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THE SUSTAINABLE TECHNOLOGIES EVALUATION PROGRAM

The Sustainable Technologies Evaluation Program (STEP) is a multi-agency program, led by the Toronto
and Region Conservation Authority (TRCA). The program helps to provide the data and analytical tools
necessary to support broader implementation of sustainable technologies and practices within a
Canadian context. The main program objectives are to:

e monitor and evaluate clean water, air and energy technologies;
e assess barriers and opportunities to implementing technologies;
e develop tools, guidelines and policies, and

e promote broader use of effective technologies through research, education and advocacy.

Technologies evaluated under STEP are not limited to physical products or devices; they may also
include preventative measures, alternative urban site designs, and other innovative practices that help create
more sustainable and liveable communities.
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EXECUTIVE SUMMARY

Permeable pavements (PP) are one of several Low Impact Development practices that are being used to
treat runoff and help increase infiltration in an effort to reproduce the pre-development hydrologic regime.
Since PPs replace conventional asphalt, they are ideally suited to older built-up areas that lack
stormwater management and have little to no space for conventional stormwater facilities. They can
also be cost effective in new development areas where runoff reductions from infiltration can reduce or
eliminate the need for sewer infrastructure beneath the pavement.

This three year study advances knowledge about the performance of PPs under Ontario climatic and
geologic conditions by evaluating the functional, hydraulic and water quality effectiveness of three types
of PPs and conventional asphalt. In addition, the study assesses the benefits of using PPs in areas with
low permeability native soils, identifies critical cold climate factors that may influence performance, and
compares the effectiveness of alternative pavement cleaning practices.

The research primarily centres on a new PP lot designed and constructed in 2009/10 by TRCA on the
Living City Campus at Kortright in Vaughan, Ontario. The Kortright PP research facility provides the
unique opportunity to simultaneous study multiple pavements subjected to the same local effects. This
is the first research project of this scope to be conducted in Canada and under typical winter
conditions. An underground sampling vault was installed downstream of the site to facilitate
monitoring and drainage controls were designed to enhance infiltration into the silty clay native soils.

In order to assess the impact maintenance practices and in-situ conditions have on pavement
performance, experiments were conducted on older PP parking lots within the Greater Toronto Area
(GTA). Multiple types of proprietary street cleaners as well as labour intensive vacuuming and pressure
washing on different types of PPs were examined. In-situ conditions were characterized according to
drainage patterns, traffic use, age, and adjacent vegetation to evaluate impacts to pavement
performance.

Study Findings

Results of this study show that PPs offer significant benefits for the treatment and management of
stormwater over conventional asphalt-to-catchbasin collection systems. A key advantage of PPs is the
capacity of these systems to reduce outflow volumes even when applied to areas with low permeability
soils. The three evaluated PPs, AquaPave™ (AP), Eco-Optiloc™ (EO) and Hydromedia™ Pervious
Concrete (PC), did not produce direct surface runoff throughout the 22 month monitoring period of this
study. Overall, the PPs reduced the volume of stormwater outflow by 43% and were shown to be capable
of completely capturing (i.e. infiltrating and evaporating) the stormwater produced from rainfall events up
to 7 mm in depth. This reduction of stormwater volume mitigates the adverse impact of the urban
landscape on receiving surface water systems.

In addition to reducing outflow volumes, the PPs delayed and reduced peak flows. Attenuation was
observed throughout all seasons, including the winter, over the duration of the study. On average, PP
peak flows were 91% smaller than peak runoff flows from the asphalt pavement. A median 14 hour
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attenuation (or 2.9 lag ratio) of outflow was observed from the PPs. The slower and more controlled
outflow closely mimics natural interflow and reduces the risk of flooding and erosion in downstream
receiving waters.

Winter data showed the PP systems to function well even during freezing temperatures. Elevation
surveys indicated that freezing temperatures did not cause significant surface heaving or slumping. A
substantial spring thaw was observed in March 2011, during which the PP delayed the outflow of melt
water by three days and greatly reduced peak flows. Increases in outflow volume were occasionally
observed during the winter and spring due to the delayed release of stormwater stored within the
aggregate reservoir.

Surface infiltration measurements revealed substantial reductions in permeability over the course of the
study, although even at reduced permeability levels, all of the pavements continued to maintain sufficient
capacity to rapidly infiltrate all rainfall from the observed storms. Between June 2010 and May 2012,
permeability reductions of the narrow jointed permeable interlocking concrete pavement (PICP) (AP),
wide jointed PICP (EO) and PC were 87%, 70% and 43%, respectively. These results indicate that PPs
with larger surface opening may sustain critical infiltration capacity longer without maintenance than PPs
with small surface openings.

The PC pavement continued to have extremely high infiltration capacity even after two years, with median
infiltrations rates of 1,072 cm/hr at the end of the study in 2012. By contrast, the median surface
infiltration rate of the narrow jointed PICP was only 20 cm/hr after 2 years. Vacuum sweeping provided
only partial restoration of surface permeability for the PICPs. No benefit was observed from vacuum
sweeping for the PC at Kortright, although the pavement retained a high infiltration capacity. Vacuum
sweeping on other PP parking lots produced highly variable results and did not provide consistent
removal of embedded fines within PICP joints and PC pavements.

Over the monitoring period, median/mean concentrations of several pollutants in PP outflow were
significantly lower than median/mean concentrations in asphalt runoff, including suspended solids,
extractable solvents (oil & grease), ammonia-ammonium nitrogen (NHjs, NH,"), nitrite, total kjeldahl
nitrogen (TKN), total phosphorus, copper, iron, manganese and zinc. The PPs also generated a net
reduction in total pollutant mass for all of these constituents in addition to dissolved solids, chloride,
sodium, phosphate, and nitrates. Seasonality was more pronounced in runoff than in PP outflow. In the
winter the concentration of pollutants associated with road salting were considerably higher in runoff than
in PP outflow. The reduction in concentration is attributed to the detention and dilution of winter
stormwater provided by the PP systems. Water quality data collected below native soils indicated that
sodium and chloride will migrate onwards to groundwater systems, although further investigation is
needed to determine how the presence of these constituents may affect the mobility of other stormwater
contaminants, such as metals.

The PICP and PC pavements introduced different constituents into stormwater outflow as a result of
leaching of materials within the pavement system. In the case of the PC this led to a gradual improvement
in water quality over the course of the study, as mobile pollutants were ultimately flushed from the
pavement. Throughout the first year of monitoring the PC effluent contained elevated levels of phosphate
and released highly alkaline stormwater, which are undesirable characteristics for aquatic ecosystems.
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Further investigation is needed to explore the implications of pollutant leaching on stormwater quality from
large newly constructed PP installations. The long term change in water quality of outflows from these
PPs is being investigated in a second phase of this project.

Recommendations

Results of this study indicate that PPs can be effective measures for maintaining or restoring infiltration
functions on parking lots and other low volume ftraffic areas, even in areas with low permeability soils.
The following recommendations are based on study findings and observations.

o Restricting outflow rates from partial infiltration PP systems through raised pipes or flow control
valves is recommended to increase stormwater volume reductions through infiltration.

¢ Closed outlet valve tests suggested that raising the perforated outflow pipe in the cross section of
the PP structure or elevating the discharge pipe downstream of the PP system is feasible on low
permeability silty clay soils and may result in substantially larger outflow volume reductions than
would occur from restricting outflow rates alone. Further investigation of this type of application
on low permeability soils is recommended.

o Pollutant leaching of pavement and aggregate materials was observed, particularly for pervious
concrete. Leaching was observed to decline as the pavement aged. For large pervious concrete
installations, additional treatment may be required if outflows drain to ecologically sensitive
streams. Further testing of the performance and leaching potential of different types of pervious
concrete is recommended.

e PPs were observed to reduce the loads and concentrations of several stormwater contaminants.
Additional investigations are needed to define the specific conditions (e.g. magnitude of load
reductions, ecological sensitivity of receiving waters, maintenance guarantees) under which
partial infiltration PP systems should be eligible for pollutant removal credits in Ontario
jurisdictions.

e Vacuum cleaning of permeable interlocking concrete pavements was found to only partially
restore surface permeability after 2 years of operation. Further tests of different techniques for
loosening or dislodging compacted material in PP joints or pores prior to cleaning are needed to
improve the effectiveness of regenerative air and vacuum sweeping trucks.

e Based on maintenance practices evaluated in this study, annual vacuum cleaning of permeable
interlocking concrete pavements is recommended to increase the operational life of these
pavements. The PC pavement maintained high surface permeability over the study period, and
therefore maintenance is recommended less frequently (i.e. > 2 years).

o Further research on the long-term (i.e. > 3years) performance of PP systems is needed to assess
how the hydrologic, water quality and functional characteristics of the pavements may change
over time.

e In this study, the 2011/2012 winter was unseasonably warm with low amounts of snowfall.
Additional monitoring of winter performance and behaviour is recommended.

e In 2011/2012 operational staff found that the PPs did not require salting as frequently as the
asphalt pavement. Further research is needed to evaluate how and whether PPs can maintain
safe conditions with lower salt use than conventional pavements.

Final Report Page vi



Evaluation of Permeable Pavements

o Elevation surveys of the pavements during this study showed no significant movement across the
four pavement cells. Further testing of pavement movement under increased traffic frequencies
and loading scenarios are needed to verify the range of functional conditions under which these
pavements are suitable alternatives to asphalt.
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1.0 BACKGROUND

Roads and parking lots increase the imperviousness of land surfaces, resulting in increased volumes and
rates of stormwater runoff, as well as the accumulation and wash-off of a variety of contaminants.
Conventional stormwater management approaches have focused on conveying the runoff, and in some
cases, detaining it near the outlet, to receiving waters. These approaches have helped to attenuate peak
flows and improve water quality, but have not been successful in achieving the level of management
necessary to maintain baseflow characteristics in streams, prevent stream erosion and avoid degradation
of water quality and aquatic habitat (ABL, 2006).

In Ontario, provincial guidelines emphasize integrated management (Ministry of the Environment
(OMOE), 2003) and prevention practices (OMOE and TRCA, 2001) along with source, conveyance and
end-of-pipe controls (OMOE, 2003). Low Impact Development (LID) has emerged as an alternative to
sole reliance on conventional urban stormwater management approaches. LID includes both planning
techniques such as alternative development layout, narrower roads, impervious area disconnection and
engineering techniques such as rainwater harvesting, bioretention and permeable pavement. When
distributed, LID measures intercept rainfall and facilitate its use, return it to the atmosphere as
evapotranspiration, infiltrate it into the ground, and/or detain and slowly release it in an effort to reproduce
the rates and processes of the pre-development hydrologic regime.

Although comprehensive provincial design guidelines for LID techniques do not yet exist, detailed
regional guidelines were developed (e.g. CVC and TRCA, 2010; GVRD, 2005) and several LID
practices have, or are currently being evaluated under southern Ontario climatic and geologic conditions
through initiatives such as the Sustainable Technologies Evaluation Program (STEP). In an effort to
protect receiving waters, some municipalities and conservation authorities are actively advocating for LID
approaches. For example, the Toronto Wet Weather Flow Management Guidelines (2006) and TRCA
stormwater criteria (2012) require that a minimum 5 mm of each rainfall event be infiltrated or
evapotranspired on site through LID practices.

Pervious concrete, porous asphalt and permeable interlocking concrete pavers (PICP) are specifically
identified in several regional guidelines as one possible measure by which infiltration can be increased.
Along with the aforementioned design guidelines there are several other technical design aids available
for permeable pavements. Most recently, the American Concrete Institute published a report outlining
materials, properties and mixture proportioning for Pervious Concrete (PC). The ACI publication is a
resource for design and construction methods as well as testing and inspection practices for PC. Similar
resources also exist for PICP and porous asphalt (PA) through the Interlocking Concrete Pavement
Institute and the National Asphalt Pavement Association, respectively. A textbook on porous
pavements written by Ferguson (2005) also provides details on several types of permeable
pavements, including case studies and summaries of previous research.

Permeable pavements can be applied on parking lots or roads either alone or with other LID practices
such as bioretention swales or islands. Since permeable pavements replace conventional asphalt, they
are ideal for older built-up areas that lack stormwater management and have little to no space for
conventional stormwater facilities. They can also be cost effective in new development areas where
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runoff reductions from infiltration can reduce or eliminate the need for sewer infrastructure beneath the
pavement.

In 2008, a 36 month monitoring evaluation of PICP was completed on a parking lot at Seneca College’s
King Campus (TRCA, 2008). The study addressed a variety of common concerns about permeable
pavements relating to the hydrologic benefits of the pavements, long term clogging of surface
drainage cells, and the potential for groundwater and soil contamination associated with infiltration of
contaminated runoff. The results have helped to quantify the benefits and constraints to the use of
permeable pavements to satisfy municipal water balance, water quality and erosion control requirements
in developments throughout the GTA.

Despite recent research on permeable pavements, a lack of data demonstrating their effectiveness
continues to be a barrier for implementation of these technologies in Ontario. Even though many LID
technologies are supported by a large body of peer-reviewed literature or independent performance
evaluations the field conditions of LID research projects rarely reflect Ontario climate or geology.
The long-term effectiveness of permeable pavements, especially on tight soils (i.e. hydrologic soll
types C and CD), and their ability to function under cold climate conditions have not been extensively
evaluated. In particular, there are concerns that underdrain applications of permeable pavements on soils
dominated by silt or silt-clay combinations provide only negligible runoff reduction benefits, and that
filtration of pavement runoff through coarse granular base media (open graded media) does not
significantly improve effluent quality. These concerns are an especially important barrier to wider
adoption of permeable pavements in the Greater Toronto Area as most of the remaining buildable
areas are characterized by low permeability soils. This project is aimed at addressing some of these
questions while also informing the development of GTA specific guidelines for the technology.
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2.0 STUDY OBJECTIVES

This research on permeable pavements is being conducted collaboratively between TRCA'’s
Sustainable Technologies Evaluation Program and the University of Guelph’s School of Engineering.
The overall purpose of the study is to advance knowledge about the performance of permeable
pavements under Ontario climatic and geologic conditions. The specific objectives are to:

o |dentify key factors affecting design (material type, traffic pattern, maintenance practice, organic
inputs) and quantify impacts on long term performance;

e Compare the performance of various permeable pavements (different types of permeable
interlocking concrete pavers, Pervious Concrete) and traditional impervious asphalt in terms of
functional, hydraulic and water quality effectiveness;

e Assess benefits and limitations of using permeable pavement in areas of native soils with low
permeability and determine required type and degree of underdrainage;

e Evaluate seasonal hydraulic and water quality performance over 3 years and identify critical cold
climate factors that may influence performance, such as winter maintenance, material durability,
freeze/thaw cycles and salt pervasiveness;

o Evaluate and compare effectiveness of alternative cleaning practices;

e Recommend design, and operation and maintenance modifications to enhance overall
performance.

The research primarily centres on a new permeable pavement lot at TRCA’s Living City Campus at
Kortright, in Vaughan, Ontario. The Kortright site provides the unique opportunity to simultaneous
study multiple pavements subjected to the same local effects. This is the first research project of this
scope to be conducted in Canada and under typical winter conditions. The study investigates the
performance of the Kortright lot over 3 years. Drainage controls were designed to enhance infiltration into
native soils and measures were put in place to assess the risks of stormwater infiltration on groundwater
sources of drinking water.

In order to assess the impact maintenance practices and in-situ conditions have on pavement
performance, experiments were conducted on older permeable pavement parking lots within the Greater
Toronto Area (GTA). Multiple types of proprietary street cleaners as well as labour intensive vacuuming
and pressure washing on different types of permeable pavements were examined. In-situ conditions
were characterized according to drainage patterns, traffic use, age, and adjacent vegetation to evaluate
impacts to pavement performance.
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3.0 STUDY SITE

The parking lot for this project is located at TRCA'’s Living City Campus at Kortright in Vaughan, roughly
8 km north of Toronto. The Living City Campus is a centre for education and research on sustainable
technologies and, as such, generates frequent visitors interested in innovative approaches to building and
urban design. The parking lot includes five parking bays. Each bay is separated by a grassed berm with
mature trees. Prior to construction, drainage from the parking lot was directed towards vegetated
areas and swales around the perimeter, ultimately draining to a tributary of the Humber River.

In 2009, one of the parking bays was replaced with new permeable and impermeable pavements. The
new permeable pavement parking lot, shown in Figure 3.1, consists of four 230-233 m? pavement cells.
Two cells were constructed with permeable interlocking concrete pavers (AquaPave® and Eco—OptiIoc®),
one cell was constructed with Pervious Concrete and one cell was constructed with traditional asphailt.
The clear stone granular base for the permeable pavements provides roughly 49 cm of storage. A
schematic of the facility is shown in Figure 3.2 and outlines the location of the 4 pavement cells and
general location of the drainage pipes. A description of the construction and photographs of the new
parking bay is provided in Appendix A.

Figure 3.1: Kortright permeable pavements

Each permeable pavement cell is drained by a perforated pipe placed 50 cm below the surface at the
interface between the open graded granular sub-base layer and the native soil. The asphalt cell is drained
via a catchbasin. Infiltrated water collected from each of the 3 cells as well as runoff collected in the
catchbasin is conveyed separately in sealed pipes to a downstream sampling vault. A Mirafi Filter
Weave® 500 geotextile was placed below the base as a separation layer. Underdrains for each cell are
fitted with flow restrictors to control the rate of drawdown after storm events and prolong the period over
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which infiltration can occur. The pavement cells are hydraulically separated by concrete curbs which
extend down to the bottom of the native soil to ensure the separation of runoff and infiltrated stormwater
for each pavement type. Concrete pipe collars at cell boundaries prevent water movement along
granular trenches surrounding pipes. Beneath the AquaPave cell a second perforated pipe is placed
on a 1.0 x 20 m impermeable liner below native material ranging in depth between approximately 0.5 to 1
m. The native material is shallowest beneath the trench in which the central pipes are contained (Figure
3.3).

