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BOX 5-5 Continued 

Water quality data were also extremely encouraging, as shown in Table 5-4. For total suspended 
solids, influent concentration of 94 mg/L decreased to 29 mg/L at the outlet of the cascade. Similar 
percent removals were observed for total copper, total phosphorus, total zinc, and total lead (see Table 5-
4). Soluble phosphorus concentrations tended to increase from the inflow of the cascade to the outflow. 

TABLE 5-4 Typical Outflow Quality from the 100 Street Cascade. Permission pending. 
Pollutant Range (mg/L) 
Total Suspended Solids 10-40 
Total Nitrogen 0.6-1.4 
Total Phosphorus 0.09-0.23 
Soluble Reactive Phosphorus 0.02-0.05 
Total Copper 0.004-0.008 
Dissolved Copper 0.002-0.005 
Total Zinc 0.04-0.11 
Dissolved Zinc 0.02-0.06 
Total Lead 0.002-0.007 
Dissolved Lead <0.001 
Motor Oil 0.11-0.33 
SOURCE: Horner and Chapman (2007). 

Taking both measured concentrations and volume reduction into account, the cascade reduced 
the mass loadings for the contaminants by 60 percent to greater than 90 percent. As shown in Table 5-5, 
pollutants associated with sediments were reduced to the greatest extent, while dissolved pollutants were 
less readily removed. 

TABLE 5-5 Pollutant Mass Loading Reductions at 100 Street Cascade. Permission pending. 
Pollutant Percent Reduction (90% Confidence Interval) 
Total Suspended Solids 84 (72-92) 
Total Nitrogen 63 (53-74) 
Total Phosphorus 63 (49-74) 
Total Copper 83 (77-88) 
Dissolved Copper 67 (50-78) 
Total Zinc 76 (46-85) 
Dissolved Zinc 55 (21-70) 
Total Lead 90 (84-94) 
Motor Oil 92 (86-97) 
SOURCE: Horner and Chapman (2007). 

This level of performance was compared to other parts of the neighborhood treated with 
conventional ditch and pipe systems. The concentrations of almost all pollutants at the outlet of the 100' 
Cascade was significantly lower than a corresponding outlet at 120 t h Street. Furthermore, the ability of 
this S C M to attenuate peak flows and reduce runoff was remarkable. 
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BOX 5-6 
SCM Evaluation Through Monitoring: 

Villanova Bioinfiltration SCM 

The Bioinfiltration Traffic Island located on the campus of Villanova University in Southeastern 
Pennsylvania is part of the Villanova Urban Stormwater Partnership (VUSP) BMP Demonstration Park 
(see Figure 5-21). Originally funded through the Pennsylvania Growing Greener Program, and now 
through the State's 319 nonpoint source monitoring program, the site has been monitored continuously 
since soon after it was constructed in 2001. This monitoring has lead to a wealth of information about the 
performance and monitoring needs of infiltration SCMs. 

FIGURE 5-21 Villanova Bioinfiltration Traffic Island SCM. SOURCE : Reprinted, with permission, from VUSP. 
Copyright by Villanova Urban Stormwater Partnership. 

The SCM is a retrofit of an existing curb-enclosed traffic island in the parking lot of a university 
dormitory complex. The original grass area was dug out to approximately six feet. The soil removed 
during the excavation was then mixed with sand onsite to create a 50 percent sand-soil mixture. This soil 
mixture was then placed back into the excavation to a depth of approximately four feet, leaving a surface 
depression that is an average of two feet deep. Care was taken during construction to prevent any 
compaction of either the soil mixture or the undisturbed soil below. Placement of the mixed soil is shown 
in Figure 5-22. 

