2002) 
Swale 

Luleå, Sweden 79-98 - - - - - - - - - 
Swale 

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 39.5 52.4 54.9 

Davis et al. (2003) 
Bioretention 

MD, USA 
- 49 52 16 65 - - 97 >95 >95 

Bioretention - 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 32.2 44.3 -4.7 31.4 - - 54 31.4 77 
* Yellow indicates bioswale overflow and swales, light blue indicates bioswale underdrain and bioretention, and dark blue indicates bioswale combined outflow.  
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2.6  Summary and Conclusions 

Bioswales are a newer SCM, effectively a combination of bioretention and swales, but 

limited performance data exists for bioswales. Several plot-scale bioswales with varying designs 

were monitored for hydrologic and water quality mitigation. All bioswale designs reduced 

overflow and underdrain peak flow rates from those of inflow. Simulated tests achieved at least 

43% volume reduction and 46% combined outflow rate reduction. Length was found to have a 

significant impact on both overflow and underdrain hydrologic impacts, showing this was a 

variable that should be taken into account for future designs. The addition of check dams 

eliminated overflow 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 

clear.  

Changes in pollutant concentrations were decidedly mixed, with noticeably lower 

treatment of N forms when compared to published swale and bioretention treatment. However, 

all pollutant loads were significantly lower than that of the inflow. Load reductions 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 NO2-3-N combined outflow load. As more outflow left via the 

underdrain, pollutant load removal efficiency improved, suggesting enhanced treatment by the 

media. It should be noted that this study tested only a small range of potential inflow events and 

limited variations between the bioswale 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 increased the overflow 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 shown capabilities to 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.  

  



85 

 

2.7  Abbreviations and Correlation Axes Labels 

ADP ï antecedent dry period 

BRC ï bioretention cell 

CR ï concentration reduction 

d10 ï diameter that comprises 10% of the sample 

d50 ï diameter that comprises 50% of the sample 

d90 ï diameter that comprises 90% of the sample 

DCd ï dissolved cadmium 

DCu ï dissolved copper 

DPb ï dissolved lead 

DZn ï dissolved zinc 

ET ï evapotranspiration 

Exfiltrated Vol  ï exfiltrated volume  

Inlet PFR ï inflow peak flow rate 

Inlet Vol  ï inflow volume 

IWS ï internal water storage 

LID  ï low impact development 

LR  ï load reduction 

NCDEQ ï North Carolina Department of Environmental Quality 

NCDOT ï North Carolina Department of Transportation 

NO2-3-N ï nitrite and nitrate nitrogen 

OP ï orthophosphate  

Out ï combined outflow 

Over PFR ï overflow peak flow rate 

Over PFR Red ï overflow peak flow rate reduction compared to inflow peak flow rate 

Over Vol ï overflow volume 

Over Vol Red ï reduction of inflow volume relative to overflow volume 

Percent Exfil ï percentage of inflow volume exfiltrated 

Percent Over ï percentage of outflow leaving as overflow 

Percent Under ï percentage of outflow leaving through the underdrain 

PSD ï particle size distribution 

SCM ï stormwater control measure 

SECREF ï North Carolina State University Sedimentation and Erosion Control Research and  

        Education Facility 

TKN  ï total Kjeldahl nitrogen 

TCd ï total cadmium 

TCu ï total copper 

TN ï total nitrogen 

Total Outflow  ï total outflow volume 

TP ï total phosphorus 

TPb ï total lead 

TSS ï total suspended solids 

TZn  ï total zinc 

Under PFR ï underdrain peak flow rate 

Under PFR Red ï underdrain peak flow rate reduction compared to inflow peak flow rate 



86 

 

Under Vol ï underdrain volume  

Under Vol Red ï reduction of inflow volume relative to underdrain volume 

WQ ï water quality 
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CHAPTER  3 ï 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 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 infiltration and reduce 

pollutant loads. Two bioswales (BS2 and BS4) were constructed at the NC 50-NC 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 to infiltrate up to a 9.7-mm event and the largest event with 

underdrain-only flow was 70.9-mm. BS4 infiltrated up to a 8.2-mm event and the largest 

underdrain-only event was 11.7-mm. Both had events with significant peak flow rate reductions 

(overflow and underdrain) and a significant percent of exfiltrated volume. The differences in 

design significantly influenced the underdrain hydrologic performance more than that of the 

overflow. BS2 reduced loads for several pollutants (TSS, TKN, TN, Cd, Pb, TZn), but exported 

total copper (TCu). All effluent concentrations met quality thresholds, except for that of TP. BS4 

had significant load reductions for a few pollutants (TSS, NO2-3-N, TCu, TPb, TZn), but only 

met the North Carolina water quality thresholds for metals. To 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. Total outflow load reductions had few significant correlations with 

bioswale design, but were increased with higher inflow volume exfiltration. Performance of 
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these bioswales was comparable to other studies of swales and bioretention. Overall, these 

bioswales highlight 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 population living in urban 

areas and predicted to reach 66% by 2050 (United Nations, 2014). 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, polycyclic 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 (USEPA, 2002, 2009).  

Roadways are a major source of pollutants due to their accumulation on road surfaces 

from vehicle emissions and inter-event 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 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 downstream 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 year, 

it was reported that Raleigh, NC 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 non-structural 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) (Table 3-1). Their negative effects on water 

quality 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 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 (km2) 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 zinc (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 animals (Gautam 

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 impacts all, especially 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 cholesterol problems (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 harmful 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 

government 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 receiving water bodyôs bathymetry, potentially affecting its future performance, by 

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 particles have ionic exchange sites, and commonly 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 suspended sediment.  

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 landôs hydrologic condition and water quality state mimics those of pre-

development as closely as possible (Holman-Dodds 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 Clayden, 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 have reported that swales provide mean volume reductions from 23-

47% (Deletic, 2001; Rushton, 2001; Bäckström, 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). 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 al., 1998; Stagge 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 (Bäckström, 2002; Winston et al., 

2012).  

Another commonly-used SCM is a bioretention cell (BRC), which utilizes an engineered 

media to promote infiltration and pollutant removal. The media is primarily sand, with small 

percentages of ñfinesò (silt and clay) and organic 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 from 24-99% (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 20-98% (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). Bioretention is generally 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 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 BRC, below which is a gravel layer and 

underdrain (Figure 3-1). The vegetation promotes sedimentation by slowing the overflow rate, 

allowing for larger particles to settle, the media and underdrain promote filtration, and the 

mediaôs natural organic material (NOM) promotes sorption of phosphorus and heavy metals and 

chemical transformations (Davis et al., 2001; Hunt et al., 2006). Some infiltration is possible per 

drainage configuration and in-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 

increases 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., 2009; Passeport et 

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

 

Figure 3-1. Typical horizontal cross-section 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), 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 data exists on 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 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.  

