
ABSTRACT 

FEARS, JESSICA MORGAN. Evaluating Water Quality and Hydrologic Performance of a 
Poorly Draining Bioretention Cell at a Military Installation in North Carolina. (Under the 
direction of Dr. William F. Hunt III).  

 

Published data on stormwater runoff are relatively limited from military installations, 

which are required to restore pre-development hydrology in accordance with section 438 of 

the Energy Independence and Security Act of 2007. Low Impact Development (LID) is a 

stormwater management strategy that incorporates small-scale practices within the landscape 

to reach the goal of pre-development hydrology. One specific LID device is bioretention, 

which promotes infiltration and evapotranspiration of stormwater runoff to provide 

reductions in peak flows and mass loadings of pollutants. An existing bioretention cell at a 

military installation in North Carolina provided an opportunity to evaluate the hydrologic and 

water quality performance of a system that did not meet current state design guidelines for 

infiltration rate, drawdown time, and media characteristics. The bioretention cell was 

classified as a “failing system” by the military installation’s public works department; 

therefore, the goal of this study was to quantify its performance and to inform decisions 

about maintenance and retrofits of failing systems through the process of data collection and 

long-term modeling.  

Data collection took place from June 2013 through August 2014. Flow-proportional 

water samples for copper, lead, zinc, nitrogen species, phosphorus species, and total 

suspended solids measurements were collected from the inflow and overflow of the existing 

bioretention cell for sixteen storm events. A 52% reduction in cumulative overflow volume 

was measured over the course of the monitoring period. Results indicate that the system is 



not meeting the hydrologic goal of treating 90% of annual runoff. The Effluent Probability 

Method was used to evaluate event mean concentrations (EMCs) of each analyte to 

determine the overall water quality improvement from inflow to overflow. The system most 

frequently exceeded targets for total Kjehldahl N (TKN), ammoniacal-N (NH3-N), and 

copper (Cu). Effluent lead concentrations were not expected to exceed targets for the events 

monitored. When pollutant mass loads were analyzed, significant differences (α=0.05) were 

detected between inflow and overflow for all parameters except Cu, TKN, and Organic-N. 

The system demonstrated poor treatment of organic nitrogen species, likely due to 

decomposition of plant-based organic material in the ponded water of the bioretention cell. 

The system also showed poor copper removal and even export during some events. The 

correlation between copper and organic nitrogen species suggested that export of copper with 

organic material might have been a factor in poor copper removal.   

In addition to the field hydrologic and water quality analysis, DRAINMOD—a 

drainage model for determining the hydrologic fate of runoff—was calibrated and validated 

using one year of monitoring data for the bioretention cell. Nash-Sutcliffe efficiencies for 

measured versus modeled overflow volumes were 0.87 and 0.81 during the six-month 

calibration and validation periods, respectively. Several maintenance strategies were modeled 

using 40 years of historic rainfall data to determine the most cost-effective way to restore 

hydrologic function to the system. In general, performance improved with increased storage 

depth via removal of surface media. Measured water level recession in the cell showed 

evidence of a restrictive layer within the top 20 cm of the media. Consequently, the most 

marked improvement occurred when 20 cm of media were excavated and the restrictive layer 

was removed. A 37% decrease in overflow volume and a 25% increase in number of design 



storms captured were predicted relative to the existing system. Overall, it is recommended 

that maintenance crews evaluate and identify the presence of a restrictive layer by visual 

inspection or simple water level monitoring. Maintenance priorities could be placed on cells 

that have shallow or more easily identifiable restrictive layers to minimize cost and maximize 

improvement in hydrologic performance. 
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CHAPTER 1:  STORMWATER MANAGEMENT LITERATURE REVIEW AND 

OVERVIEW OF PROJECT 

1.1 Urban Stormwater Runoff: Impacts and Management 

Hydrology describes the fate and distribution of water resources, which is driven by 

natural processes such as evaporation, natural conditions such as soil type and land cover, 

and by anthropogenic structures such as dams and aqueducts. On a watershed scale, there is a 

hydrologic balance between infiltration, runoff, and evapotranspiration (ET), whereby water 

enters the soil, flows over the ground surface, or enters the atmosphere, respectively. This 

balance can be disrupted by urbanization, which increases the amount of impervious surfaces 

such as parking lots and rooftops. When the amount of impervious area in a watershed 

increases, runoff tends to become a larger part of the hydrologic balance, while infiltration 

and evapotranspiration become smaller portions of hydrologic fate (Tourbier and 

Westmacott, 1981). Increased runoff is of particular concern; as water flows over the ground 

surface, it picks up contaminants such as nutrients, metals, oil and grease, and particulates. In 

fact, stormwater runoff is one of the largest non-point sources of pollution in natural 

waterways across the United States (US EPA, 2007). Other adverse effects caused by an 

imbalance in the hydrologic cycle include flooding, erosion, debris, eutrophication, and 

thermal pollution (Line et al., 1997).  

Conventional stormwater management includes practices such as retention ponds, 

curbs, and piping systems, which are often designed to disregard water quality and long term 

hydrology in favor of efficient conveyance of runoff into the nearest receiving water body 
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(US EPA, 2007). Conversely, a more recent management approach known as Low Impact 

Development (LID) combines sustainable small-scale practices to address both runoff 

quantity and quality (US EPA, 2007). Examples of LID practices include green roofs, 

permeable pavement, and rainwater harvesting (Figure 1-1).  

 
 
 

 
Figure 1-1: Various LID practices; from left to right: green roof, permeable pavement, 

rainwater harvesting. 
 
 
 

In general, LID stormwater controls measures (SCMs) are designed to capture runoff 

from a certain rainfall event, and treat pollutants through the mechanisms of sedimentation, 

filtration, sorption, and biological activity. This reduces runoff and encourages infiltration, 

storage, groundwater recharge, and evapotranspiration, all of which restore the hydrologic 

balance to a more natural state (US EPA, 2000). To demonstrate the effectiveness of LID 

practices, it is instructive to compare runoff discharge rates from a developed site before and 

after LID practices have been installed. One way to compare discharge rates is to model the 

hydrograph of a site, which describes discharge over time for a given storm event (Malcom, 
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1989). The hydrograph for a developed site displays a higher peak flow compared to the peak 

flow after a typical LID device is installed (Figure 1-2). These theoretical hydrographs are 

based on rainfall data from NOAA precipitation data server (NOAA, 2014).  

 
 
 

 
Figure 1-2: Hydrographs modeling discharge over time for a developed site before and 
after installation of a low impact development device. Peak flow reduction is evident.  

 
 
 

1.2 Federal Stormwater Regulations 

Congress passed the Clean Water Act in 1972 in response to growing concerns about 

the health of US surface waters, particularly due to such visually impactful incidents as the 

Cuyahoga River fire of 1969. Initial efforts to regulate discharges were focused on point 

sources of pollution, which then expanded to include nonpoint sources through the National 

Pollution Discharge Elimination System (NPDES). The NPDES system requires cities of a 

certain population to develop stormwater management plans for construction projects; thus, 
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restoring the hydrologic balance through stormwater management is not only important for 

ecological health, it is also important from a regulation standpoint. In 2007, the federal 

government passed the Energy Independence and Security Act (EISA) to promote clean 

energy, research, and greenhouse gas mitigation, among other things (US House, 2007). 

Section 438 of EISA addresses stormwater management and requires federal facilities 

impacting an area of at least 465 m2 (5,000 ft2) to restore the surrounding hydrology to that of 

pre-development conditions. It also requires that stormwater control devices treat the 95th 

percentile storm. The implications of Section 438 are profound: the use of LID practices can 

be expected to increase and has been accepted as a successful means of meeting federal 

regulations.  

1.3 Overview of Project 

Published stormwater data are relatively scarce from military installations, which are 

regulated under EISA to restore pre-development hydrology. Fort Bragg, located near 

Fayetteville, North Carolina, currently has over two hundred forty bioretention systems on 

base (L. Ward, personal communication, July 15, 2012). This prevalence of SCMs provided 

an ideal situation for collaboration between Fort Bragg, North Carolina State University, and 

AbTech Industries to address, understand, and improve the performance and maintenance of 

bioretention devices located on federal land. Fort Bragg personnel identified two high-

priority bioretention systems that were in need of the most maintenance and served as the 

monitoring sites for the project. The goal of the project was to characterize heavy metal 

concentrations present in parking lot runoff and to collect water quality and hydrology data to 

analyze the performance of a bioretention system in need of maintenance. The end result of 
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this one-year analysis is education and outreach for the department of public works at Fort 

Bragg, including maintenance recommendations and cost-benefit analyses for improving the 

function of bioretention systems.  

This thesis comprises two studies. The first is a water quality and hydrology analysis 

of a failed bioretention cell that, because of clogging, was suspected to produce frequent 

overflow and perhaps provide minimal treatment. The second study focused on modeling the 

response of bioretention hydrology to various maintenance strategies using DRAINMOD. 

Recommendations and costs associated with these maintenance regimes are also discussed. 

This project has the potential to provide ecological benefits across Fort Bragg, and could 

extend to other military bases across the country.  

1.4 References 

Line, A. D. E., Wu, J., Arnold, J. A., Jennings, G. D., and Rubin, A. R. (1997). “Water quality 
effects of first flush runoff from 20 industrial sites.” Water Environment Research, 69(3), 
305–310. 

Malcom, H.R. (1989). “Elements of urban stormwater design.” Raleigh, NC: North Carolina 
State University.  

 
National Oceanic and Atmospheric Administration (NOAA). (2014). Precipitation Frequency 

Data Server. Accessed at: http://hdsdc.news.gov/hdsc/pfds/index.html  
 
Tourbier, J.T. and R.N. Westmacott. (1981). Water Resources Protection Technology: A 

Handbook of Measures to Protect Water Resources in Land Development. Washington, 
D.C. Urban Land Institute. 

 
US EPA (2007). Reducing stormwater costs through low impact development (LID) strategies 

and practices. Washington (DC): US EPA Nonpoint Source Control Branch. Technical 
Report No. 841-F-07-006. 

 
US EPA (2000). Low impact development (LID) a literature review. Washington (DC): Office of 

Water. Technical Report No. 841-B-00-005.  
 



 

 6 

US House (2007). 110th Congress, 1st Session. Energy Independence and Security Act of 2007. 
H.R. 6. Washington (DC): Government Printing Office. 

  



 

 7 

CHAPTER 2: WATER QUALITY AND HYDROLOGY OF A BIORETENTION 

CELL AT A MILITARY INSTALLATION IN NORTH CAROLINA 

2.1 Introduction 

2.1.1 Bioretention Design 

One specific LID stormwater control measure is bioretention. Bioretention systems 

are shallow landscape depressions that contain fill media, a mulch layer, vegetation, and one 

or more underdrains (NCDENR, 2009a; US EPA, 2000). A pretreatment forebay is 

sometimes included to dissipate energy of influent runoff to promote particle settling and 

prevent scouring of bioretention media (NCDENR, 2009a). A typical cross-section of a 

bioretention cell is shown (Figure 2-1). 

 
 
 

 
Figure 2-1: Typical cross-section of a bioretention cell, including ponding depth, bowl 
surface, mulch layer, fill media, and underdrain. Bowl volume is the volume from the 

bowl surface to the top of the outlet structure and is designed to capture the water 
quality volume.   

 
 



 

 8 

The fill media is permeable to promote infiltration, while the mulch layer provides 

organic matter for sorption and biological processes. Current design guidance for 

bioretention media is available in the state of North Carolina, as outlined in the state’s 

Stormwater BMP manual (NCDENR, 2009a). The recommended media mix consists of 85-

88% sand, 8-12% fines, and 3-5% organic matter. This mix should be as homogeneous as 

possible, and should be free of debris such as stones and roots. Additional specifications 

suggest that the media have a P-index (Hardy et al., 2014) between 10 and 30 to minimize 

leaching of phosphorous from the bioretention cell. Infiltration rate of the final media mix 

should be between 2.5 and 15 cm per hour (1- 6 in/hr), with rates between 2.5 and 5 cm per 

hour (1-2 in/hr) being ideal. The depth of the media varies based on desired pollutant 

removal targets, vegetative cover, and site constraints, but in general should be 0.6 to 0.9 m 

(2-3 ft) deep (NCDENR, 2009a). Vegetation, ranging from grasses to shrubs, and in some 

cases small trees, is established along the bowl surface to contribute to pollutant uptake. 

Plants should be located and managed in such a way that allows sunlight to penetrate the 

mulch layer since ultraviolet light provides treatment of pathogens. In areas with less 

permeable underlying soils (i.e. Hydrologic Soil Groups B, C, and D), one or more 

underdrains can be installed below the media layer to facilitate drainage. The system is 

designed such that water will pond up to 0.3 m (12 in) after a storm event, infiltrate into the 

soil within 12 hours, and drain such that the water level is at least 60 cm below the media 

surface within forty-eight hours (NCDENR, 2009a).  
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The following is a review of bioretention performance pertaining to heavy metal, 

phosphorus, nitrogen and suspended solids sequestration and removal. A focus was placed on 

these pollutants because of the risks associated with each compound. Heavy metals are also a 

larger concern for military installations due to the nature of equipment and vehicles used on 

base; therefore, a more in depth review of heavy metals in urban runoff is included herein. 

The majority of literature on bioretention performance focuses on the removal of pollutants 

that are in the solid phase (LeFevre, et al., 2015). It is important to note that pollutants—

including nutrients and metals—are also present in the aqueous phase. This is one 

shortcoming of bioretention monitoring, since dissolved pollutants are more bioavailable and 

therefore potentially more harmful. In fact, studies have found that the dissolved fraction of 

copper and zinc in stormwater runoff can be as much as fifty percent (Kayhanian et al., 2007; 

Maestre & Pitt, 2005). The same studies found dissolved phosphorus and inorganic nitrogen 

to be 44% and 30-50% of total P and N, respectively. The exact speciation of metals and 

nutrients between the solid and aqueous phase depends upon characteristics of the 

stormwater itself, including pH and other constituents present. Unfortunately, the cost 

involved in monitoring dissolved fractions of pollutants is limiting.  

Metals pose a variety of human health risks, including respiratory damage, 

neurological dysfunction, skin damage, and even cancer (Occupational Safety and Health 

Administration, 2009). They can also threaten aquatic life, resulting in gill damage, spinal 

abnormalities, and sometimes death (US EPA, 2012). Nitrogen and phosphorus are major 

causes of eutrophication, especially in agricultural areas where fertilizer is a common 
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constituent of stormwater runoff (Perlman, 2012). High levels of suspended solids result 

from rapid peak flows and scouring of stream banks. Water becomes more turbid, which can 

cause temperatures to increase, and oxygen to decrease. Therefore, improving the pollutant 

retention capacity of bioretention systems has the potential to create a positive impact on 

both human and ecological health. To improve pollutant removal capabilities, it is important 

to first understand where and how pollutant removal processes occur in bioretention cells. 

Removal occurs at various locations within the bioretention system depending on the 

removal mechanism at play.  

Heavy Metal Removal 

There is not a consistent definition of “heavy metal” within the scientific community, 

and the term has never been formally defined by agencies such as the International Union of 

Pure and Applied Chemistry (IUPAC). According to an IUPAC survey of scientific 

literature, there are at least 13 uses of the term “heavy metals” that are based on density, 11 

based on atomic weight, 7 based on atomic number, 5 based on other chemical properties, 

and 2 loosely based on toxicity (Duffus, 2002). For the purpose of this review, the term 

heavy metals will refer to trace elements with densities of 5.0 g/cm3 or greater (Sparks, 

2003).  

In stormwater, heavy metals are not likely to be sufficiently elevated to cause concern 

of acute toxicity; however, chronic exposure can affect both humans and aquatic organisms 

(Clark et al., 2004). Therefore, improving the heavy metal retention capacity of bioretention 

systems has the potential to create a positive impact on both human and ecological health. To 
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improve pollutant removal capabilities, it is important to first identify the sources and typical 

concentrations of heavy metals in urban runoff.  

Sources of Heavy Metals in Stormwater Runoff 

Major sources of heavy metals in urban runoff include metal roofing and siding, 

vehicle brake linings, tire wear, catalytic converters (Pt, Pd, Rh), and galvanized steel (Davis 

et al., 2001; Genc-Fuhrman et al., 2007). Average daily traffic counts are highly associated 

with the amount of metals found in the surface runoff of adjacent roads (Mahbub et al., 2011; 

Deletic and Orr, 2005). Ironically, interactions of stormwater with the very structures meant 

to treat and contain runoff (i.e. storm drain grates and concrete catch basins installed within 

the bioretention cell) may contribute low levels of metals (Davis et al., 2003). Davis et al. 

