
ABSTRACT 
 

SMOLEK, ALESSANDRA PAULINA. Monitoring and Modeling the Performance of Ultra-

urban Stormwater Control Measures in North Carolina and Ohio. (Under the direction of Dr. 

William F. Hunt, III). 

 

 

Stormwater control measures (SCMs) reduce runoff volumes through storage, 

exfiltration, and evapotranspiration. They also improve runoff quality via filtration, 

sedimentation, and other pollutant removal mechanisms. To assess the performance of SCMs 

ideal for the ultra-urban environment (i.e., those located on expensive-to-develop land), two 

Filterra® biofiltration devices and two permeable pavements were extensively monitored. The 

long-term hydrology of various permeable pavement configurations, and the annual overflow 

volume from detention-based SCMs, were also modeled to improve design guidance and 

crediting mechanisms for these systems. 

The Filterra® biofiltration device (Filterra®) improved hydrology and water quality from 

a small urban catchment. The system performed similarly to widely-implemented bioretention, 

with the notable exception of volume mitigation. The pollutant concentrations of discharged 

runoff met nutrient and sediment benchmarks established in the literature. Maintenance played a 

pivotal role in its function; this study indicated the Filterra® should be serviced at least 

biannually. 

Volume and load reduction from a Filterra® installed in series with permeable 

interlocking concrete pavement (PICP) was almost entirely provided by the PICP. Supplemental 

treatment by the Filterra® accounted for less than 2% of the total volume and load mitigation. 

Effluent concentrations and load reductions from the PICP – Filterra® system were comparable 

to the standalone Filterra®. Placing SCMs that have similar pollutant removal mechanisms in 



series (and do not provide additional volume reduction) proved to not be economical and is not 

recommended. 

A field-monitored permeable pavement parking lot constructed over a clayey, low 

hydraulic conductivity soil (drawdown rate: 0.25 mm/hr) reduced runoff volume by 22%. The 

inclusion of a 15-cm internal water storage (IWS) zone created enough storage to mitigate runoff 

volume from storms less than 8 mm. Cumulative load reduction over the thirteen months of 

monitoring exceeded 70% for all pollutants (sediment, phosphorus, nitrogen, and metals). The 

permeable pavement dramatically reduced pollutant concentrations and loads, while positively 

impacting urban hydrology.  

 Hydrologic data from five permeable pavements in North Carolina and Ohio were used to 

calibrate and validate DRAINMOD, an agricultural drainage model previously applied to 

bioretention. The model predicted the percentage of drainage, surface runoff, and 

exfiltration/evaporation to within 2% of what was monitored/estimated at each site. Nash-

Sutcliffe efficiencies exceeded 0.77 for inflow and drainage. Prediction of 

exfiltration/evaporation was variable on an event basis but cumulative volumes were predicted to 

within 1 – 9% of what was measured. 

A design alternative analysis was conducted using the calibrated permeable pavement 

DRAINMOD models. Design alternatives considered were the underlying soil hydraulic 

conductivity, profile depth (total depth of pavement and aggregate), IWS depth, and run-on ratio 

(ratio of drainage area to permeable pavement area). Volume reduction was most dependent on 

hydraulic conductivity and IWS depth. Inclusion of IWS increased the fraction of 

exfiltration/evaporation by up to 55%.  



The Ohio permeable pavement models were subjected to current and mid-21st century 

climate scenarios. Moderate climate changes were predicted for this region, with similar or lower 

annual average rainfall depths, longer dry periods, and warmer temperatures. No hydrologic fate 

(drainage, surface runoff, or exfiltration/evaporation) changed by more than 10%. To mitigate 

future increases in surface runoff, the current design guidance in Ohio (2:1 run-on ratio) may 

need to be slightly reduced (e.g., to 1.5:1). 

Modeling of detention-based SCMs in Raleigh, NC indicated 10% or more of stormwater 

runoff overflows when the drawdown period is 48-hours (or greater). This conflicts with many 

US East Coast jurisdictions’ design goals. However, longer drawdown periods (and thus longer 

exposure to treatment) may be beneficial for areas with nutrient removal needs.  
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Chapter 1: Introduction and Project Overview 
 

 

1.1 Introduction 

Stormwater runoff from urban catchments is a significant cause of surface water 

impairment in the United States (USEPA 2004). As catchments increase in impervious surface 

area, runoff volumes, peak flows, and pollutant export concomitantly increase (Booth et al. 2002, 

Lee and Bang 2000, Line et al. 2002, Line and White 2007). To combat the problems associated 

with urban development, federally promulgated stormwater regulations call upon communities 

across the United States to install stormwater control measures (SCMs) to meet water quality and 

quantity goals (USEPA 2009). SCMs reduce stress on receiving waters by promoting 

evapotranspiration (ET), groundwater recharge through exfiltration, and peak discharge 

attenuation (Davis et al. 2011, DeBusk et al. 2010, Denich and Bradford 2010, Dietz and Clausen 

2008, Hunt et al. 2012, Wardynski et al. 2012). When installed and maintained properly, SCMs 

can support a variety of pollutant removal mechanisms: sedimentation of suspended solids, 

filtration of particles, adsorption of metals and phosphorus, nutrient uptake and microbial 

processes that promote nitrification and denitrification (Greenway 2004, Hunt et al. 2012, Scholz 

and Grabowiecki 2007). Examples of SCMs include permeable pavement, bioretention, swales, 

and constructed stormwater wetlands. Each type of SCM employs different processes to meet 

water quality and quantity goals, and can be selected based on site constraints such as high 

seasonal water table, lack of space, and cost (NCDEQ 2012).  

Ultra-urban areas are areas where there is limited space available for SCM 

implementation, percent imperviousness exceeds 50%, and land-value is high (e.g., exceeding 

$215 per square meter) (FHWA 2000). Permeable pavement is an SCM ideal for ultra-urban and 
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high land-value areas because it is easily retrofitted and can be parked upon, leaving more 

developable land. Runoff infiltrates a permeable surface course and is stored in an aggregate 

subbase before it either exfiltrates (i.e., lost to the underlying soil) or discharges to receiving 

surface waters via an underdrain (Figure 1-1). In addition to reducing pollutant loads to receiving 

streams through exfiltration, permeable pavements capture many pollutants through physical 

filtration and sedimentation (Bean et al. 2007, Collins et al. 2008, Drake et al. 2014a). Permeable 

pavement may also remove pollutants through adsorption and biological degradation (Collins et 

al. 2010, Drake et al. 2014a, Roseen et al. 2012). Hydrologic performance varies widely and is 

dependent upon underlying soil type, drainage configuration, and proper design and maintenance 

(Collins et al. 2008, Dreelin et al. 2006, Fassman and Blackbourn 2010, Wardynski et al. 2012, 

Drake et al. 2014b). Inclusion of internal water storage (IWS) via an elevated or upturned elbow 

on the underdrain has been shown to improve volume and pollutant load reductions via increased 

exfiltration (Collins et al. 2008, 2010, Wardynski et al. 2012). 
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Figure 1-1. Schematic of permeable pavement cross-section and hydrologic fates. 

 

 

 

Manufactured treatment devices (MTDs) are another type of SCM increasingly used to 

meet federal and state stormwater regulations, particularly in ultra-urban environments. As 

proprietary devices, the configuration of MTDs varies by product, but most include a mechanism 

for settling; some also employ filtration and adsorption through an engineered media. Types of 

MTDs range from end-of-pipe SCMs, to catch basin inserts, to modular high-loading SCMs (Al-

Hamdan et al. 2007, Kostarelos et al. 2011, Sample et al. 2012). Because of their small footprint, 

MTDs can be a preferred option in ultra-urban areas compared to more land-intensive SCMs 

(e.g., bioretention, constructed wetlands). While MTDs may be used to target removal of a 
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specific pollutant, most MTDs do not employ a mechanism for runoff volume reduction. The 

approval process of MTDs for stormwater treatment varies by state but typically requires third-

party testing and adherence to an accepted protocol (Sample et al. 2012). 

Detention-based stormwater control measures (SCMs) are probably the most widely used 

practices to mitigate peak flows and treat runoff. Examples of detention-based SCMs include 

constructed stormwater wetlands, wet ponds, and dry extended-detention ponds. While these 

SCMs vary in design features (e.g., normal pool depth and vegetation cover), most are designed 

to temporarily store runoff from the water quality event and then slowly release it over a required 

drawdown period (MDE 2009, PADEP 2006). Researchers worldwide have found that detention-

based SCMs — at least modestly — remove sediment, nutrients, metals and pathogens from 

stormwater runoff (CSWs: Greenway 2004, Hathaway and Hunt 2010, Wadzuk 2010; Wet 

Ponds: Barrett 2004, Hossain et al. 2005, Mallin et al. 2002; Dry Extended Detention Ponds: 

Hares and Ward 1999, Middleton and Barrett 2008). Despite their popularity, one drawback to 

detention-based SCMs is, because they are large-scale practices, their use is not always 

economical in urban and ultra-urban areas where land costs are high. 

All of these SCMs require proper design and maintenance to maximize their function for 

hydrologic and water quality improvement. Stormwater design manuals [e.g., Stormwater BMP 

Manual (NCDEQ 2012) and the Rainwater and Land Development Manual (ODNR 2006)] 

provide guidance on the design, construction, and maintenance of SCMs, but are updated 

infrequently and are often not locally-derived. This can lead to slow adoption of emergent 

technologies, stagnant crediting mechanisms based on rigid design standards, and broadly applied 

design guidance that does not consider site-specific characteristics like underlying soil type and 

retrofit constraints. Improving SCM function through targeted design, prescribed maintenance 



 

5 
 

plans, and retrofit applications is one of the primary drivers for continuing to update design 

standards and crediting mechanisms.  

This dissertation will address the performance of different SCMs in the urban and ultra-

urban environment. Results will inform design guidance and improve crediting mechanisms by 

verifying the performance of an emergent MTD, assessing hydrologic and water quality 

mitigation from a permeable pavement with an innovative design, modeling the annual hydrology 

of varying permeable pavement configurations under current and future climate scenarios, and 

modeling overflow volume from detention-based SCMs. 

1.2 Overview 

The research presented herein was focused on improving design guidance and 

implementation of urban and ultra-urban SCMs, including permeable pavement, MTDs, and 

detention-based SCMs. Chapters 2 and 3 describe monitoring results from a Filterra® MTD as a 

standalone unit and in series with a permeable pavement. Chapter 4 focuses on the water quality 

and hydrology of a permeable pavement implemented in a tight, clay soil with IWS. Chapters 5 – 

7 are related to permeable pavement modeling in DRAINMOD, including the calibration and 

validation process, an analysis of design alternatives, and assessment of permeable pavement 

performance under future climate scenarios. In Chapter 8, the change in overflow volume and 

loading reduction from detention-based SCMs is assessed under varying rates of temporary pool 

drawdown. 

As proprietary devices, the performance claims of MTDs vary widely and are mostly 

based on manufacturer testing. Because of this, many states require a strict testing protocol to 

approve MTDs for stormwater treatment [e.g., TARP (NJDEP 2009) and TAPE (WSDE 2011)]. 
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In Chapter 2, a Filterra® biofiltration device was studied to determine its effectiveness for 

stormwater treatment in Fayetteville, North Carolina. The Filterra® biofiltration system 

incorporates a planted tree into a box filter; it primarily treats runoff through filtration but also 

has modest potential for biological treatment via the planted tree (Lenth et al. 2010). The 

hydrology and water quality of the runoff treated by the retrofitted Filterra® unit was studied in 

accordance with the state of Washington’s Technology Assessment Protocol – Ecology (TAPE) 

(WSDE 2011), a testing protocol for emergent stormwater technologies that is accepted by 

several states, including North Carolina (NCDEQ 2012). 

Stormwater regulations sometimes allow the installation of multiple SCMs to achieve a 

targeted level of hydrologic and water quality improvement (e.g., 80% volume reduction, 40% 

total nitrogen removal), but the performance of SCMs in series has not been studied extensively. 

Of the few studies available, most have focused on water quality only and suggest ancillary 

treatment from secondary SCMs is minimal when pollutant removal mechanisms of the SCMs 

installed in series are similar (Hathaway and Hunt 2010, Winston et al. 2012, Brown et al. 2012). 

In Chapter 3, a permeable pavement and Filterra® biofiltration device were installed in series to 

treat stormwater runoff from a 0.08-hectare watershed in Fayetteville, North Carolina, a 

combination that has not previously been studied. The objective was to quantify the individual 

effect of each practice on volume reduction as well as pollutant concentration and load removal. 

From this study, some suggestions for implementing SCMs in series were made.    

Previous permeable pavement studies have mostly examined the hydrologic and water 

quality benefit of systems located over high conductivity soils that only treat direct rainfall and 

employ an underdrain at the bottom of the aggregate profile (e.g., Brattebo and Booth 2003, Bean 

et al. 2007, Roseen et al. 2012). Comparatively little research has been conducted on permeable 
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pavement systems sited over clay soils or that have used internal water storage (IWS) to improve 

exfiltration (e.g., Drake et al. 2014b, Wardynski et al. 2012) and therefore these configurations 

are not always encouraged or credited by regulatory agencies. The objective of the study 

presented in Chapter 4 was to examine the hydrology and water quality of a permeable pavement 

retrofitted over a low-permeability clay soil receiving runoff from an adjacent area and utilizing a 

15-cm IWS zone. Volume reduction, pollutant concentration reduction, and load reduction are 

highlighted. 

Long-term, continuous simulation models are valuable in predicting the hydrologic 

mitigation from various permeable pavement designs (e.g., what proportion of annual runoff 

becomes surface runoff, drainage, exfiltration, or evaporation), but a widely accepted model for 

permeable pavement does not currently exist. Previous studies have shown DRAINMOD, a long-

term continuous simulation water balance model can be calibrated to predict hydrology from 

another filtration-based SCM, bioretention (Brown et al. 2013, Winston 2016). Because 

bioretention and permeable pavement employ many of the same hydrologic mechanisms (e.g., 

drainage, exfiltration), it was hypothesized DRAINMOD could also be used to predict permeable 

pavement hydrology. In Chapter 5, DRAINMOD was calibrated to predict hydrology from five 

field-monitored permeable pavements (two in North Carolina and three in Ohio).  

Once the DRAINMOD models were calibrated, a permeable pavement design alternative 

analysis was conducted to determine the influence of permeable pavement design parameters on 

annual hydrology in North Carolina and Ohio. Motives for this analysis include understanding 

the influence of design variables on annual hydrologic performance and determining the expected 

hydrologic mitigation from retrofitted systems. The design alternative analysis presented in 

Chapter 6 quantifies the water balance for various combinations of aggregate depth, underdrain 
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configuration, run-on ratio, and underlying soil exfiltration rates. These simulations could be 

used by stormwater engineers and regulators to predict the hydrologic performance of many 

different design configurations and spur a more flexible design and crediting mechanism in North 

Carolina and Ohio.  

Because global and regional-scale models indicate climate change will impact the 

frequency and magnitude of extreme precipitation events, predicting how stormwater 

infrastructure will perform in the future is important to water engineers. To determine the impact 

of climate change on permeable pavements in Northern Ohio, in Chapter 7, the previously 

described DRAINMOD models were coupled with high-resolution, dynamically downscaled 

climate projections for the mid-21st century. Retrofit options and design guidance 

recommendations were made to maintain current levels of surface runoff (i.e., untreated bypass) 

in the future and ensure the systems in this region are resilient to climate change.   

The work presented in Chapter 8 explores whether the current NCDEQ (2012) 

recommendation of a 2-day drawdown for detention-based SCMs is adequate to treat 90% of 

annual stormwater runoff; this is equivalent to a maximum annual overflow volume of 10%. 

Most detention-based SCMs in NC have outlets (typically orifices) sized to draw down the 

temporary pool within 2 days (NCDEQ 2012), though drawdown rates of up to 5 days are 

allowed. The average annual overflow volume for a theoretical constructed stormwater wetland 

located in Raleigh, North Carolina, was quantified for drawdown periods ranging from 12 hours 

to 5 days. The percentages of overflow were compared to threshold overflow volumes of 10% 

and 15% for the purpose of making recommendations on whether a 2-day drawdown sufficiently 

treats 90% of stormwater runoff, or whether a more optimal design configuration exists 
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Chapter 2: Hydrologic and Water Quality Evaluation of a Filterra® 

Biofiltration Device 
 

 

2.1 Abstract  

Manufactured treatment devices (MTDs) are increasingly installed to treat pollutants 

from stormwater in urban areas, but few peer-reviewed studies have assessed their field-scale 

performance. The Filterra® biofiltration unit is a box filter combining high flow engineered 

media with potential for biological treatment from a planted tree. A Filterra® device was 

monitored for its impact on hydrology and water quality of runoff from a 0.10-ha impervious 

watershed in Fayetteville, North Carolina for 22 months. Undersizing of the system and clogging 

of the media bed likely caused 22% of runoff to bypass the system, but peak flows were 

significantly reduced (p < 0.0001) by a median 57%.  The Filterra® provided excellent 

stormwater treatment for sediment [total suspended solids (TSS) and suspended sediment 

concentration (SSC)], nutrients [total phosphorus (TP), total nitrogen (TN), total ammoniacal 

nitrogen (TAN), total Kjeldahl nitrogen (TKN)], and zinc (Zn) by significantly reducing event 

mean concentrations (EMCs) and total pollutant loadings. The device did not reduce 

nitrate/nitrite (NO2,3-N), total dissolved phosphorus (TDP), or copper (Cu). Nutrient 

concentrations of stormwater discharged from the Filterra® generally met “good” water quality 

thresholds established for the state of North Carolina. 

2.2 Introduction 

Manufactured treatment devices (MTDs) are increasingly being installed to meet federal 

and state stormwater regulations. The configuration of MTDs varies by product, but most include 

a mechanism for settling; some also employ filtration through an engineered media. MTDs are 
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typically installed underground or within catch basins and treat stormwater runoff at high flow 

rates. Because of their small footprint, MTDs can be a preferred option in ultra-urban areas 

compared to more land-intensive stormwater control measures (SCMs) (e.g., bioretention, 

constructed wetlands). 

A drawback of MTDs are that performance claims vary widely and are mostly based on 

manufacturer testing. An American Society of Civil Engineers (ASCE) task force to develop 

guidelines for evaluation of MTDs at the laboratory and field scale was established in 2007 (Guo 

et al. 2008). Subsequently, protocols were updated and/or developed to assess treatment by 

MTDs, including those for the state of New Jersey’s Technology Acceptance Reciprocity 

Partnership [TARP] (NJDEP 2009) and the state of Washington’s Technology Assessment 

Protocol – Ecology [TAPE] (WSDE 2011). These protocols require third-party testing of 

multiple storm events and focus first on quantifying sediment removal, as it is the primary 

parameter of interest for many regulatory agencies (Clark and Pitt 2008); treatment of additional 

pollutants may be awarded once sediment removal is verified.  

Despite available protocol for testing, peer-reviewed studies regarding the hydrologic and 

pollutant removal performance of MTDs are limited. While it is known traditional filter-based 

SCMs (e.g., bioretention and sand filters) employ filtration, adsorption and biological treatment 

to reduce effluent pollutant loads (Davis et al. 2009, Urbonas 1999), flow rates through MTDs 

can be much higher than non-proprietary SCMs. Testing indicates performance among MTDs 

varies widely and is dependent upon the contaminant of interest, the protocol used for testing, 

and the design of the system (Hipp et al. 2006, Geronimo et al. 2014, Kostarelos et al. 2011, 

Roseen et al. 2006, Sample et al. 2012). 
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The Filterra® biofiltration system incorporates a planted tree into a box filter. The device 

couples treatment at high flow rates via filtration through an engineered media with potential for 

additional biological treatment provided by vegetation (Lenth et al. 2010). Manufacturer and 

third-party testing indicate the Filterra® is capable of reducing pollutant concentrations including 

total suspended sediment, phosphorus, nitrogen, copper, and zinc (Contech 2015a, Lenth et al. 

2010, Yu and Stanford 2007), but previous studies have not followed industry-established 

protocols for testing. Additionally, hydrologic performance of the Filterra® has not been 

previously assessed. This study evaluates the performance of a Filterra® biofiltration system 

retrofitted to treat runoff from an impervious parking lot in Fayetteville, North Carolina. The 

analysis conducted herein followed the state of Washington’s TAPE (WSDE 2011), a testing 

protocol for emergent stormwater technologies. 

2.3 Methodology 

Filterra® Biofiltration Components and Sizing 

The Filterra® biofiltration unit is a proprietary flow-through filter consisting of a tree 

planted in an engineered media topped overlain by an 80-mm layer of mulch (Figure 2-1). Flow 

conveyed via curb and gutter enters the system through an open-throated curb inlet at a design 

flow rate of 60 mm/min (Lenth et al. 2010). Similar to conventional bioretention, an underdrain 

surrounded by washed aggregate discharges treated stormwater to existing drainage 

infrastructure. The maximum drainage area to each size of Filterra® is based upon the water 

quality design storm [in North Carolina, 25 mm or 38 mm for non-coastal and coastal counties, 

respectively (Withers and Ravenel 2008)]. Semi-annual maintenance (replacement of the mulch 

layer) is recommend for the Filterra® system (Contech 2015b). 
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Figure 2-1. Schematic of a Filterra® biofiltration unit (Courtesy of Contech Engineered 

Solutions). 

 

 

 

Site Description 

A 1.8-meter by 1.2-meter Filterra® unit was retrofitted into an existing catch basin at an 

AmtrakTM train station parking lot in Fayetteville, North Carolina, USA (Figure 2-2). Fayetteville 

receives 1049 mm of rainfall per year on average (NOAA 2015). The region is comprised of 

predominately sandy or sandy loam soils (Soil Survey 2015).  
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Figure 2-2. Location of Filterra® bioretention filtration unit at a city-owned AmtrakTM parking 

lot in Fayetteville, North Carolina. Watershed draining to the Filterra® is outlined in blue at 

the top of the picture. 

 

 

 

The retrofitted Filterra® system treated overland and gutter flow from 0.10 hectares of 

impervious asphalt parking lot through a modified curb cut (Figure 2-2). A crape myrtle 

(Lagerstroemia spp.) was selected as the tree genus by the manufacturer. Runoff was filtered 

through 0.5 meters of media before discharging to drainage infrastructure via a 100-mm diameter 

underdrain. Because of survey error, the Filterra® was slightly undersized by 17% (Withers and 

Ravenel 2008).   

The system was installed in September of 2012 and activated with media on October 2, 

2012. Maintenance of the Filterra® unit was performed on May 16, 2013, December 17, 2013, 

and October 20, 2014, by Contech Engineered Solutions, LLC staff. 
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Monitoring and Data Collection 

Hydrologic and water quality monitoring was conducted from February 2013 to 

December 2014. Rainfall was measured onsite using a manual and 0.25-mm resolution tipping-

bucket rain gauges affixed 1.8 meters above the ground. Influent, effluent (underdrain), and 

bypass flow rates and volumes were recorded using a combination of weirs and pipe-flow 

measuring devices (Table 2-1, Figure 2-3). The bypass pipe is not a usual component of the 

Filterra® system, but was used to measure the full water balance. At all three locations, 

monitoring equipment recorded flow rate by measuring the stage over the weir or pipe invert on 

two-minute intervals.  

 

 

 
Table 2-1. Monitoring methods at influent, effluent, and bypass locations. 

Location Flow Measuring Device Flow Measuring Equipment Sampling Equipment 

Influent Sharp-crested compound 

weira 
ISCO® 730 Bubbler Module 

ISCO® 6712 Full-Size 

Portable Sampler 

Effluent  
(a) Area – velocity meterb 

(b) Cipolleti weirc 

(a) ISCO® 750 Area Velocity Flow 

Moduleb  

(b) ISCO® 730 Bubbler Modulec 

ISCO® 6712 Full-Size 

Portable Sampler 

Bypass 200-mm PVC piped ISCO® 730 Bubbler Module - 
 

a Fitted into throat of Filterra® (Figure 2-3a). 
b Prior to September 11, 2013; measured at 100-mm underdrain. 
c After September 11, 2013; fitted onto 100-mm underdrain (Figure 2-3b). 
d Downslope of Filterra®; flow conversion via Manning’s equation (Figure 2-3c). 
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Figure 2-3. From left to right: influent compound weir, effluent Cipolleti weir, and overflow 

PVC pipe. 

 

 

 

Flow-proportional influent and effluent samples from the Filterra® unit were collected by 

ISCO 6712TM automated samplers. Samples were evaluated for event mean concentrations 

(EMCs) of total suspended solids (TSS), suspended sediment concentration (SSC), total 

ammoniacal nitrogen (TAN), nitrate/nitrite-nitrogen (NO2,3-N), total Kjeldahl nitrogen (TKN), 

total phosphorus (TP), total dissolved phosphorus (TDP), orthophosphate (ortho-P), total copper 

(Cu), and total zinc (Zn). Composite samples were collected within 24 hours of a storm event. A 

summary of laboratory methods, minimum detection limits (MDL), and relevant water quality 

thresholds for all analytes is given in Table 2-2. Influent and effluent water quality samples were 

also analyzed for particle size distribution using laser diffraction. Storms were analyzed provided 

flow-proportional sampling occurred for at least 70% of the hydrograph (by volume). 

The ISCO 730TM bubbler flow modules were calibrated during each site visit. Debris, 

trash and coarse sediment often inundated the stilling area of the inflow weir after storm events. 

Debris and trash were removed from the stilling area during each site visit; supplemental 

maintenance of the media bed and mulch was conducted solely by Contech Engineered 

Solutions, LLC staff. 

 

FLO
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Table 2-2. Stormwater quality parameters and minimum detection limits. 

Analyte Test method 

Method 

detection 

limit 

(mg/L) 

Laboratory 

Effluent 

concentration 

target (mg/L) 

TSS S.M. 2540D-1997a 1.0 ENCO Laboratories, Inc. (Cary, NC) 20e 

SSC ASTM D-3977b 1.0 NCSU Center for Applied Aq. Ecology (Raleigh, NC) - 

TKN EPA 351.2c 0.26 ENCO Laboratories, Inc. (Cary, NC) 0.40f 

NO2,3-N EPA 353.2c 0.025 ENCO Laboratories, Inc. (Cary, NC) 0.59f 

TAN EPA 350.1c 0.045 ENCO Laboratories, Inc. (Cary, NC) 0.04f 

TN TN = TKN+ NO2,3-N N/A  0.99f 

TP EPA 365.4c 0.025 ENCO Laboratories, Inc. (Cary, NC) 0.11f 

TDP EPA 365.4c 0.025 ENCO Laboratories, Inc. (Cary, NC) - 

Ortho-P EPA 300.0c 0.055 ENCO Laboratories, Inc. (Cary, NC) - 

Cu EPA 200.8d 0.002 NCDEQ DWR Metals and Microbiology Unit - 

Zn EPA 200.8d 0.010 NCDEQ DWR Metals and Microbiology Unit - 
a Eaton et al. (1995). 
b ASTM (2014). 
c United States Environmental Protection Agency (USEPA) (1993). 
d United States Environmental Protection Agency (USEPA) (1993). 
e Effluent concentration target as designated by TAPE (WSDE 2011). 
f Effluent concentration target associated with “good” benthic macroinvertebrate health ratings for the piedmont region of 

North Carolina (McNett et al. 2010).  

 

 

 

Data Analysis 

Hydrology 

Discrete hydrologic storm events were identified by a gap in precipitation equaling or 

exceeding six hours (Driscoll 1989). Rainfall intensities were adjusted by a scaling factor 

developed from the ratio between the manual and tipping bucket rain gauge depths. Conversion 

of stage data to flow rates (and subsequently, volumes) was performed in FLOWLINK Version 

5.1 (ISCO 2005). For each precipitation event exceeding 2.5 mm, hydrologic characteristics for 

the influent (IN), effluent (OUT), and bypass (BY) [volume (𝑉), peak flow (𝑄𝑝), and time to 

peak (𝑡𝑝)] were calculated and used to estimate total percent bypass [Eq. 2.1], as well as peak 

flow reduction [Eq. 2.2], peak flow reduction ratio [Eq. 2.3, Davis 2008] and peak delay ratio 
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[Eq. 2.4, Davis 2008] on a storm-by-storm basis. Significant differences in peak flow and time to 

peak were detected using t-tests when data were normally or log-normally distributed; otherwise 

the non-parametric Wilcoxon signed rank test was used.  All analyses were performed in the 

statistical software R 3.1.2 (R Core Team 2015). 

 %𝐵𝑌 = 
∑ 𝑉𝐵𝑌𝑖
𝑛
𝑖=1

∑ 𝑉𝐼𝑁𝑖
𝑛
𝑖=1

∗ 100 (2.1) 

 𝑄𝑅 =  
𝑄𝑝𝐼𝑁 − 𝑄𝑝𝑂𝑈𝑇+𝐵𝑌

𝑄𝑝𝐼𝑁
∗ 100  (2.2) 

 𝑅𝑝𝑒𝑎𝑘 =
𝑄𝑝𝑂𝑈𝑇+𝐵𝑌
𝑄𝑝𝐼𝑁

 (2.3) 

 𝑅𝑑𝑒𝑙𝑎𝑦 =
𝑡𝑝𝑂𝑈𝑇+𝐵𝑌
𝑡𝑝𝐼𝑁

 (2.4) 

 

Occasionally, influent runoff volumes exceeded the capacity of the compound weir, 

invalidating the stage-to-discharge rate relationship. When this occurred, the modified NRCS 

Curve Number Method was used to estimate influent runoff volume [Eq. 2.5] (Hawkins et al. 

2002), and the Rational Method was used to estimate influent peak flow [Eq. 2.6] (Kuichling 

1889).   

 

 𝑉𝐼𝑁 =
(𝑃 − 0.05𝑆0.05)

2

𝑃 + 0.95𝑆0.05
∗ 𝐴 ∗ 𝐶 (2.5) 

 

where 𝑉𝐼𝑁 = runoff volume (m3), 𝑃 = storm event precipitation depth (mm), 𝑆0.05 = modified 

maximum retention (mm) = (1.33 ∗
𝑆0.20

25.4

1.15
) ∗ 25.4, 𝑆0.20 = potential maximum retention (mm) 
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= (
1000

𝐶𝑁
− 10) ∗ 25.4, CN = Curve Number (98 for impervious surfaces), 𝐴 = watershed area 

(m2), and  𝐶 = conversion factor = (
1 𝑚

1000 𝑚𝑚
). 

 

 𝑄𝑝 = 2.76 ∗ 𝐶 ∗ 𝑖 ∗ 𝐴 (2.6) 

 

where 𝑄𝑝 = the peak flow rate (L/s), 𝐶 = Rational Coefficient (0.90 for impervious surfaces), 𝑖 = 

peak 5-minute rainfall intensity (mm/hr), and 𝐴 = contributing drainage area (hectares). 

Water Quality 

Summary statistics including range, median (�̃�), mean (�̅�), and standard deviation (SD) 

were calculated for all analytes. Multiple analytes had at least 10% of measured concentrations 

reported below the minimum detection limit (MDL) (also referred to as “censored” data). When 

the number of data points below the MDL was less than 10% of the sample size, half the 

minimum detection limit was used to calculate summary statistics (Clausen and Spooner 1993). 

When the number of data points less than the MDL was between 10% and 80%, robust 

regression-on-order statistics were performed to calculate summary statistics (Bolks et al. 2014). 

If the number of data points less than the MDL exceeded 80%, summary statistics were not 

calculated. Data for each parameter were evaluated for normal and log-normal distributions using 

the Shapiro-Wilk test and visual confirmation of residual plots. When less than 10% of data were 

censored and were of normal or log-normal distribution, paired t-tests were performed to 

determine significant differences in influent and effluent pollutant concentrations (alpha = 0.05). 

When data were more than 10% censored, the Peto and Peto modification of the Gehan-
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Wilcoxon test was used (Bolks et al. 2014). Median and mean removal efficiencies (RE) were 

also determined for all pollutants [Eq. 2.7]. 

 

 
 

𝑅𝐸𝑖 = (
𝐸𝑀𝐶𝐼𝑁 − 𝐸𝑀𝐶𝑂𝑈𝑇

𝐸𝑀𝐶𝐼𝑁
) ∗ 100 

(2.7) 

 

where 𝑖 = event 1, 2, 3,…, n, 𝐸𝑀𝐶𝐼𝑁 = inlet event mean concentration (mg/L), and 𝐸𝑀𝐶𝑂𝑈𝑇 = 

outlet event mean concentration (mg/L) . 

Influent and effluent pollutant loads were calculated for individual storm events [Eqs. 2.8 

and 2.9] and summed over the entire monitoring period. In Eq. 2.9, the calculation of outlet load 

includes the effluent load and the bypass load when applicable. Event-based and cumulative 

pollutant loading reductions were also assessed [Eqs. 2.10 and 2.11]. When data were censored, 

the concentration was estimated at half the MDL for load calculations. 

Influent Pollutant Load :  𝐿𝐼𝑁 = 𝐸𝑀𝐶𝐼𝑁 ∗ 𝑉𝐼𝑁 (2.8) 

Outlet Load : 𝐿𝑂𝑈𝑇 = 𝐸𝑀𝐶𝑂𝑈𝑇 ∗ 𝑉𝑂𝑈𝑇 + 𝐸𝑀𝐶𝐼𝑁 ∗ 𝑉𝐵𝑌 (2.9) 

𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑡𝑜𝑟𝑚 𝐿𝑜𝑎𝑑 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐿𝐸) = (1 −
𝐿𝑂𝑈𝑇
𝐿𝐼𝑁

) ∗ 100 (2.10) 

𝑆𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝐿𝑜𝑎𝑑𝑠 (𝑆𝑂𝐿) = (1 −
∑ 𝐿𝑂𝑈𝑇
𝑛
𝑖=1

∑ 𝐿𝐼𝑁
𝑛
𝑖=1

) ∗ 100 (2.11) 

where 𝐿𝐼𝑁 = influent load (mg), 𝐿𝑂𝑈𝑇 = outlet load (mg)  𝐸𝑀𝐶𝐼𝑁 = inlet EMC for event i (mg/L) 

and 𝐸𝑀𝐶𝑂𝑈𝑇 = outlet EMC for event i (mg/L), 𝑉𝐼𝑁 = total runoff volume for event i, 𝑉𝑂𝑈𝑇 = 

effluent volume for event i, and 𝑉𝐵𝑌 = bypass volume for event i. 
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Effluent concentration data for nutrients were compared to “good” water quality 

thresholds for the Piedmont region of North Carolina as described in McNett et al. (2010). 

Additionally, comparisons were made to the state of Washington’s TAPE (WSDE 2011), which 

is used to approve MTDs for sediment removal based on the range of influent TSS 

concentrations. TAPE designates a basic treatment target of greater than 80% TSS removal 

(influent concentration: > 200 mg/ L), greater than or equal to 80% TSS removal (influent TSS 

range: 100 – 200 mg/L), or an effluent TSS concentration less than or equal to 20 mg/L (influent 

TSS range: 20 – 100 mg/L). Once this TSS-based criterion is met, additional treatment for total 

phosphorus may be awarded by TAPE if removal of TP exceeds 50% when the influent range of 

TP is between 0.10 and 0.50 mg/L. Bootstrapping methods (Canty and Ripley 2014, Davison and 

Hinkley 1997) were used to determine the 95% confidence interval associated with the mean 

removal efficiency [Eq. 2.2] and mean individual load reduction [Eq. 2.10] per the TAPE 

protocol (WSDE 2011).  

Due to varying size of storm events and scope of the sampling regime, pollutant analysis 

for every sampling location was not possible for every storm event, therefore sample size varied 

for each pollutant.  

2.4 Results and Discussion 

Hydrology 

Volume Reduction and Bypass 

A summary of the rainfall measured during the monitoring period is given in Table 2-3. 

Over the 22-month monitoring period, a variety of conditions were observed, including a peak 5-

minute intensity exceeding the 1-year, 5-min storm and a prolonged dry period of 31 days.  
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Table 2-3. Analysis of all 125 hydrologic storm events from February 2013 to December 2014. 

  2013 - 2014 
Feb. - Dec. 

2013 

Jan. - Dec. 

2014 

  
Depth 

(mm) 

Average 

intensity 

(mm/hr) 

5-min peak 

intensity 

(mm/hr) 

Catchment 

peak flow 

(L/s) 

Antecedent 

dry period 

(days) 

Depth (mm) Depth (mm) 

Range 2.5 - 125.5 0.2 - 55.9 3.0 – 143.3 0.1 – 38.1 0.3 - 31.3 2.5 - 125.5 2.5 - 92.5 

Median 10.2 1.8 25.9 5.7 2.6 10.3 8.9 

Mean 16.3 4.5 35.8 8.9 4.5 15.8 16.9 

Total 2036 - - - - 1073 963 

n 125 - - - - 68 57 

 

 

 

Seventy-two percent of runoff was filtered and treated by the Filterra®, while 22% 

bypassed the system via the overflow pipe (Table 2-4). The remaining 6% of unaccounted runoff 

volume losses was a composite of instrumentation error and temporary soil storage (e.g., 

evapotranspiration). The bypass volume exceeded the threshold of 10% untreated overflow 

targeted by the North Carolina Department of Environmental Quality [NCDEQ] (NCDEQ 2009). 

Two probable reasons this threshold was not met include (1) undersizing of the Filterra® device, 

and (2) surface clogging due to decreased maintenance activity in 2014. 

 

Table 2-4. Fate of runoff treated by Filterra® unit for 125 hydrologic storms from February 

2013 to December 2014. 

 2013 - 2014 Feb. 2013 - Dec. 2013 Jan. 2014 - Dec. 2014 

  
Total 

Volume (m3) 

Percent of 

Inflow (%) 

Total 

Volume (m3) 

Percent of 

Inflow (%) 

Total 

Volume (m3) 

Percent of 

Inflow (%) 

Inflow 1527 - 798 - 730  

Outflow 1103 72 637 80 466 64 

Bypass 337 22 123 15 215 29 

Other 87 6 38 5 49 7 

 



 

26 
 

The percent of untreated bypass varied widely between the 2013 and 2014 years. From 

February 2013 to December 2013, untreated bypass was equivalent to 15% of the inflow volume. 

Total rainfall during this time period (1073 mm) represented the 80th percentile rainfall for the 

same period (February – December), historically. Overflow exceeding the 10% threshold in 2013 

is likely a compound of both an undersized system and a higher than average rainfall year. In 

2014, bypass increased to 29% of the annual fate, despite a 14th-percentile annual rainfall year 

(963 mm); this dichotomy represents a factor external to rainfall, suspected to be clogging at the 

media surface. The bypass percentages were compared to data from Smolek et al. (2015), which 

calculated percent of total inflow volume bypassed around traditional detention-based SCMs in 

North Carolina (e.g., wetland or wet retention pond). Despite hydrologic goals targeting 10% 

bypass, detention-based SCMs with at least 3-day drawdown times can exceed 16% bypass of 

inflow. In 2013, when the system was properly maintained, the volume bypassing the Filterra® 

was comparable to detention-based SCMs with a 3-day drawdown.  

A “hockey-stick” piece-wise linear regression (Muggeo 2008, Vieth 1989) was used to 

determine whether the 25-mm storm event was treated by estimating the rainfall depth where (a 

significant change in) bypass occurred. The analyses were separated by year (2013 and 2014, 

Table 2-5 and Figure 2-4). Estimated breakpoints indicate the inflection point separating two 

lines with statistically different slopes. If the 95% confidence interval of a slope contains 0, then 

the line can be judged “flat” (e.g, no significant bypass occurs before this rainfall depth). This 

analysis was also performed for 5-minute peak rainfall intensity, but no identifiable trends were 

observed. 
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Table 2-5. Regression estimates of rainfall depth breakpoints, and segment slopes by year. 

Bracketed values represent the 95% confidence interval around the estimated slopes. 

Time 

Period 

Est. 

Breakpoint 

(mm) 

Std. 

Error 

Segment A Segment B 

x-int. 

(mm) 
Slope Slope 

2013 17.8 2.6 - 0.05 [-0.04, 0.14] 0.29 [0.26, 0.32] 

2014 70.6 6.4 6.0 0.31 [0.19, 0.42] 1.14 [0.50, 1.78] 

 

 

 

 

Figure 2-4. Piece-wise regression of storm depth and overflow volume (normalized to a depth 

value) for two time periods: (a) 2013 and (b) 2014.  

 

 

 

In 2013, the estimated breakpoint was 17.8 mm of rainfall, which is below the 25 mm 

treatment target. The confidence interval of the first slope spans zero, indicating precipitation 

events smaller than 17.8 mm were sufficiently treated. This further implies undersizing of the 

system decreased hydrologic function; were the Filterra® adequately sized, the breakpoint should 

be higher. While the 2014 regression had an estimated breakpoint at 70.6 mm, the slope of the 

first segment was not zero (95% CI: 0.19 – 0.42), meaning bypass was predicted at a lower 
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rainfall threshold than in 2013. The bypass threshold for 2014 was estimated at 6.0 mm using the 

x-intercept of the first segment. Maintenance records indicate the Filterra® was serviced only 

once in 2014 (October 20), as opposed to biannual servicing in 2013. Progressive clogging of the 

media bed caused the capacity of the Filterra® to be exceeded more frequently in 2014 

(approximately 52% of events in 2014 exceeded weir capacity compared to 24% in 2013). These 

data suggest the system needed to be maintained at least twice a year, as recommended by the 

manufacturer. 

Peak Flow 

The Filterra® unit’s primary hydrologic function for stormwater management was peak 

flow reduction (Table 2-6). Despite bypass occurring for approximately 30% of precipitation 

events, the Filterra® significantly reduced peak flows (p < 0.00001, via a Wilcoxon signed rank 

test) by a median of 57% (Table 2-7). Peak flow mitigation was probably a function of storage in 

the parking lot; when the capacity of the Filterra® was exceeded, a depression near the throat of 

the Filterra® created a temporary reservoir for runoff to pond. The filter media had a finite flow-

through rate, which by causing parking lot storage, restricted flow. The theoretical maximum 

flow rate through the underdrain was calculated to be 31 L/s using a simple orifice model of the 

150-mm perforated underdrain (assuming 15% perforated). The maximum flow rate measured 

from the underdrain was 8.38 L/s, suggesting the underdrain never reached maximum capacity. 

Further examination of underdrain hydrographs showed flashy peaks as opposed to the gradual 

drawdown observed in orifice or underdrain-controlled systems (He and Davis 2011, DeBusk 

2013). This indicates the Filterra® media, and not flow through the underdrain, was likely the 

limiting process for flow through the system. Progressive clogging of the media also contributed 



 

29 
 

to flow mitigation through the filter, but increased susceptibility to bypass for larger and more 

intense storms.   

 

Table 2-6. Summary of peak flow for all hydrologic events (n =125 storms) 

  
Median Qp (L/s) 

75th Percentile 

Qp (L/s) 

90th Percentile 

Qp (L/s) 

Maximum Qp 

(L/s) 

Influent 5.67 13.36 21.62 38.06 

Effluent 1.56 2.45 3.74 8.38 

Bypass 0 2.92 7.16 13.34 

Outlet (Effluent + Bypass) 2.29 5.38 10.68 16.17 

 

 

 

Davis (2008) suggested a target peak flow reduction ratio of 0.33 for bioretention SCMs 

to meet pre-development hydrology, with lower ratios indicating more peak flow reduction. The 

median peak flow ratio for the Filterra® system for all storm events was 0.44 (Table 2-7), which 

is noteworthy considering the high flow-through filter has a much lower capacity for storage 

compared to bioretention (Hunt et al. 2012). The time to peak outflow from the Filterra® did not 

vary significantly from the time to peak inflow (p-value = 0.766, via the Wilcoxon signed rank 

test). The median peak delay ratio was 1.02 with a median lag to peak of 2.0 minutes. Davis 

(2008) presented a target peak delay ratio of 6.0 to best mimic pre-development hydrology; the 

Filterra® met this target less than 10% of the time. As a flow-through filter, the system did not 

function in delaying peak outflows to the existing drainage infrastructure. 

 

Table 2-7. Peak flow reduction and delay (n =125 storms) 

  
QR (%) 

Rpeak 

(unitless) 

Rdelay 

(unitless) 

Median 56 0.44 1.02 

Mean 50 0.50 2.54 

Range -110 - 100 0 - 2.11 0.09 - 112.00 
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Regulations in North Carolina and many other states (MDE 2009, NCDEQ 2009, PADEP 

2006) target reduction of peak flows from larger recurrence interval storms (e.g., 1-year and 10-

year recurrence). The North Carolina Administrative Code 15A NCAC 02H .1008(h)(2) requires 

the post-development discharge rate for a watershed with an SCM not to exceed the peak flow of 

the pre-developed condition of the watershed for the 1-year, 24-hour storm (NCAC 2008). 

Assuming an unimproved pre-developed condition [runoff coefficient “C” = 0.30, Chin 2006], 

the peak outflow (effluent + bypass) from the Filterra® was compared to peak flow curves for 

pre-development and post-development developed via the Rational Method [Eq. 2.6] (Figure 2-

5). A linear fit of the peak outflow from the Filterra® slightly exceeded estimated pre-

development conditions. At the 1-year intensity (131.3 mm/hr), peak outflow measured from the 

Filterra® was about 25% greater than that of the pre-development peak flow, but 60% less than 

that of post-development flow. For regulatory purposes, the Filterra® did not meet the criterion 

of reducing peak flows to pre-development conditions. 
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Figure 2-5. Plot of Filterra® combined peak outflow (underdrain + bypass) plotted and 

linearly-fit in comparison to pre-development and post-development theoretical peak flows. 

Runoff coefficient “C” = 0.30 and 0.90 for pre- and post-development watersheds (Chin 2006), 

respectively, and a time of concentration of 5 minutes. 

 

 

 

Water Quality 

Mean rainfall depths were similar to the overall distribution for pollutants with sample 

sizes larger than 20; pollutants with sample sizes less than 20 (e.g., Cu and Zn) tended to have a 

higher median and mean due to these pollutants only being collected when sample volume was 

large enough to analyze all pollutants (Table 2-8). The percentage of rainfall analyzed for water 

quality ranged from 15% (metals) to 27% (nitrogen species) of total rainfall measured during the 

monitoring period.  
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Table 2-8. Precipitation depths of sampled storm events.  

  TSS SSC 
Phosphorus 

Species 
Nitrogen Species Metals 

Range (mm) 2.5 - 49.5 6.4 - 49.5 2.5 - 49.5 2.5 - 49.5 11.7 - 43.4 

Median (mm) 15.4 18.3 15.2 15.2 20.6 

Mean (mm) 17.7 20.1 16.9 16.6 22.6 

Total (mm) 494 423 540 549 293 

n 29 22 33 34 13 

 

 

 

In general, stormwater treated by the Filterra® was of better quality than the untreated 

runoff (Tables 2-9 and 2-10). Sediment and sediment-bound pollutants (e.g., TSS, TKN, TP, Cu) 

were filtered by the media at removal rates comparable to those in bioretention literature (Davis 

et al. 2009, Roy-Poirier et al. 2010, Hunt et al. 2012), while aqueous and dissolved pollutants 

(e.g., TDP and NO2,3-N) were generally unchanged.  
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Table 2-9. Summary statistics for event mean concentrations of all pollutants. Significant values are bolded. 

Pollutant Location <MDL (%) 

Event Mean Concentration (mg/L) 

n Range �̃� �̅� SD 

In vs. Out 

Significance 

p-value 

Median 

Removal 

Efficiency 
 

𝑹�̃� 

Mean  

Removal 

Efficiency 
 

𝑹𝑬̅̅ ̅̅  [95% CI] 

TSS 
IN 0 

29 
20 -730 68 122 137 

< 0. 00001e 94 92 [90 - 94] 
OUT 0 1 - 16 4 5 4 

SSC 
IN 0 

22 
12 - 353 82 118 95.46 

< 0.00001e 97 94 [92 - 97] 
OUT 0 1 - 12 3 4 2.78 

TP 
IN 0 

33 
0.03 - 0.59 0.100 0.132 0.115 

< 0.00001f 62 54 [43 -65] 
OUTa 27 < MDL - 0.14 0.038 0.047 0.031 

TP (TAPE) 
IN 0 

16 
0.11 - 0.30 0.185 0.208 0.121 

<0.00001f 70 66 [57 - 75] 
OUTb 6 < MDL - 0.09 0.052 0.063 0.037 

TDP 
INa 58 

31 
< MDL - 0.39 0.018 0.049 0.077 

0.352f 0 -3 [-25 - 21] 
OUTa 61 < MDL - 0.08 0.016 0.024 0.021 

OP 
INc 94 

32 
--- --- --- --- 

--- --- --- 
OUTc 100 --- --- --- --- 

TNd 
IN - 

34 
0.35 - 2.62 1.06 1.17 0.63 

0.0002e 35 33 [21 - 44] 
OUT - 0.26 - 2.10 0.53 0.71 0.46 

TAN 
INa 32 

34 
< MDL - 0.57 0.09 0.15 0.16 

0.0299f 39 13 [-17 - 44] 
OUTa 47 < MDL - 0.42 0.05 0.07 0.09 

TKN 
IN 0 

34 
0.34 - 2.40 0.99 1.08 0.57 

<0.00001f 44 43 [34 - 53] 
OUTa 12 < MDL - 1.40 0.46 0.56 0.32 

NO2,3
—N 

INa 15 
34 

< MDL - 0.45 0.11 0.13 0.10 
0.0974f -53 -97 [-168 to -28] 

OUTa 12 < MDL - 0.80 0.15 0.18 0.16 

Cu 
INb 8 

13 
< MDL - 0.027 0.0073 0.0080 0.0069 

0.5954e 28 -10 [-54 - 31] 
OUT 0 0.002 - 0.012 0.0049 0.0062 0.0034 

Zn 
INb 8 

13 
< MDL - 0.180 0.049 0.059 0.047 

0.0019e 74 66 [53 – 79] 
OUTa 46 < MDL - 0.035 0.013 0.018 0.010 

a Robust regression on order statistics were used (Bolks et al. 2014). 
b For data reported below detection limit, simple substitution of ½ the min. detection limit was performed. 
c More than 80% of data were below detection limit. No population statistics computed. 
d Calculation of total nitrogen assumed ½ the detection limit when TKN or NO2,3-N data were censored. 
e Paired t-test with log-transformed EMCs. 
f Peto & Peto modification of Gehan-Wilcoxon test. 
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Table 2-10. Summary statistics for pollutant loading. Significant values are bolded. 

Pollutant Location 

Loadinga (g) 

Range �̃� �̅� SD 

In vs. Out 

Significance p-

value 

Median 

Load 

Efficiency 

 

𝑳�̃� 

Mean 

Load 

Efficiency 

 

𝑳𝑬̅̅ ̅̅  [95% CI] 

Summation 

Of Loads 

 

SOL 

(all storms) 

SOL 

(only 

storms 

with no 

bypass) 

TSS 
IN 56 - 11869 886 1387 2215 

<0.00001b 80 81 [77 -86] 76 96 
OUT 6 - 3982 111 339 760 

SSC 
IN 322 - 3727 1203 1429 1058 

<0.00001b 77 

 
79 [74 - 84] 77 98 

OUT 7 - 1128 154 329 362 

TP 
IN 0.07 - 4.72 0.80 1.130 1.02 

<0.00001c 63 55 [44-66] 54 75 
OUT 0.00 - 3.07 0.32 0.52 0.62 

TP (TAPE) 
IN 0.15 - 4.72 1.21 1.51 1.24 

<0.00001b 72 66 [56 - 76] 58 84 
OUT 0.05 - 3.07 0.32 0.63 0.81 

TDP 
IN 0.01 – 1.77 0.19 0.43 0.48 

0.2373 19 15 [-7 -36] 41 40 
OUT 0.00 – 0.77 0.20 0.24 0.22 

OP 
IN --- --- --- --- 

--- --- --- --- --- 
OUT --- --- --- --- 

TN 
IN 0.15 - 31.10 7.51 11.15 8.67 

<0.00001c 45 40 [29-50] 39 45 
OUT 0.00 - 21.25 5.35 6.77 5.22 

TAN 
IN 0.02 - 7.87 0.74 1.30 1.65 

<0.00001c 39 22 [-6 - 50] 39 40 
OUT 0.00 - 1.95 0.65 0.67 0.55 

TKN 
IN 0.10 - 30.89 7.02 10.06 7.93 

<0.00001c 50 47 [38-57] 46 54 
OUT 0.00 - 21.05 4.52 5.45 4.77 

NO2,3
—N 

IN 0.04 - 8.17 0.65 1.09 1.53 
0.1347c -1 -51 [-100 to -1] -1 -40 

OUT 0.00 - 7.28 0.83 1.33 1.51 

Cu 
IN 0.03 - 0.19 0.09 0.09 0.05 

0.3054c 25 -6 [-46 – 35] 14 -11 
OUT 0.02 - 0.15 0.08 0.08 0.04 

Zn 
IN 0.20 - 1.71 0.68 0.75 0.54 

0.0002c 62 [48 – 68] 63 10 
OUT 0.02 - 0.76 0.26 0.28 0.19 

a Loading efficiency based on substituting half the detection limit if data were censored. 
b Paired t-test with log-transformed loadings. 
c Wilcoxon signed rank test.
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Sediment 

Filtration provided by the Filterra® provided statistically significant reductions in TSS 

and SSC. While TSS is a commonly-used metric in stormwater quality analysis, SSC has been 

shown to be a more reliable technique for measurement of particles exceeding 50 microns (Gray 

et al. 2000, Guo 2006). Approximately 70% of measured influent sediment exceeded 50 microns 

(Table 2-11), suggesting SSC might be a better analyte for sediment removal herein. Still, TSS 

and SSC were well correlated in the study (R2=0.89) and similar conclusions were attained for 

both analytes. Despite a large variation in influent sediment concentration (TSS: 20 – 730 mg/L, 

SSC: 12 - 353 mg/L), the measured concentrations after treatment by the Filterra® never 

exceeded the TAPE-established 20 mg/L threshold for influent concentrations between 20 mg/L 

and 100 mg/L. The 95% confidence interval of the mean removal efficiency exceeded 90% for 

both TSS and SSC, meeting both the secondary target set by TAPE (requiring 80% removal of 

influent concentrations greater than 100 mg/L) and the 85% TSS pollutant removal credit 

awarded to bioretention by NCDEQ (2009). This Filterra® unit significantly and substantially 

reduced sediment in runoff.  

However, the effective filtration of particles likely led to clogging of the media bed, as 

evidenced by increased bypass in 2014. The old and deteriorating asphalt surface course of the 

drainage area contributed a high loading of coarse sediment. Coupling the more frequent 

occurrence of untreated bypass with high influent sediment concentrations, load efficiencies, 

while still significantly reduced, were 10-20% lower than EMC removal efficiencies. More than 

85% of outlet load was attributed to untreated bypass (Figure 2-6). When storms that did not 

produce bypass were isolated for the load calculations, the overall load efficiency of the system 

increased to greater than 95% for both TSS and SSC. Proper sizing of the system and more 
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frequent maintenance would thus be expected to have a large impact on reducing sediment 

loading. 

 

 

Figure 2-6. Exceedance probability plots (left) and cumulative load (right) for total suspended 

solids (n = 29) and suspended sediment concentration (n = 22).  

 

 

 

Examination of inlet and outlet PSDs provided insight on particle removal for different 

particle sizes from the Filterra®. Inlet PSDs were determined from 15 storm events, but only four 

outlet PSDs were obtained due to lack of sufficient material for laser diffraction analysis. For 

each PSD with paired inlet and outlet data, particle diameters were determined for the 10th, 30th, 

50th, 60th, and 90th percent-finer-than values (hereafter referred to as d10, d30, d50, d60, and d90, 

respectively; Table 2-11).  

The percent reduction between inlet and outlet particle size exceeded 65% for larger 

particles (d90, d60) and decreased with decreasing particle size bin; removal of particles less than 

50 μm was approximately half that of larger particles. The Filterra® unit thus removed sand-

sized particles (greater than 50 μm) more easily than clay and slit sized particles (less than 50 
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μm), and shifted the PSD towards a dominance of small, hard-to-capture particles. This is a 

common feature of filtration devices but further provides evidence of susceptibility to clogging of 

the media bed. Li and Davis (2008) determined a majority of sediment trapping occurs in the 

upper 50 – 100 mm of media; thus, more frequent removal of the upper mulch layer is expected 

to reduce clogging. 

 

Table 2-11. Summary of average particle diameters for critical particle size diameters for 

paired events (n = 4). 

 D10 D30 D50 D60 D90 

Influent (µm) 27.4 73.8 175.3 241.9 872.0 

Effluent (µm) 17.0 44.6 69.1 83.0 226.7 

% Reduction 38% 40% 61% 66% 74% 

 

 

 

Phosphorus 

Effluent TP concentrations met the “good” water quality target (0.11 mg/L) established 

by McNett et al. (2010) 91% of the time (Figure 2-7). TAPE criterion requires a minimum of 

50% TP removal when influent concentrations range from 0.1 – 0.5 mg/L. For 16 TAPE-

qualified events, bootstrapped 95% confidence intervals on both the mean RE (95% CI: 57% - 

75%) and the mean LE (95% CI: 56% - 76%) bettered this target. Additionally, the mean RE 

exceeded the regulatory credit of 45% phosphorus removal awarded to bioretention by NCDEQ 

(2009). Phosphorus removal by the Filterra® is comparable to that of bioretention studies 

conducted in North Carolina (Hunt et al. 2008, Passeport et al. 2009). 
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Figure 2-7. Exceedance probability plots (left) and cumulative load (right) for total phosphorus 

(n = 33) and total dissolved phosphorus (n = 31). 

 

 

 

High removal rates of TP might be expected given that, on average, only 30% of the 

influent TP was dissolved. The average proportion of effluent phosphorus in the dissolved form 

increased to 65%, indicating filtration and sedimentation of particulate-bound phosphorus 

occurred, while dissolved-P persisted. Removal of TDP was variable and insignificant. The shift 

in composition from majority particulate-P to majority dissolved-P is due to the lack of a defined 

removal mechanism for TDP within the Filterra® system. In media-based stormwater filters, 

TDP is typically removed through the processes of adsorption, surface precipitation, and 

(limited) biological uptake (Bratieres et al. 2008, Lucas and Greenway 2008, Smith 2003). These 

processes can be enhanced by vegetation and media amendments [e.g., fly ash (Zhang et al. 

2008), metal-oxides (Hunt et al. 2012, Lucas and Greenway 2011, Reddy et al. 2014), and steel 

wool (Erickson et al. 2007)]. Because composition of the Filterra® media is proprietary, the 

exact mechanisms for TDP removal were not determined herein. If the media does not contain a 
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highly reactive amendment, the minimal retention time of runoff within the Filterra® is likely 

insufficient to facilitate adsorption and precipitation processes. Ortho-P was also analyzed but 

concentration levels failed to exceed the MDL and could not be evaluated. 

Cumulative TP load removal was 54%, compared to 41% load removal of TDP. When 

events that did not generate bypass were excluded from SOL calculations, cumulative loading 

removal increased to 75% for TP but remained similar for TDP (40%), further demonstrating the 

different removal processes occurring for TP and TDP. Still, effluent TP and TDP concentrations 

were typically quite low, and often less than the MDL and effluent water quality thresholds 

established for North Carolina (McNett et al. 2010). 

Nitrogen 

McNett et al. (2010) determined the effluent TN concentration threshold correlating to 

“good” benthic macroinvertebrate health in the piedmont of North Carolina was 0.99 mg/L. 

Seventy-five percent of effluent TN concentrations met this “good” threshold (Figure 2-8). The 

mean RE and mean LE for TN was 35% (95% CI: 21% - 44%) and 45% (95% CI: 29% - 50%), 

respectively, with an overall load efficiency of 39%. This load reduction is comparable to, but 

slightly lower than, the 40% - 56% reported in other North Carolina bioretention studies (Hunt et 

al. 2006, Passeport et al. 2009, Davis et al. 2009). When loading attributed to untreated bypass 

was not included into the analysis, cumulative load efficiency increased to 45%. 
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Figure 2-8. Exceedance probability and cumulative load for total nitrogen and nitrogen species 

(n = 34). 

 

 

 

In a media-based vegetated filter, the primary pollutant removal mechanisms of nitrogen 

include filtration of particulate-N, immobilization, plant uptake, and denitrification (Furhmann 

2005). Given the primary pollutant removal mechanisms of the Filterra® are filtration and 

sedimentation, the largest reductions were observed for organic nitrogen (ON) [ON = TKN – 

TAN], a primarily sediment-bound form of nitrogen. However, reduced forms of nitrogen (ON, 

NH4
+) can also be retained within the soil by immobilization (the process when ammonium is 

assimilated into the biomass of microbes and plants) and further transformed into NO2,3-N via 

nitrification (Reddy and DeLuane 2008). Both these processes could be facilitated by the planted 

tree and contributed to modest additional reduction of TKN and TAN. TKN and TAN were 

significantly reduced by mean REs of 44% and 39%, respectively; these reductions were the 

primary reason for the overall reduction of TN. Despite this, effluent concentrations of TKN and 

TAN generally exceeded water quality guidelines from McNett et al. (2010). The “good” water 

quality threshold was only met 37% and 47% of the time for TKN and TAN, respectively. 
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Concentrations of NO2,3-N were greater after passing through the Filterra®, although not 

significantly at the 0.05-alpha level (p-value = 0.0974). Increases in NO2,3-N are attributed to 

nitrification of NH4
+. This process has been documented in several other bioretention studies 

lacking saturated conditions (Davis et al. 2001, Dietz and Clausen 2006, Hunt et al. 2006). Under 

aerobic conditions, NH4
+ is readily oxidized to NO3

-, a more stable, soluble and mobile form of 

nitrogen that does not readily sorb to bioretention media (Davis et al. 2006; Clark and Pitt 2012). 

Denitrifying NO3
- to N2 gas requires anaerobic conditions and the presence of organic carbon. 

The Filterra® system does not incorporate a mechanism to create anaerobic conditions, thus 

concentrations of NO3
- tended to persist or even increase in the effluent. Despite the observed 

increases, the median effluent concentration of NO2,3-N (�̃�NO2,3−N = 0.15 mg/L) was less than the 

0.28 – 0.43 mg/L reported in other North Carolina bioretention studies (Hunt et al. 2006, Hunt et 

al. 2008, Passeport et al. 2009). 

Metals 

Figure 2-9 displays the boxplot distribution of EMCs and cumulative load for Cu and Zn. 

The sample size for analysis of Cu and Zn was much lower than other pollutants (n = 13). As 

heavy metals in stormwater are primarily removed through filtration and adsorption, removal of 

metals was expected to be high and primarily attributed to filtering of particulate-bound metals. 

A study by Liu et al. (2005) found engineered media requires a very short contact time for 

adsorption of metals to occur (less than 1 minute), so adsorption of dissolved metals was also a 

potential mechanism through the high flow-rate filter. The mean influent Cu concentration of 8 

µg/L was not significantly different from that of the effluent (p = 0.594). Total zinc, however, 

was significantly reduced, with a mean RE of 66%, and mean effluent concentration of 0.018 
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mg/L. Differences in the removal of Cu and Zn likely indicate variations in the proportion of 

each pollutant in the dissolved form. Removal rates of Zn are consistent with bioretention, which 

are reported in the 50-99% range (Davis et al. 2009, Roy-Poirier et al. 2010). Since a majority of 

heavy metal removal occurs in the upper 5-10 cm of the bioretention media (Li and Davis 2008), 

periodic removal of the top few centimeters of media should extend the treatment life of the 

media-based filter by ensuring the media does not become saturated (Hunt et al. 2012). 

 

 

Figure 2-9. Boxplot distribution and cumulative load for copper and zinc (n = 13). 

 

 

 

2.5 Summary and Conclusions 

The hydrologic and water quality treatment provided by a Filterra® biofiltration device 

was evaluated for 22 consecutive months. The analyses were performed in accordance with a 

protocol for assessment of MTDs, the state of Washington’s TAPE (WSDE 2011). Comparisons 

were also made to pollutant removal credit awarded by NCDEQ (2009) to bioretention SCMs 

and to water quality thresholds in North Carolina (McNett et al. 2010).  
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The principal hydrologic benefit was peak flow mitigation. Despite bypass occurring for 

larger events, the Filterra® device significantly reduced peak flow (median: 57%), with effluent 

peak flows slightly exceeding pre-development hydrology. This is probably due to the parking lot 

serving as a temporary reservoir when the capacity of the Filterra® was exceeded. While 22% of 

runoff bypassed the system, data from Smolek et al. (2015) show this is only slightly the 

expected overflow from widely implemented detention-based SCMs in North Carolina (e.g., a 

wetland or wet pond). In 2013, significant bypass did not occur until 17 mm of rainfall; this was 

reduced to 6 mm in 2014. Bypass in year 1 of monitoring was attributed to modest SCM 

undersizing, whereas accumulation of sediment in the media and decreased maintenance in year 

2 likely lowered the runoff threshold in 2014.  

Filtration and sedimentation provided by the Filterra® caused significant removal of 

sediment and other particulate-bound pollutants (e.g., TP, TKN, Zn). Removal of TSS (mean RE: 

94%) and TP (mean RE: 66%) met TAPE criteria for approval as a manufactured treatment 

device (80% removal and 50% removal for TSS and TP, respectively). Removal efficiencies for 

TSS, TP, and TN also exceeded those awarded to bioretention by NCDEQ (2009). Removal of 

dissolved and aqueous pollutants was more variable. While cumulative loading removal was 

observed for TDP, effluent concentrations were not significantly reduced. NO2,3-N export 

occured; this finding is typical of systems that do not have mechanisms for denitrification.  

Water quality of discharged and treated stormwater generally met “good” water quality 

thresholds in the literature (McNett et al. 2010). Effluent TP concentrations met the 0.11 mg/L 

“good” target for over 91% of all measured events. The “good” TN threshold concentration of 

0.99 mg/L was met or exceeded for 75% of measured events. Effluent TSS concentrations also 

never exceeded the effluent concentration target of 20 mg/L established by TAPE.  
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The combination of these results suggest the Filterra® is an effective MTD for treating 

stormwater from small impervious watersheds. When in good working order, this Filterra® 

performed comparably to bioretention, with the notable exception of volume mitigation. 

Limitations of its use include (1) clogging susceptibility and (2) limited removal of dissolved 

pollutants. Because of its small footprint, maintenance is key, as skipping even one “visit” led to 

degradation of performance. Future studies with higher pollutant loadings (perhaps from 

watersheds with a high gross solids and leaf litter loading) will provide a better assessment of the 

function of the device under augmented “clogging” pressure.  
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Chapter 3: Hydrologic and Water Quality Evaluation of a Permeable 

Pavement and Biofiltration Device in Series 
 

 

3.1 Abstract 

Two stormwater control measures (SCMs) installed in series were monitored for their 

individual impact on hydrology and water quality of stormwater runoff from a 0.08-hectare 

watershed in Fayetteville, North Carolina, for 22 months. Runoff was first treated by permeable 

interlocking concrete pavement (PICP), the underdrain of which discharged into a proprietary 

box filter, a Filterra® biofiltration device, which combined high flow engineered media with 

modest biological treatment from a planted tree. Due to a deteriorating contributing drainage area 

and high ratio of impervious area to permeable pavement area (2.6:1), clogging of the permeable 

pavement surface caused an estimated 38% of stormwater to bypass as surface runoff. Fifty-

seven percent of runoff volume infiltrated underlying soils, and the remaining 5% exited the 

Filterra® as treated effluent; the hydrologic benefit of the Filterra® was minimal, as expected. 

Primary treatment through the PICP significantly reduced event mean concentrations (EMCs) of 

total suspended solids (TSS), total phosphorus (TP), total nitrogen (TN), and total Kjeldahl 

nitrogen (TKN) but contributed to a significant increase in nitrate/nitrite (NO2,3-N) 

concentrations. Secondary treatment by the Filterra® further reduced TSS and TP concentrations 

and supplemented nitrogen removal such that treatment by the overall system was reduced for 

TSS [removal efficiency (RE): 96%], TP [RE: 75%], TN [RE: 42%], and TKN [RE: 51%], and 

unchanged for NO2,3-N. Despite EMC reductions, additional load reduction due to the Filterra® 

was modest (less than 2%). This was because (1) a majority of pollutant load was removed via 

PICP exfiltration losses and (2) nearly all of the export load was from untreated surface runoff 

and therefore the Filterra® never had the opportunity to treat it. Load reduction from storm 
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events with paired samples at each sampling location were 69%, 60%, and 41% for TSS, TP, and 

TN, respectively. When surface runoff was excluded, load reduction increased to over 96%; 

lower run-on ratios (such that clogging was minimized) and increased maintenance might have 

improved pollutant load removal.  

3.2 Introduction 

Stormwater runoff from urban catchments is a significant cause of surface water 

impairment in the United States (USEPA 2004). As impervious surface area increases, runoff 

volumes, peak flows, and pollutant export concomittantly increase (Booth et al. 2002, Lee and 

Bang 2000, Line et al. 2002, Line and White 2007). To combat the problems associated with 

urban development, federally promulgated stormwater regulations have led communities across 

the United States to install stormwater control measures (SCMs) to meet water quality and 

quantity goals (e.g., USEPA 2009, Fletcher et al. 2015). Examples of SCMs include permeable 

pavement, bioretention, swales and constructed stormwater wetlands.  

Stormwater regulations often require the installation of multiple SCMs to meet 

hydrologic and water quality targets (e.g., 80% volume reduction, 40% total nitrogen removal). 