3.3  Materia ls and Methods 

3.3.1  Neuse River Basin 

This study was located in Raleigh, NC, USA, which is within the Neuse River Basin 

(Figure 3-2). The Neuse River Basin has a drainage area of 16,159 km2, all of which is within the 

state of North Carolina, and is the 3rd largest river basin in the state (NCDENR, 2009). A part of 

the basin includes the Raleigh-Durham metropolitan area, the stateôs second most populous, with 

a 2010 combined population of 632,222, which is predicted 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 source runoff, including 

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 interchange in Wake County, NC, USA, was retrofitted with 

several stormwater control measures, including six bioswales. Only two (BS2 and BS4) were 

selected for monitoring (Figure 3-3). The drainage area for each consisted of good condition 

asphalt, grassed open space, and woods.  
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Figure 3-3. Aerial of the NC 50-98 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 (BS2=1.2-m; 

BS4=1.5-m) and depth of 0.9 m was excavated, with the upstream end of 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 in the system 

while still allowing for exfiltration. The base was then filled with 0.15-m of ASTM standard #57 

washed stone (0.23 to 3.8-cm stone size (NCDOT, 2016)). Next, a 0.15-m 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 covered with 0.15-m of ASTM #57 washed stone, 

resulting in a total of 0.3-m of stone. The stone/underdrain layer was covered with a Type 2 geo-

textile (PropexÊ GeotexÈ 801; 6111.87 L/min/m2) (NCDOT, 2018) to prevent media from 

BS2 

BS4 
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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 3-2), with 88% sand and 12% fines, and covered with Bermuda sod (Cynodon 

dactylon). Both bioswales had trapezoidal surface geometry, with 3:1 H:V side slopes. Both 

bioswales had at least one check dam. Each check dam had an upstream and downstream slope 

of 4:1 H:V, top width of 0.6 m, height of 0.15-m, and was constructed using the existing soil. 

Additionally, BS4 had IWS and a Class A rip-rap (5 to 15.2-cm diameter stone (NCDOT, 2012)) 

lined forebay. Individual bioswale design characteristics can be found in Table 3-3 and 

longitudinal cross-sections 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 (10-36 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 1.5 

Underdrain length (m) 22 17.4 

Total length (m) 26.8 23.5 

Longitudinal Slope (%) 1.79 2.93 

Check Dams 2 3 

Internal Water Storage N 0.4 m at end 

Surface geometry Trapezoidal 

Surface side slopes (H:V) 3:1 3:1 

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 north-east loop (BS2) (Figure 3-4) had a drainage area of 1.38 ha, 

14% of which was impervious roadway. BS2 was 26.8 m 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 cross-channel weir was installed at the entrance to BS2, 

with a prefabricated 90° V-notch weir (Figure 3-5). The existing concrete outlet structure was 

fitted with prefabricated 60° V-notch weirs for both the overflow and underdrain (Figure 3-6).  

 

Figure 3-4. Upstream view of BS2, with the outlet structure in the foreground. 
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Figure 3-5. BS2 inlet weir and upslope pervious grassed area and impervious roadway. 

 
Figure 3-6. BS2 overflow and underdrain weir structures.  

The bioswale in the north-west loop (BS4) (Figure 3-7) had a drainage area of 0.72 ha, 

13% of which was impervious roadway. BS4 was 23.5-m in length and had a longitudinal slope 

of 2.93%. Upstream of the bioswale was a rock-lined forebay, with a length of 10.5-m and an 

average width of 2.1 m. The forebay followed the 2.93% slope of the bioswale, with the first 3.8-

Underdrain 

Overflow 
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m acting as a rock-lined channel, followed by a 2.7-m plunge pool, with a depth of 0.46-m. The 

remaining 4-m of the forebay was a rock-lined channel leading into the inlet of the bioswale 

(Figure 3-8). The entire forebay base was lined with Type 2 geo-textile fabric (PropexÊ 

Geotex® 801; 6111.87 L/min/m2) and then covered with 0.3-m of class A rip-rap (5 to 15.2-cm 

diameter stone) (NCDOT, 2012). The end of the BS4 underdrain was fitted with a 0.4m upturned 

elbow, creating internal water storage (IWS). All highway runoff initially passed over pervious 

grassed area prior to reaching the forebay. A cross-channel weir was installed at the inlet of the 

bioswale, downstream of the forebay, with a prefabricated 120° V-notch weir (Figure 3-8). The 

existing concrete outlet structure was fitted with prefabricated V-notch weirs, 90° for the 

overflow and 60° for the underdrain (Figure 3-9).  

 
Figure 3-7. Upstream view of BS4. 
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Figure 3-8. BS4 forebay and inlet cross-channel weir. 

 
Figure 3-9. BS4 overflow and 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 sampler with a 730Ê bubbler module for stage monitoring. Sampling was volume-

paced, which 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): 

 ὗ χωφȢχ ὌȢ (1) 

Overflow 

Plunge 

Pool 

Underdrain 
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where Q is the flow rate in L s-1 and H 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 follows (Eqn. 2): 

 ὗ ρσψπὌȢ (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 as follows (Eqn. 3): 

 ὠ ὗ ὸ (3) 

where V is the corresponding volume in L, Q is the corresponding flow rate in L s-1, and t 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 typically-used predictor of runoff volume in an 

urbanized watershed (USEPA, 1992). The sampling program was triggered when 1.18 mm of 

rain fell during a 60-minute time period. A sample was collected after each additional 0.8 mm of 

rainfall. Rainfall data were collected on 2-minute intervals. Since there were no corresponding 

flow data at the inlet, the inlet peak flow rate was estimated based on the rainfall data, using the 

Rational Method (Eqn. 4): 

 ὗ ὯὅὭὃ (4) 
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where Q is the peak flow rate (L s-1), k is an English to metric conversion factor (0.00278), C is 

the composite runoff coefficient, i is the rainfall intensity (mm hr-1), and A is the drainage area 

(ha).  

Based on the site characteristics, a composite runoff coefficient (C) of 0.297 (0.95 for 

asphalt (0.09 ha) and 0.2 for grass on a heavy soil with average slope (2-5%) (0.63 ha)). The 

rainfall intensity (i) was the 5-minute peak rainfall intensity for the corresponding storm. 

The BS4 inflow volume was calculated using the Discrete NRCS Curve Number method (Eqn. 

5).  

 ὗᶻ
Ȣ

Ȣ
 ; Ὓ ρπ (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 calculated 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 rainfall landing directly on the bioswale 

area was estimated using the following equation (Eqn. 6):  

 ὠ Ὓὃ Ὠ (6) 

where Vrain is the volume of water landing on the bioswale surface (L), SA is the bioswale surface 

area (m2), and d is the rainfall depth (mm). This volume was added to the inlet volume calculated 

from the weir (BS2) or CN method (BS4) and then used as the total inlet volume for all further 

calculations (Eqn. 7).  

 ὠ ὠ ὠ  (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. Each 10 L bottle was shaken to re-suspend any pollutants and sub-sampled into the 

appropriate collection containers, as specified by the analytical method (Table 3-4). All 

composite samples were analyzed for total suspended solids (TSS) (APHA, 1997), total Kjeldahl 

nitrogen (TKN) (USEPA, 1978), nitrite and nitrate (NO2-3-N) (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) 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 storm sampling event. All sample bottles were placed on ice 

immediately after sub-sampling and chilled 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 Laboratory (NCDEQ WSS) (Raleigh, NC) for metals analyses. Practical 

detection limits (PQLs) and analysis methodology for each pollutant are reported in Table 3-4. 