(2001) conducted controlled experiments to quantify the contribution of copper, lead, 

cadmium, and zinc from a variety of building siding materials, as well as brakes, tires, and oil 

leakage from vehicles. Literature values were used to estimate metal loadings from wet and 

dry atmospheric deposition. Building siding was identified as a significant source of copper, 

lead, zinc, and cadmium. Other main sources for copper and zinc were brake lines and tire 

wear, respectively.  Atmospheric deposition was an important source of copper, lead, and 

cadmium. Table 2-1 summarizes the major sources and representative concentrations of 

several metals found in urban stormwater runoff.  
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Table 2-1: Representative concentrations of metals found in urban runoff 

    
Typical Urban 

Runoff  
 Surface Water 

Standards  

Metal 
Species  Major Sources Pitt et al.1 

(2004) 

Göbel et 
al.2 

(2007) 

Freshwater 
Aquatic 

Lifea 

Human 
Healthb 

  µg/L µg/L µg/L µg/L 
Cd Atmospheric deposition, 

building siding, galvanized 
pipes, erosion of natural 
deposits 

0.9 1.2 2 5 

Cr Building siding, erosion of 
natural deposits 

5 N/A 50 100 

Cu Atmospheric deposition, 
building siding, vehicle 
brake linings, copper 
plumbing, erosion of natural 
deposits 

17 80 7 1000* 

Ni Atmospheric deposition, 
erosion of natural deposits, 
manufacturingc 

5 N/A 88 N/A 

Pb Atmospheric deposition, 
building siding 

17 137 25 15d 

Zn Building siding, tire wear 135 400 50 5000* 
1: From a 10-year comprehensive database including 3,770 storm events from 200 
municipalities in 17 states across the USA, "Mixed Commercial" land use; 2: Representative 
average event mean concentrations from a database of <5 storm events found in literature, 
"Car park" land use; *: National Secondary Drinking Water Standard (US EPA, 2013): not 
enforceable but may cause cosmetic or aesthetic effects;  
a: NC state standard (NCDENR, 2013) concentrations as total recoverable metals; b: EPA 
MCL for drinking water (US EPA, 2013); c:  Sources provided by ATSDR, 2005; d: Action 
Level: If more than 10% of tap water samples exceed the action level, water systems must 
take additional steps to treat 
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Pollutant Removal Mechanisms for Heavy Metals 

Maximum removal of metals occurs in the top layer (5-20 cm) of bioretention media 

and is typically concentrated near the inflow structure of the cell (Davis et al., 2003; Davis et 

al., 2009; Li and Davis, 2008). Typical load reductions (eqn. 1.1; from Davis, 2007) of the 

most commonly cited metals—copper, lead, and zinc—reported in field studies of 

bioretention performance are listed in Table 2-2.  

 

!"#$!!"#$%&'()(%) = 1−!"##!"#!"##!"
×100 = 1− [!(!)×!(!)]!"#!"!

!
[!(!)×!(!)]!"!"!
!

×100 (1.1) 

Where, 
! ! = !"#!$#%&'%("#!!"!!"##$%&'%!(!"## • !"#!!) 
! ! !"#$!!"#$!(!"# • !"#$!!)! 

 

If there is no outflow from a bioretention cell, no pollutant mass will exit the system, 

resulting in a substantial removal efficiency. Load reduction may be more representative of 

stormwater control measure (SCM) efficiency because it incorporates both the water quality 

treatment and flow attenuation benefits of these systems.  
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Table 2-2: Bioretention load reduction reported in various field studies for commonly 
cited metals 

Study Location Source of Runoff 
Events 

Monitored 
(#) 

Load Reduction 
(%)* 

Cu Pb Zn 

Hatt et al., 
2009 Melbourne, Aus. Multi-level parking 

deck  7 67 80 84 

Li & Davis, 
2009 

College Park, MD Parking lot & 
roadway  15 60 65 83 

Silver Spring, MD Parking lot  8 100 96† 100 

Davis,  
2007 

College Park, MD-Cell A Parking lot (asphalt) 12 83 88 54¥ 

College Park, MD-Cell B Parking lot (asphalt) 12 77 84 69 

Hunt et al., 
2006 Greensboro, NC Parking lot  11 99 81 98 

*: Average load reduction reported except for Li & Davis, 2009 (median load reduction 
reported)  
†: 15 events monitored 
¥: One outlier removed 
  
 
 

Clearly, bioretention cells have the potential to retain a high percentage of incoming 

metals. However, there is still a wide range in load reductions reported in literature, 

indicating the need to improve the consistency of pollutant removal mechanisms in these 

systems. Understanding the processes occurring in a bioretention cell that result in heavy 

metal removal requires consideration of the forms of metals present in stormwater runoff and 

examination of the pollutant removal mechanisms at play. Metals can be present in the solid 

phase (i.e. particulate-bound) or in the aqueous phase as free cations. Thus, a comprehensive 
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treatment system will address both forms of metals in terms of removal mechanisms (Grebel 

et al., 2013).  

Pollutant removal mechanisms (PRMs) fall into three main categories: physical, 

chemical, and biological. Physical mechanisms include sedimentation and filtration (Davis, 

2003; Grebel et al., 2013; Sheoran & Sheoran, 2006). For heavy metals in the aqueous phase, 

precipitation into solid form must occur before particles will aggregate and become heavy 

enough to settle (Sheoran & Sheoran, 2006). Sedimentation occurs with particle-bound 

metals, which will naturally settle via gravity.  Lead is most commonly associated with 

particulates; therefore, load reduction often correlates with suspended solids removal (Davis, 

2003; Genc-Fuhrman, 2007; Li & Davis, 2008; Sheoran & Sheoran, 2006). Metals removal is 

often concentrated near the inlet, likely due to the energy-dissipation properties of 

pretreatment forebays that promote particle settling (Davis et al., 2003; Davis et al., 2009; Li 

and Davis, 2008).  

Chemical removal mechanisms address the dissolved fraction of metals, which are 

present as positively charged cations. Adsorption is the accumulation of a substance at the 

solid-aqueous interface of clays and organic materials, and is an important means of 

immobilizing heavy metals in bioretention cells (Feng et al., 2012; Genc-Fuhrman et al., 

2007; Sheoran & Sheoran, 2006). The process of adsorption includes cation exchange, 

surface complexation (also known as “chemisorption”), and surface precipitation (Genc-

Fuhrman et al., 2007; Sheoran & Sheoran, 2006). Precipitation is another important removal 

mechanism. Depending on the solubility product (Ksp) of the metal precipitate of interest, the 
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pH of the soil solution, and the degree of saturation of metal ions, insoluble compounds may 

form. Metals can react with carbonates and sulfides, both of which may be present in 

bioretention systems depending on the soil type and redox conditions. Metal carbonates and 

metal sulfides are both highly insoluble given proper pH conditions, although the latter are 

typically more stable and represent a long-term pathway for metal immobilization (Sheoran 

& Sheoran, 2006; Stone, 1991).  

Finally, biological removal mechanisms include plant uptake and microbial 

metabolism (Grebel et al., 2013; Sheoran & Sheoran, 2006; Sun & Davis, 2007). Plant 

uptake of metals is usually higher for herbaceous species and macrophytes such as cattails, 

and accumulation occurs more in the roots than the shoots (Sheoran & Sheoran, 2006; Sun & 

Davis, 2007). In the case of copper, however, higher concentrations are likely to be found in 

the leaves or other active growing sites since copper is involved in the photosystem I process 

of photosynthesis (Golterman et al., 1975). The process by which metal accumulation occurs 

in plants is generally understood to be the absorption of metal cations at anionic sites within 

the cell wall (Sharpe & Denny, 1976; Welsh & Denny, 1979). Peptides known as 

phytochelatins provide the biological means for metal uptake in the cell wall and plant 

vacuoles (Sharpe & Denny, 1976; Cobbett, 2000). Some plants—known as 

hyperaccumulators—can withstand very high levels of metals without experiencing 

detrimental growth effects (Rascio, 1977; Rascio & Navari-Izzo, 2010). Sun & Davis (2007) 

found that about 0.5-3.3% of dissolved metals were captured in plant tissue during lab-scale 

testing of bioretention cell prototypes; since dissolved metals are most bioavailable, this 
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represented a scenario in which maximum absorption by plants should be possible. In reality, 

sedimentation and filtration would likely reduce influent metal concentrations before being 

exposed to plant roots, so the numbers reported by Sun & Davis (2007) could be 

overestimates. Additionally, plants are often selected based on aesthetics and ability to 

withstand both wet and dry conditions in bioretention systems versus ability to accumulate 

metals, so the contribution of plants to metal removal may be underrepresented (LeFevre et 

al., 2015).  

Perhaps a more long-term biological removal mechanism is the process of microbial 

metabolism. Metal cations such as chromium(VI) are converted to less mobile chromium(III) 

through dissimilatory reduction (Fude et al., 1994). Sulfur-reducing bacteria transform 

sulfate (SO4
2-) to sulfide (S2-), which can subsequently react with metal cations such as Zn2+ 

to form stable insoluble metal sulfides that were mentioned previously. The process of sulfate 

reduction is only likely to occur in bioretention systems that have been saturated long enough 

to become anaerobic. This may occur if the system is clogged due to lack of maintenance or 

improper design.  

Metals are removed through a complex interaction of physical, chemical, and 

biological mechanisms. There is agreement in the literature that maximum removal of metals 

occurs in the top 45 cm of bioretention media (Davis et al., 2009; Davis et al., 2003; Hatt et 

al., 2009; Li and Davis, 2008; Sun & Davis, 2007). It is imperative to understand what 

factors affect removal mechanisms in order to improve heavy metal removal capacity of 

these systems.   
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Factors that Affect Heavy Metal Removal 

Speciation of heavy metals in urban runoff is critical in determining toxicity and 

bioavailability, which in turn affects the quality of surface waters that support aquatic and 

human life. The speciation of metal compounds depends on characteristics of the influent as 

well as the sorbents present in the bioretention media. Media properties such as surface area, 

point of zero charge, and particle size tend to influence both chemical and physical removal 

mechanisms (Feng et al, 2012; Genc-Fuhrman et al., 2007; Ngah & Hanafiah, 2008). The 

initial concentration of metals entering the bioretention system can affect precipitation 

reactions and adsorption processes. While the pH of runoff entering the bioretention cell will 

affect the speciation of heavy metals, it is less important than the pH of the soil solution in 

the bioretention media (Davis et al., 2003; Genc-Fuhrman et al., 2007). The sorbent material 

in the bioretention media tends to buffer the pH of influent runoff, and has more of an effect 

on removal mechanisms in the system, assuming there is sufficient time for relevant reactions 

to occur (Davis et al., 2003; Genc-Fuhrman et al., 2007).  

In addition to media properties, other conditions influence removal mechanisms 

within a bioretention system. Higher infiltration rates can reduce removal efficiencies due to 

washout of bioretention media particles that have metals and other pollutants adsorbed to 

them. Thus, Hatt et al. (2009) suggest the trade-off between hydraulic conductivity and 

removal capacity is something to consider when designing bioretention systems, especially 

for metal removal. Flow rate into a bioretention cell also affects metal removal. In general, 

lower flows are correlated with better removal (Davis et al., 2003; Hatt et al., 2009). 
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However, Hatt et al. (2009) found that lead and zinc were not strongly correlated with flow. 

Since many factors influence metal retention, it is difficult to identify the exact reason why 

these particular metals did not follow the expected trend of higher removal with lower flows. 

Another predictor of successful metal removal is the age of a bioretention system. Older 

systems will typically have established vegetation and roots that can accumulate metals 

(Davis et al., 2003). However, the contribution of vegetation to metal capture has not been 

well quantified, and a dense covering of grass is needed to have a noticeable impact (Dietz 

and Clausen, 2006; Hunt et al., 2012; Sun & Davis, 2007).  

Nutrient Removal 

SCM’s can be sources or sinks for nutrients depending on design parameters and site 

conditions. Nitrogen (N) and phosphorus (P) present in urban runoff can be transformed 

through various physical, chemical, and biological processes that occur in the soil-water-

biota interfaces of a bioretention system. Nitrogen and phosphorus are the primary nutrients 

present in stormwater runoff, and are major nutrients of concern in North Carolina due to the 

large number of agricultural practices in the state (U.S. EPA, 1999). Nutrient management 

plans have been developed for Jordan and Falls Lake, Neuse River and the Tar-Pamlico 

River basins in North Carolina (NCDENR, 1998). The need to protect nutrient sensitive 

water bodies can be addressed through vigorous stormwater management across all 

watersheds to minimize non-point sources of nutrients.  

Sources of nitrogen and phosphorus include atmospheric deposition, fertilizer, 

combined sewer overflows (CSO’s), and animal feces (US EPA, 1983b). Phosphorus may 

exist in the dissolved phase as inorganic orthophosphate (PO4
3-), or as organic phosphorus 
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(Stumm & Morgan, 1981). The major mechanisms of P removal in bioretention cells are 

filtration and sorption for particulate-bound and dissolved forms, respectively (Davis, 2007; 

O’Reilly et al., 2012, Passeport et al., 2009). In the case of sorption, phosphorus forms inner-

sphere complexes with metal oxide minerals (Stumm & Morgan, 1996). Phosphorus can also 

precipitate with calcium, but this process is relatively slow (Davis et al., 2001). Nitrogen 

exists in the dissolved phase as nitrate (NO3
-) and nitrite (NO2

-), ammonia (NH3), ammonium 

(NH4
+), and organic nitrogen. Typically, the pH of stormwater is between 6-8, which favors 

protonation of NH3 so that NH4
+ dominates (Pitt et al., 1995).  Due to the highly soluble 

nature of nitrate and nitrite, sorption is not a major removal mechanism; instead, biochemical 

processes and plant uptake are major removal mechanisms for nitrogen species (Davis, 2007; 

Davis et al., 2009). Microbes facilitate the oxidation of organic nitrogen to ammonium, 

which can then be further oxidized to nitrate. This nitrate can be reduced to nitrogen gas 

assuming anoxic conditions and organic carbon (i.e. an electron donor) are present in the 

saturated zone of bioretention media. Nitrogen gas is a desirable endpoint because it is no 

longer bioavailable.  

Overall, the general factors affecting nutrient removal are fill media characteristics, 

system hydrology, and redox conditions. Other factors include temperature and rooting depth 

of vegetation (Hunt et al., 2012; Passeport et al., 2009). There is agreement among studies 

that one of the most important factors in determining the success of P removal is the 

phosphorus content of the bioretention media (Davis et al., 2009; Dietz and Clausen, 2005; 

Dietz and Clausen, 2006; Hatt et al., 2009; Hunt et al., 2012). In some cases, the P content 
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will be higher in the bioretention effluent than the influent as P in the media is leached. 

Eventually, the effluent P concentration will decrease as the soil stabilizes. Dietz and Clausen 

(2006) attribute the excess P to disturbance—and subsequent P release—of vegetation during 

construction of the bioretention system. A media tailored for P uptake would have a low P-

index (i.e. a lower potential for leaching P) and would ideally be rich in aluminum and iron 

oxides because these species promote sorption of P (Hatt et al., 2009; Hsieh et al., 2007; 

Hunt et al., 2006; Lucas and Greenway, 2011; O’Neill and Davis, 2012). Media depth is 

another important factor affecting nutrient removal. There is a balance between media depth 

and hydraulic residence time (HRT); the latter must be sufficient for various biogeochemical 

nutrient removal processes to occur. One study showed that the enzymes responsible for 

nitrification and denitrification increased with increasing HRT, indicating the importance of 

designing for sufficient residence time (Chen et al., 2013). Media depth is another important 

design factor that controls hydraulic residence time and exposes nutrients to reactive surface 

sites. For P removal, media should be at least 0.6 to 0.9 m deep since most removal occurs 

within this range (Davis, 2007; Hatt et al., 2009; Passeport et al., 2009). For N removal, a 

minimum media depth of 0.9 m should provide enough time for denitrification to occur 

(Hunt et al., 2012).  

In addition to fill media characteristics, bioretention hydrology plays a large part in 

nutrient removal. Designing proper outlet structures, underdrains, and bowl volumes to limit 

ponding depth and drawdown time in the system can control system hydrology. However, 

since precipitation depth, intensity, and frequency are variable, the resulting soil moisture 
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conditions in the system will vary as well, affecting some nutrient removal processes.  Most 

P storage is in the upper media layer; therefore, if saturation is too high in the upper media 

layer, leaching may occur (Hatt et al., 2009; Hunt et al., 2006). Soil moisture content can also 

affect N-removal processes; microbial activity is often inhibited below 50% water-filled pore 

space, which can limit denitrification (Grover et al., 2013). An internal water storage (IWS) 

zone can promote saturation and subsequent anoxic or anaerobic conditions that are ideal for 

denitrification (Brown & Hunt, 2011; Grebel et al., 2013). Hydrology also affects redox 

conditions, which must be appropriate for oxidation of organic nitrogen to nitrate in the 

aerobic zone of the fill media, followed by the reduction of nitrate to nitrite and ultimately N2 

gas in the anaerobic zone. Saturation and labile organic carbon are required for denitrification 

to occur.  