During construction two curb cuts were created to direct runoff into the S C M . Creation of one of 
the cuts entailed filling and paving over an existing stormwater inlet to redirect the runoff that previously 
entered the stormwater drainage system of the parking lot. Another existing inlet was used to collect and 
redirect runoff into the S C M . Plants were chosen based on their ability to thrive in both extreme wet and 
dry conditions; the species chosen are commonly found on sand dunes where similar wet/dry conditions 
may exist. 

The contributing watershed is approximately 50,000 square feet and is 52 percent impervious 
surfaces. The design goal of the SCM was for it to temporarily store the first inch of runoff. The one-inch 
capture depth is based on an analysis of local historical rainfall data showing that capture of the first inch 
of each storm would account for approximately 96 percent of the annual rainfall. This capture depth 
would therefore also account for the majority of the annual pollutant load coming from the drainage area. 

FIGURE 5-22 Placement of the mixed soil in the basin. 
Notice the construction equipment being kept away from 
the basin to avoid potential compaction of the sub-base. 
SOURCE : Reprinted, with permission, from VUSP. 
Copyright by Villanova Urban Stormwater Partnership. 

continues next page 
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BOX 5-6 Continued 

Continuous monitoring over multiple years has increased our understanding of how this type of 
structure operates and its benefits. For example, Heasom et al. (2006) was able to produce a continuous 
hydrologic flow model of the site based on season. Figure 5-23 shows the variability of the infiltration rate 
on a seasonal basis, and the relationship between infiltration and temperature (Emerson and Traver, 
2008). This work has also shown no statistical change in performance over the five-year monitoring 
period. 
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FIGURE 5-23 Seasonal Infiltration Rate. SOURCE: Reprinted, with permission, from Emerson and 
Traver (2008). Copyright 2008 by Journal of Irrigation and Drainage Engineering. 

When examining the yearly performance of the site from a surface water standpoint, it is easily 
shown that on a regular basis approximately 50 to 60 percent of the runoff that reaches the site is 
removed from the surface waters, and 80 to 85 percent of the rainfall is infiltrated (Figure 5-24). 
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FIGURE 5-24 2003 Performance and 2006 Performance. SOURCE : Reprinted, with permission, from VUSP. 
Copyright by Villanova Urban Stormwater Partnership. 
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The performance of the SCM during individual storm events was examined in 2005. Out of 77 
rainfall events, overflow was recorded for only seven events. Generally overflow did not occur for rainfalls 
less than 1.95 inches except for one occasion. As the bowl volume is much less than this value, 
substantial infiltration must be occurring during the storm event. When one extreme 6-inch storm was 
recorded (Figure 5-25), it was surprising to note that infiltration occurred all during the storm event, as did 
some unexpected peak flow reduction. What is even more impressive is to examine the reduction in the 
duration of flows, which is directly related to downstream channel erosion (Figure 5-26). Clearly the 
bioinfiltration SCM exceeded its design goals. 
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FIGURE 5-25 October 2005 extreme storm event, 
storm event. SOURCE : Reprinted, with 
permission, from VUSP. Copyright by Villanova 
Urban Stormwater Partnership. 

FIGURE 5-26 Flow duration curves, October 2005. 
SOURCE : Reprinted, with permission, from VUSP. 
Copyright by Villanova Urban Stormwater Partnership. 

Research on this site is currently examining water quality benefits and groundwater interactions. 
When evaluating the pollutant removal of bioinfiltration, it is critical to consider flow volumes and pollutant 
levels together. For example, during many of the overflow events, there were higher nutrient levels 
leaving the S C M than entering due to the plants contained within the SCM. However, when the runoff 
volume reduction is considered, the total nitrogen and phosphorus removed from the influent is 
impressive (Davis et al., 2008). Water quality studies of the infiltrated water are still incomplete but 
generally show some conversion of nitrate to nitrite, and high chlorides from snow melt chemicals moving 
through the system. Nutrient levels are relatively low in the samples at the 8-foot depth. 
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The strengths of vegetated runoff-volume-reduction SCMs include the flexibility to 
utilize the drainage system as part of the treatment train. For example, bioswales can replace 
drainage pipes, green roofs can be installed on buildings, and bioretention can replace parking 
borders (Figure 5-27), thereby reducing the footprint of the stormwater system. Also, through 
the use of swales and reducing pipes and inlets, costs can be offset. Vegetated systems are more 
tolerant of the TSS collected, and their growth cycle maintains pathways for infdtration and 
prevents clogging. Freeze-thaw cycles also contribute to pathway maintenance. The aesthetic 
appeal of vegetated SCMs is also a significant strength. 