Table 3-4. Practical detection limits for all monitored pollutants. 
Pollutant PQL (ɛg/L) Analytical Meth odology 

TKN 280 EPA Method 351.2, Rev. 2.0 

NO2-3-N 11.2 EPA Method 353.2, Rev. 2.0 

TP 10 EPA Method 365.1, Rev. 2.0 

OP 12 EPA Method 365.1, Rev. 2.0 

TSS (mg/L) 2.5 SM 2540 D 

Cd (T&D) 0.5 EPA Method 200.8, Rev. 5.4 

Cu (T&D) 2.0 EPA Method 200.8, Rev. 5.4 

Pb (T&D) 2.0 EPA Method 200.8, Rev. 5.4 

Zn (T&D) 10 EPA Method 200.8, Rev. 5.4 

 

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

volume. These samples were taken to the North Carolina State University Department of Marine, 

Earth, and Atmospheric Sciences Lab (Raleigh, NC) for analysis using a laser diffraction particle 
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size analyzer. Results were reported as the differential volume percentage for particles from 0.04 

to 2000 ɛm in diameter, along with the d10, d50, and d90 values. These values were then used to 

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 depth for each 

storm event. Storm events were separated using a minimum 6-hour antecedent dry period (ADP) 

criterion. The rainfall depth, rainfall duration, and antecedent dry period were totaled for each 

event. The 50-98 site was monitored from March 2017 to April 2018. Rainfall depth during this 

period totaled 111.8 cm, below the 124.9 cm 13-month average rainfall for 2009-2017 recorded 

in Durham, NC, 16 km northwest of the 50-98 intersection (State Climate Office of North 

Carolina, 2018). However, there was a cumulative 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 volume, overflow 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 total outflow (overflow and underdrain) (Eqn. 8), represents the water 

which left the bioswale network into the in-situ soil. 

 ὠ ὠ ὠ ὠ  (8) 

Peak flow rate reductions were calculated using Eqn. 9: 

 ὖὩὥὯ Ὢὰέύ ὶὥὸὩ ὶὩὨόὧὸὭέὲ

       ȟ ȟ  

   
ρππϷ (9) 
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All volumes (total inlet, overflow, underdrain) were converted into the equivalent 

watershed-millimeters (Eqn. 10).  

 Ὀ
 

 
 (10) 

where DWS-mm is the watershed rain depth equivalent (mm), total volume is the total volume for 

the respective monitoring point (L), watershed area is the drainage area (m2).  

This calculation 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 analysis. This criterion was chosen as a threshold because this is within the associated range 

of flow rates associated with the level measurement accuracy of the 730Ê bubbler module 

(±0.002 m for a water level between 0.03 to 1.32 m, Teledyne ISCO, Inc., 2005).  

Additionally, Wilcoxon sign-ranked non-parametric tests were conducted to determine if 

there were any significant correlations (Ŭ=0.05) between individual inflow hydrology parameters 

(peak flow rate, volume) and water quality parameters (concentration, load) and corresponding 

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

To better understand how each bioswale conveyed large events, those with the five 

largest rainfall depths and five highest rainfall intensities were selected for analysis. The volume 

and flow rate mitigation of these events was reported to allow for observation of large 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 (Eqn. 11) (USEPA, 2002).  

ὅέὲὧὩὲὸὶὥὸὭέὲ ὙὩὨόὧὸὭέὲ ὅὙ
 Ȣ  Ȣ ȟ ȟ

 Ȣ
ρππϷ (11) 
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where CR is the concentration reduction for the particular pollutant (%), inlet conc. 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 multiplied 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 

underdrain) were calculated (Eqn. 12):  

 ὒέὥὨ ὙὩὨόὧὸὭέὲ ὒὙ
    

 
ρππϷ (12) 

Paired inflow and outflow data were statistically analyzed with R software (v. 3.4.3) (R 

Core Team, 2013) using Wilcoxon sign-ranked non-parametric test for all pollutant parameters: 

TSS, TKN, NO2-3-N, TP, Ortho-P, TCd, DCd, TCu, DCu, TPb, DPb, TZn, and DZn, to 

determine if reductions (concentration and load) were significant (Ŭ=0.05). Concentrations from 

each bioswale and each monitoring point were compared to the North Carolina Surface Water 

Quality Standards and SCM target metrics (Table 3-5). 

Table 3-5. Water quality standards or metric for each monitored pollutant. 
Pollutant Standard (ɛg/L) 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 100 mg L-1 as CACO

3
. 

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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performance. To compare all potential associations, all data were imported into R software (v. 

3.4.3) (R Core Team, 2013) and a correlation matrix using Kendallôs tau was created (Ŭ=0.05). 

3.3.9  Analysis for Bioswale Degradation 

Over time, a bioswale has the potential for clogging due to sediment build up, which can 

decrease its hydrologic function. The ratio of overflow volume to underdrain volume was 

calculated for each storm event, as a potential measure of degradation. A Kendallôs tau non-

parametric test was run comparing the storm event number to the ratio. It was hypothesized that 

the ratio 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 divided into four óevent typeô categories: 1) 

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 appreciable overflow 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 monitored at BS2 (Table 3-6). Of these, two storm events were 

completely infiltrated. The largest infiltrated event was 9.7-mm. While smaller events did have 

appreciable underdrain volumes, this could be due to the rainfall intensity, where intensity results 

in an inflow rate greater than the exfiltration rate. Storm events with only underdrain flow ranged 

from 6.4-mm to 70.9-mm, highlighting the capability of this bioswale to handle and treat large 

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

Event Type 
Number 

of Events 

Median 

(mm) 

Mean 

(mm) 

Range 

(mm) 

ISCO Inflow Events 26 20.6 25.4 6.4 ï 133.9 

Completely Infiltrated 2 8.9 8.9 8.1 ï 9.7 

Underdrain-only Flow 12 12.5 16.5 6.4 ï 70.9 

Overflow 12 26.4 37.1 20.3 ï 133.9 

 

Each of these óevent typeô categories was statistically analyzed to determine if the peak 

flow reductions (overflow and underdrain) and percentage of inlet volume exfiltrated were 

significant. For BS2, all overflow and underdrain peak flow rate reductions were significant 

(Table 3-7). Overflow rate reductions were comparable to that of swales (Winston et al., 2018) 

and underdrain and overflow reductions were comparable to that previously reported for 

bioretention (Davis, 2008; Hunt et al., 2008; Lucke and Nichols, 2015). The percent of 

exfiltrated volume were significant for all óevent typeô scenarios. The volume reductions were 

somewhat comparable to those previously reported for swales (Deletic, 2001; Rushton, 2001; 

Bäckström, 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 performance of BS2.  

Event Type 

Inlet Peak 

Flow Rate 

(L s-1) 

Inlet 

Volume 

(L)  

Overflow Peak 

Flow Rate 

(L s-1) 

Overflow 

Volume 

(L)  

Underdrain 

Peak Flow Rate 

(L s-1) 

Underdrain 

Volume  

(L)  

Combined 

Outflow Rate 

(L s-1) 

Rain gauge Inflow 10.5 78,749 5.2 27,666 1.4 20,558 5.6 

Completely Infiltrated 0.793 2,662 0 0 0 0 NA 

Underdrain-only Flow 7.05 25,627 0 0 1.3 10,676 1.3 

Overflow 15.6 99,477 11.4 59,975 1.7 33,839 10.7 
*(N) ï denotes data sets found to be normally distributed. 

Table 3-7. Mean hydrology performance of BS2. Bolded values are significant correlations with inflow (Ŭ=0.05).  

