DRAFT VA DCR STORMWATER DESIGN SPECIFICATIONS No 7:  Permeable Pavement
MINNESOTA MIDS – PERMEABLE PAVEMENT     June 26, 2012 DRAFT


 MINNESOTA MIMIMAL IMPACT DESIGN SPECIFICATION No. ___
PERMEABLE PAVEMENT
X.1 DESCRIPTION
Permeable pavements allow stormwater runoff to filter through surface voids into an underlying stone reservoir where it is temporarily stored and/or infiltrated. The most commonly used permeable pavement surfaces are pervious concrete, porous asphalt and permeable interlocking pavers. Permeable pavements have been used for commercial and residential sites to replace traditionally impervious surfaces. These include roads, parking lots, driveways, sidewalks, plazas and patios. While the designs vary, all permeable pavements have a similar structure, consisting of a surface pavement layer, an underlying stone aggregate reservoir layer, optional underdrains and geotextile over uncompacted soil subgrade. Figure X.1 illustrates the three most commonly used systems; pervious concrete, porous asphalt and permeable interlocking concrete pavement. 
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Figure X.1. Pervious concrete, porous asphalt and permeable interlocking concrete pavement (PICP)
The reservoir thickness is determined by structural and hydrologic design analyses. From a hydrologic perspective, permeable pavement is typically designed to manage rainfall landing on the pavement surface area. It may accept runoff contributed by adjacent impervious areas such as driving lanes or rooftops. However, sediment control from adjacent impervious or vegetated contributing areas is required to avoid clogging of the permeable pavement surface. 
X.2 PERFORMANCE
Permeable pavement is a primary tool in achieving Minnesota stormwater objectives for volume and nutrient reduction. In high-infiltration rate soil subgrades, permeable pavement can be designed without an underdrain. This is a design where 100% of the annual runoff volume (i.e., 1.1 inch storm depth) is retained and 100% of the pollutants are reduced. In low-infiltration soils, some infiltration of water into the subgrade occurs. Some of the filtered runoff is collected in an underdrain and returned to the storm drainage system, typically a stream or storm sewer. This design may reduce some outflow from the pavement base. Such designs offer some treatment of pollutants. The volume and pollutant reductions for permeable pavement are listed in Table X.1 and these correspond to those on the Minnesota Minimum Impact Design Specifications (MIDS) calculator. 
Table X.1. Summary of stormwater management functions of permeable pavements
	Stormwater Management Function
	Full Soil Infiltration 

No Underdrains
	Partial Soil Infiltration

With Underdrains

	Annual Runoff Volume Retained (RVR)
	Minimum 80%; Actual percentage based on storage reservoir capacity and soil infiltration rate


	Total Phosphorus (TP) Removal 1
	100% (all water from 1.1 in. depth storm infiltrates into soil subgrade)
	100% for portion of 1.1 inches infiltrated into soil subgrade

45% for water released through underdrains

	Total Suspended Solids (TSS) Removal 1
	100% (all water from 1.1 in. depth storm infiltrates into soil subgrade)
	100% for portion of 1.1 inches infiltrated into soil subgrade

75% for water released through underdrains

	Channel Protection
	Design additional (optional, as needed) storage in the stone layer to accommodate larger storm volumes. 

	Flood Mitigation
	Partial. May be able to design additional storage into the reservoir layer by adding base thickness/storage or by using underground plastic or concrete storage chambers.

	1 Change in event mean concentration (EMC) draining through the practice. Actual nutrient mass load removed is the product of the removal rate and the runoff reduction rate. 


To assist with selection, a general comparison of the properties of the three major permeable pavement types is provided in Table X.2. Designers should check with product vendors and the local review authority to determine specific requirements and capabilities of each system. Figures X.2 through X.4 illustrate schematic cross sections of each system using no underdrains. 
Table X.2. Properties of permeable pavements
	Properties
	Pervious Concrete
	Porous Asphalt
	PICP

	Typical Pavement Surface Thickness 1
	5 to 8 inches
	3 to 4 inches 

(thicker for high wheel load applications)
	3 inches 1

	Bedding Layer 1, 6
	None
	1 in. No. 57 stone
	2 inches of No. 8 stone

	Reservoir Layer 2, 6
	No. 57 stone or per
hydraulic design
	No. 2, 3, or 5 stone
	4 inches of No.57 stone over No. 2, 3 or 4 stone



	Construction Properties
	Cast in place, seven day cure, must be covered
	Cast in place, 24 hour cure
	No cure period; manual or mechanical installation of pre-manufactured units

	Installed Surfacing
Cost 3
	$3 to $4/sf
	$ 2/sf
	$3 to $4/sf 

	Min. Batch Size
	None

	Longevity 4
	20 to 30 years

	Overflow
	Catch basin or overflow edge

	Runoff Temperature

Reduction
	Cooling at the reservoir layer



	Surface Colors/ Texture
	Range of light colors and textures
	Black or dark grey colors
	Wide range of colors, textures and patterns

	Load Bearing

Capacity 5
	Handles all vehicle loads with appropriate surface and base/subbase layer material and thickness design

	Surface Cleaning7
	Periodic vacuuming; replace if completely clogged & uncleanable
	Periodic vacuuming; replace if completely clogged & uncleanable
	Periodic vacuuming; replace jointing stones if completely clogged & uncleanable

	Other Issues
	Avoid concentrated deicers. Avoid winter sanding.
	Avoid seal coating
Avoid winter sanding.
	Avoid winter sanding.