Weaknesses include the dependence of these SCMs on native soil infiltration and the 
need to understand groundwater levels and karst geology, particularly for those SCMs designed 
to infiltrate. For bioinfiltration and bioretention, most failures occur early on and are caused by 
sedimentation and construction errors that reduce infiltration capacity, such as stripping off the 
topsoil and compacting the subsurface. Once a good grass cover is established in the 
contributing area, the danger of sedimentation is reduced. Nonetheless, the need to prevent 
sediment from overwhelming these structures is critical. The longevity of these SCMs and their 
vulnerability to toxic spills are a concern (Emerson and Traver, 2008), as is their failure to 
reduce chlorides. Finally, in areas where the land use is a hot spot, or where the SCM could 
potentially contaminate the groundwater supply, bioretention, non-infiltrating bioswales, and 
green roofs may be more suitable than infiltration SCMs. 

The role of infiltration SCMs in promoting groundwater recharge deserves additional 
consideration. Although this is a benefit of infiltration SCMs in regions where groundwater 
levels are dropping, it may be undesirable in a few limited scenarios. For example, in the arid 
southwest contributions to base flow from irrigation have turned some dry ephemeral stream 
systems into perennial streams that support the growth of dense vegetation, which may be less 
desirable habitat for certain riparian species (like the Arroyo toad in Southern California). 
Infiltration SCMs could contribute to changing the flow regime in cases such as these. In most 
urban areas, there is so much impervious cover that it would be difficult to "overinfiltrate." 
Nonetheless, the use of infiltration SCMs will change local subsurface hydrology, and the 
ramifications of this—good and bad—should be considered prior to their installation. 

FIGURE 5-27 North Carolina Retrofit Bioretention SCMs. SOURCE: Traver. 
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Maintenance of vegetated runoff-volume-reduction SCMs is relatively simple. A visit 
after a rainstorm to check for plant health, to check sediment buildup, and to see if the water is 
ponded can answer many questions. Maintenance includes trash pickup and seasonal removal of 
dead grasses and weeds. Sediment removal from pretreatment devices is required. Depending 
on the pollutant concentrations in the influent, the upper layer of organic matter may need to be 
removed infrequently to maintain infdtration and to prevent metal and nutrient buildup. 

At the site level, the chief factors that lead to uncertainty are the infiltration performance 
of the soil, particular for the limiting subsoil layer, and how to predict the extent of pollutant 
removal. Traditional percolation tests are not effective to estimate the infiltration performance; 
rather, testing hydraulic conductivity is required. Furthermore, the infiltration rate varies 
depending on temperature and season (Emerson and Traver, 2008). Basing measurements on 
percent removal of pollutants is extremely misleading, since every site and storm generates 
different levels of pollutants. The extent of pollutant removal depends on land use, time between 
storms, seasons, and so forth. These factors should be part of the design philosophy for the site. 
Finally, it should also be pointed out that climate is a factor determining the effectiveness of 
some of these SCMs. For example, green roofs are more likely to succeed in areas having 
smaller, more frequent storms (like the Pacific Northwest) compared to areas subjected to less 
frequent, more intense storms (like Texas). 