Despite this, few studies have monitored SCMs installed in series. Rushton (2001) studied runoff 

quantity from four treatments: asphalt, asphalt in series with a swale, cement in series with a 

swale, and permeable pavement in series with a swale. Results showed the treatment with two 

SCMs (the permeable pavement – swale system) increased runoff reduction by 10-15% 

compared to the use of one SCM (asphalt or cement with a swale). Brown et al. (2012) studied 

two infiltration SCMs in series (permeable pavement and bioretention); the system reduced 

runoff volume by 69% and significantly improved hydrologic performance compared to a single 
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bioretention cell monitored at the same site. However, neither study monitored the individual 

effect of each practice, raising questions to the specific benefit of ancillary treatment by the 

second SCM in the series. Including base flow that entered and exited the bioretention cell, TP 

and TSS loads were reduced by 30% and 87%, respectively; total nitrogen load exported by 64%.  

In a study of three stormwater wetlands in series, Hathaway and Hunt (2010) found more 

than 80% of the concentration reduction for all pollutants occurred after treatment by the first 

wetland. Secondary and tertiary cells provided no significant improvement in pollutant 

concentrations, suggesting little appreciable benefit of installing SCMs in series with similar 

pollutant removal mechanisms. Winston et al. (2012) supported this by examining the water 

quality of runoff treated by permeable friction course in combination with vegetative filter trips, 

wetland swales, and dry swales. Both permeable friction course and vegetative SCMs facilitate 

pollutant removal primarily through filtration and sedimentation, though vegetative SCMs 

support biological and chemical interactions as well. The vegetative SCMs did not further reduce 

(and in some cases increased) pollutant concentrations because filtration through the permeable 

friction course reduced sediment and particulate-bound pollutants to apparent irreducible 

concentrations (Strecker et al. 2001). These results suggest several questions remain regarding 

when installing SCMs in series, including: (1) what are the individual hydrologic impacts for 

each in-series SCM? (2) Which combination of SCMs might achieve better water quality 

improvement? (3) How do downstream SCMs impact effluent concentrations released by 

upstream SCMs? (4) How should SCMS be “credited” for regulatory purposes when used in 

series?  

Permeable pavement is a popular SCM because it is multi-purpose (i.e., one can park and 

drive on this SCM). Runoff infiltrates a permeable surface layer and is stored in an aggregate 
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subbase before it either exfiltrates (e.g., lost to the underlying soil) or discharges to receiving 

surface waters via an underdrain. In addition to reducing pollutant loads to receiving streams 

through exfiltration, permeable pavements capture many pollutants through mechanical filtration 

and sedimentation (Bean et al. 2007, Collins et al. 2008, Drake et al. 2014a). Hydrologic 

performance varies widely and is dependent upon underlying soil type, drainage configuration, 

and proper design and maintenance (Collins et al. 2010, Dreelin et al. 2006, Fassman and 

Blackbourn 2010, Wardynski et al. 2012, Drake et al. 2014b). Inclusion of internal water storage 

via an elevated or upturned elbow on the underdrain (Collins et al. 2010, Wardynski et al. 2012) 

and permeable underlying soils (Bean et al. 2007, Rushton 2001) improved volume and pollutant 

load reductions via increased exfiltration. In addition to filtration and sedimentation, permeable 

pavement may also remove pollutants through adsorption and biological degradation, though 

export of nitrate (NO2,3-N) due to nitrification in the subbase is commonly observed (Collins et al 

2010, Drake et al. 2014a).  

Manufactured treatment devices (MTDs) are SCMs used to meet federal and state 

stormwater regulations. As proprietary devices, the configuration of MTDs varies by product, but 

most include a mechanism for settling (Roseen et al. 2006); some also employ filtration and 

adsorption through an engineered media (Lenth et al. 2010). Types of MTDs range from end-of-

pipe SCMs, to catch basin inserts, to modular high-loading SCMs (Al-Hamdan et al. 2007, 

Kostarelos et al. 2012). When installed in series with another SCM, an MTD may be used to 

target removal of a specific pollutant, but most MTDs do not employ a mechanism for hydrologic 

mitigation (Roseen et al. 2006). 

The Filterra® biofiltration system incorporates a planted tree into a concrete box filter. 

The MTD couples treatment at high flow rates via filtration through an engineered media with 
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potential for additional biological treatment provided by the vegetation (Lenth et al. 2010). 

Manufacturer and third-party testing indicate the Filterra® is capable of reducing pollutant 

concentrations including total suspended solids, phosphorus, nitrogen, and metals (see Chapter 2, 

Contech 2015, Lenth et al. 2010, Yu and Stanford 2007), but previous studies have not assessed 

performance with pre-treatment by another SCM.  

This study examined the hydrologic and water quality impacts of a permeable pavement 

and Filterra® biofiltration device installed in series at a parking lot in Fayetteville, North 

Carolina, USA, a combination that has not previously been studied. The primary objective was to 

quantify the individual effect of each practice on volume reduction and pollutant (concentration 

and load) removal. Water quality was also compared to individual SCMs and regulatory credits 

awarded to similar practices in the state of North Carolina.  

3.3 Methodology 

Treatment Train Components 

The system consists of two technologies installed in series: (1) permeable interlocking 

concrete pavement (PICP) and (2) the Filterra® biofiltration device (FIL, Figure 3-1). Hereafter, 

the treatment train will be referred to as PICP-FIL. Runoff receives primary treatment by the 

PICP. An underdrain conveys runoff that does not exfiltrate (e.g, infiltrate into the subgrade) to 

the Filterra® for secondary treatment. The Filterra® biofiltration unit is a proprietary flow-

through filter consisting of a tree planted in an engineered media topped by an 80-mm layer of 

mulch (Contech 2015). Flow conveyed from the underdrain of the permeable pavement enters the 

system at a design flow rate of 60 mm/min (Lenth et al. 2010). Because the Filterra® is installed 

downstream of the PICP (which provides volume reduction), the system may be downsized from 
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the standard sizing guidelines which assume a 100% impervious drainage area (Withers and 

Ravenel 2008). Similar to conventional bioretention (Hunt et al. 2012), an underdrain surrounded 

by washed aggregate discharges treated stormwater to existing drainage infrastructure.  

 

 

Figure 3-1. Schematic of the PICP-Filterra® system with permeable interlocking concrete 

pavement and Filterra® biofiltration system (figure not to scale). 

 

 

 

Site Description 

The PICP-FIL system was retrofitted at an AmtrakTM train station parking lot in 

Fayetteville, North Carolina, USA. Fayetteville receives an average of 1049 mm of rainfall per 

year (NOAA 2015) and is characterized by the National Weather Service to have a humid sub-
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tropical climate (NOAA 2016). The region is comprised of predominately sandy or sandy loam 

soils (Soil Survey 2015).   

Four parking stalls and a drive lane were retrofitted with 215 m2 of Eagle Bay Aqua-Bric 

Type 4L permeable interlocking concrete pavers to treat runoff from 560 m2 of existing asphalt 

surfacing (2.6:1 ratio of impervious area to PICP area). The underdrain of the PICP conveyed 

runoff to a 1.2-meter by 1.2-meter (plan view area) Filterra® device (Figure 3-2). Design of the 

PICP followed typical hydrologic and structural standards for permeable pavement in North 

Carolina (NCDEQ 2012). The PICP profile consisted of 150 mm of washed ASTM No. 2 

aggregate sub base (nominal size 37.5 to 63 mm), 100 mm of washed ASTM No. 57 aggregate 

overlying the sub-base (nominal size 4.75 to 25.0 mm), 50 mm of ASTM No. 78 aggregate 

(nominal size 2.36 to 12.5 mm), and 78 mm-thick concrete brick pavers with No. 78 stone filling 

their joints (ASTM D448, ASTM 2012). Because the existing subgrade slope was relatively high 

(5%), two concrete check dams were installed to reduce the slope at the subgrade-aggregate 

interface to 0.5% (Eisenberg et al. 2015).   

The PICP was designed to capture and treat the 25-mm storm event before draining to the 

Filterra® unit via a 100-mm diameter perforated underdrain. A crape myrtle (Lagerstroemia 

spp.) was planted per the manufacturer. Runoff was filtered through 0.27 meters of media before 

discharging to drainage infrastructure via a 100-mm underdrain. General characteristics of the 

PICP-FIL system are summarized in Table 3-1. 
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Figure 3-2. From left to right: Plan view of site with drainage areas and SCM locations, and 

PICP-FIL system. PICP (background) and Filterra® (foreground). 

 

 

 
Table 3-1. General characteristics of PICP-FIL stormwater control measure. 

Characteristic PICP-FIL 

Drainage area (m2) 560 

PICP area (m2) 220 

Filterra® area (m2) 1.4 

Watershed land use Commercial (asphalt parking lot) 

Drainage area : PICP area 2.6 : 1 

Drainage area : Filterra area 557 : 1 

Total treated area (m2) 780 

Underlying soil classification Sandy loama 

a Soil Survey (2015). 

 

 

 

Monitoring and Data Collection 

Hydrologic and water quality monitoring was conducted from February 2013 to 

December 2014. Rainfall was measured using manual and 0.25-mm resolution tipping bucket 

rain gauges affixed 1.8 meters above the ground. Hydrology and water quality was measured at 
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three locations in the PICP-FIL system: (1) impervious asphalt prior to treatment by the PICP 

(ASPH), (2) effluent from the PICP prior to secondary treatment by the Filterra® (PICP), and (3) 

the Filterra® effluent (FIL) (Figure 3-3). At all three locations, monitoring equipment recorded 

flow rate by recording rainfall or measuring the stage over the weir on two-minute intervals 

(Table 3-2). Prior to July 2013, flow through the catch basin at the FIL sampling location was 

intermittently creating backwater into the weir box, interfering with sample quality and flow data. 

To remedy this, a new weir box was subsequently installed, but data collected prior to July 2013 

were invalidated at this location.  

 

 

Figure 3-3. From left to right (a) monitoring scheme for PICP-FIL system, (b) slot drain to 

measure runoff from parking lot [ASPH], (c) PICP underdrain measured with 30° sharp-

crested v-notch weir [PICP], (d) catch basin where effluent from the Filterra® device was 

measured [FIL]. 

 

 

 



 

60 
 

Table 3-2. Equipment used for monitoring at locations on the AmtrakTM
 property. 

Location 
Flow measuring 

device 
Flow measuring equipment Sampling equipment 

Runoff from parking lot 

(ASPH)a Rain-paced  
Curve Number Method and 

Rational Method 

ISCO® 6712 Full-Size 

Portable Sampler 

PICP underdrain 

discharge/ Filterra® 

inflow (PICP) 

30° sharp-crested 

v-notch weir 
ISCO® 730 Bubbler Module 

ISCO® 6712 Full-Size 

Portable Sampler 

Filterra® underdrain 

discharge (FIL) 
Cipoletti weirb ISCO® 730 Bubbler Module 

ISCO® 6712 Full-Size 

Portable Sampler 
a Runoff routed to a slot drain for water quality sampling 
b Installed on July 17, 2013. 

 

 

 

Flow-proportional samples were collected by ISCO 6712TM automated samplers. Samples 

were evaluated for event mean concentrations (EMCs) of total suspended solids (TSS), total 

ammoniacal nitrogen (TAN), nitrate/nitrite-nitrogen (NO2,3-N), total Kjeldahl nitrogen (TKN), 

total phosphorus (TP), and total dissolved phosphorus (TDP). Composite samples were collected 

within 24 hours of a storm event. A summary of laboratory methods, minimum detection limits 

(MDL), and relevant water quality thresholds for all analytes is provided in Table 3-3. Storms 

were analyzed when flow-proportional sampling occurred for at least 70% of the hydrograph (by 

volume). All water quality analyses were conducted at ENCO Laboratories, Inc. in Cary, North 

Carolina. 
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Table 3-3. Stormwater quality parameters, minimum detection limits, laboratory methods, and 

effluent concentration targets. 

Analyte Test method 

Method 

detection 

limit (mg/L) 

Effluent concentration 

target (mg/L) 

TSS SM 2540Da 1.0 25c 

TP EPA 365.4b 0.025 0.11d 

TDP EPA 365.4b 0.025 - 

TKN EPA 351.2b 0.26 0.40d 

NO2,3-N EPA 353.2b 0.025 0.59d 

TAN EPA 350.1b 0.045 0.04d 

TN TN = TKN+ NO2,3-N N/A 0.99d 

a Eaton et al. (1995). 
b United States Environmental Protection Agency (USEPA) (1993). 
c Effluent concentration target as designated by Barrett et al. (2008). 
d Effluent concentration target associated with “good” benthic macroinvertebrate health ratings for the piedmont region of 

North Carolina (McNett et al. 2010). 

 

 

 

Infiltration testing was conducted using both the single-ring, constant head test (ASTM 

C1781, ASTM 2013) and the Simple Infiltration Test (Winston et al. accepted) approximately 

every 6 months to monitor progressive clogging of the PICP. Three HOBO U20 water level 

loggers measured the internal water level within the PICP aggregate base. Each water level 

logger was located on a separate “terrace” of the system to capture all three zones separated by 

the two concrete check dams. The average exfiltration rate was determined through analysis of 

water level drawdown into the in-situ soil. 

Data Analysis 

Hydrology 

Despite properly scheduled maintenance, visual inspection and surface infiltration testing 

indicated progressive clogging of the PICP surface (Table 3-4). The clogging was attributed to 

the deteriorating asphalt drainage area and erosion from landscaping islands; because of this, 

runoff frequently bypassed PICP treatment, which was estimated based on measured and then 
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scaled 5-minute rainfall intensities. An “effective rainfall intensity” for each 5-minute time step 

was then determined per the ratio of the total watershed to the PICP footprint [Eq. 3.1]. Surface 

runoff for each storm event was estimated by comparing effective rainfall intensities to the 

lowest measured infiltration rate, which was temporally adjusted based on what date the storm 

occurred [Eq. 3.2].    

 

𝑅∆𝑡 =
𝑃∆𝑡 ∗

(𝐴𝐷𝐴 + 𝐴𝑃𝐼𝐶𝑃)
𝐴𝑃𝐼𝐶𝑃
∆𝑡

 
(3.1) 

where 𝑅∆𝑡 = effective rainfall intensity, 𝑃∆𝑡 = measured rainfall during the time step (mm), and 

𝐴𝐷𝐴 = drainage area (m2), 𝐴𝑃𝐼𝐶𝑃 = area of PICP (m2), ∆𝑡 = time step (hr). 

 

𝑆𝑅∆𝑡 = {

0, 𝑅∆𝑡 ≤ 𝐼
1

1000
∗ (𝑅∆𝑡 − 𝐼) ∗ ∆𝑡 ∗ 𝐴𝑃𝐼𝐶𝑃 , 𝑅∆𝑡 > 𝐼

 (3.2) 

where 𝑆𝑅∆𝑡 = surface runoff volume during the ∆𝑡 time step (m3), 𝑅∆𝑡 = effective rainfall 

intensity from Eq. 3.1 (mm/hr), 𝐼 = lowest infiltration rate during the time period of the storm 

from Table 3-4 (mm/hr), 

 

Table 3-4. Infiltration testing during the monitoring period. 

Date 

Average Measured Infiltration Rate (mm/hr) Overall 

Average 

Infiltration 

Rate (mm/hr) 

Lowest 

Measured 

Infiltration 

Rate (mm/hr)c 
Location 1 Location 2 Location 3 

2/13/2013a 3421 4018 2929 3457 2837 

8/1/2013a 947 163 97 287 30 

1/21/14b 726 460 81 422 30 
a Measured using single ring infiltrometer (ASTM 2013) 
b Measured using simple infiltration test (Winston et al. accepted). This method correlates well with that of ASTM (2013). 
c Infiltration rates were linearly adjusted to estimate infiltration rates in between tests 
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Discrete hydrologic storm events were identified by a gap in precipitation exceeding six 

hours and a minimum depth of 2.5 mm (Driscoll 1989). For each precipitation event, hydrologic 

characteristics for the inflow (INFLOW), PICP effluent (PICP), Filterra® effluent (FIL), and 

surface runoff (SR) [volume (𝑉), peak flow (𝑄𝑝), and time to peak (𝑡𝑝)] were calculated and 

used to estimate volume reduction [Eq. 3.3], peak flow reduction [Eq. 3.4], peak flow reduction 

ratio [Eq. 3.5, Davis 2008] and lag to peak [Eq. 3.6] at each location within the treatment train 

(Table 3-5). 

 𝑉𝑅 =  
∑ 𝑉𝐼𝑁𝑖
𝑛
𝑖=1 − ∑ 𝑉𝑂𝑈𝑇𝑖

𝑛
𝑖=1

∑ 𝑉𝐼𝑁𝑖
𝑛
𝑖=1

∗ 100 (3.3) 

 𝑄𝑅 =  
𝑄𝑝𝐼𝑁 − 𝑄𝑝𝑂𝑈𝑇

𝑄𝑝𝐼𝑁
∗ 100  (3.4) 

 𝑅𝑝𝑒𝑎𝑘 =
𝑄𝑝𝑂𝑈𝑇
𝑄𝑝𝐼𝑁

 (3.5) 

 𝑡𝑙 = 𝑡𝑝𝑂𝑈𝑇 − 𝑡𝑝𝐼𝑁 (3.6) 

 

Table 3-5. Associated parameters for hydrologic comparisons within the treatment train. 

Comparison IN OUT 

PICP (primary) Inflow volume (INFLOW) 
Permeable pavement effluent (PICP) + 

surface runoff (SR) 

Filterra® (secondary) 
Permeable pavement effluent 

(PICP) + surface runoff (SR) 

Filterra® effluent (FIL) + surface 

runoff (SR) 

PICP-FIL (overall) Inflow volume (INFLOW) 
Filterra® effluent (FIL) + surface 

runoff (SR) 
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Runoff generated by the contributing watershed was calculated using the NRCS Curve 

Number Method [Eq. 3.7, NRCS 1986].  

 

𝑄𝐴𝑆𝑃𝐻 =
(𝑃 − 0.2𝑆)2

𝑃 + 0.8𝑆
∗ 𝐴𝐷𝐴 ∗ 𝐶 (3.7) 

where 𝑄𝐴𝑆𝑃𝐻 = runoff volume from asphalt (m3), 𝑃 = storm event precipitation depth (mm), 𝑆 = 

potential maximum retention (mm) = (
1000

𝐶𝑁
− 10) ∗ 25.4, CN = Curve Number (98 for 

impervious surfaces, NRCS 2004), 𝐴𝐷𝐴 = drainage area (m2), 𝐶 = conversion factor =  (
1 𝑚

1000 𝑚𝑚
). 

Direct rainfall volume on the PICP was added to the runoff to determine the total storm 

inflow volume [Eq. 3.8]. 

 
𝑉𝐼𝑁𝐹𝐿𝑂𝑊 = 𝑄𝐴𝑆𝑃𝐻 + 

𝑃

1000
∗ 𝐴𝑃𝐼𝐶𝑃 (3.8) 

where 𝑉𝐼𝑁𝐹𝐿𝑂𝑊 = total runoff volume (m3), 𝑄𝐴𝑆𝑃𝐻 = runoff defined in Eq. 3.7 (m3), 𝑃 = 

precipitation (mm), and 𝐴𝑃𝐼𝐶𝑃 = area of PICP (m2). Peak inflow runoff rates were also calculated 

using the Rational Method (Kuichling 1889):  

𝑄𝑝𝐼𝑁𝐹𝐿𝑂𝑊 = 2.76 ∗ 𝐶 ∗ 𝑖 ∗ 𝐴 (3.9) 

where 𝑄𝑝𝐼𝑁𝐹𝐿𝑂𝑊 = the peak inflow rate (L/s), 𝐶 = Rational Coefficient (0.95 for impervious 

surfaces, Chin 2006), 𝑖 = peak 5-minute rainfall intensity (mm/hr), and 𝐴 = watershed area 

(hectares). Conversion of weir stage data to flow rates (and subsequently, volumes) for the PICP 

and Filterra® effluent was performed in FLOWLINK Version 5.1 (ISCO 2005). Peak flow 

characteristics were compared using either the paired t-test (when the distribution of the 
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differences was normal log-normal) or the paired Wilcoxon signed-rank test (when the 

differences were non-normal). 

Water Quality 

Summary statistics including range, median (�̃�), mean (�̅�), and standard deviation (SD) 

were calculated at each sampling location (ASPH, PICP, FIL) for all analytes. Multiple analytes 

had at least 10% of measured concentrations reported below the MDL; these data were 

considered “censored”. When the percentage of data points below the MDL was less than 10%, 

half the MDL was used to calculate summary statistics (Clausen and Spooner 1993). When the 

percentage of data points less than the MDL was between 10% and 80%, robust regression-on-

order statistics were performed to calculate summary statistics (Bolks et al. 2014). If the 

percentage of data points less than the MDL exceeded 80%, summary statistics were not 

calculated.  

Data for each parameter were evaluated for normal and log-normal distributions using the 

Shapiro-Wilk test and visual confirmation of residual plots. When data were less than 10% 

censored and normal or log-normal, paired t-tests were performed to determine significant 

differences between pollutant concentrations at each location within the treatment train (α = 

0.05). If data were less than 10% censored and non-normal, the Wilcoxon signed-rank test was 

used. When data were more than 10% censored, the Peto and Peto modification of the Gehan-

Wilcoxon test was used (Lee 2013, Helsel 2012). Median removal efficiencies (RE) were 

calculated for pollutants which demonstrated significant differences at each sampling location 

within the treatment train: (1) primary treatment through the PICP [IN = ASPH, OUT = PICP], 



 

66 
 

(2) secondary treatment through the Filterra® [IN = PICP, OUT = FIL], and (3) the PICP-FIL 

system as a whole [IN = ASPH, OUT = FIL] [Eq. 3.10].  

 
𝑅𝐸𝑖 = (

𝐸𝑀𝐶𝐼𝑁 − 𝐸𝑀𝐶𝑂𝑈𝑇
𝐸𝑀𝐶𝐼𝑁

) ∗ 100 (3.10) 

where 𝑖 = event 1, 2, 3,…, n, 𝐸𝑀𝐶𝐼𝑁 = inlet event mean concentration (mg/L), and 𝐸𝑀𝐶𝑂𝑈𝑇 = 

outlet event mean concentration (mg/L).  

Benthic macroinvertebrates are often used to assess water quality impairment in streams 

(Gray and Delaney 2008, Gresens et al. 2007, Skoulikidis et al. 2004). McNett et al. (2010) 

established water quality thresholds for North Carolina by using qualitative benthic 

macroinvertebrate health and correlating them to in-stream nutrient concentrations. Effluent 

concentration data for nutrients were compared to “good” water quality thresholds for the 

piedmont region of North Carolina (McNett et al. 2010). 

Influent and effluent pollutant loads for the PICP, Filterra®, and PICP-FIL were 

calculated for individual storm events [Eqs. 3.11 and 3.12] and summed over the entire 

monitoring period to determine the cumulative load reduction [Eq. 3.13]. When data were 

censored, the concentration was estimated at half the MDL. 

Influent Pollutant Load :  𝐿𝐼𝑁 = 𝐸𝑀𝐶𝐼𝑁 ∗ 𝑉𝐼𝑁 (3.11) 

Outlet Load : 𝐿𝑂𝑈𝑇 = [𝐸𝑀𝐶𝑂𝑈𝑇 ∗ 𝑉𝑂𝑈𝑇] + [𝐸𝑀𝐶𝐴𝑆𝑃𝐻 ∗ 𝑉𝑆𝑅] (3.12) 

𝑆𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝐿𝑜𝑎𝑑𝑠 (𝑆𝑂𝐿) = (1 −
∑ 𝐿𝑂𝑈𝑇
𝑛
𝑖=1

∑ 𝐿𝐼𝑁
𝑛
𝑖=1

) ∗ 100 (3.13) 
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where 𝐿𝐼𝑁 = influent load (mg), 𝐿𝑂𝑈𝑇 = outlet load (mg)  𝐸𝑀𝐶𝐼𝑁 = inlet EMC for event i (mg/L) 

and 𝐸𝑀𝐶𝑂𝑈𝑇 = outlet EMC for event i (mg/L), 𝑉𝐼𝑁 = total influent volume for event i, 𝑉𝑂𝑈𝑇 = 

effluent volume for event i, and 𝑉𝑆𝑅 = surface runoff volume for event i.  

Due to varying size of storm events and scope of the sampling regime, pollutant analysis 

for every sampling location was not possible for every storm event, therefore sample size varied 

for each pollutant and each location. Loading comparisons were only made when data were 

available at all three sampling locations. All analyses were performed in R 3.1.2 (R Core Team 

2015). 

3.4 Results and Discussion 

Hydrology 

Over the 22-month monitoring period, a variety of climatological conditions were 

observed, including a peak 5-minute intensity exceeding the 1-year, 5-min storm and a prolonged 

dry period of 31 days (Table 3-6).  

 

Table 3-6. Analysis of 125 hydrologic storm events from February 2013 to December 2014.  

  
Depth 

(mm) 

Average 

intensity 

(mm/hr) 

5-min peak 

intensity 

(mm/hr) 

Catchment 

peak flow 

(L/s) 

Antecedent 

dry period 

(days) 

Range 2.5 - 125.5 0.2 - 55.9 3.0 – 143.3 0.1 – 38.1 0.3 - 31.3 

Median 10.2 1.8 25.9 5.7 2.6 

Mean 16.3 4.5 35.8 8.9 4.5 

Total 2036 - - - - 

Averagea 2167 - - - - 
a 22-month average based on monthly normals from 1983 – 2012 (NOAA 2015). 
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Exfiltration to the underlying soil was the dominant mechanism for hydrologic mitigation 

through the PICP-FIL system (Table 3-7). The exfiltration rate to the native sandy loam soil was 

17.5 mm/hr; this facilitated a volume reduction of 56% by the PICP (Table 3-7, Table 3-8). Due 

to the clogged surface of the PICP, approximately 38% of rainfall at the site bypassed treatment 

as surface runoff. The remaining 6% of the runoff exited the Filterra® underdrain as treated 

drainage. 

 

Table 3-7. Fate of rainfall at PICP-FIL site for all storms. 

 Inflow Drainage 
Surface 

Runoff 
Exfiltration 

Total Volume (m3) 1294 73 489 732 

Percent of Inflow (%) - 6 38 56 

 

 

 

Nearly all reduction occurred during primary treatment by the PICP (Table 3-8). Volume 

mitigation due to secondary treatment by the Filterra® was minimal, which was expected since 

the device does not possess a significant volume reduction mechanism. When surface runoff was 

excluded from the water balance, the PICP reduced 91% of runoff volume, which is comparable 

to other permeable pavements constructed over infiltrative underlying soils (Bean et al. 2007, 

Legret and Colandini 1999, Wardynski et al. 2012).  
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Table 3-8. Volume reduction due to primary treatment (PICP), secondary treatment 

(Filterra®) and overall (PICP-FIL) treatment. 

Comparison 
Including Surface Runoff Excluding Surface Runoff 

IN (m3) OUT (m3) VRa (%) IN (m3) OUT (m3) VRa (%) 

PICP (primary) 1294 566 56.3 805 77 90.5 

Filterra® (secondary) 566 562 0.7 77 73 5.2 

PICP-FIL (overall) 1294 562 56.6 805 73 91.0 

a Volume reduction. 

 

 

 

In addition to facilitating volume reduction, the PICP-FIL system significantly reduced 

peak flows by an average of nearly 51% (Table 3-9). Due to storage and exfiltration, peak flow 

mitigation was primarily provided by the PICP (Table 3-9). Most of the effluent peak flow was 

from surface runoff, which was estimated for 60% of events and occasionally equaled the peak 

flow from the asphalt (Figure 3-4). The proportion of events that did not generate underdrain 

flow from the PICP and Filterra® underdrains were 31.2% and 41.6%, respectively (Figure 3-4). 

Of the 13 events that had PICP underdrain flow but not Filterra® underdrain flow, the average 

antecedent dry period of 7.2 days was nearly twice that of the average from the entire study, 

lending to likely soil storage within the Filterra®. The average underdrain lag time from the 

PICP (0.85 hours) was consistent with those reported in other permeable pavement literature 

(0.50 to 2 hours; Brattebo and Booth 2003, Collins et al. 2008, Fassman and Blackbourn 2010). 

Additional lag from the Filterra® was not significant (p-value = 0.3831 via paired Wilcoxon 

signed-rank test) but increased the average lag to peak for the PICP-FIL system to 0.91 hours 

(Table 3-9). 

Despite estimated surface runoff accounting for a majority of peak flows, the PICP still 

provided substantial volume mitigation, and were the system less clogged and properly 
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functioning, it is possible pre-development hydrology would have been met. The amalgamation 

of volume reduction and peak flow results showed that even though the PICP was not 

functioning at maximum capacity, it provided most of the hydrologic mitigation within the 

treatment train, with minimal additional improvement by the Filterra®.  

 

Table 3-9. Average peak flow reduction (QR), peak reduction ratio (Rpeak) and lag to peak due 

to primary treatment (PICP), secondary treatment (Filterra®) and overall (PICP-FIL) 

treatment. 

  Including Surface Runoff   Excluding Surface Runoff 

  PICP Filterra® 
PICP-

FIL 
 PICP Filterra® 

PICP-

FIL 

QRa (%) 50.1b 14.2c 50.9b  96.0b 23.9b 96.5b 

Rpeak
a 0.48 0.89 0.47  0.04 0.73 0.04 

Lag to 

Peak (hr) 
n/ac n/ac n/ac   0.85b 0.07 0.90b 

a When catch basin inundation occurred, assumed Qin, Filterra = Qout, Filterra 

b p-value less than 0.00001 via paired Wilcoxon signed-rank test. 
c p-value = 0.7496 via paired Wilcoxon signed-rank test. 
c Estimation methods used to determine surface runoff could not accurately predict time metrics 

 

 

 

 

Figure 3-4. Exceedance probabilities for volumes (left) and peak flows (right) including surface 

runoff.  
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Water Quality 

Median and mean rainfall depths of events sampled for water quality tended to be larger 

than the overall distribution (Table 3-10) because only larger rainfall events produced enough 

outflow for sampling of effluent from the PICP and Filterra® underdrains. The percentage of 

rainfall analyzed for water quality ranged from 14% (dissolved phosphorus at PICP) to 24% (TP 

and nitrogen species at ASPH) of total rainfall measured during the monitoring period.  

 

Table 3-10. Precipitation depths of sampled storm events at each location.  

  
Total Suspended Solids (TSS) 

Total Phosphorus and  

Nitrogen Species 
Dissolved Phosphorus 

ASPH PICP  FIL ASPH PICP  FIL ASPH PICP  FIL 

Range (mm) 9.7 - 74.4 8.1 - 74.4 8.1 - 74.4 8.1 - 74.4 8.1 - 74.4 8.1 - 74.4 9.7 – 74.4 8.1 – 74.4 8.1 – 74.4 

Median (mm) 19.8 18.3 19.1 20.2 18.0 18.0 19.8 17.7 18.0 

Mean (mm) 26.5 26.2 25.1 24.2 23.5 22.7 25.4 24.5 22.7 

Total (mm) 450.9 445.8 350.8 483.6 447.0 294.9 330.5 293.9 294.9 

n 17 17 14 20 19 13 13 12 13 

 

 

 

With the exception of NO2,3-N, stormwater treated by the PICP-FIL system was of better 

quality than untreated runoff (Table 3-11, Table 3-12). Primary filtration by the PICP reduced 

sediment and sediment-bound pollutants (e.g., TSS, TP, TKN). Secondary treatment by the 

Filterra® further reduced TSS and TP. Water quality from runoff treated by both systems was 

significantly improved for TSS, TP, TN and TKN; NO2,3-N was not significantly changed, and 

TAN and TDP were not statistically evaluated for overall treatment since all Filterra® effluent 

samples were less than the detection limit. TDP was also not statistically evaluated due to 

undetectable levels from the PICP and Filterra® effluent. 

Load reduction was almost completely attributed to primary treatment by the PICP (Table 

3-13). The PICP was sited over soils with very high infiltration rates, so a majority of pollutant 
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load was reduced through exfiltration losses. Though the Filterra® significantly reduced EMC 

values for TSS and TP, the additional load reduction benefit was very small (less than 0.5%). TN 

reduction by the Filterra® was not significant, but provided the most additional load reduction 

(2%). When untreated surface runoff was omitted from the analysis, PICP-FIL loading reductions 

were very high, removing more than 95% of pollutant loading (TSS: 99.8%, TP: 99.7%, TN: 

96.9%). Were the PICP-FIL system implemented in a location where the contributing watershed 

was smaller and/or more stabilized (and thus less clogging occurred), it is expected the system 

would have achieved higher pollutant load reductions. 

 

Table 3-11. Water quality EMC results by monitoring location for each pollutant. 

Pollutant System 
< MDL 

(%)a 

  Statistical Parameters 

n Range �̃� �̅� SD 

TSS 

ASPH 0 17 4.8 - 600 61.0 97.4 135.4 

PICP 0 17 2.8 - 34 8.0 11.7 9.1 

FIL 0 14 1.2 - 12 3.6 3.9 2.7 

TP 

ASPH b 20 20 < MDL - 1.000 0.077 0.200 0.278 

PICP b 21 19 < MDL - 0.073 0.039 0.043 0.015 

FILb 39 13 < MDL - 0.052 0.026 0.027 0.012 

TDP 

ASPH b 76 13 < MDL – 0.970 0.0004 0.095 0.269 

PICP c 92 12 < MDL - 0.054 - - - 

FILc 84 13 < MDL - 0.030 - - - 

TN d 

ASPH - 20 0.36 - 5.63 0.90 1.52 1.49 

PICP - 19 0.14 - 2.91 0.68 0.96 0.81 

FIL - 13 0.32 - 1.90 0.50 0.67 0.47 

TAN 

ASPH b 30 20 < MDL - 0.79 0.13 0.18 0.19 

PICP b 68 19 < MDL - 1.50 0.03 0.19 0.37 

FILc 100 13 < MDL  -- -- -- 

TKN 

ASPH 0 20 0.27 - 5.60 0.81 1.39 1.5 

PICP b 26 19 < MDL - 2.60 0.36 0.60 0.67 

FILb 15 13 < MDL - 0.53 0.37 0.37 0.08 

NO2,3
--N 

ASPH b 10 20 < MDL - 0.36 0.13 0.13 0.10 

PICP b 16 19 < MDL - 1.50 0.22 0.37 0.35 

FILb 23 13 < MDL - 1.40 0.19 0.32 0.41 
a Percentage of data points less than the minimum detection limit. 
b Robust regression on order statistics were used (Bolks et al. 2014). 
c More than 80% of data were below detection limit. No population statistics computed 
d Calculation of total nitrogen assumed ½ the detection limit when TKN or NO2,3-N data were censored 
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Table 3-12. Median removal efficiencies for paired comparisons of primary, secondary, and 

overall treatment. Bolded values indicate pollutant removal or export was statistically 

significant. 

Pollutant 
PICP (primary) Filterra® (secondary) PICP-FIL (overall) 

n 𝑹𝑬 ̃ (%) p-value n 𝑹𝑬 ̃ (%) p-value n 𝑹𝑬 ̃ (%) p-value 

TSS 14 91 0.0002a 11 47 0.0027a 11 96 < 0.0001a 

TP 17 41 0.0117b 10 29 0.0264b 11 75 0.0016b 

TDP - - n/ac - - n/ac - - n/ac 

TN 17 27 0.0267d 10 - 0.1309d 11 42 0.0420d 

TKN 17 50 0.0049b 10 - 0.6770b 11 51 0.0002b 

TAN 17 - 0.2750b - - n/ae - - n/ae 

NO2,3-N 17 -226 0.0030b 10 - 0.5420b 11 - 0.2910b 

a Paired t-test of log-transformed values 
b Peto & Peto modification of the Gehan-Wilcoxon test 
c More than 80% of samples at PICP and FIL sampling location reported below detection limit. No comparisons made. 
d Wilcoxon signed-rank test 
e All values at FIL sampling location reported below detection limit. No comparisons made. 
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Table 3-13. Load reduction due to primary treatment (PICP), secondary treatment (Filterra®) and overall treatment (PICP-FIL) from 

eight events ranging from 11.4 to 74.4 mm.  

Pollutant Comparison 

Including Surface Runoff Excluding Surface Runoff 

PICP (primary) 
Filterra® 

(secondary) 

PICP-FIL 
 (overall) 

PICP (primary) 
Filterra® 

(secondary) 

PICP-FIL 
 (overall) 

Cumulative 

Load 

 (g) 

 

SOLa 

(%) 

Cumulative 

Load 

 (g)) 

 

SOLa 

(%) 

Cumulative 

Load 

 (g) 

 

SOLa 

(%) 

Cumulative 

Load 

 (g) 

 

SOLa 

(%) 

Cumulative 

Load 

 (g) 

 

SOLa 

(%) 

Cumulative 

Load 

 (g) 

 

SOLa 

(%) 

TSS 
IN 14195.2 

69.7 4300.4 
0.4 

14195.2 
69.8 9936.7 

99.6 43.6 
44.5 9936.7 

99.8 

OUT 4300.4 4282.7 4282.7 43.6 24.2 24.2 

TP 
IN 36.0 

66.9 
11.9 

1.3 
36.0 

67.3 
24.3 

99.1 
0.2 

64.7 
24.3 

99.7 
OUT 11.9 11.8 11.8 0.2 0.1 0.1 

TNb IN 187.2 
40.8 

110.7 
3.6 

187.2 
43.0 

83.0 
92.7 

6.0 
58.0 

83.0 
96.9 

OUT 110.7 106.7 106.7 6.0 2.5 2.5 

TKN 
IN 170.0 

42.0 
98.6 

1.6 
170.0 

42.9 
74.3 

96.3 
2.8 

48.8 
74.3 

98.1 
OUT 98.6 97.0 97.0 2.8 1.4 1.4 

TAN 
IN 22.9 

49.9 
11.5 

1.2 
22.9 

50.5 
11.6 

98.0 
0.2 

54.0 
11.6 

99.1 
OUT 11.5 11.3 11.3 0.2 0.1 0.1 

NO2,3-N 
IN 17.2 

29.4 
12.1 

21.3 
17.2 

44.4 
8.6 

62.1 
3.3 

69.5 
8.6 

88.4 
OUT 12.1 9.6 9.6 3.3 1.0 1.0 

a Summation of pollutant load reduction (Eq. 3.13). 
a Calculation of total nitrogen assumed ½ the detection limit when TKN or NO2,3-N data were censored 
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Total Suspended Solids 

Filtration provided by the PICP and Filterra® significantly removed TSS (Table 3-12). 

Despite a large variation in influent sediment concentration (TSS: 4.8 – 600 mg/L), 87% of PICP 

effluent TSS concentrations were below the 25 mg/L target established by Barrett et al. (2004) 

(Figure 3-5). The median PICP concentration (8.4 mg/L) was comparable to or less than effluent 

concentrations from other permeable pavement studies [Legret and Colandini 1999 (8.3 mg/L) 

Fassman and Blackbourn 2011 (39 mg/L), Roseen et al. 2012 (6 mg/L), Drake et al. 2014a (6.5 – 

9.2 mg/L)]. Secondary treatment by the Filterra® provided a supplementary TSS EMC reduction 

of 47% and increased the proportion of effluent concentrations below 25 mg/L to 100%. By 

filtering particles through its engineered media, the function of the Filterra® for sediment 

removal is similar to bioretention. The median effluent concentration from the Filterra® (3.6 

mg/L) was lower than values reported in bioretention literature (13 – 20 mg/L, Davis et al. 2009), 

but was similar to a standalone Filterra® monitored at the same parking lot (median: 4 mg/L, see 

Chapter 2). This suggests that, regardless of pre-treatment or influent concentrations, effluent 

TSS concentrations from a Filterra® system will be similar and very low.  

The overall PICP – FIL EMC removal efficiency of TSS was 96%, exceeding both the 

85% pollutant removal credit awarded to permeable pavement and bioretention in North Carolina 

(NCDEQ 2009, NCDEQ 2012) and the 64% EMC reduction reported in a similar permeable 

pavement – bioretention treatment train study in NC (Brown et al. 2012). Primary treatment by 

the PICP provided a majority of this EMC reduction (91%); supplemental treatment by the 

Filterra® (while significant) provided another 5% increase in overall reduction. This has been 

observed in other studies of SCMs installed in series, where little appreciable benefit is noted for 

secondary or tertiary treatment (Hathaway and Hunt 2010, Winston et al. 2012).  
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Figure 3-5. Event mean concentration exceedance probabilities (left) and cumulative load 

(right) for total suspended solids at each sampling location. 

 

 

 

Despite properly scheduled maintenance of the PICP, and intensive restorative measures 

(which included vacuuming and pressure washing), the effective filtration of particles caused 

progressive clogging of the PICP surface, which led to (previously discussed) substantial 

volumes of surface runoff. Because of this, the cumulative load reduction from eight storm 

events was about 20-40% lower than median EMC removal efficiencies (Table 3-13). The PICP 

provided a majority of load reduction (Figure 3-5, Table 3-13).  Secondary treatment by the 

Filterra® did not substantially reduce loads because (1) exfiltration losses removed a majority of 

the load during primary treatment, (2) the Filterra® does not have a mechanism for volume 

reduction, and (3) 99% of the load at the PICP sampling location was attributed to untreated 

surface runoff and therefore was never received by the Filterra®. Load reduction from the PICP-
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FIL system was comparable to, but slightly less than, the 76% reported from the standalone 

system monitored on the same lot (see Chapter 2). When surface runoff load was excluded, the 

overall load efficiency of the system substantially increased to more than 99%, but only 0.2% of 

load reduction was due to secondary treatment.  

Phosphorus 

Influent TP concentrations were generally less than those reported from North Carolina 

asphalt parking lots (mean TP concentration: 0.19 mg/L, Passeport and Hunt 2009). As a result, 

effluent TP concentrations from both the PICP and Filterra® never exceeded the “good” water 

quality concentration threshold (0.11 mg/L) for the piedmont region of North Carolina as 

described in McNett et al. (2010) (Figure 3-6). A majority of the phosphorus was sediment-

bound and thus easily filtered by the PICP and Filterra® (Table 3-11, Table 3-12). The Filterra® 

media is marketed as a phosphorus adsorbent; while definitive comparisons could not be made 

due to low concentrations, it is possible the media facilitated additional TDP removal. Secondary 

treatment by the Filterra® significantly (and substantially) lowered TP concentrations, improving 

the median removal efficiency from 41% (PICP treatment only, �̃�𝑃𝐼𝐶𝑃 = 0.039 mg/L) to 75% 

(overall PICP-FIL treatment, �̃�𝐹𝐼𝐿 = 0.029 mg/L). While TP concentrations entering the Filterra® 

were already low, additional filtering and sorption by the engineered media further reduced 

concentrations below those reported in bioretention literature (0.058 – 0.56 mg/L, Davis et al. 

2009). Effluent concentrations from the PICP-FIL system were also lower than those measured 

from the standalone Filterra® on the same site (�̃�𝑜𝑢𝑡𝑙𝑒𝑡 = 0.038 mg/L, Chapter 2); adding the 

Filterra® was a benefit for the PICP with respect to TP removal.  
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TP load reduction was comparable to that of bioretention studies conducted in North 

Carolina (Hunt et al. 2008, Passeport et al. 2009). However, for the same reasons cited in the 

sediment discussion, secondary treatment provided little appreciable load reduction (Figure 3-6, 

Table 3-13). Cumulative TP load reduction (66%) exceeded the load reduction of 54% reported 

from the standalone Filterra® monitored at the same site (Chapter 2), although the treated 

watershed was 20% smaller than that of the standalone unit. When load from the surface runoff 

was excluded, overall loading reduction was 99.7%; secondary treatment provided only 0.6% of 

that reduction. Even though “polishing” of the effluent by the Filterra® reduced concentrations 

substantially, this benefit was hardly realized from a load-reduction perspective.  

 

 

Figure 3-6. Event mean concentration exceedance probabilities (left) and cumulative load 

(right) for total phosphorus at each sampling location. 
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Nitrogen 

Primary treatment by the PICP reduced TN to a target concentration (0.99 mg/L, McNett 

et al. 2010) 70% of the time (Figure 3-7). Secondary treatment by the Filterra® increased the 

probability of meeting this target to over 85%. The median RE for the PICP and PICP-FIL 

system was 27% and 42%, respectively; secondary treatment by the Filterra® was not significant 

for TN or any nitrogen species (Table 3-12). The median concentration of the PICP effluent (0.68 

mg/L) was comparable to effluent concentrations from other permeable pavement studies [e.g. 

Collins et al. 2010 (0.83 – 1.28 mg/L), Roseen et al. 2012 (0.58 mg/L), Drake et al. 2014a (0.80 – 

1.1 mg/L), Brown and Borst 2015 (0.58 – 1.06 mg/L)]. TN reduction through the PICP was 

primarily due to filtration and sedimentation of particulate-bound organic nitrogen (ON) [ON = 

TKN – TAN], which accounted for 70% of the composition of nitrogen measured from the 

asphalt parking lot (Figure 3-8). Median concentrations of NO2,3-N increased during “treatment” 

by the PICP due to introduction of NO3
- via the nitrification of NH4

+ (Table 3-11, Figure 3-8), 

which has been well-documented in other permeable pavement field studies (Chapter 4, Bean et 

al. 2007, Collins et al. 2008, Drake et al. 2014, Brown and Borst 2015). Denitrifying NO3
- to N2 

gas requires anaerobic conditions (typically created through a saturated zone) and the presence of 

organic carbon. Since the PICP neither had a mechanism to create anaerobic conditions nor an 

identifiable carbon source, concentrations of NO3
- tended to increase in the PICP runoff and in 

some cases, contributed to an overall increase in total nitrogen.  
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Figure 3-7. Event mean concentrations exceedance probabilities (left) and cumulative load 

(right) for total nitrogen at each sampling location. 

 

 

 

 
Figure 3-8. Composition of nitrogen forms at each sampling location. 
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Secondary treatment by the Filterra® contributed to further reductions in median EMCs 

of TN, NO2,3-N, and TAN, but these reductions were not significant at the α = 0.05-level [p-

values were 0.1309, 0.5420, and not calculable (due to more than 80% of data points reported 

below the detection limit) for TN, NO2,3-N, and TAN, respectively]. This is due in part to 

relatively low influent concentrations. In a media-based vegetated filter, the primary pollutant 

removal mechanisms of nitrogen include filtration of particulate-N, immobilization, and 

denitrification (Furhmann 2005). Since the majority of particulate-N in the runoff was filtered by 

the PICP, additional reduction of TKN was improbable via secondary treatment. The planted tree 

in the Filterra® possibly facilitated TAN reduction through immobilization (the process when 

ammonium is assimilated into the biomass of microbes and plants), but TAN concentrations from 

the PICP were already low and frequently undetectable, accounting for less than 10% of the 

overall nitrogen composition. The Filterra® also lacked the saturated conditions required to 

facilitate denitrification, meaning NO2,3-N removal was inconsistent and variable. It is notable, 

though, that treatment by the Filterra® mitigated NO2,3-N export from the PICP such that 

comparisons of the entire PICP-FIL system showed no change in concentrations. Like for TAN, 

this was probably a factor of plant uptake, which has been shown to be a secondary, but viable, 

removal process for NO2,3-N (Bratieres et al. 2008, Hunt et al. 2012, Lucas and Greenway 2008). 

For these reasons, supplemental nitrogen treatment from the Filterra® was modest.  

After treatment by the PICP-FIL system, concentrations of each nitrogen species and load 

reductions for TN were comparable to those measured from the standalone Filterra® at the same 

parking lot (Chapter 2). Compared to the other pollutants, supplemental treatment from the 

Filterra® provided the greatest load reduction for TN, but this was still relatively marginal [an 

additional 2% (surface runoff included) to 4% (surface runoff excluded)].  
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3.5 Summary and Conclusions 

The hydrologic and water quality treatment provided by a permeable pavement and 

biofiltration device installed in series was evaluated for 22 consecutive months. From this work, 

the following conclusions are drawn: 

(1) A high ratio of impervious drainage area to permeable pavement area (2.6:1) coupled 

with an old, deteriorating asphalt surface course caused extensive clogging of the PICP 

surface. The authors suggest future practices employ lower run-on ratios or avoid retrofit 

applications with a dilapidated drainage area. While volume reduction (VR: 57%) and 

peak flow reduction (QR: 51%) was still adequate, the large volume of surface runoff 

(SR: 38%) lessened hydrologic performance and pollutant load reduction.  

(2) The PICP significantly reduced sediment and particulate-bound pollutant concentrations 

(TSS, TP, TKN). NO2,3-N export occurred, a result typical of systems lacking saturated 

conditions. After treatment by the PICP, the EMCs of discharged runoff generally met 

concentration benchmarks (McNett et al. 2010, Barrett et al. 2004).  

(3) Additional water quality improvement provided by the Filterra® was marginal and 

usually insignificant for most pollutants. Other studies of SCMs in series demonstrate 

similar results. Two reasons for this are irreducible concentrations and similar removal 

mechanisms between the two SCMs. The greatest benefit observed was for TP, a 

pollutant targeted by the Filterra® media. The Filterra® reduced TP concentrations by a 

median 29% and improved the median RE from 41% after treatment by the PICP to 75% 

overall. Secondary treatment by the Filterra® also significantly reduced TSS 

concentrations but only contributed an additional 5% improvement; TSS concentrations 

were already very low leaving the PICP. After treatment by the PICP-FIL system, 
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concentrations were generally the same or lower than a standalone Filterra® monitored at 

the same parking lot (Chapter 2). 

(4) Performance of the PICP-FIL system was greatly influenced by the highly-permeable 

underlying soil. Load reduction was almost entirely provided by the PICP via exfiltration, 

with the Filterra® providing less than 2% of additional load reduction for each pollutant. 

Secondary treatment did not substantially reduce loads because (1) exfiltration losses 

through the PICP removed most of the pollutant load, (2) the Filterra® does not 

incorporate a mechanism for volume reduction, and (3) load export was primarily due to 

untreated surface runoff and therefore never entered the Filterra®. A majority of 

hydrologic mitigation also occurred during primary treatment by the PICP, with 

supplemental treatment by the Filterra® accounting for less than 1% of the overall 

volume and peak flow mitigation. Were a PICP-FIL system sited over less-infiltrative 

soils (and thus more runoff received by the Filterra®), it is possible that secondary 

treatment (at least for TSS and TP load) would have been more substantial.  

(5) Given effluent concentrations and load reductions from the PICP-FIL system were 

comparable to the standalone Filterra® monitored at the same site, the combination of 

these two devices in series was probably not economical. Similar water quality benefits 

could have been achieved by installing PICP or Filterra® as single SCMs, but hydrologic 

benefit was greater for the PICP. Coupling these results with evidence from past studies 

(USEPA 2002, Hathaway and Hunt 2010, Winston et al. 2012), placing SCMs in series 

that employ similar pollutant removal mechanisms (and do not provide additional volume 

reduction) should be avoided. 
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Chapter 4: Hydrologic and Water Quality Performance of a Permeable 

Pavement Built Over Clay Soil in Durham, North Carolina 
 

 

4.1 Abstract 

Permeable pavement is a commonly implemented stormwater control measure (SCM) for 

volume reduction and water quality mitigation. Past studies have proven permeable pavement to 

be an effective tool for improving stormwater hydrology and water quality when sited over soils 

with high infiltration rates, but its efficacy over less permeable soils (where volume reduction 

through exfiltration is necessarily reduced) is uncertain. This study examined the hydrologic 

mitigation and pollutant removal performance of a permeable pavement constructed over a low-

conductivity, clay soil in Durham, North Carolina. Four parking stalls (50 m2) were retrofitted 

with permeable interlocking concrete pavement (PICP) to treat 15.2 m2 of contributing 

impervious area (0.3:1 run-on ratio). The site incorporated a 150-mm internal water storage 

(IWS) zone to increase exfiltration to the subsoil and promote anaerobic conditions for 

denitrification via an elevated underdrain. After thirteen months of monitoring (March 2014 – 

April 2015), 22% of volume was reduced via exfiltration. Inter-event drawdown of the IWS zone 

created storage to capture more than 70% of the runoff volume from precipitation events less 

than 8 mm, and peak flows were significantly reduced (median of 84%). The permeable 

pavement significantly reduced concentrations of all pollutants except nitrate, which significantly 

increased compared to a control watershed. Removal efficiencies (REs) were 99%, 68%, and 

96% for total suspended solids (TSS), total nitrogen (TN), and total phosphorus (TP), 

respectively. Significant EMC reductions for the metals copper (Cu, 79%), lead (Pb, 92%) and 

zinc (Zn, 88%) were also observed. The median effluent concentrations of TN (0.52 mg/L), TP 

(0.02 mg/L), and TSS (7 mg/L) were all very low relative to the literature and approached 



 

91 
 

irreducible concentrations. Sampling of nitrogen forms 12, 36, 60, and 84 hours post-rainfall was 

conducted to better understand mechanisms of nitrogen removal in permeable pavement; results 

indicated denitrification may be occurring in the internal water storage of the pavement. 

Cumulative load reduction exceeded 85% for TP, TSS, Cu, Pb, and Zn, and was equivalent to 

73% for TN. These results show permeable pavements built over low-permeability soils with 

internal water storage can considerably improve water quality and moderately improve 

hydrology. 

4.2 Introduction 

Federally promulgated stormwater regulations have led thousands of communities across 

the United States to install stormwater control measures (SCMs) to meet water quality and 

quantity goals (USEPA 2009). Permeable pavement is a popular SCM because it is easily 

retrofitted and can be parked upon. In typical designs, runoff infiltrates the permeable surface 

layer and is temporarily stored in an aggregate subbase; runoff is then either exfiltrated (e.g., lost 

to the underlying soil) or discharged to receiving surface waters via an underdrain. In addition to 

reducing pollutant loads to receiving streams through exfiltration, permeable pavements have 

been shown to provide adequate capture of many pollutants (Bean et al. 2007, Collins et al. 2008, 

Drake et al. 2014a).  

Studies on permeable pavement have mostly examined the hydrologic benefit of systems 

located over soils with high infiltration rates (e.g., Brattebo and Booth 2003, Bean et al. 2007, 

Gilbert and Clausen 2006, Pratt et al. 1995, Roseen et al. 2012, Rushton 2001). Under these 

circumstances, permeable pavements provide substantial volume and peak flow mitigation via 

exfiltration (Abbot and Comino-Mateos 2003, Bean et al. 2007, Roseen et al. 2012, Wardynski et 
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al. 2012). Comparatively little research has been conducted on permeable pavement systems sited 

over clay soils, where exfiltration is reduced due to low soil saturated hydraulic conductivity 

[Ksat] (Drake et al. 2014b, Dreelin et al. 2006, Fassman and Blackbourn 2010, Tyner et al. 2009). 

These studies suggest hydrologic mitigation may still be viable over Hydrologic Soil Group 

(HSG) C and D soils, with observed volume reductions of up to 43%.  

Performance of permeable pavements receiving run-on from adjacent impervious areas, 

an increasingly implemented design feature (e.g., NCDEQ 2012, ODNR 2006), has not yet been 

documented. Research is thus needed to assess the hydrologic mitigation provided by permeable 

pavements with higher hydraulic loading ratios. Wardynski et al. (2012) found the inclusion of an 

internal water storage (IWS, Figure 4-1) zone within the aggregate subbase increased exfiltration 

into the in situ sandy loam soils by 23%. Implementing IWS may increase exfiltration from 

permeable pavements located over clay soils, but has not yet been published.   
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Figure 4-1. Schematic cross-section of permeable pavement with an internal water storage 

zone. 

 

 

 

The permeable pavement surface and aggregate layers capture sediment and particulate-

bound pollutants by physical filtration and sedimentation. Treatment via adsorption, biological 

degradation, and chemical transformation is also possible as runoff infiltrates the pavement (Pratt 

et al. 1999, Franks et al. 2014). Many studies have documented significant reductions in pollutant 

concentrations of total suspended solids (Legret and Colandini 1999, Rushton 2001, Fassman and 

Blackbourn 2011, Roseen et al. 2012, Drake et al. 2014b), total phosphorus (Bean et al. 2007b; 

Roseen et al. 2012, Drake et al. 2014a) and metals (Legret and Colandini 1999, Rushton 2001, 

Bean et al. 2007b, Roseen et al. 2012, Drake et al. 2014a). Removal of dissolved pollutants [e.g., 

nitrate/nitrite-nitrogen (NO2,3-N) and orthophosphate (O-PO4
3-)] is less assured (Bean et al. 2007, 
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Collins et al. 2010, Roseen et al. 2012). Both Collins et al. (2010) and Drake et al. (2014a) 

reported an increase in NO2,3-N coupled with a decrease in total ammoniacal nitrogen, indicating 

nitrification was occurring in the aggregate base. While an IWS zone has been shown to foster 

denitrification in bioretention by creating anaerobic conditions (Kim et al. 2003, Passeport et al. 

2009), this design feature has not yet been studied for its effect on water quality in permeable 

pavement. Given that denitrification requires the presence of denitrifying bacteria and a sufficient 

source of organic carbon (Birgand et al. 2007), there is uncertainty as to whether permeable 

pavement fosters this environment. The objective herein was to examine the hydrology and water 

quality of a retrofitted permeable pavement situated over a low-permeability clay soil with run-on 

and incorporating an IWS zone.  

4.3 Methodology 

Site Description 

The study site was located at Piney Wood Park in Durham, North Carolina. Durham is a 

city in the Piedmont of North Carolina with an average annual rainfall of 1100 mm (NOAA 

2015). The site is characterized by a triassic underlying soil (white store-urban land complex) 

with an average infiltration rate ranging from 0.00 to 1.50 mm/hr (Soil Survey 2015).  

Four parking stalls (50 m2) were retrofitted with permeable interlocking concrete 

pavement (PICP) and designed to treat 152 m2 of contributing impervious asphalt (3:1 run-on 

ratio) (Figure 4-2). Design followed typical hydrologic and structural standards for permeable 

pavement in North Carolina (NCDEQ 2012). The PICP profile consisted of 375 mm of washed 

ASTM No. 2 aggregate subbase (nominal size 37.5 to 63 mm), 100 mm of washed ASTM No. 57 

aggregate overlying the subbase (nominal size 4.75 to 25.0 mm), 50 mm of ASTM No. 78 
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aggregate (nominal size 2.36 to 12.5 mm), and 78 mm-thick concrete pavers with No. 78 stone 

filling their joints (ASTM D448, ASTM 2012). To increase exfiltration, the site incorporated a 

150-mm IWS zone. The subgrade was also ripped on 0.25-m centers, following methods cited in 

Tyner et al. (2009) to improve exfiltration. The site was constructed in March 2014.  

 

 

Figure 4-2. From left to right: (a) aerial view of Piney Wood park: 50 m2 of PICP (in red), 150 

m2 of contributing watershed area (in blue) and 1390 m2 control watershed (in yellow) with 

control sampling location (black star) and effluent sampling location (white star); (b) Piney 

Wood PICP retrofit. 

 

 

 

Monitoring and Data Collection 

Hydrologic and water quality monitoring was conducted from March 2014 to April 2015. 

Rainfall was measured onsite using manual and 0.254-mm resolution tipping-bucket rain gauges 

affixed 1.8 meters above the ground. ISCO 6712TM water quality samplers (Teledyne Isco, 

Lincoln, Nebraska) were installed to monitor hydrology and water quality from a control site 

located on an adjacent parking lot (38 m apart) and from the effluent leaving the underdrain 
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(Figure 4-2). The control site represented the water quality of the stormwater flowing into the 

permeable pavement. Runoff from the control site (watershed size: 1390 m2) was collected 

within an existing catch basin and measured using a sharp-crested 60° V-notch weir (Figure 4-

3a). The throat of the catch basin was lined with an impermeable 45-mil ethylene propylene 

diene monomer (EPDM) rubber pond liner to ensure all runoff entered the stilling-area of the 

weir. Drainage from the permeable pavement was measured using a 30° V-notch weir installed at 

the permeable pavement underdrain outfall (Figure 4-3b). HOBO U20TM water level loggers also 

measured internal water level in two monitoring wells within the aggregate base of the permeable 

pavement. Pressure measured by the HOBO U20TM loggers were offset by barometric pressure 

measured on site. 

At both locations, ISCO 730TM bubbler flow modules measured stage over the weir 

inverts on two-minute intervals. Flow-proportional, composite samples from the control and 

effluent monitoring locations were collected by the ISCO 6712TM automated samplers. Samples 

were evaluated for event mean concentrations (EMCs) of total suspended solids (TSS), total 

ammoniacal nitrogen (TAN), nitrate/nitrite-nitrogen (NO2,3-N), total Kjeldahl nitrogen (TKN), 

total phosphorus (TP), ortho-phosphate (O-PO4
3-), copper (Cu), lead (Pb), and zinc (Zn). Organic 

nitrogen (ON) and total nitrogen (TN) were calculated using measurements of the relevant 

nitrogen species (Table 4-1). Composite samples were delivered on ice to the laboratory within 

24 hours of a storm event.  
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Figure 4-3. From left to right: (a) control monitoring design, (b) effluent monitoring design, and 

(c) bypass monitoring design. 

 

 

 

In September 2014, a portion of runoff from the contributing impervious area was 

observed bypassing the permeable pavement by flowing along the adjacent curb line. This was 

not a function of the pavement surface being clogged, but rather due to topography (and runoff 

flow path). The bypass formed a concentrated flow path at the catch basin downstream near the 

effluent sampling location. To assess what fraction of runoff from the contributing area was 

bypassing treatment, a third weir was installed on October 1, 2014 (Figure 4-3c). A HOBO 

U20TM water level logger measured stage on the 60° V-notch weir.  
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Table 4-1. Stormwater quality parameters, minimum detection limits, and laboratory methods.  

Analyte Test method 

Minimum 

detection 

limit 

(mg/L) 

Laboratory 

TSS SM 2540Da 1.0 NCSU Center for Applied Aq. Ecology 

TKN EPA 351.1b 0.28 NCSU Center for Applied Aq. Ecology 

NO2,3-N SM 4500-NO3-Fa 0.0056 NCSU Center for Applied Aq. Ecology 

TAN SM 4500-NH3-Ha 0.007 NCSU Center for Applied Aq. Ecology 

ON ON = TKN - TAN N/A  

TN TN = TKN+ NO2,3-N N/A  

TP SM 4500-P-Fa 0.01 NCSU Center for Applied Aq. Ecology 

O-PO4
3- SM 4500-P-Fa 0.006 NCSU Center for Applied Aq. Ecology 

Cu EPA 200.8c 0.002 NCDEQ DWR Metals and Microbiology Unit 

Pb EPA 200.8c 0.002 NCDEQ DWR Metals and Microbiology Unit 

Zn EPA 200.8c 0.01 NCDEQ DWR Metals and Microbiology Unit 
a Eaton et al. (1995). 
b United States Environmental Protection Agency (USEPA) (1993). 
c United States Environmental Protection Agency (USEPA) (1994). 
 

 

Data Analysis 

Hydrology 

Bypass monitoring was used to determine the size of the catchment treated by the 

permeable pavement. The Curve Number (CN) method was utilized to estimate the runoff 

generated from the designed impervious contributing area of 150 m2 (NRCS 1986): 

 𝑄 =
(𝑃 − 0.2𝑆)2

𝑃 + 0.8𝑆
∗ 𝐴 ∗ 𝐶 (4.1) 

where 𝑄 = runoff volume (m3), 𝑃 = storm event precipitation depth (mm), 𝑆 = potential 

maximum retention (mm) = (
1000

𝐶𝑁
− 10) ∗ 25.4, CN = Curve Number, 𝐴 = watershed area (m2), 

𝐶 = conversion factor =  (
1 𝑚

1000 𝑚𝑚
). 

Antecedent moisture (AM) corrections were applied to the CN for wet (antecedent dry 

period < 2 days, CN = 99) and dry (antecedent dry period > 5 days, CN = 94) conditions. Normal 
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AM conditions were assigned a CN of 98 (NRCS 2004). From October 1, 2014 to April 15, 

2015, the designed contributing area was estimated to generate 48.1 m3 of runoff. Data from the 

bypass weir showed during this same time, 43.3 m3 of runoff bypassed the system. With 90% of 

the contributing area runoff bypassing the permeable pavement, the contributing area was 

effectively reduced from 152 m2 to 15.2 m2, and the impervious run-on ratio from 3:1 to 0.3:1. 

The bypass correlated moderately well to the storm precipitation depth (R2=0.69, Figure 4-4).  

 

 

Figure 4-4. Bypass volume correlated to rainfall depth. 

 

 

 

Discrete wet weather events were identified by a gap in precipitation exceeding six hours 

and a minimum depth of 2.5 mm (Driscoll 1989). Rainfall intensities and total depths were 

adjusted by a scaling factor developed by comparing depths measured by the manual rain gauge 

and the tipping bucket rain gauge. For each precipitation event, hydrologic characteristics for the 
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influent (IN) and effluent (OUT) [volume (𝑉), peak flow (𝑄𝑝), and time to peak (𝑡𝑝)] were 

calculated and used to determine total volume reduction [𝑉𝑅, Eq. 4.2], peak flow reductions [𝑄𝑅, 

Eq. 4.3], peak flow reduction ratio [𝑅𝑝𝑒𝑎𝑘, Eq. 4.4 (Davis 2008)], and lag to peak [𝑡𝑙, Eq. 4.5]. 

 

 𝑉𝑅 =  
∑ 𝑉𝐼𝑁𝑖
𝑛
𝑖=1 − ∑ 𝑉𝑂𝑈𝑇𝑖

𝑛
𝑖=1

∑ 𝑉𝐼𝑁𝑖
𝑛
𝑖=1

∗ 100 (4.2) 

 𝑄𝑅 =  
𝑄𝑝𝐼𝑁 − 𝑄𝑝𝑂𝑈𝑇

𝑄𝑝𝐼𝑁
∗ 100  (4.3) 

 𝑅𝑝𝑒𝑎𝑘 =
𝑄𝑝𝑂𝑈𝑇
𝑄𝑝𝐼𝑁

 (4.4) 

 𝑡𝑙 = 𝑡𝑝𝑂𝑈𝑇 − 𝑡𝑝𝐼𝑁 (4.5) 

Runoff generated by the contributing watershed was calculated using the NRCS Curve 

Number method with antecedent moisture corrections as described in eq. 1 (NRCS 2004). Direct 

rainfall volume on the PICP was added to the inflowing runoff to determine the total storm 

inflow volume [Eq. 4.6]. 

 𝑉𝐼𝑁 = 𝑄 + 
𝑃

1000
∗ 𝐴𝑃𝐼𝐶𝑃 (4.6) 

where 𝑉𝐼𝑁 = total runoff volume (m3), 𝑄 = runoff dcalculated in eq. 1 (m3), 𝑃 = precipitation 

(mm), and 𝐴𝑃𝐼𝐶𝑃 = area of PICP (m2). Peak inflow runoff rates were also calculated using the 

Rational Method (Kuichling 1887, Eq. 4.7):  

 𝑄𝑝 = 2.76 ∗ 𝐶 ∗ 𝑖 ∗ 𝐴 (4.7) 
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where 𝑄𝑝 = the peak flow rate (L/s), 𝐶 = Rational Coefficient (0.95 for impervious surfaces, Chin 

2006), 𝑖 = peak 5-minute rainfall intensity (mm/hr), and 𝐴 = contributing drainage area 

(hectares). 

Conversion of measured stage data to flow rates and volumes was performed in 

FLOWLINK Version 5.1 (ISCO 2005). Additionally, inter-event exfiltration and evaporation was 

calculated by measuring the inter-event drawdown rate (𝐷𝑅) of the water level within the 

permeable pavement [Eq. 4.8]. To account for intra-event infiltration, the total volume of inter-

event infiltration (𝑉𝐸𝐸) was scaled by 𝑓𝑑𝑟𝑎𝑖𝑛, the ratio of the total monitoring period to the total 

inter-event period duration [Eq. 9]. 

𝐷𝑅,𝑖 = (
𝑊𝐿𝑖,𝑖 −𝑊𝐿𝑓,𝑖

𝑇𝑖𝑒,𝑖
) ∗ 𝜙 (4.8) 

            𝑉𝐸𝐸 = ∑ (
𝐷𝑅,𝑖

1000
∗ 𝑇𝑖𝑒,𝑖 ∗ 𝐴𝑃𝐼𝐶𝑃)

𝑛
𝑖=1 ∗ 𝑓𝑑𝑟𝑎𝑖𝑛 

(4.9) 

where 𝐷𝑅 is the drawdown rate (mm/hr), 𝑊𝐿𝑖 and 𝑊𝐿𝑓 are initial and final water levels in the 

IWS zone inter-event (mm), 𝑇𝑖𝑒 is the inter-event period (hr), ϕ is the porosity of the aggregate 

(equal to 0.40 for ASTM No. 2 stone),  𝑉𝐸𝐸 is the total runoff exfiltrated or evaporated over the 

monitoring period (m3), and 𝐴𝑃𝐼𝐶𝑃 = area of PICP (m2). Since surface infiltration rates of the 

pavement remained high (average surface infiltration rate: 670 cm/hr) throughout the course of 

the study, surface runoff was considered zero.  

Water Quality 

Summary statistics including range, median (�̃�), mean (�̅�), and standard deviation (SD) 

were calculated for all pollutants. For pollutant concentrations less than the minimum detection 

limit (MDL), one-half the value of the MDL was substituted for calculations and statistical 
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analysis (Clausen and Spooner 1993). Median removal efficiencies (REs) were calculated for 

pollutants which demonstrated significant differences between control and effluent monitoring 

locations [Eq. 4.10]. Additionally, effluent concentration data for TN and TP were compared to 

“good” water quality thresholds for the Piedmont region of North Carolina as described in 

McNett et al. (2010). 