Event Type 

Overflow Peak Flow 

Rate Reduction 

(%)  

Underdrain Peak 

Flow Rate Reduction 

(%)  

Combined Outflow 

Rate Reduction 

(%)  

Inflow Volume 

Exfiltrated  

(%)  

Rain gauge Inflow 70 74 54 19 

Completely Infiltrated NA NA NA 100 

Underdrain-only Flow NA 62 62 23 

Overflow 35 82 (N) 38 1 
*(N) ï denotes data sets found to be normally distributed. 
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The five largest rainfall intensities ranged from 118.9 to 80.8 mm hr-1 (Table 3-8). Of 

these five events, two resulted in no appreciable overflow. The percentage 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-1) (#32) was equivalent to a 5yr-10min event (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 media 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 32.3 mm (Table 3-9), with a 

combined outflow rate reduction of at least 11% achieved for all events. The largest rainfall 

event (133.9-mm) occurred over a 30-hour period but only had 21% of the outflow pass through 

the media. The long rainfall period, but low fraction 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 with high 

exfiltration was the only event that was ranked both in the top five highest rainfall intensity and 

rainfall depth (#22). Event 22 had a rainfall depth of 70.9-mm and intensity of 100.6 mm hr-1 

with no overflow and 77% of the inflow volume exfiltrated, highlighting the ability of BS2 to 

mitigate the volume of larger events (5yr-30min). This event lasted over a 10-hour period, with 

peak rainfall occurring during the first hour of rainfall. The lower intensity over the majority of 

the rainfall period was likely 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. 

Event 
Intensity 

(mm/hr)  

Rainfall 

Depth 

(mm) 

Frequency 
% Over of 

outflow 

% Under of 

outflow 

% 

Exfiltrated  

Overflow Peak 

Flow Rate 

Reduction 

(%)  

Underdrain Peak 

Flow Rate 

Reduction 

(%)  

Combined Peak 

Flow Rate 

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 33.5 5yr-15min 41 59 3 50 89 55 

19 80.8 20.3 1yr-15min 35 65 15 67 84 67 
*Frequency based on peak 5-minute intensity and rainfall depth for each event, rather than storm duration. For reference, 1yr-5min event has an intensity of 122 mm/hr. 

Table 3-9. Hydrologic performance of BS2 events with largest rainfall depth.  

Event 

Rainfall 

Depth  

(mm) 

Intensity 

(mm/hr)  
Frequency 

% Over of 

outflow 

% Under of 

outflow 

% 

Exfiltrated  

Overflow Peak 

Flow Rate 

Reduction 

(%)  

Underdrain 

Peak Flow Rate 

Reduction 

(%)  

Combined Peak 

Flow Rate 

Reduction 

(%)  

11 133.9 22.9 100yr-6hr 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 47 
*Frequency based on peak 5-minute intensity and rainfall depth for each event, rather than storm duration. For reference, 1yr-5min event 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=6.6-mm,Table 3-10). 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 

sets. 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 

of Events 

Median 

(mm) 

Mean 

(mm) 

Range 

(mm) 

ISCO Inflow Events 26 14.2 21.8 5.1 ï 133.9 

Completely Infiltrated 4 6.4 6.6 5.1 ï 8.2 

Underdrain-only Flow 4 8.4 8.4 5.3 ï 11.7 

Overflow 18 19.8 28.2 8.6 ï 133.9 

 

Only two óevent typeô scenarios, (1) all events and (4) overflow events, had significant 

peak flow rate reductions (Table 3-11). These peak flow rate reductions were comparable to that 

previously reported for bioretention (Davis, 2008; Hunt et al., 2008; Lucke and Nichols, 2015). 

These same two scenarios (1 and 3) had a significant percent of inflow volume exfiltrated. 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 similar to those of swales (Deletic, 2001; Rushton, 

2001; Bäckström, 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.  

Event Type 

Inlet Peak 

Flow Rate 

(L s-1) 

Inlet 

Volume 

(L)  

Overflow Peak 

Flow Rate 

(L s-1) 

Overflow 

Volume 

(L)  

Underdrain 

Peak Flow Rate 

(L s-1) 

Underdrain 

Volume  

(L)  

Combined 

Outflow Rate 

(L s-1) 

Rain gauge Inflow 13.9 68,329 6.1 26,052 0.62 9571 5.9 

Completely Infiltrated 9.9 3,370 0 0 0 0 NA 

Underdrain-only 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. Italic values are significant associations with inflow (Ŭ=0.05).  

Event Type 

Overflow Peak Flow 

Rate Reduction 

(%)  

Underdrain Peak 

Flow Rate Reduction 

(%)  

Combined Outflow 

Rate Reduction 

(%)  

Inflow Volume 

Exfiltrated  

(%)  

Rain gauge Inflow 47 94 (N) 55 51 

Completely Infiltrated NA NA NA 100 

Underdrain-only 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 ranged from 57.9 down to 30.5 mm 

hr-1, with three events having an intensity of 30.5 mm hr-1 (Table 3-12). 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 the lowest 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%), potentially increasing in flow rate along the length. This event occurred over a 5.6-hour 

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 point of peak rainfall intensity, 

decreasing the ability of the media to infiltrate inflow volume.  

 The five largest rainfall events ranged from 133.9 to 28.2 mm (Table 3-13). All events 

had appreciable overflow and underdrain volume. Four of the events had over half of the 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 having an increased 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 volume 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 rate reduction. The 

ability of BS4 to exfiltrate 32% of the inflow volume during this large event was likely due to the 

rainfall occurring over a 30-hour period, with the peak intensity not occurring until the last hour 
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of rainfall. While there was no peak flow rate reduction, the positive volume reduction shows 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 

Event 
Intensity 

(mm/hr)  

Rainfall 

Depth 

(mm) 

Frequency 
% Over of 

outflow 

% Under of 

outflow 

% 

Exfiltrated  

Overflow Peak 

Flow Rate 

Reduction 

(%)  

Underdrain Peak 

Flow Rate 

Reduction 

(%)  

Combined Peak 

Flow Rate 

Reduction 

(%)  

60 57.9 53.1 10yr-60min 88 12 32 -78 95 -75 

24 41.1 13.5 2yr-60min 52 48 51 79 98 79 

43 38.1 13.2 1yr-60min 58 42 23 68 97 69 

28 33.5 13.2 1yr-60min 28 72 53 90 95 91 

30 30.5 14.0 1yr-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 1yr-60min 0 0 100 100 100 100 
*Frequency based on peak 5-minute intensity and rainfall depth for each event, rather than storm duration. For reference, 1yr-5min event has an intensity of 122 mm/hr. 

Table 3-13. Hydrologic performance of BS4 events with largest rainfall depths.  

Event 

Rainfall 

Depth 

(mm) 

Intensity 

(mm/hr)  
Frequency 

% Over of 

outflow 

% Under of 

outflow 

% 

Exfiltrated  

Overflow Peak 

Flow Rate 

Reduction 

(%)  

Underdrain Peak 

Flow Rate 

Reduction 

(%)  

Combined Peak 

Flow Rate 

Reduction 

(%)  

11 133.9 22.9 100yr-6hr 82 18 53 13 91 19 

60 53.1 57.9 10yr-60min 88 12 32 78 95 75 

47 37.6 22.9 1yr-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 peak 5-minute intensity and rainfall depth for each event, rather than storm duration. For reference, 1yr-5min 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 characteristics significantly influenced bioswale hydrologic performance. The 

correlation results can be used to assist in design considerations for future bioswale applications 

(Figure 3-10).  

Rainfall depth influenced all hydrologic outcomes, except the volume and peak flow 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 rate and the percentage 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 the underdrain, 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 inflow volume that exfiltrated, 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 overflow peak flow rate for 

this bioswale. However, as previously noted, there were only two bioswales and several 

differences in design that may have compounded the effects of the forebay.  

In addition to bioswale design parameters, the rainfall event was also significant on 

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 the percentage 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 passing through the 

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 positive significant associations were found 

between the overflow and underdrain hydrology. Designing to improve underdrain-provided 

mitigation indirectly influences overflow. Overall, these associations highlight that a bioswale 

should not only be designed to fit within a right-of-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. Association matrix for 50-98 bioswale hydrologic performance. Green-shaded represents a 

significant positive association, red-shaded represents a significant negative association, and an óXô 

represents an insignificant association.   