Geotechnical investigations during the summer of 2008 were conducted at 4 locations to characterize the
soil, water table and subsurface geological conditions beneath the parking lot. Selected samples were
sent to a laboratory for water content and grain size analyses. Briefly, the borehole data showed native
soil conditions below the existing pavement structure to consist primarily of silt to silty clay soils
underlain by clayey silt till material at 1.8 to 2.4 m. These glacial till soil types are typical in this area and
often interspersed with cobbles and boulders with some gravel inclusions. Clay content in the samples
ranged between 7 and 30%. The saturated hydraulic conductivity of silty clay till materials typically ranges
between 10° and 10™ cm/s, which is equivalent to an infiltration rate of 12 to 50 mm/h based on conversion
factors provided by Ontario Ministry of Municipal Affairs and Housing (1997). While this seems very low, it
should be noted that, even at an infiltration rate of only 1 mm/hr, runoff from a 48 mm event would fully
infilirate over 2 days. The water table beneath the parking lot and across the Kortright property lies
several meters below the surface.

Figure 3.2: Schematic of Kortright permeable pavement
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4.0 STUDY APPROACH

4.1 Experimental Set-up and Data Collection

Inside the control vault the quantity and quality of surface and subsurface flows are continuously
monitored. Water quantity data is collected with Geneq tipping flow buckets while water quality
samples are collected with ISCO automated samplers. Wells in each cell are equipped with Onset Hobo®
U20-001-04 or Diver® water level sensors to continuously record water levels within the permeable
pavement and granular base. Thermal conditions within the permeable and asphalt pavement structures,
and in the effluent from the asphalt and AquaPave plots, are monitored using Onset 12-Bit
Temperature Smart Sensors®. The sensors in three of the pavement structures were installed as a
vertical profile in the surface course and base materials, as shown in Figure 4.1. A meteorological
station located at the Kortright Centre records precipitation and air temperature data at 5 minute intervals.

Asphalt TE mm & Fermeable paver o, oo " Pervious concrete

High perfarmance
hedding

TE mm

Inbitex

geotextile 19 mmeclear
18 rrien clear 31 mm stone
Crusher run stone
262 mm 19 i
a0 mm clear A0 mm clear
stone 356 mirm stone
Geotextile
162 mm sol cuil eSS
A Geotextile
38 mm Soil

Figure 4.1: Location of temperature sensors in the asphalt, AquaPave and Pervious Concrete structures

The double pipe collection system beneath the AquaPave allows comparisons among water samples
collected in the upper and lower pipes representing the underdrain flows and infiltrated water,
respectively. Using 2 collection pipes at different depths facilitates study of the effect that infiltration
through native soils has on water quality and provides a basis for evaluating potential risks to groundwater
in situations where the seasonally high water table is 0.5 m below the base of the permeable pavement.

Ball valves attached to the collection pipes restrict the flow of water out of the parking lot. For the 1% year
of data collection valves for the permeable pavements were closed to an opening of approximately 1 mm
so that stormwater would draw down slowly after rain events, thereby increasing infiltration into the native
soils. The 1 mm orifice was considered the smallest opening that could be achieved without risk of
clogging while still allowing stormwater drawdown in less than 48 hours. Flows from the asphalt plot were
restricted to ensure that stormflows did not exceed the tipping bucket’'s upper measurement limit of 60 L
per minute. In November 2011 and April/May 2012 the ball valves were closed to assess infiltration rates
into the native soils and evaluate the impact that detention time had on outflow volumes.

Water quality samples were proportioned according to flow by measuring out a volume of water from
each discrete sample bottle proportional to the volume of flow since the previous sample. The resulting
flow proportioned composite samples for each event were subsequently prepared and delivered to the
Ontario Ministry of the Environment (OMOE) Laboratory in Etobicoke for analysis following OMOE lab
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preparation and submission protocols. The major variable groups analyzed are listed in Table 4.1. The
list of variables was selected based on typical stormwater runoff contaminants in runoff from both parking

lots and urban centres.

Table 4.1: Water quality parameters

Solids and floatables

General Chemistry

Suspended solids pH

Dissolve solids Conductivity

Total solids Alkalinity

Extractable solvents Hardness
Chloride

Nutrients Pathogens

Ammonia + ammonium nitrogen
Nitrite nitrogen

Nitrite + nitrate nitrogen

Total Kjeldahl nitrogen
Phosphate phosphorus

Total phosphorus

Escherichia coli
Fecal streptococcus
Pseudomonas aeruginosa

Metals Polycyclic Aromatic Hydrocarbons
Aluminum 1-methylnaphthalene
Antimony 2-methylnaphthalene
Arsenic 7, 12-dimethylbenz(a)anthracene
Barium Acenaphthene
Beryllium Acenaphthylene

Boron Anthracene

Cadmium Benzo(a)anthracene
Calcium Benzo(a)pyrene

Cobalt Benzo(b)fluoranthene
Chromium Benzo(k)fluoranthene
Copper Benzo(e)pyrene

Iron Benzo(g,h,i)perylene
Magnesium Chrysene

Manganese Dibenzo(a,h)anthracene
Molybdenum Fluoranthene

Nickel Fluorene

Lead Indeno(1,2,3-c,d)pyrene
Potassium Naphthalene

Selenium Perylene

Silver Phenanthrene

Sodium Pyrene

Strontium

Thallium

Titanium

Uranium

Vanadium

Zinc

Inevitably, sections of the pavement cells will be subjected to localized factors, such as traffic patterns,
snow removal practices and vegetation, which may affect short and long-term performance. Surface
infiltration capacity has been measured throughout the pavement cells following the ASTM Standard
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test C 1701/C 1701M — 09, Standard Test Method for Infiltration Rate of in Place Pervious Concrete, and
compared with documented spatial variables. Annual surveys of pavement elevations document any
pavement movement due to frost heave, slumping, ravelling, load cycling, etc. A camera installed in the
Spring of 2011 was used to monitor traffic patterns at the site.

Although the Kortright parking lot is cleaned regularly it was uncertain if cleaning practices would
significantly impact hydrologic performance because of the pavement's young age. Therefore older
permeable pavements (minimum of 2 years old) within the GTA were used as field sites to evaluate
cleaning practices. Table 4.2 lists GTA parking lots that were used to evaluate cleaning practices.

Table 4.2: Permeable pavement parking lots

Earth Rangers Drop off and unconfirmed 55 cm Granular A base, 10 cm
Foundation, Woodbridge parking high performance bedding
MT Iph Li
O Guelp |r.1e 2007 Parking unconfirmed unconfirmed
Commuter parking lot
Exhibition Place’s BMO
_X bition Flace's 2007 Parking Yes unconfirmed
Field, Toronto
Sunset Beach, Drop off round 2.5 cm sand bedding, 15 cm
Richmond Hill 1998 about & No compacted Granular A, 15 cm
handicap parking well compacted Granular B
Seneca College King's 2004 Parking No 45 cm Granular A base and. 15
Campus cm high performance bedding
East Gwillimbury GO 2004 Commuter Drop Yes 15 cm Granular A, 45 cm

Station off and Pick up Granular B, geotextile at the base
St. Andrew’s Church,
Niagara-on-the-Lake

- Parking unconfirmed unconfirmed

Cleaning experiments have tested multiple types of proprietary street cleaners as well as labour intensive
vacuuming and pressure washing practices. Hydrologic performance before and after pavement
cleaning was measured and analyzed for statistically significant improvements. Samples of accumulated
dirt and debris were collected and categorized. Confounding variables such as antecedent conditions
and machine performance were minimized as much as possible. Experiments were organized on dry
days and demonstration street cleaners were operated by manufacturer or supplier representatives to
ensure it was operated correctly. Cleaning experiments were conducted during or immediately after the
spring thaw and during the summer. Debris and clogging material is most abundant during the spring but
antecedent conditions are more variable. Repeating the experiment during the summer provided
more controlled experimental conditions.

4.2 Data Analysis

At the Kortright parking lot the pavement cells were subjected to the same conditions and loadings.
Comparisons and analysis of pavement performance were made for both inter and intra annual time
scales. Analysis focused on four research topics: pavement type performance, spatial performance, risks to
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groundwater and impacts of maintenance. Time-dependent relationships and interaction of variables
were determined through statistical and regression analysis. Table 4.3 summarizes the variables
associated with each research topic.

Table 4.3: Performance variables

. Rainfall hyetograph 1. Pavement type . Rainfall hyetograph 1. Maintenance

2. Air temperature 2. Infiltration capacity =~ 2. Air temperature practice

3. Exfiltrated water 3. Surface clogging 3. Exfiltrated water 2. Infiltration capacity
hydrograph material hydrograph for 3. Surface clogging

4. Pavement type 4. Traffic patterns upper drains material

5. Exfiltrated water 5. Maintenance 4. Exfiltrated water 4. Antecedent
quality patterns quality at upper conditions

6. Pavement 6. Adjacent and lower drains 5. Pavement age
temperature vegetative material 5. Drawdown time

7. Drawdown time 7. Pavement 6. Season and

8. Pavement deterioration and pavement age
deterioration and movement
movement 8. Season and

9. Season and pavement age

pavement age

Once the relationships between performance variables is understood modifications to design as well as
operation and maintenance procedures can be made to achieve specific performance objectives such as
maximizing infiltration, minimizing risks to groundwater or minimizing maintenance costs.

For each precipitation or melt event, hydrologic characteristics including peak flow (Qp), duration, total
volume (V7), total unit volume (Vr,nit), and hydrograph centroid (fc) were calculated and used to estimate
total volume and peak flow reductions, lag times and lag coefficients.

. v
Total Unit Volume: Viunit = ﬁ
. VTQOngrol_VTEP .
Percent volume reduction (VR): VR = W x 100
Tunit
. . _ QPcontrol_QPpp
Percent peak flow reduction (QR): QR =—""—P2 x 100
Qpcontrol
Lag time (t): ty = tepp — Lecontrol
. t
Lag coefficient (k)): = Coutflow
tCinflow
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Water quality data were analyzed for pollutant removal in terms of concentration and mass reductions.
Reduction efficiencies were calculated using the median event mean concentration (EMC) for control and
PP data. Mass reductions were calculated to determine the total mass of pollutants captured by the PPs.
Negative reduction efficiencies or mass loading reductions signify an increasing pollutant concentration or
mass.

Reduction efficiency (ER): RE = 2MCcontrot=BMCPP o 1)
EMCcontrol

Event loading (L): L=EMC XV,

Mass loading reduction (MLR): MLR = Y™, LE iror — Lop

Descriptive statistics including maximum, minimum, mean and median were calculated for EMC water
quality data. Some of the water quality data were censored by minimum detection limits (MDL). If the
censored EMC data for a given water quality variable were <10% of the total for the same variable,

censored results were assumed to be %. If the censored data were between 10 and 50% of the total for

the water quality variable, censored results were estimated using regression on order statistics (ROS)
with the statistical software program ProUCL.
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5.0 PREVIOUS LITERATURE

The following sections provide a brief summary of previous literature and an overview of the research
in the major areas that are being addressed by the study. For the purposes of the literature review the
content has been structured under the headings of runoff reduction, pollutant removal,
groundwater contamination potential, comparison of different types of permeable pavements, and
effectiveness of maintenance practices.

5.1 Runoff Reduction

Permeable pavements help preserve natural hydrologic functions by infiltrating stormwater runoff and
promoting groundwater recharge. Several field studies have demonstrated that permeable pavements
can result in significant reductions in runoff when installed on sandy soils (e.g. Brattebo and Booth,
2003; Collins et al., 2008). Although there are only a few studies that have examined permeable
pavements installed on fine textured soils (hydrologic group C), the available evidence indicates that these
soils can infiltrate a substantial proportion of annual rainfall volumes (Tyner et al. 2009, TRCA, 2008;
Dreelin et al., 2006, Fassman and Blackbourn, 2010). Permeable pavements have also been shown to
be capable of infiltrating water during the winter. Roseen et al. (2009b) observed that over two winter
seasons porous asphalt and pervious concrete pavements were often clear of ice and snow faster
than traditional pavements.

Native soils at the site for this study consist of silty clay till (hydrologic group C), and are characteristic
of soils in many other parts of the GTA. The potential for permeable pavements to reduce runoff on these
soils were assessed by comparing event and seasonal unit area flow volumes from the impermeable
asphalt with unit area flow volumes from the underdrains below the three types of permeable
pavements. Seasonal differences in flow volumes are attributed to infiltration and evaporation from
the granular base. These volumetric differences provide the basis for evaluating reductions in runoff
relative to the conventional asphalt.

5.2 Pollutant Removal

Permeable pavements help improve the quality of urban stormwater by allowing water to percolate
through the subsurface media and trapping or breaking down contaminants through filtration,
adsorption, microbial decomposition and other chemical and biological reactions within the soil or
granular media (Pitt et al., 1996). The capacity of permeable pavements to improve the quality of water
infiltrated through the base and native soils depends on several factors, particularly the chemical
characteristics of the water entering the pavement and the texture, permeability and organic content of
the underlying soils. All else remaining the same, dirtier water infiltrated through very porous soils with
low fractions of organic content and low sorption capacities will tend to pose a higher risk to groundwater
(Pitt et al., 1996).

Several studies have indicated that soils and granular media can retain heavy metals in urban runoff,
thereby preventing transport to lower soil horizons and groundwater. In Calgary, a pilot-scale
installation of PICP and pervious concrete was shown to reduce Total Suspended Solids (TSS) by 90 to 96%
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(Brown et al., 2009). The field observations were also supported by similar TSS removal results in lab-
based experiments and both pavements were reported to meet the current TSS removal guidelines
for the City of Calgary. In Washington, stormwater concentrations of copper, zinc and motor oil were
significantly improved through infiltration via a PICP installation that received constant traffic over a
period of 6 years (Brattebo and Booth, 2003). The researchers reported that 88 and 100% of
asphalt runoff samples exceeded Washington receiving water standards for zinc and copper,
respectively. By contrast, only 6 and 17% of PICP infiltrate samples (n=18) exceeded the standards
for copper and zinc, and motor oil was consistently below analytical detection limits, even though the
soil through which water infiltrated was only 10 cm deep. A study conducted at Guelph University in
Ontario reported similar water quality improvements, especially for zinc and iron, after infiltration of
stormwater through PICP and a shallow base course (Shahin, 1994).

On porous asphalts, pollutants accumulate mainly within the surface pores and, to a lesser extent, on the
geotextile layer separating the base course layer from the underlying native soil (Legret et al., 1996).
Copper, lead, zinc, and cadmium are retained near the surface in association with clogging particles
(Legret et al., 1999). Sampling of water percolating through a porous asphalt pavement in Rhode Island,
New York also showed good removal of PAHs within the base course (Boving et al., 2008). In the Rhode
Island study, dissolved nutrients (PO4, NO3) from wind blown dust and atmospheric deposition were less
effectively attenuated. In North Carolina, Bean et al. (2007) compared water that had filtered through a
275 mm open graded PICP base with conventional asphalt runoff. They reported significantly lower PICP
infiltrate concentrations of zinc, total phosphorus, ammonia and TKN, but no significant differences in total
nitrogen, nitrates, dissolved phosphorus, TSS and copper.

Although there are very few studies addressing pollutant removal during winter months there have been
some promising published results. A study in New Hampshire monitored the performance of porous
asphalt over two winter seasons (Roseen et al. 2009a). The study found that the pavement removed SS,
total petroleum hydrocarbon-diesel, dissolve inorganic nitrogen, total phosphorus and total zinc during
the winters. It has also been shown that winter salting or de-icing practices require substantially less salt
on permeable pavements because snow melt is able to infiltrate which prevents ice forming on the
pavement surface (Roseen et al. 2009b).

While previous studies have generally reported improvements in runoff quality after filtration through
granular base course layers, it is still unclear whether or not, in field applications, these improvements are
sufficient to meet local site water quality criteria for stormwater management, particularly in areas with
low permeability native soils. Only a few of the earlier studies were conducted in cold climates over
the winter and none have explicitly examined the effect that road salts may have on contaminant
removal processes. Further, many of the pavement designs in the literature were not designed to detain
runoff for significant periods of time, as occurs at this study site, and there are no studies that have
specifically examined the effect that runoff detention time has on effluent quality.

In this study, the effect of permeable pavements on surface water quality has been evaluated by
comparing the quality of subsurface runoff (i.e. underdrain runoff) from the permeable pavements to one
another and to the quality of surface runoff from the asphalt pavement (concentrations and loads).
Effluent quality has also been compared to applicable receiving water objectives in order to assess
whether or not permeable pavements meet receiving water objectives. The groups of water quality
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variables analyzed for this purpose include general chemistry (e.g. pH, alkalinity, TSS, chloride), nutrients,
metals, E.coli and PAHSs.

5.3 Groundwater Contamination Potential

Contaminants that pose the greatest risk to groundwater via surface percolation include nitrate, a few
pesticides, some polycyclic aromatic hydrocarbons (PAHSs), enteroviruses, and salts such as chloride
(Pitt et al., 1996). Pavements are not a significant source of nitrogen, pesticides or enteroviruses, hence
there is a low risk of groundwater contamination from infiltration of these contaminants through
pavements. Chloride is applied extensively to pavements during the winter as a de-icing agent and is of
particular concern because it is extremely mobile in soil, and has been shown to increase the mobility of
metals (Norrstrom, 2005; Backstrom et al, 2004). Oils and hydrocarbons are relatively insoluble in
water and tend to be adsorbed readily by sediment and granular media. A growing body of
research has demonstrated that naturally occurring microbial communities on pavement building
materials (particularly the geotextile separation layer) helps to retain and degrade hydrocarbons within
the base course layer, even in cold climates (e.g. Newman et al., 2006).