Other factors influencing nutrient removal include vegetation and season. 

Bioretention cells with a grass cover show similar P removal as those with tree and shrub 

cover, at least initially (Passeport et al., 2009). Rooting depth of selected vegetation can 

promote plant uptake of nutrients. Longer roots provide better uptake, but they must not be 

so long that they interfere with the underdrain to avoid clogging (Hunt et al., 2012). Seasonal 

effects are based on temperature. Removals are typically better in warmer summer months 

compared to colder winter weather. This can be explained by the vegetation decay that 

occurs during fall and winter. Soluble reactive phosphorus and nitrate/nitrite-N may have 

been released by decaying vegetation in a grassed bioretention cell, which diminished 

nutrient removal efficiencies during cooler seasons (Passeport et al., 2009). Additionally, 
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warmer temperatures promote microbial growth and can enhance denitrification (Grebel et 

al., 2013).  

Sediment Removal 

Bioretention is very effective at removing total suspended solids (TSS) (Davis et al., 

2009; Davis, 2007; Hatt et al., 2009; Li and Davis, 2008). The primary pollutant removal 

mechanisms for TSS removal are filtration and sedimentation; large particles get trapped in 

the upper 5-20 cm of the media, and remaining smaller particles are removed via 

sedimentation (Davis, 2007; Li and Davis, 2008; Hatt et al., 2009). Li and Davis (2008) cite 

several generalizations about TSS removal based on lab and field experiments involving 

bioretention systems. First, while it has been noted by several authors that there will be an 

initial washout of fine particulates from a new bioretention system, TSS “breakthrough” is 

not limiting for bioretention performance; instead, bioretention media tends to be clogging-

limited (Davis et al., 2009; Davis, 2007; Hatt et al., 2009; Hsieh and Davis, 2005). Next, 

filtration is a significant pollutant removal mechanism for TSS particles. Additionally, most 

particles are captured in the top 5 cm of the media, which creates a layer of lower 

permeability at the surface (i.e. the media becomes stratified). Finally, retention of TSS is 

better at intermittent flows compared to continuous flows.  Intermittent flow is more likely to 

occur in the field, so it is advantageous that bioretention performance is higher under such 

flow conditions. Particulate-bound contaminants such as lead and phosphate are also 

removed when sediment is filtered. Table 2-3 summarizes typical pollutant load reductions, 

removal mechanisms, and location of removal in a bioretention system for metals, nutrients 

and sediment. 
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Table 2-3: Summary of mechanisms and location of pollutant removal supported by 
published field studies on bioretention performance 
Parameter of 
Interest 

Load 
reduction 
(%) 

Mechanism of 
removal 

Location of 
removal 

Factors affecting 
removal 

Metals 54-99%* Sorption 
Filtration 
Plant uptake 
Hydrolysis 
Precipitation 

Top 45 cm 
(18 in) of 
media; 
especially in 
mulch layer 

Media characteristicsbdfg  
Flow ratecf 
Vegetationl 
Age/maturity of facilityc  
Interaction with metal-
emitting materialcd 

 Phosphorus 52-99%† Filtration 
Sorption 
Plant uptake 

Top 60 cm 
(24 in) of 
media 

Media 
characteristicsadefghk 
Saturation of soilfh 

Rooting depthgl 

Nitrogen 30-99%¥ Microbial 
metabolism 
Plant uptake 

Saturated 
zone  

See Phosphorus 

Total 
suspended 
solids 

54-99% Filtration 
Sedimentation 

Top few cm 
of media 

Flow ratefik 
Clogging of mediai 
Media particle sizeik 

*: Zn only;  †: total phosphorus (TP); ¥: total nitrogen (TN) 
The data in Table 1 are based on the following studies: a. Davis et al. (2009), b. Davis 
(2007), c. Davis et al. (2003), d. Dietz & Clausen (2006), e. Dietz & Clausen (2005), f. Hatt 
et al. (2009), g. Hunt et al. (2012), h. Hunt et al. (2006), i. Li & Davis (2008), j. O’Reilly et 
al. (2012), k. O’Neill & Davis (2012), l. Passeport et al. (2009), m. Sun & Davis (2007) 
 
 
 
Hydrologic Performance  

The hydrologic goal of stormwater control measures is to mitigate peak flows and 

provide volume attenuation to alleviate flooding, erosion, and pollutant loadings entering 

receiving water bodies (Davis, 2008; Davis et al., 2012; Hunt et al., 2012). Once runoff 

enters a bioretention cell, the media has the capacity to store some volume of inflow, while 

the rest continues to infiltrate or evapotranspire (Davis et al., 2012). There is a complex 
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hydrologic balance between media pore space, moisture content, and storage volume of the 

bowl of a bioretention system. Although bioretention systems are designed to have fixed 

storage and media depths to capture a design storm, the amount of water that is stored within 

the system before bypass flow occurs will vary depending on antecedent moisture conditions, 

climate, as well as depth, intensity, and duration of rainfall (Davis et al., 2012). Therefore, a 

range of hydrologic performance is still expected regardless of design specifications. Various 

factors affect hydrologic performance, including the aforementioned conditions that 

influence the amount of bypass flow. Additionally, infiltration and drawdown rate, clogging 

of media, and internal water storage affect the hydrology of bioretention systems (Asleson, et 

al., 2009; Brown & Hunt, 2009; Hunt et al., 2012; Wardynski & Hunt, 2012). A more 

thorough discussion of the issues associated with media clogging and the importance of 

proper construction and maintenance is presented in chapter three.  

2.2 Methodology 

2.2.1 Site Description 
 

The project site is located near Fayetteville, North Carolina on Fort Bragg military 

base, which is part of the Cape Fear River basin in the Coastal Plain region (Figure 2-2). The 

Cape Fear River basin is the largest watershed wholly contained in the state, including all or 

part of 26 counties and an anticipated population of 5.2 million by 2020 (NCDENR, 2009b). 

Thus, the water quality management in this watershed is critical for the health and safety of 

the environment and residents of North Carolina. Typical underlying soils in this area are 
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Hydrologic Group A loamy sands with moderately high to high infiltration rates of 1.5-5.0 

cm/hr (0.57-1.98 in/hr) (USDA, 2012).  

 
 
 

 
Figure 2-2: Regions of North Carolina with project location at  

Fort Bragg indicated by star 
 
 
 

On site there is a parking lot with an adjacent pair of existing bioretention cells. The 

lot is a parking area for personal vehicles of active duty personnel living in the barracks 

adjacent to the lot and is located in the southwest corner of the military installation (Figure 

2-3). This lot will henceforth be referred to as the privately owned vehicle (POV) lot. The 

bioretention cell selected for water quality and hydrology monitoring is adjacent to the POV 

lot and was constructed circa 2008 (Figure 2-4).  
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Figure 2-3: Project site on Fort Bragg Military Base indicated by solid dot 

 
 
 

 
Figure 2-4: View of the Northeast half of the POV cell.  

Ponding and outlet structure are visible. 
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There are two inlet flumes that convey surface runoff from the POV lot into the 

bioretention cell. A plan view and cross-section of the POV cell are shown in Figure 2-5. 

 
 
 

  
Figure 2-5: Plan view of POV cell (Left); Cross section of POV cell with dimensions of 

outlet structure shown (Right).  
 
 
 

Original plans for this specific cell were not available, but engineers at Fort Bragg 

provided a general plan that was used as a template for all bioretention cells installed on base 

at the time. The original specifications and how they compare to conditions monitored in the 

existing POV cell as well as current North Carolina design standards are summarized in 

Table 2-4.  
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Table 2-4: Bioretention design standards for the state of North Carolina compared to 
the original specifications and monitored conditions in the existing POV cell 

Design Standard State of North 
Carolina 

Original 
Specifications 

Monitored 
Conditions in 
Existing POV Cella 

Media Specifications 

85-88% sand 70% sand 82% sand * 

2-5% OM 30% OM N/A  

8-12% fines N/A 18% fines * 

Media depth 60-90 cm 122 cm 167 cm 

Mulch depth 5-10 cm N/A N/A 

Avg. ponding depth 22.5-30 cm 15 cm 7 cm 

Drawdown to 
surface of media Within 12 hrs N/A >>12 hrs 

Surface infiltration 
rate 2.5-5 cm/hr N/A 0.03-0.15 cm/hrb 

a: Representative of conditions approximately six years post-construction 
b: Based on drawdown rates calculated from average daily water level readings 
*: Determined using the ASTM Hydrometer method; average percentages reported  
 
 
 

The POV cell was already identified as poorly performing and difficult to maintain by 

Fort Bragg personnel, so the goal of this study was to quantify the performance via water 

quality and hydrologic monitoring. This provided an opportunity to assess the needs for 

maintaining and restoring a bioretention cell constructed prior to the publication of the 

current state design standards. Furthermore, a characterization of pollutants in urban runoff 

from a military installation will be elucidated, adding to the list of monitoring data from 

specific land uses in bioretention studies. It is important to continue to document the 
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variation of pollutant characteristics in stormwater across different types of land uses to 

improve targeted design of bioretention systems for specific pollutant removal (LeFevre et 

al., 2015).  

The main area of concern for stormwater inspection personnel at Fort Bragg was the 

slow drawdown rate and consistent ponding of water in the POV cell, which inhibited proper 

performance of the SCM. Visual inspection of the media for signs of clogging revealed a 

darker layer of fines within the top 5 cm of the media, along with a dense mat of roots 

associated with the population of cattails in the POV cell (Figure 2-6). The fines (<0.05 mm 

diameter) are likely associated with gravel (>2mm diameter) particulates washing off of the 

asphalt concrete parking lot. This layering effect is present across the majority of t he cell, 

especially in areas of consistent ponding and dense cattail growth.  

 
 
 

 
Figure 2-6: Root mat and layer of fines at surface of  

POV bioretention media  
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Water level recession rates in the bioretention media were also examined to determine 

underlying causes of clogging in the SCM. Drawdown rates were consistently low at depths 

between 13-22 cm below the media surface, then sharply increased below 22 cm, indicating 

the presence of a restrictive layer (Figure 2-7). Similar patterns in water level recession at a 

depth of 13 to 22 cm below the surface can be seen in both the growing and non-growing 

season, suggesting that the drawdown rate is not entirely caused by ET. There is a gap in 

water level data from 9/22/13 to 10/9/13 due to equipment malfunction.  

 
 
 

 
Figure 2-7: Measured water table level in the POV bioretention media from June to 

November 2013 (surface of the media located at 0 cm). Arrows indicate points of 
increasing drawdown rates below 20 cm (i.e. breakthrough from restrictive layer) 
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In addition to concerns about clogging, the predominance of cattails in the system 

provided a potential breeding ground for mosquitos and they obscured the line of sight near a 

barracks facility, posing both health and safety threats to those in the area. Larval monitoring 

was conducted in September 2014 to confirm the presence and extent of mosquito population 

in the POV cell. Results indicated that mosquitos were not a concern in the SCM (Appendix 

C). The frequent inundation of the bioretention cell led to the development of wetland 

conditions, which favored denitrification. Conversely, wetland conditions also reduce volume 

attenuation due to lack of storage in a system with slow drawdown rates and consistent 

ponding. The vegetation, soil characteristics, and water level were examined to provide 

insight about the conditions of the bioretention cell and are explained in more detail in the 

following sections. Details about soil sampling method are included in Appendix E. The 

overall characteristics of the bioretention cell and contributing drainage area are summarized 

in Table 2-5.  
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Table 2-5: Characteristics of Constructed BRC 
  Flume 1 Flume 2 

Total Drainage Area 0.06 ha 
(5954 ft2) 

0.13 ha  
(14293 ft2) 

Percent Impervious 100 86 

Avg. Ponding Depth 7 cm (0.23 ft) 

Surface Area (SA) of BRC 0.18 ac (7871 ft2) 

Storage volumec  48 m3 (1695 ft3) 

Catchment:SA ratio 2.57:1 

Design storm depth 4.6 cm (1.8 in) 

Total inflow for design  
storma 152 m3 (5464 ft3) 

As-built capacity relative  
to design 31% 

Vegetation Mixed shrubs and grasses with  
several trees  

Underlying Soil Type Wagram-Urban land complex  
(HSG A) 

Bioretention Media  
Characteristics b 

82% sand, 6% silt, 12% clay  
(loamy sand) 

Bulk density of media  
(range) 1.14-1.82 (g/cm3) 

a: Calculated using SCS Discrete Curve Number method (CN0.05) 
b: Particle size analyzed using the hydrometer method and texture class assigned 

according to USDA (Gee & Bauder, 1986)  
c: Determined using a combined stage-storage relationship based on field surveys and 

hydrant test (Appendix G)  
 
 
 

A North Carolina Cooperative Extension specialist identified dried and pressed 

specimens of plant species growing in the POV bioretention cell. Species names and their 

associated wetland indicator status for the Eastern Mountains and Piedmont region of the 



 

 34 

U.S. are summarized in Table 2-6 (USDA, 2014). Of the species present in the POV cell, 

only longleaf pine, loblolly pine, American holly, and common rush are listed in the BMP 

manual on bioretention. Images of the plants found in the POV cell are included in Appendix 

D.  

 
 
 

Table 2-6: Plant species in existing POV bioretention cell and associated 
wetland indicator status 

Species  Wetland 
Indicatora  Common Name Scientific Name 

Slender rush Juncus tenuis OBL 
Holly Ilex spp. FACU 
Black Willow Salix nigra FACW 
Red Oak Quercus rubra FAC 
Longleaf Pine Pinus palustris FAC 
Loblolly Pine Pinus taeda FAC 
Sycamore Plantanus occidentalis FACW 
Green Ash Fraxinus pennsylvanica  FACW 
Mare's tail Hippurus vulgaris OBL 
Smartweed Polygonum hydropiperoides UPL 
Cattail Typha spp. OBL 
Woolgrass Scirpus cyperinus FACW 
Sea myrtle Baccharis halimifolia FACW 
Grasses Panicum spp.  FAC 
Signalgrass  Brachiaria platyphylla FAC 

a: Wetland indicator species signify the following criteria: OBL (Obligate Wetland)-almost 
always occur in wetlands; FACW (Facultative Wetland)-usually occur in wetlands but may 
occur in non-wetlands; FAC (Facultative)-occur in wetlands and non-wetlands; FACU 
(Facultative Upland)-usually occur in non-wetlands, but may occur in wetlands; UPL 
(Obligate Upland)-Almost never occur in wetlands (USDA-NRCS, 2014)  
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Vegetation diversity was assessed using a 2.5’ x 2.5’ (0.58 m2) quadrat placed along 

four transects in each inundation zone—open water (OW), shallow water (SW), and two 

temporary inundation (TI) zones (Figure 2-8).  

 
 
 

 
Figure 2-8: Location of four transects used to assess vegetation diversity in the POV cell 
 
 
 

Stem counts for each species were recorded, and the species richness and Shannon’s 

diversity index (H’) are presented in Table 2-7 (Shannon and Weaver, 1949). The diversity 

index quantifies both the number and relative abundance of distinct species. Evenness 

increases with increasing values of H’, indicating a larger number of individuals amongst 

multiple species. Conversely, a monoculture would have a very low H’ value. The temporary 

inundation zones show the highest level of biodiversity; however, many of the species are 

weeds and a monoculture of cattails has developed in the open water zone where biodiversity 

is limited. The H’ values for the POV cell are higher in the open water zone and lower in the 

shallow and temporary inundation zones compared to published values for constructed 

stormwater wetlands (CSWs) in North Carolina (Moore and Hunt, 2012).  
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Table 2-7: Species richness and Shannon’s diversity index (H’) for open water  
(OW), shallow water (SW) and temporary inundation (TI) zones in the POV cell  
and for constructed stormwater wetlands (CSWs) in North Carolina  

Zone Species Richness Shannon's H' 
POV 

Shannon’s H’ 
CSWsa 

OW 2 0.23 0.07 
SW 2 0.30 1.3 
TI 4 0.44 1.4 

a: Median H’ for 20 CSWs (Moore and Hunt, 2012) 
 
 
 

Soil samples were collected at five different locations within the bioretention cell. 