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 from scenario (1), all 

events, for both BS2 and BS4 were within the range of previously reported swale and 

bioretention hydrologic treatment (Table 3-14). These results highlighted that bioswales could be 

employed as a SCM to achieve comparable hydrologic mitigation to commonly used SCMs of 

swales and bioretention.  
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Table 3-14. Comparison of 50-98 bioswale hydrologic treatment to reported swale and bioretention results.  

Study SCM Location 

Volume 

Reduction 

(%)  

Flow Rate 

Reduction* 

(%)  

Herein 
BS2 (All events scenario) 

North Carolina, USA 
19 54 

BS4 (All events scenario) 51 55 

Rushton (2001) Swale Florida, USA 32-50 - 

Ackerman and Stein (2008) Swale Oregon, California, and North Carolina, USA 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 Luleå, 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 Carolina, USA  >96 

Luell et al. (2010) Bioretention North Carolina, USA 47-69 - 

Lucke and Nichols (2015) Bioretention Sunshine Coast, Australia 32-84 79-94 

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 (Kendallôs tau) was conducted to determine if the overflow:underdrain 

volume ratio per-mm of rainfall increased over time, 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 the 12-month monitored period (Figure 3-11).  

Figure 3-11. Graphical 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 storms meeting 

the hydrologic requirements (Section 3.3.6) (Table 3-15). All 23 storms events were utilized to 

determine average concentrations for the inlet, overflow, and underdrain. The storm 

characteristics, pollutants sampled, and range of concentrations for all events 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 quality event 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 underdrain (n=11 of 13).  

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

hydrologic requirements.  

Date Season 

Rainfall 

Depth 

(mm) 

Antecedent 

Dry Period 

(days) 

Sampled 

for Inlet 

Flow? 

Sampled 

for 

Overflow? 

Sampled for 

Underdrain 

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 23.1 8.83 S,N NA S,N 

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 S,N,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 S,N 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 (TKN, NO2-3-N, TP, 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 Table 3-16. BS2 

combined outflow met the water quality thresholds for TSS, TN, and all metals.  

Table 3-16. BS2 mean pollutant concentrations. Bold italic values meet the defined water quality metrics.  

Sampling Location 
TSS  

(mg/L) 

TKN 

(ɛg/L) 

NO2-3-N 

(ɛg/L) 

TN  

(ɛg/L) 

TP  

(ɛg/L) 

OP  

(ɛg/L) 

Inflowa 34 993 72 1065 154 41 

Overflowa 29 762 62 762 158 49 

Underdraina 7 588 106 694 118 54 

Combined Outflowb 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 concentrations. Bold italic values meet the defined water 

quality metrics.  

Sampling Location 
TCd  

(ɛg/L) 

DCd  

(ɛg/L) 

TCu  

(ɛg/L) 

DCu  

(ɛg/L) 

TPb  

(ɛg/L) 

DPb  

(ɛg/L) 

TZn  

(ɛg/L) 

DZn  

(ɛg/L) 

Inflowa 0.5 0.5 3.8 3.5 3.4 2.7 44 40 

Overflowa 0.5 0.5 2.7 2.5 2.5 2.2 27 23 

Underdraina 0.5 0.5 8.5 7.7 2.4 2.1 13 12 

Combined Outflowb 0.5 0.5 6.7 5.3 2.3 2.0 13.6 11.7 
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 
d10  

(ɛm) 

d50 

(ɛm) 

d90  

(ɛm) 

%  

Clay 

%  

Silt 

%  

Sand 

Inflowa 5.07 28.23 79.40 7.2 71.7 21.1 

Overflowa 5.55 27.93 77.07 6.8 72.5 20.6 

Underdraina 4.10 24.02 67.60 8.2 75.2 16.6 

Combined Outflowb 5.48 26.67 69.93 7 74 19 
a: All 25 sampling events used; b: 13 events meeting the hydrologic requirements used. 

The concentration reductions ranged greatly among pollutants and sampling locations 

(Table 3-17). Twenty-one concentration changes were statistically significant. Compared to 

inflow concentrations, BS2 had significantly higher concentrations for NO2-3-N in underdrain 

and combined outflow, OP in the overflow, underdrain, and combined outflow, and Cu (T & D) 

in the underdrain and combined outflow, compared to that of the inflow. Previously reported 

studies on swale and bioretention have also shown an increased concentration of NO2-3-N (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 concentrations 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, TN, 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 mean pollutant percent concentration changes. Bolded values are significant correlations 

with inflow (Ŭ=0.05). Negative values correspond with higher concentrations compared to inflow. 

Sampling Location TSS  TKN  NO2-3-N  TN TP  OP  

Overflowa -16 11 -28 11 -6 -54 

Underdraina 61 32 -69 26 15 (N) -72 

Combined Outflowb 45 23 -70 18 6 -59 (N) 
* N denotes datasets found to be normally distributed; a: calculated using all 25 water quality samples; b: calculated using only the 13 meeting 

the hydrologic criteria. 

 
Table 3-17. BS2 mean pollutant percent concentration changes. Bolded values are significant correlations 

with inflow (Ŭ=0.05). Negative values correspond with higher concentrations compared to inflow. 

Sampling Location TCd  DCd  TCu  DCu  TPb  DPb  TZn  DZn  

Overflowa 4 4 18 17 23 14 23 21 

Underdraina 2 2 -137 -132 6 8 46 43 

Combined Outflowb 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: calculated using only the 13 meeting 

the hydrologic criteria. 

 
Table 3-17. BS2 mean changes in size distribution and composition. Bolded values are significant 

correlations with inflow (Ŭ=0.05). Negative values correspond with increased size or percentage 

compared to inflow sediment. 

Sampling Location d10  d50 d90  
%  

Clay 

%  

Silt 

%  

Sand 

Overflowa -10 -6 -5 4 0 -9 

Underdraina 28 (N) 18 15 -29 (N) -10 25 

Combined Outflowb NA NA NA NA NA NA 
* N denotes datasets found to be normally distributed; a: calculated using all 25 water quality samples; b: calculated using only the 13 meeting 

the hydrologic criteria. 
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Over half of the reported overflow TSS concentrations were higher than the óhigh quality 

watersô threshold (20 mg/L) (NCDEQ, 2017a) (Figure 3-12). However, all underdrain samples 

and the majority of the combined outflow concentrations were less than the threshold, showing 

the ability of BS2 to treat to TSS threshold, particularly when passing through the media.  

 

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 the ñgood benthos healthò threshold (990 ɛg/L) (McNett et al., 2010) 

(Figure 3-13). 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.  

 

Figure 3-13. Exceedance probability of BS2 TN concentrations.  
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Unlike TSS and TN, BS2 only had TP concentrations less than the ñgood benthos healthò 

threshold (110 ɛg/L) (McNett et al., 2010) for two overflow samples, three underdrain samples, 

and nine combined outflow concentrations (Figure 3-14). BS2 showed strong capabilities 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.  

 

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 outflow concentration for TP was 12 ɛg/L over the ógood benthos 

healthô threshold. BS2 was able to provide positive water quality treatment. The variable 

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 Load 

BS2 had several load reductions observed in the overflow, underdrain, and combined 

outflow (Table 3-18). The overflow had significant load reductions for TSS, TKN, NO2-3-N, 

TN, TP, TCd, TCu, TPb, and TZn. Underdrain flow had load reductions for TSS, TKN, 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 inflow (Ŭ=0.05). Negative values correspond to an export.  