 
𝑅𝐸𝑖 = (

𝐸𝑀𝐶𝐼𝑁 − 𝐸𝑀𝐶𝑂𝑈𝑇
𝐸𝑀𝐶𝐼𝑁

) ∗ 100 
(4.10) 

where 𝑖 = event 1, 2, 3,…, n, 𝐸𝑀𝐶𝐶𝑇𝑅𝐿 = control event mean concentration (mg/L), and 𝐸𝑀𝐶𝑂𝑈𝑇 

= outlet event mean concentration (mg/L). 

Influent and effluent pollutant loads were calculated for individual storm events [Eqs. 

4.11 and 4.12] and summed over the entire monitoring period to determine the cumulative 

loading reduction [Eq. 4.13]. For these calculations, the sum of outlet loads includes the effluent 

load only and did not consider any load associated with the bypass volume from the original 

designed contributing area. Thus, results presented are for a permeable pavement with a 0.3:1 

run-on ratio. 

Influent Pollutant Load :  𝐿𝐼𝑁 = 𝐸𝑀𝐶𝐶𝑇𝑅𝐿 ∗ 𝑉𝐼𝑁 (4.11) 

Outlet Load : 𝐿𝑂𝑈𝑇 = 𝐸𝑀𝐶𝑂𝑈𝑇 ∗ 𝑉𝑂𝑈𝑇 (4.12) 

𝑆𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝐿𝑜𝑎𝑑𝑠 (𝑆𝑂𝐿) = (1 −
∑ 𝐿𝑂𝑈𝑇
𝑛
𝑖=1

∑ 𝐿𝐼𝑁
𝑛
𝑖=1

) ∗ 100 (4.13) 

Annual loading was determined on a kg/ha/yr basis by scaling the cumulative effluent 

load using Eq. 4.14. The annual loading was normalized by the total treated drainage area (15.2 

m2 of contributing area and 50 m2 of PICP). 
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𝐴𝑛𝑛𝑢𝑎𝑙 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝐸𝑥𝑝𝑜𝑟𝑡 =

∑ 𝐸𝑀𝐶𝑜𝑢𝑡,𝑖 ∗ 𝑉𝑜𝑢𝑡,𝑖
𝑛
𝑖=1 ∗

∑𝑉𝑜𝑢𝑡,𝑜𝑣𝑒𝑟𝑎𝑙𝑙
∑𝑉𝑜𝑢𝑡,𝑊𝑄

𝐷𝐴
∗ 𝐶 

(4.14) 

where ∑𝑉𝑜𝑢𝑡,𝑊𝑄 = sum of effluent volume sampled for water quality for one full year (m3),  

∑𝑉𝑜𝑢𝑡,𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = total effluent volume measured for one full year (m3), 𝐷𝐴 = treated drainage area, 

and 𝐶 = conversion factor to convert to kg/ha/yr (0.15). 

Data for each paired hydrologic and water quality parameter were evaluated for normal 

and log-normal distributions using the Shapiro-Wilk test and visual confirmation of residual 

plots. Significant differences were detected using t-tests when data were normally or log-

normally distributed; otherwise the non-parametric Wilcoxon signed rank test was used.  All 

analyses were performed in the statistical software R 3.1.2 (R Core Team 2015). 

4.4 Results and Discussion 

Hydrology 

The average annual precipitation for Durham, NC is 1100 mm (NOAA 2015). Through 

the first twelve months of monitoring (3/15/14 to 3/15/15), a total of 1293 mm fell at the site over 

66 separate events; this is in the 89th percentile of annual rainfall recorded over the past 70 years. 

A summary of rainfall data collected over the entire thirteen-month monitoring period is given in 

Table 4-2. 
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Table 4-2. Analysis of 74 hydrologic storm events from 3/15/14 to 4/15/15. 

  
Depth 

(mm) 

Average 

intensity 

(mm/hr) 

5-min peak 

intensity 

(mm/hr)  

Catchment 

Peak Flow 

(L/s) 

Antecedent 

Dry Period 

(days) 

Range 

2.5 – 

104.6a 0.2 – 61.2 6.9 – 212.6b 0.12 – 3.60 0.3 

Median 13.2 2.6 24.9 0.45 4.5 

Mean 18.4 7.1 40.5 0.71 15.8 

Total 1364 - - - - 
a Maximum rainfall depth had a 5-year recurrence interval. 
a Maximum 5-minute peak intensity had a 25-year recurrence interval. 

 

 

 

Volume Reduction and Drawdown Rate 

Seventy-seven percent of the influent runoff exited the PICP via the underdrain (Table 4-

3). The large percentage of drainage was anticipated given the low infiltration rate of the HSG D 

underlying soil (measured at 0.25 mm/hr); even with the inclusion of an IWS zone, volume 

reduction via exfiltration was expected to be low compared to past studies sited over higher 

conductivity soils [e.g., Bean et al. 2007 (66%-100%), Collins et al. 2008 (up to 48%), 

Wardynski et al. 2012 (up to 99%)]. Below the invert of the underdrain, vertical exfiltration was 

the dominant factor for water table drawdown. Evaporation was not determined to contribute 

substantially to drawdown since, aside from diurnal variations due to changes in atmospheric 

pressure, the water level decreased linearly (Figure 4-5).  

Despite the low measured exfiltration rate, typical inter-event drawdown created storage 

space to capture an 8-mm event. After accounting for intra-event exfiltration, volume reduction 

was approximately 22% of the overall water balance, leaving less than 0.3% of the runoff volume 

unaccounted for, which was attributed to equipment error.  
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Table 4-3. Fate of runoff for 74 storms from 3/15/14 to 4/15/15. 

 Inflow Outflow Exfiltration Other 

Total Volume (m3) 82.7 63.8 18.6 0.3 

Percent of Inflow (%) NA 77.2% 22.5% 0.3% 

 

 

 

 

Figure 4-5. Internal water level as a function of time. The green arrow indicates drawdown 

between two storm events. 

 

 

 

As storm size increased, a larger proportion of outflow relative to inflow was observed 

(Table 4-4). This indicates storm-by-storm volume reduction was greater for smaller storms, a 

behavior also suggested in Collins et al (2008) and Drake et al. (2014b), where outflow was not 

observed for storm events less than 6 mm and 7 mm, respectively. Herein, inter-event drawdown 

created enough storage to capture a large percentage of the runoff for small storms less than 8 

mm. The discharge threshold (DT), or minimum rainfall depth to produce outflow, was estimated 

to be 4.0 mm by determining the x-intercept of the linear regression of precipitation plotted 
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against outflow volume (Figure 4-6). Data verify that very small storms may be completely 

captured by this PICP lot. 

 

Table 4-4. Fate of runoff as a function of storm size for 74 storms from 3/15/14 to 4/15/15. 

Rainfall 

(mm) 

Number 

of Events 

Average 

duration of 

rainfall (hr) 

Average 

duration of 

outflow (hr) 

Total inflow 

(m3) 

Total outflow 

(m3) 

Volume 

Reduction (%) 

0 - 8 21 3.9 13.2 5.1 1.4 71.9 

8 - 13 15 4.9 12.6 9.1 5.4 40.9 

13 - 25 26 9.3 18.9 29.0 23.3 19.8 

> 25 12 14.3 19.4 39.4 33.7 14.5 

 

 

 

 

Figure 4-6. Discharge threshold (DT) for the Piney Wood permeable pavement. 

 

 

Compared to the duration of rainfall, outflow duration was extended by a factor of 1.4 – 

3.4 due to throttling from the underdrain. This is important because decreasing the duration of 
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erosion-inducing outflow rates is a key metric for stream health (Tillinghast et al. 2011, Walsh et 

al. 2012). Extended duration of outflow is most critical when the outflow rate exceeds erosion-

inducing threshold flow rates. The critical discharge for three sub-catchments of nearby House 

Creek (Raleigh, North Carolina) was calculated by Tillinghast et al. (2012) to be between 0.22 – 

1.12 L/s/ha, depending on the land use of the contributing drainage area. Outflow rates from the 

PICP met the lower and upper limits of these thresholds 59% and 80% of the time, respectively. 

While outflow duration was extended compared to rainfall duration, outflow rates exceeded 

nearby critical thresholds only 20 – 40% of the time.   

The IWS zone is expected to have contributed substantially to volume reduction. The 

effect of adding an IWS zone to a permeable pavement exfiltrating into a soil with a Ksat of 0.20 

mm/hr was modeled in Chapter 6. For the two scenarios modeled, adding an IWS zone of 150 

mm more than doubled exfiltration. Without IWS, the two systems exfiltrated 2 – 7% of runoff 

volumes; adding 150 mm of IWS increased exfiltration to over 14 – 18%. It is expected that 

without IWS, this PICP lot would have had much less volume reduction. 

Peak Flow Mitigation 

Influent and effluent peak flows were significantly reduced by a median of 82% (p < 

0.0001, Table 4-5), which is comparable to other permeable pavement studies (Fassman and 

Blackbourn 2010, Roseen et al., 2012). The effluent time to peak was extended on average by 

0.39 hours, or 23 minutes, as compared to the influent time to peak. This is slightly lower than 

the 0.50 to 2 hours reported in other studies (Brattebo and Booth 2003, Collins et al. 2008, 

Fassman and Blackbourn 2010), and is attributed to the low infiltration rate of the underlying soil 

providing minimal intra-event exfiltration. 
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Table 4-5. Summary of peak flow rates for all storm events (n =74).  

  Mean  Median  75th Percentile  90th Percentile  

Influent Qp (L/s) 0.70 0.44 0.88 1.44 

Effluent Qp (L/s) 0.28 0.08 0.23 0.71 

QR (%) 71 82 60 29 

Rpeak (unitless) 0.29 0.18 0.40 0.71 

tl (hr) 0.39 0.07 0.00 -0.05 

 

 

 

Regulations in North Carolina and many other states target peak flow reduction from 

larger recurrence interval storms (e.g., 1-year recurrence and above) (NCDEQ 2012, MDE 2009, 

PADEP 2006). During the monitoring period, three storms had peak intensities exceeding the 10-

yr, 5-min storm for Durham, NC (183 mm/hr). For these storms, peak flow was mitigated 0%, 

63% and 98% (Table 4-6). Peak flow reduction appeared to be linked to antecedent dry period, 

with no peak flow mitigation for the storm with an antecedent dry period less than 24 hours 

(7/15/2014). The peak inflow rate for this storm also occurred close to the centroid of the 

hydrograph (after 43 mm of rainfall) and thus available storage within the aggregate subbase was 

already partially filled. The peak inflow rate for the other two storms (where peak flow was 

reduced by 63% and 98%) occurred well before the centroid of rainfall volume, meaning there 

was adequate storage within the aggregate to mitigate peak inflow rates. These results show the 

PICP provided peak flow reduction for larger recurrence interval storms when (1) antecedent dry 

period allowed for substantial drawdown of the IWS zone and (2) peak rainfall rate occurred 

before the centroid of the rainfall volume.  
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Table 4-6. Summary of peak flow mitigation for three storm events with peak rainfall 

intensities exceeding the 10-yr, 5-min intensity for Durham, NC. 

Date 
Precipitation 

depth (mm) 

5-min peak 

rainfall 

intensity 

(mm/hr) 

Antecedent 

dry period 

(hr) 

Peak 

inflow 

(L/s) 

Peak 

outflow 

(L/s) 

Peak 

flow 

reduction 

(%) 

7/15/2014 89.4 194 19 3.28 3.99 -21 

11/23/2014 20.3 208 132 3.53 1.30 63 

3/1/2015 23.6 213 76 3.59 0.08 98 

 

 

 

Water Quality 

The storms analyzed for water quality tended to be larger than the overall storm 

distribution, since storms less than 8 mm rarely produced outflow (Table 4-7). The total 

percentage of rainfall analyzed for water quality ranged from 40% (metals) to 56% (nutrients). 

 

Table 4-7. Precipitation summary for water quality storms. 

  TSS Nutrients Metals Overall 

Range (mm) 8.4 – 89.4 8.4 – 89.4 8.4 – 89.4 2.5 – 104.6 

Median (mm) 20.8 20.8 20.8 13.2 

Mean (mm) 26.8 26.3 29.5 18.4 

Total (mm) 751 762 560 1364 

n 28 29 19 74 

 

 

 

Pollutant Concentrations and Loadings 

Summary statistics for all pollutant EMCs and loadings are presented in Table 4-8, while 

boxplots of pollutant EMCs are provided in Figure 4-7. All pollutant EMCs were significantly 

reduced except for NO2,3-N, which significantly increased. Removal efficiency of pollutants was 

exceptionally high, resulting in median REs of 99%, 68% and 96% for TSS, TN, and TP, 

respectively. These REs generally exceed removal efficiencies for PICP reported in previous 
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literature [e.g., TSS: 33% - 90%, TN: up to 45%, TP: 10% - 82% (Bean et al. 2007, Collins et al. 

2010, Drake et al. 2014a, Dreelin et al. 2006, Fassman and Blackbourn 2011, Roseen et al. 

2012)]. High REs may have been skewed by a control watershed containing excessive sediment 

and debris; control concentrations commonly exceeded median influent concentration levels ( for 

TSS and TP) reported in the International Stormwater Best Management Practice (BMP) 

Database (ISBMPD) (Leisenring et al. 2014). One-hundred percent of TSS, 40% of TN, and 93% 

of TP concentrations collected at the control were higher than median composite influent 

concentrations from the ISBMPD, which were 90.3 mg/L, 1.93 mg/L, and 0.18 mg/L for TSS, 

TN, and TP, respectively (Leisenring et al. 2014). Fifty-four percent and 93% of control 

concentrations also exceeded the mean TN (1.57 mg/L) and TP (0.19 mg/) concentrations from 

eight North Carolina asphalt parking lots (Passeport and Hunt 2009). Despite a “dirty” watershed, 

median effluent concentrations of TSS, TN, and TP were extremely low at 7 mg/L, 0.52 mg/L, 

and 0.02 mg/L, respectively. Barrett et al. (2004) established an effluent TSS target of 25 mg/L; 

81% of effluent TSS concentrations were less than this threshold. Concentrations were also 

generally less than effluent concentrations from other permeable pavement studies [e.g., TSS: 6 – 

39 mg/L, TN: 0.58 – 1.28 mg/L, TP: 0.03 – 0.12  mg/L (Collins et al. 2010, Fassman and 

Blackbourn 2011, Roseen et al. 2012, Drake et al. 2014a)].  

Coupling high pollutant EMC removal with 22% volume reduction, loading efficiencies 

were also exceptionally high, exceeding 95% for TSS and TP, and 70% for TN. From 3/15/14 to 

3/15/15, 29 of 66 precipitation events were sampled; the effluent volume sampled for water 

quality (36.9 m3) represented approximately 60% of the total (59.9 m3) during that time, giving 

the authors reasonable confidence in extrapolating cumulative loading to an annual export load as 

described in Eq. 4.14.  
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Table 4-8.  Summary of performance metrics for all pollutants. Significant values are bolded.  

Pollutant Location 

Event Mean Concentration (mg/L)   Loading 

Range   �̃�  �̅� SD p-valuea 

Removal 

Efficiency 

𝑹�̃� (%) 

  
Cumulative 

Loading (g) 

Annual Loading 

(kg/ha/yr) 

Summation  

of Loads  

SOL (%) 

TSS 
CONTROL 136 - 2000 568 703 534 

< 0.0001 99 
 35059.3 8476.2 

98 
OUT 1 - 119 7 15 24  597.8 138.5 

TP 
CONTROL 0.13 - 1.43 0.44 0.50 0.28 

< 0.0001 96 
 24.8 6.0 

95 
OUT 0.01 - 0.13 0.02 0.03 0.03  1.2 0.3 

O-PO4
3- 

CONTROL 0.004 - 0.036 0.010 0.013 0.008 
< 0.0001 71 

 0.60 0.14 
80 

OUT 0.001 - 0.013 0.003 0.003 0.002  0.12 0.03 

TN 
CONTROL 0.87 - 5.07 1.65 2.04 1.23 

< 0.0001 68 
 88.3 21.3 

73 
OUT 0.20 - 1.68 0.52 0.65 0.40  23.5 5.4 

TAN 
CONTROL 0.03 - 0.37 0.12 0.13 0.07 

0.0006 78 
 5.9 1.4 

43 
OUT 0.01 - 0.85 0.03 0.08 0.18  3.3 0.8 

TKN 
CONTROL 0.83 - 5.01 1.57 1.91 1.21 

< 0.0001 91 
 82.3 19.9 

90 
OUT 0.05 - 1.18 0.14 0.21 0.23  8.5 2.0 

ON 
CONTROL 0.75 - 4.85 1.43 1.79 1.19 

< 0.0001 92 
 76.4 18.5 

93 
OUT 0.04 - 0.33 0.11 0.13 0.07  5.2 1.2 

NO2,3
—N 

CONTROL 0.02 - 0.33 0.11 0.13 0.09 
< 0.0001 -230 

 6.0 1.5 
-149 

OUT 0.13 - 1.31 0.34 0.44 0.26  14.9 3.5 

Cu 
CONTROL 0.006 - 0.036 0.011 0.015 0.008 

< 0.0001 87 
 0.45 0.15 

87 
OUT < MDL - 0.019 0.002 0.003 0.004  0.06 0.02 

Pb 
CONTROL 0.002 - 0.033 0.012 0.013 0.008 

< 0.0001 93 
 0.43 0.14 

93 
OUT < MDL < 0.002 < 0.002 -  0.03 0.01 

Zn 
CONTROL 0.022 - 0.110 0.041 0.051 0.027 

< 0.0001 88 
 1.51 0.49 

90 
OUT < MDL - 0.011 < 0.010 < 0.010 -  0.14 0.04 

a  P-values computed via paired Wilcoxon signed-rank test.
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Figure 4-7. Boxplots of pollutant concentration distributions for the control and effluent 

monitoring sites from the Piney Wood PICP. 

 

 

 

While the PICP provided significant reduction of TKN (RETKN: 91%, thus contributing to 

an overall reduction of TN), significant NO2,3
 –N export was observed (RENO2,3 –N: -230%). A 

majority of the control TN concentration was in the form of particulate-bound ON (Figure 4-8) 

which would be removed via filtration and sedimentation; effluent nitrogen was primarily in the 
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form of aqueous NO2,3
 -N. The increase in NO2,3

 -N is attributed to the nitrification of TAN 

(RETAN: 78%), which has been reported in several other permeable pavement studies (Bean et al. 

2007, Collins et al. 2010, Drake et al. 2014a). The removal of NO2,3
 -N via denitrification 

requires anaerobic conditions, the presence of denitrifying bacteria, and a sufficient source of 

organic carbon (Birgand et al. 2007). During inter-event periods, anaerobic conditions were 

observed in the IWS zone [dissolved oxygen (DO) concentration ≈ 0 mg/L]; however, as 

stormwater entered the PICP during precipitation events, DO concentrations increased to a 

maximum of 8 mg/L (Figure 4-9). Because of this (as well as a short hydraulic retention time and 

potential lack of denitrifying bacteria and organic carbon), removal of NO2,3
 -N via denitrification 

was not viable during storm events. The median effluent concentration of NO2,3-N was 0.34 

mg/L, which is still low compared to other permeable pavement studies [Collins et al. 2010 (0.42 

– 0.83 mg/L), Drake et al. 2014a (0.37 – 0.92 mg/L), Winston et al. submitted (0.46 – 0.63 

mg/L)]. 
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Figure 4-8. Average control and effluent concentrations for the various nitrogen forms. 

 

 

 

 

Figure 4-9. Dissolved oxygen concentration before, during, and after an 89.4 mm rainfall event 

on 7/15/2014. 
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A median 92% of phosphorus in the control and effluent concentrations was particulate-

bound. Filtration thus provided the majority of TP removal, but despite very low control 

concentrations, O-PO4
3- was also significantly removed at a high rate (REO-PO43: 76%) [100% of 

control concentrations were below the median influent concentration of 0.049 mg/L in the 

ISBMPD (Leisenring et al. 2014) and median NC parking lot concentration of 0.07 mg/L 

(Passeport and Hunt 2009)].  Removal of aqueous O-PO4
3- is likely due to adsorption of dissolved 

phosphorus to the aluminum-oxides found in crushed granite, the type of aggregate used for the 

subbase of the permeable pavement (Sansalone and Ma 2009); dissolved phosphorus may also 

have sorbed to the underlying clay soil (Sparks 2003). 

The PICP reduced the concentration of the metals Cu, Pb, and Zn by 87%, 93%, and 

88%, respectively. Effluent concentrations [median: 0.002 mg/L (Cu), < 0.002 mg/L (Pb), and < 

0.010 (Zn)] were often below the detection limit and were comparable to other permeable 

pavement studies [Cu: < 0.002 – 0.021 mg/L, Pb: < 0.002 – 0.002, Zn: < 0.010 – 0.045 mg/L 

(Legret and Colandini 1999, Booth and Leavitt 1999, Brattebo and Booth 2003, Fassman and 

Blackbourn 2011)]. Given the high removal rates, it is expected a large proportion of the metals 

were in the particulate-bound form and filtered by the PICP and aggregate. Cumulative loading 

efficiency exceeded 85% for all three metals.  

Nitrogen Composition of Exfiltrate 

Of the rainfall and runoff infiltrating the PICP, 22% exfiltrated. Because exfiltration is 

sometimes a dominate fate in permeable pavement (Chapter 6, Smolek et al. 2015), there is 

interest in the nitrogen composition of runoff exfiltrating to the groundwater, as elevated levels of 

NO2,3
 -N can cause methemoglobinemia and other health concerns (Anjana et al. 2006, Bryan and 
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van Grinsen 2013, Tricker and Preussmann 1991). Given bioretention with IWS over clayey soils 

have exhibited denitrification potential (Kim et al. 2003, Passeport et al. 2009), and low DO 

concentrations were observed inter-event in the IWS of the PICP (< 0.5 mg/L), it was 

hypothesized denitrification could be occurring in the subbase between storm events.  

To investigate this, the nitrogen composition of a flow-proportioned effluent sample was 

compared to grab samples obtained from the IWS zone at 12, 36, 60 and 84 hours after the end of 

a 9.7 mm event (April 9, 2015). The nitrogen composition of these samples is juxtaposed with 

the corresponding DO concentrations in Figure 4-10. When DO concentrations were less than 0.5 

mg/L, the NO2,3
 –N concentration decreased, indicating the presence of denitrifying bacteria and 

sufficient organic matter at the soil-water interface for denitrification to occur. The NO2,3
 -N 

concentration within the IWS decreased from 0.68 mg/L to 0.04 mg/L between 12 and 36 hours 

after the storm and then was further reduced to 0.02 mg/L at 60 hours. Additional denitrification 

did not occur beyond 60 hours. While definitive conclusions cannot be drawn from one storm 

event, these results suggest denitrification within the IWS zone (and along the soil-water 

interface) of permeable pavements may be viable and should be explored further. 



 

117 

 

 

Figure 4-10. Nitrogen composition during (effluent) and after (grab samples) a 9.7-mm on 

4/9/2015. Sampling time on graph of nitrogen composition indicates hours after end of storm. 

Grab samples were obtained from the internal water storage zone.  

 

 

 

Effluent Pollutant Concentrations and In-stream Biota 

Benthic macroinvertebrates are used to assess water quality impairment in streams 

(Skoulikidis et al. 2004, Gresens et al. 2007, Gray and Delaney 2008). McNett et al. (2010) 

established water quality thresholds for North Carolina by using qualitative benthic 

macroinvertebrate health and correlating them to in-stream nutrient concentrations. The 

concentrations correlating to “good” ambient water quality in the North Carolina Piedmont were 

0.99 mg/L and 0.11 mg/L for TN and TP, respectively (Figure 4-11). Effluent concentrations 

were less than these thresholds 87% (TN) and 95% (TP) of the time. Despite influent 
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concentrations being very high, effluent concentrations of the primary pollutants were 

consistently reduced to a level such that threat to the health of receiving waters was mitigated.  

 

 

Figure 4-11. Left to right: Cumulative probability plots for control and effluent concentrations 

of (a) total nitrogen and (b) total phosphorus. Dashed line indicates “good” ambient water 

quality effluent concentrations for the North Carolina Piedmont as described in McNett et al., 

2010. 

 

 

 

4.5 Summary and Conclusions 

In many jurisdictions, the use of permeable pavement over tight, clayey soils is not 

encouraged or even allowed (NCDEQ 2012, ODNR 2006, PADEP 2006). However, results from 

this study indicate that despite extremely low hydraulic conductivity underlying soils, the PICP 

lot dramatically mitigated pollutant concentrations and loads, while positively impacting urban 

hydrology. The inclusion of an IWS zone was an important design feature.  
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Analyses show overall volume reduction by the PICP was 22%, which was greater than 

expected given the low exfiltration capacity of the underlying soil (average drawdown rate: 0.25 

mm/hr). Volume reduction was lower than studies of permeable pavements built over more 

permeable soils, but was presumably improved by the inclusion of an IWS zone, which created 

storage capacity to mitigate volume from storms less than 8 mm. Peak flows from two of three 

high-intensity events were adequately mitigated (63% and 98%). The antecedent dry period and 

timing of peak inflow was a factor in peak outflow rate reduction for larger recurrence interval 

storms. 

All pollutant concentrations were significantly reduced (p-value < 0.05), except for 

NO2,3-N which significantly increased. Despite high concentrations obtained from the control 

watershed, effluent concentrations of TSS, TP, and TN were very low and usually less than 

established water quality thresholds (Barrett et al. 2004, McNett et al. 2010). Concentrations of 

Cu, Pb, and Zn were significantly reduced by over 87%, 93% and 88%, respectively, and effluent 

concentrations were often below MDLs. Cumulative load reduction over the thirteen months of 

monitoring exceeded 85% for TP, TSS, Cu, Pb, and Zn, and was equivalent to 73% for TN. 

These results show permeable pavements built over low-conductivity, clay soils can 

substantively improve water quality and hydrologic mitigation when IWS is incorporated.  

Sampling of the various nitrogen forms 12, 36, 60, and 84 hours post-rainfall was 

conducted to better understand mechanisms of nitrogen removal; results from one storm event 

indicate denitrification may be occurring in the IWS zone of the PICP inter-event. Further 

exploration of denitrification within the IWS zone of permeable pavements is warranted. 
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Chapter 5: Calibration and Validation of DRAINMOD to Predict Annual 

Permeable Pavement Hydrology 
 

 

5.1 Abstract 

The hydrologic performance of permeable pavement varies widely due to underlying soil 

type, drainage configuration, contributing drainage area, surface infiltration rate, and aggregate 

depth. A long-term hydrologic model is needed to better understand the influence of these design 

variables on surface runoff, drainage, exfiltration, and evaporation from permeable pavement 

systems. Most previous models used for permeable pavement have not been calibrated with field 

monitored data, are usually unable to accurately model internal water storage (IWS) zones, and 

do not account for evaporation from the aggregate profile. Given permeable pavement employs 

drainage and exfiltration as primary hydrologic mechanisms, it was hypothesized DRAINMOD, 

a model shown to accurately simulate bioretention hydrology, could be calibrated to predict the 

hydrologic response from permeable pavements. Hydrologic data were collected from two 

permeable pavement applications in North Carolina (Boone and Durham) and three permeable 

pavement applications in Ohio (Perkins Township, Willoughby Hills Small, and Willoughby 

Hills Large) to calibrate and test the model. Among the permeable pavements, a wide variety 

existed in aggregate depth, drainage configuration, underlying soil type, and contributing 

drainage area. Nash-Sutcliffe Efficiencies ranged from 0.77 – 0.95 for drainage during calibration 

and validation of all sites. Nash-Sutcliffe Efficiencies for exfiltration/evaporation ranged from 

0.55 – 0.97 for Boone and Perkins Township, but prediction of exfiltration/evaporation volumes 

on an event basis was poor for the remaining three sites due to low exfiltration rates (less than 

0.25 mm/hr). Despite this, the cumulative volume of exfiltration/evaporation was predicted to 

within 1-9% of what was estimated from monitoring. Modeled and monitored surface runoff 
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from the Willoughby Hills Small application (8% of the water balance) were equivalent. The 

model predicted the percentage of drainage, surface runoff, and exfiltration/evaporation to within 

2% of what was monitored/estimated at each site, suggesting long-term modeling of permeable 

pavement hydrology with DRAINMOD is viable.  

 

5.2 Introduction 

Stormwater runoff from developed areas is one of the most substantial causes of surface 

water impairment in the United States (USEPA 2004). As imperviousness increases in the urban 

landscape, runoff volumes, peak flows, and pollutant export concomitantly increase (Booth et al. 

2002, Lee and Bang 2000, Line et al. 2002, Line and White 2007). To mitigate the effects of 

urban development, federal and state stormwater regulations have led public and private entities 

to install stormwater control measures (SCMs) to meet water quality and quantity goals (e.g., 

USEPA 2009). Examples of SCMs include permeable pavement, bioretention, swales, 

constructed stormwater wetlands, and green roofs.  

Permeable pavement allows stormwater runoff to infiltrate through a permeable surface 

layer, stores it in its aggregate subbase, and reduces runoff volume through infiltration to the 

underlying soils (Scholz and Grabowiecki 2007). The four general fates of stormwater runoff 

received by a permeable pavement include surface runoff (due to surface clogging or when the 

aggregate reservoir becomes full), evaporation, drainage (discharged runoff via an underdrain), 

and exfiltration (infiltration into the underlying soil). When designed, constructed, and 

maintained properly, permeable pavements have been shown to effectively reduce surface runoff, 

peak flow and runoff volumes on all hydrologic soil groups (Chapter 3, Booth and Leavitt 1999, 

Brattebo and Booth 2003, Bean et al. 2007a, Collins et al. 2008, Dreelin et al. 2006, Fassman and 
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Blackbourn 2010, Roseen et al. 2012, Wardynski et al. 2012, Winston 2016). However, the 

extent of hydrologic mitigation is largely dependent on design and maintenance considerations, 

including aggregate depth, native soil type, size of contributing watershed area, drainage 

configuration, and surface infiltration rate.  

Permeable pavements constructed over permeable Hydrologic Soil Group (HSG) A and 

B soils have reduced runoff volumes by over 50% (Bean et al. 2007b, Dreelin et al. 2006, 

Wardynski et al. 2012); permeable pavements constructed over clayey HSG C and D soils 

generally exhibit lower volume reductions, ranging from 3-43% for conventionally-drained 

practices (Chapter 4, Collins et al. 2008; Drake et al. 2013, Roseen et al. 2012, Fassman and 

Blackbourn 2010). The drainage configuration [presence/lack of an underdrain, or inclusion of 

internal water storage (IWS)] also affects the hydrologic performance of a permeable pavement 

(Chapter 4, Collins et al. 2008, Wardynski et al. 2012, Winston 2016). Collins et al. (2008) 

observed a 30% increase in average volume reduction for a permeable pavement with 10 cm of 

IWS. Inclusion of an IWS zone via an elevated or upturned underdrain increased volume 

reduction by 23% compared to a conventionally drained system, and deeper IWS zones 

augmented exfiltration (Wardynski et al. 2012). In Chapter 4 and Winston (2016), volume 

reductions ranging from 16-53% were reported for permeable pavements with 15 cm of IWS 

built in HSG D soils.  

Given the site-by-site variability of hydrologic mitigation, it is difficult to predict how a 

permeable pavement SCM will perform prior to installation. Because of this, permeable 

pavements are infrequently utilized over clayey soils, and design standards typically restrict the 

ratio of impervious watershed area to permeable pavement area (run-on ratio) [e.g., in North 

Carolina 1:1 (NCDEQ 2012), in Ohio 2:1 (ODNR 2006)] and/or require a minimum aggregate 
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depth based on a design storm, regardless of underlying soil type (NCDEQ 2012, PADEP 2009). 

This limits the use of permeable pavement as an SCM, particularly for retrofit applications which 

must be constructed within the constraints of the existing site. Long-term, continuous simulation 

models, such as DRAINMOD, an agricultural water balance model which has been adapted for 

bioretention modeling (Brown et al. 2013, Hathaway et al. 2014, Winston 2016), could be 

valuable in predicting the hydrologic mitigation from various permeable pavement designs (e.g., 

what proportion of annual runoff becomes surface runoff, drainage, exfiltration, or evaporation). 

Motives for developing a long-term model for permeable pavements include understanding the 

influence of design variables on annual hydrologic performance and determining the expected 

hydrologic mitigation from retrofitted systems.  

Currently, no widely accepted model exists for permeable pavement. Permeable 

pavement models presently utilized either: (1) are unable to run continuous simulations, (2) do 

not accurately model underdrain flow, (3) do not account for evaporation within the aggregate 

profile, (4) are unable to model an internal water storage zone, and/or (5) have not been 

calibrated to field-collected permeable pavement data. Many models applied to permeable 

pavements are infiltration-based models that do not include underdrains (Brander et al. 2004, 

Browne et al. 2008, Martin and Kaye 2015, Schlüter et al. 2007). Exfiltration from a storage-

based infiltration system is perhaps best analyzed using Richards’ equation (Richards 1931), but 

the complexity and computational intensity of models developed from the Richards’ equation 

(e.g., HYDRUS, SEEP/W, Thomson 1990, Browne et al. 2008) have limited their widespread 

application in stormwater design.  

Simplified models based on Darcy’s law (Darcy 1856) or the Green-Ampt infiltration 

equation (Green and Ampt 1911) have been used to model exfiltration for both 1D-vertical 
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(Braga et al. 2007, Schlüter et al. 2007) and 2D-vertical and horizontal flow (Emerson et al. 

2010, Lee et al. 2015). However, of these models, Lee et al. (2015) is the only one to calibrate to 

field-collected permeable pavement hydrologic data; all other models were developed for 

infiltration basins, infiltration trenches, or bioinfiltration devices. Lee and colleagues (2015) 

developed a continuous unit process model which simulated infiltration through the permeable 

pavement, vertical and horizontal exfiltration from the subbase, and clogging impacts at the 

pavement surface and interface with the underlying soil. While the model was calibrated to field 

data with high accuracy, it did not consider evaporation from the permeable pavement, which has 

been measured to be 16% higher than evaporation from traditional asphalt (Starke et al. 2010), 

and up to 8% of the water balance from a lined permeable pavement (Brown and Borst 2015).  

Martin and Kaye (2015) created a “broken-line” model to predict initial abstraction from 

permeable pavements; it was developed for systems without underdrains and was not calibrated 

to field-collected data. Given many design standards require the use of underdrains, this type of 

model is often not practical. Schlüter and Jefferies (2002) field-calibrated the hydrologic model 

Erwin 3.0 (AWS 1998) to predict outflow from permeable pavements with underdrains, but it did 

not predict the full hydrologic balance (e.g., surface runoff, drainage, exfiltration, and 

evaporation). More recently, Zhang and Guo (2014) developed an analytical equation to predict 

long-term average runoff volume reductions for permeable pavements with and without 

underdrains. While the analytical equation was in good agreement with results from the 

permeable pavement module in Storm Water Management Model (SWMM) V5.0, none of the 

simulations were calibrated to field-collected data.  

Other models with continuous simulation capabilities currently available to designers 

include: Storm Water Management Model (SWMM) 5.0, Windows-based Source Loading and 
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Management Model (WinSLAMM) 9.4, and Model for Urban Stormwater Improvement 

Conceptualisation (MUSIC) 3.1. Of the available models, only SWMM can simulate an elevated 

underdrain outlet in the aggregate subbase. Additionally, the processes used by these models to 

model water movement through the aggregate and into the drains are not as comprehensive as 

those in DRAINMOD. The previously described models do not account for evaporation that 

occurs after the aggregate has reached field capacity. Current models also either calculate water 

storage capacity as the difference between total porosity and field capacity or use a void ratio of 

the aggregate. As described in Brown et al. (2013), the soil-water characteristic curve (or for the 

case of aggregate, the water retention curve) provides a better estimate of the volume drained 

from the profile when the internal water level is close to the surface. The difference between 

simple models and the water retention curve is over 35% when the water table is within 10 cm of 

the pavement surface (Table 5-1, Figure 5-1). The water retention curve always produces a more 

conservative estimate; simpler models tend to over-predict the amount of water drained from the 

aggregate. 

Table 5-1. Calculating volume drained from aggregate by (1) distance from the pavement 

surface by using the water retention curve and (2) subtracting field capacity from saturated 

volumetric water content. 

Water level 

distance from 

pavement surface 

(m) 

Volume 

drained: 

water 

retention 

curve (m3/m2) 

  

Volume drained: 

saturation minus 

field capacity 

(m3/m2) 

  Percent difference (%) 

0.1 0.019  0.026  -36.3 

0.3 0.069  0.077  -11.7 

0.6 0.145  0.154  -5.8 

0.9 0.222  0.230  -3.8 
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Figure 5-1. Volumetric water content present in the aggregate profile when the internal water 

level is 0.6 meters using: (1) a water retention curve developed for aggregate (solid line) and (2) 

field capacity (long dashes) methods. The difference between the two methods is shaded. 

 

 

 

Given the limitations of existing models, a more powerful, comprehensive model is 

needed to predict the annual water balance from permeable pavements. Past research has shown 

the agricultural water balance model, DRAINMOD, accurately predicts the hydrology of 

bioretention cells with and without IWS zones (Brown et al. 2013, Winston 2016). Given that 

bioretention and permeable pavement employ drainage and exfiltration as primary hydrologic 

mechanisms, it was hypothesized DRAINMOD could be calibrated to predict the water balance 

for permeable pavements. A continuous, long-term model such as DRAINMOD could help 

stormwater engineers and regulators evaluate the hydrologic performance of many different 

design configurations and subsequently optimize design specifications for aggregate depth, 

underdrain configuration and run-on ratio. The objective of this study was to assess the capability 

of DRAINMOD to predict hydrology from field-monitored permeable pavements. 
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5.3 Model Description and Application 

Description of DRAINMOD 

As described by Skaggs (1978, 1982, 1999), DRAINMOD is governed by two water 

balances: (1) in the profile [Eq. 5.1] and (2) at the surface [Eq. 5.2]. Both water balances are 

computed per unit surface area and expressed in terms of depth (cm). The modeled profile is 

located at the midpoint between drains and extends from the interface of the aggregate and the in 

situ soil to the pavement surface:  

∆𝑉𝑎  =  𝐷 +  𝐸𝑇 +  𝐷𝑆 –  𝐹 (5.1) 

where ∆𝑉𝑎  = change in the air volume, 𝐷 = lateral drainage from the section, 𝐸𝑇 = 

evapotranspiration, 𝐷𝑆 = deep seepage, and 𝐹 = infiltration entering the section in ∆𝑡 (time 

increment). Infiltration at the surface is calculated using the Green and Ampt method (Green and 

Ampt 1911). The water balance at the surface is calculated by Eq. 5.2: 

𝑃 = 𝐹 + ∆𝑆 + 𝑅𝑂 (5.2) 

where 𝑃 = precipitation, 𝐹 = infiltration, S = change in volume of water stored on the surface, 

and 𝑅𝑂 = surface runoff during time period t. 

DRAINMOD uses a time increment of ∆𝑡, which in most cases is 1 hour, but decreases to 

5 minutes or less when the intensity of rainfall exceeds the infiltration capacity. To reduce 

computational time, ∆𝑡 is increased to 2 hours when there is no rainfall and the drainage rate is 

rapid; when rates of both drainage and ET are low, ∆𝑡 is further increased up to 24 hours.  
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DRAINMOD uses Hooghoudt’s equation [Eq. 5.3] to compute drainage flux when the 

water table is below the surface (Hooghoudt 1940). The flux is calculated based on the internal 

water level midway between the drains and the hydraulic head on the drains: 

𝑞 =  
8𝐾𝑑𝑒𝑚+ 4𝐾𝑚2

𝐿2
 (5.3) 

where 𝑞 = drainage flux, 𝐾 = effective lateral hydraulic conductivity, 𝐿 = drain spacing, 𝑚 = 

internal water level above the drains at the midpoint, and 𝑑𝑒= equivalent drain depth. To correct 

for convergence near the drain, DRAINMOD calculates an equivalent depth using equations 

developed in Moody (1967).   

While ponding of the surface and saturation of the profile is unlikely to occur in 

permeable pavements, under these conditions, drainage rate is calculated using the Kirkham 

equation [Eq. 5.4] (Kirkham 1957): 

𝑞 =  
4𝜋𝐾(𝑡 + 𝑑 − 𝑟)

𝐺𝐿
 (5.4) 

where 𝑡 = ponding depth and 𝐺 = Kirkham’s coefficient, a term dependent on drain depth, drain 

spacing and depth of the soil profile [Eq. 5.5]: 

𝐺 = 2 ln [
tan(

𝜋(2𝑑−𝑟)

4ℎ
)

tan(
𝜋𝑟

4ℎ
)
] + 2∑ ln [

cosh(
𝜋𝑚𝐿

2ℎ
)+cos(

𝜋𝑟

2ℎ
)

cosh(
𝜋𝑚𝐿

2ℎ
)−cos(

𝜋𝑟

2ℎ
)
∙
cosh(

𝜋𝑚𝐿

2ℎ
)−cos(𝜋(2𝑑−𝑟)/2ℎ

cosh(
𝜋𝑚𝐿

2ℎ
)+cos(𝜋(2𝑑−𝑟)/2ℎ

]∞
𝑚=1                                                         (5.5) 

where ℎ = profile depth. The drainage flux may be restricted to a user-defined drainage 

coefficient if the drainage rate is limited by pipe size, valves, or other features. 

Additional information on DRAINMOD’s governing equations and model components, 

utilities, and functions are provided in Skaggs (1999) and in the DRAINMOD Reference Report 

(Skaggs 1980). More details on the application of DRAINMOD to bioretention are provided in 

Brown et al. (2013) and Winston (2016). 
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Application of Permeable Pavement Design Specifications to DRAINMOD  

Detailed step-by-step instructions for modeling permeable pavement in DRAINMOD are 

provided in Appendix E. In general, the first step of the modeling process is to simulate runoff 

from the highly impervious contributing drainage area. This was achieved by adjusting model 

parameters (wide drain spacing, shallow surface storage, and low infiltration rates) to mimic the 

large volume of runoff generated from a mostly impervious watershed. The contributing area 

runoff file created from this initial simulation is used as an input to the subsequent permeable 

pavement simulation. The permeable pavement model inputs are determined based on as-built 

conditions, underlying soil parameters, and other design characteristics for the permeable 

pavement site of interest.   

While permeable pavements utilize aggregate to support the paving course (instead of the 

soil present in agricultural fields), the underlying principles of flow to an underdrain are similar 

to those in an agricultural field. Permeable pavements temporarily store water in an aggregate, 

utilize drains of a known diameter, depth, and spacing (simulated with flow to drains in 

DRAINMOD), reduce runoff via exfiltration (equivalent to deep seepage in DRAINMOD), and 

can incorporate IWS to restrict outflow (simulated with controlled drainage in DRAINMOD). 

Because of the similarities, many DRAINMOD inputs correspond directly to permeable 

pavement design specifications (Table 5-2, Figure 5-2). Despite not originally being developed 

for urban stormwater management, DRAINMOD’s ability to model drained systems make it well 

suited as a hydrologic model for permeable pavements.  

Another advantage of using DRAINMOD for permeable pavement hydrology is the 

direct interpretation of model outputs as they apply to long-term water balances in stormwater 

management. Table 5-3 shows examples of how DRAINMOD outputs are related to permeable 
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pavement applications. Runoff reduction occurs through evaporation or exfiltration, drainage is 

regarded as treated, and surface runoff is considered untreated. These interpretations of the 

DRAINMOD output can be used to determine expected volume and pollutant loading reduction 

from this SCM.  

While the authors believe DRAINMOD can be utilized to effectively predict long-term 

hydrologic fate of stormwater in permeable pavement, there are some inherent drawbacks of 

using DRAINMOD as a permeable pavement hydrologic model: (1) modeling runoff from a 

highly impervious drainage area within DRAINMOD is tedious and requires changing the Green 

and Ampt infiltration parameters, (2) the model does not predict peak flow rates, (3) 

DRAINMOD only provides outputs in daily, monthly, or yearly format, (4) rainfall inputs are 

limited to an hourly resolution, (5) the model does not provide hydrograph outputs, and (6) 

except for controlled drainage, inputs are held constant for the entire simulation. Surface 

clogging in permeable pavements causes temporal and spatial changes to surface infiltration rates 

(Chapter 3, Bean et al. 2007a, Winston et al. 2016); this cannot be effectively simulated using 

DRAINMOD.  
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Table 5-2. DRAINMOD inputs compared to typical permeable pavement design parameters. 

DRAINMOD Input Permeable Pavement Design Parameters 

Depth (in downward direction) from pavement 

surface to drain (b)a Drain depth 

Effective radius of the drain (Re)a Underdrain radius 

Spacing between drains (L)a Drain spacing 

Maximum surface storage (Sm)a Average surface storage depth  

Distance from soil surface to impermeable layer 

(H)a Depth from pavement surface to in situ soil 

Drainage coefficient 
Maximum drainage rate (limited by hydraulic 

capacity of the underdrains and outlet structure) 

Soil water characteristics curve and saturated 

hydraulic conductivity for each layer 

Pavement and aggregate characteristics and 

depths 

Weir setting for controlled drainage Drainage configuration (inclusion of IWS zone) 

Field ratio of contributing drainage area 
Drainage area to permeable pavement surface 

area ratio (run-on ratio) 

Vegetation root depth Not applicable (set to minimal value of 0.01 cm) 

Vertical or deep seepage parameters Internal water level drawdown rate 

Rainfall and temperature files Weather conditions 

Either use Thornthwaite method (with or without 

monthly correction factors) or enter calculated 

potential evapotranspiration (PET) data 

Evaporation (no transpiration due to lack of 

plants) 

aSee Figure 5-2. 
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Figure 5-2. Comparison of DRAINMOD and permeable pavement inputs. 

 

 

 
Table 5-3. Relating DRAINMOD outputs to analogous permeable pavement processes. 

DRAINMOD Outputs Permeable Pavement Factor 

Evapotranspiration Evaporation (volume eliminated from system) 

Drainage Underdrain flow (volume treated) 

Runoff Surface runoff (untreated volume) 

Seepage Exfiltration (volume eliminated) 
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5.4 Methods 

Site Descriptions  

DRAINMOD was calibrated and validated for two permeable pavement applications in 

North Carolina (NC) [Boone and Durham] and three permeable pavement applications in 

northern Ohio (OH) [Perkins Township, Willoughby Hills Small, and Willoughby Hills Large]. 

Detailed site descriptions are available in Wardynski et al. (2012) for Boone, Chapter 4 for 

Durham, and Winston (2016) for the OH sites. Underlying soil, drainage area, and design 

characteristics for each permeable pavement are presented in Table 5-4. 

Four of the five permeable pavements incorporated an elevated or upturned elbow in the 

underdrain to create an IWS zone within the aggregate subbase; the fifth site in Boone was 

conventionally drained. The Willoughby Hills and Durham applications were constructed with 

permeable interlocking concrete pavement (PICP) and received runoff from impervious drainage 

areas; the Boone site was also PICP but treated only direct rainfall. The Perkins Township site 

was constructed with pervious concrete (PC) with an 81% impervious drainage area. At Perkins 

Township, Willoughby Hills, and Boone, data collection was suspended in the winter months due 

to below freezing temperatures. Because of this, DRAINMOD was not used to simulate snowfall 

or freeze/thaw conditions. The permeable pavement applications varied in underlying soil type, 

aggregate depth, and run-on ratio. Design characteristics remained unchanged throughout the 

course of the monitoring period.  
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Table 5-4. Characteristics of each monitored permeable pavement site. 

Characteristic Boone Durham 
Perkins 

Township 

Willoughby 

Hills Small 

Willoughby 

Hills Large 

Monitoring Period 
April 2011 - July 
2012 

March 2014 - 
February 2015 

April 2013 - 
November 2014 

December 2013 - 
November 2014 

December 2013 - 
November 2014 

Pavement Type PICP PICP PC PICP PICP 

Drainage Area (m2)  

[% imperviousness] 
n/a 15.2 [100] 2140 [81] 320 [100] 890 [100] 

Pavement Surface Area (m2) 72 50 240 45 410 

Infiltrative Surface Area (m2) 72 50 450a 45 205b 

Equivalent Run-on Ratioc none 0.3 4.8 7.1 2.2b 

Pavement Thickness (cm) 10 8 15 8 8 

Aggregate Depth (cm) 40 52 38 - 45 51 51 

Average Drawdown Rate 

(mm/hr) 
12.5 0.10 0.33 0.05 0.05 - 0.20 

Drainage Configuration Conventional 
IWS (elevated 

underdrain) 

IWS (elevated 

underdrain) 

IWS (upturned 

underdrain) 

IWS (upturned 

underdrain) 

IWS zone depth (cm) n/a 15 15 15 8.5b 

In situ soil typed Sandy loam Clay, clay loam Silty clay loam 
Silty clay loam, 

clay loam 

Silty clay loam, 

clay loam 
a The impervious concrete drive lane of the parking lot (which also served as part of the contributing drainage area) was 

underlain with open-graded aggregate to increase storage capacity and surface area for exfiltration.  

b A stepped subgrade at the Willoughby Hills Large application caused 15 cm of IWS storage over 205 m2 of the subgrade; 

the remainder was raked for minimal storage (appx. 1.25 cm). To account for this, an effective IWS depth was calculated 

(see Appendix D and Drainage Inputs section) and the equivalent run-on ratio was based on the pavement surface area. 
c Defined as the ratio of drainage area to infiltrative surface area 
d Measured with a hydrometer following the procedure in Gee and Bauder (1986). 

 

 

 

Monitoring Methods 

Hydrologic monitoring methods are described in detail for Boone, Durham, and the Ohio 

sites in Wardynski et al. (2012), Chapter 4, and Winston (2016), respectively. Inflow/runoff, 

drainage, exfiltration/evaporation, and surface runoff were measured or estimated for each site. 

For the four permeable pavements treating run-on, the Curve Number (CN) method (NRCS 

1986) was used to estimate runoff from the drainage area and added to direct rainfall on the 

permeable pavement surface. Runoff generated from impermeable (CN = 98) and permeable (CN 

= 80 for an HSG D soil at Perkins Township) watershed areas were computed discretely and 
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summed (Chin 2006). Antecedent moisture corrections were applied as described in NRCS 

(2004).  

At each site, drainage was measured using a sharp crested, v-notch weir. Flow depth was 

measured on 2-minute intervals using either a HOBO U-20 logger or an ISCO 730TM bubbler 

flow module. At the Boone, Durham, and Perkins Township applications, surface infiltration 

rates remained high enough throughout the course of the study such that surface runoff did not 

occur. Because of this, any runoff that did not exit via drainage was assumed to be lost through 

exfiltration or evaporation. Exfiltration and evaporation were grouped for calibration because the 

combined rate of exfiltration and evaporation was measured via drawdown within the internal 

water storage zone. Additionally, DRAINMOD provides daily outputs, making it difficult to 

separate exfiltration and evaporation on a storm event basis. 

At Willoughby Hills, surface runoff was observed from the Large bay in July 2014 due to 

localized clogging of the pavement surface. Subsequently, surface runoff monitoring began on 

August 5, 2014, at both Willoughby Hills applications; flow diverters were installed to route 

surface runoff into an existing weir box. For the final four months of the study, surface runoff 

was quantified by separation of the outflow hydrograph. Prior to August 5, 2014, surface runoff 

from the Willoughby Hills applications was estimated using a cumulative water balance, 

therefore surface runoff from individual storm events could not be identified.  

HOBO U20TM pressure transducers housed within perforated wells measured the rate of 

drawdown (exfiltration and evaporation) within the aggregate subbase of each permeable 

pavement application. Drawdown was calculated during inter-event periods when the internal 

water level was below the invert of the underdrain. The average drawdown rate was determined 

using Eq. 5.6: 
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𝐷𝑅,𝑖 =

∑ (
𝑊𝐿𝑖,𝑖 −𝑊𝐿𝑓,𝑖

𝑇𝑖𝑒,𝑖
) × 𝜙𝑛

𝑖=1

𝑛
 

(5.6) 

where 𝐷𝑅 is average the drawdown rate (mm/hr), 𝑊𝐿𝑖 and 𝑊𝐿𝑓 are initial and final water levels 

in the IWS zone inter-event (mm), 𝑇𝑖𝑒 is the inter-event period duration (hr), and 𝜙 is the 

effective porosity of the aggregate (0.40 for ASTM No. 2 stone), and 𝑛 is the total number of 

inter-event periods. The average drawdown rate for each site was input as the deep seepage 

parameter in DRAINMOD (Table 5-4).  

The surface infiltration rate of each pavement was measured quarterly using single ring, 

constant head tests [ASTM C1701 for PC (ASTM 2009), ASTM C1781 for PICP (ASTM 2013)]. 

Measured surface infiltration rates at the Boone, Durham, Perkins Township, and Willoughby 

Hills Small applications, were high enough to not limit infiltration and drainage through the 

system. For these sites, the average measured surface infiltration rate was entered as the 

hydraulic conductivity input in DRAINMOD’s soil preparation program (Table 5-5). Average 

surface infiltration rates were in the range of measured hydraulic conductivities for other 

permeable pavements (Starke et al. 2010, Montes and Haselbach 2006). 
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Table 5-5. Average measured surface infiltration rate for Perkins Township and Willoughby 

Hills with comparison to measured hydraulic conductivities of permeable pavements. 

Location 
Surface Infiltration Rate 

Hydraulic Conductivity 

in Literature 

(cm/hr) (cm/hr) 

Boone 1770 - 

Durham 670 - 

Perkins Township 3160 - 

Willoughby Hills 750 - 

Starke et al. 2010 - 1200 - 2800 

Montes and Haselbach 2006 - 50 - 4000 

 

 

 

As previously discussed, localized clogging at the Willoughby Hills Large application 

reduced surface infiltration rates below 10 cm/hr, causing runoff from a portion of the drainage 

area to bypass treatment. Since DRAINMOD does not have a mechanism to model localized 

clogging, accurately modeling inflow to the system was challenging. The Willoughby Hills Large 

site was modeled by considering only the permeable pavement surface area where infiltration 

rates remained high enough to infiltrate runoff. Further description of these methods are given in 

the Contributing Area Runoff section. 

At each site, the drainage area, permeable pavement area, aggregate depth, drain depth 

and depth of the IWS zone were surveyed or determined from construction plans. These design 

specifications were entered into the model to simulate the hydrologic response of the permeable 

pavements. 

Drainage Inputs 

Drainage inputs required for DRAINMOD simulations include the drain spacing, 

drainage coefficient, and drainage configuration. Since a single underdrain was used for all five 

applications, an effective drain spacing for each application was estimated by dividing the 
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exfiltrative surface area of the permeable pavement by the total length of the underdrain, as 

suggested in Brown (2011). The drainage coefficient characterizes the maximum drainage 

capacity (cm/day) of the system. If the drainage flux calculated by the model exceeds the 

maximum drainage capacity, the daily drainage rate predicted by the model will be restricted to 

the drainage coefficient. Due to the diameter of the underdrains (and high drainable porosity of 

the aggregate), the drainage rate was rarely limited by the drainage configuration and fully 

saturated conditions (above the invert of the underdrain) were not observed. Since maximum 

drainage rates were thus not available from the monitored pavements, the parameter was 

calibrated by examining the largest amount of measured daily drainage from each site. Drainage 

coefficients were set to 20 cm/day for Boone, 30 cm/day for Durham, 75 cm/day for Perkins 

Township, 100 cm/day for the Willoughby Hills Small bay, and 50 cm/day for the Willoughby 

Hills Large bay.  

For the Perkins Township and Durham applications, IWS was created by an elevated 

underdrain, which was simulated in DRAINMOD using conventional drainage. The depth to 

drain and aggregate depth were entered according to design specifications (Figure 5-3). To model 

IWS for the Willoughby Hills locations, where IWS was created by an upturned underdrain, a 

controlled drainage configuration was used in DRAINMOD (Figure 5-3). The input for depth to 

weir was set to equal the depth from the pavement surface to the invert of the upturned elbow for 

the Small application (44 cm). The Large application utilized a partially-stepped subgrade to 

account for the 1-2% surface slope; this resulted in four steps in the subgrade with the underdrain 

at the bottom of the cross-section and thus no IWS in this portion of the subgrade (see Appendix 

D). To account for this, a weighted IWS depth was calculated based on the estimated ponded area 

of the subgrade (appx. 205 m2 with 15 cm of IWS) and non-ponded area of the subgrade (appx. 
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205 m2 with soil storage up to 1.25 cm). The average IWS depth over the entire subgrade was 8.5 

cm; subsequently, a depth to weir input of 50.5 cm was used as the parameter for controlled 

drainage for the Large application. 

 

 

Figure 5-3. From left to right: elevated underdrain creating internal water storage modeled 

using conventional drainage in DRAINMOD, and upturned elbow on underdrain creating 

internal water storage modeled using controlled drainage in DRAINMOD. 

 

 

 

Soil Inputs 

The soil preparation program in DRAINMOD was used to develop Green-Ampt 

infiltration coefficients and relationships between water table depth and volume drained for each 

site. The program requires the saturated hydraulic conductivity and water retention curve for each 

layer within the permeable pavement profile. As described in Monitoring Methods, pavement 

saturated hydraulic conductivity was estimated by infiltration testing, and transmissivity was so 

high that it was not a limiting factor in modeling infiltration within the aggregate.  

Determining a water retention curve representative of the highly porous aggregate media, 

which has a much greater drainable porosity than the typical agricultural soil for which the model 

was developed, is a challenge. Typically, water retention curves are determined using a pressure 

plate apparatus which measures volume drained from a saturated soil core when various suction 
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pressures are applied. Given the limited water holding capacity of the aggregate, maintaining 

saturated conditions is difficult, rendering the typical laboratory test impractical and inaccurate 

for this application. Brown (2011) developed an estimation for an aggregate media by modifying 

the water retention curve for a very sandy soil (Table 5-6). This water retention curve was used 

as the input for the aggregate profile beneath all of the permeable pavements. Because the 

aggregate material within permeable pavement subbases are standardized and aggregate is highly 

conductive, results from this study suggest this water retention curve may be broadly used for 

any permeable pavement application. 

 

Table 5-6. Water retention curve for aggregate (Brown 2011). 

 
Volumetric Water 

Content 
Pressure head 

(cm3/cm3) (cm) 

0.300 0 

0.100 -4 

0.050 -10 

0.050 -30 

0.045 -60 

0.044 -100 

0.044 -200 

0.044 -300 

0.044 -400 

0.044 -600 

0.010 -15000 
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As described in Monitoring Methods, vertical (deep) seepage parameters were calibrated 

from drawdown rates measured within each permeable pavement. While DRAINMOD is capable 

of estimating lateral seepage, exfiltration was modeled in the vertical dimension only because the 

shallow depth of IWS (< 15 cm) kept the surface area for vertical exfiltration 10 to 40 times 

larger than the surface area for lateral exfiltration; the complexity of gathering additional input 

data required for lateral seepage was not warranted under these circumstances. 

 

Climatic Inputs 

Temperature 

 To estimate daily potential evapotranspiration (PET), DRAINMOD requires maximum 

and minimum daily air temperatures. These measurements were obtained for Boone and Durham 

from the National Climatic Data Center monitoring stations in Boone, NC 

(GHCND:USC00310982) and at the Raleigh-Durham International Airport 

(GHCND:USW00013722), respectively (NOAA 2015). For the Ohio applications, air 

temperature was measured onsite using a HOBO U30TM weather station. Daily minimum and 

maximum temperatures were determined from the data, which was recorded on a 1-minute 

interval.  

 Precipitation 

Precipitation depths were measured on site using a tipping bucket rain gauge with a 

0.254-mm resolution. Since the minimum resolution for precipitation entered into DRAINMOD 

is hourly, rainfall data were summed on an hourly basis for the monitoring period at each site.  
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Potential Evapotranspiration (PET) 

 Potential evapotranspiration (PET) may be incorporated into the model by using a file of 

daily PET depths based on any desired PET calculation method. Otherwise, the default 

Thornthwaite method is used to calculate PET, based on the provided minimum and maximum 

daily air temperatures. The Thornthwaite method is not as precise as other methods since it only 

requires the latitude of the site and the mean monthly air temperature, which is used to calculate 

the heat index for the site. The calculated heat indices for Boone, Durham, Perkins Township and 

Willoughby Hills were 43.3, 67.6, 48.7 and 49.0, respectively. While monthly correction factors 

can be used to increase accuracy of the Thornthwaite method, none were available specific to the 

monitored locations, so default values were used. In order to simulate evaporation only, rooting 

depths were set to the minimum allowable value (0.01 cm). 

Calibration and Validation 

To account for seasonality in permeable pavement performance, storm events occurring 

during even-numbered months (February, April etc.) and odd-numbered months (January, March, 

etc.) were used for model calibration and validation, respectively. Monitoring methods were 

consistent during both periods. Calibration of the contributing area runoff was conducted first. 

Once modeled runoff was optimized to best match the estimated runoff, the model was calibrated 

for the various forms of outflow (drainage, exfiltration/evaporation, and surface runoff). Input 

parameters which could not be measured, including piezometric head of the contributing aquifer 

and thickness of the restricting layer, were adjusted to maximize the values of the measures of fit 

presented below. 
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Modeled and monitored exfiltration/evaporation were compared on a storm event basis 

by assuming runoff that did not exit the system via drainage or surface runoff was lost via 

exfiltration and evaporation [Eq. 5.7]. Cumulative exfiltration/evaporation volumes were 

confirmed through measured drawdown of the internal water level. 

         𝑉𝐸𝐸 = 𝑉𝑅𝑂 − 𝑉𝑆𝑅 − 𝑉𝐷                                                (5.7) 

where 𝑉𝐸𝐸  is the event volume of exfiltration and evaporation, 𝑉𝑅𝑂 is the total event runoff 

volume, 𝑉𝑆𝑅 is the event volume of surface runoff (negligible at all locations except Willoughby 

Hills), and 𝑉𝐷 is the event drainage volume. Because surface runoff monitoring began towards 

the end of the monitoring period at Willoughby Hills, measured and modeled surface runoff at 

this location was compared based on the cumulative water balance; event separation was not 

possible for the first two-thirds of the monitoring period.  

Nash-Sutcliffe Efficiencies (NSEs) for runoff, drainage, and exfiltration/evaporation were 

calculated on an event-basis to quantify model fit (Eq. 5.8, Nash and Sutcliffe 1970). Since the 

NSE can be sensitive to sample size, outlier values and bias (McCuen et al. 2006, Jain and 

Sudheer 2008), coefficients of determination (R2) and percent error between measured and 

predicted depths (in terms of cm per permeable pavement surface area) also were used to assess 

the goodness-of-fit for runoff and outflow variables. Additionally, measured and predicted water 

table depths were compared at Perkins Township. 

 

 𝑁𝑆𝐸 = 1 −
 ∑ (𝑄𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑄𝑖,𝑚𝑜𝑑𝑒𝑙𝑒𝑑)

2𝑛
𝑖=1

∑ (𝑄𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑄𝑎𝑣𝑒𝑟𝑎𝑔𝑒)
2𝑛

𝑖=1

 (5.8) 

 



 

149 

 

where 𝑄𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is measured volume for event i, 𝑄𝑖,𝑚𝑜𝑑𝑒𝑙𝑒𝑑 is modeled volume for event i, and 

𝑄𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is the average measured volume for n events. 

 

5.5 Results and Discussion 

Contributing Area Runoff 

With the exception of the Boone permeable pavement (which did not treat any additional 

impervious footprint), the contributing area runoff was the first parameter calibrated. The Curve 

Number method was used to estimate runoff in the monitoring program, which deviated from the 

initial abstraction method used in Brown et al. (2013). Because of this, a different approach from 

that in Brown et al. (2013) was required to model inflow to the systems. To improve 

characterization of runoff from sites with both pervious and impervious drainage areas, separate 

files were created to represent the runoff volume from each type of drainage area. Drainage areas 

for the Durham and Willoughby Hills sites were 100% impervious and utilized one contributing 

runoff file to represent runoff from the asphalt surface. The Perkins Township site required the 

development of two contributing runoff files – one for the impervious drainage area and a second 

for the pervious drainage area (which generated considerably less runoff). Green-Ampt 

parameters and available surface storage were adjusted until model outputs represented the 

estimated inflow from the contributing areas. The runoff from each sub-catchment was summed 

to determine total runoff. The field ratio in DRAINMOD was set equal to the run-on ratio 

(drainage area to permeable pavement area, Table 5-4). Runoff was well predicted for the Boone, 

Durham, Perkins Township, and Willoughby Hills Small permeable pavements, with coefficients 

of determination (R2) and NSEs exceeding 0.98 during both the calibration and validation 

periods.  
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For the Willoughby Hills Large bay, a different approach to modeling inflow was 

required because localized surface clogging of the permeable pavement affected up to 30% of the 

watershed area (Figure 5-4). When monitoring was completed, the cumulative water balance did 

not sum to 100%. Since surface runoff was not monitored over most of the monitoring period, the 

missing 24% of the water balance was presumed to be surface runoff (Winston 2016). Because 

the PICP surface clogged over time, it was difficult to determine what portion of the runoff 

bypassed, and in turn accurately model drainage and exfiltration from the system (this was 

further compounded by the stepped subgrade described in the Drainage Inputs section).  

To better simulate the volume of runoff infiltrating the Willoughby Hills Large 

permeable pavement (or, effective inflow to the permeable pavement), an “effective drainage 

area” was determined by adjusting the run-on ratio to reflect the clogged portion of the pavement 

and the associated bypassing drainage area. The run-on ratio was adjusted until (1) modeled 

drainage from the effective drainage area best matched measured drainage, and (2) the modeled 

volume of runoff bypassing the system via the clogged PICP was comparable to the total surface 

runoff estimated from the monitoring program. From this analysis, approximately 16% of the 

PICP was determined to be clogged (65 m2). The clogged portion of the PICP received runoff 

from 300 m2 of the 890 m2 drainage area (appx. 34% of the drainage area).  This model supported 

that surface runoff represented 24% of the overall water balance for the permeable pavement 

(Figure 5-4, Winston 2016). Because of clogging, the “effective” run-on ratio was reduced from 

2.2:1 to 1.3:1. DRAINMOD requires surface infiltration rate to be held constant for the entire 

period of simulation; in reality, there was temporal variation of surface clogging. Initial 

assumptions of an unclogged surface and increased surface clogging over time could not be 
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represented in the model. Because of this, effective inflow was slightly under predicted for the 

Willoughby Hills Large Bay (Figure 5-5).  

 

 

Figure 5-4. Estimated clogged PICP surface area (red) and its contributing drainage area 

(green). 
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Figure 5-5. Modeled (predicted) vs. estimated runoff volume from the Willoughby Hills Large 

watershed for 55 storm events. Also presented are the linear trendline with equation, 

Coefficient of Determination (R2), Nash-Sutcliffe Efficiency (NSE) and the 1:1 line.  

 

DRAINMOD Calibration and Validation 

Boone 

 The Boone site was calibrated without complication due to its simple design 

(conventionally drained, no contributing drainage area, no surface runoff). As described in Table 

5-7, modeled outflows from the Boone site were in good agreement with measured and estimated 

outflows for both the calibration and validation periods. For the calibration period, NSEs for 

drainage and exfiltration/evaporation exceeded 0.97, coefficients of determination exceeded 0.98, 

and the magnitude of each fate was predicted to within 2 cm of what was monitored (Table 5-7). 
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Similar agreement was observed for drainage and exfiltration/evaporation in the validation 

period, with NSEs of 0.93 and 0.90, respectively, and the magnitude of fate again predicted to 

within 2 cm of what was monitored. The cumulative water balance is displayed in Figure 5-6. 

The difference between the predicted and measured volumes of drainage and exfiltration for the 

entire monitoring period was within 0.5% (Figure 5-6). 

 

Table 5-7.  Comparison of measured/estimated and modeled results for the Boone permeable 

pavement. 

Monitoring 

Period 

Method of 

Comparison 

Boone 

Fate of Runoff: (cm per permeable pavement surface area over the monitoring 
period [percent of annual runoff]) 

Rainfall Drainage Surface Runoff 
Exfiltration and 

Evaporation 

Calibration 
(Even Months) 

Measured/estimated 

volume 
63 

9 

[15.0%] 

0                              

[0%] 

54                

[85.0%) 

Modeled volume - 
11 

[17.3%] 
0                             

[0%] 
53               

[82.7%] 

Difference between 

modeled and 

measured 

- 2 0 -1 

Percent difference 
between modeled 

and measured 

- 16% 0% -3% 

Nash-Sutcliffe 

Efficiency 
- 0.97 - 0.97 

Coefficient of 
Determination (R2) 

- 0.98 - 0.98 

Validation (Odd 

Months) 

Measured/estimated 

volume 
68 

11 

[15.8%] 

0                          

[0%] 

57                        

[84.2%] 

Modeled volume - 
9 

[13.6%] 

0                             

[0%] 

58                      

[86.4%] 

Difference between 
modeled and 

measured 

- -2 0 1 

Percent difference 

between modeled 
and measured 

- -13% 0% 3% 

Nash-Sutcliffe 

Efficiency 
- 0.93 - 0.90 

Coefficient of 
Determination (R2) 

- 0.94 - 0.90 
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Figure 5-6. Cumulative fate of runoff for the Boone permeable pavement, with field-measured 

depths shown as lines and modeled depth shown as symbols.  