	Design Reference
	ACI Report 522 2010
	Hansen 2008 NAPA
	Smith 2011 ICPI

	1 Thicknesses may vary depending on site and traffic conditions.
2 Reservoir storage may be augmented by corrugated metal pipes, plastic arch pipe, or plastic lattice crates.
3 Supply and install minimum surface thickness only, minimum 30,000 sf with Minnesota 2012 prevailing labor wages. Does not include base reservoir, drainage appurtenances, engineering, or inspection.
4 Based on pavement being maintained properly. Resurfacing or rehabilitation may be needed after the indicated period.
5 Depends primarily on on-site geotechnical considerations and structural design computations
6 ASTM D448 Standard Classification for Sizes of Aggregate for Road and Bridge Construction or AASHTO M-43.
7Periodic vacuuming frequency determined from inspection, intensity of use, and other potential sediment sources. 
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Figure X.2. Typical pervious concrete cross section 
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Figure X.3. Typical porous asphalt cross section
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Figure X.4 Typical permeable interlocking concrete pavement cross section. Pavers may be concrete, clay, or recycled composite materials. 
X.3 STORAGE VOLUME DETERMINATION
Minnesota stormwater goals are reducing runoff and maximizing nutrient removal by managing 1.1 inches of every rainstorm. Table X.3 specifies how to estimate the volume of reservoir storage required for this rainfall. Permeable pavements may be used with other practices contribute toward reaching these goals.
Table X.3. Permeable pavement volume storage calculation

	Full Infiltration
	Partial Infiltration

	V = [As x D x n] where;

V = Volume of storage

As = Area of permeable pavement Surface 

D = Depth of base/subbase (do not include surfacing thickness)

n = Porosity of stone per ASTM C29 or AASHTO T-19 (decimal)
	V = [As x Do x n] where;

V = Volume of storage

As =  Area of permeable pavement surface 

Do = Depth of underdrain outflow pipe to soil subgrade

n = Porosity of stone per ASTM C29 or AASHTO T-19 (decimal)


X.4 SITE DESIGN CONSIDERATIONS
Permeable pavement is subject to potentials and constraints as noted below.
Available Space – A significant advantage of permeable pavement is its ability to combine detention/ infiltration and pavement, thereby reducing or eliminating land required for detention facilities. This is especially important in urban areas with high land prices and highly developed sites with little or no space for stormwater detention. 

Soils – Soil conditions and infiltration rates determine the use of an underdrain. Soils in NRCS Hydrologic Soil Groups (HSG) C or D usually require an underdrain, whereas HSG A and B soils often do not. Designers should evaluate existing soil properties during initial site layout with the goal of configuring permeable pavement that conserves and protects soils with the highest infiltration rates. In particular, areas of HSG A or B soils shown on NRCS soil surveys should be considered as primary locations for all types of infiltration. 
Soil surveys and NRCS classifications should not be used for determining the design infiltration rate. For pedestrian projects, soil infiltration rates can be estimated from soil classifications per ASTM D2487.  However, rates should be confirmed using on-site infiltration testing per ASTM D3385 or D5093. In most cases, permeable pavement should not be situated above fill soils. Some designs may require an impermeable liner and an underdrain. Permeable pavements should only be placed on fill soils when laboratory tests indicate the compacted fill will be stable when saturated and that slope stability of deep fills has been verified by a geotechnical engineer.
Contributing Drainage Area – Permeable pavements sometimes capture runoff from adjacent areas, pavements, and roofs. The at-grade contributing drainage area into permeable pavement should generally not exceed twice the surface area of the permeable pavement. This guideline helps reduce the rate of surface sedimentation. The 2:1 ratio can be increased if (1) the permeable pavement is receiving runoff from roofs as it tends to be very low in sediment or (2) if runoff from ground level impervious surfaces is expected to remain unburdened with sediment. The best situation is when the design allows for a pre-treatment strip e.g., stone or gravel) to control sediment run-on to the permeable pavement.
Soil Subgrade Slope – The slope of the soil subgrade should be as flat (i.e., 0% longitudinal slope) to enable even distribution and infiltration of stormwater. However, a maximum longitudinal slope of 1% is required with underdrains. Lateral slopes should be 0%. Underdrains should have a minimum 0.5% slope. Steep slopes can reduce the stormwater storage capacity of permeable pavement. Designers should consider using a terraced base designs for permeable pavement in sloped areas, especially when the local slope exceeds 3%.
Surface Slope – Surface slopes for all permeable pavement types should be at least 1% to provide an alternate means for drainage should the surface become completely clogged due to lack of maintenance. Designs provide an alternate means for stormwater to enter the aggregate reservoir if the pavement surface should ever become clogged, or for extreme storm events. For pervious concrete and porous asphalt without curbs, this can be a 2 ft wide stone edge connected to the reservoir. For curbed pavements, inlets may be used.