Sampling Location TSS  TKN  NO2-3-N  TN TP  OP 

Overflowb 55 62 50 61 56 48 

Underdrainb 80 56 -21 52 46 -7 

Combined Outflowb 53 32 -59 29 17 -48 
* b: calculated using only the 13 meeting the hydrologic criteria. 

Table 3-18. BS2 mean pollutant percent load changes for all monitoring points. Bolded values are 

significant correlations with inflow (Ŭ=0.05). Negative values correspond to an export.  

Sampling Location TCd DCd TCu DCu  TPb DPb TZn DZn 

Overflowb 54 48 56 44 56 48 56 47 

Underdrainb 50 50 -36 -25 51 54 71 70 

Combined Outflowb 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 generally binding more 

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 roots (INPI, 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 bind to organic matter. Load export from BS2 for TCu was 0.0012 

kg/ha. Other studies have also 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 TCu, all other significant changes were load reductions. TKN 

removal can be due to ammonification, in which the organic N is mineralized into ammonium. 
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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 nitrogen 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., 2006). These processes resulted in significant 

removal from the overflow, underdrain, and combined outflow. Denitrification along the surface 

can result in the NO2-3-N removal (NCHRP, 2006). These removal mechanisms resulted in 

significant TN removal.  

BS2 significantly reduced TP loads at the overflow and underdrain, but not in the 

combined outflow. Significant TP removal, but no significant OP removal, highlighted the 

stronger ability of the bioswale to remove particulate-bound P compared to P in the aqueous 

phase (Hurley and Forman, 2011; Lucas and Greenway, 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. TP removal 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).  

Several metal 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 can be through gross 

filtration, sedimentation, which is promoted by the check dams and increased if the metal is 

particulate-bound, and through biological and chemical transformations. Chelation with organic 
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material on the bioswale surface can remove metals, decreasing the concentration and load in the 

aqueous phase (NCHRP, 2006).  

Per previously stated water quality metrics (Table 3-5), combined BS2 outflow met the 

thresholds for TSS, TN, and all metals, despite NO2-3-N and Cu concentration increases (Table 

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). BS2 highlights this 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 sampled for water 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 monitoring 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 Table 3-19. The storm 

characteristics, 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 

11.7-mm to 53.1-mm (mean 24.3-mm), with ADPôs ranging from 0.42 to 8.1 days (mean 4.4 

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

Date Season 

Rainfall 

Depth 

(mm) 

Antecedent 

Dry Period 

(days) 

Sampled 

for Inlet 

Flow? 

Sampled 

for 

Overflow? 

Sampled for 

Underdrain 

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 S,N 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 S,N 

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: missing datasets, unable to calculate ADP; S: sediment (TSS), N: nutrients (TKN, NO2-3-N, TP); 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 concentrations for each monitoring point at BS4 are found in Table 3-20. While 

geographically close to BS2, the inflow concentrations are noticeably higher and could be due to 

the number/type of vehicles taking this exit and/or construction within the exitôs cloverleaf just 

upstream of the bioswale. Only metal water quality thresholds were met. 

Table 3-20. BS4 mean pollutant concentrations. Bold italic values meet the defined water quality metrics. 

Sampling Location 
TSS  

(mg/L) 

TKN 

(ug/L) 

NO2-3-N 

(ug/L) 

TN 

(ɛg/L) 

TP 

(ug/L) 

Inflowa 204 1496 274 1770 558 

Overflowa 144 1342 303 1645 450 

Underdraina 36 1053 310 1363 204 

Combined Outflowb 93 1191 335 1526 301 
* a: calculated using all 15 water quality samples; b: calculated using the 11 meeting the hydrologic criteria. 

Table 3-20. BS4 mean pollutant concentrations. Bold italic values meet the defined water quality metrics. 

Sampling Location 
TCd 

(ug/L) 

DCd 

(ug/L) 

TCu 

(ug/L) 

DCu 

(ug/L) 

TPb 

(ug/L) 

DPb 

(ug/L) 

TZn 

(ug/L) 

DZn 

(ug/L) 

Inflowa 0.5 0.5 15.0 11.9 10.5 7.1 110 100 

Overflowa 0.5 0.5 12 7.6 9.8 6.6 62 50 

Underdraina 0.5 0.5 8.6 6.9 5.0 3.5 50 44 

Combined Outflowb 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 criteria. 

 

 



138 

 

Table 3-20 (continued). BS4 mean sediment sizes and composition. 

Sampling Location 
d10 

(ɛm) 

d50 

(ɛm) 

d90 

(ɛm) 

% 

Clay 

% 

Silt 

% 

Sand 

Inflowa 4.07 23.27 63.68 11.5 70.7 17.8 

Overflowa 2.32 15.25 41.56 17 75.8 7.2 

Underdraina 0.83 13.58 45.12 18.7 73.7 7.6 

Combined Outflowb 1.85 14.08 40.96 21.5 71.5 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 (Table 3-21). 

The overflow had a significant decrease in the concentrations for TSS, TP, TCu, TPb, and TZn. 

Concentration reduction for these pollutants was achieved through gross filtration and 

sedimentation, promoted by the vegetation. Sedimentation potential is further increased 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 for TSS, TKN, NO2-3-N, TN, TP, TCu, and Zn. Reductions of NO2-3-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 by vegetation uptake and filtration. N removal was through 

biological processes and P removal achieved by chemical transformations and filtration.  

The combined outflow had significant concentration reductions for TSS, TCu, and DZn. 

Overflow concentration reductions 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, 2006; Hunt et 

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 points. Bold values are 

significant correlations with inflow (Ŭ=0.05). 

Sampling Location TSS  TKN  NO2-3-N  TN TP  OP  

Overflowa 97 15 25 14 24 -76 

Underdraina 77 39 16 35 61 11 

Combined Outflowb 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 pollutant percent concentration changes for all monitoring points. Bold values are 

significant correlations with inflow (Ŭ=0.05). 

Sampling Location TCd  DCd  TCu  DCu  TPb  DPb  TZn  DZn  

Overflowa 0 0 42 41 37 24 53 49 

Underdraina -14 -17 32 27 24 23 61 60 

Combined Outflowb 0 0 42 33 36 16 60 54 
* a: calculated using all 25 water quality samples; b: calculated using the 11 meeting the hydrologic criteria. 
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At BS4, all overflow TSS concentrations were higher than the óhigh-quality watersô 

threshold (20 mg/L) (NCDEQ, 2017a) (Figure 3-15). This metric was only met for four 

underdrain samples and two combined outflow 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 significant concentration 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 

bioswale performance (Lenhart and Hunt, 2011).  

 

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 threshold (990 ɛg/L) (McNett et al., 2010) (Figure 3-16). Only two 

underdrain and two overflow samples were less than the threshold, showing the inability of the 

BS4 design to be a stand-alone SCM for meeting the TN threshold.  

 

Figure 3-16. Exceedance probability plot of BS4 TN concentrations.  
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No measured TP concentrations were less than the ñgood benthos healthò threshold (110 

ɛg/L) (McNett et al., 2010) (Figure 3-17). 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. 

 

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 

concentration 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 quality thresholds, 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 significant load reduction (Table 3-22) for BS4. 

Overflow had load reductions for TSS, NO2-3-N, TCd, TCu, TPb, and TZn. The underdrain had 

load removal for TSS, TKN, NO2-3-N, TN, TP, OP, TCd, TCu, TPb, and TZn. Combined 

outflow had load reduction for TSS, NO2-3-N, TCu, TPb, and TZn.  