 

 

 

Durham 

Prediction of the Durham permeable pavement hydrology was excellent for inflow, average 

for drainage, and poor for exfiltration/evaporation (Table 5-8). NSEs for inflow during calibration and 

validation were 0.98 and 0.99, respectively, with a cumulative percent difference less than 2% for 

both periods. The model under-predicted drainage during the summer months (July, August, 

September), leading to NSEs of 0.77 and 0.92 during calibration and validation. It is hypothesized 

this was due to over-prediction of evaporation during the summer months, which reduced the 

0

20

40

60

80

100

120

140

2/26/2011 6/6/2011 9/14/2011 12/23/2011 4/1/2012 7/10/2012 10/18/2012

C
u

m
u

la
ti

ve
 D

ep
th

 (
cm

 p
er

 P
P

 a
re

a)

Date

Measured Rainfall

Modeled Rainfall

Measured Drainage

Modeled Drainage

Measured Exf/Evap

Modeled Exf/Evap

Measured Surface Runoff

Modeled Surface Runoff



 

155 

 

available depth for drainage in the water balance. This location was the hottest of the four, and it 

appears modeled evaporation (approximately 20% of the water balance) exceeded what is typical 

from permeable pavements (Brown and Borst 2015, Starke et al. 2010). However, when aggregated 

over the entire monitoring period, drainage was predicted to within 2% of what was measured (Figure 

5-7). 

Despite an aggregated difference of 2% over the course of the monitoring period, event-

based prediction of exfiltration/evaporation was very poor for the Durham site. NSEs were less 

than 0 during the calibration and validation periods, and cumulative volumes had 14 – 27% error. 

This anomaly is partially due to the very low exfiltration rate (less than 0.25 mm/hr) and 

subsequent minimal amount of runoff volume lost via exfiltration. Measured 

exfiltration/evaporation volumes were so small in magnitude that any predicted deviation from 

the measured value resulted in a considerable percent error, which is manifested in the NSE 

statistic. This effect was compounded by variable prediction of drainage (probably due to over-

prediction of evaporation), particularly during the summer months. Even though 

exfiltration/evaporation was not predicted well on an event basis, the proportion of each 

component of the water balance was modeled to within 0-1% of what was measured/estimated, 

which suggests the use of DRAINMOD as a long-term water balance model is still viable (Table 

5-11).  
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Table 5-8. Comparison of measured/estimated and modeled results for the Durham permeable 

pavement. 

Monitoring 

Period 
Method of Comparison 

Durham 

Fate of Runoff: (cm per permeable pavement surface area over the monitoring 

period [percent of annual runoff]) 

Inflowa Drainage Surface Runoff 
Exfiltration and 

Evaporation 

Calibration 
(Even 

Months) 

Measured/estimated volume 70 
48 

[69.4%] 
0                              

[0%] 
21                

[30.6%) 

Modeled volume 71 
52 

[74.1%] 

0                             

[0%] 

18               

[25.9%] 

Difference between modeled 

and measured 
1 4 0 -3 

Percent difference between 
modeled and measured 

1% 8% 0% -14% 

Nash-Sutcliffe Coefficient 0.98 0.77 - < 0 

Coefficient of Determination 
(R2) 

0.98 0.81 - 0.01 

Validation 
(Odd Months) 

Measured/estimated volume 78 
65 

[83.0%] 

0                          

[0%] 

13                        

[17.0%] 

Modeled volume 80 
63 

[78.9%] 
0                             

[0%] 
17                      

[21.1%] 

Difference between modeled 
and measured 

2 -2 0 4 

Percent difference between 

modeled and measured 
2% -3% 0% 27% 

Nash-Sutcliffe Coefficient 1.00 0.92 - < 0 

Coefficient of Determination 

(R2) 
1.00 0.92 - 0.03 

a Inflow is equivalent to the sum of runoff from the contributing drainage area and direct rainfall on the permeable pavement 

surface. 
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Figure 5-7. Cumulative fate of runoff for the Durham permeable pavement, with field-

measured depths shown as lines and modeled depth shown as symbols.  

 

 

 

Perkins Township 

 As shown in Figure 5-8 and Table 5-9, the modeled data at the Perkins Township site 

were in good agreement with measured and estimated data during the calibration and validation 
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periods, respectively. Despite this, the error between predicted and measured cumulative 

exfiltration/evaporation volumes was only 2.5% and 14% during calibration and validation.   

Despite no measured or observed surface runoff at this location, the model predicted 2 

surface runoff events during the validation period. The extraneous surface runoff events predicted 

by the model are likely a function of the hourly computation employed by DRAINMOD. In order 

to accurately represent drainage and exfiltration, the model is programmed to reduce the 

computational time step to 5 minutes when rainfall intensities exceed surface infiltration rates. 

However, since the surface infiltration rates of the permeable pavements are so large (greater 

than 500 cm/hr), the model was never triggered to “switch” to a smaller time step. Subsequently, 

the model inaccurately predicted the subbase of the pavement to fill and overflow for 2 large 

storm events on July 20, 2013 (65 mm) and September 5, 2014 (54 mm). Zhang and Guo (2014) 

found a maximum time step of 30 minutes should be used to accurately represent infiltration for 

permeable pavements. While the hourly time step still resulted in excellent agreement of the 

cumulative fate of runoff during the study period (Figure 5-8), this is a feature of DRAINMOD 

that potentially limits its utility in assessing permeable pavement performance during individual 

storm events. 
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Table 5-9. Comparison of measured/estimated and modeled results for the Perkins Township 

permeable pavement. 

Monitoring 

Period 

Method of 

Comparison 

Perkins Township 

Fate of Runoff: (cm per permeable pavement surface area over the monitoring period [percent of 

annual runoff]) 

Inflowa Drainage Surface Runoff 
Exfiltration and 

Evaporation 

Calibration 

(Even 
Months) 

Measured/estimated 
volume 

162 
62 

[38.1%] 
0                              

[0%] 
100                 

[61.9%) 

Modeled volume 166 
63 

[38.2%] 

0                             

[0%] 

102 

[61.8%] 

Difference between 

modeled and 
measured 

4 1 0 2 

Percent difference 

between modeled 

and measured 

2% 2% 0% 2% 

Nash-Sutcliffe 

Efficiency 
0.98 0.88 - 0.77 

Coefficient of 

Determination (R2) 
0.98 0.90 - 0.77 

Validation 

(Odd 

Months) 

Measured/estimated 

volume 
163 

91 

[55.8%] 

0                          

[0%] 

72                        

[44.2%] 

Modeled volume 157 
89 

[56.9%] 
7                               

[4.5%] 
61                      

[38.6%] 

Difference between 

modeled and 
measured 

-6 -2 7 -11 

Percent difference 

between modeled 

and measured 

-4% -2% n/ab -16% 

Nash-Sutcliffe 
Efficiency 

0.99 0.83 n/ab 0.59 

Coefficient of 

Determination (R2) 
0.99 0.83 n/ab 0.64 

a Inflow is equivalent to the sum of runoff from the contributing drainage area and direct rainfall on the permeable pavement 

surface. 
b Comparison statistics unable to be computed because no surface runoff occurred at this site.  
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Figure 5-8. Cumulative fate of runoff for the Perkins Township permeable pavement, with 

field-measured depths shown as lines and modeled depth shown as symbols.  

 

 

 

Figure 5-9 shows a subset of the modeled and measured internal water levels at Perkins 

Township from July 2013 to November 2013. In general, the modeled internal water level 

matched measured peaks during storm events, and drawdown was accurately modeled within the 

IWS zone. Since DRAINMOD only provides a daily output of water table depth, modeled and 

measured depths were compared based on the daily maximum measured water level in the 

subbase, which did cause some skew from outliers. The average absolute error between the daily 

predicted and measured water table depths over the first year of monitoring was 2.3 cm with an 

interquartile range of 1.0 cm to 3.1 cm (n = 234 daily WTD measurements) [Eq. 9]. The 
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coefficient of determination over the first year of monitoring was 0.79. This further shows good 

agreement between modeled and measured data. 

 
𝐴𝐴𝐸 =

∑ |𝑊𝑇𝐷𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 −𝑊𝑇𝐷𝑚𝑜𝑑𝑒𝑙𝑒𝑑|
𝑁
𝑖=1

𝑁
 (9) 

 

 

 
 

Figure 5-9.  Modeled and measured water table depth at Perkins Township from July 2013 to 

November 2013. 
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0.99 and 0.92 for inflow and drainage during the calibration period, and cumulative volumes 

were predicted within 2-4%. During the validation period, NSEs were 0.99 and 0.94 for inflow 

and drainage, respectively, and cumulative volumes were predicted to within 1%. Similar to the 

Durham application, exfiltration and evaporation were not predicted well on an event basis, with 

computed NSEs of 0.29 during both the calibration and validation periods. This is again 

misleading and partially due to the very low exfiltration rate (less than 0.15 mm/hr) and 

subsequently minimal amount of runoff volume lost via exfiltration (Winston 2016). Cumulative 

exfiltration/evaporation was still predicted within 1% error on both a volume and water balance 

basis for the entire monitoring period (Figure 5-10, Table 5-11). This again indicates 

DRAINMOD provides acceptable long-term estimation of exfiltration/evaporation but is 

probably not viable for storm-by-storm prediction. While event-based comparisons between 

measured and modeled surface runoff were unable to be made due to lack of surface runoff 

monitoring prior to August 5, 2014, the portion of the cumulative water balance predicted to be 

surface runoff (8%) was equal to what was estimated in the field monitoring regime (Winston 

2016). 
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Table 5-10. Comparison of measured/estimated and modeled results for the Willoughby Hills permeable pavement applications. 

Monitoring 

Period 

Method of 

Comparison 

Willoughby Hills Small   Willoughby Hills Large 

Fate of Runoff: (cm per permeable pavement surface area 

over the monitoring period [percent of annual runoff]) 
 

Fate of Runoff: (cm per permeable pavement surface area over the 

monitoring period [percent of annual runoff]d) 

Inflowa Drainage 
Surface 

Runoffb 

Exfiltration 
and 

Evaporationc 

 Inflowa Effective 

Inflowe Drainage 
Surface 

Runofff 

Exfiltration 
and 

Evaporation 

Calibration 

(Even 

Months) 

Measured/estimated 

volume 
338 

253                     

[74.9%] 

-                                 

[-%] 

59                        

[17.5%] 
 81 64 

36                   

[43.8%] 

17                                 

[21.0%] 

29                         

[35.2%] 

Modeled volume 343 
263                             

[76.8%] 

24                           

[7.0%] 

56                    

[16.2%] 
 - 62 

37                            

[46.6%] 

-                                 

[-%] 

25                    

[31.9%] 

Difference between 

modeled and 
measured 

5 10 - -3  - -2 1 - -4 

Percent difference 

between modeled 

and measured 

2% 4% - -6%  - -3% 4% - -12% 

Nash-Sutcliffe 
Coefficient 

0.99 0.92 - 0.29  - 0.94 0.82 - 0.30 

Coefficient of 

Determination (r2) 
0.99 0.94 - 0.30  - 0.95 0.83 - 0.31 

Validation 
(Odd 

Months) 

Measured/estimated 

volume 
228 

167                    

[73.5%] 

-                                  

[-%] 

39                        

[16.9%] 
 83 61 

37                    

[44.9%] 

22                                  

[26.3%] 

24                        

[28.8%] 

Modeled volume 229 
166                    

[72.6%] 
20                       

[8.9%] 
42                          

[18.5%] 
 - 66 

35                     
[39.2%] 

-                                 
[-%] 

32                          
[36.1%] 

Difference between 

modeled and 

measured 

1 1 - 3  - 5 -2 - 9 

Percent difference 
between modeled 

and measured 

0.6% -0.6% - 10%  - 9% -7% - 34% 

Nash-Sutcliffe 

Coefficient 
0.99 0.94 - 0.29  - 0.97 0.95 - 0.38 

Coefficient of 
Determination (r2) 

0.99 0.96 - 0.30  - 0.98 0.95 - 0.51 

a Inflow is equivalent to the sum of runoff from the contributing drainage area and direct rainfall on the permeable pavement surface. 
b Measured surface runoff for individual storm events unavailable  
c Due to lack of measured surface runoff from individual storm events, modeled surface runoff was used to estimate exfiltration/evaporation for events where surface runoff was predicted to occur 
d Percent of annual runoff calculations were based off of total inflow (effective inflow + measured/estimated surface runoff). See Appendix E for more details. 
e Effective inflow is equivalent to the volume of total inflow infiltrating the permeable pavement surface. See Contributing Area Runoff section for more details. 
f Surface runoff was not modeled for Willoughby Hills Large due to localized clogging. See Contributing Area Runoff section for more details. 
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Figure 5-10. Cumulative fate of runoff for the Willoughby Hills Small permeable pavement 

application, with field-measured depths shown as lines and modeled depth shown as symbols. 

 

 

 

Willoughby Hills Large 

The unique approach utilized to model effective inflow volume at the Willoughby Hills 

Large application (explained in Contributing Area Runoff) resulted in acceptable agreement 

between predicted and estimated effective inflow volumes over the course of the monitoring 

period, with calibration and validation NSEs of 0.94 and 0.97, respectively (Table 5-10). At this 

location, some events were invalidated due to unreliable drainage data, which increased 

variability in prediction of outflow. Because of this, only 55 storms were modeled, 23 for 

calibration and 32 for validation. Despite this, the model was effectively used as a tool to confirm 

what portion of the PICP surface was clogged and therefore generating surface runoff.  
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Drainage was predicted to NSEs of 0.82 and 0.95 for the calibration and validation 

periods, respectively. Similar to Durham and the Willoughby Hills Small site, low exfiltration 

rates affected NSEs for exfiltration/evaporation (0.30 and 0.38 during the calibration and 

validation periods, respectively). Cumulative drainage and exfiltration/evaporation volumes were 

predicted to within 2% and 4% of what was measured over the course of the monitoring period 

(Figure 5-11, Table 5-11). Given that the NSE is sensitive to sample size and outlier events 

(McCuen et al. 2006), slightly better performance was observed in the validation period due to a 

larger number of analyzed storm events and one storm event in the validation period exceeding 

76 mm. The WH Large application had the highest variability between predicted and measured 

data, but valuable insight was still gained by applying the model as a tool to verify the percentage 

of the permeable pavement surface that was clogged. 
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Figure 5-11.  Cumulative fate of runoff for 56 storm events at Willoughby Hills Large, with 

field-measured depths shown as lines and modeled depth shown as symbols.  

 

 

 

Measured vs. Modeled: Overall Water Balance 

DRAINMOD models developed for each permeable pavement application exhibited 

reliable agreement between measured and modeled data. Over both the calibration and validation 

periods, the lowest NSE and R2 values for drainage were 0.77 and 0.80. Event-based prediction 

of combined exfiltration/evaporation was inconsistent for the permeable pavements with 

exfiltration rates less than 0.25 mm/hr. However, examination of the monitored and modeled 

cumulative water balances supports the application of DRAINMOD as a long-term model for 

prediction of permeable pavement hydrology (Table 5-11). Over the entire monitoring period at 

each site, the modeled water balance was predicted to within 0% – 2% of the measured water 
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balance for drainage, surface runoff, and exfiltration/evaporation. This suggests application of the 

model to other design configurations and locations is viable when the interest is long-term, and 

not single-storm, hydrology. 

 

Table 5-11. Monitored versus modeled water balance over the entire monitoring period for each 

of the permeable pavement applications in northern Ohio. All numbers are percentages. 

Hydrologic Fate 
Type of 

Data 
Boone Durham 

Perkins 

Township 

Willoughby 

Hills Small 

Willoughby 

Hills Large 

Drainage 
Monitored 15  77 47 76 44 

Modeled 15  77 47 75 42 

Surface Runoff 
Monitored 0  0 0 8 

24a 
Modeled 0  0 2 8 

Exfiltration/Evaporation 
Monitored 85  23 53 16 32 

Modeled 85  23 51 17 34 
a Surface runoff was not modeled for the Willoughby Hills Large site due to localized surface clogging. See Contributing Area Runoff 

section for more details. 

 

 

 

5.6 Summary and Conclusions 

Permeable pavements are one of the most popular SCMs implemented for mitigation of 

urban surface hydrology, but their performance is highly dependent on underlying soil type and 

design specifications. Currently, no widely-accepted long term model for permeable pavement 

hydrology is available. A calibrated, continuous, long-term model such as DRAINMOD could 

give designers and regulators the framework to establish performance expectations for various 

configurations of permeable pavements, and subsequently develop flexible design and crediting 

mechanisms. 

In this study, DRAINMOD was used to simulate the hydrologic performance of two 

permeable pavements in North Carolina and three permeable pavements in northern Ohio. The 

following conclusions were derived from this work:  
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(1) DRAINMOD accurately predicted runoff volumes from drainage areas that varied both in 

percent imperviousness and run-on ratio. Nash-Sutcliffe efficiencies exceeded 0.98 for 

the prediction of runoff during calibration and validation periods for all five sites, 

including when an innovative method was used to account for surface runoff (i.e. runoff 

bypassing the permeable pavement due to clogging) occurring at the Willoughby Hills 

Large application.  

(2) Excellent agreement between predicted and measured drainage was observed, with Nash-

Sutcliffe efficiencies ranging from 0.77-0.97. Aggregated drainage over the entire 

monitoring period was predicted to within 2% of what was measured at all locations. 

Modeled and measured agreement of exfiltration/evaporation volumes was more varied, 

with NSEs ranging from less than 0 to 0.98. Poor event prediction of 

exfiltration/evaporation was partially due to the low exfiltration rates and therefore very 

small magnitude of exfiltration volumes that occurred. Despite event-by-event variability, 

aggregated exfiltration/evaporation volumes were predicted to within 1-6% of the 

measured volumes at all locations except Willoughby Hills Large (9%). Cumulative 

surface runoff predicted from the Willoughby Hills Small application (8% of the water 

balance) equaled what was estimated from the monitored water balance. 

(3) DRAINMOD was effectively used as a tool to confirm the portion of the drainage area 

bypassing the Willoughby Hills Large application. Model inputs were adjusted 

simultaneously until modeled drainage best matched what was monitored. The effective 

run-on ratio (1.3:1) was used to determine the size of the contributing drainage area 

bypassing treatment, which helped support the 24% surface runoff missing from the 

monitored water balance. Applying the model as an informant for monitored results was 



 

169 
 

generally successful (NSEs for all forms of outflow ranged from 0.30 – 0.95), but the 

complexity of the associated modeling exposed the inability of the model to incorporate 

spatial and temporal changes in surface infiltration rates. This is one of the primary 

limitations to the application of DRAINMOD for permeable pavement hydrology. 

(4) Despite each of the five permeable pavement applications varying in design and 

climate/location, over the entire period of data collection, the modeled and monitored 

percentage of drainage, surface runoff, and exfiltration/evaporation never diverged by 

more than 2%. This suggests methods outlined in this work can be broadly applied to 

predict the annual hydrology from many types of permeable pavement designs. Based on 

the authors experience in calibrating DRAINMOD to predict permeable pavement 

hydrology, results from future modeling efforts will be more reliable when site specific 

parameters are known or measured, surface infiltration rates remain high, and 

exfiltration/evaporation is a larger percentage of the water balance. 

Further work generated from this study includes using the calibrated DRAINMOD 

models to evaluate the effect of design parameters (e.g., different drainage configurations, 

aggregate depths, and run-on ratios) on the water balance. Outputs from these extrapolations can 

be used by designers to target a desired hydrologic goal (e.g., 80% volume reduction, 10% 

overflow/surface runoff, pre-development hydrology, etc.) or estimate pollutant loads to meet 

Total Maximum Daily Load (TMDL) requirements.  
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Chapter 6: Modeling the Influence of Design Alternatives on Annual 

Permeable Pavement Hydrology Using DRAINMOD 
 

 

6.1 Abstract  

Design variables such as the underlying soil type, drainage configuration, aggregate 

depth, and run-on ratio (i.e., ratio of contributing drainage area to permeable pavement area) have 

been shown to impact the hydrologic performance of permeable pavement. Quantifying and 

synthesizing these impacts could improve design guidance and crediting mechanisms for 

permeable pavement systems. To assess the influence of design variations on annual hydrology, 

calibrated DRAINMOD (a long-term, continuous-simulation water balance program) models 

were simulated with 30 years of weather data (1983 – 2012) to quantify the average annual water 

balance for 180 standard design variations in North Carolina and Ohio. Design parameters, 

including underlying soil exfiltration rate, profile depth (total depth of pavement and aggregate), 

depth of internal water storage (IWS), and run-on ratio, were modified to assess their impact on 

the long-term water balance (drainage, surface runoff, exfiltration/evaporation). Permeable 

pavement hydrology was most sensitive to IWS depth and underlying soil exfiltration rate; the 

profile depth and run-on ratio mostly affected surface runoff. Forty-five centimeters of pavement 

and aggregate depth was sufficient to limit surface runoff to less than 1.5% of the water balance 

in both North Carolina and Ohio. The inclusion of an IWS zone improved the fraction of 

exfiltration/evaporation by 11 – 55% depending on depth of IWS and underlying soil type, with 

greater marginal improvements for lower permeability soils. Thirty centimeters of IWS 

maximized volume reduction and minimized drainage for all soil types. Volume reduction 

increased from 30% to 80 – 90% for underlying soil exfiltration rates of 0.02 and 1.25 cm/hr, 

respectively, reinforcing why permeable pavements are preferably sited over the most permeable 
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soils. Results from this design alternative analysis could underpin a flexible crediting mechanism 

for permeable pavements based on the percentage of volume reduction through exfiltration and 

evaporation. 

 

6.2 Introduction 

State and federally promulgated stormwater regulations have led communities across the 

United States to implement stormwater control measures (SCMs) for runoff quality and quantity 

mitigation (USEPA 2009). Infiltration-based SCMs, such as permeable pavement and 

bioretention, can mitigate the effects of urban development by promoting peak discharge 

attenuation, groundwater recharge through exfiltration, and evapotranspiration (Davis et al. 2011, 

DeBusk et al. 2010, Denich and Bradford 2010, Dietz and Clausen 2008, Holman-Dodds et al. 

2003, Hunt et al. 2012, Wardynski et al. 2012). Because permeable pavement is easily retrofitted 

and multi-functional, it is one of the most popular SCMs used in the urban and ultra-urban 

landscapes. 

Permeable pavement functions by infiltrating stormwater runoff through a permeable 

surface layer, and temporarily storing it in its aggregate subbase before it is discharged via an 

underdrain or infiltrated to the underlying soils (Scholz and Grabowiecki 2007). Stormwater 

runoff received by a permeable pavement has four hydrologic fates: surface runoff (due to 

surface clogging or when the aggregate reservoir becomes full), drainage (discharged runoff via 

an underdrain), exfiltration (infiltration into the underlying soil), and evaporation. When 

designed, constructed, and maintained appropriately, permeable pavements reduce surface runoff, 

peak flow and runoff volumes (Chapter 3, Chapter 4, Booth and Leavitt 1999, Brattebo and 

Booth 2003, Bean et al. 2007a, Collins et al. 2008, Dreelin et al. 2006, Fassman and Blackbourn 
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2010, Roseen et al. 2012, Wardynski et al. 2012, Winston 2016, Winston et al. 2016). The degree 

of hydrologic mitigation, however, is fundamentally dependent on site, design, and maintenance 

considerations. Examples include underlying soil type, aggregate depth, footprint of the 

contributing watershed, drainage configuration, and surface infiltration rate.  

Permeable pavements generally provide better hydrologic mitigation when constructed 

over soils with high infiltration rates. Runoff volume reductions ranging from 50 – 99+% have 

been reported for permeable pavements sited over Hydrologic Soil Group (HSG) A and B soils 

(Chapter 3, Bean et al. 2007b, Dreelin et al. 2006, Wardynski et al. 2012). Less research has been 

conducted on permeable pavements constructed over HSG C and D soils, where exfiltration is 

reduced due to low soil saturated hydraulic conductivity. Volume reductions from 

conventionally-drained permeable pavements overlying “tight” soils range from 3-43%; 

hydrologic mitigation is reduced but still viable (Chapter 4, Collins et al. 2008, Drake et al. 2013, 

Fassman and Blackbourn 2010, Roseen et al. 2012, Winston 2016). 

Inclusion of internal water storage (IWS) via an elevated or upturned underdrain has been 

shown to improve volume reduction (Chapter 4, Collins et al. 2008, Wardynski et al. 2012, 

Winston 2016). Collins et al. (2008) observed a 30% increase in average volume reduction for a 

permeable pavement with 10 cm of IWS. A study comparing three side-by-side practices with 

varying depths of IWS (none, 15 cm, and 30 cm) reported volume reduction increased by 23% 

when IWS was implemented; the deeper IWS zone modestly augmented exfiltration from the 

shallower IWS zone (Wardynski et al. 2012). Winston (2016) observed 16 – 53% volume 

reduction for three permeable pavements with 15 cm of IWS built over HSG D soils; the 

variation in volume mitigation was largely due to differences in run-on ratios (the ratio of 

impervious drainage area to permeable pavement area). This suggests targeted design (e.g., 
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incorporating IWS, minimizing run-on ratio) can improve volume reduction when permeable 

pavement is implemented over clayey soils.  

Since hydrologic mitigation from permeable pavements is inherently site-specific, 

engineers cannot reliably predict how a permeable pavement SCM will function for volume 

reduction. Because of this uncertainty, state design standards often limit the maximum run-on 

ratio [e.g., in North Carolina 1:1 (NCDEQ 2012), in Ohio 2:1 (ODNR 2006)] and/or require a 

minimum aggregate depth based on a design storm, regardless of underlying soil type (MDE 

2009, NCDEQ 2012, PADEP 2006, ODNR 2006). This binds engineers and regulators to a “one-

size-fits-all” design approach for permeable pavements and can discourage their use as an SCM. 

Retrofits present a particular challenge for a “one-size-fits-all” approach as urban locations often 

pose many site constraints. To promulgate a more flexible design and crediting mechanism for 

these systems, long-term, continuous-simulation models are needed to simulate the hydrologic 

performance of permeable pavement SCMs under varying design parameters. Crediting can then 

be based on a specific hydrologic goal (e.g., volume reduction, less than 10% surface runoff, etc.) 

and more innovative designs could be utilized. 

Past research has shown DRAINMOD, an agricultural water balance model, can 

accurately predict the hydrology of bioretention cells (Brown et al. 2013, Winston 2016). In 

Chapter 5, this work was expanded upon by adapting DRAINMOD for use in modeling 

permeable pavement hydrology. The model was calibrated using field-collected hydrologic data 

from five permeable pavement applications in North Carolina and Ohio. Nash-Sutcliffe 

Efficiencies for the calibrated models commonly exceeded 0.75 and the cumulative water balance 

was predicted to within 2% for each hydrologic fate (Chapter 5).  
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Long-term simulations from calibrated DRAINMOD models could be used to predict the 

water balance (and thus hydrologic mitigation) from various permeable pavement designs (e.g., 

what proportion of annual runoff becomes surface runoff, drainage, or exfiltration/evaporation). 

Design alternatives for aggregate depth, underdrain configuration, and run-on ratio could also be 

optimized using site-specific data. The purpose of this study was to evaluate the influence of 

permeable pavement design parameters on average annual hydrology in two locations: Raleigh, 

North Carolina and Cleveland, Ohio. Results can be used to propagate a more flexible design and 

crediting mechanism for permeable pavements in North Carolina and Ohio.  

6.3 Methods 

Site Descriptions 

As described in Chapter 5, two permeable pavements in North Carolina (Boone, Durham) 

and three in Ohio (Perkins Township, Willoughby Hills Small, and Willoughby Hills Large) 

were monitored for DRAINMOD calibration. The Durham and Willoughby Hills Large (WH 

Large) sites were selected as the basis for the design alternative analysis because these 

applications most closely resembled the standard designs in North Carolina (NC) and Ohio (OH), 

respectively. Few modifications were thus needed to extrapolate results to a standard design.  

Both sites were monitored to determine the hydrologic fate of runoff (drainage, surface 

runoff, and exfiltration/evaporation) (Figure 6-1). Detailed descriptions of the monitoring 

schemes at each location are available in Chapter 4 [Durham] and Winston (2016) [WH Large]. 

The permeable pavements used an elevated or upturned elbow in the underdrain to create an 

internal water storage (IWS) zone and increase exfiltration (Wardynski et al. 2012). Both 

applications were constructed with permeable interlocking concrete pavement (PICP) and 
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received runoff from entirely impervious watersheds. Additional design characteristics for each 

permeable pavement are presented in Table 6-1 and further detailed in Chapter 4 [Durham] and 

Winston (2016) [WH Large]. These site-specific parameters were entered into the models to 

simulate hydrologic response from the two systems.  

 

 

Figure 6-1. Permeable pavement schematic with hydrologic fates depicted: drainage, 

exfiltration, evaporation and surface runoff. 
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Table 6-1. Characteristics of monitored permeable pavement site utilized for design 

alternative analysis. 

Characteristic Durham (NC) Willoughby Hills Large (OH) 

Monitoring Period March 2014 - February 2015 December 2013 - November 2014 

Pavement Type PICP PICP 

Drainage Area (m2)  

[% imperviousness] 
15.2 [100] 890 [100] 

Pavement Surface Area (m2) 50 410 

Infiltrative Surface Area (m2) 50 205a 

Equivalent Run-on Ratiob 0.3 2.2c 

Pavement Thickness (cm) 8 8 

Aggregate Depth (cm) 52 51 

Drain Spacing (cm)d 450 700 

Average Drawdown Rate (mm/hr) 0.25 0.05 - 0.20 

Drainage Configuration IWS (elevated underdrain) IWS (upturned underdrain) 

IWS zone depth (cm) 15 8.5c 

In situ soil typee Clay, clay loam Silty clay loam, clay loam 

Reference for additional information Chapter 4 Winston 2016 
a A portion of the contributing drainage area was underlain with open-graded aggregate to increase storage capacity and 

surface area for exfiltration.  

b Defined as the ratio of drainage area to infiltrative surface area.  
c A stepped subgrade at the Willoughby Hills Large application caused 15 cm of IWS storage over 205 m2 of the subgrade; 

the remainder was raked for minimal storage (appx. 1.25 cm). To account for this, an effective IWS depth was calculated 

(see Chapter 5 and Appendix D) and the equivalent run-on ratio was based on the pavement surface area. 
d For single underdrain systems, estimated by dividing permeable pavement surface area by total length of the underdrain 

(Brown 2011). 
e Measured with a hydrometer following the procedure in Gee and Bauder (1986). 

 

 

 

Description of DRAINMOD and Model Development 

DRAINMOD is a widely-accepted long-term water balance model that was developed to 

predict drainage from agricultural fields in semi-humid regions, but its use has since expanded to 

include crop yield estimation, wetland hydrology, on-site wastewater treatment, nitrogen 

transport from drained soils, and other applications (Skaggs 1978, 1982, 1999; Youssef et al. 

2005). Recently, DRAINMOD was successfully adapted to predict the long-term hydrology of 

bioretention cells (Brown et al. 2013, Winston 2016). Since permeable pavement and 
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bioretention both have similar hydrologic mechanisms, DRAINMOD was further adapted to 

predict permeable pavement hydrology (Chapter 5).  

DRAINMOD is governed by two water balances: (1) in the soil profile [Eq. 6.1] and (2) 

at the soil surface [Eq. 6.2]. Both water balances are computed per unit surface area and 

expressed in terms of depth (cm). When the water level is above the soil (or pavement) surface, 

drainage is calculated using the Kirkham equation (Kirkham 1957); when the water level is 

below the pavement surface, the Hooghoudt equation is used (Hooghoudt 1940). Drainage 

characteristics and soil/aggregate attributes, such as drain radius, infiltration rate of the 

underlying soil, and water retention curve of the aggregate, are entered into the model to simulate 

water movement through the aggregate profile. 

Within the soil (or in the case of permeable pavement, aggregate) profile, the water 

balance is computed for a section of unit surface area extending along the vertical profile of the 

practice and located midway between the drains:   

∆𝑉𝑎  =  𝐷 +  𝐸𝑇 +  𝐷𝑆 –  𝐹 (6.1) 

where ∆𝑉𝑎  = change in the air volume, 𝐷 = lateral drainage from the section, 𝐸𝑇 = 

evapotranspiration, 𝐷𝑆 = deep seepage, and 𝐹 = infiltration entering the section in ∆𝑡 (time 

increment). The rate of infiltration is calculated using the Green and Ampt equation (Green and 

Ampt 1911). The water balance at the soil/pavement surface is: 

𝑃 = 𝐹 + ∆𝑆 + 𝑅𝑂 (6.2) 

where 𝑃 = precipitation, 𝐹 = infiltration, S = change in volume of water stored on the surface, 

and 𝑅𝑂 = runoff during time period t.  
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Additional information on DRAINMOD’s model components, governing equations, and 

various model utilities are provided in Skaggs (1978, 1982, 1999) and in the DRAINMOD 

Reference Report (Skaggs 1980). Complete details on model adaptation to permeable pavement 

can be found in Chapter 5 and Appendix F. 

DRAINMOD models were calibrated using measured or calculated data for inflow, 

drainage, exfiltration/evaporation, and surface runoff. Because the monitoring scheme measured 

the combined rate of exfiltration and evaporation via analysis of drawdown in the IWS zone, 

exfiltration and evaporation were grouped for calibration. As detailed in Chapter 5, seasonal 

variability in SCM performance was accounted for by using data collected during even-number 

months (February, April, etc.) for model calibration. Storm events occurring during odd-number 

months (January, March, etc.) were used for model validation. At WH Large, data collection was 

suspended in the winter months due to sub-zero temperatures; data collection was continuous 

throughout the monitoring period at the Durham location. 

As described in Chapter 5, DRAINMOD was generally successful (especially for inflow 

and drainage) in predicting the water balance for both permeable pavements. DRAINMOD 

outputs were compared to field-collected data using Nash-Sutcliffe efficiencies and percent bias 

of the cumulative sum of each hydrologic fate during the calibration and validation periods. The 

model results for the two permeable pavement sites are presented in Table 6-2, where Nash-

Sutcliffe efficiencies were calculated using Eq. 6.3 (Nash and Sutcliffe 1970):  

 𝑁𝑆𝐸 = 1 −
 ∑ (𝑄𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 −𝑄𝑖,𝑚𝑜𝑑𝑒𝑙𝑒𝑑)

2𝑛
𝑖=1

∑ (𝑄𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑄𝑎𝑣𝑒𝑟𝑎𝑔𝑒)
2𝑛

𝑖=1

 (6.3) 
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where 𝑄𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is measured volume for event i, 𝑄𝑖,𝑚𝑜𝑑𝑒𝑙𝑒𝑑 is modeled volume for event i, and 

𝑄𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is the average measured volume for n events. 

 

Table 6-2. Nash-Sutcliffe efficiencies and cumulative percent bias for Durham and Willoughby 

Hills Large (Chapter 5). 

Monitoring 

Period 
Fate of Runoff 

Durham Willoughby Hills Large 

Nash-

Sutcliffe 

Efficiency 

Cumulative 

Percent 

Bias 

Nash-

Sutcliffe 

Efficiency 

Cumulative 

Percent 

Bias 

Calibration 

(Even 

Months) 

Inflow/Runoff 0.98 1% 0.94 -3% 

Drainage 0.77 8% 0.82 4% 

Surface Runoff n/aa n/aa n/ab n/ab 

Exfiltration/Evaporation < 0c -14% 0.30d -12% 

Validation 

(Even 

Months) 

Inflow/Runoff 1.00 2% 0.97 9% 

Drainage 0.92 -3% 0.95 -7% 

Surface Runoff n/aa n/aa n/ab n/ab 

Exfiltration/Evaporation < 0c 26% 0.38c 34% 
a Comparison statistics unable to be computed because no surface runoff occurred at this site.   
b Surface runoff was not modeled for Willoughby Hills Large due to localized clogging. See Chapter 5 for more details. 
c Poor performance attributed to low magnitudes of event exfiltration/evaporation. 

 

 

 

Baseline Simulations and Analysis of Design Alternatives 

To quantify the effect of design alternatives on permeable pavement hydrology in the 

most useful manner, some slight modifications were made to the DRAINMOD models described 

in Chapter 5. The run-on ratio for each site was adjusted to be consistent with the design 

standards in North Carolina and Ohio, which limit the run-on ratio to 1 and 2, respectively 

(NCDEQ 2012, ODNR 2006). This was a simple modification of the input file quantifying the 

amount of run-on received by the pavement and did not affect any other design parameters. The 

purpose of this was to give greater insight on the performance of “typical” applications in NC 

and OH.  
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The only other modification made was changing the depth of IWS to 15 cm for WH 

Large; this better represented the standard design in OH. The IWS of WH Large had effectively 

been 8 cm. All other parameters determined from as-built surveys and laboratory measurements 

remained unmodified (Table 6-1). The modified Durham and WH Large models will thus forth 

be referred to as the NC and OH standard models, respectively. 

The NC and OH standard design models were simulated with hourly precipitation and 

daily temperature files compiled from 30 years (1983-2012) of data at Raleigh-Durham Airport 

and Cleveland Hopkins International Airport (NOAA 2015), respectively. While DRAINMOD is 

capable of simulating freeze-thaw conditions, snowfall on a permeable pavement/contributing 

parking lot will usually be plowed offsite and removed from the water balance. Because (1) 

DRAINMOD algorithms do not accurately represent this and (2) the models were calibrated for 

wet-weather events only, snowfall was excluded from the wet-weather water balance. On days 

where the average daily temperature was less than 0 °C, precipitation was set to zero. 

Six baseline models were created for each site to represent varying exfiltration rates: 

0.02, 0.05, 0.13, 0.35, 0.50, and 1.25 cm/hr. These exfiltration rates were selected to span the 

range of underlying soil types found in NC while still characterizing the low-permeability soils 

commonly found in OH (Chapter 5, Winston 2016). Design variables were singularly modified 

from these baseline models to determine the change in the water balance related to: profile depth 

(combined depth of pavement and aggregate), IWS depth, and run-on ratio (Table 6-3).  Design 

characteristics were selected to represent both typical permeable pavement designs and more 

extreme designs. 

For each model simulation, yearly output files were compiled from DRAINMOD to 

determine the average annual volume of runoff, drainage, surface runoff, and 
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exfiltration/evaporation (all reported in cm per permeable pavement surface area). These annual 

averages were used to calculate the percentage of each portion of the water balance (e.g., Eq. 6.4, 

presented for drainage). Comparisons among hydrologic performance were made amongst 

varying underlying soil exfiltration rates and design scenarios. 

%𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 =
𝐴𝑛𝑛𝑢𝑎𝑙 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑒𝑝𝑡ℎ𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒

𝐴𝑛𝑛𝑢𝑎𝑙 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑒𝑝𝑡ℎ𝑅𝑢𝑛𝑜𝑓𝑓
∗ 100 (6.4) 

 

 

 
Table 6-3. Summary of modeled design alternatives. 

Design Characteristics 

North 

Carolina 

Standard 

Design 

Ohio 

Standard 

Design 

Additional Model Runs 

Profile deptha (cm) 60 60 23 30 45 90  

IWS zone depth (cm) 15 15 0 30 45   

Run-on ratiob 1 2 0 1 2 3 4 
a Defined as the sum of pavement depth and aggregate depth. 

b Defined as the ratio of contributing drainage area to permeable pavement surface area.  

 

 

 

6.4 Results 

Annual, average, and extreme statistics for precipitation depth and average intensity were 

higher at Raleigh-Durham Airport in NC than at Cleveland-Hopkins Airport in OH. Antecedent 

dry periods in NC were also slightly greater than Ohio (Table 6-4).  The annual water balances 

for the baseline models developed for each exfiltration rate in NC and OH are provided in Table 

6-5. Volume reductions (the sum of evaporation + exfiltration) ranged from 30 – 87% depending 

on the exfiltration rate. Even though the OH run-on ratio was twice that of NC, the water 

balances were relatively similar for the two locations. This is because: (1) due to its larger surface 

area and subsequently wider drain spacing, drainage rates for the OH standard design were 
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slower; this facilitated a lesser fraction of drainage and greater fraction of exfiltration compared 

to NC, particularly as the exfiltration rate increased, and (2) runoff/inflow to the systems were 

similar because annual precipitation in OH was less.  

For both the NC and OH standard designs, surface runoff decreased with increasing 

exfiltration rate, with a maximum 0.7% of the water balance becoming surface runoff under the 

0.02 cm/hr exfiltration rate simulations. For all baseline simulations, the portion of the water 

balance attributed to evaporation was between 12 – 16%. This is somewhat higher than the 

average of 5% (range: 2 – 8%) measured in a recent field study quantifying evaporation from 

different types of permeable pavement (Brown and Borst 2015). DRAINMOD estimates 

evaporation by considering the surface area of the pavement to be homogenous; for PICP, 

(depending on type) 5 – 15% of the surface area is composed of aggregate-filled interstitial 

spaces and the remaining 85 – 95% is covered by solid concrete block (Eisenberg et al. 2015). 

Data suggest the porosity and permeability of pavement materials are positively correlated to its 

evaporation rate (Brown and Borst 2015, Li et al. 2014). Therefore, the primary source of 

evaporation within a PICP profile is the aggregate (both within the interstitial spaces and to a 

lesser extent in the bedding layer immediately below the concrete block) and not from the 

concrete block. Since these surficial variations cannot be accounted for within the model, the fate 

of evaporation was (probably) slightly overestimated. This was unable to be remedied during 

model calibration because exfiltration and evaporation were monitored concomitantly and 

grouped for calibration. Exfiltration and evaporation were therefore grouped when predicting 

each long-term water balance (the sum of which constitutes total volume reduction). 
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Table 6-4. Precipitation summary statistics for North Carolina (Raleigh-Durham International 

Airport) and Ohio (Cleveland Hopkins International Airport) simulations (1983 – 2012). 

Parameter Statistic North Carolina Ohio 

Antecedent Dry Period 

Maximum 57.8 36.3 

90th percentile 11.8 10.3 

Mean 5.4 4.4 

Median 3.9 3.1 

St. Dev. 5.2 4.4 

Precipitation Depth (mm)a 

Annual average 1081.4 905.4 

Maximum 189.2 154.2 

90th percentile 35.7 27.4 

Mean 16.1 12.6 

Median 10.4 8.4 

St. Dev. 16.8 12.7 

Average Intensity (mm/hr)a 

Maximum 50.3 53.6 

90th percentile 6.6 4.9 

Mean 3.1 2.4 

Median 1.8 1.3 

St. Dev. 3.8 3.3 
a Excludes precipitation events when average temperature less than 0 °C to preclude snow events. 
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Table 6-5. Summary of the water balance simulated from 1983 – 2012 for various exfiltration 

rates under North Carolina and Ohio standard designs. 

Location 

Exfiltration 

Rate 

(cm/hr) 

Annual Fate of Runoff: (cm per permeable pavement surface area) 

[percent of annual runoff] 

Runoff/Inflow Drainage Surface Runoff 
Exfiltration and 

Evaporation 

North 

Carolina 

Standard 

Design 

0.02 180 
124 1 55 

[68.8%] [0.7%] [30.5%] 

0.05 180 
102 1 77 

[56.6%] [0.7%] [42.7%] 

0.13 180 
78 1 101 

[43.3%] [0.6%] [56.1%] 

0.35 180 
56 1 123 

[31.3%] [0.4%] [68.3%] 

0.50 180 
49 1 130 

[27.4%] [0.3%] [72.3%] 

1.25 180 
32 0 148 

[17.8%] [0.2%] [82.0%] 

Ohio 

Standard 

Design 

0.02 204 
141 1 61 

[69.4%] [0.6%] [30.1%] 

0.05 204 
115 1 87 

[56.6%] [0.6%] [42.8%] 

0.13 204 
85 1 118 

[41.5%] [0.5%] [58.0%] 

0.35 204 
55 1 148 

[27.1%] [0.4%] [72.5%] 

0.50 204 
45 1 157 

[22.3%] [0.4%] [77.3%] 

1.25 204 
24 1 179 

[11.6%] [0.4%] [88.0%] 

 

 

 

Profile Depth 

To determine the effect of the profile depth (combined depth of pavement and aggregate) 

on annual hydrology, the total depth was varied from 23 cm to 90 cm. For the sake of brevity, 

results presented are focused on examples from the 0.02 cm/hr, 0.13 cm/hr and 1.25 cm/hr 

exfiltration rates to represent a low, moderate, and high permeability underlying soil, 
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respectively. Additional results for the 0.05 cm/hr, 0.35 cm/hr and 0.50 cm/hr simulations are 

presented in Appendix G.  

North Carolina and Ohio require a minimum depth of 30 cm from the top of the 

pavement to the top of the IWS zone (NCDEQ 2012, ODNR 2006), which means profile depths 

less than or equal to 30 cm should not be designed with IWS. Because of this, simulations were 

first conducted without IWS to evaluate and compare the 23 cm and 30 cm profile depths. In all 

scenarios, the profile depth had minimal effect on exfiltration/evaporation; surface runoff and 

drainage were the most affected forms of outflow.  

For both NC and OH, as pavement and aggregate depth decreased, surface runoff 

increased and drainage decreased, but these effects were only substantial for profile depths less 

than 45 cm (Figure 6-2). Regardless of the exfiltration rate, when the profile depth was 45 cm or 

greater and did not include IWS, varying the profile depth changed the long-term fate of 

drainage, surface runoff, and exfiltration/evaporation by less than 0.5% for both the NC and OH 

standard designs. When the profile depth was 23 or 30 cm, compared to the standard 60 cm 

profile, surface runoff increased by 2 – 5% and 6 – 11% for NC and OH, respectively, with a 

concurrent decrease in drainage.  

The total pavement and aggregate depth also had minimal effect on performance of the 

systems when IWS was incorporated (Appendix G). For the NC and OH standard designs with 

15 cm of IWS, varying aggregate depth from 60 cm to 45 or 90 cm changed drainage, surface 

runoff, and exfiltration/evaporation long-term fate by less than 1% for NC and 2.6% for OH.  

Treating 90% of annual runoff (and thus limiting surface runoff to 10%) is a common 

water quality goal for several state-mandated stormwater programs (NCDEQ 2012, MDE 2009, 

PADEP 2006). Compared to NC, the fraction of surface runoff was 2 – 3 times greater for the 
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OH standard design because of its larger run-on ratio and slower drainage rate. Still, surface 

runoff was limited to less than 10% for all scenarios except in OH when the aggregate depth was 

23 cm and the exfiltration rate was less than 0.13 cm/hr. While a 30 cm profile depth may be 

adequate to meet maximum surface treatment goals for pavements with a low hydraulic loading 

ratio, structural needs and/or inclusion of an IWS zone can dictate a total profile thickness greater 

than this (Eisenberg et al. 2015). For both locations, with or without IWS, 45 cm of profile depth 

limited surface runoff to less than 2% over all soil types. This indicates an aggregate depth of 45 

cm sufficiently treats more than 90% of annual runoff for the typical permeable pavement design 

in NC and OH (assuming no clogging of the pavement surface). 

The differences between different profile depths were minimal enough such that there 

appears to be no substantial hydrologic benefit for the pavement and aggregate depth to exceed 

60 cm; in most cases, 45 cm of pavement and aggregate will sufficiently meet water quality 

design goals. However, greater depths may be needed for peak flow mitigation; permeable 

pavement designs often must consider peak flow mitigation for large, infrequent storm events, 

requiring additional aggregate for water storage. 
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Figure 6-2. Effect of total profile depth in North Carolina (left) and Ohio (right) for permeable 

pavements designed without internal water storage and with run-on ratios of 1 and 2, 

respectively. 
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Internal Water Storage Zone Depth 

Implementing IWS can substantially increase volume reduction in permeable pavements 

(Wardynski et al. 2012, Winston 2016). To quantify this effect for applications typical of NC and 

OH, the IWS zone depth was varied between 0, 15, and 30 cm, with the existing pavement + 

aggregate depth held constant (60 cm). Complete results are available in Appendix G.  

The depth of the internal water storage zone had a substantial effect on the annual 

hydrology of both applications, even for poorly draining soils, with the most affected forms of 

outflow being drainage and exfiltration/evaporation (Figure 6-3). A 15-cm IWS zone increased 

long-term exfiltration/evaporation by 10-35% compared to a standard drainage configuration, 

with greater marginal improvement for moderate exfiltration rates (e.g., 0.13 cm/hr and 0.35 

cm/hr). Thirty centimeters of IWS increased the long-term fate of exfiltration/evaporation by an 

additional 8 – 27%, and in all cases optimized performance (maximized exfiltration/evaporation, 

minimized drainage).  

Without IWS, when the underlying soil infiltration rate was 0.02 cm/hr, the percent of 

runoff attributed to exfiltration/evaporation was less than 19% for both the NC and OH standard 

designs. Increasing the internal water storage to 15 cm increased the proportion of exfiltration by 

two-thirds to approximately 30% for both NC and OH. Increasing the depth of IWS further to 30 

cm increased the fate of runoff to exfiltration/evaporation to more than 45% of the water balance 

for both applications (and consequently reduced drainage volume by at least one-third). These 

results support studies that have reported volume reductions ranging from 20 – 50% for 

permeable pavements constructed with IWS over low permeability soils (Chapter 4, Winston 

2016), and suggests the inclusion of IWS can have substantial impact even on the lowest 

permeability soils. 
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Variation in the water balance between the two applications was a function of the 

permeable pavement footprint and subsequent drain spacing. Despite having a greater run-on 

ratio, the OH system performed similarly or better than the NC system for identical depths of 

IWS. This is because the OH site had a larger permeable pavement footprint and consequently 

wider drain spacing (slower drainage, more exfiltration). The depth of internal water storage had 

little effect on surface runoff. Increasing IWS zone depth did marginally increase surface runoff 

in the lowest permeability exfiltration rates, but for all scenarios, surface runoff remained less 

than 1.5%. Based on the findings from this portion of the analysis, it is recommended at least 15 

cm (and preferably, 30 cm) of IWS be incorporated into permeable pavements to improve 

volume reduction, even when constructed over poorly-infiltrating soils. This recommendation is 

provided given the total profile depth is deep enough to maintain at least 30 cm of unsaturated 

aggregate in the upper portion of the profile (NCDEQ 2012, ODNR 2006). 
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Figure 6-3. Effect of internal water storage depth in North Carolina (left) and Ohio (right) for 

permeable pavements designed with 60 cm profiles and with run-on ratios of 1 and 2, 

respectively. 
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Run-on Ratio 

The final variable considered was the ratio of the drainage area to permeable pavement 

surface area, or “run-on ratio.”  The run-on ratio was varied between 0, 1, 2, 3, and 4 and 

compared to the existing run-on ratio (1 for NC and 2 for OH), while IWS and pavement + 

aggregate depth remained at 15 cm and 60 cm, respectively (Figure 6-4). Tabulated values are 

provided in Appendix G. For both the NC and OH applications, drainage and surface runoff 

increased substantially as the run-on ratio increased and subsequently, proportions of exfiltration 

and evaporation decreased.  Under all scenarios, however, surface runoff never exceeded 10% of 

the water balance. 

As the run-on ratio increased, the relative footprint of the permeable pavement compared 

to its watershed decreased. However, the actual footprint, and consequently, the evaporative and 

exfiltrative surface of the pavement, remained the same. The magnitude of evaporation hardly 

varied between scenarios, but because less runoff was entering the system as the run-on ratio 

decreased, the percentage of the water balance attributed to evaporation (and subsequently, the 

combined measure of exfiltration/evaporation) was much greater for lower run-on ratios. In all 

scenarios, systems that did not receive runoff (i.e., run-on ratio of 0) maximized volume 

reduction through exfiltration/evaporation while minimizing drainage and surface runoff; volume 

reductions ranged from 49 – 99% depending on exfiltration rate. A run-on ratio of 4 resulted in 

volume reductions ranging from 14 – 77%; this was a 20 – 50% decrease compared to systems 

only receiving direct rainfall. 

It is important to consider the overall interpretation of the water balance when comparing 

the effect of different run-on ratios. A balance must be struck between maximizing performance 

while cost-effectively treating a watershed.  For example, at the NC application, doubling the 
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field ratio from 1 to 2 increases the percentage of drainage by at most 12% while managing 

stormwater from twice the area. Depending on the desired volume reduction, engineers and 

regulators can interpret these results to cost-effectively size permeable pavement systems while 

maximizing the treated watershed, with consideration that increased watershed size will increase 

maintenance frequency. Designers can also interpret these results to estimate the water balance 

from retrofit permeable pavements that must be undersized due to site constraints. 

As the exfiltration rate increased, increasing and/or decreasing the run-on ratio was 

moderately less impactful on the water balance. For example, at the OH permeable pavement, 

doubling the field ratio from 2 to 4 when the underlying soils were moderately restrictive (0.13 

cm/hr) resulted in an increase in total outflow (drainage + surface runoff) of 16%; for an 

underlying soil with high infiltration rates (1.25 cm/hr), total outflow only increased by 11%, and 

volume reduction remained greater than 75%. This suggests that should the run-on ratio need to 

exceed the recommended design guidance due to site constraints, underlying soils with higher 

exfiltration rates should be targeted for permeable pavement to provide improved hydrologic 

mitigation. This is supported by many studies that have shown volume reductions exceeding 70% 

for permeable pavements built over permeable soils (Bean et al. 2007b, Dreelin et al. 2006, 

Wardynski et al. 2012). 

Any increase in run-on ratio, however, necessarily increases permeable pavement 

susceptibility to clogging. This is augmented when the pavement receives concentrated flow due 

to parking lot islands, speed bumps, etc. (Winston et al. 2016). For these reasons, permeable 

pavements designed to receive run-on in ratios exceeding the current design guidance are more 

apt to clog (Winston et al. 2016, Winston 2016). To prevent clogging, routing roof runoff directly 

into the pavement subbase or designing the footprint of the permeable pavement such that 
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shallow concentrated flow is avoided is highly recommended. Shorter maintenance intervals and 

increased maintenance intensity may be needed to preserve high surface infiltration rates in the 

face of increasing run-on ratios.  

 

 



 

199 
 

 

Figure 6-4. Effect of run-on ratio in North Carolina (left) and Ohio (right) for permeable 

pavements designed with 60 cm profiles and 15 cm of internal water storage. 
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Case Study Comparison 

To demonstrate the transferability of the long-term simulations, a case study was selected 

for two pavements that had a similar configuration to one of the modeled simulations. From June 

2006 to July 2007, Collins et al. (2008) studied four side-by-side applications of permeable 

pavement in Kinston, NC. Two of the monitored pavements [one PICP and one pervious concrete 

(PC)] were conventionally drained; the PICP and PC had average volume reductions of 37.7% 

and 43.9%, respectively, but their overall performance was not significantly different (Collins et 

al. 2008). Both pavements were drained by 10 cm underdrains, had profile depths of 43 cm, and 

similar drain spacing to the NC standard design (Table 6-6). The underlying soil type was 

described as a moderately permeable sandy clay loam, which has an estimated hydraulic 

conductivity within the range of the 0.35 cm/hr simulation (0.43 cm/hr, Rawls et al. 1982). While 

Kinston is 154 km from Raleigh-Durham International Airport [and receives, on average, an 

additional 200 mm of rainfall annually (NOAA 2015), therefore the 30-year dataset used for 

simulations did not exactly represent rainfall at the site location], the similarities among 

monitored and modeled design parameters suggested the NC simulation with no run-on and 45 

cm of profile depth could be used to assess the long-term performance of this site.  
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Table 6-6. Comparison of monitored and modeled design parameters for a case study in 

Kinston, NC (Collins et al. 2008). 

Design Parameter 
PICP PC 

Monitored Modeled Monitored Modeled 

Aggregate + Pavement Depth 43 45 43 45 

Internal Water Storage Depth (cm) 0 0 0 0 

Exfiltration Rate (cm/hr) n/aa 0.35 n/aa 0.35 

Drain Spacing 490b 450 400b 450 

Run-on Ratio 0 0 0 0 

Underdrain size (cm) 10 10 10 10 
a Exfiltration rate not reported but underlying soil type was a sandy clay loam  
b Estimated from plan view figure in Collins et al. (2008) 

 

 

 

To compare whether the model accurately predicted volume reduction from the 

conventionally-drained systems over the original monitoring period, monthly output files were 

extracted from the 30-year dataset and used to compile results from June 2006 – July 2007. The 

volume reduction (exfiltration + evaporation) simulated by the model over this time period 

(39.5%) was within 5% of the average volume reduction reported for the PICP (37.7%) and the 

PC (43.9%) (Table 6-7, Collins et al. 2008). Long-term simulations indicated the annual average 

volume reduction would be 47.6%, which is 4 – 10% greater than what was monitored during the 

study. Incorporating 15 cm of IWS indicated the long-term volume reduction would increase to 

87.4% (Table 6-7). This simple case study demonstrates how long-term simulations from verified 

models can provide more information about the long-term hydrology compared to a 1-year field 

study.   
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Table 6-7. Fate of runoff for a permeable pavement with a 45 cm profile depth, 10 cm 

underdrain, and no run-on. 

Time Period 

Fate of Runoff: (cm per permeable pavement surface area)  

[percent of annual runoff] 

Runoff/Inflow Drainage Surface Runoff 
Evaporation and 

Exfiltration 

June 2006 - July 2007 166 
100 0 66 

[60.5%] [0.0%] [39.5%] 

1983 - 2012 (no internal 

water storage) 
108 

57 0 52 

[52.4%] [0.0%] [47.6%] 

1983 - 2012 (15 cm internal 

water storage) 
108 

14 0 94 

[12.6%] [0.0%] [87.4%] 

 

 

 

Designing for Volume Reduction and Surface Runoff 

Many design goals focus on maximizing volume reduction (via exfiltration and 

evaporation) and minimizing surface runoff. By far, the exfiltration rate of the underlying soil 

had the greatest effect on the annual water balance. This is further testament to siting permeable 

pavements over the highest permeability soils. For the NC and OH standard designs of 1 and 2 

run-on ratios with 15 cm of IWS, total volume reduction via exfiltration and evaporation varied 

from 30 – 82% and 30 – 88%, respectively, depending on the exfiltration rate of the underlying 

soil (Table 6-5, Figure 6-5). Surface runoff was also limited to less than 1% for both applications 

under all baseline scenarios (Table 6-5). This indicates the current design standard in both states 

is probably adequate for many, if not most, hydrologic targets. 

However, the inclusion of a 30-cm IWS zone was shown to substantially increase 

exfiltration, sometimes by as much as 55% of the overall water balance compared to the 

conventional configuration. Thirty centimeters of IWS maximized volume reduction while 

minimizing drainage and surface runoff for both sites and under all exfiltration rates. It is noted, 

though, that diminishing marginal returns were observed as the exfiltration rate increased. An 
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illustration of this is given for both NC and OH in Figure 6-5. As the exfiltration rate increased, 

the relative effect of a deeper IWS zone was dampened. This is supported by Wardysnki et al. 

(2012), who observed no appreciable difference in volume reduction when IWS was 15 cm or 30 

cm because (1) the underlying soil exfiltration rate was relatively high (1.25 cm/hr) and (2) the 

deeper IWS zone also had a deeper cross-section depth. Because of this, the greatest impact on 

increasing IWS depth is for underlying soils with low and moderate exfiltration rates (0.02, 0.05 

cm/hr, and 0.13 cm/hr).  

The only scenarios that produced surface runoff exceeding 10% were in OH when the 

exfiltration rate was less than 0.13 cm/hr and the total depth of pavement + aggregate was limited 

to 23 cm. Increasing the pavement depth by just 7 cm decreased the percentage of runoff to less 

than 5%; siting the pavement over a more infiltrative soil but maintaining a 23-cm profile depth 

also decreased the surface runoff to under 10% (Figure 6-2, Appendix G). A far more important 

piece to ensuring surface runoff remains less than 10% is (1) designing the pavement to reduce 

clogging susceptibility and (2) proper maintenance throughout the life of the pavement (Chapter 

3, Winston et al. 2016, Drake and Bradford 2013, Scholz and Grabowiecki 2007). The former 

should be accomplished by designing pavements to limit clogging factors such as overhanging 

trees and concentrated flow; the latter should include routine scheduled inspection, with more 

intensive maintenance at the permeable/impermeable interface, and restorative maintenance via 

vacuum street sweeping as needed (Bean et al. 2007a, Drake and Bradford 2013, Winston et al. 

2016).  
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Figure 6-5. Marginal increases in volume reduction as the depth of internal water storage and 

underlying exfiltration rate increases for North Carolina (top) and Ohio (bottom). 
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6.5 Summary and Conclusions 

A calibrated, long-term model was used to establish hydrologic performance expectations 

for permeable pavements in NC and OH. By modeling a variety of different drainage 

configurations, profile depths, and run-on ratios, the water balance for many permeable pavement 

design configurations was evaluated. The water balance for the varying configurations was 

primarily controlled by the exfiltration rate of the underlying soil and the depth of IWS, with the 

run-on ratio and profile depth being less impactful. 

Results from the design alternative analysis showed for permeable pavements constructed 

over less permeable soils (i.e., exfiltration rates less than 0.13 cm/hr) and with a run-on ratio 

greater than or equal to 2, a cross-section depth of 23 cm was not sufficient to limit surface runoff 

to less than 10%. Increasing the profile depth to 30, 45 or 60 cm limited surface runoff while 

maximizing other hydrologic benefits; increasing the aggregate depth further to 90 cm created 

little appreciable volume reduction benefit (less than 1% change) and thus is probably not an 

economically-beneficial design.  

Including an IWS zone substantially reduced total outflow for all modeled exfiltration 

rates. The impact was greatest when the exfiltration rate was less than 0.13 cm/hr, but even the 

highest underlying soil exfiltration rate modeled (1.25 cm/hr) saw marked improvement in 

volume reduction as IWS zone depth increased. Employing IWS on existing underdrains can 

improve volume reduction by up to 55%. This is an important finding for maximizing the 

function of already constructed permeable pavements. 

Current design standards in NC and OH restrict the run-on ratio to 1 and 2, respectively, 

and the simulations indicated these design recommendations were effective in limiting surface 

runoff to less than 10% of the water balance. Increasing the run-on ratio beyond these 
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recommendations is not advised unless (1) the permeable pavement is constructed over highly 

permeable soils AND (2) the permeable pavement is purposefully designed to minimize the 

increased risk of clogging that accompanies treatment of a larger drainage area. While designs 

with higher run-on ratios can (potentially) be more cost-effective, the augmented clogging risk 

should be accounted for via stipulation of increased frequency of inspection and maintenance.   

Results from the design alternative analysis have several important uses. By evaluating 

volume reduction for various permeable pavement configurations, regulators have the 

opportunity to move away from a “one-size-fits-all” crediting approach and move towards a 

crediting system based on volume reduction. Should a permeable pavement require an alternative 

configuration from the standard design (due to site constraints, retrofit applications, etc.), 

appropriate volume reduction credit could be determined based on this, or similar, analysis. 

Engineers and regulators can also use the results from the model to adjust design parameters to 

reach a desired hydrologic goal (e.g., 80% volume reduction, less than 10% surface runoff, 

minimize drainage, pre-development hydrology, etc.).  

Because these simulations were specific to NC and OH (and thus produced results only 

applicable in those regions), this type of analysis should be expanded to different locations 

utilizing local design standards. Transferability of results should be limited to regions with 

similar rainfall patterns to NC and OH. 
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Chapter 7: Predicting Function of Permeable Pavement Under Future 

Climate Scenarios in Northern Ohio  
 

 

7.1 Abstract  

Quantifying the expected impacts of climate change on stormwater infrastructure is 

crucial to building resilience into urban drainage systems but has been largely unexplored. 

Calibrated DRAINMOD models were utilized to assess the hydrologic performance of three 

permeable pavement systems in Northern Ohio under current (2001-2004) and mid-century 

(2055-2059) climate scenarios (RCP 4.5 and 8.5). The DRAINMOD models were simulated with 

high-resolution, dynamically downscaled rainfall and temperature data to quantify the water 

balance (inflow, drainage, surface runoff, exfiltration/evaporation) for each permeable pavement 

system. For this specific region, climate change was predicted to be relatively moderate, with 

similar or lower annual average rainfall depths, longer dry periods, and slightly warmer 

temperatures under future climate scenarios. Subsequently, changes to the overall water balance 

of the permeable pavements were modest and did not vary by more than 10% for any water 

balance fate. Volume reduction provided by the permeable pavements was predicted to either 

increase by 2 – 6% [Willoughby Hills (Small and Large)] or decrease by 8% [Perkins Township]. 

Surface runoff increased as a percentage of the water balance at the Perkins Township site by 5 – 

7% but remained similar at Willoughby Hills. To ensure the volume of surface runoff under 

future climate scenarios remained the same as current conditions, up to 60% of the drainage area 

at Perkins Township would need to be re-routed to another stormwater control or retrofitted with 

more permeable pavement. However, the ratio of drainage area to permeable pavement area of all 

the systems exceeded the standard design guidance in Ohio (2:1 run-on ratio). Results indicated 
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that were the permeable pavements constructed within the standard design, only marginal 

changes would be needed to maintain resiliency to climate change. 

 

7.2 Introduction 

Predicting how stormwater infrastructure will perform as the climate changes is one of 

the most challenging questions facing the water resources community. Global and regional-scale 

models indicate climate change is expected to impact the frequency and magnitude of extreme 

precipitation events, floods, and drought, while simultaneously increasing mean global air 

temperature [Berggen et al. 2012, Gao et al. 2012, Kharin et al. 2013, Intergovernmental Panel on 

Climate Change (IPCC) 2012, Mailhot and Duchesne 2010, Trenberth 2011, Wernstedt and 

Carlet 2014, Voskamp and Van de Ven 2015]. Changes in rainfall patterns are expected to impact 

the function of urban stormwater infrastructure because current design guidance is largely based 

on historical rainfall records (Rosenberg et al. 2010). As an example, the 10-year design storm 

intensity in Belgium is projected to increase by up to 50% by the end of this century; 

subsequently, drainage structures designed for a 20-year return period could fail on a 5-year 

return period by the end of the 21st century (Willems 2013). Due to the joint effects of climate 

change and increased urbanization, additional investment in existing infrastructure is likely 

needed to maintain the current function of urban stormwater systems (Praskievicz and Chang 

2009, Mamo 2015). 

Stormwater control measures (SCMs), such as bioretention and permeable pavement, are 

commonly used to mitigate the effects of urbanization. SCMs reduce stress on receiving waters 

by promoting evapotranspiration (ET), groundwater recharge through exfiltration, and peak 

discharge attenuation (DeBusk et al. 2010, Denich and Bradford 2010, Hunt et al. 2012, 
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Wardynski et al. 2012). When implemented at the watershed scale, SCMs have been shown to 

increase resiliency and adaptability to a changing climate (Pyke et al. 2001, Semadeni-Davies et 

al. 2008, Waters et al. 2003, Zamatkesh et al. 2014). However, few studies have determined the 

ability of individual SCMs to combat the effects of climate change. Evaluating the response of 

individual SCMs to climate change is crucial to improving future SCM designs.  

Permeable pavement is increasingly used to provide hydrologic mitigation in the urban 

landscape. The SCM functions by infiltrating stormwater runoff through a permeable surface 

layer, temporarily storing runoff in its aggregate subbase, and reducing runoff volumes via 

exfiltration to the native soil (Scholz and Grabowiecki 2007, Drake et al. 2013a). The four 

general fates of stormwater runoff received and treated by a permeable pavement include surface 

runoff (due to surface clogging or when the aggregate reservoir becomes full), drainage 

(discharged runoff via an underdrain), evaporation, and exfiltration (infiltration into the native 

soil). Volume reduction via exfiltration and evaporation is largely dependent on design variables 

such as surface infiltration rate, native soil type, and drainage configuration, with volume 

reductions ranging from 3% - 99+% (Chapter 3, Bean et al. 2007a, Collins et al. 2008, Drake et 

al. 2013b, Dreelin et al. 2006, Fassman and Blackbourn 2010, Roseen et al. 2012, Wardynski et 

al. 2012).  

Because the hydrologic performance of permeable pavement is inherently site-specific, it 

is difficult to predict the expected response of these systems to future climate change. Past 

studies that have evaluated the performance of individual SCMs under climate change scenarios 

have been limited to stormwater retention ponds (Sharma et al. 2011), green roofs (Vanuytrecht 

et al. 2014), and bioretention (Hathaway et al. 2014, Winston 2016). These studies evaluated the 

performance of individual SCMs by combining future climate data derived from global and 
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regional climate models with continuous, mechanistic, hydrologic models. While the impact of 

climate change varied by region and SCM, the studies suggested current design guidance needs 

to be (at least modestly) modified to mitigate expected increases in precipitation depth and 

intensity (Hathaway et al. 2014, Winston 2016, Vanuytrecht et al. 2014).  

The purpose of this study was to evaluate the function of permeable pavement under two 

future climate scenarios. High-resolution, dynamically downscaled climate projections for the 

mid-21st century were coupled with a calibrated, long-term, continuous simulation model to 

determine the impact of climate change on permeable pavements in Northern Ohio.  

Improvements to permeable pavement design will be suggested to ensure the systems in this 

region are resilient to climate change.   

7.3 Methods 

Site Descriptions 

Three permeable pavement applications in Northern Ohio (OH) were comprehensively 

monitored to determine the hydrologic fate of runoff (drainage, exfiltration/evaporation, and 

surface runoff) (Figure 7-1). Design characteristics for each permeable pavement [Perkins 

Township (PT), Willoughby Hills Small (WH Small), and Willoughby Hills Large (WH Large)] 

are presented in Table 7-1. To promote exfiltration, all three permeable pavements used an 

elevated or upturned elbow in the underdrain to create an internal water storage (IWS) zone 

(Wardynski et al. 2012). The Willoughby Hills applications were constructed with permeable 

interlocking concrete pavement (PICP) and received runoff from entirely impervious watersheds. 

The Perkins Township site was pervious concrete (PC) and received runoff from an 81% 

impervious watershed. The ratio of drainage area to permeable pavement area (i.e., run-on ratio) 
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of all three permeable pavements exceeded the standard design guidance for Ohio, which limits 

this value to 2 (ODNR 2006). The permeable pavement applications varied in underlying soil 

type, aggregate depth, and drainage area to permeable pavement surface area ratios (and are 

extensively described in Winston 2016).  