The five samples were mixed to create a composite for each of four depths (15, 30, 45, and 

60 cm). Sediment at the inlet flume and in-situ soil adjacent to the POV cell was also 

analyzed. A total of six samples were sent to the Agronomic Division of the North Carolina 

Department of Agriculture (NCDA) for soil testing. Results indicate the soil pH, percent 

humic matter (HM), weight per volume (W/V), cation exchange capacity (CEC), and 

phosphorus index (P-Index) of each sample (Table 2-8). This testing service is normally used 

to make fertilizer recommendations for crops, but it also provides useful information for 

bioretention design and analysis. Any calcite present in the soil would be dissolved during 

the Mehlich-3 (M3) extraction process. The calcium ions have likely artificially inflated the 

CEC estimated with the M3 process given the high pH; therefore, these results must be 

examined with caution. Humic matter is very low, given the sandy nature of the soil. P-

indices are within the recommended range for constructed bioretention cells to prevent export 

of phosphorus from the media.  
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Table 2-8: Characteristics of existing bioretention fill media at four different depths  

Location/Depth 
pH HM W/V CECa P-Index 

- %  g/cm3 meq/100cm3 - 

Inlet 6.2 0.32 1.48 2.2 10 
In-situ 8.2 0.04 1.28 6.7 6 
15 cm (6")  8.4 0.04 1.24 5.4 3 
30 cm (12")  8.4 0.04 1.24 4 4 
45 cm (18")  8.6 0.04 1.25 5.2 5 
60 cm (24")  8.6 0.04 1.26 5.3 6 

a: Estimated using Mehlich-3 (M3) extraction  
 
 
 

Volumetric soil water content was recorded on two-minute intervals at three different 

locations within the POV cell, representing temporary inundation, frequent inundation, and 

typically dry zones. Eight sensors were deployed; however, the sensor located in the 

frequently inundated zone at a 15 cm depth did not provide reliable data and was excluded 

from analysis. The increase in soil moisture content at 45 cm in the shallow inundation zone 

suggests the presence of a restrictive layer between 45 and 60 cm. However, there is no 

discernable change in soil moisture with depth in the frequent inundation and dry zones. 

Average soil moisture content on a volumetric basis is summarized for each location (Table 

2-9). As mentioned earlier in the chapter, microbial processes can be inhibited below 50% 

soil moisture content (Grover et al., 2013). Therefore, the ability of the POV cell to remove 

nitrogen through the microbially-driven process of nitrification-denitrification may be 

limited.   
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Table 2-9: Average volumetric soil content at various depths  
within the bioretention media 

Location Depth Average Soil 
Moisture Content 

 cm (m3/m3) 

Temporary 
Inundation 

15 cm 0.34 
30 cm 0.26 
60 cm 0.27 

Dry 15 cm 0.26 
45 cm 0.26 

Frequent 
Inundation 45 cm 0.29 

 
 
 

2.2.2 Field Collection Methods 

The bioretention cell located adjacent to the POV lot for military active duty 

personnel was monitored from June 2013 until September 2014. Parking lot runoff was 

analyzed for trace elements (Cu, Pb, Zn) as well as nutrients and total suspended solids. The 

sampling equipment used during the monitoring period is summarized (Table 2-10).  
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Table 2-10: Monitoring Equipment 
Parameter Equipment 

Precipitation ISCO 674 Automatic Rain Gage; 
Manual Rain Gage 

Water Level HOBO U-20 Level Logger 

Soil Moisture Echo EC-5 Volumetric Water 
Content Sensor 

pH Oakton Waterproof pHTestr 1  
Stage-
Discharge 90° V-notch weir  

Data Storage ISCO 6712 Automated Sampler 
 

 

 

Water Quality and Hydrologic Monitoring 

A full water quality and hydrologic analysis was conducted on the POV cell. An 

upstream-downstream monitoring scheme was used, where the upstream and downstream 

sites represent the inflow and overflow, respectively. Parameters tested and equipment used 

at each of the three sampling locations are summarized (Table 2-11). 
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Table 2-11: Summary of equipment and events sampled at each location 

Sampling Location Equipment  
Number of 
Events 
Sampled 

Inflow 
Flow-proportional sampling: ISCO 6712 
sampler, ISCO 674 tipping bucket rain gage, 
manual rain gage  

16 

Overflow 
Flow-proportional sampling: ISCO 6712 
sampler; Water level: HOBO U20 pressure 
transducer 

16 

Underdrain 
Flow-paced sampling: ISCO 6712 sampler, 
90º V-notch weir; ISCO 730 bubbler module; 
photographs: camera and illuminator 

6* 

*: Underdrain samples not included in water quality analysis  
 
 
 

Three ISCO 6712 automated samplers were used to collect water quality samples. 

One device was housed next to an inlet flume to sample inflow runoff, while the other two 

were set up adjacent to the outlet structure to sample drainage and overflow from the 

bioretention cell. The inlet flume was retrofit with a wooden two-by-four to pond surface 

runoff (Figure 2-9).  
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Figure 2-9: Inlet flume with ponded surface runoff for sample collection 

 
 
 

Two ISCO 674 automatic rain gages were installed adjacent to the sampler boxes to 

record precipitation depth and intensity. Manual rain gage readings were recorded during 

every site visit to confirm the accuracy of the automatic rain gage. On average, the tipping 

bucket readings were adjusted by a correction factor of 0.97. A HOBO U20 pressure 

transducer was housed in a 2.5 cm (1 in) PVC well installed inside the bioretention cell just 

north of the outlet structure to record water level in the cell on 2-minute intervals (Figure 

2-10). Water level readings were corrected for atmospheric pressure, and manual water level 

readings at the location of the well were taken periodically to confirm and correct automatic 

readings if necessary.  

Eight Echo EC-5 soil moisture sensors (Decagon Devices, Pullman, WA) were buried 

at three different locations and four different depths in the bioretention cell media. Sensors 
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were inserted 15 and 45 cm below the surface at location 1 (typically dry) and location 2 

(typically wet). Additionally, sensors were inserted 15, 30, 45, and 60 cm below the surface 

at location 3 (moderately wet). The soil moisture loggers were housed in plastic lock boxes 

(Figure 2-10). A schematic of the sampling setup including locations of the monitoring 

equipment is shown in Figure 2-11.  

 
 
 

 
Figure 2-10: PVC well housing HOBO water level logger (Left); Plastic lock box 

housing a logger with four ports to attach soil moisture sensors (Right). 
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Figure 2-11: Schematic of sampling setup at the POV lot  

 
 
 

The inflow and overflow samplers were rainfall paced so that a sample was collected 

for every 2.5 mm (0.10 in) of rainfall occurring during a one-hour time period. Flow-pacing 

was not practical for the inflow sampling location due to the shallow nature of the inlet flume 

and rapid accumulation of sediment which would have affected the stage-discharge 

relationship of a weir installed in the flume. Although rain-pacing was not the most ideal 

scheme for the overflow sampler, it was the best option considering the difficulty of 
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installing a weir over the side of an outlet structure grate. To collect overflow samples, a 

trough made from 18 cm (7 in) diameter PVC pipe was installed along the inside wall of the 

drop inlet below the lowest corner of the outlet structure grate. When water was ponded high 

enough to overtop the outlet structure and bypass the system, it spilled into the trough where 

the intake tube for the overflow sampler was located (Figure 2-12).  

 
 
 

 
Figure 2-12: Left: Top of outlet structure when POV cell is fully ponded. Right: PVC 

trough with overflow sampler intake tubing just below surface of outlet grate.  
 
 
 

Finally, the underdrain was tied into a weir box located approximately 1.8 meters (6 

ft) below the top of the grate (Figure 2-13). A 90º sharp-crested V-notch weir plate was 

inserted and an ISCO 730 flow module was installed to detect water level in the weirbox. 

The pacing was set to enable the sampler after just 2.8 liters (0.1 cf) flowed from the 

underdrain since minimal drainage was expected from the clogged system.  
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Figure 2-13: Looking down into the POV drop inlet; corrugated underdrain pipe (left) 

is tied in to weirbox mounted on 2x4 wooden planks. 
 
 
 

Effluent from the underdrain was incorrectly sampled for several events at the 

beginning of the monitoring period. Since the weirbox around the underdrain is located in the 

drop inlet approximately 1.5m (5 ft) below the top of the grate, it was not possible to 

manually verify the water level inside the weirbox after each storm event. Confined space 

equipment was brought to the project site to investigate the conditions of the weirbox more 

closely. Upon investigation, it was determined that the lid covering the weirbox was not 

properly sealed, allowing overflow to leak into the box. Therefore, the underdrain samples 

collected were not evaluated in water quality analyses due to mixing with overflow in the 

weirbox. To confirm the lack of drainage after a storm event, a camera with an illumination 

device was installed inside the catch basin to capture photographs of the front of the weirbox 

every five minutes (Figure 2-14). Images were stored on a 4GB micro-SD memory card and 
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were compiled into timelapse videos. Images taken by the camera are included in Appendix 

H.  

 
 
 

  
Figure 2-14: Camera and illuminator mounted on wooden 2x4 (Left); Photograph of 

weirbox taken with camera once mounted inside the catch basin (Right).  
  
 
 

Composite flow-proportional water quality samples were collected with ISCO 6712 

automated samplers at the inflow and overflow for each runoff-producing rainfall event. 

Flow-weighted composite water quality samples were collected at the underdrain for only 

three runoff-producing events due to the slow-draining nature of the bioretention system. 

Samples were collected within 24 hours of the completion of a runoff-producing storm event 

and preserved according to lab requirements (APHA, 1995; USEPA, 1983). Water samples 

distributed among one-liter bottles in the ISCO 6712 sampler were combined into a large 

composite bottle and swirled for complete mixing. Approximately 250 mL from the 
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composite sample was preserved with 1+1 nitric acid (pH < 2). The remaining composite 

sample was split into (a) 20 mL, filtered through a 0.45 µm filter for soluble reactive 

phosphorus (SRP), (b) 250 mL added to a plastic bottle pre-acidified with sulfuric acid for 

additional phosphorus and nitrogen species, and (c) 1L for total suspended solids (TSS). All 

nutrient and TSS samples were cooled below 4ºC. The pH of the influent, effluent, and 

ponded water in the cell was recorded periodically using an Oakton waterproof double 

junction pH meter. The practical quantifiable limit (PQL) and method of analysis for each 

parameter monitored are listed in Table 2-12. 

 
 
 

Table 2-12: Reporting limits and methods of analysis for the water quality 
parameters monitored 

Parameter PQL Units Methoda 

Cu 2 µg/L EPA 200.8 

Pb 2 µg/L EPA 200.8 

Zn 10 µg/L EPA 200.8 

TKN 280 µg/L SM 4500 N Org D; EPA 351.2, Rev. 2.0 

NH3-N 7 µg/L SM 4500 NH3 G; EPA 350.1, Rev. 2.0 

NO2,3-N 5.6 µg/L SM 4500 NO3 F; EPA 353.2, Rev. 2.0 

TP 10 µg/L SM 4500 P F; EPA 365.1, Rev. 2.0 

SRP (Ortho-P) 6 µg/L SM 4500 P F; EPA 365.1, Rev. 2.0 

TSS 2.5 mg/L SM 2540D 

a: EPA methods from US EPA (1983); standard methods (SM) from APHA (1995)  
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Inflow runoff depths were estimated using the Soil Conservation Service (SCS) 

Discrete Curve Number method (eqn’s 2.1-2.3) (USDA-NRCS, 2004a). Typically, the ratio 

of initial abstraction (Ia) to storage (S)—also known as the intial abstraction ratio or λ—is set 

to 0.2. However, evidence suggests that λ=0.05 provides a better fit for estimating runoff 

from measured rainfall data, especially for smaller storm events (Woodward et al., 2004; 

Pandit and Heck, 2009). Curve numbers for pervious and impervious contributing drainage 

areas were adjusted according to Woodward et al. (2004) to reflect an initial abstraction ratio 

of 0.05 (Table 2-13) (eqn’s 2.4-2.7). Runoff depth for each land use was multiplied by the 

respective area and summed to estimate a total inflow volume (eqn. 2.8).  

! = ! (! − !!)!
! − !! + ! !!"#!! ≥ !! 

(2.1) 

! = 1000
!" − 100 (2.2) 

!! = !" (2.3) 

Where,  
 

! = !"#$%%!!"#$ℎ! !"  
! = !"#$%!%&'&%()!!"#$ℎ!(!")  
!! = !"!#!$%!!"#$%!&$'()!(!")! 
! = !"#$%&'!(!")  
!" = !"#$%!!"#$%& 
! = !"!#!$%!!"#$%!&$'()!!"#$%!(0.2) 
 
 

! = ! (! − 0.05!)
!

(! + 0.95!) !!"#!! ≥ 0.05! 
(2.4) 



 

 49 

! = 1.33!!.!"!.!" (2.5) 

!"!.!" =
100

1.879( 100!"!.!" − 1)
!.!" + 1

 (2.6) 

!! = 0.05(!) (2.7) 

 
Where,  
 

!"!.!" = !"#$%!!"#$%&!(! = 0.05)  
 

                  !!" = [(!!×!!)+ (!!×!!)] (2.8) 

Where,  

!!" = !"!#$!!"#$%&!!"#$%&!(!!) 
!! = !"#$%%!!"#$ℎ!!"#"$%&"'!!"!!"#$%&'(!!"#$%&'!!(!) 
!! = !"#$%&'(!!"#$%&'($&#)!!"#$%#&'!!"#!!(!!) 
!! = !"#$%%!!"#$ℎ!!"#"$%&"'!!"!!"#$%&!'()!!"#$%&'!!(!)! 
!! = !"#$%&!'()!!"#$%&'($&#)!!"#$%#&'!!"#!!(!!) 

 
 
 
Table 2-13: Curve numbers used to estimate runoff depths for various antecedent 
moisture conditions (AMC)a and land uses (Woodward et al., 2004; USDA-NRCS, 
2004b) 
  AMC I AMC II AMC III 
 Land Use CN (λ=0.05) CN (λ=0.05) CN (λ=0.05) 

Pervious 50 72 88 

Impervious  93 98 99 

a: Based on previous five-day rainfall 
 
 
 



 

 50 

Once inflow volume was calculated, a water balance was used to estimate overflow 

volume (eqn. 2.9). Several malfunctions caused gaps in data collection. Cut bubbler tubing, 

clogged automatic rain gages, electrical malfunction at the overflow automatic rain gage, 

snow and freezing of sampler tubing, dead batteries, and programming errors affected the 

ability of some runoff-producing storm events to be monitored. During June 2014, the 

bioretention cell was completely dry, and water level readings recorded by the HOBO U20 

pressure transducer had to be corrected for drift triggered by this dry period.  

!!" = !!"#$" + !!"#$%&' + !!"#$ (2.9) 

Where, 
 

!!" = !"#$%&#!'!!"#$%&!!"#ume, !!  
 

!!"#$" = !"#$%&!!"!!ℎ!!!"#!!"##!!"!!ℎ!!!"#$"!!"!!ℎ!!!"#$%!!"!#$,! 
!"#$%!!"!!"#$%&"'!!"#$%!!"#"!!!"#!!"#$%!!"#$%&', (!!) 

 
!!"#$%&' = !"#$%&'!!"#$%&!!"!!ℎ!!!"#!!"##!!"!!ℎ!!ℎ!"#ℎ!!!"!!ℎ!! 
!"#$%&!'!!"#$%"$#&, (!!)! 

 
!!"#$ = !"#$%&!'!!"#$%&! !. !. !"#$%%!!"#$%& , !!  
 

 
Data Analysis 

Heavy metal samples were analyzed for copper, lead, and zinc according to EPA 

Standard Methods (EPA 200.8) at the North Carolina Department of Environment and 

Natural Resources (NCDENR) Division of Water Quality Lab. Total suspended solids, 

nitrogen species (NO2,3-N, NH3-N, TKN, TN), and phosphorus (TP, SRP) were analyzed 

according to EPA Standard Methods at the North Carolina State University Center for 
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Applied Aquatic Ecology (CAAE) lab. Concentrations below the practical quantifiable limit 

(PQL) were reported as one-half of the PQL by the CAAE lab.  

2.2.3 Statistical Methods 

Data were analyzed with R (version 3.1.1) software to detect any significant 

differences (α=0.05) in pollutant concentrations and loadings from the inflow and outflow (R 

Core Team, 2013). Water quality data were tested for normality using the Shapiro-Wilk test 

and quantile-quantile plots. If data were normally or log-normally distributed, a student’s t-

test was used; otherwise, data were compared using Wilcoxon signed rank tests. Multiple 

linear regression was used to examine correlation between rainfall intensity, duration, and 

depth with the fraction overflow leaving the system. Example R code is listed in Appendix F.  

 

2.3 Results & Discussion 

2.3.1 Hydrology 

Total rainfall recorded at the project site during the monitoring period (June 18th 

2013-August 18th 2014) was 1420 mm, which was 2% below the annual precipitation climate 

normal of 1451 mm at Fort Bragg military base (SCO, 2014a). Discrete hydrologic rainfall 

events were defined by precipitation of 2.5 mm or greater, separated by at least six hours. 

The 76 hydrologic events monitored produced 1309 mm of rainfall and ranged in depth from 

2.5 to 59.4 mm, representing the 35th-98th percentile events based on historical rainfall data 

from Fayetteville, NC (SCO, 2014b). The median event depth was 9.91 mm and the mean 

was 17.23 mm. Total rainfall included in the hydrologic events (1309 mm) is less than total 

rainfall at the site (1420 mm) since events less than 25 mm were not analyzed, and five storm 
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events were not included due to a gap in water level data which prevented water balance 

calculations and hydrologic analyses.  