Table 3-22. BS4 mean pollutant percent load changes. Bold values are significant correlations with 

inflow (Ŭ=0.05). 

Sampling Location TSS  TKN  NO2-3-N  TN TP  OP 

Overflowc 76 56 64 56 63 9 

Underdrainc 96 84 80 83 90 75 

Combined Outflowc 72 41 44 40 55 -16 
* c: calculated using the 6 with inlet data. 

Table 3-22. BS4 mean pollutant percent load changes. Bold values are significant correlations with 

inflow (Ŭ=0.05). 

Sampling Location TCd DCd TCu DCu TPb DPb TZn DZn 

Overflowc 52 55 73 72 71 66 79 77 

Underdrainc 71 76 84 85 83 82 92 93 

Combined Outflowc 23 35 57 57 54 46 71 70 
* c: calculated using the 6 with inlet data. 

Unlike BS2, BS4 had a load reduction for NO2-3-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 reduction have 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 of BS2 for the overflow and 

underdrain (gross filtration and sedimentation). TKN had a significant load reduction in the BS4 

underdrain flow, which can be achieved through nitrogen fixation and ammonification. P load 

removal was significant for the underdrain with removal mechanisms of filtration, particle 

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 two bioswales was most notable for NO2-3-N, with 

BS4 achieving a significant load reduction, while no significant NO2-3-N removal was found in 

the BS2 combined outflow. There are several design features that potentially impacted these 

behaviors, in particular the 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, reiterates that 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 Kendallôs tau tests was created to determine whether 

bioswale design variables and/or storm characteristics were correlated to outflow load removal 

and hydrologic performance (Figure 3-18). Only NO2-3-N and Cu (both forms) outflow load 

removal efficiency was significantly influenced by bioswale design. An increased slope, wider 

base width, presence of forebay, and IWS inclusion all resulted in an increased load removal of 

NO2-3-N and Cu. The wider base width, forebay and IWS design parameters promote time and 

contact with the vegetation and media for enhanced treatment. The increased NO2-3-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 NO2-3-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 to the significant decrease in underdrain 

volume and peak flow rate (Figure 3-18). 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 efficiency, 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 smaller particles to settle out and 

increased potential for resuspension under high flow conditions. Increased exfiltration led to 

increased load removal for TKN, NO2-3-N, TP, OP, Cd, DCu, Pb, and DZn, due to increased 

potential for settling, filtration, and chemical and 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 for NO2-3-N 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 each design parameter were used 

for statistical analysis, limiting the analysis power.  
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Figure 3-18. Association matrix for 50-98 bioswale outflow load changes. Green-shaded represents a 

significant positive association, red-shaded represents a significant negative association, and an óXô 

represents an insignificant association (Ŭ=0.05).   

3.4.6  Comparison to Swale and Bioretention Water Quality Performance 

While few peer-reviewed studies have reported bioswale pollutant removal, many studies 

have evaluated the concentration reduction efficiency of other SCMs, in particular swales and 

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 and underdrain configuration is similar 
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to that bioretention cell design. The 50-98 bioswales were compared to previously reported water 

quality treatment for swales and bioretention (Table 3-23).  

BS2 overflow was comparable to swale performance for TN, TP, OP, and Pb (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, TN, NO2-3-N, TP, 

OP, Cu, Pb, and Zn (Barrett et al., 1998; Knight et al., 2013; 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 were within range of 

bioretention reductions for TSS, TN, TKN, NO2-3-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 BS4, but not BS2, to achieve comparable 

underdrain and combined outflow treatment for NO2-3-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 reductions, both bioswales 

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 SCM, in particular 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 inflow concentration. 

Study 
 

Location 
Concentration Reductions (%) 

 TSS TN TKN  NO2-3-N TP OP Cd Cu Pb Zn 

Herein 

BS2 Overflow 

NC, USA 

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

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

BS2 Outflow 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 

Barrett et al. (1998) 
Swale 

TX, USA 
87 - 33 50 44 - - - 41 91 

Swale 85 - 44 23 34 - - - 17 75 

Bäckström (2002) 
Swale 

Luleå, Sweden 79-98 - - - - - - - - - 
Swale 

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 39.5 52.4 54.9 

Davis et al. (2003) 
Bioretention 

MD, USA 
- 49 52 16 65 - - 97 >95 >95 

Bioretention - 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 32.2 44.3 -4.7 31.4 - - 54 31.4 77 
*  Yellow indicates bioswale overflow and swales, light blue indicates bioswale underdrain and bioretention, and dark blue indicates bioswale combined outflow. 
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3.5  Summary and Conclusions 

Both bioswales mitigated peak flow and exfiltrated runoff. BS2 had significant overflow, 

underdrain, and combined outflow peak flow reductions for all ófate of flowô scenarios, as well 

as significant exfiltrated volumes for all scenarios except those categorized with overflow. BS2 

peak flow rate and volume reductions were within range of reported swale and biorention 

performance. The second and third highest rainfall intensity events (103.6 and 100.6 mm hr-1, 

respectively) reported at BS2 produced no overflow volume. High intensity events had combined 

peak flow rate reductions 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 significant 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 volume exfiltrated 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 be significantly 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 performance over 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, TKN, TN, TP, and Zn than those of inflow, but increased for NO2-3-N, OP 

and Cu. Combined outflow had significant concentration decreases for TSS, TKN, TN, and TZn, 

with increases for NO2-3-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 were 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). BS4 overflow concentrations were lower for TSS, TP, TCu, TPb, and TZn 

relative to those of inflow; the underdrain decreased TSS, TKN, NO2-3-N, TN, TP, TCu, and Zn, 

and the combined outflow concentrations were lower for TSS, TCu, and DZn. However, only the 

water quality targets for all metals were met at BS4. BS4 had significant load removal for TSS, 

NO2-3-N, TCu, TPb, and TZn. The reduction of NO2-3-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, underdrain, and 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 concentrations 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, this 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 

base 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 exfiltrated increased. 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 utilized to aid in bioswale 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 comparable to swale and bioretention performance. Based on the two designs, BS4 

performed better than reported swales. At the same time, BS2 was comparable to swales. The 

outcomes show that bioswales are promising and room for design optimization.  Bioswales can 

be implemented along roadways for effective hydrologic and water quality management. Further 

research on varying bioswale designs, influent concentrations, and rainfall event size (intensity 

and depth) is needed to expand the bioswale performance database for continuous design and 

performance optimization. 
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3.6  Abbreviations and Correlation Axes Labels 

BRC ï bioretention cell 

CR ï concentration reduction 

d10 ï diameter that comprises 10% of the sample 

d50 ï diameter that comprises 50% of the sample 

d90 ï diameter that comprises 90% of the sample 

DCd ï dissolved cadmium 

DCu ï dissolved copper 

DPb ï dissolved lead 

DZn ï dissolved zinc 

ET ï evapotranspiration 

Exfiltrated Vol  ï exfiltrated volume  

Inlet PFR ï inflow peak flow rate 

Inlet Vol  ï inflow volume 

IWS ï internal water storage 

LID  ï low impact development 

LR  ï load reduction 

NCDEQ ï North Carolina Department of Environmental Quality 

NCDOT ï North Carolina Department of Transportation 

NO2-3-N ï nitrite and nitrate nitrogen 

OP ï orthophosphate  

Out ï combined outflow 

Over PFR ï overflow peak flow rate 

Over PFR Red ï overflow peak flow rate reduction compared to inflow peak flow rate 