 

Table 7-1.Characteristics of each monitored permeable pavement site. 

Permeable Pavement Site Perkins Township Willoughby Hills Small 
Willoughby Hills 

Large 

Monitoring Period 
April 2013 - November 

2014 

December 2013 - 

November 2014 

December 2013 - 

November 2014 

Pavement Type PC PICP PICP 

Drainage Area (m2)  
[% imperviousness] 

2140 [81] 320 [100] 890 [100] 

Pavement Surface Area (m2) 240 45 410 

Infiltrative Surface Area (m2) 450b 45 205c 

Equivalent Run-on Ratioa 4.8 7.2 2.2c 

Pavement Thickness 15 8 8 

Aggregate Depth 38 - 45 51 51 

Average Exfiltration Rate (mm/hr) 0.33 0.05 0.05 - 0.15 

Drainage Configuration 
IWS (elevated 

underdrain) 

IWS (upturned 

underdrain) 

IWS (upturned 

underdrain) 

IWS zone depth 15 8.5c 15 

In situ soil typed Silty clay loam 
Silty clay loam, clay 

loam 

Silty clay loam, clay 

loam 
a Defined as the ratio of drainage area to infiltrative surface area 
b A portion of the contributing drainage area was underlain with open-graded aggregate to increase storage capacity and 

surface area for exfiltration. 
c A stepped subgrade at the Willoughby Hills Large application caused 15 cm of IWS storage over 205 m2 of the subgrade; 

the remainder was raked for minimal storage (appx. 1.25 cm). To account for this, an effective IWS depth was calculated 

(see Chapter 5) and the equivalent run-on ratio was based on the pavement surface area. 
d Measured with a hydrometer following the procedure in Gee and Bauder (1986). 
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Figure 7-1. Permeable pavement schematic with hydrologic fates depicted: drainage, 

exfiltration, evaporation and surface runoff. 

 

 

 

Each permeable pavement application was monitored to quantify inflow/runoff, drainage, 

exfiltration, evaporation, and surface runoff on a storm event basis. Detailed site descriptions, 

monitoring methods, and hydrologic analyses for all of the sites are available in Winston (2016). 

These data allowed for calibration and validation of the models. Runoff from the contributing 

drainage area was estimated using the discrete Curve Number (CN) method (NRCS 1986) and 

added to direct rainfall on the pavement surface to determine total inflow. Antecedent moisture 

corrections were applied as described in NRCS (2004). Drainage was measured via sharp crested, 

v-notch weirs and pressure transducers, which measured flow depth on 2-minute intervals. The 
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rate of exfiltration and evaporation was measured concurrently through analysis of water level 

drawdown within the pavement. At PT, surface runoff did not occur because surface infiltration 

rates of the permeable pavement remained sufficiently high to infiltrate all runoff through the 

pavement surface. At WH, however, localized clogging of the pavement surface caused surface 

runoff; this was first observed at the WH Large bay in July 2014. Subsequently, surface runoff 

monitoring began on August 5, 2014 at both WH applications; flow diverters were installed to 

route surface runoff into the existing weir box. For the final four months of monitoring, surface 

runoff was quantified by separation of the outflow hydrograph. Prior to August 5, 2014, surface 

runoff from the WH applications was estimated using a cumulative water balance (Winston 

2016). Weather stations at each site recorded temperature and rainfall.  

Permeable pavement design specifications, including drainage area, permeable pavement 

area, aggregate depth, drain depth, and depth of the IWS zone, were surveyed or determined from 

construction plans. These site-specific parameters were entered into the models to simulate 

hydrologic response from the systems.  

Description of DRAINMOD and Model Development 

DRAINMOD is a long-term, continuous-simulation model developed to predict drainage 

from agricultural fields in semi-humid regions (Skaggs 1978). DRAINMOD has been used to 

model controlled drainage, wetland hydrology, crop yield estimation, on-site wastewater 

treatment, nitrogen transport from drained soils, and other applications (Skaggs 1978, 1982, 

1999; Youssef et al. 2005) DRAINMOD was most recently adapted to predict the long-term 

hydrology of bioretention and permeable pavement (Chapter 5, Brown et al. 2013, Winston 

2016). The model calculates drainage using Kirkham and Hooghoudt equations when the water 
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table is above and below the soil (or pavement) surface, respectively (Hooghoudt 1940, Kirkham 

1957). Drainage characteristics and soil/media attributes, such as saturated hydraulic 

conductivity, the water retention curve of the aggregate, and infiltration rate of the underlying 

soil are input into DRAINMOD to simulate water movement through the aggregate profile.  

DRAINMOD is governed by two water balances: (1) in the soil profile [Eq. 7.1] and (2) 

at the soil surface [Eq. 7.2]. Both water balances are computed per unit surface area and 

expressed in terms of depth (cm). Within the soil (or in the case of permeable pavement, 

aggregate) profile, the water balance is computed for a section of unit surface area located 

midpoint between the drains and extending from the impermeable layer (i.e., the interface 

between the bottom of the practice and the in situ soil) to the surface:  

∆𝑉𝑎  =  𝐷 +  𝐸𝑇 +  𝐷𝑆 –  𝐹 (7.1) 

where ∆𝑉𝑎  = change in the air volume, 𝐷 = lateral drainage from the section, 𝐸𝑇 = 

evapotranspiration, 𝐷𝑆 = deep seepage, and 𝐹 = infiltration entering the section in ∆𝑡 (time 

increment). The Green and Ampt equation is used to calculate the rate of infiltration (Green and 

Ampt 1911). The water balance at the soil surface is: 

𝑃 = 𝐹 + ∆𝑆 + 𝑅𝑂 (7.2) 

where 𝑃 = precipitation, 𝐹 = infiltration, S = change in volume of water stored on the surface, 

and 𝑅𝑂 = runoff during time period t. Additional information on DRAINMOD’s governing 

equations, model components, and various model utilities and functions are provided in Skaggs 

(1978, 1980, 1982, 1999) and in the DRAINMOD Reference Report (Skaggs 1980). All input 

parameters were measured or estimated through the comprehensive monitoring program; more 

details on model adaptation to permeable pavement can be found in Chapter 5. 
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Separate DRAINMOD models were calibrated and validated using measured or estimated 

data for inflow, drainage, exfiltration/evaporation, and surface runoff for each site. Exfiltration 

and evaporation were grouped for calibration because the monitoring scheme estimated the 

combined rate of exfiltration and evaporation via drawdown within the IWS zone. As described 

in Chapter 5, to account for seasonal variability in SCM performance, storm events occurring 

during even-number months (April, June, etc.) were used for model calibration. Data collected 

during odd-number months (May, July, etc.) were used for model validation. Data collection was 

suspended in the winter months due to sub-zero temperatures. Because of this, DRAINMOD was 

used to simulate wet-weather events only, and freeze/thaw conditions, while available in the 

model, were not applied.  

As described in Chapter 5, DRAINMOD simulations were generally successful in 

developing estimates of the water balance of each permeable pavement over the calibration and 

validation periods. DRAINMOD outputs were compared to field-collected data using Nash-

Sutcliffe efficiencies and percent bias of the cumulative sum of each fate. The model results for 

the three permeable pavement sites are presented in Table 7-2, where Nash-Sutcliffe efficiencies 

were calculated using Eq. 7.3:  

 𝑁𝑆𝐸 = 1 −
 ∑ (𝑄𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 −𝑄𝑖,𝑚𝑜𝑑𝑒𝑙𝑒𝑑)

2𝑛
𝑖=1

∑ (𝑄𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑄𝑎𝑣𝑒𝑟𝑎𝑔𝑒)
2𝑛

𝑖=1

 (7.3) 

 

where 𝑄𝑖,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is measured volume for event i, 𝑄𝑖,𝑚𝑜𝑑𝑒𝑙𝑒𝑑 is modeled volume for event i, and 

𝑄𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is the average measured volume for n events. 
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Table 7-2. Nash-Sutcliffe efficiencies and cumulative percent bias for all permeable pavements 

(Chapter 5). 

Monitoring 

Period 
Fate of Runoff 

Perkins Township Willoughby Hills Small Willoughby Hills Large 

Nash-

Sutcliffe 

Efficiency 

Cumulative 

Percent 

Bias 

Nash-

Sutcliffe 

Efficiency 

Cumulative 

Percent 

Bias 

Nash-

Sutcliffe 

Efficiency 

Cumulative 

Percent 

Bias 

Calibration 

(Even 

Months) 

Inflow/Runoff 0.98 2% 0.99 2% 0.94 -3% 

Drainage 0.88 2% 0.92 4% 0.82 4% 

Surface Runoff n/aa n/aa n/ab 0% n/ac n/ac 

Exfiltration/Evaporation 0.77 -2% 0.30d -8% 0.30d -12% 

Validation 

(Even 

Months) 

Inflow/Runoff 0.99 -4% 0.99 < 1% 0.97 9% 

Drainage 0.84 -2% 0.94 < 1% 0.95 -7% 

Surface Runoff n/aa n/aa n/ab < 1% n/ac n/ac 

Exfiltration/Evaporation 0.59 -16% 0.30d 6% 0.38d 34% 
a Comparison statistics unable to be computed because no surface runoff occurred at this site.  
b Measured surface runoff for individual storm events unavailable, only cumulative percent bias reported.   
c Surface runoff was not modeled for Willoughby Hills Large due to localized clogging. See Chapter 5 for more details. 
d Poor performance attributed to low magnitudes of event exfiltration/evaporation. 

 

 

 

Climate Data 

To predict hydrologic response of permeable pavements under future climate scenarios in 

Northern Ohio, calibrated DRAINMOD models were simulated using site-specific data from Gao 

et al. (2012). Gao et al. (2012) generated high resolution climate projection data for the eastern 

United States using dynamic downscaling of the Weather Research and Forecasting model 

(WRF). Modeling was performed on a 4 km x 4 km high resolution scale with the Community 

Earth System Model version 1.0 (CESM v1.0) serving to establish boundary conditions for the 

WRF model. Dynamic downscaling was performed using surface and three-dimensional 

variables extracted from Community Atmosphere Component Version 4 (CAM4) and 

Community Land Model (CLM4) output from CESM v1.0. Surface variables from CESM v1.0 

output were horizontally interpolated using the WRF pre-processing systems prior to input into 

the WRF domains. A full description of the dynamic downscaling methodology, which provided 
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high spatial resolution for analysis of changes at PT and WH, is given in Gao et al. (2012). Data 

developed by Gao et al. (2012) were the bases of related evaluations of SCM effectiveness in 

Hathaway et al. (2014) and Winston (2016). 

Three modeled climate scenarios were developed for this work, including one baseline 

dataset to represent current conditions (2001 – 2004) and two mid-century future climate data 

sets (2055 – 2059). The climate scenarios were compiled from the average of nine grid cells 

within the climate model, including the cell encapsulating the location of the site and the eight 

grid cells surrounding it. To ensure the downscaled data were reasonable for the baseline 

scenario, modeled precipitation from 2001 – 2004 were compared to measured data from Old 

Woman Creek National Estuarine Research Reserve [19 km from PT] (NOAA 2015a) and 

Cleveland Hopkins International Airport [50 km from WH] (NOAA 2015b) during the same time 

period. Discrete hydrologic storm events were identified by a gap in precipitation exceeding six 

hours and a minimum rainfall depth of 2.5 mm (Driscoll 1989).  

For the baseline scenario (2001-2004), the average modeled annual rainfall at PT was 867 

mm (range: 745 – 964 mm); during the same time period, Old Woman Creek recorded an average 

of 841 mm (range: 772 – 910 mm) (NOAA 2015a). Modeled annual rainfall at WH was 1026 

mm (range: 876 – 1156 mm); nearby, Cleveland Hopkins airport recorded on average 970 mm 

(range: 874 – 1080 mm) of rainfall per year (NOAA 2015b) (Table 7-3). The model 

overestimated average yearly rainfall for the two sites by less than 56 mm, but had comparable 

median and 90th percentile event depths. The median and 90th percentile consecutive dry days 

were also similar between the modeled and observed data. Substantial seasonal bias has been 

observed in other regional climate models (Jacob et al. 2007). While seasonal percent bias ranged 

from -65% to 43%, there was no identifiable trend on seasonal performance and the average 
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seasonal percent bias was within 5%.  From this analysis, the modeled baseline climate data was 

judged comparable to observed data.  

 

Table 7-3. Comparison of modeled (Perkins Township, Willoughby Hills) and measured annual 

rainfall (Old Woman Creek, Cleveland Hopkins).  

Year 

Perkins 

Township 

Old Woman 

Creek 
 Willoughby Hills 

Cleveland Hopkins 

International Airport 

Modeled Measureda  Modeled Measured 

2001 959 -  1075 874 

2002 800 772  876 925 

2003 745 -  996 1080 

2004 964 910  1156 1001 

Mean 867 841  1026 970 
a Data unavailable for 2001 and 2003. 

 

 

 

The other two climate scenarios were developed using data from two of the IPCC’s 

Representative Concentration Pathways (RCP) for fossil fuel usage scenarios, one moderate 

(RCP 4.5) and one intensive (RCP 8.5). Predictions from 2055 to 2059 (5 years) were used for 

both future climate change scenarios. 

Climate Change Modeling 

The calibrated and validated DRAINMOD models described in Chapter 5 were utilized 

herein without modification. The models were simulated with hourly precipitation and daily 

temperature data compiled from the dynamically downscaled climate model for baseline, RCP 

4.5, and RCP 8.5 climate profiles. Because the models were calibrated for wet-weather events 

only, precipitation occurring when the average daily temperature was less than 0 °C was assumed 

to be snow and precluded from the water balance. While DRAINMOD can simulate freeze-thaw 

conditions, the algorithms used do not accurately represent snowfall on a permeable pavement, 
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which will typically be plowed offsite and thus removed from the water balance. To exclude 

snowfall from influencing the wet-weather water balance, precipitation was adjusted to zero on 

days where the average daily temperature was less than 0 °C. 

Uncertainty of climate projections under varying greenhouse gas emissions is quite high 

(Berggren 2012; Wernstedt and Carlet 2014). Because of this, the results from each future 

scenario were compared to the baseline scenario only; comparisons were not made between RCP 

4.5 and RCP climate scenarios. Utilizing two RCPs provided a more robust analysis of the 

impacts of climate change. 

7.4 Results 

Climate Data Summary 

Summary statistics of the climate profiles (baseline, RCP 4.5, and RCP 8.5) are provided 

in Table 7-4. At both locations, the future climate scenarios model had higher mean daily 

temperatures (by 1.8 – 2.5 °C) than the baseline scenario. While the annual average rainfall was 

similar for the three climate profiles at PT, the mean, maximum, and 90th percentile storm events 

increased from the baseline under RCP 4.5 and RCP 8.5. Average storm intensity also increased 

for extreme and average events at PT. At WH, the annual average, mean, median, and maximum 

precipitation depths decreased from the baseline, demonstrating the geographical variability (as 

well as modeling variability) of future climate predictions between the two sites, despite being 

just 130 km apart. Average storm intensity at WH generally decreased, as well. Consecutive dry 

days, or days without precipitation events, increased in future climate scenarios for measures of 

central tendency and extreme cases at both sites. Longer dry periods are consistent with some 

future climate data presented for this region (Gao et al. 2012; Giorgi et al. 1994). 
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Table 7-4. Precipitation and temperature summary statistics for Perkins Township and 

Willoughby Hills under all climate scenarios.  

Parameter Statistic 
Perkins Township     Willoughby Hills   

Baseline RCP 4.5 RCP 8.5   Baseline RCP 4.5 RCP 8.5 

Consecutive 

Dry Days 

Maximum 33.1 53.7 36.8  35.7 51.4 32.4 

90th percentile 11.7 12.5 13.7  10.7 12.1 12.1 

Mean 5.4 6.0 5.9  4.8 5.2 5.2 

Median 4.0 4.1 3.7  3.4 3.4 3.5 

St. Dev 5.1 7.1 6.2  5.1 6.0 5.5 

Precipitation 

Depth (mm)a 

Annual average  762.9 784.9 753.4  894.2 768.7 776.4 

Maximum 83.6 143.5 150.5  113.0 111.1 104.1 

90th percentile 31.9 35.9 35.9  35.3 30.0 35.6 

Mean 14.2 16.0 15.5  15.5 14.1 14.8 

Median 10.3 9.9 8.7  10.9 9.3 8.9 

St. Dev. 12.9 18.7 18.9  15.4 14.7 16.0 

Average 

Intensity 
(mm/hr)a 

Maximum 23.1 24.5 24.5  20.8 10.9 11.9 

90th percentile 2.9 3.6 3.1  2.9 2.9 3.6 

Mean 1.3 1.5 1.5  1.5 1.2 1.3 

Median 0.7 0.7 0.7  0.7 0.7 0.7 

St. Dev. 2.1 2.5 2.9  2.5 1.5 1.7 

Average 

Daily 
Temperature 

(°C) 

Mean  11.1 12.9 13.5  11.2 13.0 13.6 

Median 12.6 14.6 15.1  12.2 14.1 15.0 

St. Dev. -6.6 -6.8 -6.2  -7.2 -7.1 -6.5 

Maximum daily average 30.5 31.6 32.9  30.8 32.5 34.4 

Minimum daily average -27.0 -28.6 -25.0  -20.8 -23.0 -18.8 

a Excludes precipitation events when average temperature was less than 0 °C to preclude snow events. 

 

 

 

Water Balance 

DRAINMOD generated a complete water balance for each climate scenario, including 

stormwater runoff entering the permeable pavement (inflow), stormwater exiting the system via 

the underdrain (drainage), stormwater bypassing the permeable pavement as surface runoff 

(surface runoff), stormwater infiltrating into the native soils (exfiltration), and runoff removed 

via evaporation (evaporation). Because exfiltration and evaporation were calibrated as a 

combined measure, these two fates of the water balance were analyzed together. The percent 

difference in annual depth for each hydrologic fate was calculated as: 
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%𝐷𝑖𝑓𝑓𝑑𝑒𝑝𝑡ℎ =
𝐷𝑒𝑝𝑡ℎ𝑅𝐶𝑃 −  𝐷𝑒𝑝𝑡ℎ𝐵𝑎𝑠𝑒

𝐷𝑒𝑝𝑡ℎ𝐵𝑎𝑠𝑒
∗ 100 (4) 

 

Differences in the percentage of the water balance among the baseline and future climate 

scenarios were calculated as (with the given example for drainage): 

%𝐷𝑖𝑓𝑓𝑤𝑎𝑡𝑒𝑟 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = %𝐷𝑟𝑎𝑖𝑛𝑅𝐶𝑃 −%𝐷𝑟𝑎𝑖𝑛𝐵𝑎𝑠𝑒 (5) 

 

Changes in the overall water balance between the baseline and climate change scenarios 

at PT were relatively modest (Table 7-5). The percentage of the water balance attributed to each 

hydrologic fate (e.g., drainage, surface runoff) was not predicted to vary by more than 8% from 

baseline to climate change scenario. Compared to the baseline, under RCP 4.5 and 8.5, a slight 

increase in the percentage of inflow predicted to become drainage was modeled (by 1-3%), 

whereas surface runoff more substantially increased (by 5-7%), and exfiltration decreased (by 

8%). Predicted changes in rainfall patterns under RCP 4.5 and 8.5 caused an increase in annual 

inflow depth, which generated the modest increases in the annual drainage and surface runoff 

depths. Due to increased maximum and 90th percentile storm events, the model predicted the 

storage capacity and drainage rate of the permeable pavement to become overwhelmed more 

frequently (and with greater magnitude) during large events compared to the baseline. This 

caused an increase in surface runoff under future climate scenarios and subsequently, the marked 

decrease in exfiltration/evaporation. Surface runoff depths increased by 209 – 332% but were 

still relatively low and less than 10% of the overall water balance. Overall, volume reduction as a 

percentage of inflow was 54% under the baseline scenario, this decreased to 46% under both 

RCP 4.5 and 8.5. These results are directly a function of the change in extreme rainfall depths 
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(e.g., maximum, 90th percentile), as the future climate change scenarios had similar measures of 

annual rainfall and central tendency to the baseline.    

 At the WH location, the climate change scenarios predicted a decrease in annual inflow 

depths of approximately 13-16%, which in turn caused decreases in runoff depths for drainage 

(17-24%), surface runoff (13-57%), and exfiltration/evaporation (1-5%). Changes in the overall 

water balance between the baseline and climate change scenarios at WH were also relatively 

moderate, with no percentage of the water balance changing by more than 6%. Comparing the 

climate change scenario water balances to the baseline, a decrease in the percentage of inflow 

that became drainage was modeled (by 2-6%), surface runoff remained within 1% of the baseline 

scenario, and exfiltration/evaporation increased (by 3-6%). Because average and extreme 

precipitation depths moderated from the baseline to climate change scenarios, the effect on the 

water balance (specifically for surface runoff and exfiltration/evaporation) was the opposite of 

that at PT. Overall, volume reduction as a percentage of inflow was 13% and 30% under the 

baseline scenario for the WH Small and Large applications, respectively; this increased to 15 – 

16% and 34– 36% under future climate scenarios. This is attributed to a combination of (1) a 

decrease in surface runoff depths due to diminished maximum and 90th percentile event depths 

and (2) an increase in evaporation volumes (by 10 – 20%) due to higher average temperatures. 

The models incorporating predicted future climate data suggested volume mitigation 

provided by permeable pavements in northern Ohio will in some cases be slightly better than 

current performance (by 2-6% at WH) and in some cases slightly worse (by 8% at PT).  Surface 

runoff depths increased at PT and decreased at WH, as did drainage. These differences are due to 

(1) geographical variability between the two sites, which were 130 km apart, and (2) model 

variability in rainfall and temperature generation. Increased extreme precipitation was predicted 
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for PT, whereas lower annual rainfall depths and generally smaller median and extreme rainfall 

depths were predicted for WH.  
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Table 7-5. Average annual water balances for each site scenario and climate profile – depths in terms of centimeters over the permeable 

pavement area.  

Site Climate 

Scenario 

Inflowa   Drainage         Surface Runoff       Exfiltration and Evaporation 

Depth 

(cm) 
  

Depth 

(cm) 

% diff. 

Depth 

% of 

Inflow 

diff. 

Water 

Balance 

  
Depth 

(cm) 

% diff. 

Depth 

% of 

Inflow 

diff. 

Water 

Balance 

  
Depth 

(cm) 

% 

diff. 

Depth 

% of 

Inflow 

diff. 

Water 

Balance 

Perkins 

Township 

Baseline 221.3   97.1 - 44 -   5.2 - 2 -   119.0 - 54 - 

RCP 4.5 237.0  105.6 9 45 1  22.4 332 9 7  109.0 -8 46 -8 

RCP 8.5 226.9   107.4 11 47 3   16.1 209 7 5   103.4 -13 46 -8 

Willoughby 

Hills Small 

Baseline 514.9   395.4 - 77 -   50.6 - 10 -   68.9 - 13 - 

RCP 4.5 421.1  315.9 -20 75 -2  36.7 -27 9 -1  68.5 -1 16 3 

RCP 8.5 442.2   328.3 -17 74 -3   47.6 -6 11 1   66.3 -4 15 2 

Willoughby 

Hills Large 

Baseline 220.2  151.7 - 69 -  1.8 - 1 -  66.7 - 30 - 

RCP 4.5 183.2  115.8 -24 63 -6  1.5 -13 1 0  65.8 -1 36 6 

RCP 8.5 190.0   125.5 -17 66 -3   0.8 -57 0 0   63.7 -5 34 3 
a Inflow is equivalent to the sum of runoff from the contributing drainage area and direct rainfall on the permeable pavement surface. 
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Surface Runoff Analysis 

 Because surface runoff bypasses treatment by the permeable pavement and can produce 

unwanted hydromodification (Tillinghast et al. 2011, Walsh et al. 2012, Vietz et al. 2015), 

increases in predicted surface runoff depths are of most concern under future climate scenarios. 

Individual surface runoff events for each climate profile were identified and statistically 

summarized for each permeable pavement (Table 7-6). The average annual surface runoff depth 

increased at PT (by up to 332%) and decreased at WH (by up to 57%). However, the maximum 

surface runoff depths increased at all locations; the mean and 90th percentile surface runoff 

depths also increased at PT and WH Large (but decreased at WH Small). The three modeled sites 

had three different future climate profiles: (1) the frequency and magnitude of surface runoff 

increased (PT), (2) the frequency of surface runoff increased but the magnitude of extreme and 

average events decreased (WH Small), and (3) the frequency of surface runoff decreased but the 

magnitude of extreme and average events increased (WH Large). The differing response of the 

systems (to at least some change in extreme surface runoff behavior) further exhibits the spatial 

and model variability of projected climate change within the region. These disparate results are 

similar to what was modeled for two locations of bioretention cells in Northern Ohio (Winston 

2016).  

 The differences in frequency and magnitude of surface runoff for the three permeable 

pavements are provided in Figure 7-2. The total number of events with surface runoff for each 

model simulation are presented within the legend. Note the baseline represents a 4-year 

simulation while the climate change scenarios were 5-year simulations. At PT, surface runoff 

depths under RCP 4.5 were much greater in magnitude than those of the baseline scenario; under 

RCP 8.5, surface runoff depths were more similar to the baseline but exhibited greater 
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magnitudes for the 3 most extreme surface runoff events. These responses are explained by the 

increase in extreme rainfall predicted for PT. Even though the distribution of consecutive dry 

days increased under future climate scenarios at PT, the storm events that generated surface 

runoff tended to have shorter antecedent dry periods and higher average intensity than those that 

occurred under the baseline scenario. This suggests large, successive storm events (coupled with 

increased rainfall intensity) played a role in the increase of surface runoff at PT. Under climate 

change scenarios, the permeable pavement subbase had less time to de-water for subsequent 

storms and therefore the storage capacity of the system was more frequently overwhelmed.  

Except for the most extreme events (those exceeding 90th percentile), the magnitude of 

surface runoff at WH Small was generally less under the future climate scenarios than that of the 

baseline scenario. Storm events generating surface runoff at WH Small under the future climate 

scenarios had longer antecedent dry periods and lower average intensity than those of the 

baseline scenario. This mirrors with expected changes in rainfall patterns and further explains 

why the total magnitude of surface runoff was reduced at WH overall despite slight increases in 

frequency. Prolonged dry periods and decreased depths and intensities led to lower magnitudes of 

surface runoff when it did occur. At WH Large, surface runoff events were few (because the run-

on ratio was much lower for this site) and suggested less frequent, but more extreme, surface 

runoff events in the future. This contrasts with the changing rainfall patterns projected for WH 

and was probably because the events generating surface runoff at this location were extreme, 

isolated events less influenced by the distribution of other rainfall events. The design of the WH 

Large permeable pavement, which had a similar aggregate depth to PT and WH Small but 

received much less runoff, facilitated capture of all but the largest 2 – 3 events. 
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While results among the three systems were varied, all the permeable pavements 

exhibited at least some change in surface runoff behavior due to climate change; surface runoff 

events became either more frequent or more extreme under future climate scenarios. The results 

illustrate how permeable pavement surface runoff is a function of the magnitude and intensity of 

extreme events (and not necessarily annual rainfall depth). The model and spatial variability of 

predicted climate change within the region led to differing responses at PT and WH.  
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Figure 7-2. Exceedance probability plots for daily surface runoff depth at Perkins Township, 

Willoughby Hills Small, and Willoughby Hills Large. The number of surface runoff events is 

presented in each respective legend. 
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Table 7-6. Summary of surface runoff depths for each location.  

Site 
Climate 

Scenario 

Days 

with 

Rainfall 

Days 

with 

Surface 

Runoff 

% of Rainfall 

Days with 

Surface 

Runoff 

Surface Runoff depth 

Mean 

(cm) 

Median 

(cm) 

Standard 

deviation 

(cm) 

90th 

percentile 

(cm) 

Maximum 

(cm) 

Annual 

Average 

(cm) 

Perkins 

Township 

Baselinea 481 6 1.2 3.5 3.0 2.8 6.7 7.5 5.2 

RCP 4.5b 631 10 1.6 11.2 9.9 9.7 21.5 27.7 22.4 

RCP 8.5b 574 12 2.1 6.7 2.8 8.4 20.1 23.6 16.1 

Willoughby 

Hills Small 

Baselinea 516 19 3.7 10.7 6.5 9.1 23.4 25.7 50.6 

RCP 4.5b 662 27 4.1 6.8 4.2 7.6 17.1 31.3 36.7 

RCP 8.5b 625 29 4.6 8.2 3.8 8.6 19.0 31.1 47.6 

Willoughby 

Hills Large 

Baselinea 516 5 1.0 1.4 1.3 0.8 2.2 2.3 1.8 

RCP 4.5b 662 3 0.5 2.6 2.0 2.6 4.7 5.4 1.5 

RCP 8.5b 625 2 0.3 1.9 1.9 1.8 2.9 3.2 0.8 
a Baseline simulations were from 2001 – 2004 (4 years). 
a RCP 4.5 and 8.5 simulations were from 2055 – 2059 (5 years). 
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Retrofit Analysis 

An analysis of design alternatives conducted in Chapter 6 indicated controlling factors for 

the hydrologic performance of permeable pavements were underlying soil hydraulic conductivity, 

run-on ratio, depth of IWS, and aggregate depth.  Since the underlying soil type for these systems 

cannot be changed, manipulating the other design characteristics of the currently installed 

permeable pavements was explored as an option (albeit, potentially cost-prohibitive) to maintain 

current hydrologic performance in a future climate condition. Additional modeling was 

conducted to determine retrofit options such that the percentage of the water balance attributed to 

surface runoff in the climate change scenarios matched that under the baseline condition. This 

was accomplished by changing the run-on ratio, aggregate depth, and IWS depth of the 

permeable pavements.  This was completed for Perkins Township under both future climate 

scenarios and at WH Small for RCP 8.5. Under future climate scenarios at the WH Large 

pavement, and under RCP 4.5 at the WH Small pavement, surface runoff was less than the 

baseline for both the annual average depth and the water balance percentage (Table 7-5); no 

design modifications would be needed to achieve no net increase in untreated surface runoff.   

For the PT site, the run-on ratio would need to be reduced from 3.79 to 1.45 (RCP 4.5) 

and 1.75 (RCP 8.5) to ensure the percentage of the water balance attributed to surface runoff 

under the baseline scenario (2%) was achieved in the future. This is a 50-60% decrease in 

watershed size (or a 50 – 60% increase in permeable pavement area). Routing a portion of the 

drainage area to another SCM is an alternative. The PT run-on ratio of 3.79 exceeds the typical 

design standard of 2 in Ohio (ODNR 2006). One alternative to ensure resilience to changing 

climate patterns, would be capping the run-on ratio of newly constructed permeable pavements 

constructed within this region at 1.5. The simplest design alternative of removing or reducing the 
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IWS zone (and thus providing more room for storage when back-to-back events do not allow the 

IWS to drain fully) did not achieve similar surface runoff depths to the baseline scenario. 

Increasing the aggregate depth, while cost prohibitive and a highly unlikely retrofit option, was 

also explored. The depth of the aggregate would need to at least double from the 38 – 45 cm 

currently installed.  

Minor and less cost-prohibitive modifications would be needed for WH Small cell to 

maintain current hydrologic performance under mid-century climate scenarios. Three options 

include: (1) reducing the run-on ratio from 7.2 to 6.7 (a 7% decrease), (2) reducing the IWS zone 

from 15 cm to 10 cm, or (3) increasing the aggregate depth from 45 cm to 50 cm. Simple retrofits 

such as modifying the underdrain outlet or routing a small portion of the drainage area to another 

SCM could achieve the desired goal of no net increase in surface runoff. From this analysis, 

modifications would only be needed for one-half of the six scenarios tested. 

Proper maintenance of permeable pavement is perhaps the most essential factor to 

ensuring resilience to climate change in all regions. Long-term maintenance is crucial because 

the introduction of sediment from the drainage area can cause clogging of the permeable 

pavement surface, which leads to increased surface runoff (Chapter 2, Bean et al. 2007b, Drake 

and Bradford 2013, Lucke and Beecham 2011, Winston et al. 2016).  Winston et al. (2016) 

showed only the most intensive maintenance measures (e.g., milling of porous asphalt) were 

capable of restoring surface infiltration rates to like-new conditions; other less intensive measures 

(e.g., mechanical street sweeping, vacuum street sweeping) improved surface infiltration rates by 

up to 14-fold over pre-maintenance rates but were unable to fully restore the pavement to newly-

installed surface infiltration rates (Bean et al. 2007, Winston et al. 2016). To maintain adequate 

surface infiltration rates, frequency and intensity of maintenance will increase over time.  
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7.5 Summary and Conclusions 

Calibrated DRAINMOD models were utilized to assess the hydrologic performance of 

three permeable pavement systems in Northern Ohio under current (2001-2004) and projected 

future (2055-2059) climate scenarios. The DRAINMOD models were simulated with high-

resolution, dynamically downscaled weather data to quantify the water balance (inflow, drainage, 

surface runoff, exfiltration/evaporation) for each permeable pavement system. The overall water 

balance for permeable pavements in this region is not expected to substantially change when 

comparing current performance to that projected under future climate scenarios. No end 

hydrologic fate (drainage, surface runoff, or exfiltration/evaporation) changed by more than 10% 

under future climate scenarios.  

At both sites, the climate model predicted longer dry periods and higher daily 

temperatures (2-3˚C). At PT, similar annual rainfall under future climate scenarios was predicted, 

however mean, median, and extreme rainfall depths were projected to (sometimes substantially) 

increase. At WH, rainfall was projected to moderate, with generally lesser depths for annual 

average, mean, median, and maximum precipitation compared to the baseline. Because of these 

differences, the performance of the systems under future conditions varied noticeably despite 

being located just 130 km apart.  

Because surface runoff is not treated by the permeable pavement system, it is the most 

damaging part of the water balance. Analysis of the individual surface runoff events suggested 

more frequent and/or more extreme surface runoff at all three permeable pavements, with the 

most severe changes observed at PT. The portion of the overall water balance represented by 

surface runoff was predicted to increase by 5-7% at PT. To maintain existing hydrologic 

performance in future conditions, the contributing drainage area of the permeable pavement 
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would need to be reduced by at least 50%. At WH, while surface runoff events sometimes 

increased in frequency, the magnitude of annual surface runoff decreased. Overall, existing 

design guidance (2:1 run-on ratio) may need to be only slightly reduced (perhaps to 1.5:1) to 

maintain volumes of untreated surface runoff in the future. Preserving high surface infiltration 

rates through prescribed and frequent maintenance is probably more crucial to ensuring 

permeable pavement resiliency than altering design standards. 

While the impacts of climate change for this region is predicted to be relatively modest, 

downscaling techniques utilized in this analysis did indicate high spatial variability of climate 

impacts in Northern Ohio. Because of the inherent uncertainty in climate modeling, the analyses 

presented herein could sharply contrast that of regions where climate change is projected to have 

a greater impact on precipitation. Future studies quantifying the impacts of climate change on 

permeable pavement and other SCMs in different regions are thus needed to inform SCM design 

guidance for changing precipitation patterns. 
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8.1 Abstract  

The drawdown rate of detention-based stormwater control measures (SCMs) influences 

both the treatment capability of the device and the volume of runoff that becomes untreated 

overflow. Currently, hydrologic design goals set by the North Carolina Department of 

Environmental Quality (NCDEQ) and other Mid-Atlantic US state agencies (e.g., those in 

Maryland, Virginia, and Pennsylvania) require stormwater practices to treat (e.g.) 90% of 

stormwater runoff (or similar). This equates to a 10% overflow volume, defined as the percentage 

of inflow volume that bypasses the SCM and therefore receives minimal treatment. For 

detention-based SCMs, this design goal is met by sizing the outlet to release runoff generated 

from the water quality event (in NC, either 25 mm or 38 mm) over a required minimum period of 

2 days. Previous studies have not shown whether rainfall patterns in North Carolina and other 

East Coast US states justify a 2-day drawdown rate of the water quality event to limit the annual 

average overflow volume to 10%. To investigate this, rainfall patterns in Raleigh, NC, were 

evaluated from 2001 to 2010 to determine the fraction of untreated overflow that would result 

from various design configurations and their associated drawdown periods. Overflow volumes 

were calculated on an hourly basis by a simple model routing stormwater runoff through a 
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theoretical constructed stormwater wetland sized to release the water quality event over 12-hour, 

18-hour, 1-day, 36-hour, 2-day, 3-day, 4-day and 5-day drawdown periods. It was determined 

that a 2-day drawdown period resulted in an annual average overflow volume of 11.7%, 

exceeding the design goal of 10%, though not significantly (p=0.1702). A more simplistic 

approach quantifying overflow volume based on rainfall data determined that 20.1% of rainfall 

depths are associated with storm events in the Raleigh-Durham area exceeding 25 mm. Both 

methods suggest that for the Raleigh-Durham area, if a 2-day drawdown is used for the 25-mm 

water quality event, less than 90% of stormwater runoff will be treated. To ensure that 90% of all 

runoff received some treatment, the 25-mm water quality event drawdown time would need to be 

reduced to 36 hours. Any reduction in drawdown time, while creating storage space in the SCM 

for subsequent events, necessarily reduces treatment efficiency by decreasing time for 

sedimentation and other biogeochemical nutrient removal processes to occur. Were a 15% 

average overflow volume acceptable, analyses indicate that drawdown periods up to 3 days could 

be used. Lengthening the drawdown period to 3 days enables more treatment of captured runoff 

and in a constructed stormwater wetland, could yield an additional 3-5% nitrogen and 

phosphorus load reduction, despite the slightly higher bypass volume.   

8.2 Introduction 

Detention-based stormwater control measures (SCMs) are among the most widely used 

practices to mitigate peak flows and treat runoff. Examples of detention-based SCMs include 

constructed stormwater wetlands (CSWs), wet ponds, and dry extended detention ponds.  While 

these SCMs vary in design features (e.g., normal pool depth and vegetation cover), most are 

typically designed to temporarily store runoff from the water quality event and then slowly 
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release it over a required drawdown period (MDE 2009; PADEP 2006). In North Carolina, the 

temporary storage volume of a detention-based SCM is required to equal the runoff generated 

from either the 25-mm (Piedmont and Mountain regions) or 38-mm (Coastal Plain) rainfall event 

(NCDEQ 2009). Located at the interface of the temporary pool and normal pool, an orifice 

controls the rate of drawdown, and consequently, the hydraulic retention time of larger storm 

inflows to the SCM. When the temporary storage volume of the SCM is filled, runoff will 

typically exit from an overflow structure, usually set 300 mm above the normal pool (NCDEQ 

2009) (Figure 8-1). Runoff volume that has been routed through the SCM is the treated volume, 

as it has been sufficiently detained and achieved some pollutant removal via sedimentation, 

filtration, nutrient uptake, etc.; runoff volume that bypasses the SCM is considered untreated 

overflow. 
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Figure 8-1. Typical outlet structure design for a wet pond. Located at the interface of the 

temporary and normal pool, the drawdown orifice controls the water level in the temporary 

pool. 

 

 

 

Researchers worldwide have found that detention-based SCMs — at least modestly — 

remove sediment, nutrients, metals and pathogens from stormwater runoff (CSWs: Greenway 

2004; Hathaway and Hunt 2010; Hathaway and Hunt 2011; Lenhart and Hunt 2011; Line et al. 

2008; Wadzuk 2010; Walker and Hurl 2002; Wet Ponds: Barrett 2004; Comings et al. 2000; 

Hossain et al. 2005; Mallin et al. 2002; Wu et al. 1996; Dry Extended Detention Ponds: Hares 

and Ward 1999; Middleton and Barrett 2008; Shamma et al. 2002; Stanley 1996). Both dry 
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extended detention ponds and wet ponds primarily remove suspended particles and particulate-

bound pollutants through sedimentation (Nix et al. 1988). A comparison of SCM performance by 

Barrett (2008) found that retention ponds remove pollutants better than dry extended detention 

ponds. This could be attributed to the extended residence time in wet ponds relative to that of dry 

extended detention basins, as inflow to dry extended detention basins has a comparably short 

retention time. Emergent aquatic vegetation planted on the shorelines of wet ponds further 

enhances pollutant removal through nutrient uptake and biological mechanisms (Greenway, 

2004). CSWs are the most complex type of detention-based SCM. The practices have nominally 

shallow normal pool depths coupled with diverse bathymetry to sustain a variety of vegetation in 

an attempt to recreate the landscape of naturally-occurring wetlands. When installed and 

maintained properly, vegetation within the wetland supports a variety of pollutant removal 

mechanisms: sedimentation of suspended solids, filtration of particles, adsorption of metals, 

nutrient uptake and microbial processes that promote nitrification and denitrification (Greenway 

2004).  

Studies have shown that lengthening the hydraulic retention time (HRT) increases the 

potential for pollutant removal in detention-based SCMs (Li et al. 2007; Middleton and Barrett 

2008; Schueler 1987; Shamma et al. 2002; Toet et al. 2005; Walker 1998; Walker 2001). 

Practices designed with longer HRTs, however, will also be more susceptible to overflow when 

the inter-event period does not allow for sufficient drawdown of the temporary pool. Runoff that 

overtops the temporary pool, and therefore becomes overflow, has a much shorter HRT than 

runoff treated and released via the orifice. Therefore, it is important to recognize how HRT 

affects the pollutant removal mechanisms employed by detention-based SCMs. 
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An increase in HRT enables greater settling of suspended solids and particulate-bound 

pollutants (Dietrich 1982). Schueler (1987) observed that particulate pollutant removal by 

sedimentation increased up to a 48-hour retention time. A slower flow velocity enhances filtering 

of sediments and direct uptake of inorganic nutrients and heavy metals by macrophyte vegetation 

and algae (Greenway 2004). 

Nitrogen removal rates also benefit from an extended HRT, particularly in constructed 

wetlands (Toet et al. 2005; Kadlec and Wallace 2008). Nitrogen is usually the limiting nutrient in 

coastal wetlands (Smith 1998) and is continuously undergoing physical, biological and chemical 

transformations among its various forms [ammoniacal (NH3, NH4
+), nitrite (NO2

-), nitrate (NO3
-), 

dissolved dinitrogen gas (N2), and organic nitrogen (ON)]. Denitrification of NO3
- to N2 gas is 

considered the dominant process by which nitrogen is permanently removed in wetlands (Reddy 

and DeLuane 2008). Increasing the contact time of NO3
- with anaerobic zones by diffuse flow 

increases the opportunity for denitrification processes to occur (Greenway 2004; Martin and 

Reddy 1997; Reddy and DeLuane 2008). It follows that an extended HRT is favorable in creating 

this environment.  

Aside from HRT, factors that influence the treatment capabilities of detention-based 

SCMs include hydraulic loading rate, SCM-to-watershed area ratio, vegetation type and cover, 

influent concentration, pretreatment, pond depth, among others. While performance metrics for 

continuous-flow wastewater treatment wetlands are well established, the research correlating 

these design factors with pollutant removal in event-driven CSWs and other detention-based 

SCMs is generally inconclusive due to the large variability in system design, flow characteristics 

and influent concentrations among practices (Kadlec and Wallace 2008). Data from the 

International Stormwater Best Management Practice (BMP) Database suggest influent 
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concentration is the most significant predictor of effluent concentration in detention basins and 

wet ponds, with very few other correlations existing (Leisenring et al. 2013). Many of the other 

factors can be related back to HRT: hydraulic loading rate is a function of pond depth and HRT 

(Kadlec and Wallace 2008), and increased vegetation density reduces flow velocity through the 

SCM, thereby increasing HRT (Jadhav and Buchberger 1995). Strecker et al. (1992) and Carleton 

et al. (2001) both observed that stormwater wetlands with larger surface area-to-watershed ratio 

tended to show higher pollutant removal performance; when designed properly, a larger wetland 

would also be expected to have a longer HRT. While it is noted that pollutant removal 

performance by detention-based SCMs is subject to a complex matrix of design factors, HRT 

provides continuity among many of them.  

To balance the benefits of a longer HRT with the negative effects of increased overflow, 

NCDEQ (2009) selected a target treatment volume of 90% of annual stormwater runoff; this is 

equivalent to a maximum annual overflow volume of 10%. Other East Coast US states have 

adopted similar objectives: Virginia also targets capture of 90% of annual runoff (VADCR 

1999), Maryland requires storage of the 90th percentile rainfall event (MDE 2009), and 

Pennsylvania specifies volume control to treat up to 95% of annual runoff in developments with 

less than 4050 m2 of impervious surfaces (PADEP 2006). Most detention-based SCMs in NC 

have outlets (typically orifices) sized to draw down the temporary pool within 2 days (NCDEQ 

2009), though drawdown rates of up to 5 days are allowed. Other state recommendations for 

drawdown of extended detention facilities vary from 24 hours (MDE 2009) to 3 days (PADEP 

2006). The NC recommendation assumes it is unlikely that two back-to-back, moderate to large 

storm events (those exceeding 25 mm) will occur within 2 days. However, no studies have 

investigated if rainfall patterns in North Carolina (and other Mid-Atlantic or Southeastern states) 
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dictate whether a 2-day drawdown rate of the inflow associated with the 25-mm storm event 

actually limits annual overflow volumes to the target threshold of 10%. The purpose of this case 

study is to investigate these questions by (1) quantifying the average annual overflow volume for 

a theoretical CSW located in Raleigh, NC, for drawdown periods ranging from 12 hours to 5 

days and (2) comparing the percentages of overflow to threshold overflow volumes of 10% and 

15% for the purpose of (3) making recommendations on whether a 2-day drawdown sufficiently 

treats 90% of stormwater runoff, or whether a more optimal design configuration exists. 

8.3 Methodology 

CSW Design 

To determine the average annual percentage of runoff that goes untreated (as overflow) 

for varying drawdown rates, a CSW was designed for the Raleigh-Durham area using current 

North Carolina design recommendations (NCDEQ 2009). The CSW received and treated runoff 

from a 6.07-ha (15.0-acre), 100% commercial watershed; this would be a typical application for a 

CSW in NC. To estimate the volume of runoff generated from the 25-mm, 24-hour design storm 

(NCDEQ 2009), the Curve Number Method was used (NCRS 1986):  

 𝑄 =
(𝑃 − 0.2𝑆)2

𝑃 + 0.8𝑆
∗ 0.0254 ∗ 𝐴 (8.1) 

 

where 𝑄 = runoff volume (m3), 𝑃 = storm event precipitation depth (25 mm), 𝑆 = potential 

maximum retention (mm) = (
1000

𝐶𝑁
− 10) ∗ 25.4, CN = Curve Number (98), 𝐴 = watershed area 

(m2). 
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Again following NCDEQ (2009) design protocols, the CSW was sized to capture this 

runoff volume in a rectangular, 300 mm (12 in) deep temporary pool with vertical side slopes 

(Figure 8-2). Runoff from Eq. 8.1 was assumed to enter the CSW between simulation hours 0 

and 1 with negligible drawdown during that time period. The total depth in the wetland was 

calculated on an hourly basis using Eqs. 8.2 and 8.3.   

 ℎ2 = ℎ1 − ℎ𝑜𝑢𝑡 (8.2) 

 

where ℎ2 = water level in the CSW at the end of Δt (mm), ℎ1 = water level in the CSW at the 

beginning of Δt (mm). At t = 1 hr, ℎ1 = 300 mm and 

 
 

ℎ𝑜𝑢𝑡 =

{
 
 

 
 (0.6 ∗ 𝐴√2𝑔ℎ𝑜) ∗ ∆𝑡

𝑆𝐴𝐶𝑆𝑊
∗ 𝐶𝑜, ℎ1 >

𝑙

2

(1.838 ∗ (𝑙 − 0.2ℎ𝑤) ∗ ℎ𝑤
1.5) ∗ ∆𝑡

𝑆𝐴𝐶𝑆𝑊
∗ 𝐶𝑤, ℎ1 ≤

𝑙

2

  

(8.3a) 

 

(8.3b) 

 

where ℎ𝑜𝑢𝑡 = outflow depth during Δt (mm), A = area of orifice (m2), 𝑔 = gravitational 

acceleration (9.81 m/s2), ℎ𝑜 = orifice driving head at the beginning of Δt (m), ∆𝑡 = time-step 

(3600 s), 𝑆𝐴𝐶𝑆𝑊= surface area of the CSW (m2 ), 𝐶𝑜 = orifice conversion factor (
1000 𝑚𝑚

1 𝑚
), l = 

vertical dimension of square orifice (m), ℎ𝑤 = weir driving head at the beginning of Δt (m), 𝐶𝑤 = 

weir conversion factor 
1000 𝑚𝑚

1 𝑚
. 

The orifice equation was applied for driving heads greater than one-half the vertical 

dimension of the square orifice (Eq. 8.3a) (Chadwick et al. 2014). For driving heads smaller than 

one-half the vertical dimension of the orifice, outflow depth was calculated with the Francis 

Formula, which describes flow over a sharp-crested contracted rectangular weir (Eq. 8.3b) 

(Horton 1907). This method assumes the driving head remains constant over the duration of the 
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hourly time step, which slightly overestimates the true driving head towards the end of the time 

step. To determine whether this overestimation was substantial, a 2-day drawdown orifice was 

designed using both the constant head method and a direct integration method. This resulted in an 

areal difference of 2%, suggesting the constant head assumption provides an acceptable 

approximation of the direct integration method. The orifice was sized to draw the CSW down to a 

negligible driving head (<13 mm) within the evaluated drawdown periods: 12-hour, 18-hour, 1-

day, 36-hour, 2-day, 3-day, 4-day and 5-day. 

 

 

Figure 8-2. Diagram of the simplified constructed stormwater wetland design with vertical side 

slopes. 
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Overflow Calculations 

Two methods were used to estimate the average annual percentage of stormwater runoff 

that would leave the CSW untreated. The first (very simple) approach calculated annual overflow 

volume per the North Carolina design standard requiring the treatment of runoff generated from 

the 25-mm, 24-hour water quality event. Runoff from any rainfall greater than the 25-mm 

threshold was assumed to bypass the CSW. This approach did not account for antecedent dry 

period, evapotranspiration or infiltration losses within the wetland, serving instead as a “quick 

and simple” method that is replicable for many locations without comprehensive design or 

routing calculations.  

Ten years (2001-2010) of hourly rainfall at the Raleigh-Durham airport were obtained 

from the National Climatic Data Center (NOAA 2012). Separate storm events were identified by 

a gap in precipitation exceeding 6 hours. Any rainfall exceeding 25 mm was considered 

“overflow” for that event (Eq. 8.4).   

 

𝑂𝑖 = {

0, 𝑃𝑖 ≤ 25 𝑚𝑚

𝑃𝑖 − 25 𝑚𝑚, 𝑃𝑖 > 25 𝑚𝑚
 (8.4) 

where 𝑂𝑖 = overflow depth that occurred during event i (mm) and 𝑃𝑖 = precipitation depth of 

event i (mm). 

The annual percentage of overflow volume was determined with Eq. 8.5. 

 
%𝑂𝑉 =

∑ 𝑂𝑖
𝑛
𝑖=1

∑ 𝑃𝑖
𝑛
𝑖=1

∗ 100 (8.5) 

 

where %𝑂𝑉 = annual percentage of overflow volume (%), and 𝑛 = number of storm events 

during the year. 
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The second (more detailed) approach considered drawdown from the orifice and 

evaluated overflow depths on an hourly basis. To calculate depths of runoff that became 

untreated overflow, the total depth within the wetland was modeled on an hourly time-step using 

Eqs. 8.6 and 8.7:  

 ℎ2 = ℎ1 + ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡 (8.6) 

 

and  

 

ℎ𝑖𝑛 = {

0, 𝑃𝐶𝑢𝑚. ≤ 𝐼𝑎

𝑃∆𝑡 ∗ 𝐴

𝑆𝐴𝐶𝑆𝑊
, 𝑃𝐶𝑢𝑚. > 𝐼𝑎

  

(8.7a) 

(8.7b) 

where: ℎ𝑖𝑛 = inflow depth during Δt (mm), 𝑃∆𝑡 = depth of rainfall during Δt (mm) and 𝑃𝐶𝑢𝑚. = 

cumulative depth of rainfall during the storm event (mm), 𝐼𝑎 = initial abstraction based on 

antecedent moisture condition (mm). 

Because a 100% impermeable watershed was the basis for this design, an initial 

abstraction depth was assumed based on antecedent moisture conditions (Pandit and Heck 2009). 

Table 8-1 presents the initial abstraction values calculated from the curve numbers for an 

impervious surface under varying antecedent moisture conditions (NRCS 2004). When 

cumulative rainfall during the storm event was less than the initial abstraction depth, the inflow 

depth (ℎ𝑖𝑛) was assumed to be 0. Once rainfall exceeded the initial abstraction depth, the inflow 

depth was calculated directly from the precipitation depth (Eq. 8.7b). The inflow depth was 

assumed to enter the CSW at the beginning of the time step and contributed to the constant 

driving head for that period. 

The outflow depth (ℎ𝑜𝑢𝑡) was calculated using the same method as described in Eq. 8.3. 

When ℎ2 exceeded the maximum ponding depth of 300 mm, the additional depth over 300 mm 
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during that time step was routed to “overflow,” and ℎ1 for the next time step was reset to 300 mm 

(Eq. 8.8, Figure 8-3). 

 
𝑂𝑖 = {

0, ℎ2 ≤ 300 𝑚𝑚
ℎ2 − 300, ℎ2 > 300 𝑚𝑚

 (8.8) 

 

Eq. 8.9 was used to calculate annual percentage of stormwater runoff that would go 

untreated: 

 
%𝑂𝑉 =

∑ 𝑂𝑖
𝑛
𝑖=1

∑ ℎ𝑖𝑛,𝑖
𝑛
𝑖=1

∗ 100 
(8.9) 

 

where ℎ𝑖𝑛,𝑖 = total inflow depth of event i (mm). 

 

Table 8-1. Curve number and initial abstraction values for impervious land use under varying 

antecedent moisture conditions (NRCS 2004). 

Antecedent 

Moisture 

Condition 

Curve 

Number 

Initial 

Abstraction 

(mm) 

Antecedent 

Dry Period 

1 (dry) 94 3.2 > 120 h 

2 (average) 98 1.0 48-120  h 

3 (wet) 99 0.5 6-48 h 
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Figure 8-3. Example of an overflow calculation for a CSW with a 4-day drawdown period. At t 

= 0 hr, H =193 cm from a previous storm. This individual storm event overflow volume was 

54%. 

 

 

 

Statistical Analyses 

Annual percent overflow volumes for each drawdown period (and therefore, design 

configuration) were tested for normality using the Shapiro-Wilk test. When data were normally 

distributed, the mean annual overflow volume associated with each drawdown rate was 

determined by averaging the annual overflow volumes from 2001 to 2010.  Upper-tailed t-tests 

determined whether the mean annual overflow volume associated with each drawdown period 

was significantly greater than targeted overflow volume percentages of 10% and 15%. Using the 

sample standard deviation and t-distribution (degrees of freedom=9), a 95% confidence interval 
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on the mean overflow volume was constructed for each drawdown rate. Comparisons among 

confidence intervals were made to detect any significant differences between mean annual 

percent overflow volumes (α=0.05). 

8.4 Results and Discussion 

Figure 8-4 shows boxplot distributions of the annual overflow volume as a percentage of 

inflow volume for each design configuration and the simplified method. Visual inspection of the 

boxplot distributions suggests that the data were normally distributed; execution of the Shapiro-

Wilk test confirmed the data were normal despite the small sample sizes (p-values ranged from 

0.145-0.936) (Table 8-2).  

 

Table 8-2. Summary of annual overflow volume percentage on an annual basis for each design 

configuration. 

Year 12-hr 18-hr 1-day 36-hr 2-day 3-day 4-day 5-day 
Simplified  

Method 

2001 1.6 2.2 2.9 5.2 7.5 12.7 16.8 20.0 14.6 

2002 6.4 7.6 8.7 12.2 14.5 18.4 22.6 25.9 23.3 

2003 1.9 2.3 2.7 3.4 4.4 6.4 10.0 13.8 12.1 

2004 5.7 6.8 7.8 9.8 12.0 14.6 17.6 20.5 13.6 

2005 9.1 10.1 11.1 13.3 15.5 18.5 21.4 23.7 23.2 

2006 10.2 11.9 13.4 17.7 21.6 28.2 32.7 35.6 29.5 

2007 1.4 2.3 4.0 8.0 12.1 19.0 24.1 27.8 24.8 

2008 6.7 8.3 9.7 12.8 15.3 19.3 23.1 26.4 22.3 

2009 0.4 0.7 0.8 2.4 5.3 10.1 14.2 17.5 17.2 

2010 0.4 1.5 2.8 5.4 8.6 14.0 19.0 22.3 20.5 

Mean 4.4 5.4 6.4 9.0 11.7 16.1 20.2 23.3 20.1 

St. Deviation 3.7 4.0 4.3 5.0 5.3 6.0 6.2 6.1 5.6 

Lower 95% CI 1.7 2.5 3.3 5.5 7.9 11.8 15.7 19.0 16.1 

Upper 95% CI 7.0 8.3 9.5 12.6 15.5 20.4 24.6 27.7 24.1 

p-value for Normality 0.145 0.165 0.371 0.697 0.755 0.717 0.885 0.936 0.711 
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Figure 8-4. Boxplot distributions of the annual overflow volume from 2001-2010 for each design 

configuration. 

 

 

 

The modeled water depth in the CSW for back-to-back moderately large storm events on 

8/30/06 (41-mm) and 8/31/06—9/01/06 (39-mm) is shown in Figure 8-5. Overflow occurs for 

each design configuration during the first storm due to its intensity (over 25 mm falls within one 

hour). Inter-event drawdown of the temporary pool for 5 design configurations (12-hr through 2-

day drawdown rates) increased capacity sufficiently such that the second storm was completely 

captured without overflow. However, the 3-day, 4-day and 5-day drawdown rates did not have 

sufficient storage and therefore had overflow for a second time. Both of these storms exceeded 

the targeted water quality event (25 mm) and illustrate how drawdown rate affects the percentage 

of runoff that is untreated.  
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Figure 8-5. Continuously modeled temporary pool depths for storm events on August 30, 2006, 

and September 1, 2006. 

 

 

 

A temporal analysis of the average water level in the CSW shows how drawdown period 

affects available storage capacity (Figure 8-6). Overflow is more likely to occur when the 

drawdown rate exceeds the average time between storm events; e.g. in 2004, the average 

antecedent dry period was 4.82 days. After a storm event, the average time for the CSW to 

release 50% of the received runoff volume (as shown by the centroid in Figure 8-6) ranged from 

12.9 hours (for a 1-day drawdown period) to 22.1 hours (3-day drawdown). Thus, the majority of 

an average storm event volume in a CSW, even designed with a 3-day drawdown period, was 

drained in less than 24 hours. After 12 hours of drawdown, the CSW had recovered 84.2%, 
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78.2%, 73.4% and 63.8% of its storage volume for 1-day, 36-hour, 2-day and 3-day drawdown 

periods, respectively (Table 8-3). After 48 hours (assuming no subsequent rainfall), the available 

storage capacity in the CSW increased to 100.0%, 100.0% and 98.3% for the 1-day, 2-day and 3-

day drawdown periods, respectively, a modest difference.   

 

 

Figure 8-6. Average water level in the CSW for 68 storm events in 2004 (1 day, 36-hour, 2-day, 

and 3-day drawdown periods); centroid of the hydrograph for each drawdown period is 

marked. 
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Table 8-3. Average available storage volume (%) in the temporary pool after a period of 

drawdown for 1-day, 36-hour, 2-day and 3-day drawdown periods during 2004 (considered an 

average rainfall year). 

Period of 

Drawdown (hr) 

Designed Drawdown Period 

1-day 36-hour 2-day 3-day 

6 79.8 74.4 69.6 62.8 

12 84.2 78.2 73.4 63.8 

24 93.1 88.6 85.0 78.3 

48 99.9 99.2 97.1 93.7 

72 100.0 100.0 100.0 98.3 

 

 

 

As expected, an increase in drawdown period corresponded to an increase in mean annual 

overflow volume (Figure 8-7). Overflow occurs when either the storm event exceeds the water 

quality event (25 mm) or drawdown of the temporary pool between storm events is not complete. 

Per 95% confidence intervals for each design configuration, 12-hour, 18-hour and 1-day 

drawdown periods resulted in similar annual overflow volumes that were less than the 10% 

overflow volume target (4%-7%). The mean overflow volume for the 2-day drawdown period 

was 11.7%, exceeding the 10% target, though not statistically significantly (p=0.1702). 

Comparatively, the simplified method (which is based upon the 25 mm water quality event) 

estimated the mean annual overflow volume to be 20.1%, significantly exceeding the 10% target 

(p=0.0001) and demonstrating that more than 1/5th of rainfall falls in excess of 25 mm in the 

Raleigh-Durham area.  



 

262 
 

 

Figure 8-7. Average annual overflow volume for each design configuration; error bars 

represent the 95% confidence interval of the mean; the simplified method is based upon the 25-

mm water quality event. 

 

 

 

Both methods estimated that the mean overflow volume for the simulated period 

exceeded the 10% annual target. This leads to a question for jurisdictions that commonly require 

48-hour drawdown periods on the US East Coast: is a 10% average annual overflow volume a 

plausible target for 2- to 5-day drawdown periods when a 25 mm water quality event is to be 

treated? Three-day, 4-day and 5-day design configurations significantly exceeded the 10% target 

(Table 8-4). To meet the 10% overflow volume target in Raleigh-Durham, NC, the drawdown 

period would need to be decreased to 36 hours. The assumption that current design 
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recommendations promulgated by NCDEQ (2009) (i.e., 2-day to 5-day drawdown period) will 

treat 90% of stormwater runoff is not supported. In Raleigh-Durham, these analyses suggest that 

12-23% of the actual annual precipitation volume overflows using current design standards. If an 

overflow volume target of 15% were acceptable, a drawdown period of up to 3 days could be 

used to meet hydrologic design goals (Table 8-4).  

 

Table 8-4. Upper-tailed p-values comparing mean overflow volumes for each hydraulic 

retention time to threshold overflow volumes of 10% and 15%. Significant p-values are bolded 

and show that the threshold overflow volume has been exceeded. 

Hydraulic 

Retention Time 

Threshold Overflow Volumes 

10% 15% 

12-hours 0.9995 1.0000 

18-hours 0.9972 1.0000 

1-day 0.9870 0.9999 

36-hour 0.7242 0.9978 

2-day 0.1702 0.9593 

3-day 0.0052 0.2844 

4-day 0.0003 0.0136 

5-day <0.0001 0.0009 

Simplified Method 0.0001 0.0087 

 

 

 

Shamma et al. (2002) concluded from a combination of field, statistical and laboratory 

data that removal efficiency of total suspended solids (TSS) by detention ponds plateaued after 

24 hours of drawdown; increasing the drawdown period from 36 hours to 3 days would thus not 

provide any additional pollutant removal for sediment and may actually increase TSS loadings. 

However, exchanging a slightly decreased treated runoff volume (due to longer drawdown 

durations) for augmented treatment efficiency may lead to greater pollutant load reduction for 

nutrients. The average time to dewater 50% of the CSW with a designed 36-hour drawdown 
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period is 15.1 hours. This extends to 22.1 hours when the CSW has a 3-day drawdown period. It 

is reasonable to conclude that the average HRT associated with the treated runoff for each design 

configuration would equal these average drawdown times.  

Two selected studies provide some insight on the influence of HRT on pollutant removal 

performance in constructed wetlands. In a study synthesizing performance data from 49 

stormwater treatment wetlands across the United States, Carleton et al. (2001) found that removal 

efficiency of total phosphorus was better modeled as a factor of HRT (or nominal detention time) 

than hydraulic loading rate, suggesting that HRT may be cautiously applied as a predictor for 

phosphorus removal in CSWs. Additionally, Toet et al. (2005) found that an HRT of 4 days 

optimized total nitrogen removal for a treatment wetland located on the island of Texel in the 

Netherlands, which has a maritime temperate climate similar to the humid subtropical climate in 

the Mid-Atlantic. The wetland received tertiary effluent from a sewage and stormwater treatment 

plant, with an average influent concentration of 5.37 mg/L; this is somewhat higher than the 

median 2.0 mg/L reported in the National Stormwater Quality Database for urban land use (Pitt 

et al., 2004). Nitrate removal efficiency increased from 29.8% to 44.0% when the HRT increased 

from 0.8 to 2.3 days. An HRT of 9.3 days removed nitrate by 85.6%, nearly doubling the 

removal efficiency of 2.3 days.  

When applied herein, data from the Toet et al. (2005) and Carleton et al. (2001) studies 

show that nitrogen and phosphorus concentration removal efficiency increases by approximately 

5% and 4%, respectively, when the HRT of a constructed wetland increases from 15.1 hours to 

22.1 hours (Figure 8-8, Table 8-5). The removal efficiency estimates for each HRT were 

normalized to a loading based on 10% overflow (36-hour drawdown period) and 15% overflow 

(3-day drawdown period) (Eq. 8.10, Table 8-5). The fraction of runoff that bypassed the CSW as 
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overflow was considered untreated with no reduction in pollutant concentration; treated runoff 

was assigned a pollutant removal efficiency corresponding to the average HRT for that 

drawdown period.  

 𝐿

𝑉 ∗ 𝐶𝑖
= {

0.10 + 0.90 ∗ (1 − 𝑅𝐸15.1 ℎ/100), 𝐷𝑟𝑎𝑤𝑑𝑜𝑤𝑛 = 36 ℎ
0.15 + 0.85 ∗ (1 − 𝑅𝐸22.1 ℎ/100), 𝐷𝑟𝑎𝑤𝑑𝑜𝑤𝑛 = 3 𝑑

 (8.10) 

 

where 𝐿 = loading (kg), 𝑉 = runoff volume (m3), 𝐶𝑖 = influent concentration (kg/m3), 𝐶𝑜 = 

effluent concentration (kg/m3), and 𝑅𝐸 = removal efficiency (%) = 
𝐶𝑖−𝐶𝑜 

𝐶𝑖 
∗ 100. 

 

Table 8-5. Estimation of additional loading removal when drawdown period is increased from 

36 hours to 3 days. Removal efficiencies based on data from Toet et al. (2005) for nitrogen and 

Carleton et al. (2001) for phosphorus. 

Pollutant 

Removal Efficiency 

(%) 

Normalized Loading for 

specified drawdown period 

(unitless) 

Additional 

Loading 

Removal 

15.1 hrs 22.1 hrs 36 hours 3 days (%) 

Total Nitrogen 23.1 28.7 0.792 0.756 4.6 

Total Phosphorus 22.3 26.6 0.799 0.774 3.2 
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Figure 8-8. Modeled increase in pollutant removal efficiency with hydraulic retention time; 

nitrogen data is from a free water surface treatment wetland of Toet et al. (2005); phohsphorus 

data is from 26 stormwater treatment wetlands of Carleton et al. (2001). 

 

 

 

The extra 36 hours of drawdown (and average supplementary treatment time of 7 hours) 

leads to an additional loading reduction of 4.6% and 3.2% for nitrogen and phosphorus, 

respectively (Table 8-5). While the authors readily acknowledge several other factors influence 

water quality performance of detention-based SCMs (e.g., influent concentration, pond depth, 

hydraulic loading ratio), and that further investigation into the controlled effect of HRT on 

pollutant removal in CSWs is warranted, data from Toet et al. (2005) and Carleton et al. (2001) 

illustrate how doubling the drawdown period from 36 hours to 3 days can reduce discharged 

pollutant loadings despite the 5% increase in untreated overflow volume.  
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8.5 Conclusions 

Analyses of the rainfall patterns in Raleigh-Durham, NC, indicate that a 48-hour 

drawdown period (and anything greater) of the 25-mm water quality event will, on average, fail 

to subject up to 90% of stormwater runoff to treatment. This conflicts with NCDEQ (2009) and 

many other US East Coast jurisdictions’ design guidance. Three alternatives have been identified: 

(1) decrease the recommended drawdown period to 36 hours, (2) increase the depth of the water 

quality event (thereby considerably affecting spatial requirements for these practices) or (3) allow 

a larger fraction of runoff to bypass (e.g., 15%). Considering that nutrient treatment capabilities 

of detention-based SCMs commensurately increase with hydraulic retention time, the third option 

may be best for areas with high nutrient loads (particularly nitrogen). In jurisdictions where 

sediment is the primary pollutant of concern, increasing the drawdown period beyond 36 hours 

will not provide appreciable additional sediment removal. Additionally, the larger orifice size 

will be less prone to clogging (Hunt et al. 2011), a critical design feature for areas with high TSS 

loads. For these reasons, considering shorter drawdown periods than 2 days is recommended if 

sediment control is the principal concern. However, when nutrients are an important reason for 

SCM implementation, increasing HRTs may be recommended. 

To further explore these concepts, more locations across the Southeast and Mid-Atlantic 

USA should be analyzed. If it is consistently observed that a drawdown period of 3 days results 

in a 15% overflow volume and that the “lost” volume of water treated is outweighed by 

subjecting slightly less runoff to a longer HRT, jurisdictions in North Carolina, and other Eastern 

US states with similar precipitation patterns to Raleigh-Durham, NC, may consider requiring a 3-

day drawdown period to achieve better nutrient reduction.   
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Chapter 9: Conclusions 

9.1  Conclusions 

Three types of stormwater control measures (SCMs) were studied in this work: the 

Filterra® biofiltration device, permeable pavement, and detention-based SCMs. The research 

conducted provided valuable information on the implementation and design of urban and ultra-

urban SCMs and highlighted important design considerations. Suggestions to maximize 

hydrologic and water quality performance for each SCM were established. 