Most of the evidence demonstrating the capacity of soils to mechanically filter, biodegrade and retain
urban runoff contaminants through physicochemical processes is documented in studies of infiltration
basins and road side ditches or trenches. Runoff entering these systems originates from large drainage
areas, often with multiple land uses. Hence, infiltrated water contains both a larger mass and more
diverse range of contaminants than is characteristic of infiltrated water on permeable pavements. Despite
high loading rates, however, studies of these systems show that attenuation of contaminants occurs
predominantly within the upper soil layer beneath the base of the systems. In France, for instance,
Barraud et al. (2005) reported that soil contamination (metals, PAHs, hydrocarbons, nutrients) in 4
infiltration basins ranging in age between 2 and 21 years was limited to less than 50 cm below the
surface. Investigations of lead, zinc and copper in 12 urban runoff retention basins in California showed
soil contamination to a depth of only 15 cm (Nightingale, 1975). In the same county, Salo et al. (1986)
reported sharp declines in soil concentrations of lead, arsenic, nickel, and copper in the first meter below
five groundwater recharge basins, two of which had been in operation for more than 20 years at the time
of the study. Several organic compounds were monitored in this study both in the soil and groundwater,
but analysis of these samples revealed no adverse effects on groundwater as a result of infiltrating
stormwater.

During winter conditions in cold climates the situation is somewhat different than indicated above as road
salts can have significant effects both on the soil structure and its ability to retain contaminants.
Norrstrom (2005) identified colloid assisted transport as the primary mechanism for increased lead
release from soils in a roadside ditch in Sweden. The formation of chloride complexes and potentially ion
exchange were thought to be important in the release of zinc and cadmium. In an examination of pore
water chemistry of roadside soils in Sweden, Backstrom et al. (2004) identified the primary mechanisms
for metal mobilization as ion exchange, lowered pH, the formation of chloride complexes and potentially
colloid dispersion. The presence of high concentrations of exchangeable calcium was thought to be an
important factor in the enhanced release of cadmium.
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In field studies, Boving et al. (2008) in Rhode Island and TRCA (2008) in the GTA both noted an
increase in metal concentrations after infiltration through a permeable pavement structure and native
soils. In the TRCA study, the increase occurred only after the second winter and was paralleled by
higher loading rates, complicating a clear interpretation of the upward trend. Further monitoring is
planned at this site to assess changes in metal concentrations over a longer time period.

In this study, the site was constructed to provide the controlled environment needed to investigate potential
effects of stormwater infiltration on groundwater. For this purpose, a perforated pipe placedona 1 x 15 m
impermeable liner and perforated pipe located up to one meter below the native soils collected infiltrated
water and conveyed it to the sampling vault for collection and analysis. A depth of one meter of soil was
selected because existing guidelines for permeable pavements recommend that the seasonally high
water table be no less than one metre below the base of the installation. Groundwater contamination
potential is assessed by comparing permeable pavement infiltrate (from the PICP section) to Ontario
drinking water objectives. Exceedances of drinking water objectives are regarded as a threat to
groundwater. A statistical comparison of the quality of permeable pavement infiltrate with the quality of
underdrain runoff provides the basis for determining changes in the chemistry of infiltrated water.

5.4 Comparison of Different Types of Permeable Pavements

While several studies have examined the effectiveness of specific types of permeable pavements, few
have directly compared their effectiveness side-by-side at the same site. This study presents a unique
opportunity to evaluate both their individual performance relative to conventional asphalt as well as their
performance relative to one another. Water quality performance is of particular interest as the very
different surface pore structure of PICPs and pervious concrete may have important influences on the
trapping of soil particles and associated contaminants. The three types of pavements were compared and
evaluated relative to one another through comparisons of runoff volumes, effluent concentrations and
effluent loads.

5.5 Effectiveness of Maintenance Practices

Permeable pavements will clog over time as dust and dirt accumulate in the pavement matrix. Rain
and traffic further exacerbate the problem by breaking up soil aggregates into finer particles that block
the pores and allow for further accumulation of fines. Eventually a hard crust forms upon drying,
creating a seal that can drastically reduce infiltration through the surface openings (Balades et al., 1995,
Pratt ef al, 1995).

Clogging has been a serious problem in some of the early permeable pavement installations. Lindsey
et al. (1992) surveyed several infiltration facilities in Maryland, including 13 ‘porous pavement’
installations, most of which were between 5 and 6 years old. They found that only 2 of the 13
pavements surveyed were operating according to design, mostly due to sediment clogging. Although
the authors did not provide details on the type of porous pavements or materials used in
construction, more recent evaluations have shown that clogging in older permeable pavements is
often due to the presence of sand, either in the bedding layer or applied on the surface to improve
wheel traction during the winter (TRCA, 2008).
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Newer installations use washed stone in the pavement openings (e.g. PICPs) and base because these
resist breakdown into smaller particles with age, and the pore spaces are large enough to transmit fine
particulate matter deeper into the coarser base layers, thereby reducing the potential for surface
sealing. Experiments conducted on PICPs in Guelph showed considerably better infiltration on 8 year old
permeable pavers constructed with a bedding layer of 7.5 cm of clear washed stone than those with a
10 cm mixture of clear washed stone and sand (Gerrits, 2001). These results are consistent with
laboratory tests of various interlocking pavement surface drainage materials that have shown uniform
sized washed gravel (2-5 mm) to provide the best infiltration capacities (Shackel, 1995).

In Maryland and North Carolina, Bean et al. (2007) simulated maintenance of permeable pavements
using an approach similar to Gerrits (2001). Of the 14 concrete grid paver sites tested, 13 exhibited
notably higher infiltration rates than the sites that had not undergone maintenance. The mean infiltration
rate increased by 66%. The surface infiltration rate also increased substantially on the one PICP site
subjected to maintenance. Similar results were found in maintenance tests of three PICP sites in the
Greater Toronto Area, ranging in age between 2 and 18 years (TRCA, 2008).

Other studies that have evaluated pavement maintenance practices have not reached similar
conclusions. Lab-based experiments by Pezzaniti et al. (2009) observed that simulated
maintenance using a stiff brush and vacuum produced only a small improvement in hydraulic
conductivity. Pezzaniti et al. (2009) simulated 35 years of synthetic stormwater through permeable
pavement samples. Simulated runoff targeted a TSS concentration of 200 mg/L, and runoff rates were
simulated based on the assumption that the permeable paved area received runoff from an equally sized
upstream impervious area. Cleaning of the permeable interlocking concrete pavement surface after each
year of simulated stormwater improved the outflow suspended solids concentration by only 12.4%
compared to a test of the same pavement type without annual cleaning. After the 35 year simulation,
94% of the sediment had been retained within the permeable interlocking concrete pavement structure
and the hydraulic conductivity of the pavement had been reduced by 59% from 1.7 x 10° to 6.5 x 10*
mm/h.

Although surface cleaning may restore infiltration rates there are still several remaining questions
regarding the type and frequency of maintenance needed to optimize long term performance. Chopra
et al. (2010) investigated three types of maintenance; vacuuming, pressure washing and a
combination of both. Lab based tests indicated that a combination of vacuuming and pressure
washing provide the highest surface rejuvenation and pressure washing alone was more effective
than vacuuming. Field tests conducted by Henderson and Tighe (2011) on pervious concrete
pavements noted that small-scaled vacuuming and pressure washing did not rejuvenate surface
permeability but some benefits were observed by washing the pavement with a large diameter hose.

While several studies suggest that maintenance can substantially restore permeability to clogged
pavements, there are few if any studies demonstrating the actual effect of maintenance using standard
pavement cleaning equipment. The present study examines two of the most common pavement
cleaning methods - vacuum assisted sweeping and power washing - on older pavements that show
signs of clogging either as a result of age or as a consequence of winter sanding practices. Research
has been conducted on the various types of cleaning equipment available and a selection has been
made based on standard criteria such as affordability, applicability, and ease of access by
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landowners. Costs and operational parameters (e.g. wash rate, vacuum rate) of the selected
equipment has been documented and different treatments were tested to arrive at a ‘preferred’ method
that can be subsequently developed into a maintenance guideline for permeable pavements.
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6.0 MONITORING RESULTS AND ANALYSIS

6.1 Field Testing of the Experimental Design

The asphalt, AquaPave™ (AP), Eco-Optiloc™ (EO) and monitoring vault were installed in November 2009,
followed by the Hydromediam pervious concrete (PC) in April, 2010. The entire parking lot was open to
public traffic after the concrete had cured in early May. Field testing and adjustments to the experimental
set-up were initiated shortly thereafter. After several rainfall events, it became apparent that there was
unintended cross flow from one cell to the next. Water tests were employed to identify the sources of
leakage and attempts were made to repair and seal the concrete collars and pipes in July and August,
2010.

Controlled water tests performed in fall 2010 indicated that complete hydraulic separation between
permeable pavements had not been achieved. The water test involved pouring approximately 1000 L
onto the EO pavement while its underdrain valve was closed. Over the following hours 123 L (12%)
escaped through the PC underdrain and 23 L (2%) escaped through the AP underdrain. A similar test
with the EO valve open had only 3 L escape from the PC underdrain. Applying water to one cell with the
underdrain valve closed creates an artificial difference in water levels among cells. Therefore water
movement between permeable pavement (PP) plots is anticipated to be much lower during natural
precipitation events.

Winter conditions appeared to worsen the situation between the three permeable plots and by spring
2011 flows from the AP pavement were considerably smaller compared to flows observed from the EO
and PC underdrains. Discrepancies in underdrain flow volumes among cells may have been caused by a
number of factors, such as differences in as-built cell designs or native soil infiltration rates among three
plots, but the lack of complete hydraulic separation was thought to be a contributing factor.
Consequently, a second round of repairs was performed in May 2011. Although these repairs improved
the situation, hydraulic separation among the PICP cells was not achieved. This was confirmed in
September 2012, when red dye (rhodamine WT) was injected into four locations within the AP cell prior to
a rain event. After more than 40 hours from the event start, very dilute dye was evident in the EO
outflows. The PC outflows, however, remained visibly clear, even after dye had entered the EO cell
during subsequent rain events, which suggests that mixing between the PICP and PC cells was
negligible. This was confirmed by clear differences in the quality of outflows from the two types of
pavements (see section 6.3 below).

6.2 Infiltration and Runoff

6.2.1 Infiltration

Surface infiltration rates, measured in June 2010, May 2011 and May 2012; showed spatial variability
throughout the PP plots (Table 6.1). As of May 2012, the PC had the highest median surface infiltration
(1265 cm/hr), followed by EO (94 cm/hr) and AP (20 cm/hr). An ANOVA test determined that statistically
significant differences were present between mean log-transformed surface infiltration rates for the three
PP types in 2010 (p = 1.772e-10). Each permeable material has a different initial surface infiltration
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capacity due to different amounts of open spaces at the pavement surface. Throughout the study, mean
and median infiltration rates (PC > EO > AP) have reflected these differences and the PC pavement has
displayed measured infiltration rates which are an order of magnitude larger than rates measured on the
PICP pavements. Even though the infiltration capacity of the AP and EO pavement is smaller there has
been sufficient capacity to infiltrate water from all of the monitored events in this study and prolonged
surface ponding has not been observed.

In 2010, all three pavements had similar distributions about the mean infiltration rate reflected by the
coefficients of variation (cov = o/u) which were 0.57, 0.51 and 0.62 for PC, EO and AP respectively. After
two years, the cov has increased reflecting an overall increase in variability of surface permeability.
Measured infiltration rates data has tended to follow a lognormal distribution.

Figure 6.1 illustrates the change in infiltration rates measured throughout the 3 pavement cells from 2010
through to 2012. As shown in Table 6.2, permeability losses were observed on all three pavements. The
rate of permeability losses may be dependent on initial surface permeability, which is in turn affected by
the amount of open space or voids at the surface. AP, with the lowest initial permeability and open joint
space has experienced the largest losses (median = 87%), whereas PC, with the highest initial
permeability, and void space across the surface, experienced the smallest losses (median = 43%). The
magnitude and timing of permeability losses varied within each of the pavement plots. The largest losses
in surface permeability tended to occur along the entrance thru lanes, which is the low point of the two
interlocking pavements and received the highest amount of traffic. Although the PP parking lots were not
sanded during the winter, sand was applied to the surrounding areas, which may have enhanced the
amount of sediment tracked onto the pavements.

Table 6.1: Surface infiltration statistics

2010

AquaPave 151 155 93 1.35 0.62
Eco-Optiloc 520 503 266 0.06 0.51
Pervious Concrete 2336 2122 1325 1.15 0.57
2011

AquaPave 136 118 85 1.34 0.63
Eco Optiloc 294 230 221 0.85 0.75
Pervious Concrete 1790 1337 1462 1.11 0.82
2012

AquaPave 34 20 41 2.3 1.2
Eco-Optiloc 140 94 117 0.66 0.84
Pervious Concrete 1356 1072 1146 14 0.85
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Figure 6.1: Surface infiltration rates from June 2010 to May 2012 (from left-to-right: AquaPave, Eco-
Optiloc and Pervious Concrete)

Table 6.2: Changes in surface infiltration rates between June 2010 and May 2012

AquaPave -86 -87 26 1.9 -.03
Eco-Optiloc -84 -70 26 0.8 -.02
Pervious Concrete -44 -43 35 -0.3 -.006
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The largest precipitation intensity recorded in the summer of 2011 was 7.6 mm over a 5 min interval (9.12
cm/hr); therefore, even for the most intense storms, surface ponding is not anticipated. However, a
surveillance camera monitoring the parking lot documented surface ponding on the AP surface during at
least one high intensity rain event on June 23", 2011. The rain occurred during the day while all available
parking spaces were filled which reduced the total area available to infiltrate the stormwater. In the video
it appears that ponding occurred for less than one hour over AP and may have occurred briefly over EO.
However, the video footage also indicated that the AP lot may have received run-on water from the
adjacent asphalt pavement. Unlike the flat PC, both AP and EO are graded toward the centre, allowing
rainwater to pond more readily.

During winter, slush ponding has been observed over the AP pavement on multiple occasions during
winter melt events. The narrow joints of the AP pavement appear to be susceptible to icing when the
parking lot is not plowed or salted regularly. Winter maintenance at Kortright is sporadic and therefore not
typical of most parking lots. Beyond these isolated events no ponding has been observed from any of the
PPs and all rainwater has been infiltrated into the PP.

6.2.2 Runoff

A total of 127 rain and melt events were monitored between September 2010 and June 2012. A runoff
event is defined as the period from the start of surface runoff to the end of surface or subsurface flow.
Outflows from the PPs at rates less than 0.001 L/s were neglected. The response time of the PPs is often
several days, therefore ‘events’ can include multiple discrete precipitation and runoff events. Small
precipitation events do not always generate outflow from the PPs. At Kortright, when precipitation was
less than 7 mm, outflow from the PPs was not always observed but runoff from the asphalt plot was
recorded. In total 29 small storms representing 4.5% of the total asphalt runoff did not initiate a hydrologic
response from the PP plots. During the winter, daytime conditions can create melt water generating runoff
without precipitation. Throughout the winter 30 melt events were recorded from the asphalt plot which
accounts for 1.7% of the total observed asphalt runoff. The runoff produced during each of these melt
events was less than would have been generated from a 2 mm rain event; hence flow from the PP
underdrains would not be expected.

Sample hydrographs of the PP and asphalt for small, medium and large rain events are shown in Figure
6.2. Table 6.3 summarizes outflow and runoff volumes and peak flow rates. More detailed tables are
presented in Appendix B including total volumes (V7), peak flows (Q,) and associated reductions (VR and
QR) for storm and melt events that initiated outflow from the PP underdrains, as well as runoff Vrand Q,
for events that did not produce PP outflow. Four summer events (June 11" 23 August 14™ 2011; June
21, 2012) had negative volume reductions (i.e. the volume of stormwater exiting the PPs was larger than
the volume of runoff). These results are attributed to malfunctioning equipment which underestimated the
volume of runoff. Overall, the PPs reduced the total volume of stormwater outflow by 42%. Throughout
the study, the PPs reduced peak flows by between 50 and 100%. The PPs continued to provide peak flow
reductions throughout the winter and overall the median QR was 91%. Even larger QR values would have
been observed if the asphalt outlet had not been restricted by the gate valve.
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Figure 6.2: Event hydrographs: (a) October 2, 2011 (7.4 mm), (b) August 9, 2011 (15 mm) and (c) June

23,2011 (49 mm)
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Table 6.3: Summary of outflow and runoff volumes and peak flow rates from September 2010 to June
2012

Events with outflow from PPs

Rainfall (mm) 4-494 17.3 15.6
Vr Asphalt (L) 102 - 16038 3617 3168
V1 PP (L) 28 - 20855 2419 1734
Vunit Asphalt (L/m?) 0.4-69 15.5 13.6
Vit (L/M?) PP 0.2-90.3 10.5 75
VR (%) -145 - 91 37 43
QP Asphalt (L/min) 3-258 71 51
QP PP (L/min) 0.04-10 2.7 25
QR (%) 67 - 100 93 96
Events with asphalt runoff only

Rainfall’ 0.2-6.6 2.2 1.7
Vr Asphalt (L) 12 - 1449 312 132
Vit Asphalt (L/m?) 0.1-6.2 14 0.6
QP Asphalt (L/min) 3-75 12.2 3

Notes: "Melted snow also generated runoff

A consistent pattern has emerged since the last round of repairs on the underdrains. Figure 6.3 shows
that the EO underdrain regularly collects the largest volume of stormwater during an event while the AP
underdrain collects the smallest volume of stormwater. All three pavements are exposed to the same
precipitation inputs, are nearly identical in size and drain to the same soil types. Therefore it would be
expected that for a given event the underdrains would collect the same volume of stormwater and that the
total volume of water collected in the underdrains would be split evenly. Analyzing the total volume of
stormwater collected in the underdrains revealed that 34% was collected in PC, 42% was collected in EO
and 24% was collected in AP. One possible explanation for the low AP outflow volumes is that
stormwater infiltrated from the AP pavement is draining through the EO underdrain. Heterogeneity within
the native soils caused by boulders, rocks, cracks or lenses, may also account for observed variations in
stormwater volumes by creating localized areas of high infiltration capacity. Additional factors contributing
to the observed variability in hydrologic responses may include differences in flow rates through the
control valves due to partial or temporary clogging of the orifice (which was set at approximately 1 mm),
differences in the products or as-built cell designs, and/or natural variability associated with antecedent
dry periods or other factors. Investigations are currently underway to assess potential causes of observed
variability.
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Figure 6.3: Stormwater volumes collected in permeable pavement underdrains

The three PPs, which each have a ball valve restricting flows through a 1 mm opening increased the
detention time of stormwater. Lag times between the conventional asphalt and the PP (f.) ranged
between 45 and 3447 minutes (57.5 hours) and lag coefficients (k;) for PPs ranged between 1.1 and 78.2.
Large lag coefficients (>10) are associated with short intense storms where the centroid for the asphalt
runoff occurs within one hour or less. In this study, the AP, EO and PC pavements had a median k; of 2.4,
2.9, 3.3, respectively and a collective median k; of 2.9 relative to the asphalt runoff. There was essentially
no detention of stormwater on the asphalt pavement. For some events, flows exiting the asphalt preceded
rainfall recorded at the rain gauges indicating minor discrepancies between rainfall at the site and rainfall
measurements at the nearby meteorological station.