Over Vol ï overflow volume 

Over Vol Red ï reduction of inflow volume relative to overflow volume 

Percent Exfil ï percentage of inflow volume exfiltrated 

Percent Over ï percentage of outflow leaving as overflow 

Percent Under ï percentage of outflow leaving through the underdrain 

PSD ï particle size distribution 

SCM ï stormwater control measure 

TKN ï total Kjeldahl nitrogen 

TCd ï total cadmium 

TCu ï total copper 

TN ï total nitrogen 

Total Outflow  ï total outflow volume 

TP ï total phosphorus 

TPb ï total lead 

TSS ï total suspended solids 

TZn  ï total zinc 

Under PFR ï underdrain peak flow rate 

Under PFR Red ï underdrain peak flow rate reduction compared to inflow peak flow rate 

Under Vol ï underdrain volume  

Under Vol Red ï reduction of inflow volume relative to underdrain volume 

WQ ï water quality 
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CHAPTER  4 ï 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 measure (SCM) 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 performance. Two bioswales (BSN and BSS) were 

constructed at the I-40 and I-95 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 infiltrate up to a 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) and a 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 for TSS, TKN, and TN, and met water quality 

thresholds for TN and all metals. BSS combined outflow had only a significant load reduction 

for TSS, TKN, and TN, but exported NO2-3-N. This bioswale met the water quality thresholds 

for TN and all metals. The pollutant concentrations in the underdrain flow 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 a bioswale. 
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4.2  Introduction  

Urbanization is a global trend, with 54% of the 2014 global population living in urban 

areas and predicted to reach 66% by 2050 (United Nations, 2014). 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, polycyclic 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 (USEPA, 2002, 2009).  

Roadways are a major source of pollutants due to their accumulation on road surfaces 

from vehicle emissions and inter-event 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 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 downstream 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 year, 

it was reported that Raleigh, NC 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 

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 non-structural 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) (Table 4-1). Their negative effects on water 

quality and human 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 (km2) 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 zinc (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 animals (Gautam 

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 impacts all, especially newborns, by 

interfering with hemoglobin creation, kidney function, reproductive 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 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 harmful 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 

government 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 receiving water bodyôs bathymetry, potentially affecting its future performance, by 

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 particles have ionic exchange sites, and commonly 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 suspended sediment.  

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 landôs hydrologic condition and water quality state mimics those of pre-

development as closely as possible (Holman-Dodds 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, vegetated channels, 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., 2013; Rushton, 2001; Bäckström, 2002; Ackerman and Stein, 2008; Deletic, 

2001; Barrett, 2005). Swale peak flow rate reductions have been reported from 44-73.6% 

(Fassman and Liao, 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 al., 1998; Stagge 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 (Bäckström, 2002; Winston et al., 

2012).  

Another commonly-used SCM is a bioretention cell (BRC), which utilizes an engineered 

media to promote infiltration and pollutant removal. The media is primarily sand, with small 

percentages of ñfinesò (silt and clay) and organic 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 from 24-99% (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 20-98% (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). Bioretention is generally regarded as the most 

effective SCM at pollutant removal (Davis et al., 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 the vegetation is an 

engineered, high-flow media, similar to that of a BRC, below which is a gravel layer and 

underdrain (Figure 4-1). The vegetation promotes sedimentation by slowing the overflow rate, 

allowing for larger particles to settle, the media and underdrain promote filtration, and the 

mediaôs natural organic material (NOM) promotes sorption of phosphorus and heavy metals and 

chemical transformations (Davis et al., 2001; Hunt et al., 2006). Some infiltration is possible per 

drainage configuration and in-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 

increases 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., 2009; Passeport et 

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

 

Figure 4-1. Typical horizontal cross-section 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), therefore 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 data exists on 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 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, NC, USA, which is within the Neuse River Basin 

(Figure 4-2). The Neuse River Basin has a drainage area of 16,159 km2, all of which is within the 

state of North Carolina, and is the 3rd largest river basin in the state (NCDENR, 2009). A part of 

the basin includes the Raleigh-Durham metropolitan area, the stateôs second most populous, with 

a 2010 combined population of 632,222, which is predicted 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 source runoff, which 

includes stormwater runoff.  
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Figure 4-2. Neuse River Basin (highlighted) in relation to the state of North Carolina (Source: 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 Interstate 40 (I-40) 

and Interstate 95 (I-95) interchange in Benson, NC (Figure 4-3), which is in the Coastal Plains 

region. Both bioswales treat runoff from I-40, a two lane interstate and one lane exit ramp, both 

with good condition asphalt during the study period.  
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Figure 4-3. Aerial of I40-95 interchange and location of BSN and BSS. Drainage area and bioswale 

location noted (Source: Google Maps). 

4.3.3  40-95l Bioswale Design  

To construct each of the bioswales, a trench with a specified width (BSN=0.98 m; 

BSS=1.1 m) and depth of 0.9 m was excavated, with the upstream end of 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 in the system 

while still allowing for exfiltration. The base was then filled with 0.15 m of ASTM standard #57 

washed stone (0.2 to 3.8 cm stone size (NCDOT, 2016)). Next, a 0.15-m 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 covered with 0.15 m of ASTM #57 washed stone, 

BSS 

BSN 
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resulting in a total of 0.3 m of stone. The stone/underdrain layer was covered with a Type 2 geo-

textile (PropexÊ GeotexÈ 401; 5704 L/min/m2) (NCDOT, 2018) to prevent 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 4-2) (83% sand, 17% fines) and covered with Bermuda sod (Cynodon dactylon) 

(Figure 4-4). Both bioswales had trapezoidal surface geometry, with 3:1 H:V side slopes. The 

lengths and longitudinal slopes varied for each bioswale (Table 4-3). Both bioswales had a rip-

rap lined forebay (Figure 4-5 and 4-7) upstream of each bioswale and a check dam located at the 

end of the bioswale, made with existing soil (Figure 4-6 and 4-7). Bioswale design 

characteristics can be found in Table 4-3 and a general cross-section in Figure 4-6. Cross-

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 (10-36 ppm) 

 

 

Table 4-3. 40-95 BSN and BSS bioswale design characteristics. 

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) 13.4 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) 3:1 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 cross-section of bioswales at 40-95 intersection. Conversion: 1 ft = 0.305 m; 1 oz = 28.35 g. (Source: NCDOT) 

 

 
Figure 4-5. Cross-section of forebay at each 40-95 bioswale. Conversion: 1 ft = 0.305 m. (Source: NCDOT) 
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Figure 4-6. Longitudinal cross-section of bioswales at 40-95 intersection. Conversion: 1 ft = 0.305 m; 1 oz = 28.3 g. (Source: NCDOT)
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Figure 4-7. 40-95 bioswale design. A) Downstream view of bioswale with forebay in the foreground; B) 

Upstream view of bioswale with outlet structure and check dam in the foreground. 

The bioswale in the north loop (BSN) had a drainage area of 0.19 ha, 74% of which was 

directly connected impervious area. The bioswale in the south loop (BSS) had a 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 curb-and-gutter system. While 

physically close, soil grab samples found that the soil around BSN was a sandy loam and that 

around BSS was a loam. Thus, these bioswales had different in-situ soil, which could influence 

performance.  

4.3.4  Field Monitoring Equipment/Setup 

Each forebay was installed with a pre-fabricated runoff collection box and a 60° V-notch 

weir, with the box directly connected to the curb-and-gutter structure (Figure 4-8). The concrete 

B) A) 


















































































































































































































































































































