Overflow Structures – Permeable pavements are not designed to store and infiltrate all stormwater from all storms. Therefore, an outlet or outlets are required to prevent water from rising into and over the surface. One type of outlet control would be a catch basin with an internal weir and low-flow orifice. The catch basin can also handle runoff from the surface should it become clogged. 
Minimum Depth to Seasonal High Water Table – A high groundwater table may cause seepage into the bottom of permeable pavement and prevent complete drainage. Also, soil acts a filter between the bottom of the pavement base and the water table. Therefore, a minimum vertical separation of 3 ft is required between the bottom of the permeable pavement reservoir layer and the seasonal high water table.
Setbacks – To avoid harmful seepage, permeable pavement should not be hydraulically connected to building foundations unless an impermeable liner is placed against the foundation or basement wall. If there is no liner, the permeable pavement base should be at least 10 ft away from structures. Likewise, permeable pavements bases should be hydraulically separated from adjacent road bases with an impermeable liner between the two bases if a full depth concrete curb is not used to cover the bases.
Permeable pavements should be at least a minimum horizontal distance of 100 feet from any municipal water supply well [Diane will send reference on MN well head reqs] and 50 feet from septic systems. Underground utility lines are best located away from permeable pavement bases. However, if they need to penetrate the base, consideration should be given to waterproofing (depending on the utility) or possible encasement using low-strength flowable concrete fill. Setbacks can be reduced at the discretion of the local authority for designs that use underdrains and/or liners.
Informed Owner – The property owner should clearly understand the unique maintenance responsibilities inherent with permeable pavement, particularly for parking lot applications. The owner should be capable of performing routine and long-term actions (e.g., vacuuming) to maintain the pavement’s hydrologic functions, and avoid future practices (e.g., winter sanding, seal coating or repaving) that diminish or eliminate them. For porous asphalt a diluted emulsion fog can be used as needed. Maintenance agreements, covenants, maintenance easements or bonds are encouraged between the local authority and the property owner. 
Limitations – Permeable pavements should not be used in high pollutant loading sites. High
pollutant loading sites are those that will receive constant sediment or trash/debris. Places where
fuels and chemicals are stored are handled can be potential stormwater hotspots and permeable
pavement should not be constructed in these places. Likewise, areas subject to wind borne dust and sediment should not use permeable pavement unless the pavement be vacuumed regularly.  
Permeable pavement can be used for roads for low low-volume roads. These can be residential collector roads or other applications with similar traffic loads. Additional technical guidance and approval from MnDOT should be sought regarding road applications in the public right of way. Permeable pavement can be used in heavily trafficked/high wheel loads. These applications will likely require specialist pavement engineering and may require using open-graded bases stabilized with asphalt or cement.   
X.5 DESIGN CRITERIA
Base/subbase thickness is determined for support traffic using structural design methods and for water storage using hydrologic sizing and/or dynamic modeling over time. The thicker of the two resulting designs is used. 
Structural Design – The structural design process for supporting vehicles varies according to the type of pavement selected. The pervious concrete industry is in the process of developing ASTM test methods for characterizing compressive or flexural strengths of pervious concrete. These tests are needed to model fatigue under loads. As an interim step, fatigue equations published by the American Concrete Pavement Association (ACPA 2010) assume such inputs to be comparable in nature (but not magnitude) to those used for conventional concrete pavements.  The ACPA design method should be consulted for further information as well as pervious concrete industry software. General guidelines for pervious concrete surface thickness are published by the National Ready Mix Concrete Association and the Portland Cement Association (Leming 2007). 
Porous asphalt (Hansen 2008) and permeable interlocking pavements (Smith 2010) use flexible pavement design methods adopted from the 1993 AASHTO Guide for Design of Pavement Structures (AASHTO 1993). Base/subbase thicknesses can be calculated using PICP industry software. In addition, MnDOT design methods, approved mechanistic principles, and manufacturer’s specific recommendations should be consulted. 
There has been little research on or full-scale testing of the structural behavior of open-graded bases used under permeable pavements to better characterizing relationships between loads and deformation. Therefore, conservative values (i.e., AASHTO layer coefficients) should be assumed for open-graded base and subbase aggregates in permeable pavement design.

Regardless of type of permeable pavement, structural design methods consider the following in determining surface and base thicknesses to support vehicular traffic:
· Pavement life and total anticipated traffic loads expressed as 18,000 lb equivalent single axle loads or ESALs (This method of assessing loads accounts for the additional pavement wear caused by trucks.)
· Soil strength expressed as the soaked California Bearing Ratio (CBR), R-value or resilient modulus (Mr)
· Strength of the surfacing, base and subbase materials

· Environmental factors including freezing climates and extended saturation of the soil subgrade
Soil stability under traffic should be carefully reviewed for each application by a qualified geotechnical or civil engineer and lowest anticipated soil strength or stiffness values used for design. Structural design for vehicular applications should generally be on soil subgrades with a CBR (96-hour soaked per ASTM D 1883 or AASHTO T 193) of 4%, or a minimum R-value = 9 per ASTM D 2844 or AASHTO T-190, or a minimum Mr of 6,500 psi (45 MPa) per AASHTO T-307. 
Soil compaction required to achieve these soil strengths will reduce the infiltration rate of the soil. Therefore, the permeability or infiltration rate of soil should be assessed at the density required to achieve one of these values. If soils under vehicular traffic have lower strengths than those noted above, or are expansive when wet, there are several options: use underdrains, thicken the base/subbase layer(s), stabilize the base layers with cement or asphalt, and or stabilize the soil with lime or cement. These options are typically used in combination. Pedestrian applications can be placed on lower strength soils than those noted.
Hydrologic Sizing – Permeable pavement will likely be designed to store more than 1.1 inch of stormwater from the site. In addition, a mix of adjacent pervious and impervious surfaces contributing runoff will require that the base storage volume to hold water depths over 1.1 inches, especially if volume and peak discharge reductions are design objectives. The soil subgrade infiltration rate typically will be less than the flow rate through the pavement, so some reservoir storage will usually be required. When working with HSG A or B soils, designers should initially assume that there is no outflow through underdrains. Equation X.1 can be used to determine the depth of the reservoir layer, assuming runoff fully infiltrates into the underlying soil:
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     (Equation X.1)
Where:

dp
= The depth of the reservoir layer (ft)

dc
= The depth of runoff from the contributing drainage area (not including the permeable paving surface) for the design storm (ft)

R
= Ac/Ap The ratio of the contributing drainage area (Ac, not including the permeable paving surface) to the permeable pavement surface area (Ap)
P 
= The rainfall depth for the Treatment Volume (1.1 inch), or other design storm (ft)

i 
= The field-verified infiltration rate for native soils (ft/day)
tf 
= The time to fill the reservoir layer (day) – typically 2 hours or 0.083 day
Vr
= The void ratio for the reservoir layer (0.4)

The maximum allowable depth of the reservoir layer is constrained by the maximum allowable drain time, which is calculated using Equation X.2.
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   (Equation X.2)
Where:

dp-max
= The maximum depth of the reservoir layer (ft)

i 
= The field-verified infiltration rate for the native soils (ft/day)
Vr
= The void ratio for reservoir layer (assumed at 0.4)
td 
= The maximum allowable time to drain the reservoir layer, typically 1 to 2 days (days)
The following design assumptions apply to Equations X.1 and X.2:
· The contributing drainage area (Ac) does not contain pervious areas.