Seven events were greater than the design storm depth of 45.7 mm, yet 37 events 

produced overflow. Events as small as 3.6 mm produced overflow, and the maximum depth 

without overflow was 17.8 mm, both of which are much less than the design storm. The 

events fully captured by the POV cell (i.e. no overflow) typically had dry antecedent 

moisture conditions (i.e. AMC I) or rainfall depths of 8 mm or less. Table 2-14 summarizes 

the event characteristics for all 76 hydrologic storms monitored.  

 
 
 
Table 2-14: Event characteristics of 76 hydrologic events monitored 

Total 
Events 

Events 
with no 

overflow 

Events 
producing 
overflow 

Events > 
45.7 mma 

Smallest 
event with 
overflow 

Largest event 
without 
overflow 

# # % # % # mm mm 
76 39 51 37 49 7 3.6 17.8 

a: Design storm depth  
 
 
 

Average daily water level was ponded at the surface of the media for 255 out of 382 

days monitored (approximately 67%). Average hourly water level was above the top of the 

outlet structure for 332 hours (13.83 days) out of 8030 hours monitored (approximately 4%), 

meaning overflow was occurring during this time. Drawdown rates after each event were 

calculated based on average daily water levels and ranged from 0.03 cm/hr to 0.15 cm/hr, 

with a median of 0.07 cm/hr. This represented a nearly tenfold decrease in surface infiltration 
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compared to that of the typically dry area of the POV cell (0.6 cm/hr), indicating the effects 

of sedimentation in the ponded areas of the cell.  

Estimated inflow volume per discrete hydrologic event ranged from 4.5 m3 to 190.1 

m3, while estimated outflow volume ranged from zero to 142.6 m3. A list of storm events and 

associated runoff and overflow volumes is included in Appendix B. Cumulative inflow 

volume during the monitoring period was 3605 m3, while cumulative outflow volume was 

1748 m3. Cumulative runoff and overflow volumes were divided by contributing drainage 

area to calculate runoff and overflow depths. The effect of the POV cell on the hydrologic 

balance can be seen in Figure 2-15: runoff depth is reduced by 52%. SCM’s are designed to 

treat at least 90% of annual runoff volume, such that 10% or less bypasses the SCM. While 

the POV cell is providing volume reduction on a cumulative basis, it falls short of the 90% 

goal by 38%.  



 

 54 

 
Figure 2-15: Cumulative rainfall, runoff, and overflow depths for the monitoring period 
 
 
 

To gain further insight on the hydrologic fate of runoff onsite, seasonal and annual 

water balances were calculated; overflow, underdrain flow, ET and exfiltration are listed as a 

percentage of annual inflow (Table 2-15). Seasonal water balances demonstrated expected 

trends; ET was lowest in the fall and highest in the summer (Figure 2-16). Additionally, 

overflow volumes were greatest during the spring and summer and lowest in the fall and 

winter, corresponding to the seasons with the greatest and least inflow volumes, respectively. 

Underdrain flow ranged from <1% in the fall to approximately 5% in the spring. Exfiltration 

was relatively constant during spring, summer, and winter, but decreased in the fall since 

inflow volumes are low; however, the majority of the seasonal fall water balance (57%) was 

comprised of exfiltration to make up for the lack of ET and overflow. A water balance was 
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conducted for the 14-month monitoring period from June 18, 2013 to August 18, 2014 

(Figure 2-17). 

 
 
 

 
Figure 2-16: Seasonal water balances for a 12-month monitoring period; inflow 

volumes are also indicated. 
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Figure 2-17: Hydrologic fate of runoff for the 14-month monitoring period 

 
 
 

Theoretically, water that does not bypass the system (overflow) has the potential to be 

treated via exposure to bioretention media. A previous study of a pair of bioretention cells in 

North Carolina found that ET was 19% of the annual water budget (Li et al., 2009). Results 

from the POV cell show a similar fraction of ET (15%), and could be representative of 

predevelopment ET values. The smaller events also had the highest combined ET and 

exfiltration. This is expected, since the SCM should be able to assimilate runoff volume 

associated with events less than the design storm. Three-factor ANOVA was run on the 

linear model of overflow fraction (overflow volume:runoff volume) versus rainfall depth, 

intensity, and AMC. Type III sum of squares was specified in the R code to prevent one 

factor being prioritized over another. Events producing zero overflow were not included in 

the analysis. Rainfall depth was the only significant factor affecting the overflow ratio 
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(α=0.05). As events become larger, the percentage of combined ET and exfiltration decreased 

since more water bypassed the SCM.  

 
 
 

Table 2-15: Hydrologic fate of runoff over a range of rainfall depths 

Depth Events Overflow Underdrain 
Flow 

ET + 
Exfiltration 

mm # % % % 
2.5-16 46 10 2 88 
16-30 16 32 1 67 
30-44 6 57 2 41 
44-58 6 69 2 29 
>58 2 75 2 23 

 
 
 

2.3.2 Water Quality 

Water quality was monitored at the inflow and overflow from the POV bioretention 

cell from June 1 2013 through April 30, 2014. Due to no collection of water quality samples 

at the underdrain caused by lack of volume, water quality analysis was only performed on 

inflow and overflow samples. The number of events monitored for each season is 

summarized in Table 2-16. 
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Table 2-16: Number of Water Quality Events Monitored 

Season No. of Events 

Spring 3 

Summera 7 

Fallb 4 

Winter 2 
a: One event not monitored for SRP because out of holding time 
b: One event not monitored for metals due to lack of sample volume;  
    one event not monitored for SRP because out of holding time 
 
 
 

 Particulate-bound phosphorus was estimated by taking the difference between total P 

and SRP. It is important to note that some dissolved organic phosphorus is not taken into 

account when SRP is reported; thus, particulate-bound phosphorus may be modestly 

overestimated. Total nitrogen was computed as the sum of TKN and NO2,3-N, while organic 

nitrogen was estimated by taking the difference between TKN and NH3-N. Boxplots for 

nutrients, metals, and TSS are included to display the range and central tendency of the data 

(Fig. 2-18 to 2-20). To put water quality results into context, effluent EMCs were compared 

to various effluent targets for nutrients, heavy metals and TSS. Nutrient effluent EMCs were 

compared to published effluent targets meeting a “good” water quality rating for bioretention 

in the Piedmont region of North Carolina (McNett et al., 2010). The “good” rating indicates 

that effluent from the SCM would support sensitive benthic macroinvertebrates in the 

receiving water body such as caddisflies and mayflies (Barbour et al., 1999). Heavy metal 

effluent EMCs were compared to North Carolina surface water standards for aquatic life 
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(NCDENR, 2013). TSS effluent EMCs were compared to 25 mg/L, which is commonly used 

as a target for TSS effluent from SCMs (Barrett et al., 2004; Sustainable Sites Initiative, 

2009).  

 
 
 

 
Figure 2-18: Boxplots of nutrient EMCs for inflow and overflow (n=14 for SRP and PP; 
n=16 for all others). Target effluent standard indicated by dashed line where applicable 

(McNett et al., 2010).  
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Figure 2-19: Boxplot of metal EMCs by location (n=15). NC surface water standard for 

aquatic life indicated by dashed line (NCDENR, 2013).  
 
 
 

 
Figure 2-20: Boxplot of TSS EMCs by location (n=16). Target effluent standard 

indicated by dashed line (Barrett et al., 2004) 
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Median EMCs for each pollutant are listed in Table 2-17. The efficiency ratio is also 

reported (eqn. 2.10). A negative efficiency ratio indicates an export of a pollutant from 

inflow to overflow. Results from each statistical test are also included in Table 2-17. 

!""#$#%&$'!!"!"# = (!"#$%%!!"# − !"#$%&'(!!"#)
!"#$%%!!"#  

(2.10) 

 
 
 
Table 2-17: Median EMCs, efficiency ratios, and statistical tests of runoff and overflow 
water quality 

Pollutant 
Median EMC 

(mg/L)a Efficiency 
Ratio 

Test 
Statisticb P-value 

Significant 
difference 
(α=0.05) Inflow Overflow  

Cu (n=15) 5.7 6 -0.05 t = -1.27 0.22 No 
Pb (n=15)c 1 1 N/A W = 143 0.04 Yes 
Zn (n=15) 28 24 0.14 t = 1.19 0.26 No 
TN (n=16) 0.59 0.74 -0.26 W = 130 0.96 No 
TKN (n=16) 0.45 0.61 -0.36 W = 107 0.45 No 
NH3-N (n=16) 0.12 0.03 0.72 W = 226  <0.0001 Yes 
NO2,3-N (n=16) 0.14 0.06 0.55 t = 3.09 0.0075 Yes 
Org-Nd (n=16) 0.33 0.55 -0.68 W = 82 0.09 No 
TP (n=16) 0.10 0.06 0.38 W = 191 0.02 No 
SRP (n=14) 0.04 0.01 0.80 t = 3.07 0.0089 Yes 
Partic-Pd (n=14) 0.06 0.06 N/A W = 101 0.91 No 
TSS (n=16) 35 6 0.83 t = 5.83 <0.0001 Yes 

a: Cu, Pb, Zn reported in µg/L 
b: Test statistic for Student’s t test (t) or Wilcoxon signed rank test (W) 
c: 73% of inflow values and all overflow values were below the PQL 
d: Estimated 
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Based on EMC efficiency ratios, there is evidence of treatment occurring from the 

inflow to the overflow for ammoniacal-N, nitrate-nitrite-N, soluble reactive phosphorus, and 

total suspended solids. Although significant load reductions were not found for organic-N 

removal, the median effluent concentration from the POV cell (0.55 mg/L) is below the 

median for seven constructed stormwater wetlands in North Carolina (0.78 mg/L), indicating 

that the POV system is performing similarly to or better than a wetland system with respect 

to ON treatment (Moore et al., 2011). Consistent ponding in the POV cell allows time for 

sedimentation to occur, so TSS removal is expected, along with particulate-bound pollutants 

such as lead. Removal of NH3-N and NO2,3-N could suggest nitrification-denitrification is 

occurring in the bioretention media. The water table in the POV cell is within 30 cm of the 

surface for 93% of the days monitored, which appears to provide sufficiently saturated 

conditions for denitrification to occur.  

It is important to consider other metrics for performance for a more holistic 

perspective on the system. Probability plots were created to put the EMCs in context of 

effluent targets for bioretention systems established by McNett et al. (2010) as well as North 

Carolina surface water standards for aquatic life (NCDENR, 2013) and the effluent target for 

TSS from SCMs (Barrett et al., 2004; Sustainable Sites Initiative, 2009). Figures Figure 2-21 

through Figure 2-28 display probability plots for Cu, Pb, Zn, TN, TKN, NH3-N, NO2,3-N, TP, 

SRP, and TSS. If EMCs were below the practical quantifiable limit (PQL), one-half of the 

PQL was used in the probability plots. For this analysis, water quality results from the six 

events with underdrain samples are included. Although these samples were mixed with 
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overflow water due to an improperly sealed weirbox, they still represent measured pollutant 

concentrations leaving the POV cell.  

 
 
 

 
Figure 2-21: Probability plot for copper EMCs compared to 7 µg/L standard for 
aquatic life; outflow is expected to exceed the standard about 38% of the time. 
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Figure 2-22: Probability plot for lead EMCs compared to 25 µg/L standard for aquatic 
life; outflow is not expected to exceed the standard. (Note: 11 of 15 inflow values and 19 

of 21 outflow values are reported as 1 µg/L, i.e. ½ the PQL) 
 
 
 

 
Figure 2-23: Probability plot for zinc EMCs compared to 50 µg/L standard for aquatic 

life; outflow is expected to exceed the standard about 5% of the time. 
 

25 

1 

10 

0 20 40 60 80 100 

L
ea

d 
E

M
C

 (µ
g/

L
) 

Exceedance Probability (%) 

Inflow Outflow NC Surface Water Standard for Aquatic Life 

50 

10 

100 

0 20 40 60 80 100 

Z
in

c 
E

M
C

 (µ
g/

L
) 

Exceedance Probability (%) 

Inflow Outflow NC Surface Water Standard for Aquatic Life 



 

 65 

 
Figure 2-24: Probability plot for total nitrogen EMCs compared to 0.99 mg/L target 

effluent standard; outflow is expected to exceed the target about 18% of the time. 
 
 
 

 
Figure 2-25: Probability plot for total Kjeldahl nitrogen EMCs compared to 0.4 mg/L 

target effluent standard; outflow is expected to exceed the target about 77% of the time.  
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Figure 2-26: Exceedance probability for influent and effluent ammoniacal-N EMCs 
compared to 0.04 mg/L target effluent standard; outflow is expected to exceed the 

target about 22% of the time.  
 
 
 

 
Figure 2-27: Probability plot for NO2,3-N EMCs compared to 0.59 mg/L target effluent 

standard; outflow is expected to exceed the target about 5% of the time. 
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Figure 2-28: Probability plot for total phosphorus EMCs compared to 0.11 mg/L target 

effluent standard; outflow is expected to exceed the target about 9% of the time. 
 
 
 

 
Figure 2-29: Probability plot for total suspended solids EMCs compared to 25 mg/L 

target effluent standard; outflow is expected to exceed the target about 6% of the time. 
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The frequency that outflow EMCs failed to meet the target effluent concentration or 

EPA standard is summarized in Table 2-18. Outflow from the POV cell never exceeded 

effluent targets for lead.  

 
 
 

Table 2-18: Summary of expected exceedance probabilities for each  
parameter monitored 

Parameter Expected probability of outflow 
EMC exceeding targeta 

Cu 38% 
Pb 0% 
Zn 5% 
TN 18% 
TKN 77% 
NH3-N 23% 
NO2,3-N 5% 
TP 9% 
TSS 6% 

a: “Target” is the NC surface water standard for aquatic life for metals  
(NCDENR, 2013), the target effluent standard for nutrients (McNett et al.,  
2010), and the target effluent concentration for SCMs (Barrett et al., 2004) 

 
 
 

Pollutant loadings were also analyzed to account for volume reduction. Seasonal 

loads were calculated and then summed for the year for both the inflow and overflow (eqn. 

2.11). Pollutant loadings, load reduction, and statistical tests for significant differences in 

loading from inflow to overflow are listed in Table 2-19.  
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!!""#!$ = ! !!"#!$%#& !× !
!!"#$%"&'(

!!"#!$%#&!!"#$%&'!!"#$%&

!

!!!
 

(2.11) 

Where, 
 ! = !"##$%&'%!!"#$!(!"##/!"#!/!"#$) 
! = !"#$%"&&!!"#$ℎ 

 
 
 
Table 2-19: Percent reduction and statistical tests for pollutant loadings 

Pollutant Pollutant Loading 
(kg/ha/yr) 

Percent 
Reduction 

Test 
Statistica P-value Significant 

difference 
- Inflow Overflow % - - (α=0.05) 
Cu 0.07 0.05 29 t = 2.98 0.01 No 
Pb 0.02 0.01 57 N/A N/A N/A 
Zn 0.42 0.20 52 t = 3.46 0.004 Yes 
TN 9.43 0.87 40 t = 3.21 0.006 Yes 
TKN 7.33 4.95 25 t = 1.94 0.07 No 
NH3-N 1.87 0.51 73 t = 5.20 0.0001 Yes 
NO2,3-N 2.10 0.72 66 t = 5.51 <0.0001 Yes 
Org-N 5.45 5.00 8 t = 1.02 0.32 No 
TP 1.32 0.59 55 t = 4.53 0.0004 Yes 
SRP 0.53 0.15 73 t = 3.99 0.002 Yes 
Partic-P 0.69 0.42 39 W = 145 0.03 Yes 
TSS 562 88 84 t = 6.68 <0.0001 Yes 

a: Test statistic for paired Student’s t test (t) or Wilcoxon signed rank test (W) 
 
 
 

When volume attenuation was incorporated into performance evaluation by analyzing 

loads, Zn, TN, TP, and Particulate-P loads were significantly reduced from inflow to 

overflow in addition to the pollutants that showed significant reduction solely based on 

EMCs (i.e. Pb, NH3-N, NO2,3-N, SRP, and TSS). The pollutants that show neither significant 

EMC nor load reduction were Cu, TKN, and organic-N. Organic nitrogen is decomposed to 
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ammonium (NH4
+) in the process of mineralization. Both NH4

+ and ammonia (NH3)—a 

component of TKN—can diffuse across a gradient from typically high concentrations in the 

anaerobic zone to typically low concentrations in the aerobic zone of the soil media (Mitsch 

and Gosselink, 2007). Ponding at the surface of the POV cell may inhibit aerobic conditions 

in the upper layer of the media, while the restrictive layer may prevent saturated conditions 

from occurring in deeper layers. Soil moisture content measured in the POV media is below 

the saturated water content at depths below 15 cm. Therefore, a steep gradient may not be 

present in the POV media which would drive NH4
+ and NH3 to the aerobic surface zone 

where it could be removed via nitrification. More importantly, water leaving the SCM as 

overflow has had minimal contact with the soil media. This is particularly detrimental for 

nitrogen treatment processes, which require longer hydraulic residence times for microbial 

processes and plant uptake to occur (Hatt et al., 2009; Hsieh et al., 2007; Hunt et al., 2012; 

Passeport et al., 2009). It is likely that TKN and organic-N coming into the POV cell did not 

have sufficient contact time with plant roots or bioretention media and so did not show 

significant reductions in EMCs or pollutant loads.  