Runoff Volume Reduction—Subsurface 

Infiltration is the primary runoff-volume-reduction mechanism for subsurface SCMs, 
such that much of the previous discussion is relevant here. Thus, like vegetated SCMs, these 
SCMs provide benefits for groundwater recharge, water quality, stream channel protection, peak 
flow reduction, capture of the suspended solids load, and filtration through the soil (Ferguson, 
2002). Because these systems can be built in conjunction with paved surfaces (i.e., they are 
often buried under parking lots), the amount of water captured, and thus stream protection, may 
be higher than for vegetated systems. They also have lower land requirements than vegetated 
systems, which can be an enormous advantage when using these SCMs during retrofitting, as 
long as the soil is conducive to infiltration. 

Similar to vegetated SCMs, this SCM group works primarily by first capturing runoff and 
then removing the stored volume through infiltration. The temporary holding area is made either 
of stone or using manufactured vaults. Examples include pervious pavement, infiltration 
trenches, and seepage pits (see Figures 5-28, 5-29, 5-30, 5-31, and 5-32). As with vegetated 
SCMs, a shallow depth of ponding is required, since the inflows may exceed the possible 
infiltration ability of the native soil. In this case, the ponding is maintained within a rock bed 
under a porous pavement or in an infiltration trench. These devices are usually designed to 
empty between 24 and 72 hours after the storm event. 

The infiltration processes operating for these subsurface SCMs are similar to those for the 
vegetated devices previously discussed. Thus, much like for vegetated systems, the level of 
control achieved depends on the infiltration ability of the native soils, the percent of impervious 
surface area in the contributing watershed, land use contributing to the pollutant loadings, and 
climate. A large number of recent studies have found that permeable pavement can reduce 
runoff volume by anywhere from 50 percent (Rushton, 2002; Jefferies, 2004; Bean et al., 2007) 
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FIGURE 5-28 Schematic of a seepage pit. FIGURE 5-29 Porous asphalt. SOURCE: SOURCE: 
PaDEP. PaDEP. 

FIGURE 5-30 A retrofitted infiltration trench at FIGURE 5-31 Pervious concrete at 
Villanova University. SOURCE: Reprinted, with Villanova University. SOURCE: Reprinted, 
permission, from VUSP. Copyright by VUSP. with permission from VUSP. Copyright by 

VUSP. 

FIGURE 5-32 A small office building conversion at the edge of downtown Denver included the 
replacement of a portion of the site's parking with modular block porous pavement underlain by an 18-
inch layer of crushed rock. Rainfall on the porous pavement and roof runoff for most storm events are 
contained in the reservoir created by the crushed rock. The pavement infiltrates runoff from most storm 
events for one-third of the impervious area on the half-acre site. 
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to as much as 95 percent or greater (van Seters et al., 2006; Kwiatkowski et al., 2007). Box 5-7 
describes the success of a recent retrofitting of asphalt with pervious pavement at Villanova 
University. 

The strengths of subsurface runoff-volume-reduction SCMs are similar to those of their 
vegetated counterparts. Additional attributes include their ability to be installed under parking 
areas and to manage larger volumes of rainfall. These SCMs typically have few problems with 
safety or vector-borne diseases because of their subsurface location and storage capacity, and 
they can be very aesthetically pleasing. The potential of permeable pavement could be 
particularly far-reaching if one considers the amount of impervious surface in urban areas that is 
comprised of roads, driveways, and parking lots. 

The weaknesses of these SCMs are also similar to those of vegetated systems, including 
their dependence on native soil infiltration and the need to understand groundwater levels and 
karst geology. Simply estimating the soil hydraulic conductivity can have an error rate of an 
order of magnitude. Specifically for subsurface systems that use geotextiles (not permeable 
pavement), there is a danger of TSS being compressed against the bottom of the geotextile, 
preventing infiltration. There are no freeze-thaw cycles or vegetated processes that can reopen 
pathways, so the control of TSS is even more critical to their life span. In most cases (permeable 
pavement is an exception), pretreatment is required, except for the cleanest of sources (like a 
slate roof). Typically, manufactured devices, sediment forebays, or grass strips are part of the 
design of subsurface SCMs to capture the larger sediment particles. 