· For design purposes, the native soil infiltration rate (i) should be the field-tested soil infiltration rate divided by a factor of safety of 2. 
· The void ratio (Vr) for the base and subbase stone layers = 0.4.
· The maximum drain time for the reservoir layer should be not less than 24 hours or greater than 48 hours after the initial 24-hour storm event.
If the depth of the reservoir layer is too great (i.e. dp exceeds dp-max), then the design method typically changes to account for underdrains. The storage volume in the pavements must account for the underlying infiltration rate and outflow through the underdrain. In this case, the design storm should be routed through the pavement to accurately determine the required reservoir depth.

Outflow Rate and Volume Through Underdrains – If the depth of the base/subbase for the full infiltration system is excessive, (i.e. dp exceeds dmax) because, as an example, the design subgrade soil infiltration rate is not adequate to remove the water from the design storm within the designated period of time, then the design should include underdrains. The following procedure is for sizing the base/subbase for partial infiltration designs (i.e. contains underdrains). The same symbols apply, but with the following additions:

qu = Outflow through underdrain, ft/hr

k = Coefficient of permeability for each 6 inch diameter underdrain, ft/hr

m = underdrain pipe slope, ft/ft

n = number of underdrain pipes

Tfill = effective filling time of the base/subbase which is at or above the underdrain(s), hours.

T1 = the storage time during which the water is at or above the underdrain(s), hours.

dbelow = depth of the subbase below the underdrains, ft 

Equation X.3 can be used to approximate the outflow rate from underdrain(s). This equation is based on Darcy’s Law, which summarizes several properties that groundwater exhibits while flowing in aquifers. Although the hydraulic conductivity (measure of the ease with which water can move through pore spaces of a material) of the aggregate subbase is very high (~17,000 ft/day or 8,500 in./hr), the discharge rate through underdrains is limited by the cross sectional area of the pipe. As the storage volume above/around the underdrain(s) decreases, i.e., the hydraulic head or water pressure decreases; the base/subbase and in turn the underdrain(s) will drain increasingly slower. To account for this change in flow conditions within the subbase and underdrain(s) over time, a very conservative coefficient of permeability (k) of 100 ft/day 8.33 ft/hr) per pipe can be used to approximate the average underdrain outflow rate.
qu = k x m   (Equation X.3)

Once the outflow rate through each underdrain has been approximated, Equation X.4 can be used to determine the depth of the base/subbase needed to store the design storm. To estimate the number of underdrain pipes (n), take the dimension of the parking lot in the direction the pipes are to be placed and divide by the desired spacing between pipes – round down to the nearest whole number.
dp = DQcR+P–fT–qu(Tfill)n / Vr   (Equation X.4)
Tfill = T when the underdrains are at the bottom of the subbase. Tfill = ½T (approximation) when the underdrains are raised.

With full infiltration systems, the maximum allowable drain time (dmax) needs to be calculated to make sure the stored water within the base/subbase does not take too long to infiltrate into the soil subgrade. However, for partial infiltration systems, there is a second method of storage water discharge, namely the underdrains. The depth and number of underdrains are variables that can be adjusted (unlike the infiltration rate into the soil subgrade) so that the actual drain time equals or is less than the maximum allowable drain time. If the discharge of the underdrains is added to Equation X1, then:

dmax = fTs+quT1n / Vr  = dp
Rearranging the previous creates Equation X.5, with the only remaining variable (T1) being on the left hand side.

T1 = Vrdp–fTs / qun     (Equation X.5)

The elevation of the pipe above the soil subgrade is then calculated using Equation X.6.

dbelow= f(Ts–T1) / Vr    (Equation X.6)

Permeable pavement can also be designed to augment detention storage needed for channel protection and/or flood control. The designer can model various approaches by factoring in storage within the base/subbase, expected infiltration and any outlet structures used as part of the design. For example, some applications in the Chicago, Illinois area are designed to detain and partially infiltrate the 100-year storm for managing combined sewer overflows.
Once runoff passes through the surface of the permeable pavement system, designers should calculate outflow pathways to handle subsurface flows. Subsurface flows can be regulated using underdrains, the volume of storage in the reservoir layer, the bed slope of the reservoir layer, and/or a control structure at the outlet.

Design for Nutrient and TSS Reductions – Permeable pavement nutrient reduction capabilities can be enhanced in partial infiltration designs that detaining water in the base/subbase for over 24 hours for de-nitrification. Any infiltration will reduce the water volumes and mass outflow of nutrients and suspended solids. PICP can use specially coated aggregates in the joints and bedding and all systems can use them in the base to reduce nutrients. Coated aggregates (sometimes called ‘engineered aggregates’) have an effective life of seven to ten years.