The Filterra® biofiltration device was determined to be an effective manufactured device 

for the treatment of stormwater from small impervious watersheds. The system performed 

similarly to the widely-implement SCM bioretention, with the notable exception of volume 

mitigation. The pollutant concentrations of discharged runoff met benchmarks established in the 

literature (McNett et al. 2010, Barrett et al. 2004, WSDE 2011), and the Filterra® provided peak 

flow mitigation because the parking lot served as a temporary reservoir when the capacity of the 

device was exceeded. Maintenance played a pivotal role in its function, reinforcing past research 

claiming maintenance is a key factor to long-term hydrologic performance for filtration-based 

SCMs (Bean et al. 2007, Winston et al. 2016). To achieve optimum performance, the Filterra® 

should be maintained at least biannually per manufacturer instructions (Contech 2015).  

When the Filterra® was installed in series with permeable interlocking concrete 

pavement (PICP), additional water quality improvement provided by the Filterra® was marginal. 

This was because the PICP filtered sediment and other particulate-bound pollutants to irreducible 

concentrations (Strecker et al. 2001), and the Filterra® provided no mechanism for volume 

reduction. Load reduction was almost entirely provided by the PICP via exfiltration. A majority 

of hydrologic mitigation also occurred during primary treatment by the PICP, with supplemental 
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treatment by the Filterra® accounting for less than 1% of the overall volume and peak flow 

mitigation. Given effluent concentrations and load reductions from the PICP-FIL system were 

comparable to the standalone Filterra® monitored at the same site, the combination of these two 

devices in series was not cost-effective. Placing SCMs in series that employ similar pollutant 

removal mechanisms (and do not provide additional volume reduction) is not recommended 

(Hathaway and Hunt 2010, Winston et al. 2012). When secondary SCMs do provide additional 

volume reduction, hydrologic and load reduction may be improved compared to a single SCM 

(Brown et al. 2012)  

The efficacy of permeable pavement when constructed over tight, clayey soils was 

studied in Chapter 4. Despite extremely low hydraulic conductivity underlying soils (clay and 

clay loam, drawdown rate: 0.25 mm/hr), the PICP lot dramatically mitigated pollutant 

concentrations and loads, while positively impacting urban hydrology. The inclusion of a 15 cm 

internal water storage (IWS) zone via an elevated underdrain was an important design feature. 

The IWS zone created storage capacity to mitigate volume from storms less than 8 mm and 

contributed to an overall volume reduction of 22%. Cumulative load reduction over the thirteen 

months of monitoring exceeded 85% for total suspended solids, total phosphorus, copper, lead, 

and zinc, and was 73% for total nitrogen. These results show permeable pavements built over 

low-conductivity, clay soils can substantively improve water quality and hydrologic mitigation 

when IWS is incorporated.  

Chapters 5 through 7 explored the hydrology of permeable pavements under varying 

design configurations and future climate scenarios. Permeable pavements are one of the most 

popular SCMs implemented for mitigation of urban surface hydrology, but their performance is 

highly dependent on underlying soil type and design specifications. The long-term water balance 
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model, DRAINMOD, was adapted for permeable pavement hydrology (Chapter 5), extrapolated 

to determine the effect of varying design features on annual hydrology (Chapter 6) and simulated 

under future climate scenarios to determine permeable pavement resiliency (Chapter 7). The 

model proved reliable, predicting the percentage of drainage, surface runoff, and 

exfiltration/evaporation to within 2% of what was monitored/estimated at each site. Extrapolation 

of the calibrated model suggested underlying soil type and the inclusion of IWS were the design 

features affecting annual hydrology of permeable pavements the most. The inclusion of IWS 

improved volume reduction by 11 – 55% depending on depth of IWS and underlying soil type, 

with greater marginal improvements for lower permeability soils. Simple retrofits to existing 

underdrains can drastically improve volume reduction, maximizing the function of already 

constructed permeable pavements. Structural instability due to IWS was not observed at this site 

or others constructed over low conductivity soils (Collins et al. 2008, Winston 2016). 

Simulation of the model under mid-century climate scenarios (2055 – 2059) showed the 

overall water balance for permeable pavements in the Northern Ohio region was not expected to 

substantially change. No end hydrologic fate (drainage, surface runoff, or 

exfiltration/evaporation) changed by more than 10% under future climate scenarios. Analysis of 

the individual surface runoff events suggested more frequent and/or more extreme surface runoff 

at all three permeable pavements modeled. To maintain existing hydrologic performance in 

future conditions, the contributing drainage area of one of the permeable pavements would need 

to be reduced by at least 50%, but this application exceeded the standard run-on ratio 

(contributing drainage area to permeable pavement area) for the state of Ohio (ODNR 2006). The 

existing design guidance (2:1 run-on ratio) may need to be only slightly reduced (perhaps to 

1.5:1) to maintain volumes of untreated surface runoff in the future. Preventing surface clogging 
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through prescribed and frequent maintenance is more crucial to ensuring permeable pavement 

resiliency than altering design standards. 

Analyses of the rainfall patterns in Raleigh-Durham, NC, indicated that a 48-hour 

drawdown period (and anything greater) will, on average, result in 10% or more of the 

stormwater runoff to bypass detention-based SCMs and receive minimal treatment. This conflicts 

with NCDEQ (2012) and many other US East Coast jurisdictions’ design guidance. However, the 

treatment capabilities of detention-based SCMs commensurately increase with hydraulic 

retention time (HRT). Longer drawdown periods (up to 3 days) may be beneficial for areas with 

high nutrient loads (particularly nitrogen) and could yield additional nutrient load reduction 

despite increased bypass volume. Depending on the pollutant of concern, it is suggested a larger 

fraction of runoff is allowed to bypass (e.g., 15%, for areas with high nutrient loads) or the 

drawdown period is decreased to 36 hours (when sediment is the primary pollutant of concern). 

 

9.2 Recommendations for Future Work 

This research focused on improving design guidance for SCMs, particularly those 

employed in urban and ultra-urban areas. While it has helped to provide guidance on certain 

questions, further research is needed.  

Despite low influent concentrations, the Filterra® media bed was susceptible to clogging, 

causing a portion of runoff to bypass the system. Studies with higher pollutant loadings (perhaps 

from watersheds with a high gross solids and leaf litter loading) are needed to provide a better 

assessment of the function of the device under augmented “clogging pressure.” This would help 

identify the maintenance intervals needed when exposed to influent concentrations more 

commonly observed from parking lot runoff.  



 

276 
 

Because the PICP – FIL treatment train was sited oved sandy, high conductivity soils, 

minimal water quality improvement was observed due to secondary treatment from the Filterra®. 

More research is needed to determine the effect of secondary treatment for a PICP-FIL system 

sited over less-infiltrative soils. It is possible that secondary treatment (at least for TSS and TP 

load) would have been more substantial if a larger fraction of runoff was received by the 

Filterra®. This type of study would provide stronger guidance of the use of treatment trains when 

volume reduction via exfiltration has a lesser influence on load reduction. 

The PICP component of the treatment train was also plagued with clogging issues 

because of its dilapidated contributing area and high run-on ratio. While maintenance of 

permeable pavements has been a significant research topic, more information is needed regarding 

specific maintenance intervals and design guidance for run-on ratios. Modeling of temporal and 

spatial clogging is needed to determine frequency and intensity of maintenance.  

At the Durham PICP in Chapter 4, various nitrogen forms were sampled 12, 36, 60, and 

84 hours after a storm event. The results indicated denitrification may be occurring in the IWS 

zone of PICP inter-event. Further exploration of denitrification within the IWS zone of PICP is 

needed, particularly when the underlying soil hydraulic conductivity is low and extended 

saturated conditions occur. There is also a question as to whether sufficient organic matter for 

denitrification to occur is present in the permeable pavement profile and at the soil-aggregate 

interface. Would inclusion of an organic matter source at the soil-aggregate interface improve 

denitrification? And would that be at the expense of water quality performance in other areas 

[such as leaching of organic nitrogen (Hunt et al. 2006)]? Side-by-side studies comparing 

nitrogen removal from permeable pavement with and without an organic matter source could 

quantify this effect and improve design guidance when IWS is incorporated over low 
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conductivity soil. Other areas of research to improve water quality from permeable pavements 

include identifying methods to target removal of heavy metals, dissolved nutrients, and indicator 

bacteria. 

Improved data on evaporation from permeable pavement systems are needed to better 

calibrate DRAINMOD to predict this fate. When the default Thornthwaite values are used, the 

model slightly over-predicts the fate of evaporation for permeable pavement; this is more evident 

when configurations with low run-on ratios and low hydraulic conductivity are simulated. Only 

one previous study has measured evaporation from a full-scale permeable pavement site (Brown 

and Borst 2015). A side-by-side study of a lined permeable pavement (in order to more 

accurately measure evaporation) and an unlined permeable pavement could be utilized to develop 

Thornthwaite factors for predicting permeable pavement evaporation in DRAINMOD.  

The inability of the model to incorporate spatial and temporal changes in surface 

infiltration rate is another primary limitation to the application of DRAINMOD for permeable 

pavement hydrology. Incorporating an algorithm to allow modification of surface infiltration rate 

over time could improve DRAINMOD’s utility for this purpose. Other changes to DRAINMOD 

that could improve its utility as a permeable pavement model include: (1) accepting weather files 

with a time step less than 1-hour, (2) incorporating a routine to model runoff from impervious 

watersheds more easily, and (3) providing an option for hourly or sub-hourly outputs for the 

purpose of predicting peak flow rates. These changes could transform DRAINMOD into a more 

useful model for small-scale urban hydrology. 

Because of the inherent uncertainty in climate modeling, the analyses presented for 

Northern Ohio in Chapter 7 could sharply contrast that of regions where climate change is 

projected to have a greater impact on precipitation. More studies quantifying the impacts of 
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climate change on permeable pavement and other SCMs in different regions are needed. This is 

an important piece to ensure stormwater infrastructure is resilient to changing precipitation 

patterns. 

  In a similar vein, more locations across the Southeast and Mid-Atlantic USA should be 

analyzed for the drawdown period analysis conducted in Chapter 8. If it is consistently observed 

that a drawdown period of 3 days results in a 15% overflow volume and that the “lost” volume of 

water treated is outweighed by subjecting slightly less runoff to a longer HRT, jurisdictions in 

North Carolina, and other Eastern US states with similar precipitation patterns to Raleigh-

Durham, NC, may consider requiring a 3-day drawdown period to achieve better nutrient 

reduction. Side-by-side studies comparing the pollutant removal performance of detention-based 

SCMs designed with different drawdown periods could quantify the effect of lengthening HRT 

more accurately, as well.  
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Appendix A: Water quality data, R Code, and supplementary photos for 

Filterra® biofiltration device in Fayetteville, NC. 

Water Quality Data 

Table A-1. Event mean concentration data for total suspended solids, suspended sediment 

concentration, total phosphorus, total dissolved phosphorus, and soluble reactive phosphorus 

for Filterra® biofiltration device. 

Date Rainfall (mm) 

Total Suspended 

Solids (mg/L) 

Suspended 

Sediment 

Concentration 

(mg/L) 

Total Phosphorus 

(mg/L)  

Total Dissolved 

Phosphorus 

(mg/L)  

Soluble Reactive 

Phosphorus 

(mg/L)  

MDL: 1 mg/L  MDL: 1 mg/L MDL: 0.024 mg/L MDL: 0.024 mg/L MDL: 0.055 mg/L 

IN OUT IN OUT IN OUT IN OUT IN OUT 

2/26/2013 28.4 50.00 4.40 62.25 2.90 0.07 <MDL 0.74 <MDL 0.12 <MDL 

4/4/2013 20.6 37.00 2.80 57.34 1.51 0.03 <MDL 0.03 <MDL <MDL <MDL 

4/19/2013 15.2 51.00 6.80 48.94 6.44 0.11 0.09 0.05 0.05 <MDL <MDL 

4/29/2013 49.5 20.00 4.00 12.30 3.54 0.04 0.04 <MDL <MDL <MDL <MDL 

5/6/2013 9.7 68.00 5.20   0.06 0.04 0.03 <MDL <MDL <MDL 

6/10/2013 14.0 32.00 4.00 43.38 3.40 0.03 0.06 0.14 <MDL <MDL <MDL 

6/13/2013 4.3     0.21 0.07     

6/19/2013 7.6     0.22 0.04   <MDL <MDL 

6/24/2013 8.9           

6/26/2013 43.4 66.00 6.80 95.77 7.03 0.03 <MDL <MDL <MDL <MDL <MDL 

7/1/2013 15.2 30.00 6.80 39.10 4.27 0.05 0.03 <MDL <MDL <MDL <MDL 

7/2/2013 22.1 30.00 2.90 19.51 2.30 0.05 0.04 <MDL <MDL <MDL <MDL 

8/13/2013 19.8 190.00 2.80 226.41 3.33 0.21 0.07 0.09 <MDL <MDL <MDL 

9/2/2013 9.4 220.00 8.00 353.17 12.09 0.10 <MDL <MDL <MDL <MDL <MDL 

9/21/2013 24.1 40.00 3.60 79.09 3.09 0.04 <MDL <MDL 0.03 <MDL <MDL 

10/13/2013 2.5 55.00 1.60   0.07 0.03 <MDL <MDL <MDL <MDL 

11/1/2013 18.0 94.00 4.00 71.84 3.05 0.05 0.05 <MDL <MDL 0.08 <MDL 

11/26/2013 31.5     0.20 0.04 0.03 0.04   

12/10/2013 13.5 270.00 9.20   0.12 0.03 <MDL 0.03 <MDL <MDL 

12/14/2013 7.6         <MDL <MDL 

1/14/2014 5.1     0.12 0.05 <MDL <MDL <MDL <MDL 

2/5/2014 7.4 170.00 16.00   0.06 0.03 <MDL <MDL <MDL <MDL 

2/19/2014 11.7 120.00 3.20 86.67 2.07 0.06 <MDL <MDL <MDL <MDL <MDL 

3/3/2014 8.9 54.00 14.00   0.59 0.05 0.39 0.02 <MDL <MDL 

4/15/2014 20.6 730.00 8.80 194.72 8.39 0.29 0.14 0.06 0.04 <MDL <MDL 

4/19/2014 27.4 43.00 1.60 39.37 0.74 0.04 <MDL <MDL <MDL <MDL <MDL 

6/12/2014 6.4 220.00 3.60 309.03 1.57 0.30 0.09 0.14 0.06 <MDL <MDL 

6/19/2014 15.5 100.00 1.20 111.87 1.01 0.09 0.04 <MDL <MDL <MDL <MDL 

8/11/2014 13.0 200.00 2.40 230.13 2.39 0.17 0.04 <MDL 0.02 <MDL <MDL 

10/11/2014 10.9 150.00 7.60 219.75 6.49 0.27 0.13 0.14 0.08 <MDL <MDL 

10/14/2014 18.3 62.00 2.80 85.66 1.78 0.06 <MDL <MDL <MDL <MDL <MDL 

11/24/2014 19.1 160.00 2.00 133.10 3.03 0.17 0.09 0.07 0.08 <MDL <MDL 

12/6/2014 5.1 82.00 11.00   0.12 0.06 <MDL 0.04 <MDL <MDL 

12/22/2014 24.6 33.00 3.60   0.12 0.03 <MDL <MDL <MDL <MDL 
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Table A-2.Event mean concentration data for total nitrogen, total ammoniacal nitrogen, 

nitrate/nitrite, and total kjedhal nitrogen for Filterra® biofiltration device. 

Date Rainfall (mm) 

Total Nitrogen 
Total Ammoniacal 

Nitrogen (mg/L) 
Nitrate/Nitrite (mg/L) 

Total Kjedhal 

Nitrogen (mg/L) 

 MDL: 0.045 mg/L MDL: 0.025 mg/L MDL: 0.26 mg/L 

IN OUT IN OUT IN OUT IN OUT 

2/26/2013 28.4 1.25 0.54 0.14 0.06 0.05 0.08 1.20 0.46 

4/4/2013 20.6 0.87 0.44 0.29 0.11 0.16 0.17 0.71 0.27 

4/19/2013 15.2 1.41 1.14 0.07 0.06 0.11 0.18 1.30 0.96 

4/29/2013 49.5 0.35 0.51 <MDL <MDL <MDL 0.15 0.34 0.36 

5/6/2013 9.7 0.94 0.68 0.27 0.24 0.07 0.13 0.87 0.55 

6/10/2013 14.0 0.73 0.89 0.05 <MDL 0.11 0.39 0.62 0.50 

6/13/2013 4.3 2.39 1.60 0.28 <MDL 0.19 0.40 2.20 1.20 

6/19/2013 7.6 2.51 0.89 0.02 <MDL 0.11 0.22 2.40 0.67 

6/24/2013 8.9 1.55 0.26 0.46 <MDL 0.45 0.13 1.10 <MDL 

6/26/2013 43.4 0.77 0.31 0.14 <MDL 0.21 0.18 0.56 <MDL 

7/1/2013 15.2 0.67 0.51 0.17 0.08 0.04 0.05 0.63 0.46 

7/2/2013 22.1 0.58 0.43 <MDL <MDL 0.07 0.06 0.51 0.37 

8/13/2013 19.8 1.39 0.62 0.10 0.07 0.19 0.20 1.20 0.42 

9/2/2013 9.4 1.25 1.05 0.13 0.14 0.15 0.22 1.10 0.83 

9/21/2013 24.1 1.10 0.52 0.13 0.06 0.20 0.11 0.90 0.41 

10/13/2013 2.5 0.93 0.46 <MDL <MDL 0.13 <MDL 0.80 0.45 

11/1/2013 18.0 0.40 0.64 <MDL 0.11 <MDL 0.07 0.39 0.57 

11/26/2013 31.5 2.01 0.31 <MDL <MDL <MDL <MDL 2.00 0.30 

12/10/2013 13.5 1.07 0.42 0.07 <MDL 0.10 0.15 0.97 0.27 

12/14/2013 7.6         

1/14/2014 5.1 1.27 0.44 0.05 <MDL 0.07 0.07 1.20 0.37 

2/5/2014 7.4 0.58 0.53 0.08 0.08 0.14 0.15 0.44 0.38 

2/19/2014 11.7 0.81 0.33 0.11 0.07 0.20 0.20 0.61 <MDL 

3/3/2014 8.9 1.51 1.39 0.56 0.42 0.41 0.51 1.10 0.88 

4/15/2014 20.6 1.91 1.01 <MDL 0.05 <MDL <MDL 1.90 1.00 

4/19/2014 27.4 0.46 0.44 <MDL 0.06 <MDL <MDL 0.45 0.43 

6/12/2014 6.4 2.62 1.76 0.57 0.31 0.22 0.36 2.40 1.40 

6/19/2014 15.5 1.30 1.06 0.17 0.08 0.20 0.32 1.10 0.74 

8/11/2014 13.0 1.60 0.62 0.25 <MDL 0.10 0.17 1.50 0.45 

10/11/2014 10.9 1.90 2.10 0.19 0.11 0.20 0.80 1.70 1.30 

10/14/2014 18.3 0.99 0.45 0.56 <MDL 0.05 0.08 0.94 0.37 

11/24/2014 19.1 0.90 0.59 <MDL <MDL 0.05 0.09 0.85 0.50 

12/6/2014 5.1 1.06 0.99 <MDL 0.05 0.06 0.21 1.00 0.78 

12/22/2014 24.6 0.55 0.26 0.07 <MDL 0.06 0.13 0.49 <MDL 
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Table A-3. Event mean concentration data for copper and zinc for Filterra® biofiltration 

device. 

Date Rainfall (mm) 

Total Copper 

(microg/L) 

Dissolved Copper 

(µg/L) 

Total Zinc 

(microg/L) 

Dissolved Zinc 

(µg/L) 

MDL: 2 µg/L MDL: 2 µg/L MDL: 10 µg/L MDL: 10 µg/L 

IN OUT IN OUT IN OUT IN OUT 

2/26/2013 28.4 7.80 3.20 4.40 3.80 66.00 <MDL 30.00 <MDL 

4/4/2013 20.6 7.30 4.90 5.20 4.80 35.00 <MDL 28.00 <MDL 

4/19/2013 15.2         

4/29/2013 49.5 3.30 4.10   5.00 <MDL   

5/6/2013 9.7         

6/10/2013 14.0         

6/13/2013 4.3         

6/19/2013 7.6         

6/24/2013 8.9         

6/26/2013 43.4 <MDL 2.50 <MDL 2.40 19.00 <MDL 13.00 <MDL 

7/1/2013 15.2 3.00 3.20   22.00 <MDL   

7/2/2013 22.1 2.10 2.10   18.00 <MDL   

8/13/2013 19.8 7.60 5.40   82.00 19.00   

9/2/2013 9.4         

9/21/2013 24.1 6.70 4.80   49.00 12.00   

10/13/2013 2.5         

11/1/2013 18.0 3.50 11.00   37.00 25.00   

11/26/2013 31.5         

12/10/2013 13.5 14.00 10.00 <MDL 9.50 180.00 32.00 15.00 26.00 

12/14/2013 7.6         

1/14/2014 5.1         

2/5/2014 7.4         

2/19/2014 11.7 12.00 7.60 4.50 6.80 87.00 24.00 28.00 26.00 

3/3/2014 8.9         

4/15/2014 20.6 9.00 9.50   71.00 35.00   

4/19/2014 27.4         

6/12/2014 6.4 27.00 12.00   99.00 31.00   

6/19/2014 15.5         

8/11/2014 13.0         

10/11/2014 10.9         

10/14/2014 18.3         

11/24/2014 19.1         

12/6/2014 5.1         

12/22/2014 24.6         
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Table A-4. Load data for total suspended solids, and suspended sediment concentration for 

Filterra® biofiltration device. 

Date 
Rainfall 

(mm) 

Total Suspended Solids (kg) Suspended Sediment Concentration (kg) 

IN OUT BYPASS IN OUT BYPASS 

2/26/2013 28.4 1.20 0.09 0.17 1.49 0.06 0.22 

4/4/2013 20.6 0.21 0.01  0.32 0.01  

4/19/2013 15.2 0.57 0.07 0.01 0.55 0.07 0.01 

4/29/2013 49.5 0.90 0.12 0.08 0.55 0.10 0.05 

5/6/2013 9.7 0.41 0.02     

6/10/2013 14.0 0.32 0.03 0.06 0.43 0.03 0.09 

6/13/2013 4.3       

6/19/2013 7.6       

6/24/2013 8.9       

6/26/2013 43.4 2.57 0.20 0.60 3.73 0.21 0.87 

7/1/2013 15.2 0.33 0.07 0.08 0.44 0.04 0.11 

7/2/2013 22.1 0.53 0.04 0.09 0.35 0.03 0.06 

8/13/2013 19.8 2.95 0.03 0.64 3.51 0.03 0.76 

9/2/2013 9.4 1.28 0.04  2.05 0.06  

9/21/2013 24.1 0.79 0.06 0.11 1.56 0.05 0.21 

10/13/2013 2.5 0.06 0.00     

11/1/2013 18.0 0.98 0.04  0.75 0.03  

11/26/2013 31.5       

12/10/2013 13.5 2.56 0.09     

12/14/2013 7.6       

1/14/2014 5.1       

2/5/2014 7.4 0.38 0.03     

2/19/2014 11.7 0.94 0.02 0.17 0.68 0.01 0.12 

3/3/2014 8.9 0.11 0.02     

4/15/2014 20.6 11.87 0.10 3.89 3.17 0.09 1.04 

4/19/2014 27.4 0.99 0.04 0.01 0.90 0.02 0.01 

6/12/2014 6.4 0.59 0.01 0.19 0.82 0.00 0.26 

6/19/2014 15.5 1.14 0.01 0.38 1.27 0.01 0.43 

8/11/2014 13.0 2.18 0.02 0.64 2.51 0.02 0.74 

10/11/2014 10.9 1.07 0.02  1.57 0.02  

10/14/2014 18.3 0.87 0.01 0.14 1.20 0.01 0.19 

11/24/2014 19.1 2.58 0.01 0.99 2.15 0.01 0.82 

12/6/2014 5.1 0.10 0.01 0.01    

12/22/2014 24.6 0.37 0.01 0.03    
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Table A-5. Load data for total phosphorus, total dissolved phosphorus, and soluble reactive 

phosphorus for Filterra® biofiltration device. Italicized values were estimated using half the 

minimum detection limit. 

Date 
Rainfall 

(mm) 

Total Phosphorus (g) Total Dissolved Phosphorus (g) 
Soluble Reactive Phosphorus 

(g) 

IN OUT BYPASS IN OUT BYPASS IN OUT BYPASS 

2/26/2013 28.4 1.77 0.25 0.26 17.75 0.25 2.56 2.88 0.58 0.41 

4/4/2013 20.6 0.17 0.06  0.17 0.06  0.15 0.13  

4/19/2013 15.2 1.23 1.00 0.03 0.52 0.53 0.01 0.31 0.30 0.01 

4/29/2013 49.5 1.89 1.20 0.17 0.54 0.35 0.05 1.24 0.81 0.11 

5/6/2013 9.7 0.37 0.20  0.15 0.06  0.17 0.13  

6/10/2013 14.0 0.34 0.44 0.07 1.39 0.10 0.28 0.27 0.22 0.05 

6/13/2013 4.3 0.37 0.08        

6/19/2013 7.6 0.46 0.06     0.06 0.05  

6/24/2013 8.9          

6/26/2013 43.4 1.32 0.36 0.31 0.47 0.36 0.11 1.07 0.82 0.25 

7/1/2013 15.2 0.50 0.34 0.13 0.13 0.13 0.03 0.31 0.29 0.08 

7/2/2013 22.1 0.80 0.51 0.13 0.21 0.16 0.04 0.49 0.37 0.08 

8/13/2013 19.8 3.26 0.70 0.71 1.44 0.13 0.31 0.43 0.29 0.09 

9/2/2013 9.4 0.58 0.06  0.07 0.06  0.16 0.14  

9/21/2013 24.1 0.79 0.20 0.11 0.24 0.48 0.03 0.54 0.47 0.07 

10/13/2013 2.5 0.07 0.01  0.01 0.00  0.03 0.00  

11/1/2013 18.0 0.54 0.54  0.13 0.13  0.87 0.29  

11/26/2013 31.5 2.09 0.33 0.25 0.29 0.39 0.04    

12/10/2013 13.5 1.14 0.30  0.11 0.29  0.26 0.26  

12/14/2013 7.6       0.64 0.39 0.25 

1/14/2014 5.1 0.29 0.07 0.01 0.03 0.02 0.00 0.07 0.04 0.00 

2/5/2014 7.4 0.12 0.05  0.03 0.02  0.06 0.05  

2/19/2014 11.7 0.46 0.06 0.08 0.09 0.06 0.02 0.22 0.13 0.04 

3/3/2014 8.9 1.20 0.08  0.79 0.04  0.06 0.05  

4/15/2014 20.6 4.72 1.53 1.54 0.91 0.47 0.30 0.45 0.30 0.15 

4/19/2014 27.4 1.01 0.27 0.01 0.28 0.27 0.00 0.63 0.63 0.01 

6/12/2014 6.4 0.80 0.16 0.25 0.37 0.11 0.12 0.07 0.05 0.02 

6/19/2014 15.5 0.98 0.29 0.33 0.14 0.08 0.05 0.31 0.19 0.11 

8/11/2014 13.0 1.85 0.34 0.55 0.13 0.18 0.04 0.30 0.21 0.09 

10/11/2014 10.9 1.93 0.33  1.00 0.21  0.20 0.07  

10/14/2014 18.3 0.79 0.06 0.12 0.17 0.06 0.03 0.39 0.13 0.06 

11/24/2014 19.1 2.74 0.45 1.05 1.05 0.36 0.40 0.44 0.13 0.17 

12/6/2014 5.1 0.15 0.04 0.01 0.01 0.03 0.00 0.03 0.02 0.00 

12/22/2014 24.6 1.35 0.10 0.11 0.14 0.05 0.01 0.31 0.11 0.03 
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Table A-6. Load data for total nitrogen, total ammoniacal nitrogen, nitrate/nitrite, and total 

Kjedhal nitrogen for Filterra® biofiltration device. Italicized values were estimated using half 

the minimum detection limit. 

Date 
Rainfal

l (mm) 

Total Nitrogen (g) 
Total Ammoniacal 

Nitrogen (g) 
Nitrate/Nitrite (g) 

Total Kjedhal Nitrogen 

(g) 

IN OUT 
BY-

PASS 
IN OUT 

BY-

PASS IN OUT 
BY-

PASS IN OUT 
BY-

PASS 

2/26/2013 28.4 29.90 11.32 4.31 3.36 1.28 0.48 1.13 1.66 0.16 28.78 9.66 4.15 

4/4/2013 20.6 4.89 2.14  1.63 0.54  0.90 0.83  3.99 1.31  

4/19/2013 15.2 15.72 12.39 0.40 0.74 0.63 0.02 1.23 1.96 0.03 14.49 10.43 0.36 

4/29/2013 49.5 15.88 14.94 1.43 1.01 0.66 0.09 0.56 4.39 0.05 15.31 10.54 1.38 

5/6/2013 9.7 5.66 3.12  1.63 1.10  0.41 0.60  5.25 2.52  

6/10/2013 14.0 7.27 7.10 1.45 0.52 0.18 0.10 1.10 3.11 0.22 6.17 3.99 1.23 

6/13/2013 4.3 4.19 1.95  0.49 0.03  0.33 0.49  3.86 1.46  

6/19/2013 7.6 5.29 1.64  0.05 0.04  0.23 0.40  5.06 1.23  

6/24/2013 8.9 0.15 0.02  0.04 0.00  0.04 0.01  0.10 0.01  

6/26/2013 43.4 29.97 9.24 7.02 5.45 0.67 1.28 8.17 5.37 1.91 21.79 3.87 5.10 

7/1/2013 15.2 7.51 5.36 1.89 1.90 0.84 0.48 0.49 0.56 0.12 7.02 4.79 1.77 

7/2/2013 22.1 10.36 5.82 1.72 0.40 0.30 0.07 1.31 0.81 0.22 9.05 5.01 1.50 

8/13/2013 19.8 21.58 6.51 4.67 1.55 0.75 0.34 2.95 2.10 0.64 18.63 4.41 4.03 

9/2/2013 9.4 7.26 5.34  0.76 0.71  0.87 1.12  6.39 4.22  

9/21/2013 24.1 21.70 8.88 2.92 2.56 0.99 0.34 3.95 1.88 0.53 17.76 7.00 2.39 

10/13/2013 2.5 0.96   0.02   0.13   0.83   

11/1/2013 18.0 4.20 6.70  0.23 1.15  0.13 0.76  4.07 5.94  

11/26/2013 31.5 21.05 2.87 2.56 0.24 0.21 0.03 0.13 0.11 0.02 20.92 2.76 2.55 

12/10/2013 13.5 10.13 3.98  0.66 0.21  0.93 1.42  9.20 2.56  

12/14/2013 7.6             

1/14/2014 5.1 3.04 0.62 0.14 0.12 0.03 0.01 0.17 0.10 0.01 2.87 0.53 0.14 

2/5/2014 7.4 1.28 0.97  0.17 0.15  0.31 0.27  0.97 0.69  

2/19/2014 11.7 6.36 1.62 1.15 0.86 0.33 0.16 1.57 0.98 0.28 4.79 0.64 0.87 

3/3/2014 8.9 3.07 2.31  1.14 0.70  0.83 0.85  2.24 1.46  

4/15/2014 20.6 31.10 11.07 10.18 0.37 0.54 0.12 0.20 0.14 0.07 30.89 10.94 10.11 

4/19/2014 27.4 10.63 10.08 0.09 0.52 1.25 0.00 0.29 0.28 0.00 10.34 9.80 0.09 

6/12/2014 6.4 6.99 3.13 2.22 1.52 0.55 0.48 0.59 0.64 0.19 6.41 2.49 2.04 

6/19/2014 15.5 14.81 7.20 4.98 1.94 0.53 0.65 2.28 2.17 0.77 12.53 5.03 4.21 

8/11/2014 13.0 17.46 4.78 5.13 2.73 0.17 0.80 1.09 1.31 0.32 16.36 3.47 4.81 

10/11/2014 10.9 13.60 5.33  1.36 0.28  1.43 2.03  12.17 3.30  

10/14/2014 18.3 13.86 2.06 2.17 7.87 0.10 1.23 0.65 0.36 0.10 13.21 1.71 2.07 

11/24/2014 19.1 14.58 2.80 5.56 0.36 0.11 0.14 0.86 0.42 0.33 13.72 2.38 5.24 

12/6/2014 5.1 1.30 0.67 0.10 0.03 0.03 0.00 0.07 0.14 0.01 1.23 0.53 0.09 

12/22/2014 24.6 6.18 0.99 0.51 0.73 0.09 0.06 0.65 0.50 0.05 5.53 0.50 0.45 
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Table A-7. Load data for total copper, dissolved copper, total zinc, dissolved zinc for Filterra® 

biofiltration device. Italicized values were estimated using half the minimum detection limit. 

Date 
Rainfall 

(mm) 

Total Copper (g) Dissolved Copper (g) Total Zinc (g) Dissolved Zinc (g) 

IN OUT 
BY-

PASS IN OUT 
BY-

PASS IN OUT 
BY-

PASS IN OUT 
BY-

PASS 

2/26/2013 28.4 0.19 0.07 0.03 0.11 0.08 0.02 1.58 0.10 0.23 0.72 0.10 0.10 

4/4/2013 20.6 0.04 0.02  0.03 0.02  0.20 0.02  0.16 0.02  

4/19/2013 15.2             

4/29/2013 49.5 0.15 0.12 0.01    0.23 0.15 0.02    

5/6/2013 9.7             

6/10/2013 14.0             

6/13/2013 4.3             

6/19/2013 7.6             

6/24/2013 8.9             

6/26/2013 43.4 0.04 0.07 0.01 0.04 0.07 0.01 0.74 0.15 0.17 0.51 0.15 0.12 

7/1/2013 15.2 0.03 0.03 0.01    0.25 0.05 0.06    

7/2/2013 22.1 0.04 0.03 0.01    0.32 0.07 0.05    

8/13/2013 19.8 0.12 0.06 0.03    1.27 0.20 0.28    

9/2/2013 9.4             

9/21/2013 24.1 0.13 0.08 0.02    0.97 0.20 0.13    

10/13/2013 2.5             

11/1/2013 18.0 0.04 0.11     0.39 0.26     

11/26/2013 31.5             

12/10/2013 13.5 0.13 0.09  0.01 0.09  1.71 0.30  0.14 0.25  

12/14/2013 7.6             

1/14/2014 5.1             

2/5/2014 7.4             

2/19/2014 11.7 0.09 0.04 0.02 0.04 0.03 0.01 0.68 0.12 0.12 0.22 0.13 0.04 

3/3/2014 8.9             

4/15/2014 20.6 0.15 0.10 0.05    1.15 0.38 0.38    

4/19/2014 27.4             

6/12/2014 6.4 0.07 0.02 0.02    0.26 0.06 0.08    

6/19/2014 15.5             

8/11/2014 13.0             

10/11/2014 10.9             

10/14/2014 18.3             

11/24/2014 19.1             

12/6/2014 5.1             

12/22/2014 24.6             
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R Code 

Sample Water Quality R Code 

> ###Standalone Sample Code#### 
>  
> require(censReg) 
> require(reshape) 
> require(plyr) 
> require(nortest) 
> require(NADA) 
> require(Rcmdr) 
> require(gdata) 
> require(ggplot2) 
> require(exactRankTests) 
> require(lawstat) 
> require(PASWR) 
>  
> setwd("C:/Users/Alessandra/Dropbox/R/Standalone/") 
>  
> ###Total Suspended Solids EMC Data 
>  
> tss <- read.csv("tssstand.csv") 
>  
> ###Test for Normality 
>  
> shapiro.test(tss$tss.in) 
 
 Shapiro-Wilk normality test 
 
data:  tss$tss.in 
W = 0.627, p-value = 3.087e-07 
 
> shapiro.test(tss$tss.out) 
 
 Shapiro-Wilk normality test 
 
data:  tss$tss.out 
W = 0.8588, p-value = 0.001414 
 
> log.tss <- log(tss) 
> shapiro.test(log.tss$tss.in) 
 
 Shapiro-Wilk normality test 
 
data:  log.tss$tss.in 
W = 0.9577, p-value = 0.3065 
 
> shapiro.test(log.tss$tss.out) 
 
 Shapiro-Wilk normality test 
 
data:  log.tss$tss.out 
W = 0.9783, p-value = 0.8083 
 
>  
> ###log-normal, paired t-test 
>  
> t.test(log.tss$tss.in,log.tss$tss.out,paired=T) 
 
 Paired t-test 
 
data:  log.tss$tss.in and log.tss$tss.out 
t = 16.3253, df = 27, p-value = 1.63e-15 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 2.563142 3.300052 
sample estimates: 
mean of the differences  
               2.931597  
 
>  
>  
> ###Total Phosphorus EMC Data 
>  
> ###TP.Out has greater than 10% censored, must perform Robust order on Regression Stats 
> ###and Peto & Peto modification of Gehan-Wilcoxon test 
> ###Create CSV indicating data for each analyte at each site and a second column  
> ###whether it is below the MDL (TRUE or FALSE) 
>  
> tp <- read.csv("tp.csv") 
> tp.out.ros=cenros(tp$tp.out, tp$tp.out.cens) 
> plot(tp.out.ros,sub="Lognormal transformation",main="TP (OUT)",plot.censored=T) 
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> tp.out.ros 
          n       n.cen      median        mean          sd  
33.00000000  9.00000000  0.03800000  0.04663759  0.03142196  
>  
> ###Looking at measures of central tendency for in and out data sets. Create CSV with three 
> ###columns: (1) EMC data, (2) site location (e.g., in, out) and (3) true or false 
> ###for censored data 
>  
> tp.compare <- read.csv("TP.compare.csv") 
> cenfit(tp.compare$TP,tp.compare$Cens,tp.compare$Group.TP) 
                         n n.cen median       mean         sd 
tp.compare$Group.TP=in  33     0  0.100 0.13221212 0.11546313 
tp.compare$Group.TP=out 33     9  0.038 0.04663759  0.03142196 
>  
> ###Comparing difference in vs. out with Peto & Peto modification of Gehan-Wilcoxon Test 
> 
> cendiff(tp.compare$TP,tp.compare$Cens,tp.compare$Group.TP) 
                         N Observed Expected (O-E)^2/E (O-E)^2/V 
tp.compare$Group.TP=in  33     22.2     11.7      9.41      21.4 
tp.compare$Group.TP=out 33     10.9     21.4      5.15      21.4 
 
 Chisq= 21.4  on 1 degrees of freedom, p= 3.75e-06  
>  
> ####Loading Comparisons 
>  
> setwd("C:/Users/Alessandra/Dropbox/Alessa R/Standalone") 
> load <- read.csv("loading.csv") 
> describe(load) 
>  
> ###TSS load, testing for normality 
> shapiro.test(load$TSSIn) 
 
 Shapiro-Wilk normality test 
 
data:  load$TSSIn 
W = 0.4992, p-value = 1.119e-08 
 
> shapiro.test(log(load$TSSIn)) 
 
 Shapiro-Wilk normality test 
 
data:  log(load$TSSIn) 
W = 0.973, p-value = 0.6617 
 
> shapiro.test(load$TSSOut) 
 
 Shapiro-Wilk normality test 
 
data:  load$TSSOut 
W = 0.4338, p-value = 2.534e-09 
 
> shapiro.test(log(load$TSSOut)) 
 
 Shapiro-Wilk normality test 
 
data:  log1p(load$TSSOut) 
W = 0.9706, p-value = 0.5972 
 
>  
> ###Log-normal, paired t-test 
> t.test(log(load$TSSIn),log(load$TSSOut),paired=T) 
 
 Paired t-test 
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data:  log1p(load$TSSIn) and log1p(load$TSSOut) 
t = 11.0169, df = 27, p-value = 1.709e-11 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 1.620031 2.361580 
sample estimates: 
mean of the differences  
               1.990805  
 
>  
>  
> ###TP load, testing for normality 
> shapiro.test(load$TPIn) 
 
 Shapiro-Wilk normality test 
 
data:  load$TPIn 
W = 0.833, p-value = 0.0001816 
 
> shapiro.test(load$TPOut) 
 
 Shapiro-Wilk normality test 
 
data:  load$TPOut 
W = 0.7273, p-value = 2.283e-06 
 
> shapiro.test(log(load$TPIn)) 
 
 Shapiro-Wilk normality test 
 
data:  log(load$TPIn) 
W = 0.9769, p-value = 0.7042 
 
> shapiro.test(log(load$TPOut)) 
 
 Shapiro-Wilk normality test 
 
data:  log(load$TPOut) 
W = NaN, p-value = NA 
 
> shapiro.test(log(load$TPIn)) 
 
 Shapiro-Wilk normality test 
 
data:  log1p(load$TPIn) 
W = 0.9556, p-value = 0.2079 
 
> shapiro.test(log(load$TPOut)) 
 
 Shapiro-Wilk normality test 
 
data:  log1p(load$TPOut) 
W = 0.8724, p-value = 0.00132 
 
>  
> ###Non-normal and non-lognormal, use paired 
> ###Wilcoxon signed rank test 
> wilcox.exact(load$TPIn,load$TPOut,paired=T) 
 
 Exact Wilcoxon signed rank test 
 
data:  load$TPIn and load$TPOut 
V = 488, p-value = 2.328e-08 
alternative hypothesis: true mu is not equal to 0 
 
>  
>  
> ###Bootstrapping for 95% CI of 
> ###individual storm event mean removal efficiency  
> ###and mean loading efficiency 
> ###where 1 = RE and 2 = LE 
>  
> mymean.func <- function(data,d) 
+ { 
+   #d is the the index of resampled observations 
+   mean(data[d],na.rm=T) 
+ } 
>  
> setwd("C:/Users/Alessandra/Dropbox/R/Standalone/") 
> stand <- read.csv("stand.csv") 
>  
>  
> ####standalone bootstrapping 1=EMC, 2=Loading 
>  
> #TSS 
> boot.TSS1 <- boot(data=stand$TSS1,statistic=mymean.func,R=1000) 



 

292 
 

> boot.ci(boot.TSS1,conf=0.95) 
BOOTSTRAP CONFIDENCE INTERVAL CALCULATIONS 
Based on 1000 bootstrap replicates 
 
CALL :  
boot.ci(boot.out = boot.TSS1, conf = 0.95) 
 
Intervals :  
Level      Normal              Basic          
95%   ( 0.8977,  0.9440 )   ( 0.8988,  0.9457 )   
 
Level     Percentile            BCa           
95%   ( 0.8976,  0.9456 )   ( 0.8952,  0.9432 )   
Calculations and Intervals on Original Scale 
> 
> 
> boot.TSS2 <- boot(data=stand$TSS2,statistic=mymean.func,R=1000) 
> boot.ci(boot.TSS2,conf=0.95) 
BOOTSTRAP CONFIDENCE INTERVAL CALCULATIONS 
Based on 1000 bootstrap replicates 
 
CALL :  
boot.ci(boot.out = boot.TSS2, conf = 0.95) 
 
Intervals :  
Level      Normal              Basic          
95%   ( 0.7655,  0.8587 )   ( 0.7665,  0.8612 )   
 
Level     Percentile            BCa           
95%   ( 0.7626,  0.8584 )   ( 0.7570,  0.8544 )   
Calculations and Intervals on Original Scale 
> 
> 
>  
> #TP 
> boot.TP1 <- boot(data=stand$TP1,statistic=mymean.func,R=1000) 
> boot.ci(boot.TP1,conf=0.95) 
BOOTSTRAP CONFIDENCE INTERVAL CALCULATIONS 
Based on 1000 bootstrap replicates 
 
CALL :  
boot.ci(boot.out = boot.TP1, conf = 0.95) 
 
Intervals :  
Level      Normal              Basic          
95%   ( 0.4269,  0.6530 )   ( 0.4309,  0.6569 )   
 
Level     Percentile            BCa           
95%   ( 0.4234,  0.6494 )   ( 0.3961,  0.6348 )   
Calculations and Intervals on Original Scale 
> 
> 
> boot.TP2 <- boot(data=stand$TP2,statistic=mymean.func,R=1000) 
> boot.ci(boot.TP2,conf=0.95) 
BOOTSTRAP CONFIDENCE INTERVAL CALCULATIONS 
Based on 1000 bootstrap replicates 
 
CALL :  
boot.ci(boot.out = boot.TP2, conf = 0.95) 
 
Intervals :  
Level      Normal              Basic          
95%   ( 0.4427,  0.6603 )   ( 0.4497,  0.6801 )   
 
Level     Percentile            BCa           
95%   ( 0.4204,  0.6508 )   ( 0.4060,  0.6369 )   
Calculations and Intervals on Original Scale 

Breakpoint Analysis 

> setwd("C:/Users/Alessandra/Dropbox/Alessa R/Standalone") 
> hydro <- read.csv("bypass_updated.csv") 
> hydro$start.time <- as.POSIXct(hydro$start.time, format="%m/%d/%y %H:%M",  tz="America/New_York") 
> hydro$end.time <- as.POSIXct(hydro$end.time, format="%m/%d/%Y %H:%M", tz="America/New_York") 
> hydro$X.DATE. <- as.POSIXct(hydro$X.DATE., format="%m/%d/%Y %H:%M", tz="America/New_York") 
> hydro$OFVol <- ((hydro$OFVol)) 
> #Hockey stick it? 
> library(SiZer) 
 
> hockey2013 <- subset(hydro, format(end.time, "%Y") %in% c("2013")) 
> hockey2014 <- subset(hydro, format(end.time, "%Y") %in% c("2014")) 
> gg_color_hue <- function(n) { 
+   hues = seq(15, 375, length=n+1) 
+   hcl(h=hues, l=65, c=100)[1:n] 
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+ } 
> ###Trying segmented###### 
> require(segmented) 
Loading required package: segmented 
> require(ggplot2) 
> #2013 data only##### 
> #################### 
> y2 <- hockey2013$OFVol 
> x2 <- hockey2013$mm 
> my.lm2 <- lm(y2~x2) 
> my.seg2 <- segmented(my.lm2, seg.Z = ~x2, psi = 25) 
> #get the breakpoints 
> my.seg2$psi 
        Initial     Est.   St.Err 
psi1.x2      25 17.81186 2.578712 
> #get the slopes 
> slope(my.seg2) 
$x2 
          Est. St.Err. t value CI(95%).l CI(95%).u 
slope1 0.05014 0.04277   1.172  -0.03631    0.1356 
slope2 0.29200 0.01385  21.080   0.26430    0.3197 
 
> intercept(my.seg2) 
$x2 
              Est. 
intercept1 -0.2042 
intercept2 -4.5120 
 
> #get the fitted data 
> my.fitted2 <- fitted(my.seg2) 
> my.model2 <- data.frame(mm = hockey2013$mm, Bypass = my.fitted2) 
> #vertical lines 
> my.lines2 <- my.seg2$psi[, 2] 
> 
> ###2013 GRAPH#### 
> #################### 
> ggplot() +  
+   geom_line(data=my.model2, aes(x = mm, y= Bypass), colour=gg_color_hue(3)[2], size=1)+ 
+   geom_point(data=hockey2013, aes(x=mm, y=OFVol), shape=1, size=3, colour="black")+ 
+   geom_vline(xintercept = my.lines2, linetype="dashed", colour=gg_color_hue(3)[2])+ 
+   #geom_abline(slope=1, intercept=0, linetype=2)+ 
+   #geom_text(aes(x=1, y=1.1), label="1:1 Line", angle=70)+ 
+   theme_bw()+ 
+   labs(x="Storm Depth (mm)", y="Normalized Bypass Volume (mm per area)", title="2013")+ 
+   theme( 
+     title=element_text(size=8), 
+     axis.title.x = element_text(size=8, vjust=0.2), 
+     axis.title.y = element_text(size=8, vjust=0.75), 
+     axis.text.x = element_text(size=8), 
+     axis.text.y = element_text(size=8)) 
> ggsave("2013 Depth Hockey Stick NEW.tiff", dpi=600, height=3.5, width=4, unit="in") 
> ########## 
> 
> #2014 data only##### 
> ##################### 
> y3 <- hockey2014$OFVol 
> x3 <- hockey2014$mm 
> my.lm3 <- lm(y3~x3) 
> my.seg3 <- segmented(my.lm3, seg.Z = ~x3, psi = 25) 
>  
> #get the breakpoints 
> my.seg3$psi 
        Initial    Est.   St.Err 
psi1.x3      25 70.5815 6.434814 
>  
> #get the slopes 
> slope(my.seg3) 
$x3 
         Est. St.Err. t value CI(95%).l CI(95%).u 
slope1 0.3105 0.05657   5.488    0.1970    0.4239 
slope2 1.1430 0.31620   3.868    0.5009    1.7770 
 
> intercept(my.seg3) 
$x3 
              Est. 
intercept1  -1.886 
intercept2 -67.490 
 
>  
> #get the fitted data 
> my.fitted3 <- fitted(my.seg3) 
> my.model3 <- data.frame(mm = hockey2014$mm, Bypass = my.fitted3) 
>  
> #vertical lines 
> my.lines3 <- my.seg3$psi[, 2] 
>  
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> ####2014 PLOT#### 
> ggplot() +  
+   geom_line(data=my.model3, aes(x = mm, y= Bypass), colour=gg_color_hue(3)[2], size=1)+ 
+   geom_point(data=hockey2014, aes(x=mm, y=OFVol), shape=1, size=3, colour="black")+ 
+   geom_vline(xintercept = my.lines3, linetype="dashed", colour=gg_color_hue(3)[2])+ 
+   #geom_abline(slope=1, intercept=0, linetype=2)+ 
+   #geom_text(aes(x=1, y=1.1), label="1:1 Line", angle=70)+ 
+   theme_bw()+ 
+   labs(x="Storm Depth (mm)", y="Normalized Bypass Volume (mm per area)", title="2014")+ 
+   theme( 
+     title=element_text(size=8), 
+     axis.title.x = element_text(size=8, vjust=0.2), 
+     axis.title.y = element_text(size=8, vjust=0.75), 
+     axis.text.x = element_text(size=8), 
+     axis.text.y = element_text(size=8)) 
> ggsave("2014 Depth Hockey Stick NEW.tiff", dpi=600, height=3.5, width=4, unit="in") 

Peak Flow Analysis 

> setwd("C:/Users/Alessandra/Dropbox/Alessa R/Standalone") 
> require(exactRankTests) 
> peak <- read.csv("peakflow.csv") 
>  
> ##Testing for normality of peak flows 
> shapiro.test(peak$qpin) 
 
 Shapiro-Wilk normality test 
 
data:  peak$qpin 
W = 0.8508, p-value = 6.842e-10 
 
> shapiro.test(peak$qpout) 
 
 Shapiro-Wilk normality test 
 
data:  peak$qpout 
W = 0.8282, p-value = 1.634e-10 
 
> ad.test(peak$qpin) 
 
 Anderson-Darling normality test 
 
data:  peak$qpin 
A = 5.565, p-value = 8.562e-14 
 
> ad.test(peak$qpout) 
 
 Anderson-Darling normality test 
 
data:  peak$qpout 
A = 7.1693, p-value < 2.2e-16 
 
> log.peak.in <-log(peak$qpin) 
> log.peak.out <-(log(peak$qpout)) 
> shapiro.test(log.peak.in) 
 
 Shapiro-Wilk normality test 
 
data:  log.peak.in 
W = 0.9415, p-value = 3.799e-05 
 
> shapiro.test(log.peak.out) 
 
 Shapiro-Wilk normality test 
 
data:  log.peak.out 
W = NaN, p-value = NA 
 
> ad.test(log.peak.in) 
 
 Anderson-Darling normality test 
 
data:  log.peak.in 
A = 1.8628, p-value = 8.777e-05 
 
> ad.test(log.peak.out) 
>  
> ##Non-normal, use wilcoxon test 
> wilcox.exact(peak$qpin,peak$qpout,alternative="g",paired=T) 
 
 Asymptotic Wilcoxon signed rank test 
 
data:  peak$qpin and peak$qpout 
V = 6993, p-value < 2.2e-16 
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alternative hypothesis: true mu is greater than 0 
 
>  
> ##Testing for normality of peak flow timing 
> shapiro.test(peak$tpin) 
 
 Shapiro-Wilk normality test 
 
data:  peak$tpin 
W = 0.6881, p-value = 1.76e-13 
 
> shapiro.test(peak$tpout) 
 
 Shapiro-Wilk normality test 
 
data:  peak$tpout 
W = 0.7119, p-value = 1.188e-13 
 
> log.tp.in <-log(peak$tpin) 
> log.tp.out <-log(peak$tpout) 
> shapiro.test(log.tp.in) 
 
 Shapiro-Wilk normality test 
 
data:  log.tp.in 
W = 0.9559, p-value = 0.001721 
 
> ad.test(log.tp.in) 
 
 Anderson-Darling normality test 
 
data:  log.tp.in 
A = 1.1822, p-value = 0.004171 
 
> shapiro.test(log.tp.out) 
 
 Shapiro-Wilk normality test 
 
data:  log.tp.out 
W = 0.9567, p-value = 0.001052 
 
>  
> ##Non-normal, use wilcoxon test 
> wilcox.exact(peak$tpin,peak$tpout,paired=T) 
 
 Asymptotic Wilcoxon rank sum test 
 
data:  peak$tpin and peak$tpout 
W = 6008, p-value = 0.7662 
alternative hypothesis: true mu is not equal to 0 
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Additional Site and Monitoring Photos 

 

   
Figure A-1. Filterra® with overflow bypass pipe. 

 

 
 

 
 

Figure A-2. Planted tree species in the spring of 2013. 
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Figure A-3. Inflow compound weir for flow measurement (left) and cipolleti-style weir on the 

outlet pipe (right). 

 

 

 

 
Figure A-4. Plan and cross section of the overflow pipe for bypass monitoring. 
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Appendix B: Water quality data, R Code, and supplementary photos for 

permeable pavement and Filterra® biofiltration device in series in Fayetteville, 

NC. 

Water Quality Data 

Table B-1. Event mean concentration data for total suspended solids, total phosphorus, and 

total nitrogen at each monitoring location in the permeable pavement – Filterra® treatment 

train. 

Date Rainfall (mm) 

Total Suspended Solids (mg/L) Total Phosphorus (mg/L) Total Nitrogen (mg/L) 

MDL: 1 mg/L MDL: 0.024 mg/L   

ASPH PICP FIL ASPH PICP FIL ASPH PICP FIL 

2/26/2013 28.4     0.100 0.046  0.915 0.850  

4/4/2013 20.6     0.180 0.054  1.020 1.030  

4/12/2013 8.1     0.460 0.034  3.866 2.695  

4/19/2013 15.2 600 12  0.770 0.065  5.626 2.910  

4/29/2013 49.5 20 4.8  0.063 0.043  0.580 0.820  

5/6/2013 9.7 93 8.4  0.078 0.053  1.330 1.370  

6/26/2013 43.4 91 29  <MDL <MDL  0.560 0.400  

7/1/2013 15.2 40 19  <MDL 0.038  0.452 0.590  

7/2/2013 22.1 27 3.2  <MDL <MDL  0.570 0.310  

8/13/2013 19.8 50  3.2 0.032  0.041 0.700  0.730 

9/21/2013 24.1 92 7.6 4 0.041 0.030 <MDL 0.880 0.800 0.770 

11/1/2013 18.0 4.8 34 5.2 <MDL 0.058 <MDL 0.465 1.390 0.840 

11/26/2013 31.5   9.6 5.6 1.000 <MDL <MDL 0.825 0.620 0.500 

12/9/2013 13.5 61 4 2 0.075 0.038 <MDL 0.674 0.450 0.380 

12/14/2013 27.7 32  12 0.025  <MDL 0.363  0.504 

2/19/2014 11.7     0.130 0.037 0.026 1.660 0.320 0.320 

3/17/2014 17.3 110 3.6 2.8 0.050 0.068 0.028 0.990 0.333 0.423 

3/29/2014 8.1   18 2  0.043 0.035  0.373 0.363 

4/15/2014 20.6 30 5.6 4.8 0.480 0.039 0.036 3.713 0.143 0.323 

6/19/2014 15.5   18 4.4  0.073 0.052  2.170 1.900 

7/10/2014 12.7 87  1.2 0.370  0.028 3.810  1.320 

8/9/2014 74.4 160 2.8 2.4 0.099 <MDL <MDL 1.360 0.680 0.390 

10/14/2014 18.3 60 12 1.2       

11/24/2014 49.3 98 7.6 4.4             
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Table B-2. Event mean concentration data for total ammoniacal nitrogen, nitrate/nitrite, and 

total Kjedhal nitrogen at each monitoring location in the permeable pavement – Filterra® 

treatment train. 

Date Rainfall (mm) 

Total Ammoniacal Nitrogen (mg/L) Nitrate/Nitrite (mg/L) Total Kjedhal Nitrogen (mg/L) 

MDL: 0.045 mg/L MDL: 0.025 mg/L MDL: 0.26 mg/L 

ASPH PICP FIL ASPH PICP FIL ASPH PICP FIL 

2/26/2013 28.4 0.12 0.37  0.065 0.14  0.85 0.71  

4/4/2013 20.6 0.21 0.27  0.13 0.3  0.89 0.73  

4/12/2013 8.1 0.35 1.5  0.066 0.095  3.8 2.6  

4/19/2013 15.2 <MDL 0.74  0.026 0.81  5.6 2.1  

4/29/2013 49.5 0.094 0.095  0.16 0.54  0.42 0.28  

5/6/2013 9.7 0.47 0.29  0.13 0.62  1.2 0.75  

6/26/2013 43.4 0.21 <MDL  0.17 0.27  0.39 <MDL  

7/1/2013 15.2 0.14 <MDL  0.052 0.18  0.4 0.41  

7/2/2013 22.1 0.08 <MDL  0.3 0.18  0.27 <MDL  

8/13/2013 19.8 0.07  <MDL 0.16  0.39 0.54  0.34 

9/21/2013 24.1 0.20 <MDL <MDL 0.13 0.46 0.4 0.75 0.34 0.37 

11/1/2013 18.0 <MDL <MDL <MDL 0.045 0.54 0.31 0.42 0.85 0.53 

11/26/2013 31.5 0.23 <MDL <MDL 0.065 0.22 0.12 0.76 0.4 0.38 

12/9/2013 13.5 <MDL <MDL <MDL 0.054 0.17 0.06 0.62 0.28 0.32 

12/14/2013 27.7 <MDL  <MDL <MDL  0.074 0.35  0.43 

2/19/2014 11.7 0.26 <MDL <MDL 0.36 0.19 0.19 1.3 <MDL <MDL 

3/17/2014 17.3 <MDL <MDL <MDL 0.14 <MDL <MDL 0.85 0.32 0.41 

3/29/2014 8.1  <MDL <MDL  <MDL <MDL  0.36 0.35 

4/15/2014 20.6 <MDL <MDL <MDL <MDL <MDL <MDL 3.7 <MDL 0.31 

6/19/2014 15.5  <MDL <MDL  1.5 1.4  0.67 0.5 

7/10/2014 12.7 0.79  <MDL 0.31  0.93 3.5  0.39 

8/9/2014 74.4 0.22 <MDL <MDL 0.16 0.55 0.26 1.2 <MDL <MDL 

10/14/2014 18.3          

11/24/2014 49.3                   
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Table B-3. Load calculations for total suspended solids at each monitoring location in the 

permeable pavement – Filterra® treatment train for eight events.  

Date Rainfall (mm) 

Total Suspended Solids Load (g) 

Including Surface Runoff Excluding Surface Runoff 

ASPH + SR PICP + SR FIL + SR ASPH + SR PICP + SR FIL + SR 

9/21/2013 24.1 1460.1 488.6 486.8 974.0 2.5 0.7 

11/1/2013 18.0 54.0 16.9 11.9 42.3 4.8 0.2 

12/9/2013 13.5 479.9 38.8 35.4 447.9 6.8 3.4 

3/17/2014 17.3 1175.7 0.9 0.9 1175.7 1.1 0.9 

4/15/2014 20.6 395.1 311.5 311.5 86.3 3.2 2.7 

8/9/2014 74.4 8765.2 2692.9 2692.9 6080.8 10.0 8.6 

10/14/2014 18.3 686.9 441.4 439.5 247.4 1.9 0.0 

11/23/2014 19.1 1178.3 309.4 303.8 882.2 13.3 7.7 

 

 

 
Table B-4. Load calculations for total phosphorus at each monitoring location in the permeable 

pavement – Filterra® treatment train for eight events. Italicized values were estimated using 

half the minimum detection limit. 

Date Rainfall (mm) 

Total Phosphorus Load (g) 

Including Surface Runoff Excluding Surface Runoff 

ASPH + SR PICP + SR FIL + SR ASPH + SR PICP + SR FIL + SR 

9/21/2013 24.1 0.65 0.25 0.22 0.43 0.01 0.00 

11/1/2013 18.0 0.14 0.04 0.03 0.11 0.01 0.00 

11/26/2014 31.5 21.51 2.25 2.21 19.30 0.04 0.00 

12/9/2013 13.5 0.59 0.10 0.04 0.55 0.06 0.00 

2/19/2014 27.7 0.85 0.50 0.49 0.36 0.00 0.00 

3/17/2014 17.3 0.53 0.02 0.01 0.53 0.02 0.01 

4/15/2014 20.6 6.32 4.96 4.96 1.38 0.02 0.02 

8/9/2014 74.4 5.42 3.81 3.81 1.66 0.04 0.04 
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Table B-5. Load calculations for total nitrogen at each monitoring location in the permeable 

pavement – Filterra® treatment train for eight events. Italicized values indicate where either 

total Kjedghal nitrogen or nitrate/nitrite were censored; for these scenarios, loads were 

estimated using half the minimum detection limit for the censored analyte. 

Date Rainfall (mm) 

Total Nitrogen Load (g) 

Including Surface Runoff Excluding Surface Runoff 

ASPH + SR PICP + SR FIL + SR ASPH + SR PICP + SR FIL + SR 

9/21/2013 24.1 13.97 5.45 4.78 9.32 0.26 0.13 

11/1/2013 18.0 5.24 1.33 1.17 4.10 0.20 0.03 

11/26/2014 31.5 17.74 3.98 1.83 15.92 2.16 0.01 

12/9/2013 13.5 5.30 1.12 1.00 4.95 0.77 0.65 

2/19/2014 27.7 10.92 6.34 6.32 4.60 0.02 0.00 

3/17/2014 17.3 10.58 0.10 0.13 10.58 0.10 0.13 

4/15/2014 20.6 48.90 38.29 38.39 10.69 0.08 0.18 

8/9/2014 74.4 74.50 54.11 53.08 22.82 2.43 1.39 

 

 

 
Table B-6. Load calculations for total Kjedhal nitrogen at each monitoring location in the 

permeable pavement – Filterra® treatment train for eight events. Italicized values were 

estimated using half the minimum detection limit. 

Date Rainfall (mm) 

Total Kjedhal Nitrogen Load (g) 

Including Surface Runoff Excluding Surface Runoff 

ASPH + SR PICP + SR FIL + SR ASPH + SR PICP + SR FIL + SR 

9/21/2013 24.1 11.90 4.30 4.03 7.94 0.11 0.06 

11/1/2013 18.0 4.73 1.15 1.05 3.70 0.12 0.02 

11/26/2014 31.5 16.35 3.07 1.69 14.67 1.39 0.01 

12/9/2013 13.5 4.88 0.80 0.87 4.55 0.48 0.55 

2/19/2014 27.7 8.55 4.96 4.95 3.60 0.01 0.00 

3/17/2014 17.3 9.08 0.10 0.13 9.08 0.10 0.13 

4/15/2014 20.6 48.73 38.16 38.26 10.65 0.07 0.17 

8/9/2014 74.4 65.74 46.07 46.07 20.14 0.46 0.46 
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Table B-7. Load calculations for total ammoniacal nitrogen at each monitoring location in the 

permeable pavement – Filterra® treatment train for eight events. Italicized values were 

estimated using half the minimum detection limit. 

Date Rainfall (mm) 

Total Ammoniacal Nitrogen Load (g) 

Including Surface Runoff Excluding Surface Runoff 

ASPH + SR PICP + SR FIL + SR ASPH + SR PICP + SR FIL + SR 

9/21/2013 24.1 3.17 1.08 1.06 2.12 0.01 0.00 

11/1/2013 18.0 0.25 0.06 0.06 0.20 0.00 0.00 

11/26/2014 31.5 4.95 0.59 0.51 4.44 0.08 0.00 

12/9/2013 13.5 0.18 0.05 0.01 0.17 0.04 0.00 

2/19/2014 27.7 1.71 0.99 0.99 0.72 0.00 0.00 

3/17/2014 17.3 0.24 0.01 0.01 0.24 0.01 0.01 

4/15/2014 20.6 0.30 0.24 0.24 0.06 0.01 0.01 

8/9/2014 74.4 12.05 8.44 8.44 3.69 0.08 0.08 

 

 

 
Table B-8. Load calculations for nitrate/nitrite at each monitoring location in the permeable 

pavement – Filterra® treatment train for eight events. Italicized values were estimated using 

half the minimum detection limit. 