For the majority of events two distinct draining phases are visible within the underdrain flows; a primary
and fail response, which were distinguished by a clear and rapid decrease in flow rate followed by
sustained low flows less than 0.0025 L/s. Tail flows most commonly occur through the EO underdrain
although the PC underdrain also occasionally conveys tail flows. The volume of infiltrated stormwater
contained within the tail of an event represented 5% and 3% of the EO and PC outflow. Tail flows
occurred throughout all seasons but the largest tail flows were observed during the winter. Tail flow
volumes ranged between only 18 and 912 L regardless of the precipitation event characteristics.

Several hydrologic performance variables were identified as seasonally-dependent. During thaw events
throughout the winter of 2010/2011 lower volume reductions were observed. For the major thaw event
(March 9" to 28™) the volume of stormwater exiting from the PP underdrains was 31% larger than the
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asphalt runoff. The increase in total volume is attributed to a couple of factors. First, water from two
smaller thaw events on February 28" and March 4™ did not fully drain or infiltrate prior to the major thaw
event starting on March 9". Hence, some of the water detained within the aggregate reservoir during
these events was released later during the March 9" event (Figure 6.5). When all three events are
considered, the stormwater volume exiting the PP underdrains was 7% less than the asphalt runoff.
Second, snow was piled in the far corners of the PC cell which was a source of additional inflow that was
not equally shared with the asphalt pavement. As illustrated in Figure 6.4 even though the PP had large
spring thaw volumes, the infiltrated stormwater was well attenuated and the centroid of the spring thaw
was delayed by approximately 3 days. Peak flow from the PP system was also reduced by 85% during
this thaw.

Comparing hydrologic variables between a warm (May-September) and cool (October-April) season
reveal some differences in performance. Peak flow reductions are slightly larger and less variable during
the warm season (Figure 6.6), although the PPs continued to provide large reductions, QR >60%,
throughout the cool season. Slow release of water during winter melt events contributed to higher cool
season peak flow variability. The relative delay of stormwater, represented by k;, also tended to be
longer during the warm season compared to the cool season but the summer months also displayed
higher variability overall.
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Figure 6.4: Spring thaw hydrographs of asphalt surface runoff and permeable pavement underdrain flows
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Figure 6.6: Seasonal peak flow reduction and lag coefficient boxplots

The three wells located on the south side of the PP parking have only shown elevated water levels during
the spring thaw. Throughout the rest of the year water drains sufficiently rapidly to prevent accumulation
of water along the outer edges of the parking lot. Rising water levels were regularly observed along the
AP and EO centre underdrains during precipitation events. Water level fluctuations were consistently
more frequent in the AP well most likely because this well is located next to the downstream edge of the
pavement plot, whereas the EO well is positioned at a higher elevation near the upstream edge of the
plot. Since the pavement systems drain rapidly, water does not accumulate in the underdrain trenches
over the full length of the parking lot (Figure 6.7). The maximum water depth observed at AP was 533 mm
/ 195.858 m EASL (May 15", 2011) and at EO was 291 mm / 195.915 m EASL (March 11", 2011). At no
time during the monitoring period did water levels rise above closer than 35 cm from the surface,
suggesting that the pavement aggregate reservoirs had ample storage, even during very large events.
Figure 6.7 shows the water level data for August 2011, which had 7 precipitation events that caused
trench water levels to rise.
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Figure 6.7: August 2011 water level data

In the fall of 2011 and spring of 2012, several tests were performed to assess the capacity of the system
to infiltrate water in the absence of drainage for specified periods of time, thereby simulating the effect of
a drainage pipe raised in the cross section of the base reservoir. These tests involved closing ball valves
on the drainage pipes prior to a precipitation events and opening them after 32 hours or more. Figure 6.8
illustrates the water levels inside the wells during tests conducted in 2011. Table 6.4 summarizes the
precipitation, closed valve time, stormwater volumes and well drawdown.

During all closed valve tests infiltration into the native soils was evident by sustained and steady
drawdown of water levels after a precipitation event. Detaining the stormwater produced high volume
reduction (VR) as more stormwater infiltrated to the underlying native soils. Volume reduction averaged
82% during these tests, which was close to double the VR achieved with free flowing restricted valves.
For many of the monitored events infilirated stormwater water did not accumulate in the other four
monitoring wells because the sensors in these wells were either located outside of the trench or at a
higher elevation near the upstream edge of the pavement plot. Precipitation events that were 15 mm or
smaller caused water levels to rise in the AP trench well only. Moderate sized events ranging from 15 to
25 mm, had water levels increase in both the AP and EO trench. Valves were closed for two weeks in
November/December 2011 during a series of moderate and large-sized precipitation events. This allowed
for the observation of infiltration processes during very wet conditions. Elevated water levels were noted
in all five wells indicating stormwater was stored temporarily throughout the entire pavement system.
Even though high well water levels were present when the valves were opened the majority of stormwater
had infiltrated into the soils resulting in a 91% reduction in the total event volume.

The calculated well drawdown rates do not appear to provide a good representation of the physical
infiltration rates of the soil. Stormwater losses, primarily due to infiltration (i) over the course of the event
were estimated using the missing stormwater volume (V) and detention time (f).

VTC - VTpp
t

i =
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Based on the closed valve tests the stormwater volume was reduced by a minimum rate of 1.9 mm/day.
The losses are attributed primarily to infiltration into the native soil, which occurs mostly in the trench
surrounding the outflow pipes. High rates of losses are likely dependent on antecedent conditions and
storm characteristics.
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Figure 6.8: Well water levels during closed valve events during the fall

Table 6.4: Test results from closed valve events

15/11/11 5.2 46 hr 4.8 11 77 171 47.5 1.9
23/1111 154 32hr 13.2 37 72 321 44.6 7.1
28/11/11 130 24.5

2?1/ ;/1 1/ 11 82.8  15days 847 755 91 ggi ?Z:g 2.1
12/12/11" 458 61.9

21/4/12 9.0 58 hr 8.3 0.06 99 42 40.3 5.7
23/4/12 17.0 75 hr 14.3 24 83 375 100.8 3.8
30/4/12 10.7 43 hr 10.2 19 81 211 54.7 4.6
3/5/12 25.4 94 hr 24.1 64 73 519 38.9 4.5
8/5/12 6.2 32hr 6.1 11 82 65 56.2 3.8

Notes: ' Valves were temporarily opened and reclosed.
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6.3 Water Quality

6.3.1 Water quality concentrations

In total, 64 events were analysed for water quality between June 2010 and 2012. As shown in Table 6.5,
significant changes in EMC were observed for several metals, nutrients and solids. Descriptive statistics
for pollutant concentrations observed in stormwater are presented in Appendix C. Overall, compared to
asphalt runoff, stormwater which infiltrated through the PP had, for all permeable surfaces, significantly
lower mean/median concentrations of suspended solids, extractable solvents (oil & grease), ammonia-
ammonium nitrogen (NH3NH,"), nitrite, total kjeldahl nitrogen (TKN), total phosphorus, chloride, calcium,
copper, iron, manganese and zinc.

At the same time, infiltration through the pavements increased the median/mean concentration of
variables such as dissolved solids, barium, strontium, magnesium and potassium, although not to levels
exceeding receiving water guidelines. Water chemistry parameters like pH, alkalinity, conductivity and
temperature also change as a result of infiltration.

The PP stormwater had a higher pH (Figure 6.9) compared to the asphalt runoff, and thus also higher
alkalinity. Effluent from the PC has consistently shown higher pH levels (averaging 9.2) than the effluent
from the PICP plots (averaging 8.3), although these levels decreased over time. The Provincial Water
Quality Objectives (PWQO) recommends that pH be maintained within a range of 6.5 to 8.5 for the
protection of aquatic life.
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Figure 6.9: pH; box plot (left), probability plot (right)
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Table 6.5: p-values from hypothesis tests

Alkalinity 154E-11 (<) 4.72E-13 (<) <22E-16 (<) 467E-06 (<) 1.01E-15 (<) 2.72E-11 (<)
Conductivity ~ 2.15E-04* (<) 4.48E-06* (<) 8.18E-07* (<) 1.69E-03* (<) 1.27E-05* (<) 9.57E-04* (<)
Hardness 2.88E-02* (=) 5.97E-04* (<) 7.36E-01* (=) B6.46E-06* (<) 1.05E-09* (>) 7.27E-12* ()
pH 455E-13* (<) 1.14E-13* (<) 1.14E-13* (<) 5.00E-01* NO 4.55E-13* (<) 1.14E-13* (<)
Z‘;‘é‘éfj/e g 1.66E-03* (<) 1.05E-03* (<) 2.68E-04* (<) 147E-04* (<) 1.27E-05* (<) O.57E-04* (<)
fﬂ'g:;‘ ded 268E-15 (>) <22E-16 (>) 3.25E-16 (>) 3.45E-02 (>) 1.88E-01 (=) 8.49E-03 (<)
Solids; total 5.75E-03* (<) 3.03E-04* (<) 4.48E-06* (<) 6.61E-05* (<) 127E-05* (<) 957E-0"4 (<)
Aluminum 428E-04 (>) 7.66E-06 (>) 347E-05 (=) 3.60E-01 (>) 244E-06 (<) 151E-09 (<)
Antimony 7.19E-01 (=) 6.21E-01 (=) 7.89E-01 (=) 6.35E-01 NO 6.35E-01 (=) 8.04E-02 (=)
Arsenic - - - - - - 1.01E-04 (>) 1.55E-04* (<) 1.52E-06* (<)
Barium 3.92E-10* (<) 1.08E-10* (<) 1.58E-02* (<) 3.49E-01* NO 4.55E-13* (>) 1.14E-13* (>)
Boron - - - - - 378E-09 (<) 5.24E-01* (=) 4.68E-03* (>)
Calcium 243E-01* (=) 1.88E-01* (=) 1.97E-03* (>) B6.46E-06* (<) 146E-11* (>) 7.28E-12* ()
Chloride 8.30E-03* (<) 3.96E-03* (<) 1.58E-02* (<) 7.55E-01* NO 5.33E-01* (=) 8.78E-01* (=)
Copper 2.72E-12  (>) 4.04E-12 (>) 2.52E-06* (>) 7.64E-01 NO 7.45E-05* (<) 1.08E-04* (<)
Iron 2.98E-09 (>) 3.74E-11  (>) 3.03E-04 (>) 9.39E-06 (>) 9.11E-05 (<) 2.44E-06 (<)
Lead 343E-01 (=) 4.81E-02 (>) 941E-01 (=) 123E-08 (>) 3.20E-01 (=) 9.25E-04 (<)
Magnesium 9.71E-09* (<) 277E-10* (<) 9.71E-07* (<) 1.56E-04* (<) 6.46E-06* (>) 5.12E-09* ()
Manganese  2.02E-14 (>) 3.10E-15 (>) 1.40E-13  (>) 8.71E-04 (>) 4.15E-03 (<) 4.93E-05 (<)
Molybdenum - - - - - - B63E-03 (<) 1.09E-04 (>) O9.77E-04 ()
Potassium 5.38E-10* (<) 5.38E-10* (<) 2.91E-11* (<) 7.98E-15 (>) <22e-16 (<) <2.2e-16 (<)
Sodium 1.56E-04* (<) 3.76E-04* (<) 3.48E-05* (<) 243E-01* NO 1.56E-04* (<) 2.35E-02* (<)
Strontium 457E-13* (<) 1.14E-13* (<) 1.14E-13* (<) 3.92E-07* (<) 1.91E-11* (>) 1.14E-13* (>)
Uranium - - - - - - 239E-03 (>) T7.75E-07* (>) 2.82E-06* (>)
Vanadium 3.35E-04 (>) 266E-05 (>) 6.36E-01* (=) 6.58E-03 (>) 3.02E-07* (<) 2.82E-09* (<)
Zinc 3.05E-08 (>) 5.18E-15* (>) 1.08E-10 (>) 5.13E-08* (>) 2.78E-09 (>) 2.80E-01* (=)
ﬁmmgg:ﬁ; 3.32E-12  (>) 4.02E-12 (>) 8.96E-11  (>) 9.94E-03 (>) 4.89E-01 (=) 9.33E-03 (>)
Nitrate+ Nitrite ~ 7.85E-05 (<) 6.86E-03* (<) 1.00E+00* (=) 244E-06* (>) 3.92E-10* (>) 1.14E-13* (>)
Nitrite 1.64E-10  (>) 5.72E-11 (>) 8.20E-06 (>) 1.37E-02 (>) 4.97E-05 (<) 5.84E-08 (<)
TKN <22E-16 (>) <2.2E-16 (>) 2.33E-13  (>) 5.76E-02 NO 1.08E-06 (<) 6.16E-09 (<)
Phosphate 6.36E-03 (>) 3.32E-04 (>) 9.23E-05 (<) 2.88E-02 (>) 6.22E-09 (>) 545E-12 (<)
;ﬁfs'phorus 430E-14 (>) 1.00E-13 (>) 1.06E-03 (>) 297E-01 NO 420E-14 (<) 5.30E-13 (<)
zﬁgg'tococcus 1.03E-01 (=) 5.71E-01 (=) 8.44E-03 (>) 1.17E-02 (>) 1.20E-05 (>) 2.70E-03 (>)
P

asfu“g‘?r?g;‘;”as 2.16E-02* (<) 8.39E-01* (=) - - 169E-01* NO - - - -
Notes: *sign test performed

(<) = EMC mean/median pavement 1 < EMC mean/median pavement 2

(>) = EMC mean/median pavement 1 > EMC mean/median pavement 2

(=) = mean/median pavement 1 = mean/median pavement 2
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To highlight the water quality improvements provided by the PPs, boxplots and effluent probability plots
were created for zinc concentrations (Figure 6.10). As with most of the water quality data, zinc
concentrations tended to be log-normally distributed. Paired t-tests between the PPs and asphalt zinc
data found statistically-significant reductions (a = 0.05) of the log-transformed mean for AP (p = 1.2 E-
8), EO (p = 4.2 E-12) and PC (p = 3 E-15). The median removal efficiency for zinc was 69% (AP), 75%
(EO) and 80% (PC) which is comparable to other PP studies (Rushton, 2001; Sansalone and Teng,
2004; TRCA 2008). The interim PWQO for the protection of aquatic life in receiving waters is 20 pg/L
for zinc, the PP outflow was more likely to meet this objective than runoff from the asphalt plot. Eighty
six percent (n=55) of asphalt runoff samples exceeded the PWQO, whereas only 40% of samples
(n=17) from AP, 18% of samples (n=8) from EO, and 18% of samples (n=8) from PC exceeded this
objective.

1000 .
+Asphalt " AP +EO ~PC
1.0
100 . 0.9
. 0.8
E é L &4
f=7] —
= o 0.6
= 10 =]
Q 1 1 f £05
L =< 04
¢ 0.3
1 0.2
. 0.1
DD * T T 1
0.1 . . . , 1 10 100 1000
AP EO PC  Asphalt EMC (ug/L)

Figure 6.10: Zinc EMC; box plot (left), probability plot (right)

During the winter the parking lot was salted using Windsor Safe-T-Salt®. Road salting activities during
the winter introduce additional pollutants into winter stormwater. In addition to sodium and chloride, lab
analyses of a dissolved solution of the road salt found that the product contained measureable
concentrations of metals (aluminum, arsenic, barium, boron, calcium, lead, magnesium, manganese,
nickel, potassium, strontium and zinc), nutrients (nitrogen and phosphorus) and PAHs (naphthalene).
The degree of seasonality in pollutant concentrations was more pronounced in the runoff than the PP
outflow. The parking lot was salted during the winter and samples were classified as “winter
stormwater” once elevated levels of chloride were observed. Throughout the spring-to-fall seasons
runoff had only minimal levels of chloride (EMC < 15 mg/L) but, winter concentrations averaged 5,330
mg/L and spiked up to 43,100 mg/L. Seasonal chloride concentrations from PP outflow were muted,;
winter concentrations only averaged 462 mg/L and spring-to-fall concentrations averaged 18 mg/L.