The maintenance of subsurface runoff-volume-reduction SCMs is relatively simple but 
critical. If inspection wells are installed, a visit after a rainstorm will check that the volume is 
captured, and later that it has infiltrated. Porous surfaces should undergo periodic vacuum street 
sweeping when a sediment source is present. Pretreatment devices require sediment removal. 
The difficulty with this class of SCMs is that, if a toxic spill occurs or maintenance is not 
proactive, there are no easy corrective measures other than replacement. 

Low-Impact Development. LID refers primarily to the use of small, engineered, on-site 
stormwater practices to treat the quality and quantity of runoff at its source. It is discussed here 
because the SCMs that are thought of as LID—particularly vegetated swales, green roofs, 
permeable pavement, and rain gardens—are all runoff-volume-reduction SCMs. They are 
designed to capture the first portion of a rainfall event and to treat the runoff from a few hundred 
square meters of impervious cover. 

As discussed earlier, several studies have measured the runoff volume reduction of 
individual LID practices. Fewer studies are available on whether multiple LID practices, when 
used together, have a cumulative benefit at the neighborhood or catchment scale. Four 
monitoring studies have clearly documented a major reduction in runoff from developments that 
employ LID and Better Site Design (see Box 5-8) compared to those that do not. In addition, six 
studies have documented the runoff reduction benefits of LID at the catchment or watershed 
scale using a modeling approach (Alexander and Heaney, 2002; Stephens et al., 2002; Holman-
Dodds et al., 2003; Coombes, 2004; Hardy et al., 2004; Huber et al., 2006). 
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BOX 5-7 
Evaluation Through Monitoring: Villanova Pervious Concrete SCM 

Villanova University's Stormwater Research and Demonstration Park is home to a pervious 
concrete infiltration site (Figure 5-33). The site, 
formerly a standard asphalt paved area, is 
located between two dormitories. The area was 
reconstructed in the summer of 2002 and 
outfitted with three infiltration beds overlain with 
pervious concrete. Usage of the site consists 
primarily of pedestrian traffic with some light 
automobile traffic. The pervious concrete site is 
designed to infiltrate small-volume storms (1 to 2 
inches). Roof top runoff is directly piped to the 
rock bed under the concrete. For these smaller 
events, there is essentially no runoff from the 
site. 

Figure 5-33 Villanova University pervious 
concrete retrofit site. S O U R C E : Reprinted, with 
permission, from VUSP. Copyright by VUSP. 

The pervious concrete is outlined with decorative pavers that divide the pervious concrete into 
three separate sections as seen in Figure 5-33. Underneath these three sections are individual storage 
beds. Since the site lies on a significant slope it was necessary to create earthen dams that isolate each 
storage area. At the top of each dam there is an overflow pipe which connects the storage area with the 
next one downstream. The final storage bed has an overflow that connects to the existing storm sewer. 
The beds are approximately 4 feet deep and are filled with stone, producing about 40 percent void space 
within the beds. A geotextile pervious liner was laid down to separate the storage beds from the 
undisturbed soil below (Figure 5-34). The primary idea was to avoid any upward migration of the in-situ 
soil, which could possibly reduce the capacity of the beds over time. 

FIGURE 5-34 Infiltration bed under construction. Pervious concrete has functionality and workability similar to that of 
regular concrete. However, the pervious concrete mix lacks the sand and other fine particles found in regular 
concrete. This creates a significant amount of void space which allows water to flow relatively unobstructed through 
the concrete. This site was the first attempt at creating a pervious concrete SCM in the area, and there were 
construction and material problems. Since that time the industry has matured, and a second site on campus 
constructed in 2007 has not had any significant difficulties. SOURCE: Reprinted, with permission, from VUSP. 
Copyright by VUSP. 
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