Date Rainfall (mm) 

Nitrate/ntirite Load (g) 

Including Surface Runoff Excluding Surface Runoff 

ASPH + SR PICP + SR FIL + SR ASPH + SR PICP + SR FIL + SR 

9/21/2013 24.1 2.06 1.15 0.74 1.38 0.15 0.05 

11/1/2013 18.0 0.51 0.19 0.11 0.40 0.08 0.00 

11/26/2014 31.5 1.40 0.91 0.14 1.25 0.77 0.00 

12/9/2013 13.5 0.42 0.32 0.03 0.40 0.29 0.00 

2/19/2014 27.7 2.37 1.38 1.37 1.00 0.01 0.00 

3/17/2014 17.3 1.50 0.00 0.00 1.50 0.00 0.00 

4/15/2014 20.6 0.17 0.14 0.14 0.04 0.01 0.01 

8/9/2014 74.4 8.77 8.04 7.01 2.68 1.96 0.93 
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R Code  

Sample Water Quality Code 

 
> ###BioPave Sample Code#### 
>  
> require(censReg) 
> require(reshape) 
> require(plyr) 
> require(nortest) 
> require(NADA) 
> require(Rcmdr) 
> require(gdata) 
> require(ggplot2) 
> require(exactRankTests) 
> require(lawstat) 
> require(PASWR) 
>  
> ###TSS EMC Data 
> ###ASPH = plot, PICP = sin, FIL = sout 
>  
> setwd("C:/Users/Alessandra/Dropbox/R/") 
> tssbio <- read.csv("tssbio.csv") 
> summary(tssbio) 
       date       rainfall       plot            sin             sout        
 1/14/14 : 1   0.2    : 2   Min.   :  4.8   Min.   : 2.80   Min.   : 1.200   
 10/11/14: 1   0.3    : 2   1st Qu.: 32.0   1st Qu.: 5.40   1st Qu.: 2.100   
 10/13/13: 1   0.56   : 2   Median : 61.0   Median : 8.00   Median : 3.600   
 10/14/14: 1   0.6    : 2   Mean   : 97.4   Mean   :11.16   Mean   : 3.943   
 11/1/13 : 1   1.38   : 2   3rd Qu.: 93.0   3rd Qu.:13.50   3rd Qu.: 4.700   
 11/24/14: 1   -      : 1   Max.   :600.0   Max.   :34.00   Max.   :12.000   
 (Other) :31   (Other):26   NA's   :20      NA's   :17      NA's   :23       
>  
> ###Compare Normality for each data set 
> shapiro.test(tssbio$plot) 
 
 Shapiro-Wilk normality test 
 
data:  tssbio$plot 
W = 0.532, p-value = 2.449e-06 
 
> shapiro.test(tssbio$sin) 
 
 Shapiro-Wilk normality test 
 
data:  tssbio$sin 
W = 0.8289, p-value = 0.00241 
 
> shapiro.test(tssbio$sout) 
 
 Shapiro-Wilk normality test 
 
data:  tssbio$sout 
W = 0.7975, p-value = 0.004649 
 
>  
> ###Try log-normal 
> log.tssplot <- log(tssbio$plot) 
> log.tsssin <- log(tssbio$sin) 
> log.tsssout <- log(tssbio$sout) 
> shapiro.test(log.tssplot) 
 
 Shapiro-Wilk normality test 
 
data:  log.tssplot 
W = 0.9415, p-value = 0.337 
 
> shapiro.test(log.tsssin) 
 
 Shapiro-Wilk normality test 
 
data:  log.tsssin 
W = 0.9708, p-value = 0.7712 
 
> shapiro.test(log.tsssout) 
 
 Shapiro-Wilk normality test 
 
data:  log.tsssout 
W = 0.9583, p-value = 0.6954 
 
>  
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> ###Paired log-normal t-test for each comparison 
> t.test(log.tssplot,log.tsssin,paired=TRUE) 
 
 Paired t-test 
 
data:  log.tssplot and log.tsssin 
t = 5.013, df = 13, p-value = 0.0002374 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 1.151695 2.896085 
sample estimates: 
mean of the differences  
                2.02389  
 
> t.test(log.tsssin,log.tsssout,paired=TRUE) 
 
 Paired t-test 
 
data:  log.tsssin and log.tsssout 
t = 3.9675, df = 10, p-value = 0.002654 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 0.4290893 1.5284444 
sample estimates: 
mean of the differences  
              0.9787669  
 
> t.test(log.tssplot,log.tsssout,paired=TRUE) 
 
 Paired t-test 
 
data:  log.tssplot and log.tsssout 
t = 6.7779, df = 10, p-value = 4.871e-05 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 1.904261 3.769375 
sample estimates: 
mean of the differences  
               2.836818  
 
>  
>  
> ###Total Phosphorus EMC Data - Example for censored data 
>  
> setwd("C:/Users/Alessandra/Dropbox/R/Censored Data") 
>  
> ###TP.ASPH, TP.PICP and TP. FIL have greater than 10% data censored  
> ###Perform Robust order on Regression Stats 
> ###and Peto & Peto modification of Gehan-Wilcoxon test for comparisons 
> ###Create CSV indicating data for each analyte at each site and a second column  
> ###whether it is below the MDL (TRUE or FALSE) 
> ###ASPH = plot, PICP = sin, FIL = sout 
>  
> tp.plot <- read.csv("TP.censored.csv") 
> tp.ASPH.ros=cenros(tp.plot$TP.plot, tp.plot$TP.plot.cens) 
> plot(tp.ASPH.ros,sub="Lognormal transformation",main="TP (ASPH)",plot.censored=T) 

 
> tp.ASPH.ros 
         n      n.cen     median       mean         sd  
20.0000000  4.0000000  0.0765000  0.1995199  0.2778354  
> censtats(tp$TP.plot,tp$TP.plot.cens) 
      n   n.cen pct.cen  
     20       4      20  
        median      mean        sd 
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K-M 0.07500000 0.2026500 0.2774713 
ROS 0.07650000 0.1995199 0.2778354 
MLE 0.06881312 0.2815609 1.1171196 
>  
> tp.sin <- read.csv("tp.sin.csv") 
> tp.PICP.ros=cenros(tp.sin$TP.sin, tp.sin$TP.sin.cens) 
> plot(tp.PICP.ros,sub="Lognormal transformation",main="TP (PICP)",plot.censored=T) 

 
> tp.PICP.ros 
          n       n.cen      median        mean          sd  
19.00000000  4.00000000  0.03900000  0.04298632  0.01531840  
> censtats(tp.sin$TP.sin,tp.sin$TP.sin.cens) 
       n    n.cen  pct.cen  
19.00000  4.00000 21.05263  
        median       mean         sd 
K-M 0.03900000 0.04415789 0.01398145 
ROS 0.03900000 0.04298632 0.01531840 
MLE 0.03242145 0.04267085 0.03651286 
>  
> tp.sout <- read.csv("tp.sout.csv") 
> tp.FIL.ros=cenros(tp.sout$TP.sout, tp.sout$TP.sout.cens) 
> plot(tp.FIL.ros,sub="Lognormal transformation",main="TP (FIL)",plot.censored=T) 

 
> tp.FIL.ros 
          n       n.cen      median        mean          sd  
13.00000000  6.00000000  0.02600000  0.02673419  0.01169873  
> censtats(tp.sout$TP.sout,tp.sout$TP.sout.cens) 
       n    n.cen  pct.cen  
13.00000  6.00000 46.15385  
       median       mean          sd 
K-M 0.0260000 0.03092308 0.008339327 
ROS 0.0260000 0.02673419 0.011698734 
MLE 0.0155453 0.02411721 0.028606008 
>    
> ###Comparing difference for TP in vs. out with Peto & Peto  
> ###modification of Gehan-Wilcoxon Test 
> ###Create CSV with three columns: (1) EMC data,  
> ###(2) site location (e.g., in, out) and (3) true or false 
> ###1 equals primary comparions (ASPH vs. PICP) 
> ###2 equals secondary comparions (PICP vs. Filterra) 
> ###3 equals overall comparison (ASPH vs. Filterra) 
>  



 

306 
 

> tp.1 <- read.csv("TP.1.csv") 
> cendiff(tp.1$TP.1,tp.1$Cens.TP.1,tp.1$Group.TP.1) 
                     N Observed Expected (O-E)^2/E (O-E)^2/V 
tp.1$Group.TP.1=in  17    10.29     6.15      2.80      6.36 
tp.1$Group.TP.1=out 17     6.18    10.32      1.67      6.36 
 
 Chisq= 6.4  on 1 degrees of freedom, p= 0.0117  
>  
>  
> tp.2 <- read.csv("TP.2.csv") 
> cendiff(tp.2$TP.2,tp.2$Cens.TP.2,tp.2$Group.TP.2) 
                     N Observed Expected (O-E)^2/E (O-E)^2/V 
tp.2$Group.TP.2=in  10     6.25     3.45      2.27      4.93 
tp.2$Group.TP.2=out 10     2.85     5.65      1.39      4.93 
 
 Chisq= 4.9  on 1 degrees of freedom, p= 0.0264  
>  
> tp.3 <- read.csv("TP.3.csv") 
> cendiff(tp.3$TP.3,tp.3$Cens.TP.3,tp.3$Group.TP.3) 
                     N Observed Expected (O-E)^2/E (O-E)^2/V 
tp.3$Group.TP.3=in  11     7.64     3.55      4.72      9.96 
tp.3$Group.TP.3=out 11     2.68     6.77      2.47      9.96 
 
 Chisq= 10  on 1 degrees of freedom, p= 0.0016  
>  
>  
> ###TN with Wilcoxon-signed rank test 
> ###Assumes 1/2 detection limit when 
> ###TKN or NOx censored 
> ###ASPH = plot, PICP = sin, FIL = sout 
>  
> TN <- read.csv("TN.csv") 
>  
> ###Test for symmetry with test 
> diff.1 <- TN$TN.plot-TN$TN.sin 
> boxplot(diff.1) 
> symmetry.test(diff.1) 
 
 m-out-of-n bootstrap symmetry test by Miao, Gel, and Gastwirth (2006) 
 
data:  diff.1 
Test statistic = 2.3478, p-value = 0.082 
alternative hypothesis: the distribution is asymmetric. 
sample estimates: 
bootstrap optimal m  
                 11  
 
>  
> ###Symmetric because p > 0.05 
> ###continue with wilcoxon test 
> wilcox.exact(TN$TN.plot,TN$TN.sin,paired=T) 
 
 Exact Wilcoxon signed rank test 
 
data:  TN$TN.plot and TN$TN.sin 
V = 123, p-value = 0.02667 
alternative hypothesis: true mu is not equal to 0 
 
> wilcox.exact(TN$TN.sin,TN$TN.sout,paired=T) 
 
 Exact Wilcoxon signed rank test 
 
data:  TN$TN.sin and TN$TN.sout 
V = 43, p-value = 0.1309 
alternative hypothesis: true mu is not equal to 0 
 
> wilcox.exact(TN$TN.plot,TN$TN.sout,paired=T) 
 
 Exact Wilcoxon signed rank test 
 
data:  TN$TN.plot and TN$TN.sout 
V = 56, p-value = 0.04199 
alternative hypothesis: true mu is not equal to 0 
>  
>  
 
>  
> ###test for log-normality 
> shapiro.test(log.peak$time.PLOT) 
 
 Shapiro-Wilk normality test 
 
data:  log.peak$time.PLOT 
W = 0.9416, p-value = 4.154e-05 
 
> shapiro.test(log.peak$time.SIN) 
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 Shapiro-Wilk normality test 
 
data:  log.peak$time.SIN 
W = 0.932, p-value = 0.0001974 
 
> shapiro.test(log.peak$time.SOUT) 
 
 Shapiro-Wilk normality test 
 
data:  log.peak$time.SOUT 
W = 0.9157, p-value = 0.0004146 
 
>  
> ###Use Wilcoxon signed-rank test 
> wilcox.test(peak$time.PLOT,peak$time.SIN,paired=T) 
 
 Wilcoxon signed rank test with continuity correction 
 
data:  peak$time.PLOT and peak$time.SIN 
V = 237, p-value = 1.287e-12 
alternative hypothesis: true location shift is not equal to 0 
 
> wilcox.test(peak$time.SIN,peak$time.SOUT,paired=T) 
 
 Wilcoxon signed rank test with continuity correction 
 
data:  peak$time.SIN and peak$time.SOUT 
V = 673.5, p-value = 0.3831 
alternative hypothesis: true location shift is not equal to 0 
 
Warning messages: 
1: In wilcox.test.default(peak$time.SIN, peak$time.SOUT, paired = T) : 
  cannot compute exact p-value with ties 
2: In wilcox.test.default(peak$time.SIN, peak$time.SOUT, paired = T) : 
  cannot compute exact p-value with zeroes 
> wilcox.test(peak$time.PLOT,peak$time.SOUT,paired=T) 
 
 Wilcoxon signed rank test with continuity correction 
 
data:  peak$time.PLOT and peak$time.SOUT 
V = 207, p-value = 6.984e-08 
alternative hypothesis: true location shift is not equal to 0 

 

Peak Flow Analysis 

 
> ####Peak Flows 
> ###ASPH = PLOT, PICP = SIN, FIL = SOUT 
> ###SR = surface runoff 
> ###Compared both with and without SR 
>  
> setwd("C:/Users/Alessandra/Dropbox/R/BioPave") 
> peak <- read.csv("BioPeak.csv") 
>  
> ###Test for normality 
> shapiro.test(peak$PLOT) 
 
 Shapiro-Wilk normality test 
 
data:  peak$PLOT 
W = 0.8496, p-value = 6.092e-10 
 
> shapiro.test(peak$SR) 
 
 Shapiro-Wilk normality test 
 
data:  peak$SR 
W = 0.7664, p-value = 7.937e-13 
 
> shapiro.test(peak$SIN) 
 
 Shapiro-Wilk normality test 
 
data:  peak$SIN 
W = 0.5381, p-value < 2.2e-16 
 
> shapiro.test(peak$SOUT) 
 
 Shapiro-Wilk normality test 
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data:  peak$SOUT 
W = 0.514, p-value < 2.2e-16 
 
> shapiro.test(peak$SINSR) 
 
 Shapiro-Wilk normality test 
 
data:  peak$SINSR 
W = 0.7983, p-value = 1.341e-11 
 
> shapiro.test(peak$SOUTSR) 
 
 Shapiro-Wilk normality test 
 
data:  peak$SOUTSR 
W = 0.7959, p-value = 1.122e-11 
 
>  
> ###Test for log-normality 
> log.peak <-log1p(peak) 
> shapiro.test(log.peak$PLOT) 
 
 Shapiro-Wilk normality test 
 
data:  log.peak$PLOT 
W = 0.8811, p-value = 1.434e-08 
 
> shapiro.test(log.peak$SR) 
 
 Shapiro-Wilk normality test 
 
data:  log.peak$SR 
W = 0.7917, p-value = 4.914e-12 
 
> shapiro.test(log.peak$SIN) 
 
 Shapiro-Wilk normality test 
 
data:  log.peak$SIN 
W = 0.5424, p-value < 2.2e-16 
 
> shapiro.test(log.peak$SOUT) 
 
 Shapiro-Wilk normality test 
 
data:  log.peak$SOUT 
W = 0.5181, p-value < 2.2e-16 
 
> shapiro.test(log.peak$SINSR) 
 
 Shapiro-Wilk normality test 
 
data:  log.peak$SINSR 
W = 0.8227, p-value = 9.193e-11 
 
> shapiro.test(log.peak$SOUTSR) 
 
 Shapiro-Wilk normality test 
 
data:  log.peak$SOUTSR 
W = 0.8198, p-value = 7.239e-11 
 
>  
> ###Use Wilcoxon signed-rank test 
>  
> ###Excluding surface runoff 
> PLOTwithoutSR<-peak$PLOT-peak$SR 
> wilcox.test(PLOTwithoutSR,peak$SIN,paired=T) 
 
 Wilcoxon signed rank test with continuity correction 
 
data:  PLOTwithoutSR and peak$SIN 
V = 7077, p-value = 1.038e-14 
alternative hypothesis: true location shift is not equal to 0 
 
> wilcox.test(peak$SIN,peak$SOUT,paired=T) 
 
 Wilcoxon signed rank test with continuity correction 
 
data:  peak$SIN and peak$SOUT 
V = 544, p-value = 2.608e-06 
alternative hypothesis: true location shift is not equal to 0 
 
Warning messages: 
1: In wilcox.test.default(peak$SIN, peak$SOUT, paired = T) : 
  cannot compute exact p-value with ties 
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2: In wilcox.test.default(peak$SIN, peak$SOUT, paired = T) : 
  cannot compute exact p-value with zeroes 
> wilcox.test(PLOTwithoutSR,peak$SOUT,paired=T) 
 
 Wilcoxon signed rank test with continuity correction 
 
data:  PLOTwithoutSR and peak$SOUT 
V = 7097, p-value = 7.028e-15 
alternative hypothesis: true location shift is not equal to 0 
 
>  
> #Including surface runoff 
> wilcox.test(peak$PLOT,peak$SINSR,paired=T) 
 
 Wilcoxon signed rank test with continuity correction 
 
data:  peak$PLOT and peak$SINSR 
V = 3916, p-value = 3.781e-16 
alternative hypothesis: true location shift is not equal to 0 
 
> wilcox.test(peak$SINSR,peak$SOUTSR) 
 
 Wilcoxon rank sum test with continuity correction 
 
data:  peak$SINSR and peak$SOUTSR 
W = 7494, p-value = 0.7496 
alternative hypothesis: true location shift is not equal to 0 
 
> wilcox.test(peak$PLOT,peak$SOUTSR,paired=T) 
 
 Wilcoxon signed rank test with continuity correction 
 
data:  peak$PLOT and peak$SOUTSR 
V = 3916, p-value = 3.75e-16 
alternative hypothesis: true location shift is not equal to 0 
 
>  
>  
> ###Peak flow time metrics 
>  
> ###test for normality 
> shapiro.test(peak$time.PLOT) 
 
 Shapiro-Wilk normality test 
 
data:  peak$time.PLOT 
W = 0.9414, p-value = 3.974e-05 
 
> shapiro.test(peak$time.SIN) 
 
 Shapiro-Wilk normality test 
 
data:  peak$time.SIN 
W = 0.9318, p-value = 0.0001936 
 
> shapiro.test(peak$time.SOUT) 
 
 Shapiro-Wilk normality test 
 
data:  peak$time.SOUT 
W = 0.9155, p-value = 0.0004061 
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Additional Site and Monitoring Photos 

 

 

 
Figure B-1. Plan view of BioPaveTM stormwater treatment system. 
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Figure B-2. Permeable interlocking concrete paver surface. 

 

 

 

 

Figure B-3. Installation of Filterra® Bioretention Filtration system. 
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Figure B-4. Installed Filterra® Bioretention Filtration system with planted crape myrtle. 

 

 

 

 

 

Figure B-5. Clogged PICP surface. 
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Figure B-6. ASTM C1701/C1707M single-ring infiltration testing. 

 

 

 

 
 

Figure B-7. PICP after maintenance. 
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Appendix C: Water quality data and R Code for Durham, NC permeable 

pavement. 

Water Quality Data 

Table C-1. Event mean concentration data for total suspended solids, total phosphorus, and 

soluble reactive phosphorus for the Durham, NC permeable pavement. 

Date Rainfall (mm) 

Total Suspended Solids 

(mg/L) 
Total Phosphorus (mg/L) 

Soluble Reactive 

Phosphorus (mg/L) 

Control Effluent Control Effluent Control Effluent 

3/28/2014 21.3 136.5 2.9 0.210 0.011 0.009 0.002 

4/7/2014 37.1 260.2 8.3 0.419 0.023 0.014 0.005 

4/15/2014 35.8 719.4 19.8 0.689 0.051 0.007 0.002 

4/25/2014 17.8 2000.3 47.9 1.431 0.061 0.013 0.005 

4/30/2014 20.8 929.8 29.6 0.371 0.043 0.006 0.003 

5/27/2014 19.8 1186.7 12.1 0.714 0.024 0.019 0.005 

6/11/2014 18.8 818.3 5.0 0.696 0.009 0.006 0.002 

6/20/2014 29.2 1158.4 3.1 0.639 0.009 0.006 0.001 

7/9/2014 14.5 1175.2 6.9 0.442 0.010 0.007 0.002 

7/15/2014 89.4 1758.1 30.1 0.988 0.077 0.008 0.003 

7/21/2014 70.6 829.4 5.4 0.709 0.031 0.018 0.006 

7/24/2014 19.3 643.9 9.2 0.777 0.031 0.017 0.002 

8/1/2014 36.3 492.8 4.3 0.448 0.024 0.008 0.003 

8/9/2014 43.9 349.6 7.1 0.360 0.009 0.008 0.002 

8/12/2014 11.7 1192.2 3.2 0.765 0.006 0.015 0.013 

8/18/2014 17.3 1340.9 5.5 NAa 0.013 0.006 0.003 

9/23/2014 53.3 363.6 2.2 0.305 0.011 0.014 0.002 

10/10/2014 21.6 1438.2 4.9 0.532 0.023 0.008 0.002 

10/14/2014 10.2 416.3 1.3 0.491 0.008 0.008 0.002 

11/1/2014 13.2 136.6 9.8 0.249 0.017 0.010 0.003 

11/17/2014 11.4 NAb NAb 0.411 0.019 0.033 0.002 

11/23/2014 20.8 231.5 38.5 0.291 0.068 0.036 0.007 

12/8/2014 20.6 148.2 9.8 0.250 0.012 0.024 0.004 

12/16/2014 9.9 252.4 9.3 0.350 0.008 0.021 0.003 

1/4/2015 8.3 840.1 13.1 0.497 0.016 0.012 0.004 

1/12/2015 35.8 149.9 1.9 0.204 0.007 0.025 0.002 

1/23/2015 21.5 136.1 1.0 0.197 0.009 0.015 0.001 

2/2/2015 11.1 422.9 119.2 0.442 0.127 0.004 0.003 

2/9/2015 20.8 161.5 1.5 0.126 0.007 0.010 0.002 

aAnalysis from lab invalid due to violation of quality control for this sample 
bInsufficent volume for TSS analysis for this storm event 
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Table C-2. Event mean concentration data for total Kjedhal nitrogen, nitrate/nitrite, total 

ammoniacal nitrogen, and total nitrogen for the Durham, NC permeable pavement. 

Date Rainfall (mm) 

Total Kjedhal 

Nitrogen (mg/L) 

Nitrate/Nitrite 

(mg/L) 

Total Ammoniacal 

Nitrogen (mg/L) 

Total Nitrogen 

(mg/L) 

Control Effluent Control Effluent Control Effluent Control Effluent 

3/28/2014 21.3 1.173 1.182 0.111 0.362 0.111 0.855 1.284 1.544 

4/7/2014 37.1 1.226 0.746 0.168 0.934 0.178 0.574 1.394 1.680 

4/15/2014 35.8 4.606 0.321 0.020 1.306 0.044 0.076 4.627 1.627 

4/25/2014 17.8 5.011 0.260 0.061 0.612 0.162 0.053 5.072 0.872 

4/30/2014 20.8 2.025 0.226 0.124 0.641 0.081 0.030 2.148 0.866 

5/27/2014 19.8 3.346 0.178 0.328 0.654 0.226 0.046 3.674 0.832 

6/11/2014 18.8 2.372 0.132 0.241 0.718 0.123 0.010 2.613 0.850 

6/20/2014 29.2 1.660 0.178 0.266 0.505 0.138 0.013 1.926 0.683 

7/9/2014 14.5 4.247 0.211 0.317 0.603 0.371 0.045 4.564 0.814 

7/15/2014 89.4 2.053 0.248 0.193 0.229 0.188 0.051 2.246 0.477 

7/21/2014 70.6 1.149 0.130 0.143 0.259 0.165 0.027 1.292 0.389 

7/24/2014 19.3 1.066 0.098 0.130 0.284 0.220 0.013 1.197 0.381 

8/1/2014 36.3 0.881 0.125 0.043 0.340 0.128 0.015 0.924 0.465 

8/9/2014 43.9 1.141 0.112 0.096 0.538 0.067 0.015 1.237 0.650 

8/12/2014 11.7 2.214 0.121 0.114 0.328 0.219 0.032 2.328 0.449 

8/18/2014 17.3 1.932 0.175 0.095 0.347 0.115 0.025 2.026 0.522 

9/23/2014 53.3 0.828 0.135 0.045 0.322 0.036 0.022 0.873 0.458 

10/10/2014 21.6 2.122 0.115 0.249 0.491 0.117 0.015 2.371 0.605 

10/14/2014 10.2 0.965 0.151 0.029 0.204 0.079 0.043 0.994 0.356 

11/1/2014 13.2 1.078 0.278 0.265 0.694 0.126 0.081 1.343 0.972 

11/17/2014 11.4 1.569 0.121 0.131 0.504 0.052 0.021 1.701 0.625 

11/23/2014 20.8 0.890 0.089 0.020 0.183 0.033 0.037 0.910 0.273 

12/8/2014 20.6 1.579 0.120 0.072 0.196 0.154 0.053 1.651 0.316 

12/16/2014 9.9 1.070 0.053 0.102 0.150 0.105 0.015 1.172 0.203 

1/4/2015 8.3 4.237 0.066 0.017 0.134 0.053 0.009 4.254 0.200 

1/12/2015 35.8 1.517 0.056 0.072 0.238 0.089 0.017 1.589 0.293 

1/23/2015 21.5 1.102 0.061 0.107 0.270 0.124 0.014 1.208 0.331 

2/2/2015 11.1 1.619 0.322 0.099 0.331 0.084 0.048 1.718 0.653 

2/9/2015 20.8 0.841 0.193 0.083 0.295 0.044 0.066 0.924 0.488 
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Table C-3. Event mean concentration data for copper, lead, and zinc for the Durham, NC 

permeable pavement. 

Date Rainfall (mm) 
Copper (μg/L) Lead (μg/L) Zinc (μg/L) 

Control Effluent Control Effluent Control Effluent 

4/30/2014 20.8 21 3.7 20 < 2.0 61 11 

5/27/2014 19.8 28 2.3 25 < 2.0 78 < 10.0 

6/11/2014 18.8 21 2.7 19 < 2.0 65 < 10.0 

6/20/2014 29.2 14 2.3 15 < 2.0 39 < 10.0 

7/15/2014 89.4 14 2.4 16 < 2.0 48 < 10.0 

7/21/2014 70.6 10 < 2.0 12 < 2.0 35 < 10.0 

7/24/2014 19.3 11 < 2.0 11 < 2.0 41 < 10.0 

8/1/2014 36.3 10 < 2.0 9.1 < 2.0 28 < 10.0 

8/9/2014 43.9 9.3 < 2.0 6.9 < 2.0 25 < 10.0 

8/12/2014 11.7 36 19 33 < 2.0 99 < 10.0 

8/18/2014 17.3 18 2.9 16 < 2.0 49 < 10.0 

9/23/2014 53.3 7.8 < 2.0 6.6 < 2.0 34 < 10.0 

10/10/2014 21.6 24 2 25 < 2.0 100 < 10.0 

10/14/2014 10.2 11 2.9 8.6 < 2.0 40 < 10.0 

12/8/2014 20.6 7.5 2.5 3.3 < 2.0 28 < 10.0 

1/4/2015 8.3 24 2.3 18 < 2.0 110 < 10.0 

1/12/2015 35.8 8.5 < 2.0 4.2 < 2.0 27 < 10.0 

1/23/2015 21.5 6.1 2.1 2.2 < 2.0 22 < 10.0 

2/2/2015 11.1 10 7.5 5.4 < 2.0 45 < 10.0 
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Table C-4. Load data for total suspended solids, total phosphorus, and soluble reactive 

phosphorus for the Durham, NC permeable pavement. 

Date Rainfall (mm) 
Total Suspended Solids (g) Total Phosphorus (g) 

Soluble Reactive 

Phosphorus (g) 

Control Effluent Control Effluent Control Effluent 

3/28/2014 21.3 178.2 3.8 0.274 0.016 0.012 0.003 

4/7/2014 37.1 617.8 19.6 0.996 0.041 0.034 0.008 

4/15/2014 35.8 1648.6 45.4 1.580 0.073 0.017 0.003 

4/25/2014 17.8 1977.7 47.3 1.415 0.043 0.013 0.003 

4/30/2014 20.8 1186.3 37.7 0.473 0.023 0.008 0.002 

5/27/2014 19.8 1342.7 13.7 0.808 0.014 0.021 0.003 

6/11/2014 18.8 967.2 5.9 0.823 0.007 0.007 0.001 

6/20/2014 29.2 2155.3 5.8 1.189 0.013 0.012 0.002 

7/9/2014 14.5 929.0 5.5 0.349 0.004 0.006 0.001 

7/15/2014 89.4 10183.3 174.2 5.722 0.471 0.048 0.015 

7/21/2014 70.6 3603.0 23.6 3.081 0.139 0.076 0.027 

7/24/2014 19.3 758.2 10.9 0.915 0.023 0.020 0.002 

8/1/2014 36.3 1146.0 9.9 1.041 0.040 0.019 0.006 

8/9/2014 43.9 918.9 18.6 0.948 0.013 0.020 0.003 

8/12/2014 11.7 858.9 2.3 0.551 0.003 0.011 0.006 

8/18/2014 17.3 1284.6 5.2 N/Aa 0.012 0.006 0.003 

9/23/2014 53.3 1249.2 7.4 1.047 0.041 0.047 0.007 

10/10/2014 21.6 1760.8 6.0 0.652 0.028 0.010 0.002 

10/14/2014 10.2 249.3 0.8 0.294 0.004 0.005 0.001 

11/1/2014 13.2 107.2 7.7 0.195 0.006 0.008 0.001 

11/17/2014 11.4 N/Ab N/Ab 0.251 0.004 0.020 0.000 

11/23/2014 20.8 271.9 45.2 0.341 0.079 0.042 0.009 

12/8/2014 20.6 186.7 12.4 0.315 0.008 0.030 0.002 

12/16/2014 9.9 132.1 4.9 0.183 0.002 0.011 0.001 

1/4/2015 8.3 424.5 6.6 0.251 0.005 0.006 0.001 

1/12/2015 35.8 316.5 3.9 0.431 0.013 0.053 0.004 

1/23/2015 21.5 165.8 1.2 0.240 0.008 0.018 0.001 

2/2/2015 11.1 250.1 70.5 0.261 0.036 0.002 0.001 

2/9/2015 20.8 189.6 1.8 0.148 0.006 0.012 0.002 

aAnalysis from lab invalid due to violation of quality control for this sample 
bInsufficent volume for TSS analysis for this storm event 
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Table C-5. Load data for total Kjedhal nitrogen, nitrate/nitrite, total ammoniacal nitrogen, and 

total nitrogen for the Durham, NC permeable pavement. 

Date Rainfall (mm) 

Total Kjedhal 

Nitrogen (g) 
Nitrate/Nitrite (g) 

Total Ammoniacal 

Nitrogen (g) 
Total Nitrogen (g) 

Control Effluent Control Effluent Control Effluent Control Effluent 

3/28/2014 21.3 1.53 1.70 0.14 0.52 0.15 1.23 1.68 2.22 

4/7/2014 37.1 2.91 1.30 0.40 1.62 0.42 1.00 3.31 2.92 

4/15/2014 35.8 10.56 0.46 0.05 1.87 0.10 0.11 10.60 2.34 

4/25/2014 17.8 4.95 0.18 0.06 0.43 0.16 0.04 5.02 0.62 

4/30/2014 20.8 2.58 0.12 0.16 0.34 0.10 0.02 2.74 0.46 

5/27/2014 19.8 3.79 0.10 0.37 0.38 0.26 0.03 4.16 0.49 

6/11/2014 18.8 2.80 0.09 0.28 0.52 0.15 0.01 3.09 0.61 

6/20/2014 29.2 3.09 0.26 0.49 0.75 0.26 0.02 3.58 1.01 

7/9/2014 14.5 3.36 0.09 0.25 0.24 0.29 0.02 3.61 0.33 

7/15/2014 89.4 11.89 1.51 1.12 1.39 1.09 0.31 13.01 2.90 

7/21/2014 70.6 4.99 0.58 0.62 1.15 0.72 0.12 5.61 1.73 

7/24/2014 19.3 1.26 0.07 0.15 0.21 0.26 0.01 1.41 0.28 

8/1/2014 36.3 2.05 0.21 0.10 0.58 0.30 0.03 2.15 0.79 

8/9/2014 43.9 3.00 0.16 0.25 0.78 0.18 0.02 3.25 0.94 

8/12/2014 11.7 1.59 0.05 0.08 0.15 0.16 0.01 1.68 0.20 

8/18/2014 17.3 1.85 0.17 0.09 0.33 0.11 0.02 1.94 0.50 

9/23/2014 53.3 2.84 0.50 0.15 1.19 0.13 0.08 3.00 1.69 

10/10/2014 21.6 2.60 0.14 0.30 0.60 0.14 0.02 2.90 0.75 

10/14/2014 10.2 0.58 0.07 0.02 0.10 0.05 0.02 0.60 0.17 

11/1/2014 13.2 0.85 0.11 0.21 0.26 0.10 0.03 1.05 0.37 

11/17/2014 11.4 0.96 0.02 0.08 0.10 0.03 0.00 1.04 0.12 

11/23/2014 20.8 1.05 0.10 0.02 0.21 0.04 0.04 1.07 0.32 

12/8/2014 20.6 1.99 0.08 0.09 0.13 0.19 0.04 2.08 0.21 

12/16/2014 9.9 0.56 0.01 0.05 0.04 0.05 0.00 0.61 0.06 

1/4/2015 8.3 2.14 0.02 0.01 0.04 0.03 0.00 2.15 0.06 

1/12/2015 35.8 3.20 0.09 0.15 0.40 0.19 0.03 3.36 0.50 

1/23/2015 21.5 1.34 0.05 0.13 0.23 0.15 0.01 1.47 0.28 

2/2/2015 11.1 0.96 0.09 0.06 0.09 0.05 0.01 1.02 0.19 

2/9/2015 20.8 0.99 0.16 0.10 0.25 0.05 0.06 1.09 0.41 
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Table C-6. Load data for copper, lead, and zinc for the Durham, NC permeable pavement. 

Date Rainfall (mm) 
Copper (mg) Lead (mg) Zinc (mg) 

Control Effluent Control Effluent Control Effluent 

4/30/2014 20.8 26.8 2.0 25.5 0.5 77.8 5.9 

5/27/2014 19.8 31.7 1.3 28.3 0.6 88.2 2.9 

6/11/2014 18.8 24.8 1.9 22.5 0.7 76.8 3.6 

6/20/2014 29.2 26.0 3.4 27.9 1.5 72.6 7.4 

7/15/2014 89.4 81.1 14.6 92.7 6.1 278.0 30.4 

7/21/2014 70.6 43.4 4.4 52.1 4.4 152.0 22.2 

7/24/2014 19.3 13.0 0.7 13.0 0.7 48.3 3.7 

8/1/2014 36.3 23.3 1.7 21.2 1.7 65.1 8.5 

8/9/2014 43.9 24.4 1.4 18.1 1.4 65.7 7.2 

8/12/2014 11.7 25.9 8.6 23.8 0.5 71.3 2.3 

8/18/2014 17.3 17.2 2.8 15.3 1.0 46.9 4.8 

9/23/2014 53.3 26.8 3.7 22.7 3.7 116.8 18.4 

10/10/2014 21.6 29.4 2.5 30.6 1.2 122.4 6.2 

10/14/2014 10.2 6.6 1.4 5.2 0.5 24.0 2.4 

12/8/2014 20.6 9.4 1.7 4.2 0.7 35.3 3.4 

1/4/2015 8.3 12.1 0.7 9.1 0.3 55.6 1.5 

1/12/2015 35.8 17.9 1.7 8.9 1.7 57.0 8.4 

1/23/2015 21.5 7.4 1.8 2.7 0.9 26.8 4.3 

2/2/2015 11.1 5.9 2.1 3.2 0.3 26.6 1.4 
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R Code  

> ###Piney Woods Sample Code#### 
>  
> require(censReg) 
> require(reshape) 
> require(plyr) 
> require(nortest) 
> require(NADA) 
> require(Rcmdr) 
> require(gdata) 
> require(ggplot2) 
> require(exactRankTests) 
> require(lawstat) 
> require(PASWR) 
>  
>  
> setwd("C:/Users/Alessandra/Dropbox/NC State Work/Research--Piney/Stats") 
> PineyPoll <- read.csv("PineyPoll.csv") 
>  
> ON.Ctrl=PineyPoll$TKN.Ctrl-PineyPoll$NH3.Ctrl 
> ON.Out=PineyPoll$TKN.Out-PineyPoll$NH3.Out 
>  
> ###Sample code provided for TSS, NOx, and ON 
>  
> ###Test data sets for normality 
> shapiro.test(PineyPoll$TSS.Ctrl) 
 
 Shapiro-Wilk normality test 
 
data:  PineyPoll$TSS.Ctrl 
W = 0.8984, p-value = 0.01051 
 
> shapiro.test(PineyPoll$TSS.Out) 
 
 Shapiro-Wilk normality test 
 
data:  PineyPoll$TSS.Out 
W = 0.5569, p-value = 4.637e-08 
 
> shapiro.test(PineyPoll$NOX.Cntrl) 
 
 Shapiro-Wilk normality test 
 
data:  PineyPoll$NOX.Cntrl 
W = 0.9042, p-value = 0.01236 
 
> shapiro.test(PineyPoll$NOX.Out) 
 
 Shapiro-Wilk normality test 
 
data:  PineyPoll$NOX.Out 
W = 0.8661, p-value = 0.001663 
 
> shapiro.test(ON.Ctrl) 
 
 Shapiro-Wilk normality test 
 
data:  ON.Ctrl 
W = 0.7779, p-value = 3.434e-05 
 
> shapiro.test(ON.Out) 
 
 Shapiro-Wilk normality test 
 
data:  ON.Out 
W = 0.9366, p-value = 0.08181 
 
>  
>  
>  
> ###Test data sets for log-normality 
> shapiro.test(log(PineyPoll$TSS.Ctrl)) 
 
 Shapiro-Wilk normality test 
 
data:  log(PineyPoll$TSS.Ctrl) 
W = 0.9216, p-value = 0.0379 
 
> shapiro.test(log(PineyPoll$TSS.Out)) 
 
 Shapiro-Wilk normality test 
 
data:  log(PineyPoll$TSS.Out) 
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W = 0.9788, p-value = 0.8209 
 
> shapiro.test(log(PineyPoll$NOX.Cntrl)) 
 
 Shapiro-Wilk normality test 
 
data:  log(PineyPoll$NOX.Cntrl) 
W = 0.9393, p-value = 0.09598 
 
> shapiro.test(log(PineyPoll$NOX.Out)) 
 
 Shapiro-Wilk normality test 
 
data:  log(PineyPoll$NOX.Out) 
W = 0.9805, p-value = 0.8518 
 
> shapiro.test(log(ON.Ctrl)) 
 
 Shapiro-Wilk normality test 
 
data:  log(ON.Ctrl) 
W = 0.902, p-value = 0.01096 
 
> shapiro.test(log(ON.Out)) 
 
 Shapiro-Wilk normality test 
 
data:  log(ON.Out) 
W = 0.9705, p-value = 0.5721 
 
>  
>  
> summary(PineyPoll$TSS.Ctrl) 
   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.    NA's  
  136.1   247.1   568.3   703.2  1163.0  2000.0       1  
> summary(PineyPoll$TSS.Oout) 
Length  Class   Mode  
     0   NULL   NULL  
> summary(PineyPoll$NOX.Cntrl) 
   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  
0.01710 0.07192 0.10660 0.12900 0.16810 0.32810  
> summary(PineyPoll$NOX.Out) 
   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  
 0.1336  0.2590  0.3397  0.4370  0.6028  1.3060  
> summary(ON.Ctrl) 
   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  
 0.7532  0.9656  1.4280  1.7890  1.9950  4.8490  
> summary(ON.Out) 
   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  
0.03778 0.08931 0.11390 0.13390 0.17180 0.32740  
>  
>  
> ###Neither fits normal or log-normal 
> ###distribution, use Wilcoxon signed-rank test 
> wilcox.exact(PineyPoll$TSS.Ctrl,PineyPoll$TSS.Out,paired=T) 
 
 Exact Wilcoxon signed rank test 
 
data:  PineyPoll$TSS.Ctrl and PineyPoll$TSS.Out 
V = 406, p-value = 7.451e-09 
alternative hypothesis: true mu is not equal to 0 
 
> wilcox.exact(PineyPoll$NOX.Cntrl,PineyPoll$NOX.Out,paired=T) 
 
 Exact Wilcoxon signed rank test 
 
data:  PineyPoll$NOX.Cntrl and PineyPoll$NOX.Out 
V = 0, p-value = 3.725e-09 
alternative hypothesis: true mu is not equal to 0 
 
> wilcox.exact(ON.Ctrl,ON.Out,paired=T) 
 
 Exact Wilcoxon signed rank test 
 
data:  ON.Ctrl and ON.Out 
V = 435, p-value = 3.725e-09 
alternative hypothesis: true mu is not equal to 0
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Appendix D: Schematic of Willoughby Hills Large permeable pavement. 

 
Figure D-1. Schematic of Willoughby Hills Large permeable pavement. Permeable pavement area with 15 cm of internal water storage 

outlined in red (205 m2).
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Appendix E: Results from calibration and validation of DRAINMOD to field-

collected data from permeable pavements in North Carolina and Ohio. 

 

Table E-1. Storm event results for calibration of drainage at the Boone, NC permeable 

pavement. 

Date 
Boone Drainage: Calibration 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

4/16/2011 6.42 6.12 0.09 31.70 

4/28/2011 0.51 0.41 0.01 0.08 

6/8/2011 0.40 0.78 0.15 0.15 

6/28/2011 1.80 1.85 0.00 1.02 

8/26/2011 0.00 0.01 0.00 0.62 

4/2/2012 0.08 0.23 0.02 0.51 

4/3/2012 0.00 0.00 0.00 0.62 

4/5/2012 0.00 0.00 0.00 0.62 

4/17/2012 0.27 0.87 0.35 0.27 

4/18/2012 0.00 0.68 0.47 0.62 

4/19/2012 0.00 0.01 0.00 0.62 

6/11/2012 0.00 0.00 0.00 0.62 

Average 0.79 0.91     

Sum 9.5 11.0 1.1 37.5 

% of Water Balance 15.0 17.3     

NSE 0.97    

R2 0.98    

% Diff. 15.8       
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Table E-2. Storm event results for validation of drainage at the Boone, NC permeable 

pavement. 

Date 
Boone Drainage: Validation 

Measured Depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

7/4/2011 1.27 1.82 0.30 0.01 

7/5/2011 0.00 0.13 0.02 1.42 

7/17/2011 0.00 0.14 0.02 1.42 

9/5/2011 1.46 0.00 2.14 0.07 

9/6/2011 7.98 6.64 1.77 46.05 

9/21/2011 0.00 0.00 0.00 1.42 

5/14/2012 0.00 0.32 0.10 1.42 

5/31/2012 0.00 0.01 0.00 1.42 

7/11/2012 0.00 0.22 0.05 1.42 

Average 1.19 1.03     

Sum 10.7 9.3 4.4 54.6 

% of Water Balance 15.8 13.7     

NSE 0.92    

R2 0.94    

% Diff. -13.2       

 

  



 

325 
 

Table E-3. Storm event results for calibration of exfiltration and evaporation at the Boone, NC 

permeable pavement. 

Date 
Boone Exfiltration/Evaporation: Calibration 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

4/9/2011 1.02 1.02 0.00 0.01 

4/12/2011 1.52 1.52 0.00 0.16 

4/15/2011 0.81 0.81 0.00 0.10 

4/16/2011 3.41 3.71 0.09 5.24 

4/22/2011 0.00 0.00 0.00 1.26 

4/25/2011 0.51 0.51 0.00 0.38 

4/26/2011 0.30 0.30 0.00 0.67 

4/27/2011 1.04 1.04 0.00 0.01 

4/28/2011 2.06 2.15 0.01 0.88 

6/8/2011 3.08 2.70 0.15 3.84 

6/12/2011 0.56 0.56 0.00 0.32 

6/15/2011 1.55 1.55 0.00 0.18 

6/18/2011 0.48 0.48 0.00 0.41 

6/19/2011 1.60 1.60 0.00 0.23 

6/21/2011 1.04 1.04 0.00 0.01 

6/22/2011 0.36 0.36 0.00 0.59 

6/23/2011 0.81 0.81 0.00 0.10 

6/26/2011 0.38 0.38 0.00 0.55 

6/28/2011 3.08 3.02 0.00 3.82 

8/12/2011 0.18 0.18 0.00 0.89 

8/14/2011 0.71 0.71 0.00 0.17 

8/18/2011 0.71 0.71 0.00 0.17 

8/22/2011 0.28 0.28 0.00 0.71 

8/26/2011 2.03 2.02 0.00 0.83 

10/1/2011 0.81 0.81 0.00 0.10 

10/11/2011 2.03 2.03 0.00 0.83 

10/12/2011 0.89 0.89 0.00 0.05 

10/13/2011 2.11 2.11 0.00 0.97 

10/14/2011 0.33 0.33 0.00 0.63 

10/19/2011 1.17 1.17 0.00 0.00 

10/28/2011 0.58 0.58 0.00 0.29 

10/29/2011 0.38 0.38 0.00 0.55 

4/2/2012 2.44 2.28 0.02 1.74 

4/3/2012 0.28 0.28 0.00 0.71 

4/4/2012 0.30 0.30 0.00 0.67 

4/5/2012 1.57 1.57 0.00 0.21 

4/17/2012 4.40 3.81 0.35 10.76 

4/18/2012 1.98 1.29 0.48 0.74 

4/21/2012 0.28 0.28 0.00 0.71 

4/23/2012 0.28 0.28 0.00 0.71 

4/25/2012 1.30 1.30 0.00 0.03 

4/26/2012 0.79 0.79 0.00 0.11 

4/30/2012 0.74 0.74 0.00 0.15 

6/1/2012 0.58 0.58 0.00 0.29 

6/6/2012 0.41 0.41 0.00 0.51 

6/11/2012 1.78 1.78 0.00 0.43 

6/21/2012 0.36 0.36 0.00 0.59 

6/22/2012 0.51 0.51 0.00 0.38 

Average 1.12 1.09     

Sum 53.8 52.3 1.1 43.6 

% of Water Balance 85.0 82.7     

NSE 0.97    

R2 0.98    
% Diff. -2.8       
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Table E-4. Storm event results for validation of exfiltration and evaporation at the Boone, NC 

permeable pavement. 

Date 
Boone Exfiltration/Evaporation: Calibration 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

5/3/2011 1.70 1.70 0.00 0.32 

5/4/2011 0.76 0.76 0.00 0.14 

5/10/2011 1.19 1.19 0.00 0.00 

5/11/2011 1.32 1.32 0.00 0.03 

5/13/2011 1.02 1.02 0.00 0.01 

5/14/2011 0.84 0.84 0.00 0.09 

5/17/2011 1.35 1.35 0.00 0.04 

5/22/2011 0.74 0.74 0.00 0.16 

5/24/2011 1.45 1.45 0.00 0.10 

5/26/2011 1.32 1.32 0.00 0.03 

7/3/2011 1.83 1.83 0.00 0.48 

7/4/2011 2.97 2.43 0.30 3.37 

7/7/2011 0.74 0.74 0.00 0.16 

7/8/2011 1.50 1.50 0.00 0.13 

7/15/2011 1.37 1.37 0.00 0.05 

7/16/2011 0.71 0.71 0.00 0.18 

7/17/2011 2.03 1.89 0.02 0.80 

7/23/2011 0.48 0.48 0.00 0.43 

7/24/2011 0.84 0.84 0.00 0.09 

7/25/2011 0.25 0.25 0.00 0.78 

9/2/2011 1.27 1.27 0.00 0.02 

9/3/2011 0.03 0.03 0.00 1.24 

9/4/2011 0.33 0.33 0.00 0.65 

9/5/2011 4.28 5.74 2.14 9.87 

9/6/2011 -1.98 -0.65 1.77 9.73 

9/21/2011 1.98 1.98 0.00 0.71 

9/23/2011 0.76 0.76 0.00 0.14 

9/24/2011 1.27 1.27 0.00 0.02 

9/26/2011 0.25 0.25 0.00 0.78 

9/27/2011 0.23 0.23 0.00 0.83 

11/3/2011 1.65 1.65 0.00 0.26 

11/4/2011 0.86 0.86 0.00 0.08 

3/30/2012 0.64 0.64 0.00 0.25 

3/31/2012 0.79 0.79 0.00 0.12 

5/5/2012 0.43 0.43 0.00 0.50 

5/8/2012 2.11 2.11 0.00 0.94 

5/9/2012 0.84 0.84 0.00 0.09 

5/13/2012 0.51 0.51 0.00 0.40 

5/14/2012 2.67 2.34 0.10 2.34 

5/18/2012 1.09 1.09 0.00 0.00 

5/21/2012 0.43 0.43 0.00 0.50 

5/22/2012 0.53 0.53 0.00 0.37 

5/23/2012 0.58 0.58 0.00 0.31 

5/31/2012 2.31 2.30 0.00 1.38 

7/2/2012 1.98 1.98 0.00 0.71 

7/8/2012 0.99 0.99 0.00 0.02 

7/10/2012 0.94 0.94 0.00 0.04 

7/11/2012 2.49 2.27 0.05 1.83 

7/13/2012 1.52 1.52 0.00 0.15 

7/16/2012 0.69 0.69 0.00 0.20 

Average 1.14 1.17     

Sum 56.9 58.4 4.4 41.9 

% of Water Balance 84.2 86.4     

NSE 0.90       

R2 0.90    

% Diff. 2.7       
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Table E-5. Storm event results for calibration of inflow (runoff + rainfall) at the Durham, NC 

permeable pavement. 

Date 
Durham Inflow: Calibration 

Estimated depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

4/7/2014 4.73 4.52 0.05 5.80 

4/15/2014 4.57 4.47 0.01 5.03 

4/18/2014 2.62 2.40 0.05 0.09 

4/25/2014 1.97 2.13 0.03 0.13 

4/30/2014 2.54 2.46 0.01 0.05 

6/9/2014 0.84 0.79 0.00 2.19 

6/11/2014 2.36 2.28 0.01 0.00 

6/12/2014 0.75 0.72 0.00 2.47 

6/19/2014 0.36 0.33 0.00 3.88 

6/20/2014 3.71 3.64 0.00 1.92 

6/25/2014 0.35 0.33 0.00 3.92 

6/27/2014 0.75 0.70 0.00 2.48 

8/1/2014 4.64 4.59 0.00 5.34 

8/9/2014 5.24 4.81 0.18 8.49 

8/11/2014 3.07 2.94 0.02 0.55 

8/18/2014 1.91 2.13 0.05 0.17 

8/23/2014 2.12 2.66 0.29 0.04 

8/29/2014 1.91 2.09 0.03 0.17 

10/10/2014 2.84 3.03 0.04 0.26 

10/14/2014 3.77 3.61 0.03 2.09 

10/29/2014 0.90 0.95 0.00 2.02 

12/6/2014 0.46 1.18 0.52 3.48 

12/8/2014 2.51 2.40 0.01 0.03 

12/16/2014 1.04 1.18 0.02 1.64 

12/22/2014 0.93 0.99 0.00 1.95 

12/23/2014 5.73 5.87 0.02 11.57 

12/29/2014 2.89 2.92 0.00 0.32 

2/2/2015 1.18 1.26 0.01 1.31 

2/9/2015 2.34 2.37 0.00 0.00 

2/22/2015 0.72 0.89 0.03 2.59 

Average 2.32 2.35     

Sum 69.7 70.6 1.4 70.0 

NSE 0.98    

R2 0.98    

% Diff. 1.3       
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Table E-6. Storm event results for validation of inflow (runoff + rainfall) at the Durham, NC 

permeable pavement. 

Date 
Durham Inflow: Validation 

Estimated Depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

3/16/2014 2.32 2.24 0.01 1.17 

3/23/2014 0.73 0.72 0.00 7.14 

3/28/2014 2.60 2.69 0.01 0.64 

5/15/2014 13.06 13.22 0.03 93.21 

5/26/2014 2.26 2.34 0.01 1.32 

7/4/2014 0.28 0.31 0.00 9.76 

7/9/2014 1.58 1.73 0.02 3.34 

7/15/2014 11.55 11.37 0.03 66.29 

7/21/2014 8.66 8.93 0.07 27.62 

7/24/2014 2.35 2.34 0.00 1.12 

7/27/2014 1.33 1.33 0.00 4.32 

7/31/2014 1.33 1.37 0.00 4.32 

9/8/2014 2.06 2.04 0.00 1.81 

9/23/2014 6.85 6.48 0.14 11.87 

11/1/2014 1.56 1.51 0.00 3.38 

11/6/2014 0.62 0.60 0.00 7.74 

11/17/2014 1.22 1.27 0.00 4.78 

11/23/2014 7.93 8.86 0.86 20.52 

1/3/2015 0.38 0.43 0.00 9.14 

1/4/2015 1.45 1.25 0.04 3.82 

1/12/2015 4.21 4.65 0.19 0.65 

1/18/2015 1.55 1.67 0.02 3.45 

1/23/2015 2.43 2.50 0.01 0.95 

Average 3.40 3.47     

Sum 78.3 79.9 1.4 288.4 

NSE 1.00    

R2 1.00    

% Diff. 2.0       
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Table E-7. Storm event results for calibration of drainage at the Durham, NC permeable 

pavement. 

Date 
Durham Drainage: Calibration 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

4/7/2014 3.46 3.81 0.12 3.41 

4/15/2014 2.86 4.12 1.57 1.56 

4/18/2014 1.07 2.04 0.95 0.30 

4/25/2014 1.41 1.73 0.11 0.04 

4/30/2014 1.06 1.57 0.25 0.30 

6/9/2014 0.08 0.00 0.01 2.36 

6/11/2014 1.44 0.85 0.34 0.03 

6/12/2014 0.21 0.29 0.01 1.97 

6/19/2014 0.03 0.00 0.00 2.52 

6/20/2014 2.96 2.72 0.05 1.80 

6/25/2014 0.04 0.00 0.00 2.47 

6/27/2014 0.23 0.00 0.05 1.92 

8/1/2014 3.39 4.25 0.74 3.16 

8/9/2014 2.89 3.78 0.79 1.63 

8/11/2014 1.54 1.68 0.02 0.01 

8/18/2014 1.90 1.69 0.04 0.08 

8/23/2014 2.87 1.04 3.33 1.57 

8/29/2014 2.03 1.65 0.15 0.18 

10/10/2014 2.81 1.77 1.08 1.44 

10/14/2014 3.46 2.77 0.47 3.39 

10/29/2014 0.13 0.35 0.05 2.20 

12/6/2014 0.01 0.91 0.81 2.58 

12/8/2014 1.34 2.18 0.70 0.07 

12/16/2014 0.55 0.91 0.12 1.13 

12/22/2014 0.66 0.90 0.06 0.91 

12/23/2014 5.12 5.63 0.26 12.27 

12/29/2014 2.34 2.58 0.06 0.52 

2/2/2015 0.57 0.95 0.14 1.09 

2/9/2015 1.68 1.81 0.02 0.00 

2/22/2015 0.29 0.35 0.00 1.74 

Average 1.61 1.74     

Sum 48.4 52.3 12.3 52.7 

% of Water Balance 69.4 74.1     

NSE 0.77    

R2 0.81    

% Diff. 8.1       
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Table E-8. Storm event results for validation of drainage at the Durham, NC permeable 

pavement. 

Date 
Durham Drainage: Validation 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

3/16/2014 2.49 0.15 5.47 0.11 

3/23/2014 0.27 0.47 0.04 6.53 

3/28/2014 2.86 2.06 0.65 0.00 

5/15/2014 10.49 12.19 2.88 58.82 

5/26/2014 1.17 1.10 0.00 2.74 

7/4/2014 0.01 0.00 0.00 7.95 

7/9/2014 0.80 0.14 0.44 4.09 

7/15/2014 12.13 9.85 5.17 86.51 

7/21/2014 8.85 8.22 0.40 36.26 

7/24/2014 1.47 2.03 0.31 1.83 

7/27/2014 0.60 0.54 0.00 4.96 

7/31/2014 0.62 0.53 0.01 4.88 

9/8/2014 0.89 1.38 0.24 3.74 

9/23/2014 7.35 5.03 5.40 20.52 

11/1/2014 0.76 1.21 0.20 4.27 

11/6/2014 0.09 0.33 0.06 7.48 

11/17/2014 0.39 0.87 0.23 5.92 

11/23/2014 6.65 7.85 1.43 14.67 

1/3/2015 0.07 0.20 0.02 7.58 

1/4/2015 0.84 1.05 0.04 3.93 

1/12/2015 3.36 4.13 0.58 0.29 

1/18/2015 1.09 1.47 0.14 3.00 

1/23/2015 1.70 2.14 0.19 1.27 

Average 2.82 2.74     

Sum 65.0 63.0 23.9 287.3 

% of Water Balance 83.0 78.9     

NSE 0.92    

R2 0.92    

% Diff. -3.1       
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Table E-9. Storm event results for calibration of exfiltration and evaporation at the Durham, 

NC permeable pavement. 

Date 

Durham Exfiltration/Evaporation: Calibration 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 
(Meas - 

Avg.)2 

4/7/2014 1.27 0.71 0.31 0.32 

4/15/2014 1.71 0.35 1.83 0.99 

4/18/2014 1.55 0.36 1.43 0.71 

4/25/2014 0.56 0.40 0.03 0.02 

4/30/2014 1.48 0.89 0.34 0.59 

6/9/2014 0.77 0.79 0.00 0.00 

6/11/2014 0.92 1.43 0.26 0.04 

6/12/2014 0.54 0.43 0.01 0.03 

6/19/2014 0.33 0.33 0.00 0.15 

6/20/2014 0.75 0.92 0.03 0.00 

6/25/2014 0.30 0.33 0.00 0.17 

6/27/2014 0.52 0.70 0.03 0.03 

8/1/2014 1.25 0.34 0.82 0.29 

8/9/2014 2.35 1.03 1.74 2.68 

8/11/2014 1.53 1.26 0.07 0.67 

8/18/2014 0.01 0.44 0.18 0.49 

8/23/2014 -0.75 1.62 5.59 2.13 

8/29/2014 -0.12 0.44 0.32 0.70 

10/10/2014 0.02 1.26 1.52 0.47 

10/14/2014 0.31 0.84 0.28 0.16 

10/29/2014 0.77 0.60 0.03 0.00 

12/6/2014 0.45 0.27 0.03 0.07 

12/8/2014 1.17 0.22 0.90 0.21 

12/16/2014 0.49 0.27 0.05 0.05 

12/22/2014 0.27 0.09 0.03 0.20 

12/23/2014 0.61 0.24 0.14 0.01 

12/29/2014 0.56 0.34 0.05 0.02 

2/2/2015 0.61 0.31 0.09 0.01 

2/9/2015 0.66 0.56 0.01 0.00 

2/22/2015 0.42 0.54 0.01 0.08 

Average 0.71 0.61     

Sum 21.3 18.3 16.1 11.3 

% of Water Balance 30.6 25.9     

NSE -0.43    

R2 0.01    

% Diff. -14.2       

 

  



 

332 
 

Table E-10. Storm event results for validation of exfiltration and evaporation at the Durham, 

NC permeable pavement. 

Date 

Durham Exfiltration/Evaporation: Validation 

Measured depth (cm) Modeled depth (cm) 
(Meas. - 

Mod.)2 

(Meas - 

Avg.)2 

3/16/2014 -0.17 2.09 5.09 0.56 

3/23/2014 0.46 0.25 0.05 0.01 

3/28/2014 -0.26 0.63 0.80 0.71 

5/15/2014 2.56 1.03 2.35 3.94 

5/26/2014 1.09 1.24 0.02 0.26 

7/4/2014 0.27 0.31 0.00 0.09 

7/9/2014 0.77 1.59 0.67 0.04 

7/15/2014 -0.58 1.52 4.40 1.34 

7/21/2014 -0.19 0.71 0.81 0.59 

7/24/2014 0.88 0.31 0.32 0.09 

7/27/2014 0.73 0.79 0.00 0.02 

7/31/2014 0.71 0.84 0.02 0.02 

9/8/2014 1.17 0.66 0.26 0.35 

9/23/2014 -0.51 1.45 3.82 1.18 

11/1/2014 0.81 0.30 0.25 0.05 

11/6/2014 0.53 0.27 0.07 0.00 

11/17/2014 0.83 0.40 0.19 0.06 

11/23/2014 1.28 1.01 0.07 0.49 

1/3/2015 0.31 0.23 0.01 0.07 

1/4/2015 0.61 0.20 0.17 0.00 

1/12/2015 0.84 0.52 0.10 0.07 

1/18/2015 0.45 0.20 0.06 0.02 

1/23/2015 0.73 0.36 0.14 0.02 

Average 0.58 0.73     

Sum 13.3 16.9 19.7 10.0 

% of Water Balance 17.0 21.1     

NSE -0.97    

R2 0.03    

% Diff. 26.7       
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Table E-11. Storm event results for calibration of inflow (runoff + rainfall) at the Perkins 

Township, OH permeable pavement. 

Date 
Perkins Township Inflow: Calibration 

Estimated depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

4/16/2013 0.46 0.38 0.01 12.93 

4/19/2013 0.91 0.69 0.05 9.90 

4/23/2013 6.88 6.44 0.19 7.99 

4/28/2013 1.18 1.15 0.00 8.27 

6/10/2013 1.20 0.78 0.18 8.15 

6/13/2013 4.81 5.01 0.04 0.57 

6/16/2013 3.23 3.65 0.18 0.68 

6/17/2013 4.72 4.39 0.11 0.45 

6/22/2013 1.94 2.71 0.59 4.47 

6/25/2013 9.61 9.68 0.00 30.89 

6/28/2013 11.22 10.86 0.13 51.33 

8/1/2013 1.47 1.71 0.06 6.67 

8/2/2013 0.50 0.33 0.03 12.61 

8/7/2013 3.14 3.49 0.12 0.84 

8/12/2013 0.71 0.46 0.06 11.16 

8/23/2013 0.82 0.56 0.07 10.46 

8/27/2013 3.96 4.31 0.12 0.01 

10/5/2013 9.41 10.3 0.80 28.65 

10/6/2013 12.61 12.0 0.36 73.14 

10/15/2013 0.63 0.6 0.00 11.70 

10/19/2013 3.14 1.0 4.75 0.84 

10/31/2013 2.22 3.2 1.04 3.37 

12/16/2013 0.62 0.33 0.08 11.83 

12/20/2013 24.24 23.39 0.72 407.27 

4/3/2014 8.37 10.2 3.36 18.59 

4/7/2014 3.78 4.18 0.16 0.08 

4/14/2014 1.68 2.47 0.63 5.66 

6/5/2014 2.01 3.22 1.47 4.19 

6/9/2014 1.32 2.44 1.25 7.46 

6/18/2014 5.33 5.48 0.02 1.62 

6/23/2014 1.70 1.44 0.07 5.53 

8/2/2014 8.93 9.07 0.02 23.78 

8/11/2014 4.72 4.59 0.02 0.44 

8/17/2014 4.24 4.6 0.13 0.03 

10/3/2014 1.86 1.12 0.55 4.81 

10/6/2014 0.91 0.57 0.11 9.90 

10/7/2014 2.61 3.24 0.39 2.08 

10/14/2014 2.48 3.04 0.31 2.48 

10/20/2014 0.56 0.48 0.01 12.24 

10/31/2014 2.08 1.96 0.01 3.91 

Average 4.06 4.14     

Sum 162.2 165.5 18.2 817.0 

NSE 0.98    

R2 0.98    

% Diff. 2.0       
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Table E-12. Storm event results for validation of inflow (runoff + rainfall) at the Perkins 

Township, OH permeable pavement. 

Date 
Perkins Township Inflow: Validation 

Estimated Depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

5/10/2013 2.78 2.25 0.28 8.07 

5/23/2013 1.55 1.24 0.10 16.56 

5/27/2013 2.44 2.32 0.01 10.11 

5/31/2013 10.51 10.68 0.03 23.89 

7/4/2013 5.22 4.29 0.87 0.16 

7/5/2013 0.88 1.00 0.01 22.42 

7/6/2013 4.30 4.45 0.02 1.75 

7/7/2013 26.41 29.95 12.52 432.32 

7/20/2013 24.81 24.96 0.02 368.13 

7/22/2013 0.72 0.55 0.03 23.98 

7/27/2013 6.28 6.32 0.00 0.44 

9/12/2013 1.63 1.17 0.21 15.96 

9/20/2013 9.48 8.61 0.75 14.87 

11/6/2013 0.82 0.56 0.07 23.03 

11/11/2013 0.61 0.46 0.02 25.10 

11/17/2013 6.72 6.21 0.26 1.22 

11/21/2013 0.91 0.59 0.10 22.20 

5/9/2014 0.71 0.30 0.17 24.06 

7/8/2014 5.11 2.91 4.82 0.26 

7/27/2014 1.15 1.25 0.01 20.01 

7/30/2014 2.87 3.30 0.18 7.54 

9/2/2014 1.49 1.52 0.00 17.06 

9/5/2014 20.16 19.80 0.13 211.39 

9/10/2014 19.37 18.02 1.83 189.15 

9/15/2014 0.56 0.41 0.02 25.63 

9/20/2014 0.67 0.57 0.01 24.55 

9/30/2014 0.82 0.51 0.10 23.03 

11/6/2014 0.86 0.51 0.12 22.65 

11/23/2014 3.14 2.21 0.87 6.13 

Average 5.62 5.41     

Sum 163.0 156.9 23.6 1581.7 

NSE 0.99    

R2 0.99    

% Diff. -3.7       
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Table E-13. Storm event results for calibration of drainage at the Perkins Township, OH 

permeable pavement. 

Date 
Perkins Township Drainage: Calibration 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

4/16/2013 0.00 0.00 0.00 3.31 

4/19/2013 0.00 0.00 0.00 3.31 

4/23/2013 0.58 1.80 1.49 1.54 

6/13/2013 0.00 0.82 0.67 3.31 

6/16/2013 1.15 1.45 0.09 0.45 

6/17/2013 1.23 2.94 2.90 0.34 

6/22/2013 2.53 0.08 5.99 0.51 

6/25/2013 3.56 4.39 0.69 3.02 

6/28/2013 7.87 9.85 3.93 36.66 

8/1/2013 0.32 0.00 0.10 2.26 

8/2/2013 0.00 0.00 0.00 3.30 

8/7/2013 1.86 0.00 3.45 0.00 

8/12/2013 0.00 0.00 0.00 3.30 

8/27/2013 0.98 0.00 0.96 0.71 

10/5/2013 5.57 4.96 0.38 14.10 

10/6/2013 10.48 10.63 0.02 75.07 

10/31/2013 0.00 0.00 0.00 3.30 

12/20/2013 9.98 10.52 0.29 66.62 

4/3/2014 2.60 5.15 6.52 0.61 

4/7/2014 0.60 1.71 1.23 1.48 

4/14/2014 0.52 0.00 0.27 1.69 

6/5/2014 0.03 0.00 0.00 3.19 

6/9/2014 0.26 0.00 0.07 2.44 

6/18/2014 2.66 0.33 5.41 0.70 

6/23/2014 0.19 0.00 0.03 2.67 

8/2/2014 6.05 6.81 0.59 17.88 

8/11/2014 0.16 0.00 0.03 2.75 

8/17/2014 2.08 1.84 0.06 0.07 

10/3/2014 0.06 0.00 0.00 3.09 

10/6/2014 0.03 0.00 0.00 3.20 

10/7/2014 0.31 0.00 0.10 2.27 

10/14/2014 0.10 0.00 0.01 2.95 

10/20/2014 0.00 0.00 0.00 3.29 

10/31/2014 0.07 0.00 0.00 3.06 

Average 1.82 1.86     

Sum 61.8 63.3 35.3 272.4 

% of Water Balance 38.1 38.2     
NSE 0.88    

R2 0.90    
% Diff. 2.3       
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Table E-14. Storm event results for validation of drainage at the Perkins Township, OH 

permeable pavement. 

Date 

Perkins Township Drainage: Validation 

Measured depth (cm) Modeled depth (cm) 
(Meas. - 

Mod.)2 

(Meas - 

Avg.)2 

5/10/2013 0.00 0.00 0.00 13.20 

5/23/2013 0.03 0.00 0.00 13.02 

5/27/2013 0.01 0.00 0.00 13.13 

5/31/2013 6.71 6.24 0.22 9.41 

7/4/2013 1.28 1.15 0.02 5.57 

7/5/2013 0.01 0.13 0.01 13.19 

7/6/2013 3.39 3.06 0.10 0.06 

7/7/2013 15.90 25.63 94.65 150.29 

7/20/2013 24.27 15.74 72.76 425.79 

7/22/2013 0.00 0.00 0.00 13.22 

7/27/2013 2.36 2.69 0.11 1.64 

9/20/2013 0.19 3.07 8.25 11.85 

11/17/2013 1.54 1.72 0.03 4.39 

5/9/2014 0.01 0.00 0.00 13.15 

7/8/2014 1.42 0.00 2.03 4.90 

7/27/2014 0.06 0.00 0.00 12.77 

7/30/2014 1.17 2.15 0.96 6.10 

9/2/2014 0.07 0.00 0.00 12.76 

9/5/2014 15.17 12.95 4.96 133.09 

9/10/2014 17.21 14.77 5.94 184.26 

9/15/2014 0.03 0.00 0.00 13.03 

9/20/2014 0.04 0.00 0.00 12.93 

9/30/2014 0.02 0.00 0.00 13.10 

11/6/2014 0.00 0.00 0.00 13.22 

11/23/2014 0.04 0.00 0.00 12.93 

Average 3.64 3.57     

Sum 90.9 89.3 190.1 1107.0 

% of Water Balance 55.8 56.9     
NSE 0.83    

R2 0.83    

% Diff. -1.8       
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Table E-15. Storm event results for calibration of exfiltration and evaporation at the Perkins 

Township, OH permeable pavement. 

Date 

Perkins Township Exfiltration/Evaporation: Calibration 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 
(Meas - 

Avg.)2 

4/16/2013 0.46 0.38 0.01 4.20 

4/19/2013 0.91 0.69 0.05 2.56 

4/23/2013 6.31 4.64 2.77 14.41 

4/28/2013 1.18 1.15 0.00 1.77 

6/10/2013 1.20 0.78 0.18 1.72 

6/13/2013 4.81 4.19 0.38 5.30 

6/16/2013 2.08 2.20 0.01 0.19 

6/17/2013 3.49 1.45 4.15 0.96 

6/22/2013 -0.59 2.63 10.34 9.60 

6/25/2013 6.06 5.29 0.58 12.57 

6/28/2013 3.35 1.01 5.48 0.70 

8/1/2013 1.16 1.71 0.31 1.83 

8/2/2013 0.50 0.33 0.03 4.03 

8/7/2013 1.28 3.49 4.88 1.51 

8/12/2013 0.71 0.46 0.06 3.23 

8/23/2013 0.82 0.56 0.07 2.85 

8/27/2013 2.98 4.31 1.76 0.23 

10/5/2013 3.83 5.34 2.27 1.75 

10/6/2013 2.12 1.38 0.55 0.15 

10/15/2013 0.63 0.60 0.00 3.51 

10/19/2013 3.14 0.96 4.75 0.40 

10/31/2013 2.22 3.24 1.04 0.08 

12/16/2013 0.62 0.33 0.08 3.59 

12/20/2013 14.26 12.87 1.92 137.97 

4/3/2014 5.77 5.05 0.52 10.62 

4/7/2014 3.18 2.47 0.50 0.44 

4/14/2014 1.16 2.47 1.72 1.83 

6/5/2014 1.98 3.22 1.55 0.28 

6/9/2014 1.07 2.44 1.88 2.08 

6/18/2014 2.67 5.15 6.14 0.03 

6/23/2014 1.52 1.44 0.01 0.99 

8/2/2014 2.88 2.26 0.39 0.14 

8/11/2014 4.56 4.59 0.00 4.19 

8/17/2014 2.16 2.76 0.37 0.12 

10/3/2014 1.80 1.12 0.46 0.50 

10/6/2014 0.88 0.57 0.10 2.66 

10/7/2014 2.30 3.24 0.89 0.04 

10/14/2014 2.38 3.04 0.44 0.02 

10/20/2014 0.55 0.48 0.01 3.83 

10/31/2014 2.01 1.96 0.00 0.25 

Average 2.51 2.56     

Sum 100.4 102.3 56.6 243.1 

% of Water Balance 61.9 61.8     
NSE 0.77    

R2 0.77    

% Diff. 1.9       
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Table E-16. Storm event results for validation of exfiltration and evaporation at the Perkins 

Township, OH permeable pavement. 

Date 
Perkins Township Exfiltration/Evaporation: Validation 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

5/10/2013 2.78 2.25 0.28 0.09 

5/23/2013 1.52 1.24 0.08 0.93 

5/27/2013 2.43 2.32 0.01 0.00 

5/31/2013 3.80 4.44 0.41 1.74 

7/4/2013 3.94 3.14 0.65 2.13 

7/5/2013 0.88 0.87 0.00 2.58 

7/6/2013 0.91 1.39 0.23 2.48 

7/7/2013 10.52 4.32 38.33 64.50 

7/20/2013 0.53 4.16 13.16 3.80 

7/22/2013 0.72 0.55 0.03 3.11 

7/27/2013 3.92 3.63 0.09 2.07 

9/12/2013 1.63 1.17 0.21 0.74 

9/20/2013 9.28 5.54 13.98 46.20 

11/6/2013 0.82 0.56 0.07 2.77 

11/11/2013 0.61 0.46 0.02 3.51 

11/17/2013 5.18 4.49 0.47 7.28 

11/21/2013 0.91 0.59 0.10 2.48 

5/9/2014 0.70 0.30 0.16 3.17 

7/8/2014 3.68 2.91 0.60 1.43 

7/27/2014 1.08 1.25 0.03 1.96 

7/30/2014 1.71 1.15 0.30 0.61 

9/2/2014 1.42 1.52 0.01 1.13 

9/5/2014 4.99 4.87 0.01 6.26 

9/10/2014 2.16 3.25 1.18 0.10 

9/15/2014 0.53 0.41 0.01 3.82 

9/20/2014 0.62 0.57 0.00 3.46 

9/30/2014 0.80 0.51 0.09 2.83 

11/6/2014 0.86 0.51 0.12 2.64 

11/23/2014 3.10 2.21 0.80 0.38 

Average 2.48 2.09     

Sum 72.0 60.6 71.4 174.2 

% of Water Balance 44.2 38.6     
NSE 0.59    

R2 0.64    

% Diff. -15.9       
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Table E-17. Storm event results for calibration of inflow at the Willoughby Hills, OH Small 

permeable pavement. 