A filter layer made of sand or fine aggregate placed under or sandwiched within permeable pavement bases are occasionally used to as a means to reduce nutrients. This layer can be enhanced with iron filings  for phosphorous reduction (Erickson 2010). Their effectiveness, initial and maintenance costs should be weighed against other design options for nutrient reductions. Sand filters will incur additional construction expense and this can be reduced by placing sand filters under the subbase at the down slope end of a permeable pavement. The disadvantage of sand filters is that they will eventually require removal and restoration. Therefore concentrating their location in the down slope areas of the site can help reduce future maintenance costs and site disruptions. Simply storing water for and slowly releasing it over 48 hours can be less expensive alternative for nitrogen reduction as long as there is a carbon source in the base/subbase. 
A second approach useful for nutrient reduction can occur on sloping sites by creating intermittent berms in the soil subgrade. These enable settlement of suspended solids and encourage de-nitrification. A third alternative is using a “treatment train” approach where a permeable pavement initially filters runoff and the remaining water outflows to bioswales or rain gardens adjacent to the pavement for additional processing and nutrient reduction. There may be additional BMPs used to remove nutrients as the water moves through the watershed. 
Soil Infiltration Rate Testing – A minimum of one test per ASTM D3385 or D5093 must be taken per 7,000 sf of planned permeable pavement surface area. In most cases, a single soil test is sufficient for small-scale applications. At least one soil boring must be taken to confirm the underlying soil properties at the depth where infiltration is designed to occur (i.e., to ensure that the depth to water table, depth to bedrock, or karst is defined). Soil infiltration testing should be conducted within any confining layers that are found within 5 feet of the bottom of a proposed permeable pavement system.

Conveyance and Overflow – Permeable pavement designs should include methods to convey larger storms (e.g., 2-year, 10-year) to the storm drain system. The following is a list of methods that can be used to accomplish this:

· Place a perforated pipe horizontally near the top of the reservoir layer to pass excess flows after water has filled the base. The placement and/or design should be such that the incoming runoff is not captured (e.g., placing the perforations on the underside only). Pipe placement should be away from wheel loads to prevent damage.
· Increase the thickness of the top of the reservoir layer.
· Create underground detention within the reservoir layer of the permeable pavement system. Reservoir storage may be augmented by corrugated metal pipes, plastic or concrete arch structures, etc.
·     Route excess flows to another detention or conveyance system that is designed for management of extreme event flows.

· Set the storm drain inlets flush with the elevation of the permeable pavement surface to effectively convey excess stormwater runoff past the system. The design should also make allowances for relief of unacceptable ponding depths during larger rainfall events.

Reservoir Layer – The reservoir below the permeable pavement surface should be composed of clean, washed crushed stone aggregate and thickness sized for both the storm event to be stored and the structural requirements of the expected traffic loading. The recommended minimum void ratio should be 40% per ASTM C29. Reservoir base layers for pervious concrete are typically washed ASTM No. 57 stone and those for porous asphalt are ASTM No. 2, 3, or 5. PICP uses ASTM No. 2,3 or 4 stone. 

If exposed to vehicular loads, all crushed stone should be MnDOT Class A or B coarse aggregate, minimum 80% crushed, typically granite, basalt, gneiss, trap rock, diabase, gabbro or similar material. The maximum Los Angeles Rattler Loss should be 35% per AASHTO T-96 and no greater loss than 10% per AASHTO T-104 Magnesium Sulfate Soundness Test on the non-igneous portions and as modified by the MnDOT Laboratory Manual (MNDOT 2005). Limestone aggregates not meeting these requirements are not recommended in vehicular applications. Class C and D aggregates may be used in areas subject only to pedestrian traffic.
Underdrains – Underdrains install quickly when placed on or in the soil subgrade, surrounded by stone base or subbase materials. The outflow portion at the end is not perforated and is raised to a designed height allow for some water detention prior to outflow. Placement at this elevation also protects the pipe with aggregate during base compaction. An underdrain(s) can also be installed and capped at a downstream structure as an option for future use if maintenance observations indicate a reduction in the soil permeability.
Maintenance – Some key actions help ensure the long-term performance of permeable pavement. The most frequently cited maintenance problem is surface clogging caused by organic matter and sediment, which can be reduced by the following measures:

· Periodic Vacuuming – The pavement surface is the first line of defense in trapping and eliminating sediment that may otherwise enter the stone base and soil subgrade. The rate of sediment deposition should be monitored and vacuuming done twice a year. Maintenance records should be maintained by the owner. The vacuuming frequency should be adjusted according to the intensity of use and deposition rate on the permeable pavement surface. At least one pass should occur at the end of winter.
· Observation Well – This consists of a well-anchored, to 6 inch diameter perforated PVC pipe that extends vertically to the bottom of the reservoir layer. This is installed at the down slope end of the permeable pavement. The observation well should be fitted with a lockable cap installed flush with the ground surface (or under the pavers) to facilitate periodic inspection and maintenance. The observation well is used to observe the rate of drawdown within the reservoir layer following a storm event.
· Overhead Landscaping – Some communities require a certain percentage of parking lots to be landscaped. Large-scale permeable pavement should be carefully planned to integrate landscaping in a manner that maximizes runoff treatment and minimizes risk of sediment, mulch, grass clippings, crushed leaves, nuts, and fruits inadvertently clogging the surface.
X.6 SPECIFICATION GUIDELINES
Permeable pavement material specifications vary according to the specific pavement product selected. Table X.5 describes general material specifications for the components installed beneath the permeable pavement. Note that the size of stone materials used in the reservoir and filter layers may differ depending whether the system is pervious concrete, porous asphalt or permeable interlocking pavers. A general comparison of different permeable pavements is provided in Table X.6. Designers should consult industry association and manufacturer’s technical specifications for specific criteria and guidance.
Table X.5. Specifications for materials under the pavement surface

	Material
	Specification
	Notes

	Bedding/choker Layer
	Pervious concrete: None

Porous asphalt: 1 in. No. 57 stone
PICP:  2 inches of No. 8 stone 
	Washed free of fines

	Reservoir Layer
	Pervious concrete: No. 57 stone or per hydraulic design
Porous asphalt: No. 2, 3, or 5  stone
PICP:  4 inches of No. 57 base and No. 2, 3 or 4 stone subbase
	Stone layer thickness based on the pavement structural and hydraulic requirements. Stone washed and free of fines. Recommended minimum void ratio = 0.4.