 

2.4 Summary and Conclusion 

Overall, effluent from the POV cell—the majority of which is bypass overflow rather 

than underdrain flow—is expected to meet target effluent standards about 90% of the time 

for Zn and TP. The system is expected to meet effluent targets for TN, Cu, and NH3-N at 

least half the time. Performance is least acceptable for TKN and TSS removal, which are 
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expected to exceed the effluent target at a frequency of 68% and 90%, respectively. The 

system is not expected to exceed effluent targets for Pb. Since the project site does not 

discharge to a nutrient sensitive water body, the impact of nitrogen and phosphorus may not 

be as severe. The overall water quality goals of the system must be placed into context of the 

needs of the surrounding watershed. If metals are the primary concern for stormwater 

management at Fort Bragg, then the POV system is not performing per the intended design, 

with the exception of Pb. Copper is not significantly reduced from inflow to overflow. 

Although there is a significant decrease in zinc, neither copper nor zinc show load reduction 

in excess of 55%. This points to the lack of hydrologic control in this system after years of 

clogging and ponded conditions. A further analysis of long-term hydrology is detailed in 

Chapter 3 to explore future maintenance strategies to restore the hydrologic and water quality 

performance of the POV system such that the strategies can be applied to all 

underperforming bioretention cells across the installation. 
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CHAPTER 3: MODELING BIORETENTION MAINTENANCE WITH DRAINMOD 

3.1 Introduction: Importance of Proper Construction and Maintenance 

It is widely accepted that bioretention cells reduce peak flow and runoff volume, 

provided they are properly designed and built (Davis et al., 2009; Wardynski and Hunt, 

2012). The primary reason bioretention systems fail to perform at their intended level is 

clogging during or after construction (Wardynski & Hunt, 2012). Studies show that sediment 

typically accumulates in the top 20 cm of bioretention media, and is often most concentrated 

near the inlet (Asleson et al., 2009; Hatt et al., 2008; Li & Davis, 2008). Clogging tends to 

reduce infiltration rates and can increase the frequency of events with overflow, especially 

during consecutive rainfall events (Brown & Hunt, 2011). Measured hydraulic conductivity 

has been reported to decrease anywhere from 39-92% due to clogging (Li & Davis, 2008). 

Near the inlet of the Privately Owned Vehicle (POV) cell, average saturated hydraulic 

conductivity near the media surface (Ksat=0.67 cm/hr) decreased by 82% compared that at a 

depth of 30 cm (Ksat=3.63 cm/hr). 

Since maintenance and performance are so closely linked, researchers and state 

agencies have worked to present assessment strategies as well as legal requirements specific 

to bioretention maintenance (NCDENR, 2007). Asleson et al. (2009) suggest a system of 

visual inspection, infiltration rate testing, and synthetic drawdown testing to determine the 

maintenance needs of bioretention systems. The criteria for a “non-functional” system were 

the presence of ponded water, hydric soils, emerging wetland vegetation, or failing 

vegetation. In the state of North Carolina, a BMP Inspection and Maintenance (I&M) Manual 
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was published to set forth requirements for inspection frequency and protocol to be used by 

the responsible regulatory personnel (NCDENR, 2007). 

At Fort Bragg, the Department of Public Works (DPW) is responsible for 

constructing and maintaining stormwater control measures (SCMs) on the installation (W. 

DeCarmine, personal communication, 10/14/2014). They have created a “BMP Maintenance 

Checklist” adapted from the state BMP I&M Manual. This checklist addresses structural 

integrity, working conditions, and other items for inspection of SCMs, including bioretention 

areas. Inspection is expected to take place within 24 hours of a storm greater than 25 mm. 

Upon examination, devices are assigned a “function of service” ranging from fully functional 

to not functional, or indicating that monitoring is needed to elucidate the cause of failure.   

There are more than two hundred forty bioretention cells on Fort Bragg military base, 

making it impractical to provide thorough maintenance for all devices. Thus, it is imperative 

that Fort Bragg DPW is able to prioritize maintenance and also get the best economic return 

on their time and money invested in assessing and fixing their SCMs. In this study, several 

maintenance strategies for the POV cell were assessed using the hydrologic model 

DRAINMOD calibrated to the conditions of the existing cell.  

3.2 Application of DRAINMOD for Bioretention Hydrology 

3.2.1 Introduction 

DRAINMOD is an agricultural drainage model that was developed at North Carolina 

State University in the late 1970’s by Dr. Wayne Skaggs (Skaggs, 1980). The model has been 

tested extensively in the field and has expanded to use in modeling subsurface irrigation, 
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wetland hydrology, nitrogen transport, salinity, and cold-weather conditions (Youssef et al., 

2005; Luo et al., 2000; Skaggs et al., 1994). Recently, DRAINMOD has been used to 

successfully model bioretention hydrology (Brown et al., 2013). It is often difficult to predict 

or assign hydrologic credit to infiltration-based devices such as bioretention cells since there 

is variation in rainfall conditions, fill media characteristics, surrounding soils, and 

maintenance strategies. Thus, it is important to be able to model bioretention hydrology. 

DRAINMOD can model long-term and continuous hydrologic response to rainfall. 

Additionally, the model accounts for water stored within the soil profile as well as antecedent 

moisture conditions since it is run on a continuous basis.  

3.2.2 Governing Equations 

DRAINMOD considers the effect of the water table close to the surface, instead of 

estimating storage as the difference between total porosity and field capacity like other 

models (Dussaillant et al, 2004; He and Davis, 2011; Lucas and Greenway, 2011; Lucas, 

2010; Palhegyi, 2010). The model is based on two sets of water balances. The first is for the 

soil profile at the midpoint between drains extending from the soil surface to an underlying 

impermeable layer (eqn. 3.1). The second is calculated at the surface, where infiltration is 

determined using the Green & Ampt equation (eqn. 3.2). The general drainage diagram that 

expresses the various system design parameters is shown in Figure 3-1. DRAINMOD 

assumes parallel drains, but it can also be used in applications where a single underdrain is 

present (as is the case for the POV cell since it only has one underdrain).  
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Figure 3-1: Drainage diagram displaying the various system  

design parameters used in DRAINMOD  
 
 
 

∆!! = ! + !" + !"# −F (3.1) 

Where, 

∆!! = !ℎ!"#$!!"!!"#$!!"#$%&!!"#$!!"#$!!"#$%&!(!") 
! = !"#$%#&'!!"#$!!ℎ!!!"#$%&'!(!")! 
!" = !"#$%&'#()$*'#&*%(!(!") 
!" = !""#!!"#!!"#$%"!!!""#$%"!(!") 
! = !"#!$%&'%!("!!"#!$%"&!!ℎ!!!"#$%&'!(!")! 
 

 
 

! = ! + ∆! + !" (3.2) 

Where, 

! = !"#$%!%&'&%()!(!") 
∆! = !ℎ!"#$!!"!!"#$%&'!!"#$%&'!!"#$%&!!"#$!!"#$!!"#$%&!(!") 
!" = !"#$%%!(!")! 
 

When the water table is below the surface, the drainage flux is governed by the 

Hooghoudt equation (eqn. 3.3). An equivalent depth is calculated to correct for convergence 
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of the water table at the drain (Moody, 1967) (eqn. 3.4). The Kirkham equation is used when 

the surface is ponded and the profile is fully saturated (eqn. 3.5).  

 

! = 8!!!! + 4!!!

!!  
(3.3) 

Where, 

! = !"#$%#&'!!"#$!(!"ℎ!!!) 
! = !""!#$%&!!!"#$%"!!ℎ!"#$%&'(!!"#$%!&'(!"#!(!"ℎ!!!)! 
!! = !"#$%&'!()!!"#$%!!"#$ℎ!(!") 
! = ℎ!"#ℎ!!!"!!"#$%!!"#$%!!"#$%!!"#$%&!!"!!"#$%"&'!(!") 
! = !"#$%!!"#$%&'!(!") 
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Where, 

! = !"#$ℎ!!"!!"#$%!(!") 
! = !"#$%!!"#$%&!(!") 

 
 
 

! = 4!"(! + ! − !)
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(3.5) 

Where, 

! = !"#$%#&!!"#$ℎ!(!") 
! = !"#$ℎ!!!!!!"#$$%!%#&' 

 
 

DRAINMOD uses the Kirkham’s coefficient, G, as well as a user-defined drainage 

coefficient to limit the maximum drainage flux (i.e. if the drainage coefficient is less than the 
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rate predicted by Kirkham’s equation, the drainage rate will be the specified drainage 

coefficient). Once the water level draws down to the specified Kirkham depth (S1), 

DRAINMOD returns to computing the drainage flux with the Hooghoudt equation. 

A summary of the major features and fates of runoff in bioretention cell are displayed 

in Figure 3-2. The general procedure for modeling parking lot runoff and simulating the 

hydrologic response of a bioretention system to that runoff in DRAINMOD has been well-

documented (Brown et al., 2013; Brown, 2011). First, the contributing drainage area is 

simulated, which generates a surface runoff file for the parking lot. This file, along with 

various weather, soil, and system configuration information is entered into the model to 

simulate the bioretention system. The DRAINMOD inputs and outputs that are relevant to 

bioretention systems are summarized (Table 3-1, Table 3-2).  

 
 
 

 
Figure 3-2: Cross-section of a bioretention cell and the hydrologic fates of runoff 

predicted by DRAINMOD (ET, Overflow, Drainage, Exfiltration) 
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3-1: List of DRAINMOD Inputs Relevant to Bioretention Systems 

DRAINMOD Input Bioretention Corollary  

Drain depth, B (cm) Depth from media surface to underdrain(s) 

Drain spacing, L (cm)  Underdrain spacing  

Effective drain radius, Re (cm) Effective radius of perforated underdrain  

Distance from surface to 
impermeable layer, H (cm) Depth from media surface to underlying in-situ soil  

Drainage coefficient (cm/day) Rate of removal via underdrain 

Maximum surface storage, Sm 
(cm) Average ponding depth  

Vertical seepage (cm/hr) Exfiltration rate (i.e. deep percolation or deep seepage)  

Soil water characteristics 
(cm3/cm3) 

Drainable porosity and volumetric water content of 
media at various water table depths 

Root Depth (cm) Root depth of dominant bioretention vegetation 

Weather files Hourly rainfall, daily max and min temperatures, and 
daily ET for the site 

 
 
 
Table 3-2: List of DRAINMOD Outputs Relevent to Bioretention Hydrology 

DRAINMOD Outputa Bioretention Corollary 

ET  Volume associated with evapotranspiration from the cell 

Drainage Volume treated by media and exiting the system through 
the underdrain  

Storage Volume of water stored (i.e. ponded) on the surface  

Runoff Volume bypassing the system as untreated overflow  

Seepage Volume associated with exfiltration to surrounding soil 
a: All units expressed in cm.   
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Brown et al. (2013) showed successful prediction of overflow, drainage, exfiltration, 

and evapotranspiration volumes, as well as water tables depths in a variety of bioretention 

system configurations; Nash-Sutcliffe modeling efficiencies exceeded 0.8 for the majority of 

volume predictions. For this study, the model was calibrated based on estimated overflow 

volumes. Since DRAINMOD typically estimates water table depths on a daily basis, water 

table measurements taken on 2-minute intervals may not be well-represented by the model 

(Brown, 2011). Additionally, the model is originally intended for a system of parallel drains. 

This has not limited its success in other applications (Amatya et al., 2003; He et al., 2002), 

but it does alter the calibration process since drain depth and spacing must be adjusted to 

simulate the performance of a single drain. More details about the calibration process for the 

POV cell are included later in the chapter.  

3.3 Determining Inputs 

Site-specific data were used to calibrate DRAINMOD. Rainfall, flow volumes into 

and out of the cell, and soil characteristics—including saturated hydraulic conductivity, soil 

water content, and infiltration rate—were measured and/or analyzed for the POV site to 

model a bioretention system characterized by surface clogging and poor drainage. Methods 

for measuring and estimating the various model inputs are summarized in Table 3-3. 
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Table 3-3: Methods for Measurement or Estimation of Various DRAINMOD Inputs 

Parameter Method for Measurement or Estimation 

Inflow SCS Curve Number Method 

Storage HOBO U20 Pressure Transducer 

Overflow HOBO U20 Pressure Transducer + water balance 

Drainage 90˚ sharp-crested V-notch weir + ISCO bubbler flow module 

Temperature State Climate Officea 

Precipitation ISCO 674 tipping bucket rain gage 

Soil water characteristic Pressure plate apparatusb 

Saturated conductivity Constant head permeability testb  

a: Station 316891 - Pope Afb 
b: Operated and conducted by a technician in the soil and water group on six 7.6 cm diameter   

soil cores collected at various depths and locations in the POV cell 
 
 
 

Evapotranspiration was calculated in the model using the Thornthwaite equation 

(Thornthwaite, 1948). Monthly corrections were used based on the average of three sites 

studied in Eastern NC (Amatya et al., 1995). Site-specific latitude (035 7’) and a heat index 

of 94.4 (eqn 3.6) were entered into the model.  

 

! = (!! 5)!.!"#
!"

!!!
 

(3.6) 

 Where, 

! = ℎ!"#!!"#$% 
!! = !"#$!!"#$ℎ!"!!"#$"%&!'%"!(˚!) 
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3.3.1 Modeling parking lot runoff 

DRAINMOD can be used to simulate parking lot runoff by specifying widely spaced, 

shallow drains and low infiltration parameters (Table 3-4, Table 3-5). Runoff was estimated 

using 90% of rainfall as per Line et al. (2012) and Pandit and Heck (2009). Runoff volume 

was calibrated and validated. In both the calibration and validation period, 87% runoff was 

predicted using a “surface storage” value of 0.02 cm. Nash-Sutcliffe coefficients were used 

to determine the efficiency of the modeled results (eqn. 3.7). 

 
 
 

Table 3-4: Model Inputs for Parking Lot Simulation in DRAINMOD 
Input Parameter Value 
Depth to drain 10 cm 

Drain spacing 15000 cm 

Effective drain radius 1 cm 

Distance to impermeable layer 150 cm 

Drainage coefficient 2.5 

Maximum surface storage 0.02 

Kirkham's depth  0.01 cm 
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Table 3-5: Green-Ampt Infiltration Parameters  
Specified for Parking Lot Simulation  
WT  A Coefficient B Coefficient 
cm - - 

0 0.01 0.01 

50 0 0 

500 0.01 0 

 
 
 

!"# = 1− !! − !! !!
!!!

(!!!
!!! − !)!  

(3.7) 

Where, 

!"# = !"#ℎ − !"#$%&''(!!"#$$%!%#&' 
!! = !"#$%&"'!!"#$% 
!! = !"#$%$#!!"#$% 
! = !"#$!%#!!"!!"#$%&"'!!"#$%& 
! = !"#$%&!!"!!"#$%&"' −!"#$%$#!!"#$%! 
 
 

The Nash-Sutcliffe coefficients were 1.0 and 0.99 for the calibration and validation 

periods, respectively. A linear fit for modeled versus measured runoff volumes (expressed as 

depths) showed a coefficient of determination (r2) of 0.99 (Figure 3-3).  
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Figure 3-3: Linear fit of modeled versus measured parking lot runoff depths  

 
 
 

3.3.2 Modeling the POV Bioretention Cell 

Modeling a system with one drain—or no drains at all—requires calibration of drain 

spacing and drain depth to properly simulate hydrology using DRAINMOD. He et al. (2002) 

successfully calibrated DRAINMOD using “virtual drains” to model water table depths in 

several coastal plain soils that did not have underlying drains. Drain spacing and drain depth 

were adjusted first to simulate the single underdrain in the POV cell. A final drain spacing of 

50 m and drain depth of 0.5 m provided a good fit for modeling overflow volume 

(NSE=0.80). Next, the soil utility in DRAINMOD was used to generate a soil input file with 

three layers defined at depths of 0-15 cm, 15-20 cm, and 20-140 cm. Since soil cores were 

taken at regular depth intervals in the POV cell (i.e. 0-15 cm, 15-30 cm), soil water 
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characteristic (SWC) data from the soil cores were matched as best as possible with layer 

depths defined in the model. Inputs are summarized in Table 3-6. 