Date 
Willoughby Hills Small Inflow: Calibration 

Estimated depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

12/16/2013 0.37 0.44 0.01 97.6 

12/19/2013 0.92 1.20 0.08 87.0 

12/20/2013 45.81 46.62 0.66 1264.8 

2/1/2014 13.91 14.96 1.10 13.4 

2/12/2014 0.57 0.87 0.09 93.6 

4/3/2014 11.48 12.98 2.26 1.5 

4/7/2014 10.52 11.04 0.27 0.1 

4/10/2014 6.88 9.13 5.08 11.3 

4/14/2014 10.33 9.66 0.44 0.0 

4/22/2014 0.37 0.30 0.00 97.6 

4/25/2014 1.75 0.89 0.74 72.1 

4/29/2014 11.32 11.92 0.36 1.2 

6/3/2014 0.57 0.38 0.03 93.6 

6/4/2014 0.80 0.38 0.17 89.3 

6/8/2014 5.34 4.68 0.43 24.1 

6/17/2014 3.03 2.06 0.94 52.0 

6/18/2014 34.40 35.81 1.99 583.6 

6/21/2014 0.28 0.20 0.01 99.3 

6/23/2014 4.43 3.71 0.51 33.8 

6/24/2014 33.16 33.92 0.58 525.2 

6/29/2014 6.27 7.19 0.85 15.8 

8/2/2014 25.53 25.70 0.03 233.6 

8/11/2014 29.86 30.34 0.23 385.0 

8/17/2014 19.99 19.95 0.00 95.0 

8/19/2014 18.77 17.84 0.86 72.7 

10/3/2014 11.51 10.10 2.00 1.6 

10/7/2014 0.57 0.36 0.04 93.6 

10/13/2014 0.28 0.25 0.00 99.3 

10/15/2014 6.27 8.76 6.21 15.8 

10/17/2014 3.20 3.83 0.40 49.6 

10/20/2014 13.51 12.55 0.92 10.7 

10/28/2014 0.37 0.46 0.01 97.6 

10/31/2014 5.71 4.69 1.04 20.6 

Average 10.24 10.40     

Sum 338.0 343.2 28.3 4431.9 

NSE 0.99    

R2 0.99    

% Diff. 1.5       
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Table E-18. Storm event results for validation of inflow at the Willoughby Hills, OH Small 

permeable pavement. 

Date 
Willoughby Hills Small Inflow: Validation 

Estimated depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

11/17/2013 5.07 6.38 1.73 5.19 

11/21/2013 4.61 4.08 0.28 7.50 

3/27/2014 2.70 3.78 1.17 21.60 

3/30/2014 4.25 5.36 1.24 9.59 

5/9/2014 0.46 0.30 0.03 47.37 

5/12/2014 4.07 2.92 1.32 10.73 

5/13/2014 0.28 0.25 0.00 49.94 

5/14/2014 19.38 21.39 4.04 144.84 

5/15/2014 6.84 9.32 6.17 0.26 

5/21/2014 2.70 2.21 0.24 21.60 

7/7/2014 22.98 27.41 19.60 244.53 

7/13/2014 2.53 1.08 2.12 23.15 

7/15/2014 0.92 0.59 0.11 41.30 

7/17/2014 1.46 0.51 0.90 34.66 

7/19/2014 2.86 0.74 4.51 20.08 

7/26/2014 0.37 0.28 0.01 48.71 

7/27/2014 66.62 64.64 3.91 3513.29 

9/2/2014 0.46 0.33 0.02 47.37 

9/5/2014 22.45 21.75 0.49 228.06 

9/10/2014 34.61 33.44 1.36 743.25 

9/13/2014 1.18 0.78 0.16 38.01 

9/15/2014 5.89 5.23 0.44 2.11 

9/21/2014 1.60 0.84 0.58 32.97 

9/30/2014 0.92 0.41 0.26 41.30 

11/4/2014 1.18 1.03 0.02 38.01 

11/6/2014 2.86 3.05 0.03 20.08 

11/11/2014 0.92 0.41 0.26 41.30 

11/15/2014 1.32 1.85 0.28 36.34 

11/22/2014 5.40 7.91 6.32 3.80 

11/29/2014 0.46 0.70 0.06 47.37 

11/30/2014 0.37 0.18 0.03 48.71 

Average 7.35 7.39     

Sum 227.7 229.2 57.7 5613.0 

NSE 0.99    

R2 0.99    

% Diff. 0.6       
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Table E-19. Storm event results for calibration of drainage at the Willoughby Hills, OH Small 

permeable pavement. 

Date 

Willoughby Hills Small Drainage: Calibration 

Measured depth (cm) Modeled depth (cm) 
(Meas. - 

Mod.)2 

(Meas - 

Avg.)2 

12/16/2013 0.00 0.00 0.00 58.9 

12/19/2013 0.26 0.00 0.07 54.9 

12/20/2013 38.43 43.16 22.34 945.9 

2/1/2014 3.53 10.88 54.06 17.2 

2/12/2014 0.00 0.00 0.00 58.9 

4/3/2014 10.65 11.43 0.61 8.8 

4/7/2014 8.47 9.92 2.10 0.6 

4/10/2014 6.60 7.78 1.40 1.2 

4/14/2014 10.16 8.07 4.37 6.2 

4/22/2014 0.36 0.00 0.13 53.4 

4/25/2014 2.30 0.00 5.30 28.9 

4/29/2014 3.86 8.97 26.20 14.6 

6/3/2014 0.81 0.00 0.66 47.1 

6/4/2014 1.69 0.00 2.87 35.8 

6/8/2014 4.96 0.19 22.79 7.3 

6/17/2014 1.87 0.00 3.48 33.7 

6/18/2014 27.03 22.38 21.64 374.7 

6/21/2014 0.37 0.00 0.13 53.4 

6/23/2014 0.56 1.53 0.95 50.7 

6/24/2014 27.99 30.06 4.29 412.6 

6/29/2014 5.51 5.13 0.14 4.7 

8/2/2014 16.00 17.23 1.50 69.4 

8/11/2014 21.18 22.72 2.36 182.5 

8/17/2014 15.49 18.53 9.26 61.1 

8/19/2014 15.71 16.19 0.23 64.6 

10/3/2014 9.68 5.63 16.40 4.0 

10/7/2014 0.67 0.00 0.44 49.1 

10/13/2014 0.37 0.00 0.14 53.3 

10/15/2014 3.90 7.19 10.87 14.3 

10/17/2014 1.55 2.81 1.58 37.5 

10/20/2014 9.18 11.31 4.54 2.3 

10/28/2014 0.59 0.00 0.35 50.1 

10/31/2014 3.52 2.34 1.38 17.3 

Average 7.67 7.98     

Sum 253.2 263.4 222.6 2874.9 

% of Water Balance 74.9 76.8     

NSE 0.92    

R2 0.94    

% Diff. 4.0       
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Table E-20. Storm event results for validation of drainage at the Willoughby Hills, OH Small 

permeable pavement. 

Date 
Willoughby Hills Small Drainage: Validation 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

11/17/2013 5.04 4.93 0.01 0.13 

11/21/2013 4.26 2.75 2.27 1.30 

3/27/2014 2.27 0.24 4.09 9.83 

3/30/2014 1.45 4.60 9.89 15.58 

5/9/2014 0.59 0.00 0.34 23.19 

5/12/2014 2.99 0.37 6.90 5.80 

5/13/2014 0.61 0.00 0.38 22.93 

5/14/2014 15.85 18.39 6.45 109.16 

5/15/2014 5.79 10.40 21.23 0.15 

5/21/2014 2.16 0.32 3.38 10.54 

7/7/2014 20.98 23.66 7.20 242.55 

7/13/2014 2.49 0.00 6.20 8.47 

7/15/2014 0.65 0.00 0.42 22.61 

7/17/2014 1.36 0.00 1.86 16.32 

7/19/2014 2.95 0.00 8.69 6.02 

7/26/2014 0.17 0.00 0.03 27.40 

7/27/2014 43.04 50.42 54.39 1416.75 

9/2/2014 0.70 0.00 0.49 22.09 

9/5/2014 19.05 16.76 5.25 186.20 

9/10/2014 23.92 21.32 6.74 342.88 

9/13/2014 1.13 0.09 1.07 18.28 

9/15/2014 3.29 3.94 0.43 4.47 

9/21/2014 1.38 0.00 1.90 16.18 

9/30/2014 0.96 0.00 0.92 19.74 

11/4/2014 0.96 0.17 0.62 19.75 

11/6/2014 0.34 2.20 3.48 25.62 

11/11/2014 0.44 0.00 0.20 24.59 

11/15/2014 0.00 0.32 0.10 29.18 

11/22/2014 2.47 5.52 9.30 8.59 

11/29/2014 0.00 0.00 0.00 29.18 

11/30/2014 0.18 0.00 0.03 27.31 

Average 5.40 5.37     

Sum 167.4 166.4 164.3 2712.8 

% of Water Balance 73.5 72.6    

NSE 0.94    

R2 0.96    

% Diff. -0.6       
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Table E-21. Storm event results for calibration of exfiltration and evaporation at the 

Willoughby Hills, OH Small permeable pavement. 

Date 
Willoughby Hills Small Exfiltration/Evaporation: Calibration 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

12/16/2013 0.37 0.44 0.01 2.2 

12/19/2013 0.66 1.20 0.30 1.4 

12/20/2013 7.38 3.46 15.32 30.7 

2/1/2014 10.38 4.08 39.73 73.0 

2/12/2014 0.57 0.87 0.09 1.6 

4/3/2014 0.83 1.55 0.52 1.0 

4/7/2014 2.05 1.12 0.87 0.0 

4/10/2014 0.28 1.35 1.15 2.4 

4/14/2014 0.17 1.59 2.03 2.8 

4/22/2014 0.00 0.30 0.09 3.4 

4/25/2014 -0.55 0.89 2.08 5.7 

4/29/2014 7.46 2.95 20.39 31.6 

6/3/2014 -0.24 0.38 0.39 4.3 

6/4/2014 -0.90 0.38 1.64 7.5 

6/8/2014 0.37 4.49 16.95 2.1 

6/17/2014 1.16 2.06 0.80 0.5 

6/18/2014 -4.86 1.95 46.33 44.1 

6/21/2014 -0.09 0.20 0.08 3.5 

6/23/2014 3.87 2.18 2.86 4.3 

6/24/2014 2.12 1.00 1.26 0.1 

6/29/2014 0.76 2.06 1.68 1.1 

8/2/2014 2.96 2.31 0.42 1.4 

8/11/2014 4.76 3.94 0.67 8.8 

8/17/2014 4.50 1.42 9.52 7.4 

8/19/2014 3.05 1.65 1.98 1.6 

10/3/2014 1.83 4.47 6.96 0.0 

10/7/2014 -0.10 0.36 0.21 3.6 

10/13/2014 -0.10 0.25 0.12 3.6 

10/15/2014 2.37 1.57 0.65 0.3 

10/17/2014 1.65 1.02 0.39 0.0 

10/20/2014 4.33 1.24 9.55 6.5 

10/28/2014 -0.23 0.46 0.47 4.1 

10/31/2014 2.19 2.35 0.03 0.2 

Average 1.79 1.68   

Sum 59.0 55.5 185.5 260.9 

% of Water Balance 17.5 16.2   

NSE 0.29    

R2 0.30    

% Diff. -5.9    
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Table E-22. Storm event results for validation of exfiltration and evaporation at the Willoughby 

Hills, OH Small permeable pavement. 

Date 
Willoughby Hills Small Exfiltration/Evaporation: Validation 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

11/17/2013 0.02 1.45 2.02 1.59 

11/21/2013 0.35 1.33 0.96 0.88 

3/27/2014 0.43 3.54 9.64 0.73 

3/30/2014 2.79 0.76 4.13 2.28 

5/9/2014 -0.12 0.30 0.18 1.98 

5/12/2014 1.08 2.55 2.18 0.04 

5/13/2014 -0.33 0.25 0.34 2.62 

5/14/2014 3.53 3.00 0.28 5.04 

5/15/2014 1.04 -1.08 4.51 0.06 

5/21/2014 0.54 1.89 1.83 0.55 

7/7/2014 2.01 3.75 3.04 0.52 

7/13/2014 0.04 1.08 1.07 1.54 

7/15/2014 0.27 0.59 0.10 1.03 

7/17/2014 0.10 0.51 0.17 1.41 

7/19/2014 -0.08 0.74 0.68 1.88 

7/26/2014 0.20 0.28 0.01 1.18 

7/27/2014 12.43 3.76 75.21 125.15 

9/2/2014 -0.24 0.33 0.32 2.19 

9/5/2014 3.40 4.99 2.54 4.65 

9/10/2014 0.10 2.17 4.30 1.31 

9/13/2014 0.05 0.69 0.40 1.41 

9/15/2014 2.61 1.29 1.74 1.86 

9/21/2014 0.22 0.84 0.38 1.04 

9/30/2014 -0.04 0.41 0.20 1.65 

11/4/2014 0.22 0.86 0.41 1.04 

11/6/2014 2.52 0.85 2.82 1.64 

11/11/2014 0.48 0.41 0.00 0.59 

11/15/2014 1.32 1.53 0.05 0.01 

11/22/2014 2.93 2.39 0.29 2.84 

11/29/2014 0.46 0.70 0.06 0.61 

11/30/2014 0.19 0.18 0.00 1.11 

Average 1.24 1.37     

Sum 38.5 42.3 119.9 169.7 

% of Water Balance 16.9 18.5     

NSE 0.29    

R2 0.30    

% Diff. 9.9       
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Table E-23. Storm event results for calibration of effective inflow at the Willoughby Hills, OH 

Large permeable pavement. 

Date 
Willoughby Hills Large Effective Inflow: Calibration 

Estimated depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

12/16/2013 0.14 0.41 0.07 7.08 

12/19/2013 0.34 0.52 0.03 6.02 

4/14/2014 2.73 3.09 0.13 0.00 

4/22/2014 0.10 0.30 0.04 7.30 

4/25/2014 0.46 0.61 0.02 5.45 

4/29/2014 2.99 3.79 0.64 0.04 

6/3/2014 0.15 0.38 0.05 7.01 

6/4/2014 0.21 0.38 0.03 6.70 

6/8/2014 1.41 1.60 0.04 1.92 

6/17/2014 0.80 0.82 0.00 3.99 

6/18/2014 9.09 9.55 0.21 39.63 

6/21/2014 0.07 0.20 0.02 7.42 

6/23/2014 1.17 1.36 0.04 2.65 

6/24/2014 8.77 8.79 0.00 35.61 

6/29/2014 1.66 2.09 0.19 1.30 

8/2/2014 6.75 6.79 0.00 15.60 

8/11/2014 11.18 8.35 8.00 70.23 

8/17/2014 7.48 5.39 4.38 21.95 

8/19/2014 7.03 5.17 3.44 17.87 

10/7/2014 0.15 0.36 0.04 7.01 

10/13/2014 0.07 0.25 0.03 7.42 

10/28/2014 0.10 0.46 0.13 7.30 

10/31/2014 1.51 1.65 0.02 1.66 

Average 2.80 2.71     

Sum 64.4 62.3 17.6 281.2 

Total Inflow 81.4 79.3      

NSE 0.94    

R2 0.95    

% Diff. -3.2       
a Equivalent to effective inflow plus estimated surface runoff during calibration period (17.0 cm). 
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Table E-24. Storm event results for validation of effective inflow at the Willoughby Hills, OH 

Large permeable pavement. 

Date 
Willoughby Hills Large Effective Inflow: Validation 

Estimated depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

3/11/2014 0.63 1.20 0.33 1.63 

3/19/2014 0.10 0.30 0.04 3.26 

3/27/2014 0.71 1.32 0.37 1.41 

3/30/2014 1.12 1.57 0.20 0.61 

5/9/2014 0.12 0.30 0.03 3.17 

5/12/2014 1.08 1.20 0.02 0.68 

5/13/2014 0.07 0.25 0.03 3.34 

5/14/2014 5.12 5.55 0.18 10.37 

5/15/2014 1.81 2.44 0.40 0.01 

5/21/2014 0.71 0.99 0.08 1.41 

7/7/2014 2.29 3.13 0.70 0.15 

7/8/2014 3.78 4.56 0.60 3.54 

7/13/2014 0.67 0.74 0.00 1.52 

7/15/2014 0.24 0.43 0.04 2.75 

7/17/2014 0.39 0.51 0.02 2.30 

7/19/2014 0.76 0.74 0.00 1.31 

7/26/2014 0.10 0.28 0.03 3.26 

7/27/2014 17.61 16.65 0.92 246.72 

9/2/2014 0.17 0.33 0.02 2.99 

9/5/2014 8.40 5.96 5.96 42.24 

9/10/2014 9.15 8.87 0.08 52.50 

9/13/2014 0.31 0.50 0.04 2.53 

9/15/2014 1.56 1.74 0.03 0.12 

9/21/2014 0.42 0.60 0.03 2.19 

9/30/2014 0.24 0.41 0.03 2.75 

11/4/2014 0.31 0.54 0.05 2.53 

11/6/2014 0.76 1.06 0.09 1.31 

11/11/2014 0.24 0.41 0.03 2.75 

11/15/2014 0.35 0.68 0.11 2.42 

11/22/2014 1.43 2.61 1.40 0.23 

11/29/2014 0.12 0.36 0.06 3.17 

11/30/2014 0.10 0.18 0.01 3.26 

Average 1.90 2.08     

Sum 60.9 66.4 11.9 408.4 

Total Inflow 82.6a 88.2a      

NSE 0.97    

R2 0.98    

% Diff. 9.1       
a Equivalent to effective inflow plus estimated surface runoff during validation period (21.8 cm). 
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Table E-25. Storm event results for calibration of drainage at the Willoughby Hills, OH Large 

permeable pavement. 

Date 
Willoughby Hills Large Drainage: Calibration 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

12/16/2013 0.00 0.00 0.00 2.41 

12/19/2013 0.12 0.00 0.01 2.06 

4/14/2014 0.50 1.93 2.05 1.11 

4/22/2014 0.00 0.00 0.00 2.41 

4/25/2014 0.31 0.00 0.09 1.55 

4/29/2014 0.00 1.40 1.95 2.41 

6/3/2014 0.00 0.00 0.00 2.41 

6/4/2014 0.00 0.00 0.00 2.41 

6/8/2014 0.23 0.00 0.05 1.76 

6/17/2014 0.19 0.00 0.03 1.86 

6/18/2014 7.26 6.09 1.36 32.56 

6/21/2014 0.00 0.00 0.00 2.41 

6/23/2014 0.32 0.02 0.09 1.52 

6/24/2014 3.69 7.42 13.91 4.59 

6/29/2014 1.44 0.87 0.33 0.01 

8/2/2014 6.66 5.17 2.23 26.14 

8/11/2014 7.59 6.05 2.35 36.41 

8/17/2014 3.54 4.24 0.49 3.95 

8/19/2014 3.48 3.73 0.06 3.71 

10/7/2014 0.00 0.00 0.00 2.41 

10/13/2014 0.00 0.00 0.00 2.41 

10/28/2014 0.00 0.00 0.00 2.41 

10/31/2014 0.37 0.04 0.11 1.39 

Average 1.55 1.61     

Sum 35.7 37.0 25.1 140.3 

% of Water Balance 43.8a 46.6a     
NSE 0.82    

R2 0.83    

% Diff. 3.6       
a Percent of water balance based on total inflow of 81.4 cm and 79.3 cm for measured and modeled depths, respectively. 
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Table E-26. Storm event results for validation of drainage at the Willoughby Hills, OH Large 

permeable pavement. 

Date 
Willoughby Hills Large Drainage: Validation 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

3/11/2014 0.00 0.00 0.00 1.34 

3/19/2014 0.00 0.00 0.00 1.34 

3/27/2014 0.00 0.00 0.00 1.34 

3/30/2014 0.00 0.00 0.00 1.34 

5/9/2014 0.00 0.00 0.00 1.34 

5/12/2014 0.05 0.00 0.00 1.22 

5/13/2014 0.00 0.00 0.00 1.34 

5/14/2014 4.77 2.23 6.46 13.04 

5/15/2014 1.36 2.88 2.30 0.04 

5/21/2014 0.07 0.00 0.00 1.19 

7/7/2014 1.60 0.40 1.45 0.19 

7/8/2014 3.12 4.48 1.84 3.86 

7/13/2014 0.12 0.00 0.01 1.08 

7/15/2014 0.05 0.00 0.00 1.24 

7/17/2014 0.00 0.00 0.00 1.34 

7/19/2014 0.00 0.00 0.00 1.34 

7/26/2014 0.00 0.00 0.00 1.34 

7/27/2014 14.79 13.64 1.34 185.89 

9/2/2014 0.00 0.00 0.00 1.34 

9/5/2014 3.10 2.31 0.63 3.77 

9/10/2014 7.90 7.04 0.73 45.40 

9/13/2014 0.00 0.04 0.00 1.34 

9/15/2014 0.02 0.72 0.48 1.29 

9/21/2014 0.00 0.00 0.00 1.34 

9/30/2014 0.00 0.00 0.00 1.34 

11/4/2014 0.10 0.00 0.01 1.13 

11/6/2014 0.04 0.24 0.04 1.26 

11/11/2014 0.00 0.00 0.00 1.34 

11/15/2014 0.00 0.00 0.00 1.34 

11/22/2014 0.01 0.59 0.34 1.32 

11/29/2014 0.00 0.00 0.00 1.34 

11/30/2014 0.00 0.00 0.00 1.34 

Average 1.16 1.08     

Sum 37.1 34.6 15.7 284.8 

% of Water Balance 44.9a 39.2a     

NSE 0.95    

R2 0.95    

% Diff. -6.9       
a Percent of water balance based on total inflow of 82.6 cm and 88.2 cm for measured and modeled depths, respectively. 
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Table E-27. Storm event results for calibration of exfiltration and evaporation at the 

Willoughby Hills, OH Large permeable pavement. 

Date 
Willoughby Hills Large Exfiltration/Evaporation: Calibration 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

12/16/2013 0.14 0.41 0.07 1.23 

12/19/2013 0.23 0.52 0.09 1.04 

4/14/2014 2.23 1.16 1.15 0.97 

4/22/2014 0.10 0.30 0.04 1.32 

4/25/2014 0.16 0.61 0.21 1.19 

4/29/2014 2.99 2.39 0.36 3.05 

6/3/2014 0.15 0.38 0.05 1.20 

6/4/2014 0.21 0.38 0.03 1.07 

6/8/2014 1.18 1.60 0.17 0.00 

6/17/2014 0.61 0.82 0.04 0.40 

6/18/2014 1.84 3.46 2.63 0.35 

6/21/2014 0.07 0.20 0.02 1.38 

6/23/2014 0.85 1.34 0.24 0.16 

6/24/2014 5.07 1.37 13.73 14.63 

6/29/2014 0.21 1.22 1.01 1.07 

8/2/2014 0.08 1.62 2.36 1.35 

8/11/2014 3.59 2.30 1.68 5.51 

8/17/2014 3.94 1.15 7.81 7.27 

8/19/2014 3.55 1.44 4.45 5.30 

10/7/2014 0.15 0.36 0.04 1.20 

10/13/2014 0.07 0.25 0.03 1.38 

10/28/2014 0.10 0.46 0.13 1.32 

10/31/2014 1.14 1.61 0.22 0.01 

Average 1.25 1.10     

Sum 28.7 25.3 36.6 52.4 

% of Water Balance 35.2a 31.9a     
NSE 0.30    

R2 0.31    

% Diff. -11.6       
a Percent of water balance based on total inflow of 81.4 cm and 79.3 cm for measured and modeled depths, respectively.  
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Table E-28. Storm event results for validation of exfiltration and evaporation at the Willoughby 

Hills, OH Large permeable pavement. 

Date 
Willoughby Hills Large Drainage: Validation 

Measured depth (cm) Modeled depth (cm) (Meas. - Mod.)2 (Meas - Avg.)2 

3/11/2014 0.63 1.20 0.33 0.01 

3/19/2014 0.10 0.30 0.04 0.42 

3/27/2014 0.71 1.32 0.37 0.00 

3/30/2014 1.12 1.57 0.20 0.14 

5/9/2014 0.12 0.30 0.03 0.38 

5/12/2014 1.02 1.20 0.03 0.08 

5/13/2014 0.07 0.25 0.03 0.45 

5/14/2014 0.35 3.32 8.81 0.15 

5/15/2014 0.45 -0.44 0.78 0.09 

5/21/2014 0.64 0.99 0.12 0.01 

7/7/2014 0.69 2.73 4.18 0.00 

7/8/2014 0.66 0.08 0.34 0.01 

7/13/2014 0.55 0.74 0.04 0.04 

7/15/2014 0.20 0.43 0.05 0.30 

7/17/2014 0.38 0.51 0.02 0.13 

7/19/2014 0.76 0.74 0.00 0.00 

7/26/2014 0.10 0.28 0.03 0.42 

7/27/2014 2.82 3.01 0.04 4.30 

9/2/2014 0.17 0.33 0.02 0.32 

9/5/2014 5.30 3.65 2.72 20.77 

9/10/2014 1.25 1.83 0.33 0.26 

9/13/2014 0.31 0.46 0.02 0.19 

9/15/2014 1.54 1.02 0.26 0.63 

9/21/2014 0.42 0.60 0.03 0.10 

9/30/2014 0.24 0.41 0.03 0.25 

11/4/2014 0.22 0.54 0.10 0.28 

11/6/2014 0.72 0.82 0.01 0.00 

11/11/2014 0.24 0.41 0.03 0.25 

11/15/2014 0.35 0.68 0.11 0.16 

11/22/2014 1.42 2.02 0.36 0.45 

11/29/2014 0.12 0.36 0.06 0.38 

11/30/2014 0.10 0.18 0.01 0.42 

Average 0.74 1.00     

Sum 23.8 31.8 19.5 31.4 

% of Water Balance 28.8a 36.1a     

NSE 0.38    

R2 0.51    

% Diff. 34.0       
a Percent of water balance based on total inflow of 82.6 cm and 88.2 cm for measured and modeled depths, respectively.
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Table E-29. Comparison of cumulative measured/estimated and modeled results over the entire monitoring period. Percentage of 

water balance given in brackets. 

Site 

Inflow (cm) Drainage (cm) Surface Runoff (cm) Exfiltration/Evaporation (cm) 

Measured/

estimated 
Modeled 

Percent 

Differencea 

Measured/

estimated 
Modeled 

Percent 

Differencea 

Measured/

estimated 
Modeled 

Percent 

Differencea 

Measured/

estimated 
Modeled 

Percent 

Differencea 

Boone 130.9 n/a n/a 
20.2 20.3 

0.4% 
0.0 0.0 

0.0% 
110.7 110.8 

0.0% 
[15%] [15%] [0%] [0%] [85%] [85%] 

Durham 148.0 150.5 1.7% 
113.4 115.3 

1.7% 
0.0 0.0 

0.0% 
34.7 35.2 

1.5% 
[77%] [77%] [0%] [0%] [23%] [23%] 

Perkins Township 325.2 322.5 -0.8% 
152.8 152.6 

-0.1% 
0.0 7.0 

n/ab 
172.4 162.8 

-5.9% 
[47%] [47%] [0%] [2%] [53%] [51%] 

Willoughby Hills Small 565.7 572.3 1.2% 
420.7 429.9 

2.1% 
47.5 44.6 

-6.6% 
97.5 97.9 

0.3% 
[74%] [75%] [8%] [8%] [18%] [17%] 

Willoughby Hills Largec 125.2 128.7 2.8% 
72.8 71.5 

-1.8% 
38.8 n/ad 

n/ad 
52.4 57.2 

8.3% 
[44%] [42%] [24%] n/ad [32%] [34%] 

a Percent difference between measured and modeled depths. 
b Percent difference not calculated because no measured/estimated runoff 
c Results given for effective inflow; percent of water balance based off of total inflow which was 164.0 cm and 167.5 cm for measured and modeled, respectively. 
d Surface runoff not modeled for this site; measured/estimated surface runoff was added to effective inflow to calculate total inflow. 
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Appendix F: User guide for adaptation of DRAINMOD to permeable pavement. 

 

Introduction 

The 12 steps described in this appendix can be used to model the fate of runoff entering a 

permeable pavement stormwater control measure (SCM). The manual provides suggestions for 

inputs to model a permeable pavement in North Carolina, but inputs should be adjusted to the 

user’s specific needs for better model agreement. Model agreement will be strongest when 

monitored data are used as inputs into the model, and when measured volumes of runoff, 

drainage, and surface runoff are available to compare to modeled results. 

As described in Chapter 5, the model calculates drainage using either Kirkham’s equation 

[when the water table is above the pavement surface] or Hooghoudt’s equation [when the water 

below the pavement surface] (Hooghoudt 1940, Kirkham 1957). Changes in the water table are 

computed using two water balance equations, one within the aggregate profile, and one for runoff 

and storage at the surface of the pavement. More detailed information about DRAINMOD’s 

governing equations, model components, and model utilities (e.g., weather, soil, and contributing 

area runoff) are provided in the DRAINMOD Reference Report (Skaggs 1980) and the 

DRAINMOD Help File available within the program.  
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12 – Step User Guide 

Step 1. Opening the Program 

Open DRAINMOD, and under the “Project” heading, select “Open Project.” Open any 

existing project file available (e.g., CDP.prj, DPH.prj). 

Step 2. Create a Contributing Area Runoff Project 

Under the “Project” heading, select “Save As.” In the dropdown menu, select the .prj file, 

and select “Save File.” Name the file something unique, such as “Parklot_contrib”, and select 

“Save.” A screen will pop-up, asking “Would you like to save both the .prj and .gen files?” Select 

“Yes.” The next pop-up will ask, “Would you like to open the saved .prj file as a new project?” 

Also select “Yes.” Then the user interface will appear (Figure F-1). Close out of the old project. 

This new project will be used to simulate runoff from an impervious contributing area (i.e., 

drainage area to the permeable pavement). The user can enter a project description, and should 

select the boxes highlighted in Figure F-1: (1) “Project Type: Hydrology,” (2) “PET: 

Thornthwaite,” (3) “Subsurface Water Mgmt.: Conventional Drainage,” (4) “Output Options: 

Hydrology: Daily, Monthly, Yearly and Rankings,” and (5) “Output Options: Hydrology: Hourly 

Surface Runoff/Water Loss (Surface Runoff).” The user should also select start and end times for 

the simulation based on the period of interest and/or the length of available weather information. 
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Figure F-1. User interface for contributing runoff file. 

 

 

 

Step 3. Create Weather Files 

Next, the user needs to create new weather files for the period of interest using the 

DRAINMOD utility for creating a weather file. Users may create temperature, rainfall, or 

potential evapotranspiration (PET) files. The data required to create weather files are either 

hourly or daily rainfall depth, daily maximum air temperature, daily minimum air temperature. 

Hourly rainfall measurements are preferred for more accurate modeling of runoff; they are 

typically available for long durations at airport weather stations. The National Climatic Data 

Center (http://www.ncdc.noaa.gov/) is a good resource for long-term hourly rainfall records.  

http://www.ncdc.noaa.gov/
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 If only daily rainfall depths are available, the model distributes rainfall based on a user-

specified duration and period of the day. The median rainfall duration at Durham, NC, was 5.1 

hours; in Perkins Township and Willoughby Hills, OH, the median rainfall duration was 6.6 and 

7.9 hours, respectively. The period of distribution should be based on the typical rainfall duration 

at for the site location. Six hours is recommended for sites with a similar climate to Durham, NC. 

The model distributes PET from 6:00 AM to 6:00 PM. In order to avoid overestimating or 

underestimating the amount of ET during the simulation period, rainfall hours should be evenly 

split between ET and non-ET hours (e.g., 3:00 PM to 9:00 PM for a 6-hour rainfall distribution). 

 Examples of the format for rainfall and temperature files (.wea) needed to run the 

DRAINMOD weather utility are provided in Figure F-2. Daily rainfall, hourly rainfall, and daily 

temperature files are provided. For daily rainfall, columns within each row are: year, day of year 

(out of 365 or 366, Julian day), and daily rainfall depth. Rainfall depth may be entered in mm, 

cm, or in, and must be specified in the weather utility. For hourly rainfall, the columns within 

each row are: year, day and hour of the year (out of 365 or 366), and hourly rainfall depth. For 

the temperature weather files, columns within each row are: year, day of year (out of 365 or 366), 

maximum daily temperature and minimum daily temperature. Temperature may be entered in 

degrees Fahrenheit or degrees Celsius, but must be specified appropriately within the utility. To 

create the weather files, the author saved properly-formatted Microsoft Excel data as a .txt file 

with a .wea extension. 
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Figure F-2. Examples of format for daily rainfall (left), hourly rainfall (middle), and daily 

temperature (right). 

 

 

 

 Once the .wea files are created, the weather utility can be utilized to create rainfall (.rai) 

and temperature (.tem) files. Under the “Utilities” heading, select “Create weather file.” The 

weather utility interface is shown in Figure F-3. Browse for the appropriate .wea file and select 

the appropriate weather variable and units. Enter a six-digit Station ID; the numbers do not 

matter but should stay consistent for each site. Click “Create” and the utility will create a .rai or 

.tem  file. These files can then be selected under the “Manage Input Files: Weather” tab. 
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Figure F-3. DRAINMOD weather utility interface. 

 

 

 

 There are several option to include PET calculations in DRAINMOD. Users may 

calculate PET based whichever method desired if enough detailed meteorological data is 

available. Otherwise, the user may specify PET to be calculated with the Thornthwaite method; 

this method is less precise because it requires fewer inputs. This method only requires the latitude 

of the site and the mean monthly air temperature, which is used to calculate the heat index [Eq. 

F.1]. 

 

𝐼 =∑(
𝑇𝑖
5
)
1.51412

𝑖=1

 (F.1) 

where 𝐼 = head index and 𝑇𝑖 is the mean monthly temperature in degrees Celsius. 
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 There is an option to include monthly correction factors to improve accuracy of the 

Thornthwaite method. If these are available for the site of interest, then they should be entered 

into the model under the “Manage Input Data: Weather” tab. Otherwise, default values within 

the model may be used. The latitude of the site and calculated head index should also be entered 

under this tab. An example of input PET data for the Durham site is presented in Figure F-4. 

 

 

Figure F-4. Example input PET data for Durham site.  
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Step 4. Create soil file for asphalt parking lot 

 To create a soil file for asphalt, open any existing soil file (e.g., Portse.sin). Then, under 

the “Manage Input Data: Soil: Infiltration” tab, adjust the Green-Ampt parameters to those 

shown in Figure F-5. These changes will cause the model to predict surface runoff more similarly 

to an impervious surface, where infiltration is nearly non-existent. 

 

 

Figure F-5. Adjusted Green-Ampt infiltration parameters for parking lot soil file. 

 

 

 

Step 5. Input drainage design for asphalt parking lot. 

To model parking lot runoff, the system design should be changed to have wide drain 

spacing, shallow drain depth, and shallow surface storage. When simulated, this system design 
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will result in very little drainage and surface storage, which will cause a large proportion of 

rainfall to become surface runoff. If the contributing area is 100% percent impervious, the 

parameters under the “Manage Input Data: Drainage Design: System Design” should be changed 

those given in Figure A-6. If the asphalt has larger depressions in its surface, the maximum 

surface storage depth (Sm) should be increased to accurately represent runoff from all sizes of 

events. 

 

 

Figure F-6. Adjusted drainage system design for an impervious asphalt parking lot. 
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If a portion of the drainage area is pervious, a separate contributing file may be created 

for the pervious area. The Green-Ampt paramters for this file should be adjusted to have higher 

infiltration rates that reflect the permeability of the contributing area. Depending on the site, 

additional adjustment of the surface storage depth may be needed to accurately model runoff 

from the pervious contributing area. 

Step 6. Simulate DRAINMOD for Runoff 

 Now that the parking lot contributing area file is complete, simulate the model by 

clicking the “Simulate” button within the user interface. A pop-up indicating the model was 

simulated successfully will appear; click “OK.” The user can then examine daily (.dai), monthly 

(.mon), and yearly (.yr) output files by clicking the “Output” button and then selecting the desired 

file. When the “Output Options: Hydrology: Hourly Surface Runoff/Water Loss (Surface 

Runoff)” is selected, a .sro file for surface runoff will also be created which can be viewed by 

selecting “All files”; this file will be used to create the contributing area runoff file. 

 Daily output should be examined to ensure calculated runoff is consistent with whichever 

runoff method estimation was used in the monitoring program (e.g., Curve Number, initial 

abstraction, etc.). If the modeled abstraction depths are not within the range expected by the user, 

the maximum storage depth may be increased. 
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Step 7. Create Contributing Runoff File 

 Once the modeled surface runoff is satisfactory, the .sro file should be converted into an 

overland runoff file (.ovr) using the “Contributing Area Runoff” utility. Under the “Utilities” 

heading, select “Contributing Area Runoff.” When the input area pops up, type in a name for the 

contributing area runoff file under “File Name” as shown in Figure F-7 (e.g., parklot). Click 

“Open” and a pop-up will say the file doesn’t exist and ask to “Create the file?”; click “Yes.” 

 

 

Figure F-7. Example of the file name input area for creation of contributing area runoff file. 
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 Add the .sro file that was just created by clicking the “Add” button and navigating to the 

appropriate .sro file. Enter the time of concentration, contributing area, and IUH adjustment 

factor for the site (Figure F-8). Typical values for time of concentrations and IUH adjustment 

factors for a standard parking lot (less than 1 ha) would be 0.1 hours and 1.67, respectively. 

Select “Create” and “OK” to create the file.  

 

 

Figure F-8. Interface for contributing area runoff utility. 
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Step 8. Create New Project for Permeable Pavement 

 Select “Project: Save As” to create a new project for the permeable pavement simulation. 

Select the .prj file from the drop down list, and select “Save File.” Re-name this file to something 

unique, such as “PP_simulation.” Save both the .gen and .prj files and open the new file by 

clicking “Yes.” Close the contributing area file. In the new permeable pavement project, the user 

should select “Surface Water: Contributing Area Runoff” and then either “Subsurface Water 

Mgmt.: Conventional Drainage” or “Subsurface Water Mgmt.: Controlled Drainage”, depending 

on the drainage configuration of the permeable pavement. Controlled Drainage should be used 

when internal water storage (IWS) is incorporated using an upturned elbow. These parameters 

are highlighted in Figure F-9. The user should verify the simulation period and weather files are 

still appropriate for the desired simulation period. 

 

 

Figure F-9. Interface for permeable pavement design file. 
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Step 9. Add contributing runoff file  

 Under the “Manage Input Files: Hydrology” tab, check the box for “Runoff File.” 

Browse to the .ovr file that was just created and enter the appropriate field ratio. The field ratio, 

or run-on ratio, is the ratio of the contributing drainage area to the permeable pavement area. This 

is highlighted in Figure F-10. 

 

 

Figure F-10. Interface for adding contributing runoff file and run-on ratio (ratio of 

contributing area to permeable pavement area). 

 

Step 10. Create soil file for aggregate 

A soil-water characteristic curve, or in the case of aggregate, a water-retention curve, 

must be utilized to create a soil file to represent the aggregate reservoir. For the simulations 
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described in this dissertation, a single water retention curve was used. The water retention curve 

used for aggregate was adapted from a very sandy soil in Brown (2011) and modified to 

represent the aggregate layer. This water retention curve is given in Table F-1. The saturated 

hydraulic conductivity is also required in addition to the water retention curve. If the surface 

infiltration rate of the pavement has not been measured, a non-limiting (but very conservative) 

saturated hydraulic conductivity of 200 cm/hr can be utilized when DRAINMOD is applied to 

well-maintained permeable pavements (estimation for aggregate from Domenico and Shwartz 

1990). 

 

Table F-1. Water retention curve for aggregate (Brown 2011). 

 
Volumetric Water 

Content 
Pressure head 

(cm3/cm3) (cm) 

0.300 0 

0.100 -4 

0.050 -10 

0.050 -30 

0.045 -60 

0.044 -100 

0.044 -200 

0.044 -300 

0.044 -400 

0.044 -600 

0.010 -15000 

 

 

 

 To create a new soil file (.soi), an existing soil file should be copied and re-named from 

the “Soils” folder wherever DRAINMOD is stored on your computer. Then under “Utilities”, 

select “Create Soil File,” and navigate to the .soi file that was just created. The interface for this 

utility is shown in Figure F-11. Since it is assumed the permeable pavement and aggregate are a 
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homogenous unit, only one soil layer is needed. The bottom depth of the aggregate reservoir and 

saturated conductivity are required, as are a root depth and maximum root depth. Set the root 

depth and maximum root depth to minimum allowable values (0.01 cm).  

 

 

Figure F-11. Interface for soil file utility. 

 

 

 



 

 

368 

 

 Once completed, select “Create.” This will create relationships for volume drained and 

upward flux, as well as Green and Ampt infiltration parameters. Because the maximum root 

depth was set to 0.01, the algorithm used to create the Green and Ampt infiltration parameters 

will set these parameters to 0 at depths greater than the maximum root depth set. To remedy this, 

the parameters should be manually adjusted under “Manage Input Data: Soil: Infiltration” to 

represent infiltration through the permeable pavement. Assuming infiltration through the 

aggregate profile is homogenous and non-limiting, parameters A and B can be determined from 

the measured hydraulic conductivity using Eq. F.2. A second row is added to represent the 

seepage rate of the underlying soil. An example of these adjustments are provided in Figure F-12.  

 
𝑓 =

𝐴

𝐹
+ 𝐵 (F.2) 

where  𝑓 = infiltration rate 

 𝐹 = cumulative infiltration 

 𝐴 = 𝐾𝑠 ∗ 𝑀 ∗ 𝑆𝑎𝑣  

 𝐵 = 𝐾𝑠 

 𝐾𝑠 = saturated hydraulic conductivity of the surface (> 200 cm/hr for most applications) 

 𝑀 = initial fillable porosity (0.30 for aggregate) 

 𝑆𝑎𝑣 = suction at the wetting front (assumed to be minimal, 1 cm). 
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Figure F-12. Interface for permeable pavement Green and Ampt infiltration parameters. 

 
 
 
Step 11. Enter permeable pavement design specifications 

 Under the “Manage Input Data: Drainage Design: System Design” tab, the top box 

highlighted in Figure F-13 should be input with information on how the underdrain(s) is/are 

installed. These parameters include the depth from soil surface to drain, drain spacing, effective 

drain radius, and actual distance from surface to impermeable layer. The total profile depth 

(depth of aggregate + pavement) should be entered as the actual distance from the surface to 

impermeable layer. If there are multiple drains evenly spaced, the drain spacing should be set 

equal to the distance between them; otherwise, an effective drain spacing is calculated by 

dividing the surface area of the permeable pavement by the total length of the drain pipe. Because 
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the underdrains were surrounded by gravel, the effective drain radius was selected as the actual 

drain radius (Brown 2011).   

The next highlighted box is the drainage coefficient, which limits maximum drainage 

from the system when drainage rates are limited by pipe size, valves, or other structural features. 

If monitoring data are available, the drainage coefficient can be measured when the aggregate 

profile is saturated and the maximum drainage rate is occurring. However, in most cases, the 

drainage rate will be limited by drain spacing, depth, or soil conductivity, which is accounted for 

in the Kirkham equation under fully saturated conditions. For the application of DRAINMOD to 

unmonitored permeable pavement sites, the drainage coefficient should be set unrealistically high 

to prevent the drainage coefficient from restricting the drainage rate. 

The last box is for surface storage design parameters. Surface storage should typically not 

occur in a permeable pavement because of high surface infiltration rates, therefore the model is 

not sensitive to these parameters under typical permeable pavement simulations. The maximum 

surface storage parameter can be set to a shallow depth (e.g., 0.5 cm). Kirkham’s depth is a 

parameter defining the surface roughness of the pavement; it describes the depth in which water 

no longer freely moves on the surface (Kirkham 1957). Depending on the pavement type (e.g., 

pervious concrete, interlocking concrete pavement), Kirkham’s depth can be set to a shallow 

value (e.g., 0.1 for smooth interlocking concrete pavement or 0.3 cm for a rougher pervious 

concrete). Additional schematics for DRAINMOD input parameters and corresponding 

permeable pavement parameters are provided in Figure F-14. 



 

 

371 

 

 

Figure F-13. Interface for System Design of a permeable pavement. 
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Figure F-14. Drainage design diagram for agricultural field with drain pipes (top) and drainage 

design diagram for permeable pavement cell with internal water storage (bottom). 
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 The next model input is for the saturated hydraulic conductivity of the aggregate, which 

can be set to what was measured via surface infiltration testing; if this has not been monitored 

than 200 cm/hr can be used for the aggregate (Brown 2011, Domenico and Schwartz 1990). 

These are entered under the “Manage Input Data: Soil: Lateral Saturated Conductivity” tab, as 

depicted in Figure F-15. The effective root depths are then set to a minimal value (0.01 cm) under 

the “Manage Input Data: Soil: Crop Data” tab. While root depths can be varied through the year 

(as is needed for agricultural crops), the root depth should be constant for a permeable pavement 

simulation. 

 

Figure F-15. Interface for saturated hydraulic conductivity for a single aggregate layer. 

 



 

 

374 

 

 

Figure F-16. Interface for crop root depths, set to 0.01 cm for a permeable pavement. 

 

 

 

 One of the most important input parameters when modeling permeable pavement 

hydrology in DRAINMOD is accounting for exfiltration through the seepage parameters. These 

are entered under “Manage Input Data: Drainage Design: Seepage.” An example of the seepage 

parameter inputs and the associated diagram for vertical seepage is given in Figure F-16. For the 

permeable pavements modeled in this dissertation, the drawdown rate was measured within the 

IWS zone after drainage had ceased. For unmonitored permeable pavements, the saturated 

hydraulic conductivity of the underlying soil is a good approximation for this parameter (Winston 

2016). 
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Figure F-17. Interface and diagram for vertical seepage parameters. 

 If a permeable pavement incorporates an IWS zone via an upturned elbow, this can be 

modeled with “Controlled Drainage” under the “Subsurface Water Management” tab (Figure A-

9). The depth to weir should be adjusted to the depth from the bottom of the aggregate profile to 

the invert of the outlet pipe under “Manage Input Data: Drainage Design: Weir Settings,” as 

shown in Figure F-18. To ensure the stormwater pipe or ditch the permeable pavement is 
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draining into does not cause water to back up into the aggregate profile, the ditch characteristics 

should be set to 0.01 for both the “Bottom width of the ditch” and the “Ditch side slope.”  

  

Figure F-18. Interface for controlled drainage weir settings for an IWS zone. 

 

Step 12. Run simulation 

The permeable pavement may now be simulated. Click the “Simulate” button within the 

user interface and then click “OK.” The user can then examine daily (.dai), monthly (.mon), and 

yearly (.yr) output files by clicking the “Output” button and selecting the desired file. Hydrology 

output abbreviations as they pertain to permeable pavement are described in Table F-2. 
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Table F-2. Description of DRAINMOD hydrology outputs as they pertain to permeable 

pavement. All volumes are expressed in depth of water (cm) per permeable pavement surface 

area. These units are transformed into a volume through multiplying the depth (cm) by the 

permeable pavement surface area. 

DRAINMOD Output Permeable Pavement Corollary 

RAIN Volume of runoff entering the permeable pavement plus direct rainfall 

INFIL Volume of runoff and rainfall that infiltrated the permeable pavement surface 

ET Evaporation volume 

DRAIN Drainage volume 

DTWT Depth to water table from surface of the permeable pavement 

TVOL Available water storage volume in the permeable pavement 

STOR Depth of water stored in the surface storage zone 

RUNOFF Surface runoff volume 

VERTSO Vertical seepage/exfiltration volume 
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Appendix G: Results from design alternative analysis for standard permeable 

pavement configurations in North Carolina and Ohio. 

Table G-1. Fate of runoff for standard permeable pavement design configurations in North 

Carolina with underlying soil exfiltration rates of 0.02, 0.05, and 0.13 cm/hr.  

North Carolina Standard Design Configurations Fate of Runoff (%) 

Seepage Rate 

(cm/hr) 

Pavement + 

Aggregate 

Depth (cm) 

Run-on Ratio 

Internal 

Water 

Storage (cm) 

Drainage Surface Runoff 
Exfiltration and 

Evaporation 

0.02 60 0 15 50.6 0.1 49.3 

0.02 60 1 15 68.8 0.7 30.5 

0.02 60 2 15 75.6 2.3 22.1 

0.02 60 3 15 78.1 4.5 17.4 

0.02 60 4 15 78.2 7.5 14.3 

0.02 60 1 0 81.6 0.5 17.9 

0.02 60 1 30 49.9 1.4 48.7 

0.02 23 1 0 76.1 6.0 17.9 

0.02 30 1 0 78.7 3.4 17.9 

0.02 45 1 0 80.5 1.6 17.9 

0.02 45 1 15 67.9 1.7 30.4 

0.02 90 1 0 81.8 0.4 17.8 

0.02 90 1 15 69.6 0.1 30.3 

0.02 90 1 30 51.1 0.1 48.8 

0.02 90 1 45 34.9 0.5 64.6 

0.05 60 0 15 34.3 0.1 65.6 

0.05 60 1 15 56.6 0.7 42.7 

0.05 60 2 15 66.1 2.3 31.6 

0.05 60 3 15 70.4 4.4 25.2 

0.05 60 4 15 71.7 7.2 21.1 

0.05 60 1 0 79.1 0.5 20.4 

0.05 60 1 30 30.2 1.2 68.7 

0.05 23 1 0 74.6 5.1 20.3 

0.05 30 1 0 76.9 2.8 20.3 

0.05 45 1 0 78.4 1.2 20.4 

0.05 45 1 15 55.9 1.6 42.5 

0.05 90 1 0 79.7 0.0 20.3 

0.05 90 1 15 57.3 0.1 42.6 

0.05 90 1 30 31.1 0.1 68.8 

0.05 90 1 45 15.3 0.2 84.5 

0.13 60 0 15 21.0 0.0 79.0 

0.13 60 1 15 43.3 0.6 56.1 

0.13 60 2 15 54.7 2.0 43.4 

0.13 60 3 15 60.6 3.9 35.5 

0.13 60 4 15 63.3 6.4 30.2 

0.13 60 1 0 74.7 0.4 24.9 

0.13 60 1 30 16.6 0.8 82.6 

0.13 23 1 0 70.5 5.0 24.6 

0.13 30 1 0 72.7 2.7 24.6 

0.13 45 1 0 74.0 1.1 24.8 

0.13 45 1 15 42.9 1.3 55.8 

0.13 90 1 0 75.2 0.0 24.8 

0.13 90 1 15 43.9 0.0 56.1 

0.13 90 1 30 17.1 0.0 82.8 

0.13 90 1 45 6.7 0.1 93.3 
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Table G-2. Fate of runoff for standard permeable pavement design configurations in North 

Carolina with underlying soil exfiltration rates of 0.35, 0.50, and 1.25 cm/hr.  

North Carolina Standard Design Configurations Fate of Runoff (%) 

Seepage Rate 

(cm/hr) 

Pavement + 

Aggregate 

Depth (cm) 

Run-on Ratio 

Internal 

Water 

Storage (cm) 

Drainage Surface Runoff 
Exfiltration and 

Evaporation 

0.35 60 0 15 12.4 0.0 87.6 

0.35 60 1 15 31.3 0.4 68.3 

0.35 60 2 15 42.8 1.7 55.5 

0.35 60 3 15 49.4 3.4 47.2 

0.35 60 4 15 52.9 5.8 41.3 

0.35 60 1 0 67.1 0.3 32.5 

0.35 60 1 30 9.3 0.5 90.1 

0.35 23 1 0 63.6 4.8 31.7 

0.35 30 1 0 65.5 2.6 31.9 

0.35 45 1 0 66.6 1.0 32.3 

0.35 45 1 15 31.0 1.1 67.9 

0.35 90 1 0 67.5 0.0 32.5 

0.35 90 1 15 31.7 0.0 68.3 

0.35 90 1 30 9.7 0.0 90.3 

0.35 90 1 45 3.4 0.0 96.5 

0.5 60 0 15 10.1 0.0 89.9 

0.5 60 1 15 27.4 0.3 72.3 

0.5 60 2 15 38.5 1.6 59.9 

0.5 60 3 15 45.1 3.2 51.7 

0.5 60 4 15 48.7 5.4 45.8 

0.5 60 1 0 63.3 0.3 36.3 

0.5 60 1 30 7.6 0.5 92.0 

0.5 23 1 0 60.1 4.6 35.3 

0.5 30 1 0 61.9 2.5 35.6 

0.5 45 1 0 62.9 1.0 36.1 

0.5 45 1 15 27.2 1.0 71.7 

0.5 90 1 0 63.7 0.0 36.3 

0.5 90 1 15 27.7 0.0 72.3 

0.5 90 1 30 7.8 0.0 92.2 

0.5 90 1 45 2.7 0.0 97.3 

1.25 60 0 15 5.5 0.0 94.5 

1.25 60 1 15 17.8 0.2 82.0 

1.25 60 2 15 26.9 1.3 71.8 

1.25 60 3 15 32.9 2.6 64.5 

1.25 60 4 15 36.5 4.4 59.1 

1.25 60 1 0 49.9 0.2 49.9 

1.25 60 1 30 4.0 0.3 95.7 

1.25 23 1 0 47.7 4.2 48.1 

1.25 30 1 0 49.1 2.2 48.7 

1.25 45 1 0 49.7 0.8 49.5 

1.25 45 1 15 17.7 0.8 81.5 

1.25 90 1 0 50.1 0.0 49.9 

1.25 90 1 15 18.0 0.0 82.0 

1.25 90 1 30 4.2 0.0 95.8 

1.25 90 1 45 1.3 0.0 98.7 
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Table G-3. Fate of runoff for standard permeable pavement design configurations in Ohio with 

underlying soil exfiltration rates of 0.02, 0.05, and 0.13 cm/hr.  

Ohio Standard Design Configurations Fate of Runoff (%) 

Seepage 

Rate 

(cm/hr) 

Pavement + 

Aggregate Depth 

(cm) 

Run-on 

Ratio 

Internal 

Water 

Storage 

(cm) 

Drainage Surface Runoff 
Exfiltration and 

Evaporation 

0.02 60 0 15 37.7 0.1 62.2 

0.02 60 1 15 59.3 0.3 40.5 

0.02 60 2 15 69.4 0.6 30.1 

0.02 60 3 15 74.9 1.1 23.9 

0.02 60 4 15 78.1 2.0 19.9 

0.02 60 2 0 80.5 0.5 19.0 

0.02 60 2 30 46.1 1.0 52.9 

0.02 23 2 0 69.5 11.5 19.0 

0.02 30 2 0 76.3 4.7 19.0 

0.02 45 2 0 79.9 1.1 19.0 

0.02 45 2 15 66.8 1.5 31.7 

0.02 90 2 0 81.0 0.0 18.9 

0.02 90 2 15 68.2 0.1 31.7 

0.02 90 2 30 45.6 0.1 54.3 

0.02 90 2 45 27.0 0.8 72.2 

0.05 60 0 15 21.2 0.0 78.7 

0.05 60 1 15 44.3 0.1 55.6 

0.05 60 2 15 56.6 0.6 42.8 

0.05 60 3 15 64.1 1.1 34.8 

0.05 60 4 15 68.7 1.9 29.4 

0.05 60 2 0 74.1 0.5 25.4 

0.05 60 2 30 28.7 0.8 70.5 

0.05 23 2 0 63.8 11.0 25.2 

0.05 30 2 0 70.2 4.5 25.2 

0.05 45 2 0 73.5 1.1 25.4 

0.05 45 2 15 53.7 1.4 45.0 

0.05 90 2 0 74.6 0.0 25.4 

0.05 90 2 15 54.8 0.1 45.2 

0.05 90 2 30 28.0 0.1 71.9 

0.05 90 2 45 12.8 0.3 86.9 

0.13 60 0 15 9.5 0.0 90.5 

0.13 60 1 15 28.7 0.0 71.3 

0.13 60 2 15 41.5 0.5 58.0 

0.13 60 3 15 50.2 1.0 48.8 

0.13 60 4 15 55.9 1.8 42.3 

0.13 60 2 0 64.1 0.5 35.4 

0.13 60 2 30 16.5 0.6 82.9 

0.13 23 2 0 55.0 10.3 34.7 

0.13 30 2 0 60.7 4.3 35.0 

0.13 45 2 0 63.7 1.1 35.3 

0.13 45 2 15 38.5 1.2 60.3 

0.13 90 2 0 64.6 0.0 35.4 

0.13 90 2 15 39.4 0.0 60.6 

0.13 90 2 30 15.8 0.0 84.2 

0.13 90 2 45 5.4 0.1 94.5 
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Table G-4. Fate of runoff for standard permeable pavement design configurations in Ohio with 

underlying soil exfiltration rates of 0.35, 0.50, and 1.25 cm/hr.  

Ohio Standard Design Configurations Fate of Runoff (%) 

Seepage 

Rate 

(cm/hr) 

Pavement + 

Aggregate Depth 

(cm) 

Run-on 

Ratio 

Internal 

Water 

Storage 

(cm) 

Drainage Surface Runoff 
Exfiltration and 

Evaporation 

0.35 60 0 15 3.8 0.0 96.2 

0.35 60 1 15 16.2 0.0 83.7 

0.35 60 2 15 27.1 0.4 72.5 

0.35 60 3 15 35.3 0.9 63.8 

0.35 60 4 15 41.3 1.6 57.1 

0.35 60 2 0 49.7 0.4 49.8 

0.35 60 2 30 9.0 0.5 90.5 

0.35 23 2 0 42.3 9.2 48.5 

0.35 30 2 0 47.0 3.8 49.2 

0.35 45 2 0 49.4 1.0 49.6 

0.35 45 2 15 24.7 1.1 74.2 

0.35 90 2 0 50.1 0.0 49.8 

0.35 90 2 15 25.4 0.0 74.6 

0.35 90 2 30 8.7 0.0 91.3 

0.35 90 2 45 2.5 0.3 97.2 

0.5 60 0 15 2.7 0.0 97.3 

0.5 60 1 15 12.7 0.0 87.3 

0.5 60 2 15 22.3 0.4 77.3 

0.5 60 3 15 29.9 0.9 69.2 

0.5 60 4 15 35.8 1.5 62.7 

0.5 60 2 0 43.4 0.4 56.1 

0.5 60 2 30 7.1 0.5 92.5 

0.5 23 2 0 36.9 8.6 54.5 

0.5 30 2 0 41.0 3.6 55.4 

0.5 45 2 0 43.1 1.0 55.9 

0.5 45 2 15 20.3 1.0 78.7 

0.5 90 2 0 43.8 0.0 56.2 

0.5 90 2 15 20.8 0.0 79.2 

0.5 90 2 30 6.8 0.0 93.2 

0.5 90 2 45 2.0 0.2 97.8 

1.25 60 0 15 1.0 0.0 99.0 

1.25 60 1 15 5.8 0.0 94.2 

1.25 60 2 15 11.6 0.4 88.0 

1.25 60 3 15 17.0 0.8 82.2 

1.25 60 4 15 21.6 1.3 77.0 

1.25 60 2 0 26.3 0.4 73.3 

1.25 60 2 30 3.4 0.4 96.2 

1.25 23 2 0 22.3 6.8 70.9 

1.25 30 2 0 24.8 2.9 72.3 

1.25 45 2 0 26.1 0.9 73.0 

1.25 45 2 15 10.4 0.9 88.7 

1.25 90 2 0 26.6 0.0 73.4 

1.25 90 2 15 10.8 0.0 89.1 

1.25 90 2 30 3.4 0.0 96.6 

1.25 90 2 45 0.7 0.0 99.2 

 

  



 

 

383 

 

Table G-5. Expanded results of the fate of runoff for permeable pavement design configurations 

in North Carolina with run-on ratio of 0 and underlying soil exfiltration rates of 0.02, 0.05, and 

0.13 cm/hr. 

North Carolina Standard Design Configurations Fate of Runoff (%) 

Seepage Rate 

(cm/hr) 

Pavement + 

Aggregate 

Depth (cm) 

Run-on Ratio 

Internal 

Water 

Storage (cm) 

Drainage Surface Runoff 
Exfiltration and 

Evaporation 

0.02 60 0 0 70.6 0.0 29.4 

0.02 60 0 15 50.6 0.1 49.3 

0.02 60 0 30 25.8 0.0 74.2 

0.02 23 0 0 69.7 0.9 29.4 

0.02 30 0 0 70.3 0.3 29.4 

0.02 45 0 0 70.6 0.0 29.4 

0.02 45 0 15 50.8 0.0 49.2 

0.02 90 0 0 70.1 0.9 29.1 

0.02 90 0 15 50.9 0.0 49.1 

0.02 90 0 30 25.8 0.0 74.2 

0.02 90 0 45 10.6 0.0 89.4 

0.05 60 0 0 67.3 0.0 32.7 

0.05 60 0 15 34.3 0.1 65.6 

0.05 60 0 30 9.5 0.0 90.5 

0.05 23 0 0 66.5 0.9 32.6 

0.05 30 0 0 67.1 0.3 32.6 

0.05 45 0 0 67.2 0.0 32.8 

0.05 45 0 15 34.7 0.0 65.3 

0.05 90 0 0 67.5 0.0 32.5 

0.05 90 0 15 34.3 0.3 65.3 

0.05 90 0 30 9.5 0.0 90.5 

0.05 90 0 45 2.6 0.0 97.4 

0.13 60 0 0 61.3 0.0 38.7 

0.13 60 0 15 21.0 0.0 79.0 

0.13 60 0 30 3.9 0.0 96.1 

0.13 23 0 0 60.7 0.9 38.4 

0.13 30 0 0 61.3 0.3 38.5 

0.13 45 0 0 61.3 0.0 38.7 

0.13 45 0 15 21.3 0.0 78.7 

0.13 90 0 0 61.5 0.0 38.5 

0.13 90 0 15 21.1 0.0 78.8 

0.13 90 0 30 4.0 0.0 96.0 

0.13 90 0 45 1.0 0.0 99.0 
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Table G-6. Expanded results of the fate of runoff for permeable pavement design configurations 

in North Carolina with run-on ratio of 0 and underlying soil exfiltration rates of 0.35, 0.50, and 

1.25 cm/hr. 

North Carolina Standard Design Configurations Fate of Runoff (%) 

Seepage Rate 

(cm/hr) 

Pavement + 

Aggregate 

Depth (cm) 

Run-on Ratio 

Internal 

Water 

Storage (cm) 

Drainage Surface Runoff 
Exfiltration and 

Evaporation 

0.35 60 0 0 52.3 0.0 47.7 

0.35 60 0 15 12.4 0.0 87.6 

0.35 60 0 30 2.0 0.0 98.0 

0.35 23 0 0 51.9 0.8 47.3 

0.35 30 0 0 52.5 0.2 47.3 

0.35 45 0 0 52.4 0.0 47.6 

0.35 45 0 15 12.6 0.0 87.4 

0.35 90 0 0 52.5 0.0 47.5 

0.35 90 0 15 12.6 0.0 87.4 

0.35 90 0 30 2.0 0.0 98.0 

0.35 90 0 45 0.4 0.0 99.6 

0.5 60 0 0 48.1 0.0 51.9 

0.5 60 0 15 10.1 0.0 89.9 

0.5 60 0 30 1.6 0.0 98.4 

0.5 23 0 0 47.9 0.8 51.3 

0.5 30 0 0 48.4 0.2 51.4 

0.5 45 0 0 48.2 0.0 51.8 

0.5 45 0 15 10.4 0.0 89.6 

0.5 90 0 0 48.3 0.0 51.7 

0.5 90 0 15 10.2 0.0 89.8 

0.5 90 0 30 1.6 0.0 98.4 

0.5 90 0 45 0.2 0.0 99.8 

1.25 60 0 0 34.7 0.0 65.3 

1.25 60 0 15 5.5 0.0 94.5 

1.25 60 0 30 0.7 0.0 99.3 

1.25 23 0 0 34.6 0.7 64.7 

1.25 30 0 0 35.0 0.2 64.9 

1.25 45 0 0 34.8 0.0 65.2 

1.25 45 0 15 5.6 0.0 94.4 

1.25 90 0 0 34.8 0.0 65.2 

1.25 90 0 15 5.6 0.0 94.4 

1.25 90 0 30 0.8 0.0 99.2 

1.25 90 0 45 0.0 0.0 100.0 
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Table G-7. Expanded results of the fate of runoff for permeable pavement design configurations 

in North Carolina with run-on ratio of 2 and underlying soil exfiltration rates of 0.02, 0.05, and 

0.13 cm/hr. 

North Carolina Standard Design Configurations Fate of Runoff (%) 

Seepage Rate 

(cm/hr) 

Pavement + 

Aggregate 

Depth (cm) 

Run-on Ratio 

Internal 

Water 

Storage (cm) 

Drainage Surface Runoff 
Exfiltration and 

Evaporation 

0.02 60 2 0 85.2 1.8 13.0 

0.02 60 2 15 75.6 2.3 22.1 

0.02 60 2 30 60.3 3.7 36.0 

0.02 23 2 0 75.3 11.7 13.0 

0.02 30 2 0 80.0 7.0 13.0 

0.02 45 2 0 83.7 3.2 13.0 

0.02 45 2 15 73.7 4.3 22.0 

0.02 90 2 0 85.4 1.7 12.9 

0.02 90 2 15 77.2 0.8 22.0 

0.02 90 2 30 62.7 1.2 36.1 

0.02 90 2 45 49.3 1.9 48.8 

0.05 60 2 0 83.2 1.8 15.0 

0.05 60 2 15 66.1 2.3 31.6 

0.05 60 2 30 43.3 3.1 53.6 

0.05 23 2 0 73.6 11.6 14.8 

0.05 30 2 0 78.2 7.0 14.9 

0.05 45 2 0 81.8 3.2 15.0 

0.05 45 2 15 64.5 4.0 31.5 

0.05 90 2 0 84.4 0.6 15.0 

0.05 90 2 15 67.6 0.8 31.6 

0.05 90 2 30 45.0 1.1 53.8 

0.05 90 2 45 28.2 1.5 70.3 

0.13 60 2 0 79.4 1.7 18.9 

0.13 60 2 15 54.7 2.0 43.4 

0.13 60 2 30 28.3 2.4 69.3 

0.13 23 2 0 70.4 11.4 18.2 

0.13 30 2 0 74.7 6.9 18.4 

0.13 45 2 0 78.2 3.1 18.7 

0.13 45 2 15 53.4 3.6 43.0 

0.13 90 2 0 80.5 0.6 18.9 

0.13 90 2 15 55.9 0.7 43.4 

0.13 90 2 30 29.5 0.9 69.6 

0.13 90 2 45 14.6 1.1 84.3 
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Table G-8. Expanded results of the fate of runoff for permeable pavement design configurations 

in North Carolina with run-on ratio of 2 and underlying soil exfiltration rates of 0.35, 0.50, and 

1.25 cm/hr. 

North Carolina Standard Design Configurations Fate of Runoff (%) 

Seepage Rate 

(cm/hr) 

Pavement + 

Aggregate 

Depth (cm) 

Run-on Ratio 

Internal 

Water 

Storage (cm) 

Drainage Surface Runoff 
Exfiltration and 

Evaporation 

0.35 60 2 0 72.6 1.6 25.7 

0.35 60 2 15 42.8 1.7 55.5 

0.35 60 2 30 17.9 2.0 80.1 

0.35 23 2 0 64.7 11.0 24.3 

0.35 30 2 0 68.7 6.6 24.8 

0.35 45 2 0 71.6 2.9 25.4 

0.35 45 2 15 42.0 3.2 54.8 

0.35 90 2 0 73.6 0.5 26.0 

0.35 90 2 15 43.8 0.5 55.7 

0.35 90 2 30 18.8 0.6 80.5 

0.35 90 2 45 8.0 0.7 91.3 

0.5 60 2 0 69.1 1.6 29.4 

0.5 60 2 15 38.5 1.6 59.9 

0.5 60 2 30 15.0 1.8 83.2 

0.5 23 2 0 61.8 10.7 27.5 

0.5 30 2 0 65.5 6.4 28.1 

0.5 45 2 0 68.2 2.8 29.0 

0.5 45 2 15 37.8 3.0 59.2 

0.5 90 2 0 69.9 0.4 29.7 

0.5 90 2 15 39.4 0.4 60.2 

0.5 90 2 30 15.7 0.5 83.8 

0.5 90 2 45 6.4 0.6 93.0 

1.25 60 2 0 56.1 1.3 42.6 

1.25 60 2 15 26.9 1.3 71.8 

1.25 60 2 30 8.6 1.3 90.1 

1.25 23 2 0 51.0 9.7 39.3 

1.25 30 2 0 53.8 5.6 40.6 

1.25 45 2 0 55.6 2.4 42.0 

1.25 45 2 15 26.6 2.4 71.0 

1.25 90 2 0 56.6 0.2 43.1 

1.25 90 2 15 27.4 0.3 72.4 

1.25 90 2 30 9.0 0.3 90.8 

1.25 90 2 45 3.1 0.3 96.6 

 