Effluent from AP and EO pavements often had similar water quality characteristics while the PC water
quality was notably different. The results suggest that different pollutants are captured or mobilized in
these two pavement types. For example strontium concentrations were shown to be significantly
greater in PICP effluent (medians were 3750 pg/L and 4370 ug/L for AP and EO, respectively)
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compared to concentrations in the PC effluent (median was 1430 ug/L). As an example of the opposite
trend, potassium concentrations were much higher in PC effluent (median was 109.5 mg/L) compared
with PICP effluent (medians were 27.5 mg/L and 20.1 mg/L for AP and EO, respectively). Median
phosphate concentrations in PC effluent were also over 4 times greater than PICP effluents. The large
and significant differences in water quality parameters between the PICP and PC pavements suggests
that any mixing of stormwater which may still exist at Kortright has only a negligible impact on water
quality results.

Water samples were analysed for a variety of PAHs. Frequently, detected concentrations are very near
the lab detection limits so precise concentration estimates are not possible. Table 6.6 lists the number
of events which have contained trace concentrations of PAHs. The PPs demonstrated removal of
several PAHs including 1-methylnapthalene, 2-methylnaphthalene, benzo(e)pyrene, fluoranthene,
naphthalene, phenanthrene, and pyrene. PPs provide opportunities to remove PAHs from stormwater
outflow through volatilization, photolysis, hydrolysis, microbial degradation, adsorption and
sedimentation. PAHs tend to adsorb to particulates because they are hydrophobic and have low
solubilities (CEQG, 1999). Infiltrating stormwater through the PP filters suspended solids removing the
PAHs that adhered to these particles. The temporary storage of infiltrated stormwater creates
opportunities for volatilization which is the dominant removal mechanism for some PAHs such as
naphthalene (CEQG, 1999). The PPs reduced the frequency that PAH concentrations exceeded water
quality guidelines. For example, 33% of the sampled runoff exceeded the PWQO of 30 ng/L for
phenanthrene whereas less than 5% of the sampled PP outflow exceeded this objective.

Table 6.6: Frequency of detectable Polycyclic Aromatic Hydrocarbon concentrations

1-methylnaphthalene 15 0 0 0
2-methylnphthalene 19 0 0 2
7,12-dimethylbenz(a)anthracene 0 0 0 0
Acenaphthene 5800 ng/L 3 0 0 1
Acenaphthylene 0 0 0 0
Anthracene 0.8 ng/L 0 0 0 1
Benzo(a)anthracene 18 ng/L 1 0 0 1
Benzo(a)pyrene 15 ng/L 2 0 0 1
Benzo(b)fluoranthene 3 0 0 1
Benzo(e)pyrene 0.2 ng/L 9 0 0 1
Benzo(g,h,i)perylene 5 0 0 1
Benzo(k)fluoranthene 0.02 ng/L 1 0 0 1
Chrysene 0.1 ng/L 5 0 0 1
Dibenzo(a.h)anthracene 2 ng/L 1 0 1 0
Fluoranthene 0.8 ng/L 41 1 0 3
Fluorene 200 ng/L 6 0 1 0
Indeno(1,2,3-c,d)pyrene 2 0 0 1
Napthalene 7000 ng/L 19 0 0 1
Perylene 0.07 ng/L 0 0 0 1
Phenanthrene 30 ng/L 43 7 5 10
Pyrene 25 ng/L 33 2 2 4
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Samples from 30 events were analysed for escherichia-coli (e-coli), fecal streptococcus and
pseudomonas aeruginosa populations. Descriptive statistics are included in Appendix C. Fecal
streptococcus was more regularly observed in stormwater samples than pseudomonas aeruginosa and
e-coli. E-coli was observed in half of tested AP samples but in only a third of tested EO, PC and
asphalt samples. The PWQO recommend that for recreational water uses e-coli populations should not
exceed 100/100mL and pseudomonas aeruginosa populations should not exceeded 10/100mL.
Stormwater samples for PP and runoff have only exceeded e-coli guidelines on a few occasions
(events with e-coli 100/100mL: Asphalt = 3, AP = 5, EO = 0, PC = 2). Levels for pseudomonas
aeruginosa have exceeded guidelines more regularly (events with pseudomonas aeruginosa
>10/100mL: Asphalt = 25, AP = 24, EO = 17, PC = 7). Even though population levels for infiltrated
stormwater were generally low the three PPs appear to provide varying conditions for growth. AP,
which includes a geotextile below the bedding layer, appeared to support more favorable conditions for
growth than the other two PPs as measurable populations were observed more frequently and in higher
concentrations relative to effluent collected from the EO and PC cells. PC, which had high pH,
appeared to have less favorable conditions than the PICPs as measureable populations were observed
less frequently and in lower concentrations relative to effluent collected from AP and EO cells.

6.3.2 Temporal changes in water quality concentrations

As noted previously, evidence of pollutant leaching from the PC and aggregate layers as well as a long-
term stabilization trend was observed throughout the study period. This trend was reflected by a
decreasing concentration for some pollutants over the course of the twenty-two monitored months.
Figure 6.11 and 6.12 shows declining potassium levels in PC outflow and declining strontium levels in
PICP outflow. Larger concentration declines were observed from the PC pavement, which is 6 months
younger than the PICP pavements. The data suggest that mobile pollutants, including metals, dissolved
solids and phosphate are leached from the PP system. PC outflow initially had pH levels which
exceeded recommended provincial guidelines (>9). However, these levels did not persist and since July
2011 PC stormwater has had pH levels comparable to PICP stormwater, ranging from 8-9. Similar
stabilization processes may have occurred in the PICPs but were not observed in the monitoring data
because water quality sampling began 6 months after the pavers were installed.
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Figure 6.11: Changes in potassium concentrations over the study period
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Figure 6.12: Changes in strontium concentrations over time (winter concentrations > 8000 ug/L has
been excluded)

6.3.3 Intra-event changes in water quality concentrations

Six events were sampled to investigate intra-event patterns in water quality to determine how
concentrations from the different pavements change over the course of the event. Twenty-four water
samples were collected with the automated samplers during each event. Discrete samples were
analyzed for turbidity and TSS. The duration of sampled events is 48 hours for PPs but only 2 hours for
the runoff. As shown in Figure 6.13, runoff from the control plot exhibits a strong first flush pattern and
TSS rapidly declines after the first few bottles. A small ‘first flush’ is observed in the AP and PC
stormwater but it is considerable muted when compared with the asphalt runoff. The smaller first flush
from the PPs is attributed to filtration through the pavements and the delay of runoff initiation caused by
storage and infiltration of the first 5 to 7 mm of rain events.

200
180 \ — Control |
— AP
160
\ ‘EO

140 \ .

3,120

E 100

& 80

" 60
40
20

0

Bottle

Figure 6.13: Intra-event TSS averaged from six monitored events
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6.3.4 Effects of infiltration on the relationship between turbidity and TSS

The relationship between TSS and turbidity is different for runoff and infiltrated stormwater (Figure
6.14). Infiltrated stormwater has a higher turbidity at a lower concentration of TSS than runoff. As a
result of filtration through the pavement, the suspended solids within infiltrated stormwater are finer and
less dense, which can create turbid conditions at relatively low TSS concentrations.
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Figure 6.14: Turbidity vs. TSS for August 29, 2011 event

6.3.5 Efficiency ratios

Overall and seasonal efficiency ratios (ER) are presented in Table 6.7. A positive ratio indicates that
pollutant concentrations within the PP outflow were lower than those in the asphalt runoff (i.e. the PPs
decreased pollutant concentrations), and vice versa. For pollutants and parameters associated with
road salt, winter concentrations distort the overall impact of the PPs on water quality. Infiltrated
stormwater had higher conductivity and concentrations of dissolved solids, total solids, chloride and
sodium relative to runoff throughout the majority of the year. However, during the winter, the
concentration of these pollutants increased so drastically within the runoff that a net reduction, as
represented by a positive ER, in concentration was observed overall. Seasonal changes were also
observed in nitrogen concentrations. The PPs reduced nitrite concentrations throughout the year but
reductions in nitrate concentrations were only observed during the winter. This result suggests that
winter conditions may provide conditions which allow for the denitrification of nitrate.
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Table 6.7: Average ER of permeable pavements relative to the asphalt control

Alkalinity; total fixed

endpt -0.91 -1.09 -2.36 -0.72 -0.92 -2.53 -1.12 -1.31 -2.33
Conductivity 0.86 0.84 0.83 0.85 0.84 0.85 -2.00 -2.20 -4.21
Hardness 0.10 -0.16 0.54 0.03 -0.34 0.53 -0.29 -0.50 0.32
Solids; dissolved 0.90 0.88 0.87 0.86 0.84 0.87 -1.21 -1.35 -3.05
Solids; suspended 0.87 0.89 0.79 0.89 0.89 0.75 0.80 0.87 0.80
Solid; total 0.87 0.85 0.84 0.86 0.84 0.87 -0.83 -0.92 -2.29
Solvent extractable 0.68 0.59 0.67 - - - - - -
NHz-NH," 0.90 0.92 0.90 0.88 0.92 0.89 0.90 0.90 0.89
NO; ,NO, -0.19 -0.05 0.21 0.11 0.23 0.39 -0.84 -0.65 -0.21
NO, 0.73 0.83 0.59 0.56 0.79 0.68 0.85 0.85 0.50
TKN 0.88 0.88 0.79 0.87 0.89 0.78 0.88 0.87 0.79
PO.* 0.80 0.83 0.26 0.27 0.48 -0.53 0.91 0.90 0.50
TP 0.88 0.87 0.51 0.79 0.80 0.26 0.92 0.91 0.65
Aluminum 0.46 0.53 -0.05 0.48 0.54 0.15 0.35 0.47 -0.40
Antimony -0.03 0.03 -0.01 0.16 0.22 0.23 -0.19 -0.13 -0.28
Barium -0.36 -0.52 0.43 -0.40 -0.61 0.49 -1.85 -1.79 -0.43
Calcium 0.33 0.10 0.70 0.28 -0.02 0.71 0.02 -0.18 0.51
Chloride 0.93 0.92 0.95 0.91 0.90 0.93 -1.01 -1.91 -1.41
Chromium -0.43 -0.06 -1.98 -0.50 -0.05 -1.87 -0.16 0.00 -1.49
Copper 0.74 0.75 0.49 - - - - - -
Iron 0.73 0.78 0.58 0.74 0.77 0.65 0.66 0.73 0.42
Lead -0.20 0.27 -0.05 -0.08 0.43 0.22 -0.64 -0.18 -0.80
Magnesium -2.04 268  -0.91 -2.45 -3.49 -1.31 -2.91 -3.13 -1.28
Manganese 0.88 0.90 0.84 0.89 0.90 0.88 0.85 0.88 0.75
Molybdenum 0.34 0.31 -0.08 0.76 0.76 0.58 -2.45 -2.78 -4.70
Nickel 0.64 0.29 0.49 0.52 0.22 0.39 0.71 0.45 0.54
Potassium -5.30 -3.66 -24.12 -2.98 -2.17 -11.31 -16.06 -11.04 -74.78
Sodium 0.94 0.93 0.94 0.92 0.92 0.93 -12.12  -14.56 -18.25
Strontium -12.45  -16.62 -5.04 -1294 -18.15 -5.91 -23.81  -26.38 -7.24
Vanadium 0.50 056  -0.11 0.62 0.67 0.17 0.36 0.42 -0.47
Zinc 0.78 0.85 0.87 0.76 0.85 0.89 0.78 0.84 0.85

6.3.6 Water quality loads

In addition to altering the concentration of pollutants during individual events the PPs alter the total
pollutant loading on downstream receiving systems. Pollutants with cumulative loads larger than 1 g
and their associated mass loading reductions (MLR) are presented in Table 6.8. The PPs reduced the
net mass of chloride, iron, manganese, sodium, zinc, copper, nutrients, solids and extractable solvents
available to receiving systems. The infiltration process was shown to slightly increase the net mass of
boron and, more notably, to increase the net mass of potassium and strontium, although not to levels
that would be of concern to aquatic life. Concentrations of nutrients within infiltrated stormwater were
frequently larger than concentrations within runoff; however, the reduction in stormwater volume
produced a net reduction in total nutrient loads. This effect of reduced stormwater volumes on pollutant
loading to receiving waters represents one of the most important environmental benefits of PPs, and
highlights the importance of configuring drainage in PP systems to maximize infiltration (e.g. through
flow restrictors, or raised pipes).
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Table 6.8: Total Event Loading (Ltota) and MLR

General

Solids, dissolved 104332 23777 78026 71560 77 25 31
Solids, suspended 8952 635 1260 3126 93 86 65
Solids, total 115178 24415 79297 74717 79 31 35
Solvent extractable 459 0 3 2 100 99 100
Metals

Aluminum 61 20 41 79 67 33 -30
Barium 4 4 11 3 10 -165 31
Boron 0 1 4 4 -303 -1014 -1062
Calcium 3161 1382 3728 730 56 -18 77
Chloride 59061 7440 30582 16937 87 48 71
Copper 2 0 1 2 79 64 4
Iron 99 18 34 57 82 66 42
Magnesium 246 428 1043 245 -74  -324 0
Manganese 14 1 2 3 92 84 77
Potassium 311 1471 1999 8824 -373 -542 -2735
Sodium 25301 3012 11171 6336 88 56 75
Strontium 31 272 865 158 -766 -2654 -403
Zinc 10 1 2 2 89 82 85
Nutrients

hirogen, ammonia * 27 3 5 7 91 83 75
Nitrogen, nitrate+nitrite 82 47 75 52 43 8 37
Nitrogen, nitrite 7 1 2 3 88 76 61
Phosphorus, phosphate 34 1 3 10 96 92 72
Phosphorus, total 59 2 6 18 96 90 70

6.3.7 Effects of soil infiltration

Water samples for 39 events were collected to compare the quality of infilirated stormwater at the base
of the AP pavement, referred to as AquaPave High (APH), to the quality of stormwater that had
infiltrated through a section of native material (approx. 0.5 to 0.7 m below the upper pipe), referred to as
AquaPave Low (APL). Pollutant concentrations in APH and APL samples are strongly correlated. Some
pollutants, such as chloride, move freely through the native soil with minimal retention (Figure 6.15).
The native soil also appears to be experiencing stabilization and concentrations of aluminum and iron
have consistently declined over the course of the monitoring period (Figure 6.15). Seasonal trends are
visible for some nutrients and metals with concentrations in APL matching concentrations in APH
(Figure 6.16). Normally, pollutant concentrations that adsorb to soil particles, such as lead and
phosphorus, would be expected to decrease as the water is infiltrated through soil media. The similarity
of pollutant concentrations in APH and APL samples suggests that the soil depth between the APH and
APL may not have been sufficient to adsorb or trap pollutants and/or short circuiting through cracks in
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the soil media may have been present. Further investigation of this aspect of the study will be
addressed in a future phase of the study.
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Figure 6.15: Sample concentrations for AquaPave High and AquaPave Low: Chloride (left), Aluminum
(right)
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Figure 6.16: Examples of Seasonal Patterns: NO3;,NO, (left), Calcium (right)

6.3.8 Water temperature

Outflow pipes for the asphalt and AP pavement are equipped with temperature loggers. Figure 6.17
displays the recorded temperature of water inside drainage pipes for the asphalt and AP pavement.
During a precipitation or thaw event the water temperature inside the drain pipe rapidly spikes as the
new runoff or infiltrated water has a different temperature compared to the standing water inside the
drain. Figure 6.17 shows the effect of infiltrating stormwater through PP. During warm months the
infiltrated water is cooler than the asphalt temperature and during cool months the opposite occurs.
Days when water temperatures inside the asphalt or AP drain changed by 1 °C or more are classified
as flow event days. For flow events in 2011, during the warm months (May-August) the asphalt had
daily maximum temperatures which were on average 1.1 °C warmer than the AP. For flow events
during the cool months (October-February 2010/2011 and 2011/2012), the asphalt had daily minimum
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temperature for flow events which were on average 1.7 °C cooler than the AP pavement. Table 6.9
presents cool-season daily minimum and warm-season daily maximum water temperatures. In addition
to cooling the water during the summer, the PPs also helped buffer extreme temperatures associated
with individual events, as shown in Figure 6.17 by the lower variability during events. Even more
importantly, the PPs significantly reduced thermal loads to receiving waters by substantially decreasing
outflow volumes.
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Figure 6.17: 2011 water temperatures in asphalt and AquaPave drain pipes

Table 6.9: Outflow event temperatures

n 46 31 n 57 29
range 104-30.2 10.5-29 range 0-186 05-19
mean 20.7 19.6 mean 74 9.1
median 21 19.8 median 55 7.9

6.4 Functional Performance

In addition to hydrological and water quality performance, various functional attributes of the pavement
were monitored. These included surface and subsurface temperatures, elevation changes over time,
physical condition, and vegetation colonization.

6.4.1 Temperature profiles

The surface and subsurface temperatures of the asphalt, AP and PC pavements were influenced by
varying shading conditions. In 2011 a Solar Pathfinder was used to evaluate the shading conditions
over the temperature sensors. These investigations revealed that the PC temperature sensors were
subjected to extended periods of shading while AP and asphalt temperature sensors were less shaded.
Based on Solar Pathfinder images it is estimated that all three locations received different solar inputs,
measured as daily peak sun hours, throughout the year. On average each location received 0.62 (PC),
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2.09 (AP) and 1.96 (asphalt) peak sun hours a day and, consequently, warm season temperature
results among pavement plots could not be compared statistically.

Despite receiving more shade, the mean surface asphalt temperatures during the warm season were
1.7 and 0.5°C warmer than the AP temperatures in 2010 and 2011, respectively (Table 6.10). This may
be attributed largely to the darker colour of the asphalt, which absorbs and retains solar radiation more
effectively. Thus, while the AP had a higher maximum (Figure 6.18), the lighter coloured pavers more
effectively released this heat during the overnight periods. This is evident in the higher AP variability
(caused in part by less shading), and the larger diurnal variations. Further investigations are required to
determine the extent to which moisture within the pavement structure may have contributed to the
variability.