	Underdrain

(optional)
	Use 4 to 6 inch diameter perforated PVC (AASHTO M-252) pipe, with 3/8-inch perforations at 6 inches on center; each underdrain installed at a minimum 0.5% slope located 20 feet or less from the next pipe (equivalent corrugated HDPE may be used for low-load bearing applications). Perforated pipe installed for the full length of the permeable pavement cell, and non-perforated pipe, as needed, connects to storm drainage system. 

	Filter Layer 

(optional)
	Sand filter layer is separated from base above and native soils with geotextile. Sand layer typically ASTM C33 gradation, 6 to 12 inches thick.
	The sand layer may require a choker layer on surface to provide transition to base layer stone. 

	Geotextile (optional)
	Comply with AASHTO M-288 Standard Specification for Geotextile Specification for Highway Applications, drainage and separation applications, Class I or II. Porous asphalt industry recommends non-woven geotextile.

	Impermeable Liner
	Use a minimum 30 mil PVC liner covered by 12 oz/sy non-woven geotextile. EPDM also acceptable.

	Observation Well
	Use a perforated 4 to 6 inch vertical PVC pipe (AASHTO M-252) with a lockable cap, installed flush with the surface (or under pavers).


Table X.6. Permeable pavement specifications

	Material
	Specification
	Notes

	Permeable Pavers
	Surface open area: typically 5% to 15%; min. thickness: 3 inches for vehicles; min. compressive strength: 8,000 psi 
	Concrete pavers conform to ASTM C936 and clay pavers C1272. Reservoir layer required to support the structural load.

	Pervious Concrete
	Void content: 15% to 35 %

Thickness: typically 5 to 8 inches


	May not require a reservoir layer to support loads, but a layer is required for storage/infiltration. In no case should plain steel rebar or mesh be used in pervious concrete as this invites corrosion.

	Porous Asphalt
	Void content: 16% to 20 %
Thickness: minimum 2.5 in. surface
	Reservoir layer contributes to structural load support.


X.7 OTHER DESIGN CONSIDERATIONS
Karst Terrain - A detailed geotechnical investigation may be required for any kind of stormwater design in karst terrain. Permeable pavements are not recommended at sites with known karst features as they can cause the formation of sinkholes.  In addition, permeable pavements are not recommended in active karst areas and require a minimum vertical separation of 50 ft between the bottom of the pavement base and the top of the karst formation. 
Winter Considerations - Plowed snow piles should be located in adjacent grassy areas so that sediments and pollutants in snowmelt are partially treated before they reach all permeable pavements. Sand is not recommended for winter traction over permeable pavements. If sand is applied, it must be removed with vacuum cleaning in the spring. Traction can be accomplished on PICP using jointing stone materials, some of which will find its way into the joints by springtime. Deicing material use on permeable pavement is not recommended to minimize build up in soil and outflows. A significant winter advantage or permeable pavements is that they require less deicing materials than their impervious counterparts.
X.8 CONSTRUCTION
Essential Erosion & Sediment Controls – [Insert applicable state references/guidelines on E&S control.] All permeable pavement areas should be fully protected from sediment intrusion by silt fence or construction fencing, particularly if they are intended to infiltrate runoff. They should remain outside the limit of disturbance during construction to prevent soil compaction by heavy equipment. Permeable pavement areas should be clearly marked on all construction documents and grading plans. To prevent soil compaction, heavy vehicular and foot traffic should be kept out of permeable pavement areas during and immediately after construction.

During construction, care should be taken to avoid tracking sediments onto any permeable pavement to avoid surface clogging. Any area of the site intended ultimately to be a permeable pavement area should generally not be used as the site of a temporary sediment basin. Where locating a sediment basin on an area intended for permeable pavement is unavoidable, the invert of the sediment basin must be a minimum of 1 foot above the final design elevation of the bottom of the aggregate reservoir course. All sediment deposits in the excavated area should be carefully removed prior to installing the subbase, base and surface materials.

Permeable Pavement Construction Sequence - The following is a typical construction sequence to properly install permeable pavement, which may be modified depending on the pavement type.

Step 1. Construction of the permeable pavement begins after the entire contributing drainage area has been stabilized. The proposed site should be checked for existing utilities prior to any excavation. Do not install pervious concrete or porous asphalt in rain or snow, and do not install frozen aggregate materials under any of the surfaces.

Step 2. Temporary erosion and sediment controls are needed during installation to divert stormwater away from the permeable pavement area until it is completed. Special protection measures such as erosion control fabrics may be needed to protect vulnerable side slopes from erosion during and after the excavation process. The proposed permeable pavement area must be kept free from sediment during the entire construction process. Construction materials contaminated by sediments must be removed and replaced with clean materials.

Step 3. Where possible, excavation should work from the sides and outside the footprint of the permeable pavement area (to avoid soil compaction). Contractors can utilize a ‘cell’ construction approach, whereby the proposed permeable pavement area is divided into 500 to 1000 sf temporary cells with a 10 to 15 feet wide earthen bridges between them so that cells can be excavated from the side. Then the earthen bridges are removed. Excavated material should be placed away from the open excavation to maintain stability of the side walls.

Step 4. The native soils along the bottom of the permeable pavement system can be scarified or tilled to a depth of 3 to 4 inches and graded prior to the placement of the geotextile and aggregate. In applications with weak soils, the soil subgrade may need to be compacted to a minimum 95% of standard Proctor density to achieve the desired load-bearing capacity. Reduced infiltration from compacted soils should be considered in the hydrologic design.