 
 
 
Table 3-6: Soil Characteristics Model Inputs Used for Each Layer of POV Media 
Depth of Layer Saturated Conductivity Soil Water Characteristic (SWC) 

cm cm/hr  

0-15 22 SWC measured from 0-15 cm in POV cell  

15-20 0.03 SWC measured from 15-30 cm in POV cell 

20-140 22 SWC measured from 15-30 cm in POV cell 

 
 
 

The drainage coefficient and average storage depth were adjusted until the annual 

hydrologic balance between ET, overflow, drainage, and exfiltration predicted by 

DRAINMOD was in agreement with measured percentages (Table 3-7). The final system 

design (with input parameters) is shown in Table 3-8.  

 
 
 

Table 3-7: Measured vs Modeled Annual Hydrologic Fate of Runoff 

  ET Overflow Drainage Exfiltration 

 % % % % 

Measured 15 42 2 41 

Modeled 15 43 2 40 
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Table 3-8: Final System Design Inputs for the POV Cell 

DRAINMOD Parameter Input 

Drain depth, B (cm) 50 

Drain spacing, L (cm) 5000 

Effective drain radius, Re (cm) 0.5 

Distance from surface to impermeable layer, H (cm) 200 

Drainage coefficient (cm/day) 0.04 

Maximum surface storage, Sm (cm) 7 

Vertical seepage (cm/hr) 0.04 

Root Depth (cm) 15* 

*: Rooting depth for Typha spp. (Gucker, 2008)  
 
 
 

Overflow volume had a Nash-Sutcliffe efficiency of 0.87 and a root mean squared 

error (RMSE) of 1.8 cm for the calibration period, while the NSE and RMSE for the 

validation period were 0.81 and 2.4 cm, respectively. The NSE values meet the “excellent” 

criterion for predicted daily water volumes (Skaggs et al., 2012). Measured and modeled 

cumulative overflow depth was plotted for each period (Figure 3-4).  
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Figure 3-4: Measured and predicted cumulative overflow depth for the calibration (left) 

and validation (right) periods simulated for the POV cell  
 
 
 

3.4 Model Results for Various Maintenance Strategies 

Once the model was calibrated to reflect the performance of the POV site, several 

maintenance strategies were modeled using 40 years of historic rainfall data (1960-1999) to 

examine the expected long-term performance of this system under different scenarios. 

Rainfall data were obtained from the State Climate Office (SCO, 2014). Maintenance 

strategies were selected to target the most evident issues with the POV cell: (1) undersized 

storage volume due to sediment deposition and/or improper grading, and (2) the presence of 

a restrictive layer at a depth between 13 and 22 cm below the surface of the media. Typical 

maintenance suggested for the issues related to sediment deposition and clogging is to 

excavate the top 10-15 cm (4-6 in) of media (W. Hunt, personal communication, 

10/13/2014). Excavation of surface media at a site in North Carolina is shown in Figure 3-5. 
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Figure 3-5: Excavation of surface media as a bioretention maintenance practice  

 
 
 

Media removal was modeled by adjusting the maximum storage depth (Sm) parameter 

in DRAINMOD. Since the restrictive layer in the POV cell appeared to be located between 

13 and 22 cm below the surface, media removal past the restrictive layer was accompanied 

by an increase in the drainage coefficient so that the capacity of the underdrain would not 

limit the drainage flux. A drainage coefficient of 60 cm/day was selected based on a previous 

study that modeled various bioretention designs in DRAINMOD (Brown et al., 2013). 

Annual percentages of overflow and the fraction of events below the design storm that were 

fully treated (i.e. produced no overflow) are presented for each level of media removal for 

comparison. Media removal was analyzed up to a 30 cm storage depth, which is the standard 

ponding depth for bioretention cells on the military installation. The design storm depth for 

Fort Bragg is 4.57 cm (1.8”), which generates a runoff volume depth of 15.5 cm.  For each 5-
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cm increase in storage depth via media removal, the percentage of design storms fully treated 

(reported as the fraction of storms less than or equal to the design storm runoff depth that do 

not produce overflow) and the percentage of average annual overflow are displayed (Figure 

3-6). The most marked overflow reduction and design storm capture occurs when 15 to 20 

cm of surface media is excavated (that which contained the restrictive layer). After 

excavating 20 cm, thus increasing the average storage depth to 27 cm, the POV cell was 

modeled to release less than 1% overflow over the course of a year, on average, a 

performance nearly identical to that if the full 30 cm were excavated. This suggests that 

designers may have reached a “sweet spot” regarding maintenance costs and benefits at a 20 

cm excavation depth. Thus, it is critical for inspection personnel to identify the presence of a 

restrictive layer since the benefits of removing the media surface are diminished if the 

restrictive layer is not removed via media excavation. 
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Figure 3-6: Graphical representation of changes in hydrologic performance with 

average storage depths achieved by media removal; design storm is 45.7 mm (1.8 in) 
 
 
 

Fort Bragg is moving towards using Bermuda sod to cover all new bioretention cells. The 

rooting depth for Bermuda sod can be as much as 90 cm but depends on soil conditions—

particularly compaction—and sod variety (Carey, 1995; D. Bowman, personal 

communication, 12/17/14). A rooting depth of 30 cm was used in DRAINMOD as a 

conservative yet reasonable assumption for Bermuda sod. A simulation was run for the 

Bermuda sod rooting depth instead of the 15 cm cattail root depth used in simulations of the 

existing conditions (Gucker, 2008). Over the 40-year period of historic data, ET and 

overflow percentages did not change. Therefore, Bermuda sod appears to be an acceptable 

vegetative cover that is not expected to alter the hydrologic balance appreciably. Turf grass is 
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easy to maintain and does not limit lines of sight in areas adjacent to operations or housing 

facilities.  

3.4.1 Economic Analyses of Various Maintenance Strategies 

The public works department at Fort Bragg contracts a stormwater maintenance crew 

on a yearly basis (W. DeCarmine, personal communication, 10/14/2014). On average, daily 

cost for a 4-man crew, hauling, labor and materials is $2,235, which is very cost-effective. 

Typical hauling cost estimates quoted by private contractors are included for comparison (K. 

Bass and F. Ammons, personal communication, 10/14/2014). Unit costs of materials required 

for bioretention maintenance are shown in Table 3-9. These values were used to estimate 

total costs for each maintenance strategy, which range from $4200 to $7700 for a private 

contractor and range from $1000 to $3300 for Fort Bragg internal contractors (Figure 3-7). 

Costs for Fort Bragg’s internal crew were estimated assuming a 15 cubic yard (11.5 m3) 

capacity dump truck is onsite and round-trip travel time from the project site to disposal site 

is 20 minutes. Media removal strategies and their associated hydrologic benefits are 

summarized (Table 3-10). 
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Table 3-9: Unit costsa for various bioretention  
construction and maintenance 

Description Unit Cost 

Bioretention mediab $23/ton 

Triple shredded hardwood mulch $26/yd3 

Bermuda sod $0.38/ft2 

Hauling (private contractor) $20/yd3 

a: Unit costs based on quotes from local suppliers  
b: Standard engineered fill that meets state specifications  

of % sand, fines and organic matter; provided by a quarry 
in Cameron, NC (25 miles from Ft. Bragg) 

 
 
 

 
Figure 3-7: Economic analysis of media removal maintenance strategy. The target of 

90% cumulative runoff treated is indicated by dashed line.   
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Table 3-10: Summary of Media Removal Depths and Associated Hydrologic Benefits 
Depth of 
Media 
Removed 

Storage 
Depth, 
Sm 

Average 
Annual 
Overflow 

Design 
Storms 
Fully 
Treated 

Cumulative 
Increase in 
Total Runoff 
Treated 

Cumulative 
Increase in 
Design Storms 
Fully Treated 

cm cm % % % % 

- 7 38 74 - - 
5 12 32 80 6 6 
10 17 27 83 11 9 
15 22 24 85 14 11 
20 27 1 99 37 25 
23 30 0 100 38 26 

 
 
 

An alternative method for addressing performance issues is to retrofit the SCM, 

which includes excavation of existing fill media, refilling with a specified bioretention 

media, installing underdrains, and planting with Bermuda sod. Draft plans for a proposed 

retrofit of the POV cell are included in Appendix I. The estimated costs for conducting the 

proposed retrofit using a private contractor or Fort Bragg’s internal crew are $51,000 and 

$43,000, respectively. Total cost of materials is the same for each option, based on the values 

listed in Table 3-7. However, Fort Bragg can recover nearly $8,000 in hauling and labor costs 

by using its own crew. Despite these savings, it is nearly $40,000 cheaper for Fort Bragg to 

excavate the top 20 cm of media than to pay for a complete retrofit.  

3.5 Summary and Conclusions 

Military installations are required to treat the 95th percentile storm in an effort to 

restore predevelopment hydrology (US House, 2007). In response to federal stormwater 

mandates, more than 200 bioretention systems were built at Fort Bragg military base. With 
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proper inspection and maintenance, these SCMs have the potential to provide numerous 

benefits—from flood mitigation to nutrient removal—across the installation. It is important 

for inspection and maintenance (I&M) crews to be able to prioritize maintenance and/or 

retrofits to optimize the hydrologic and water quality performance of SCMs per their 

intended design.  

The POV bioretention cell was chosen for study since it was classified as a “failing” 

system by stormwater managers in the Department of Public Works (DPW) at Fort Bragg. 

This assessment was made based on clogging, slow drawdown rates, dominance of Typha 

spp., and sediment/debris accumulation in the cell. Stormwater managers at Fort Bragg 

strongly desired to improve the function of the POV cell while enhancing its aesthetic value. 

Through monitoring and modeling, overall performance of the POV cell was quantified. The 

POV cell was ponded at the surface for 67% of days during the monitoring period. Of the 76 

hydrologic events monitored, 49% produced overflow, the smallest of which was 3.6 mm. 

However, the POV cell still provided 52% reduction in cumulative overflow volume. Water 

quality analyses of heavy metals, nutrients, and TSS revealed that the POV cell provided 

significant and substantial load reductions for Zn, TN, NH3-N, NO2,3-N, TP, SRP, 

Particulate-P, and TSS. Lead did not seem to be a concern; Pb EMCs were below the 

quantifiable limit for 73% of events sampled, and all effluent EMCs were below targets 

established for bioretention cells (McNett et al., 2010). On the other hand, the POV cell did 

not significantly reduce Cu, TKN or organic-N loads. Since Fort Bragg is not located in a 

nutrient sensitive watershed, the lack of nitrogen removal may not be a concern for SCM 
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designers or I&M crews (NCDENR, 1998). Therefore, the primary water quality concerns 

for the POV cell are TSS and Cu. Copper loads were not significantly reduced, and exceeded 

bioretention effluent targets 38% of the time. Improvements in TSS and Cu removal could be 

made by adding 5-10 cm of triple shredded hardwood mulch specified in current state 

guidelines to provide a source of organic material to adsorb pollutants and promote filtration 

of particulates (NCDENR, 2009a). Improving volume reduction through maintenance 

strategies would also enhance Cu and TSS load reductions.  

Based on long-term hydrologic modeling of the POV cell, a 37% improvement in 

volume reduction and a 25% increase in number of design storms fully treated can be 

expected with excavation of 20 cm of media at a cost of $7100 using a private contractor (K. 

Bass, and F. Ammons, personal communication, 10/14/2014). At a minimum, excavation of 

the top 5 cm of media would only restore 6% of volume reduction, but would cost 

approximately 40% less compared to a 20 cm excavation. However, Fort Bragg has an 

advantage since the I&M crew is contracted on an annual basis, allowing costs to be 

distributed amongst materials, hauling, and labor. Typical costs for Fort Bragg’s crew to 

carry out the various media removal maintenance strategies will increase with excavation 

depth since more time is required to remove larger amounts of media. To excavate the top 20 

cm, Fort Bragg’s crew provides a savings of 60% compared to a private contractor.  

Ultimately, the Fort Bragg Department of Public Works must decide whether the 37% 

improvement in volume reduction is worth the cost of excavating 20 cm of media. Currently, 

the POV cell does provide some hydrologic and water quality benefits, but performs poorly 
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with respect to Cu and organic-N percent removal. However, median organic-N effluent 

concentrations from the POV cell are similar to those found in a study of constructed 

wetlands in North Carolina, so the quality of effluent may be reasonable with respect to 

organic nitrogen species (Moore et al., 2011). If action is not taken to maintain the POV cell, 

clogging conditions are expected to worsen over time with TSS deposition. Additionally, the 

POV cell is a potential health and safety concern since dense cattail vegetation obstructs 

visibility and prevents UV treatment of bacteria. In the case of the POV cell, it is probably 

worth $2800 to have the Fort Bragg I&M crew excavate the top 20 cm of media and sod with 

Bermuda grass to restore hydrologic function, eliminate safety hazards, and improve the 

aesthetics of the SCM. Based on the entire breadth of knowledge accumulated for the POV 

cell, DPW and I&M crews may now make informed decisions about how to prioritize the 

maintenance of other bioretention cells on the installation. Instead of projecting an 

operational lifetime for a bioretention system, SCM inspectors, maintenance crews and 

designers can actively and selectively maintain systems in a way that provides the most 

benefit—both economically and environmentally—in the context of site-specific conditions.   
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Appendix A: Phase I Results 

Phase I monitoring was conducted from November 2012 until January 2013. During 

Phase I, surface runoff samples were collected to quantify heavy metal concentrations 

associated with two different parking lots chosen for observation. These data were used to 

determine whether one parking lot had significantly higher levels of metals in the runoff than 

the other, and to monitor that lot and the adjacent bioretention cell more extensively. A 

summary of Phase I results is included herein. These data were not included in water quality 

analyses since only influent concentrations were measured.  

Two ISCO 6712 automated samplers and ISCO model 674 tipping bucket rain gages 

(0.25 mm/tip) were used to collect flow-proportional composite samples upstream of the 

custom fit two-by-four boards installed in the inlet flumes.  Five storm events were sampled 

and  analyzed at the NCDENR Division of Water Quality Chemistry Lab for cadmium (Cd), 

chromium (Cr), copper (Cu), nickel (Ni), and zinc (Zn). Results are listed in Table A-1.  

 
 
 
Table A-1: Summary of Heavy Metals Results from Five Storm Events Monitored 
During Phase I    

      Preliminary 
Results 

Typical Urban 
Runoff  

Date of 
Storm 

Cumulative 
rainfall 

Metal 
Species 

Average 
COF 

Average 
POV Pitt Göbel et 

al. 
M/D/Y cm - mg/L mg/L mg/L mg/L 

11/13/12 0.44 Cd 0.00068 0.0005 0.009 0.0012 
12/20/12 1.30 Cr 0.005 0.005 0.005 N/A 
12/26/12 2.97 Cu 0.01462 0.01522 0.017 0.08 
12/29/12 1.50 Ni 0.00178 0.00356 0.005 N/A 
1/17/13 1.68 Zn 0.136 0.1264 0.135 0.4 
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Figure A-1: Boxplots showing distribution of five heavy metal species monitored in 

parking lot runoff from two different parking lots during Phase I 
  

Cd Cr Cu

Ni Zn

0.0005

0.0010

0.0015

0.0020

0.01

0.02

0.03

0.04

0.05

0.00

0.01

0.02

0.03

0.04

0.000

0.025

0.050

0.075

0.0

0.1

0.2

0.3

Cd Cr Cu

Ni Zn
Metal

Co
nc

en
tra

tio
n 

(m
g/

L)

Location

COF

POV



 

 108 

Appendix B: Volume Performance Summary 

Table B-1: Summary of 76 Hydrologic Events Monitored from June 2013-August 2014; 
Water Quality Events are highlighted (*fv: ratio of overflow volume to inflow volume)  

Date Event 
Rainfall 

Event 
Duration 

Ave 
intensity 

Inflow 
volume 
(CN0.05 
Method) 