Table 6.10: Warm (June — August) season temperature data (°C)

Red 2795 528 2735 551 2625 6.63 2685 693 2374 431 2352 449
Green 2682 275 2620 280 2491 326 2551 341 2202 249 2229 248
Blue 26.21 239 2548 255 2431 268 2481 284 2140 209 2165 213
Yellow 24.40 1.77 2062 220 2397 1.08 2302 249 2138 1.06 2054 1.92

Note: The sensors were located at the surface, in the bed See Figure 4.1 for temperature sensor locations

Table 6.11: Cool (Dec 2010-Feb 2011) season temperature data (°C)

Red -4.545 2.521 -6.555 3.598 -6.350 3.256
Green -3.929 2124 -3.991 2.237 -4.515 2.167
Blue 3.332 2.061 -3.039 1.967 -3.292 1.803
Yellow -0.827 1.753 -1.449 1.701

Note: See Figure 4.1 for temperature sensor locations
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Figure 6.18: Temperature profiles in 2010
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6.3.7 Pavement movement

The parking lot was surveyed in the fall and spring of each year of the study. Survey results (Table
6.12) showed no significant movement in any of the four pavement cells. This confirms that the
pavement surface elevations are unaffected by winter conditions. No slumping or frost heaving has
been observed.

Table 6.12: Survey results: Elevation (m)

Fall 2009 196.17 0.03 196.15 0.04 196.16 0.02 - -

Spring 2010 196.14 0.03 196.13 0.04 196.14 0.04 196.17 0.05
Fall 2010 196.0 0.03 196.0 0.04 196.03 0.03 196.08 0.03
Spring 2011 196.3 0.03 196.28 0.04 196.28 0.03 196.32 0.02
Fall 2011 196.26 0.07 196.3 0.04 196.31 0.03 196.35 0.02

Spring 2012 196.33 0.03 1963 0.04 196.30 0.03 196.35 0.03

6.3.8 Vegetation colonization

Vegetation colonization of the PPs was assessed in September 2010 and 2011. The north and south
sides of the parking lot is bounded by an elevated vegetated berm with overhanging trees that is graded
towards the pavement. Small plants were observed along the edges of the AP and EO pavements.
These plants are most likely the result of careless reseeding of the grass medians after construction in
2009 as rapid colonization of grass on new interlocking pavements is not common.

Table 6.13 summarizes the amount of colonization that has occurred in each pavement cell and Figure
6.19 illustrates the location and density of vegetation. After a second growing season, vegetation has
been more widely established within the PPs. Observed plants increased by more than threefold in AP
and more than twofold in EO. The first establishment of plants growing along the edges of the PC
pavement was observed in September 2011. The rate of plant colonization may be influenced by the
open space area of the pavements. AP, which has narrower joints than EO, may provide more suitable
environment for germination, rooting and plant growth. The PC was installed 6 months after the PICPs
and was not exposed to reseeding activities; however, after two growing seasons, only limited
colonization has taken place. It is possible that the large void areas of the PC surface, as well as, a high
pH from the concrete may limit opportunities for plant establishment.

Table 6.13: Vegetation Counts

AquaPave 1153 5483 84 164 375
Eco-Optiloc 685 2391 72 91 250
Pervious Concrete 0 32 0 0 -
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Figure 6.19: Vegetation counts: Fall 2010 (top), Fall 2011 (bottom)

6.5 Maintenance

Infiltration tests were conducted before and after scheduled 2010 spring maintenance at Earth Rangers,
BMO Field and the MTO Guelph Line Commuter lot. The Earth Ranges and MTO parking lots were
swept with a mechanical sweeper and BMO Field was pre-wetted and cleaned with a regenerative air
sweeper. At each location, no significant changes to infiltration rates were observed. Mechanical
sweeping is not recommended as a maintenance technique for PPs and thus it is an expected outcome
that the sweeper would have little to no impact on the pavement hydrologic performance. Pre-wetting of
pavement is also not a recommended practice and may have negatively impacted the effectiveness of
the regenerative-air sweeper. Additionally, winter construction activities at Exhibition Place exposed the
PP to an excessive amount of fine sediment. These extenuating circumstances meant that the
maintenance results from BMO Field do not reflect ‘typical’ conditions as the degree of sediment
accumulation far exceeded amounts that would be expected from regular day-to-day use of the parking
lot.
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Small scale cleaning treatments were tested at seven GTA parking lots by the University of Guelph.
The preliminary results (Table 6.14) indicate that the older pavements continue to infiltrate water, albeit
at a reduced rate. Infiltration rates were observed to increase after vacuuming and pressure washing
treatments. Preliminary observations suggest that the most effective surface treatment is a two-part
practice: dislodging compacted sediment followed by the permanent removal of sediment.

Testing of regenerative-air and vacuum-sweeping trucks as techniques to restore surface permeability
was conducted in 2011. A regenerative-air Tymco-DST 6® truck was tested on two parking lots (East
Gwillimbury GO Station and Guelph Line) while a Elgin Whirlwind® Vacuum truck was demonstrated on
a third parking lot (Earth Rangers). Both systems proved to provide partial rehabilitation of the PPs.
Post-treatment surface infiltration rates on all three parking lots displayed large spatial variability
highlighting that micro-conditions throughout the pavement have a confounding influence on the overall
effectiveness of maintenance.

Table 6.14 presents the measured infiltration rates before and after maintenance. Pre-treatment
infiltration measurements revealed that all three PPs had poor surface permeability and, as a result,
tests with the sweeper trucks resembled rehabilitation practices not preventative maintenance. Under
these conditions it was shown that regenerative-air and vacuum trucks provide partial restoration of
surface permeability. Overall, 50% of the cleaned surfaces displayed improved surface permeability
after maintenance. The results indicate that suction-based sweeper trucks are well suited to
rehabilitative maintenance.

In the summer of 2012 the Kortright pavement was vacuumed with an Elgin Whirlwind® Vacuum truck
as an example of preventive, rather than rehabilitative maintenance. Infiltration measurements were
performed before and after to assess the impact of the maintenance (Table 6.16). One-sided paired t-
tests of the log-transformed data found statistically significant increases of mean infiltration rates for the
AP (p = 4.6E-5) and EO (p = 0.011) pavements. Significant changes were not observed in the PC
pavement (p = 0.4) although the PC continued to have significantly higher infiltration than the PICPs.
Failure to have any impact on the 43% reduction in permeability since 2010 suggests that vacuuming
may not be as effective a technique on pervious concrete.
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Table 6.14: Infiltration test results

No Treatment

Hand Sweeping 0.7 4.7 4.0 0.1

Low Suction Vacuum 0.7 6.5 5.8 0.5

High Suction Vacuum 0.7 4.0 3.2 0.3

Pressure Wash 0.7 ! 3.0
_SunsetBeach, Richmond bt .~~~ 0

No Treatment 0.7 14 0.7 NA

Hand Sweeping 14 14 0.0 0.4

Low Suction Vacuum 0.4 14 1.1 0.8

High Suction Vacuum 0.7 2.9 2.2 0.4

Pressure Wash 0.7 > 250° 2.2
_Eest Gwillimbury GO Staton

No Treatment 3.2 5.8 25 NA

Hand Sweeping 2.2 1.1 -1.1 0.2

Low Suction Vacuum 2.2 253.8 251.6 1.0

High Suction Vacuum 25 96.5 94.0 0.5

Pressure Wash 3.6 295.9 292.3 25
_StAndrew’s Niagara-onthelake 00000000000

No Treatment 32.0 475 15.5 NA

Hand Sweeping 10.1 6.5 -3.6 0.1

Low Suction Vacuum 13.7 211.3 197.6 3.5

High Suction Vacuum 10.4 100.4 90.0 1.0

Pressure Wash 17.3 246.2 229.0 45
_B™MORROd 0000000000000 0000

No Treatment 16.2 5.4 -10.8 NA

Hand Sweeping 10.08 9.72 -0.4 NA

Low Suction Vacuum 5.76 15.48 9.7 NA

High Suction Vacuum 9.36 9.36 0.0 NA

Pressure Wash 6.48 15.48 9.0 NA
_EBathRanges 0000000000000

No Treatment 5.4 38.88 33.5 NA

Hand Sweeping 3.96 4.32 0.4 0.5

Low Suction Vacuum 11.16 161.64 150.5 2

High Suction Vacuum 2.88 193.68 190.8 3.5

Pressure Wash 5.76 176.04 170.3 3.0
_Guephtine 0000 @0

No Treatment 3.6 1.44 2.2 NA

Hand Sweeping 3.6 - - NA

Low Suction Vacuum 3.6 5.4 1.8 NA

High Suction Vacuum 1.08 - - NA

Pressure Wash 1.08 21.96 20.9 NA

Notes: 1. infiltration rate into the pavement was too fast to measure accurately. 2. A complete seal between the rings and
pavement was not achieved, resulting in large losses through the sides.
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Table 6.15: Measured infiltration rates (cm/hr) at GTA sites

Ssl3cranldocm~Noanswn

N NDNDNDNDDNDDN
D> O~ WODN -~ O

<5
<5
<5
<5
11
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
6.
<5
<5
70
<5
<5
<5
78
19
13

128
58
76
13
21
20
11

114
88
114
222
10
4
72
40
14

<5
<5
<5
<5
<5
<5
5
<5
<5
9
21
<5
<5
<5

8
8
53
154
120
282
25
25
152
<5
363
100
25
47

<5
11
<5
<5
<5
<5
<5
<5
4
<5
<5
<5
35
<5
25
<5

30
70
6
50
15
54
59
9
16
33
5
23
137
31
131
20

Table 6.16: Infiltration rates (cm/hr) at Kortright

1 56 274 49
2 1180 1120 80 101 64 66
3 945 1080 36 399 9 34
4 3160 3270 78 76 12 25
5 1220 1130 116 187 10 21
6 2040 333 38 158 4 22
7 2960 2860 17 187 6 26
8 873 1120 78 47 4 33
9 764 751 87 88 5 14
10 1550 1580 110 208 3 13
11 1150 857 266 447 20 37
12 3160 3820 262 790 4 12
Mean 1820 1720 102 247 16 29
Median 1390 1120 79 187 7 26
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Although the maintenance significantly improved the surface permeability of the PICPs it was not able
to restore permeability to levels even close to those measured after installation. After maintenance
median surface infiltration rates for the AP, EO and PC were still 83%, 63% and 47% lower than the
respective median infiltration rate measured in 2010. Despite these losses the PPs continue to provide
sufficient capacity to infiltrate precipitation events without prolonged ponding. The experiences at
Kortright demonstrated that regular maintenance is an important component of the operation of PICPs
that will extend the functional life of these pavements. Further research is needed on more effective
maintenance techniques on PICPs, particularly as they apply to restorative or rehabilitative
maintenance. The maintenance requirements for PC also require further investigation. The
performance of PC at Kortright suggests that the pavement may require less frequent cleaning than the
PICPs. It remains to be seen if accumulated fines within the PC can be removed by surface vacuuming.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Results of this study show that PPs offer significant benefits for the treatment and management of
stormwater over conventional asphalt-to-catchbasin collection systems. A key advantage of PPs is the
capacity of PP systems to reduce outflow volumes even when applied to areas with low permeability
soils. The three evaluated PPs, AquaPave, Eco-Optiloc and Pervious Concrete, did not produce direct
surface runoff throughout the 22 month monitoring period of this study. Overall, the PPs reduced the
volume of stormwater outflow by 43% and were shown to be capable of completely capturing (i.e.
infiltrating and evaporating) the stormwater produced from rainfall events up to 7 mm in depth. This
reduction of stormwater volume helps mitigate the adverse impact of the urban landscape on receiving
surface water systems.

In addition to reducing outflow volumes, the PPs delayed and reduced peak flows. Attenuation was
observed throughout all seasons, including the winter, over the duration of the study. On average, PP
peak flows were 91% smaller than peak runoff flows from the asphalt pavement. A median 14 hour
attenuation (or 2.9 lag ratio) of outflow was observed from the PPs. The slower and more controlled
outflow more closely mimics interflow and reduces the risk of flood and erosion in downstream receiving
waters.

Winter data show the PP systems function well even during freezing temperatures. Elevation surveys
showed that freezing temperatures did not cause significant surface heaving or slumping. A substantial
spring thaw was observed in March 2011, during which the PP delayed the outflow of melt water by
three days and greatly reduced peak flows. Increases in outflow volume were occasionally observed
during the winter and spring due to the delayed release of stormwater stored within the aggregate
reservoir.

Surface infiltration measurements revealed substantial reductions in permeability over the course of the
study, although even at reduced permeability levels, all of the pavements continued to have sufficient
capacity to rapidly infiltrate all rainfall from the observed storms. Between June 2010 and May 2012,
permeability reductions of the narrow jointed PICP (AP), wide jointed PICP (EO) and PC were 87%,
70% and 43%, respectively. These results indicate that PPs with larger surface opening may sustain
critical infiltration capacity longer without maintenance than PPs with small surface openings.

The PC pavement continued to have extremely high infiltration capacity even after two years, with
median infiltrations rates of 1,072 cm/hr at the end of the study in 2012. By contrast, the median
surface infiltration rate of the narrow jointed PICP was only 20 cm/hr after 2 years. Vacuum sweeping
provided only partial restoration of surface permeability for the PICPs. No benefit was observed from
vacuum sweeping for the PC at Kortright, although the pavement retained a high infiltration capacity.
Vacuum sweeping on other PP parking lots produced highly variable results and did not provide
consistent removal of embedded fines within PICP joints and PC pavements.
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Over the monitoring period, median/mean concentrations of several pollutants in PP outflow were
significantly lower than median/mean concentrations in asphalt runoff, including suspended solids,
extractable solvents (oil & grease), ammonia-ammonium nitrogen (NHs'NH,"), nitrite, total kjeldahl
nitrogen (TKN), total phosphorus, copper, iron, manganese and zinc. The PPs also generated a net
reduction in total pollutant mass for all of these constituents in addition to dissolved solids, chloride,
sodium, phosphate, and nitrates. Seasonality was more pronounced in runoff than in PP outflow. In the
winter the concentration of pollutants associated with road salting were considerably higher in runoff
than in PP outflow. The reduction in concentration is attributed to the detention and dilution of winter
stormwater provided by the PP systems. Water quality data collected below native soils indicated that
sodium and chloride will migrate onwards to groundwater systems, although further investigation is
needed to determine how the presence of these constituents may affect the mobility of other
stormwater contaminants, such as metals.

The PICP and PC pavements introduced different constituents into stormwater outflow as a result of
leaching of materials within the pavement system. In the case of the PC this led to a gradual
improvement in water quality over the course of the study, as mobile pollutants were ultimately flushed
from the pavement. Throughout the first year of monitoring the PC effluent contained elevated levels of
phosphate and released highly alkaline stormwater, which are undesirable characteristics for aquatic
ecosystems. Further investigation is needed to explore the implications of pollutant leaching on
stormwater quality from large newly constructed PP installations. The long term change in water quality
of outflows from these PPs is being investigated in a second phase of this project.

7.2 Recommendations

Results of this study indicate that permeable pavements can be effective measures for maintaining or
restoring infiltration functions on parking lots and other low volume traffic areas, even in areas with low
permeability soils. The following recommendations are based on study findings and observations.

e Restricting outflow rates from partial infiltration PP systems through raised pipes or flow control
valves is recommended to increase stormwater volume reductions through infiltration.

o Closed outlet valve tests suggested that raising the perforated outflow pipe in the cross section
of the PP structure or elevating the discharge pipe downstream of the PP system is feasible on
low permeability silty clay soils and may result in substantially larger outflow reductions than
would occur from restricting outflow rates alone. Further investigation of this type of application
on low permeability soils is recommended.

o Pollutant leaching of pavement and aggregate materials was observed, particularly for pervious
concrete. Leaching was observed to decline as the pavement aged. For large pervious
concrete installations, additional treatment may be required if outflows drain to ecologically
sensitive streams. Further testing of the performance and leaching potential of different types
of pervious concrete is recommended.

e Permeable pavements were observed to reduce the loads and concentrations of several
stormwater contaminants. Additional investigations are needed to define the specific conditions
(e.g. magnitude of load reductions, ecological sensitivity of receiving waters, maintenance
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guarantees) under which partial infiltration permeable pavement systems should be eligible for
pollutant removal credits in Ontario jurisdictions.

e Vacuum cleaning of permeable interlocking concrete pavements was found to only partially
restore surface permeability after 2 years of operation. Further tests of different techniques for
loosening or dislodging compacted material in permeable pavement joints or pores prior to
cleaning are needed to improve the effectiveness of regenerative air and vacuum sweeping
trucks.

¢ Based on maintenance practices evaluated in this study, annual vacuum cleaning of permeable
interlocking concrete pavements is recommended to increase the operational life of these
pavements. The PC pavement maintained high surface permeability over the study period, and
therefore maintenance is recommended less frequently (i.e. > 2 years).

e Further research on the long-term (i.e. > 3years) performance of permeable pavement systems
is needed to assess how the hydrologic, water quality and functional characteristics of the
pavements may change over time.

e In this study, the 2011/2012 winter was unseasonably warm with low amounts of snowfall.
Additional monitoring of winter performance and behaviour is recommended.

e In 2011/2012 operational staff found that the permeable pavements did not require salting as
frequently as the asphalt pavement. Further research is needed to evaluate how and whether
permeable pavements can maintain safe conditions with lower salt use than conventional
pavements.

o Elevation surveys of the pavements during this study showed no significant movement across
the four pavement cells. Further testing of pavement movement under increased traffic
frequencies and loading scenarios are needed to verify the range of functional conditions under
which these pavements are suitable alternatives to asphalt.

Final Report Page 49






Evaluation of Permeable Pavements

8.0 REFERENCES

ACI Committee 522, 2010. 522R-10 Report on Pervious Concrete, American Concrete Institute, pp. 38.