Step 5. Geotextile should be installed on the sides of the reservoir layer applications that do not use concrete curbs extending the full base depth. The design engineer may elect to use geotextile over the soil subgrade as well. Overlap of each sheet should follow recommendations in AASHTO M-288. 
Step 6. Provide a minimum of 2 inches of aggregate around underdrain pipes. The underdrains should slope down towards the outlet at a grade of 0.5% or steeper. The up-gradient end of underdrains in the reservoir layer should be capped. Where an underdrain pipe is connected to a structure, there should be no perforations within at least 1 foot of the structure. Ensure that there are no perforations in clean-outs within at least 1 foot from the surface.

Step 7. Moisten and spread minimum 8 inch lifts of the reservoir subbase or base stone. Permeable interlocking concrete pavement bases require a 4 inch base layer and this can be compacted separately from the subbase layer. Compact subbase/base layers with a minimum 10 ton roller making two passes in static mode until there is no visible movement of the aggregate. Do not crush the aggregate with the roller. Corners and other areas where rollers cannot reach are compacted with a vibratory plate compactor capable of least 13,500 lbf and equipped with a compaction indicator. 
Step 8. Install the desired depth of the bedding or choker layer, depending on the type of pavement, as follows:

· Pervious Concrete: No bedding/choker layer is used.

· Porous Asphalt: The choker layer for porous asphalt pavement consists of 1in. of washed No. 57 stone.

· PICP: The bedding layer for open-jointed pavement blocks should consist of 2 inches of washed No.8 stone. This layer is compacted after pavers are placed on it and their joints are filled with aggregate. 
Step 9. Paving materials should be installed according to manufacturer or industry specifications for the particular type of pavement. Installation highlights are provided below. After the installation is complete, the permeable pavement surface should be tested for acceptance using a minimum infiltration rate of 100 in./hr using ASTM C1701 Standard Test Method for Infiltration Rate of In Place Pervious Concrete. This test method can be used on porous asphalt and PICP.
Porous Asphalt Installation – The following has been excerpted from the Minnesota Asphalt Pavement Association (MAPA 2012) at www.asphaltisbest.com/resources_engineering.asp and from the National Asphalt Pavement Association (Hansen 2008). These documents should be reviewed for detailed specifications.  
· Use PG 58-28 or PG 64-22 asphalt binder.

· Install porous asphalt pavement at according to temperatures recommended in the aforementioned references with a minimum air temperature of 50oF to ensure that the surface does not stiffen before compaction.

· Complete compaction of the surface course when the surface is cool enough to resist a 10-ton roller. One or two passes of the roller are required for proper compaction. More rolling could cause a reduction in the porosity of the pavement.

· The mixing plant must provide certification of the aggregate mix, abrasion loss factor, and asphalt content in the mix. 
· Transport the mix to the site in a clean truck with smooth dump beds sprayed with a non-petroleum release agent. The mix should be covered during transportation to control cooling.

Pervious Concrete Installation – The basic installation sequence for pervious concrete is outlined by the American Concrete Institute in ACI Specification 522.1 (ACI 2010) and can be purchased from http://www.concrete.org/bookstorenet/productdetail.aspx?itemid=522108. Guide specifications for Minnesota applications should be obtained from the Aggregate and Ready Mix Association of Minnesota www.armofmn.com. Concrete installers should successfully complete a recognized pervious concrete installers training program, the Pervious Concrete Contractor Certification Program offered by the National Ready Mix Concrete Association. The basic installation procedure is as follows:

· Water the underlying aggregate (reservoir layer) before the concrete is placed, so that the aggregate does not draw moisture from the freshly laid pervious concrete.

· After the concrete is placed, approximately 3/8 to 1/2 inch is struck off, using a vibratory

screed. This is to allow for compaction of the concrete pavement.
· Compact the pavement with a steel pipe roller. Care should be taken so that over-compaction does not occur.

· Cut joints for the concrete to a depth of ¼ inch.

· Curing: Cover the pavement with plastic sheeting within 20 minutes of the strike-off, and keep it covered for at least seven days. Do not allow traffic on the pavement during this time period.
Installation of Interlocking Pavers – The basic installation process is described in greater detail by Smith (Smith 2010). Permeable paver job foremen should successfully complete the PICP Installer Technician Course training program offered by the Interlocking Concrete Pavement Institute. The following installation method also applies to clay paving units. Contact manufacturers of composite units for installation specifications. Guide construction specifications are available at http://www.icpi.org/view/documents/search?type=guide_spec&keys=permeable. 
· Moisten, place and level the No. 2 stone subbase and compact it in minimum 12 inch thick lifts with four passes of a 10-ton steel drum static roller until there is no visible movement. The first two passes are in vibratory mode with the final two passes in static mode. The filter aggregate should be moist to facilitate movement into the reservoir course.

· Place edge restraints before the base layer, bedding and pavers are installed. Permeable interlocking pavement systems require edge restraints to prevent vehicle loads from moving the pavers. Edge restraints may be standard concrete curbs or curb and gutters. 
· Moisten, place and level the No. 57 base stone in a single lift (4 inches thick). Compact it into the reservoir course beneath with at least four (4) passes of a 10-ton steel drum static roller until there is no visible movement. The first two passes are in vibratory mode, with the final two passes in static mode. 

· Place and screed the bedding course material (typically No. 8 stone, 2 inches thick).
· Pavers may be placed by hand or with mechanical installers. 
· Fill gaps at the edge of the paved areas with cut pavers or edge units. When cut pavers are needed, cut the pavers with a paver splitter or masonry saw. Cut pavers no smaller than one-third (1/3) of the full unit size if subject to tires.