Overflow 
Volume 

Runoff 
Depth 

Volume 
reduction 
per event 

fv* 

D/M/Y mm hr cm/hr m3 m3 mm % - 

6/23/13 52.8 4.5 1.2 160 113 47.7 30 0.70 
6/26/13 18.5 10.0 0.2 60 21 17.9 65 0.35 
6/27/13 9.1 1.0 0.9 29 6 8.6 78 0.22 
6/30/13 22.4 3.0 0.7 62 15 18.5 76 0.24 
7/1/13 42.2 17.0 0.2 144 96 42.7 33 0.67 
7/2/13 23.1 5.5 0.4 80 79 23.7 1 0.99 
9/3/13 8.6 3.8 0.2 20 9 5.8 56 0.44 
9/22/13 31.0 7.2 0.4 92 44 27.3 52 0.48 
11/1/13 17.3 8.5 0.2 45 5 13.3 88 0.12 
11/26/13 20.1 8.4 0.2 54 7 16.1 87 0.13 
12/14/13 29.0 8.7 0.3 85 37 25.3 56 0.44 
1/10/14 58.4 18.2 0.3 187 139 55.5 25 0.75 
1/11/14 23.9 7.1 0.3 67 20 20.0 70 0.30 
4/15/14 50.8 19.8 0.3 160 114 47.7 29 0.71 
4/29/14 36.3 5.1 0.7 110 99 32.8 10 0.90 
4/30/14 9.4 13.5 0.1 21 20 6.4 5 0.95 
6/25/13 3.6 3.1 0.1 10 0 3.1 100 0.00 
6/28/13 3.6 0.6 0.6 10 0 3.1 100 0.00 
7/9/13 45.2 12.9 0.3 141 94 41.9 34 0.66 
7/11/13 46.7 16.1 0.3 153 107 45.6 30 0.70 
7/13/13 7.1 10.1 0.1 23 0 6.7 100 0.00 
7/18/13 11.9 3.5 0.3 28 0 8.3 100 0.00 
7/25/13 4.1 1.6 0.3 8 0 2.4 100 0.00 
7/27/13 17.5 19.0 0.1 45 0 13.5 100 0.00 
8/2/13 25.1 7.8 0.3 72 24 21.4 66 0.34 
8/16/13 4.1 4.4 0.1 8 0 2.4 100 0.00 
8/17/13 26.9 11.9 0.2 78 30 23.2 61 0.39 
8/19/13 26.7 12.6 0.2 77 30 22.9 62 0.38 
8/21/13 8.1 6.7 0.1 23 0 6.7 100 0.00 
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9/1/13 9.4 12.6 0.1 21 0 6.4 100 0.00 
10/7/13 2.5 11.7 0.0 4 0 1.3 100 0.00 
10/8/13 4.6 4.6 0.1 9 0 2.8 100 0.00 
10/18/13 2.8 2.9 0.1 5 0 1.5 100 0.00 
10/19/13 7.9 8.7 0.1 18 0 5.3 100 0.00 
11/7/13 2.8 12.7 0.0 5 0 1.5 100 0.00 
12/23/13 9.9 13.1 0.1 23 0 6.8 100 0.00 
12/29/13 37.8 11.6 0.3 116 68 34.4 41 0.59 
1/2/14 7.1 16.8 0.0 23 0 6.7 100 0.00 
1/14/14 4.1 2.5 0.2 12 0 3.6 100 0.00 
1/21/14 3.6 3.6 0.1 7 0 2.1 100 0.00 
1/30/14 6.6 6.1 0.1 15 0 4.3 100 0.00 
2/1/14 5.1 4.4 0.1 11 0 3.2 100 0.00 
2/4/14 7.6 8.6 0.1 21 0 6.2 100 0.00 
2/5/14 4.8 9.5 0.1 11 0 3.4 100 0.00 
2/10/14 2.5 7.8 0.0 4 0 1.3 100 0.00 
2/13/14 12.2 13.8 0.1 28 15 8.4 47 0.53 
2/14/14 7.9 3.4 0.2 22 7 6.5 66 0.34 
2/15/14 9.7 7.8 0.1 31 14 9.3 56 0.44 
2/19/14 9.9 2.6 0.4 29 0 8.6 100 0.00 
2/21/14 10.9 0.9 1.2 25 12 7.5 53 0.47 
3/3/14 8.9 5.1 0.2 20 0 6.0 100 0.00 
3/6/14 46.7 25.6 0.2 146 107 43.5 27 0.73 
3/16/14 7.9 17.1 0.0 18 0 5.3 100 0.00 
3/17/14 20.8 28.2 0.1 57 17 16.9 69 0.31 
3/18/14 2.5 10.1 0.0 4 0 1.3 100 0.00 
3/28/14 31.5 18.6 0.2 94 54 27.9 42 0.58 
3/29/14 13.7 1.2 1.2 32 21 9.6 34 0.66 
4/7/14 6.1 23.6 0.0 13 0 3.9 100 0.00 
4/18/14 28.7 24.7 0.1 94 54 27.8 42 0.58 
4/25/14 2.5 0.5 0.6 4 0 1.3 100 0.00 
4/28/14 17.8 1.6 1.1 46 0 13.8 100 0.00 
4/29/14 36.3 5.1 0.7 46 7 13.8 85 0.15 
5/15/14 59.4 17.1 0.3 190 143 56.5 25 0.75 
6/11/14 6.9 0.3 2.4 15 0 4.5 100 0.00 
6/17/14 11.2 3.1 0.4 18 0 5.4 100 0.00 
6/19/14 14.5 5.1 0.3 21 0 6.2 100 0.00 
7/3/14 2.8 1.6 0.2 5 0 1.5 100 0.00 
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7/10/14 3.6 5.4 0.1 7 0 2.1 100 0.00 
7/15/14 9.4 16.2 0.1 21 0 6.4 100 0.00 
7/21/14 19.3 8.1 0.2 52 7 15.4 86 0.14 
7/22/14 18.5 7.1 0.3 49 5 14.6 90 0.10 
7/31/14 7.1 19.8 0.0 16 0 4.7 100 0.00 
8/1/14 7.9 2.8 0.3 18 0 5.3 100 0.00 
8/2/14 9.4 7.3 0.1 21 0 6.4 100 0.00 
8/9/14 49.3 21.6 0.2 155 108 46.1 31 0.69 
8/11/14 13.5 3.4 0.4 32 21 9.4 34 0.66 
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Appendix C: Results of Larval Monitoring 

Larval monitoring was conducted in September 2014 to confirm the presence and 

extent of mosquito population in the POV cell. Fifty-five dips (0.35 L each) were collected at 

various locations vegetated with low grasses and cattails within the bioretention cell. A single 

mosquito pupa and myriad mosquito predators were found (Table C-1). It was close to the 

end of the summer season and a two-inch rainfall event occurred the day before testing, 

which could have flushed out larvae and reduced the number of mosquitos present on the day 

of testing. However, due to the large number of mosquito predators and the circulation of 

water created during rainfall events, mosquitos are not likely to be a concern at this site.  

 
 
 

    Table C-1: Results of Larval Monitoring 
Common Name Scientific Name Count 
Mosquito Culicidae Culex spp. 1 
Water beetle Hydrophilidae 11 
Dragonfly Libellulidae 2 
Damselfly Coenagrionidae  2 
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Appendix D: Plant Species 

Woody Species 

    
Figure D-1: Red oak (Left); Long leaf pine (Right) 

 
 
 

     
Figure D-2: Loblolly pine (Left); red oak (Right) 
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Figure D-3: Black willow 

 
 
 

    
Figure D-4: Green ash, poor specimen (Left); sycamore sapling (Right) 
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Herbaceous Species 

 
 
 

 
Figure D-5: Slender rush 

 
 
 

    
Figure D-6: Common holly (Left); Woolgrass (Right) 
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Figure D-7: Cattails 

 
 
 

    
Figure D-8: Mare’s tail (Left); Smartweed (Right) 
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Figure D-9: Signalgrass (Left); Sea myrtle (Right) 
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Appendix E: Soil Testing Procedures and Raw Data  

    
Figure E-1: Collecting a 7-cm soil core at a 30cm depth (Left); Cores soaking in 

preparation for Ksat testing (Right)  
 
 
 

    
Figure E-2: Pressure plate apparatus for determining volumetric soil water content at 

various pressure heads (Left); Double ring infiltrometer used to measure surface 
infiltration rate in the typically dry zone of the POV cell (Right) 
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Figure E-3: Oven-dry soil samples for particle size analysis 

 
 
 

 
Figure E-4: Sieve for separating gravel (>2 mm) from soil sample  
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Figure E-5: Weighing 50g dried soil (Left); mixing soil with sodium metaphosphate 

solution in preparation for particle size analysis (Right) 
 
 
 

 
Figure E-6: Lab set-up for the hydrometer method for determining  

particle size distribution 
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Table E-1: Raw Data/Results from Constant-Head Ksat Test 
Sample ID 1049 2133 1057 192R 1148 63R 
Sample Depth (cm) 0-15 cm 15-30 cm 15-30 cm 0-15 cm 0-15 cm 15-30 cm 

Run 1       
Total time (min) 2 5 5 15 15 5 

Total time (hr) 0.033 0.083 0.083 0.250 0.250 0.083 

Initial Head (cm), 
H1 6 6.5 6.5 6.4 6.6 8 

Outflow Volume 
(cm3) 62 25 45 21 14.5 36 

Diameter of Core 
(cm) 7.6 7.6 7.6 7.6 7.6 7.6 

Height of Core (cm), 
L 7.32 7.92 7.32 7.62 7.62 5.79 

Outflow Rate 
(cm3/hr), Q 1860.000 300.000 540.000 84.000 58.000 432.000 

Flow Path Area 
(cm2), A 45.365 45.365 45.365 45.365 45.365 45.365 

Vertical K, (cm/hr) 22.525 3.633 6.303 1.006 0.685 3.998 

       
Run 2       
Total time (min) 2 5 5 15 15 5 

Total time (hr) 0.033 0.083 0.083 0.250 0.250 0.083 

Initial Head (cm), 
H1 6 6.5 6.5 6.4 6.6 8 

Outflow Volume 
(cm3) 61 25 44 21 15 37 

Diameter of Core 
(cm) 7.6 7.6 7.6 7.6 7.6 7.6 

Height of Core (cm), 
L 7.32 7.92 7.32 7.62 7.62 5.79 

Outflow Rate 
(cm3/hr), Q 1830.000 300.000 528.000 84.000 60.000 444.000 

Flow Path Area 
(cm2), A 45.365 45.365 45.365 45.365 45.365 45.365 

Vertical K, (cm/hr) 22.162 3.633 6.163 1.006 0.709 4.109 
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Run 3       
Total time (min) 2 5 5 15 15 5 

Total time (hr) 0.033 0.083 0.083 0.250 0.250 0.083 

Initial Head (cm), 
H1 6 6.5 6.5 6.4 6.6 8 

Outflow Volume 
(cm3) 60 25 45 20 14 38 

Diameter of Core 
(cm) 7.6 7.6 7.6 7.6 7.6 7.6 

Height of Core (cm), 
L 7.32 7.92 7.32 7.62 7.62 5.79 

Outflow Rate 
(cm3/hr), Q 1800.000 300.000 540.000 80.000 56.000 456.000 

Flow Path Area 
(cm2), A 45.365 45.365 45.365 45.365 45.365 45.365 

Vertical K, (cm/hr) 21.80 3.63 6.30 0.96 0.66 4.22 
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Appendix F: Example R Code 

#Testing Normality.EMCs#### 
 
#Shapiro.in.untransformed#### 
shapiro.test(EMC.Cu.in) 
shapiro.test(EMC.Pb.in) 
shapiro.test(EMC.Zn.in) 
shapiro.test(EMC.TN.in) 
shapiro.test(EMC.TKN.in) 
shapiro.test(EMC.NH3.in) 
shapiro.test(EMC.NOx.in) 
shapiro.test(EMC.Org.N.in) 
shapiro.test(EMC.TP.in) 
shapiro.test(EMC.SRP.in) 
shapiro.test(EMC.PP.in) 
shapiro.test(EMC.TSS.in) 
 
#Shapiro.in.log10#### 
shapiro.test(EMC.log.Cu.in) 
shapiro.test(EMC.log.Pb.in) 
shapiro.test(EMC.log.Zn.in) 
shapiro.test(EMC.log.TN.in) 
shapiro.test(EMC.log.TKN.in) 
shapiro.test(EMC.log.NH3.in) 
shapiro.test(EMC.log.NOx.in) 
shapiro.test(EMC.log.Org.N.in) 
shapiro.test(EMC.log.TP.in) 
shapiro.test(EMC.log.SRP.in) 
shapiro.test(EMC.log.PP.in) 
shapiro.test(EMC.log.TSS.in) 
 

#Q-Q Normality Plots#### 
 
#Cu.in 
par(mfrow=c(1,2)) 
qqnorm(Cu.in$EMC, ylab = "Cu EMC (mg/L)", main = "Untransformed") 
qqline(Cu.in$EMC, col= "red") 
qqnorm(log.Cu.in, ylab = "log(Cu EMC) (mg/L)", main = "log10") 
qqline(log.Cu.in, col= "red") 
title("Q-Q Normality Plot: Copper Influent Concentration", outer=TRUE) 
par(mar=c(4,5,4,1)) 
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par(oma=c(2,1,2,1)) 
 
#Students-t#### 
# independent 2-group t-test 
t.test(y1,y2) # where y1 and y2 are numeric 
 
#t.test.EMCs 
t.test(EMC.log.Cu.in, EMC.log.Cu.out, paired=TRUE) 
t.test(EMC.log.Zn.in, EMC.log.Zn.out, paired=TRUE) 
t.test(EMC.log.NOx.in, EMC.log.NOx.out, paired=TRUE) 
t.test(EMC.log.SRP.in, EMC.log.SRP.out, paired=TRUE) 
t.test(EMC.log.TSS.in, EMC.log.TSS.out, paired=TRUE) 
 
 
#t.test.Loads 
t.test(L.Cu.in, L.Cu.out, paired=TRUE) 
t.test(L.log.Pb.in, L.log.Pb.out, paired=TRUE) 
t.test(L.log.Zn.in, L.log.Zn.out, paired=TRUE) 
t.test(L.log.TN.in, L.log.TN.out, paired=TRUE) 
t.test(L.log.TKN.in, L.log.TKN.out, paired=TRUE) 
t.test(L.log.NH3.in, L.log.NH3.out, paired=TRUE) 
t.test(L.log.NOx.in, L.log.NOx.out, paired=TRUE) 
t.test(L.log.Org.N.in, L.log.Org.N.out, paired=TRUE) 
t.test(L.log.TP.in, L.log.TP.out, paired=TRUE) 
t.test(L.log.SRP.in, L.log.SRP.out, paired=TRUE) 
t.test(L.log.TSS.in, L.log.TSS.out, paired=TRUE) 
 
#Wilcoxon.test#### 
 
#Wilcoxon.EMCs 
wilcox.test(EMC.Pb.in, EMC.Pb.out, conf.level=0.95) 
wilcox.test(EMC.TN.in, EMC.TN.out, conf.level=0.95) 
wilcox.test(EMC.TKN.in, EMC.TKN.out, conf.level=0.95) 
wilcox.test(EMC.NH3.in, EMC.NH3.out, conf.level=0.95) 
wilcox.test(EMC.Org.N.in, EMC.Org.N.out, conf.level=0.95) 
wilcox.test(EMC.TP.in, EMC.TP.out, conf.level=0.95) 
wilcox.test(EMC.PP.in, EMC.PP.out, conf.level=0.95) 
 
#Wilcoxon.Loads 
wilcox.test(L.PP.in, L.PP.out, conf.level=0.95) 
 
#MLR for Hydrologic factors#### 
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df.hydrol.cor <- 
read.csv("/Users/jmfears/Desktop/NCSU/Results/R/hydrol.cor.metric.csv",header=TRUE) 
 
fit.hydrol <- lm(df.hydrol.cor$f~df.hydrol.cor$Depth + df.hydrol.cor$Intensity 
+df.hydrol.cor$Prec.5.RF) 
summary(fit.hydrol) 
 
Anova(fit.hydrol, Type="III") 
 
hydrol.plot <- plot(df.hydrol.cor$f, df.hydrol.cor$Depth) 
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Appendix G: Hydrant Test  

    
Figure G-1: Flow meter hydrant attachment measuring gallons of water (Left); Hose 

directing water into the POV cell to measure stage-storage directly at the overflow 
structure (Right) 
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Table G-1: Combined Stage-Storage Relationship of  
POV Cell Based on Survey and Hydrant Test Results1  

Relative Stage Accumulated Volume 
ft ft3 

0.000 0.00 
0.100 29.12 
0.200 112.36 
0.300 285.18 
0.400 552.13 
0.470 775.00 
0.476 911.09 
0.488 977.66 
0.503 1006.54 
0.511 1013.09 
0.515 1069.77 
0.523 1130.86 
0.542 1218.69 
0.548 1271.36 
0.559 1341.27 
0.584 1407.71 
0.604 1447.55 
0.633 1546.47 
0.637 1551.82 
0.686 1632.43 
0.691 1694.59 
0.695 1740.44 
0.700 1785.36 
0.704 1830.01 
0.719 1930.27 
0.722 1964.63 

1: Maximum storage volume before overflow occurs  
highlighted in green 
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Figure G-2: Graphical display of combined stage-storage relationship in POV cell  
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Appendix H: Weirbox Pho

 

 
Figure H-1: Signs of dripping from weirbox indicate low flows draining from the 

system. Time between rainfall and underdrain flow can exceed two weeks (Top); Frogs 
enjoying the damp conditions in the drop inlet (Bottom)
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Appendix I: Proposed Plans for POV Retrofit 
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