Aquafor Beech Ltd., 2006. Stormwater Management and Watercourse Impacts: The Need for a Water
Balance Report. Prepared for TRCA, Toronto.

Backstrom, M., S. Karlsson, L. Backman, F. Lennart and B. Lind. 2004. Mobilisation of heavy metals
by deicing salts in a roadside environment. Water Research, 38, 720-732.

Balades, J-D., M. Legret and H. Madiec. 1995. Permeable pavements: pollution management
tools. Water Science and Technology, 32 (1), 49-56.

Barraud, S., M. Dechesne, J-P Bardin and J-C Varmier. 2005. Statistical analysis of pollution in
stormwater infiltration basins. Water Science and Technology, 51(2), 1-9.

Bean, E.Z., W.F. Hunt, D.A. Bidelspach, 2007. Field survey of permeable pavement surface infiltration
rates. Journal of Irrigation and Drainage Engineering, May/June, 2007.

Boving, T., M. Stolt, J. Augenstern and B. Brosnan, 2008. Potential for localized groundwater
contamination in a porous pavement parking lot setting in Rhode Island. Environmental Geology, 55,
571-582.

Brattebo, B.O. and D.B. Booth, 2003. Long-term stormwater quantity and quality performance of
permeable pavement systems, Water Research, 37, 4369-4376.

Brown, C., A. Chu, B van Duin and C. Valeo. 2009. Characteristics of sediment removal in two types of
permeable pavement. Water Quality Research Journal of Canada, 44(1), 59-70.

Canadian Council of Ministries of the Environment, 1999. Canadian sediment quality guidelines for the
protection of aquatic life: polycyclic aromatic hydrocarbons (PAHSs). In: Canadian environmental quality
guidelines, 1999, Canadian Council of Ministries of the Environment, Winnipeg.

City of Toronto (2006). Wet Weather Flow Management Guidelines. City of Toronto.

Chopra, M.,et al. (2010). Effect of rejuvenation methods on the infiltration rates of pervious concrete
pavements. J. Hydrol. Eng., 15(6), 426-433.

Collins, K., W. Hunt, J. Hathaway, 2008. Hydrologic comparison of four types of permeable pavement and
standard asphalt in Eastern North Carolina. Journal of Hydrologic Engineering, 13(12), 1146-1157.

CVC and TRCA. 2010. Low Impact Development Stormwater Management Planning and Design
Guide, Toronto: Credit Valley Conservation and Toronto Region Conservation Authority.

Das, B, 2002. Principles of Geotechnical Engineering Pacific Grove: Brooks/Cole.

Final Report Page 50



Evaluation of Permeable Pavements

Dreelin, E.A., L. Fowler, and C.R. Carroll, 2006. A test of porous pavement effectiveness on clay
soils during natural storm events. Water Research, 40, 799-805

Fassman, E., and Blackbourn, S. (2010). Urban runoff mitigation by a permeable pavement system
over impermeable soils. J. Hydroogicl. Engineering, 15(6), 475-485.

Ferguson, B, 2005. Porous Pavements. New York: Taylor & Francis Group.

Gerrits, C. 2001. Restoration of Infilfration Capacity of Permeable Pavers. Masters Thesis, Civil
Engineering Department, University of Guelph, Ontario.

GVRD. 2005. Stormwater Source Control Design Guidelines 2005. Vancouver: Greater
Vancouver Sewerage and Drainage District.

Henderson, V., and Tighe, S. 2011. Evaluation of pervious concrete pavement permeability renewal
maintenance methods at field sites in Canada. Can. J. Civ. Eng., 38(12), 1404-1413

James, W., 2002. Green Roads: Research into Permeable Pavers. Stormwater, March/April 2002.

Legret, M., V. Colandini, and C. le Marc, 1996. Effects of porous pavement with reservoir structure on
the quality of runoff water and soil. Science of the Total Environment. 189/190, 335-40.

Lindsey, G., L. Roberts and W. Page, 1992. Inspection and maintenance of infiltration facilities. Journal
of Soil and Water Conservation, 47 (6), 481-486.

National Asphalt Pavement Association, 2008. IS 131 Porous Asphalt Pavements for Stormwater
Management, National Asphalt Pavement Association, pp. 24.

Newman, A.P., S.J. Coupe, H.G. Smith, T. Puehmeier and P. Bond, 2006. The microbiology of
permeable pavements. In: Proceedings of 8th International Conference on Concrete Block Paving,
November 6-8, 2006, San Francisco, California, U.S.A.

Nightingale, H.l., 1975. Lead, zinc and copper in soils of urban storm-runoff retention basins.
Journal of the American Water Works Association, 87(8).

Norrstrom, A.C. 2005. Metal mobility by de-icing salt from an infiltration trench for highway runoff. Applied
Geochemistry, 20, 1907-1919.

Ontario Ministry of the Environment (OMOE) and Toronto and Region Conservation, 2001.
Stormwater Pollution Prevention Handbook

Ontario Ministry of the Environment (OMOE), 2003. Stormwater Management Planning and Design
Manual, Queen’s Printer, Ontario.

Final Report Page 51



Evaluation of Permeable Pavements

Ontario Ministry of Municipal Affairs and Housing (OMMAH). 1997. Supplementary Guidelines to the
Ontario Building Code 1997. SG-6 Percolation Time and Soil Descriptions. Toronto, Ontario.

Pezzaniti, D., S. Beecham, J. Kandasamy, 2009. Influence of clogging on the effective life of permeable
pavements. Water Management, 162(3), 211-220.

Pitt, R., K. Parmer, S. Clark and R. Field, 1996. Groundwater Contamination from Stormwater
Infiltration, Ann Arbour Press Inc., Ann Arbour, Michigan 250pp.

Pratt, C.J., J.D. Mantle and P.A. Schofield. 1995. UK research into the performance of permeable
pavement, reservoir structures in controlling stormwater discharge quantity and quality. Water
Science and Technology, 32(1), 63-69.

Roseen, R., T. Ballestero, J. Houle, P. Avellaneda, J. Biggs, G. Fowler and R. Wildey, 2009a. Seasonal
performance variations for storm-water management systems in cold climate conditions. Journal of
Environmental Engineering, 135(3), 128-137.

Roseen, R., T. Ballestero, K. Houle, J. Biggs and J. Houle. 2009b. Pervious concrete and porous asphalt
pavements performance for stormwater management in northern climates. In Proceedings of the 1 4"
Conference on Cold Regions Engineering, 311-327.

Rushton, B. 2001. Low-impact parking lot design reduces runoff and pollutant loads. J. Water Resour.
Plann. Manage., 172(3), 172-179.

Salo, J.E., D. Harrison, and E.M. Archibald, 1986. Removing Contaminants by Groundwater Recharge
Basins. Journal of the American Water Works Association, Sept. 1986, p. 76-81.

Sansalone, J., and Teng, Z. 2004. In situ partial exfiltration of rainfall runoff. I: quality and quantity
attenuation. J. Environ. Eng., 130(9), 990-1007.

Shackel, B. 1995. Infiltration and Structural Tests of UNI Eco-Loc and UNI Eco-Stone Paving. School
of Civil Engineering, University of New South Wales, Australia.

Shahin, R., 1994. The leaching of pollutants from four pavements using laboratory apparatus.
MSc. Thesis, School of Engineering, University of Guelph, Guelph, Ontario, Canada, ca. 170pp.

Toronto and Region Conservation Authority, 2008. Performance Evaluation of Permeable
Pavement and a Bioretention Swale, Seneca College, King City, Ontario. Prepared by TRCA'’s
Sustainable Technologies Evaluation Program. Toronto, Ontario.

Toronto and Region Conservation Authority, 2012. Stormwater Management Criteria - Drafft.
Toronto and Region Conservation Authority

Tyner, J., W. Wright, P. Dobbs, 2009. Increasing exfiltration from Pervious Concrete and temperature
monitoring. Journal of Environmental Management, 90, 2636-2641.

Final Report Page 52






APPENDIX A

Parking Lot Construction in 2009/10






Evaluation of Permeable Pavements

Parking lot construction

Construction of the new permeable pavement parking lot took place over the fall of 2009. The existing
asphalt and fill was removed (1) and excavated (2) in preparation for the construction of the new
parking lot. A drainage pipe was installed which allows runoff and water exfiltrating from the
permeable pavement to discharge to the adjacent forest (3), where rip rap and a granular soakaway
was installed to prevent erosion. A concrete pad (4) and vault (5) was installed which houses the
equipment needed to monitor flows and collect water quality samples. The vault is accessed through a
manhole and at the same elevation as the pavement so that the entire monitoring systems is gravity
fed (6). With the control vault in place four drainage pipes were placed. These pipes collect stormwater
from the four pavement cells. In the control cell the pipe connected to a catchbasin and drains surface
runoff from the asphalt pavement. In the three permeable pavement cells the pipe is perforated and
collected water that has infiltrated through the pavement and granular fill. An additional collection pipe
was placed at a lower depth beneath a meter of native material under the Aquapave® PICP cell. The
pipe was positioned in a trench of granular material above an impermeable liner so that water could
easily drain into the pipe (7).

All four pavement cells were filled and levelled with clear stone granular material (except for the asphailt,
which used a dense graded base) (8). In the permeable pavement cells this material provides up to 49
mm of storage during precipitation events. Trenches were dug between each cell (9) and a concrete
curb was installed to hierologically separate the cells (10). The paving material was installed for the
asphalt, the AquaPave® and the Eco—OptiIoc® in early November (11). Temperature sensors were
embedded in the pavement and below for the asphalt and Aquapave® PICP (12). A shallow well was dug
through each pavement and transducers were installed to monitor water level responses within the
pavement. Since pervious concrete required higher overnight temperatures for curing, the pervious
concrete plot was installed in the spring of 2010.
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Figure A1: 2009/2010 photos
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Table B1: Total volumes (V1), peak flows (Qp) and associated reductions (VR and QR) for storm and melt
events that initiated flow from the PP underdrains

16/09/2010 21.9 5115 3042 22.0 13.2 40 57 7 88
27/09/2010 31.4 6696 4445 28.8 19.2 33 72 4.3 94
05/10/2010 235 5589 2853 24.0 12.3 49 45 15 97
14/10/2010 214 5514 2801 237 121 49 45 13 97
23/10/2010 16.8 3759 1634 16.2 71 56 24 0.5 98
26/10/2010 77 1821 886 7.8 3.8 51 51 1 98
16/11/2010 217 5085 2389 219 10.3 53 30 25 92
22/11/2010 10.6 2622 963 11.3 4.2 63 51 1.8 96
25/11/2010 9.4 2262 952 9.7 4.1 58 45 25 94
30/11/2010 26.6 6516 4217 28 18.2 35 30 3 90
12/12/2010 9.2 2136 658 9.2 29 69 9 0.9 90
31/12/2010 - 2541 2575 10.9 1.1 -2 45 25 94
18/02/2011 - 1554 384 6.7 25 63 6 1.1 83
28/02/2011 - 5514 879 23.7 3.8 84 27 1.4 95
04/03/2011 - 5973 3733 257 16.2 37 15 3.3 78
09/03/2011 - 16038 20855 69.0 90.3 -31 30 4.5 85
30/03/2011 - 5028 4872 216 21.1 2 120 3.3 97
10/04/2011 7.6 1638 859 7 5.6 21 33 15 95
16/04/2011 17.6 4257 2088 18.3 9.0 51 39 23 94
20/04/2011 15.6 3762 2684 16.2 11.6 28 81 23 97
23/04/2011 77 1831 1101 79 4.8 39 24 1.0 96
26/04/2011 14 3255 1854 14.0 8.0 43 81 23 97
27/04/2011 77 1617 1330 7.0 5.8 17 108 1.0 99
01/05/2011 10.8 2574 1330 111 5.8 48 21 0.9 96
06/05/2011 4 843 616 3.6 4.0 -10 21 0.3 99
14/05/2011 46 10968 7888 47.2 34.0 28 153 5.2 97
18/05/2011 19.6 4530 4082 19.5 17.6 10 17 4.2 96
24/05/2011 7 1839 380 6.9 25 64 222 1.1 100
25/05/2011 20 4761 1993 20.5 8.6 58 57 10.0 82
04/06/2011 13.7 3168 1508 13.6 6.5 52 48 4.0 92
07/06/2011 6.1 1251 286 5.4 1.2 7 48 0.2 100
11/06/2011 - 4710 4143 20.3 17.9 12 126 4.0 97
23/06/2011 49.4 8190 9093 35.2 39.3 -12 258 4.0 98
25/07/2011 31.7 6300 3597 271 15.6 43 186 4.0 98
01/08/2011 8.2 1152 664 5.0 29 42 150 22 99
03/08/2011 15.6 3612 1832 15.5 7.9 49 99 4.0 96
07/08/2011 10 1839 1075 79 4.6 41 81 23 97
09/08/2011 14.9 3231 1993 13.9 8.6 38 920 4.0 96
14/08/2011 20 4151 4801 17.9 20.8 -16 153 4.0 97
21/08/2011 15.2 2026 1317 8.7 5.7 35 147 25 98
24/08/2011 18.6 3740 2454 16.1 10.6 35 123 4.0 97
01/09/2011 9.2 1538 491 6.6 21 68 78 3.0 96
04/09/2011 9.6 1992 1077 8.6 4.7 46 126 23 98
19/09/2011 20.8 4617 2127 19.9 9.2 54 54 4.0 93
21/09/2011 6.8 1629 835 7.0 3.6 48 54 1.8 97
23/09/2011 19.6 4602 3081 19.8 13.3 33 183 4.0 98
28/09/2011 21.8 4182 1914 18.0 8.3 54 51 4.0 92
03/10/2011 7.4 1626 665 7.0 29 59 27 1.2 96
12/10/2011 20.4 4842 1734 20.8 7.5 64 123 15 99
19/10/2011 35.6 8634 6214 371 26.9 28 63 4.0 94
25/10/2011 26.7 6351 4554 273 19.7 28 24 4.0 83
14/12/2011 1947 1017 8.4 4.4 47 18 3.0 83
21/12/2011 2439 643 10.5 28 73 183 3.0 98
27/12/2011 1038 231 4.5 1.5 66 9 3.0 78
31/12/2011 4662 3066 201 13.3 34 15 3.0 78
12/1/2012 2307 1005 9.9 4.3 56 15 1.7 89
23/1/2012 2844 249 12.2 1.1 91 18 0.7 96
26/1/2012 2415 1936 10.4 8.4 19 9 3.0 67
31/1/2012 918 2231 3.9 9.7 -145 6 2.0 67
22/2/2012 1962 1675 8.4 7.2 14 15 2.0 87
29/2/2012 3372 4074 14.5 17.6 -22 75 25 97

71312012 291 28 1.3 0.2 88 21 0.04 100
9/3/2012 102 109 0.4 0.5 -8 3 0.1 99
13/3/2012 1125 385 4.8 17 66 33 0.3 99
12/6/2012 3357 1699 14.4 7.3 49 48 4.0 92
21/6/2012 2542 2852 10.9 123 -13 189 7.0 96
26/6/2012 2029 1056 8.7 4.6 48 135 37 97
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Table B2: Total volumes (V7), peak flows (Q,) for events with surface runoff from the asphalt but no
subsurface runoff from the underdrains

02-Sep-10 6.6 1221 53 27
11-Sep-10 6.6 1449 6.2 30
22-Sep-10 6.2 1098 4.7 75
20-Oct-10 23 894 3.8 18
03-Nov-10 0.7 129 0.6 6
05-Nov-10 3.7 816 3.5 12
05-Dec-10 melt 135 0.6 3
11-Dec-10 melt 147 0.6 3
17-Dec-10 melt 222 1.0 3
18-Dec-10 melt 126 0.5 3
20-Dec-10 melt 36 0.2 3
29-Dec-10 melt 42 0.2 3
30-Dec-10 melt 294 1.3 3
31-Dec-10 melt 269 1.2 9
04-Jan-11 melt 39 0.2 3
14-Jan-11 melt 42 0.2 3
18-Jan-11 melt 156 0.7 3
27-Jan-11 melt 27 0.1 3
28-Jan-11 melt 28 0.1 3
29-Jan-11 melt 12 0.1 3
30-Jan-11 melt 12 0.1 3
07-Feb-11 melt 18 0.1 3
13-Feb-11 melt 69 0.3 3
14-Feb-11 melt 459 2.0 3
16-Feb-11 melt 81 0.3 3
16-Feb-11 melt 123 0.5 3
24-Feb-11 melt 42 0.2 3
25-Feb-11 melt 93 04 3
8-Mar-11 melt 30 0.1 3
17-May-11 1.8 459 2.0 9
22-May-11 0.2 45 0.2 3
23-May-11 0.5 111 0.5 12
29-May-11 4.2 609 2.6 18
22-Jun-11 2.0 666 29 54
28-Jun-11 0.2 402 1.7 54
18-Jul-11 4.2 18 0.1 3
22-Jul-11 0.2 807 3.5 48
29-Jul-11 0.6 132 0.6 9
29-Jul-11 1.1 180 1.1 9
31-Jul-11 0.5 87 0.5 6
06-Aug-11 0.3 45 0.2 3
07-Aug-11 1.8 282 1.2 15
17-Aug-11 0.6 207 0.9 18
20-Aug-11 04 24 0.1 3
21-Aug-11 0.6 90 04 9
03-Sep-11 14 240 1.0 33
14-Sep-11 3.2 549 24 6
02-Oct-11 2.2 462 2.0 18
24-Oct-11 22 528 23 30

9/11/11 5.6 1344 5.8 15

14/11/11 3.6 768 3.3 60
6/1/2012 melt 72 0.3 3
16/1/2012 melt 1413 6.1 12
12/2/2012 melt 24 0.1 3
14/2/2012 melt 78 0.3 3
15/2/2012 melt 48 0.2 3

16/2/012 melt 114 0.5 3
20/2/2012 melt 516 2.2 6
21/2/2012 melt 426 1.8 3
12/3/2012 melt 48 0.2 33
23/3/2012 melt 321 1.4 15

1/4/2012 1.6 390 1.7 6
10/4/2012 0.4 24 0.1 3

Final Report Page B2



APPENDIX C

Water Quality Statistics






Evaluation of Permeable Pavements

Table C1: Asphalt

General Chemistry

Alkalinity; total fixed endpt mg/L 25 64 17.4 138.35 50.23 42.55 100 -
Conductivity uS/cm 5 64 57 96200 6762.28 295 100 -
Hardness mg/L 0.01 55 27 790 147.55 65.7 100 -

pH 5 9 CEQG | 64 6.79 8.11 7.71 7.73 100 0
Solids; dissolved mg/L 50 500 CWQG | 64 <MDL 68500 5345.38 254 80 33
Solids; suspended mg/L 2.5 64 12 313 86.40 62.4 100 -
Solids; total mg/L 50 64 53 68600 4357.10 253.5 100 -
Solvent extractable mg/L 1 64 <MDL 36 3.7 2.1 84 -

Metals

Aluminum ug/L 1 75 PWQO | 63 107 2240 522.21 389 100 98
Antimony ug/L 0.5 20 PWQO | 39 <MDL 1.5 0.81 0.75 85 0

Arsenic ug/L 1 5 PWQO | 39 <MDL 8.7 - - 10 -

Barium ug/L 0.5 64 71 520 63.19 23.9 100 -

Beryllium ug/L 0.5 11 PWQO | 64 <MDL 0.84 - - 6
Boron ug/L 10 200 PWQO | 39 <MDL 60 - - 31

Cadmium ug/L 0.5 0.5 PWQO | 64 <MDL 1.49 - - 14 14
Calcium mg/L 0.01 55 10.1 289 53.36 233 100 -
Chloride mg/L 1 120 CWQG | 63 <MDL 43100 2877.55 23.6 90 35
Chromium ug/L 5 8.9 PWQO | 64 <MDL 54 - - 14 0

Cobalt ug/L 1 0.9 PWQO | 39 <MDL 24 - - 28 28

Copper’ ug/L 5 5 PWQO | 57 <MDL 160 22.87 16.7 89 80

Iron ug/L 30 300 PWQO | 64 140 3850 922.28 677.5 100 80

Lead ug/L 0.5 5 PWQO | 42 <MDL 10.6 4.61 4.225 98 43
Magnesium mg/L 0.01 55 0.549 16.7 3.46 1.97 100 -
Manganese ug/L 0.5 50 CWQG | 64 18.5 485 147.92 92.85 100 73
Molybdenum ug/L 0.5 40 PWQO | 64 <MDL 78.7 - - 19 2
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Nickel ug/L 2 25 PWQO | 64 <MDL 16.2 5.19 3.3 42 0
Potassium mg/L 0.06 54 0.361 59.8 4.91 1.48025 100 -
Selenium ug/L 5 100 PWQO | 39 ND ND ND ND ND -
Silver ug/L 0.5 0.1 PWQO | 39 ND ND ND ND ND -
Sodium mg/L 0.04 200 CWQO | 55 0.334 27900 1942.73 9.5555 100 29
Strontium ug/L 1 64 42.3 2840 431.91 163.5 100 -
Thallium ug/L 0.5 0.3 PWQO | 39 <MDL 16.3 - - 5 5
Titanium ug/L 5 64 <MDL 24.7 9.15 6.9 52 -
Uranium ug/L 0.5 5 PWQO | 39 ND ND ND ND ND 0
Vanadium ug/L 0.5 6 PWQO | 55 1.4 66.8 6.07 3.9 96 18
Zinc ug/L 2 20 PWQO | 64 14.3 789 99.27 58.85 97 86
Nutrients
Nitrogen; ammonia+ammonium mg/L 0.01 64 <MDL 3.9 0.42 0.2875 98 -
Nitrogen; nitrate+nitrite mg/L 0.025 64 <MDL 3.12 0.76 0.493 97 -
Nitrogen; nitrite mg/L 0.005 64 | 0.0095 0.275 0.069 0.048 98 -
Nitrogen; total Kjeldahl mg/L 0.1 64 0.43 5.75 1.67 1.235 100 -
Phosphorus; phosphate mg/L 0.0025 64 <MDL 2.26 0.11 0.03445 98 -
Phosphorus; total mg/L 0.01 0.03 PWQO | 64 0.04 2.98 0.29 0.178 100 -
Pathogens
E coli ¢/100mL 4 40 <MDL | 540000 - - 33 -
Fecal streptococcus ¢/100mL 4 40 <MDL 7000 878 205 98 -
Pseudomonas aeruginosa c/100mL 4 40 <MDL 8500 4137 410 65 -

Notes: “Copper non-detects are due to Lab error and were neglected in the mean and median calculations
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Table C2: Aqua Pave

General Chemistry
Alkalinity; total fixed endpt mg/L 25 43 48.9 164 95.69 92.6 100 -
Conductivity uS/cm 5 43 203 5460 927.86 410 100 -
Hardness mg/L 0.01 38 43 560 132.36 90.7 100 -
pH 5 9 CEQG | 43 7.83 9.72 8.29 8.26 100 2
Solids; dissolved mg/L 50 500 CWQG | 43 132 3450 561.21 266 100 23
Solids; suspended mg/L 2.5 43 <MDL 33.6 11.53 9 91 -
Solids; total mg/L 50 43 166 3460 572.79 276 100 -
Solvent extractable mg/L 1 43 <MDL 1.2 - - 2 -

Metals

Aluminum ug/L 1 75 PWQO | 43 437 1100 283.80 201 100 79
Antimony ug/L 0.5 20 PWQO | 29 | <MDL 1.3 0.83 0.8 83 0
Arsenic ug/L 1 5 PWQO | 29 | <MDL 6.6 2.04 1.6 83 -
Barium ug/L 0.5 43 254 555 86.09 50.8 100 -
Beryllium ug/L 0.5 11 PWQO | 43 | <MDL 0.087 0.06 0.06 5 0
Boron ug/L 10 200 PWQO | 29 11 103 39.04 275 100 0
Cadmium ug/L 0.5 0.5 PWQO | 43 | <MDL 1.72 - - 19 19
Calcium mg/L 0.01 38 12.5 148 35.65 25.1 100 -
Chloride mg/L 1 120 PWQO | 43 1.7 1700 195.41 10.4 100 28
Chromium ug/L 5 8.9 PWQO | 43 | <MDL 6.66 - - 35 0
Cobalt ug/L 1 0.9 PWQO | 29 | <MDL 1.8 - - 14 14
Copper ug/L 5 5 PWQO | 43 | <MDL 17.7 5.91 5.4 70 44
Iron ug/L 30 300 PWQO | 43 40 950 250.28 150 100 16
Lead ug/L 0.5 5 PWQO | 30 0.9 18 5.52 3.785 100 37
Magnesium mg/L 0.01 38 2.91 46.1 10.51 7.34 100 -
Manganese ug/L 0.5 50 CWQG | 43 27 56.7 17.71 13.9 100 5
Molybdenum ug/L 0.5 40 PWQO | 43 | <MDL 19 5.27 4.88 93 0
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Nickel ug/L 2 25 PWQO | 43 | <MDL 6.8 1.89 1.29 49 0
Potassium mg/L 0.06 38 9.45 65.6 30.95 27.3 100 -
Selenium ug/L 5 100 PWQO | 29 ND ND ND ND ND -
Silver ug/L 0.5 0.1 PWQO | 29 ND ND ND ND ND -
Sodium mg/L 0.04 200 CWQO | 38 10.2 972 121.69 27.05 100 13
Strontium ug/L 1 43 1400 33400 5807.44 3750 100 -
Thallium ug/L 0.5 0.3 PWQO | 29 | <MDL 8.4 - - 7 7
Titanium ug/L 5 43 <MDL 6.89 - - 37 -
Uranium ug/L 0.5 5 PWQO | 29 0.25 2.3 1.21 1 100 0
Vanadium ug/L 0.5 6 PWQO | 42 0.25 12.6 3.02 24 98 7
Zinc ug/L 2 20 PWQO | 43 5.19 49.7 21.88 19.1 100 40
Nutrients
Nitrogen; ammonia+ammonium mg/L 0.01 43 <MDL 0.2 0.04 0.027 98 -
Nitrogen; nitrate+nitrite mg/L 0.025 43 0.36 21 0.90 0.81 100 -
Nitrogen; nitrite mg/L 0.005 43 <MDL 0.2 0.019 0.011 81 -
Nitrogen; total Kjeldahl mg/L 0.1 43 <MDL 0.65 0.21 0.81 81 -
Phosphorus; phosphate mg/L 0.0025 43 <MDL 0.0908 0.02 0.0169 98 -
Phosphorus; total mg/L 0.01 0.03 PWQO | 43 <MDL 0.116 0.04 0.027 98 35
Pathogens
E coli ¢/100mL 4 30 | <MDL 560 - - 50
Fecal streptococcus ¢/100mL 4 30 <MDL 110000 5557 540 100
Pseudomonas aeruginosa ¢/100mL 4 30 <MDL 51000 4137 410 90
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Table C3: Eco-Optiloc

General Chemistry

Alkalinity; total fixed endpt mg/L 25 45 57.9 151 105.16 102 100 -
Conductivity uS/cm 5 45 247 4500 1057.11 454 100 -
Hardness mg/L 0.01 39 53 720 171.84 110 100 -

pH 5 9 CEQG | 45 7.82 9.44 8.28 8.255 100 4
Solids; dissolved mg/L 50 500 CWQG | 45 161 3190 649.24 295 100 36
Solids; suspended mg/L 2.5 45 <MDL 451 9.38 5.8 91 -
Solids; total mg/L 50 45 161 3190 658.61 302 100 -
Solvent extractable mg/L 1 45 <MDL 2 - - 4 -

Metals

Aluminum ug/L 1 75 PWQO | 45 44.2 1460 243.01 159 100 62
Antimony ug/L 0.5 20 PWQO | 29 <MDL 1.3 0.78 0.8 86 3

Arsenic ug/L 1 5 PWQO | 29 <MDL 35 1.48 1.3 69 -

Barium ug/L 0.5 45 371 483 96.23 55.3 100 -
Beryllium ug/L 0.5 11 PWQO | 45 0.033 0.051 - - 4 0

Boron ug/L 10 200 PWQO | 29 14 128 46.66 35 93 3

Cadmium ug/L 0.5 0.5 PWQO | 45 0.951 1.79 - - 16 16
Calcium mg/L 0.01 39 15.3 203 47.93 315 100 -
Chloride mg/L 1 120 CWQG | 45 0.5 1460 234.99 13.6 100 36
Chromium ug/L 5 8.9 PWQO | 45 <MDL 5.34 - - 31 2

Cobalt ug/L 1 0.9 PWQO | 29 14 2.6 - - 10 14

Copper ug/L 5 5 PWQO | 45 <MDL 14.8 5.70 5.47 68 47

Iron ug/L 30 300 PWQO | 45 30 1200 207.24 129 98 18

Lead ug/L 0.5 5 PWQO | 31 0.6 14.6 3.38 2 97 23
Magnesium mg/L 0.01 39 3.6 52.1 12.73 8.26 100 -
Manganese ug/L 0.5 50 CWQG | 45 2.63 84.2 14.71 10.2 100 7
Molybdenum ug/L 0.5 40 PWQO | 45 <MDL 19 5.57 5.34 89 2
Nickel ug/L 2 25 PWQO | 45 1.83 7.9 - - 27 2
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Potassium mg/L 0.06 39 10.5 53.2 22.88 20.1 100 -
Selenium ug/L 5 100 PWQO | 29 ND ND ND ND ND -
Silver ug/L 0.5 0.1 PWQO | 29 ND ND ND ND ND -
Sodium mg/L 0.04 200 CwWQO | 39 7.76 668 128.05 35.8 100 26
Strontium ug/L 1 45 1850 40400 | 7608.98 4370 100 -
Thallium ug/L 0.5 0.3 PWQO | 29 <MDL 4.1 - - 7 10
Titanium ug/L 5 45 <MDL 10.3 - - 40 -
Uranium ug/L 0.5 5 PWQO | 29 0.5 2 1.09 1 97 3
Vanadium ug/L 0.5 6 PWQO | 44 <MDL 9.72 2.70 23 93 7
Zinc ug/L 2 20 PWQO | 45 <MDL 55.5 15.06 13.05 98 20
Nutrients

Nitrogen; ammonia+ammonium mg/L 0.01 45 <MDL 0.157 0.04 0.025 91 -
Nitrogen; nitrate+nitrite mg/L 0.025 45 0.31 2.01 0.79 0.655 100 -
Nitrogen; nitrite mg/L 0.005 45 0.006 0.065 0.012 0.008 73 -
Nitrogen; total Kjeldahl mg/L 0.1 45 <MDL 0.7 0.19 0.16 82 -
Phosphorus; phosphate mg/L 0.0025 45 <MDL 0.12 0.02 0.0146 98 -
Phosphorus; total mg/L 0.01 0.03 PWQO | 45 <MDL 0.185 0.04 0.026 96 49

Pathogens
E coli ¢/100mL 4 30 <MDL 100 - - 33 -
Fecal streptococcus ¢/100mL 4 30 <MDL 42000 3069 245 97 -
Pseudomonas aeruginosa ¢/100mL 4 30 <MDL 15000 7601 38 70 -
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Table C4: Pervious Concrete

General Chemistry
Alkalinity; total fixed endpt mg/L 25 45 93.2 421 168.73 155 100 -
Conductivity uS/cm 5 45 316 4360 1116.11 715 100 -
Hardness mg/L 0.01 38 23 260 67.19 51.3 100 -
pH 5 9 CEQG | 45 8.08 11.8 9.18 9.07 100 20
Solids; dissolved mg/L 50 500 CWQG | 45 205 2260 669.71 463 100 33
Solids; suspended mg/L 25 45 <MDL 101 17.75 6.9 96 -
Solids; total mg/L 50 45 208 2360 687.53 469 100 -
Solvent extractable mg/L 1 45 <MDL 1.5 - - 7 -
Metals
Aluminum ug/L 1 75 PWQO | 45 47.7 1260 546.08 510 100 67
Antimony ug/L 0.5 20 PWQO | 29 0.25 1.5 0.82 0.8 100 0
Arsenic ug/L 1 5 PWQO | 29 1.1 24.4 5.81 34 100 -
Barium ug/L 0.5 45 14.1 158 36.17 26.5 100 -
Beryllium ug/L 0.5 11 PWQO | 45 <MDL 0.126 - - 9 2
Boron ug/L 10 200 PWQO | 29 12 82 38.38 40 90 0
Cadmium ug/L 0.5 0.5 PWQO | 45 <MDL 1.08 - - 9 7
Calcium mg/L 0.01 38 6.06 55.4 16.05 12.85 100 -
Chloride mg/L 1 120 PWQO | 45 1 1150 156.21 15.4 100 31
Chromium ug/L 5 8.9 PWQO | 45 <MDL 19.5 - - 47 7
Cobalt ug/L 1 0.9 PWQO | 29 <MDL 1.74 - - 48 41
Copper ug/L 5 5 PWQO | 45 <MDL 56.6 11.72 6.94 78 47
Iron ug/L 30 300 PWQO | 45 30 970 383.36 370 100 36
Lead ug/L 0.5 5 PWQO | 30 0.6 12.4 4.85 45 100 47
Magnesium mg/L 0.01 38 1.93 30.9 6.60 4.655 100 -
Manganese ug/L 0.5 50 CWQG | 45 2.7 721 23.98 19.3 100 11
Molybdenum ug/L 0.5 40 PWQO | 45 0.75 48.5 8.69 6.6 98 0
Nickel ug/L 2 25 PWQO | 45 <MDL 8.35 2.67 24 67 0
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Potassium mg/L 0.06 38 40.5 311 123.36 109.5 100 -
Selenium ug/L 5 100 PWQO | 29 ND ND ND ND ND -
Silver ug/L 0.5 0.1 PWQO | 29 ND ND ND ND ND -
Sodium mg/L 0.04 200 CwWQO | 38 16.4 780 115.10 36.5 100 13
Strontium ug/L 1 45 550 18600 2606.76 1430 100 -
Thallium ug/L 0.5 0.3 PWQO | 29 <MDL 10.7 - - 7 7
Titanium ug/L 5 45 <MDL 10 - - 44 -
Uranium ug/L 0.5 5 PWQO | 29 <MDL 1.6 0.79 0.6 90 0
Vanadium ug/L 0.5 6 PWQO | 45 0.5 22.6 6.75 5 100 18
Zinc ug/L 2 20 PWQO | 45 217 27.5 12.48 11.7 100 18
Nutrients
Nitrogen; ammonia+ammonium mg/L 0.01 45 <MDL 0.165 0.04 0.028 93 -
Nitrogen; nitrate+nitrite mg/L 0.025 45 0.196 1.71 0.60 0.446 100 -
Nitrogen; nitrite mg/L 0.005 45 <MDL 0.185 0.029 0.015 96 -
Nitrogen; total Kjeldahl mg/L 0.1 45 <MDL 0.9 0.37 0.26 98 -
Phosphorus; phosphate mg/L 0.0025 45 0.0113 0.288 0.08 0.072 100 -
Phosphorus; total mg/L 0.01 0.03 PWQO | 45 0.043 0.655 0.14 0.117 100 100
Pathogens
E coli ¢/100mL 4 29 <MDL 2000 - - 34 -
Fecal streptococcus c/100mL 4 29 <MDL 2300 337 200 97 -
Pseudomonas aeruginosa c/100mL 4 29 <MDL 39000 - - 38 -
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