· Fill the joints and openings with stone. Joint openings must be filled with No. 8, 89 or 9 stone per the paver manufacturer’s recommendation. Sweep and remove excess stones from the paver surface.

· Compact and seat the pavers into the bedding course with a minimum low-amplitude 5,000 lbf, 75- to 95 Hz plate compactor. Do not compact within 6 feet of the unrestrained edges of the pavers.

· Thoroughly sweep the surface after construction to remove all excess aggregate.

· Inspect the area for settlement. Any paving units that settle must be reset and inspected. 

· The contractor should return to the site within 6 months to top up the paver joints with stones.

Construction Inspection – Inspections before, during and after construction are needed to ensure that permeable pavement is built in accordance with these specifications. Use a detailed inspection checklist that requires sign-offs by qualified individuals at critical stages of construction and to ensure that the contractor’s interpretation of the plan is consistent with the designer’s intent. The following checklist provides an example. 
Pre-construction meeting

· Walk through site with builder/contractor/subcontractor to review erosion and sediment control plan/stormwater pollution prevention plan or SWPPP)

· Determine when permeable pavement is built in project construction sequence; before or after building construction and determine measures for protection and surface cleaning

· Aggregate material locations identified (hard surface or on geotextile)

Sediment management

· Access routes for delivery and construction vehicles identified

· Vehicle tire/track washing station location/maintenance (if specified in the erosion and sediment control plan/SWPPP) 
· Contributing drainage areas are stabilized and are not eroding

Excavation

· Utilities located and marked by local service

· Excavated area marked with paint and/or stakes

· Excavation size and location conforms to plan

· Excavation hole as sediment trap: cleaned immediately before subbase stone placement and runoff sources with sediment diverted away from the pavement or all runoff diverted away from excavated area.

· Temporary soil stockpiles should be protected from run-on, run-off from adjacent areas and from erosion by wind.

· Ensure linear sediment barriers (if used) are properly installed, free of accumulated litter, and built up sediment less than 1/3 the height of the barrier.

· No runoff enters pavement until soils stabilized in area draining to pavement
· Waterproofed foundation walls foundation walls

· Soil subgrade: rocks and roots removed, voids refilled with base aggregate
· Soil compacted to specifications (if required) and field tested with density measurements per specifications

· No groundwater seepage or standing water. If so dewatering or dewatering permit may be

required.

Geotextiles 

· Meets specifications

· Sides of excavation covered with geotextile prior to placing aggregate base/subbase

· Placement and down slope overlap (min. 2 ft) conform to specifications and drawings

· No tears or holes

· No wrinkles, pulled taught and staked
Impermeable Liners (if specified)

· Meets specifications

· Placement, field welding, and seals at pipe penetrations done per specifications

Drain pipes/observation wells

· Size, perforations, locations, slope, and outfalls meet specifications and drawings

· Verify elevation of overflow pipes
· Underdrains capped at upslope ends
Aggregates

· Test results conform to specifications

· Spread (not dumped) with a front-end loader to avoid aggregate segregation

· Storage on hard surface or on geotextile to keep sediment-free

· Thickness, placement, compaction and surface tolerances meet specifications and drawings
Once the final construction inspection has been completed, log the GPS coordinates for each facility and submit them for entry into the local BMP maintenance tracking database.

X.9 MAINTENANCE 
Maintenance Agreements – Maintenance agreements should note which conventional parking lot maintenance tasks must be avoided (e.g., sanding, re-sealing, re-surfacing, power-washing). Signs should be posted on parking lots to indicate their stormwater function and special maintenance requirements.

When permeable pavements are installed on private residential or commercial property, owners must understand routine maintenance requirements. These requirements can be enforced via a deed restriction, drainage easement, maintenance agreement, or other mechanism enforceable by the local authority to help ensure that the permeable pavement is maintained and continues functioning. The mechanism should, if possible, grant authority for local agencies to enter the property for inspection or corrective action.
Maintenance Inspections - Maintenance of permeable pavement reviews its condition and performance. A spring maintenance inspection is recommended and cleanup conducted as needed. The following are recommended annual maintenance inspection points for permeable pavements:

· The drawdown rate should be measured at the observation well for three (3) days following a storm event in excess of 1/2 inch in depth. If standing water is still observed in the well after three days, this is a clear sign that subgrade soil clogging is a problem.

· Inspect the surface for evidence of sediment deposition, organic debris, staining or ponding that may indicate surface clogging. If any signs of clogging are noted, schedule a vacuum sweeper to remove deposited material. Then test sections using ASTM C1701 to ensure that the surface attains an infiltration rate of at least 10 in./hr.

· Inspect the structural integrity of the pavement surface, looking for signs of surface deterioration, such as slumping, cracking, spalling or broken pavers. Replace or repair affected areas as necessary.
· Check inlets, pretreatment cells and any flow diversion structures for sediment buildup and structural damage. Remove the sediment.

· Inspect the condition of the observation well and make sure it is capped.

· Inspect any contributing drainage area for any controllable sources of sediment or erosion.

X.10 COMMUNITY AND ENVIRONMENTAL DESIGN CONCERNS
Compliance with the Americans with Disabilities Act (ADA) – All permeable pavements are ADA compliant. PICP is compliant if designs are used with joints less than ½ inch wide.

Groundwater Protection and Underground Injection Control Permits – The Safe Drinking Water Act regulates the infiltration of stormwater in certain situations pursuant to the Underground Injection Control (UIC) Program, which is administered either by the US EPA or a delegated state groundwater protection agency. The US EPA (USEPA 2008) determined that permeable pavement installations are not classified as Class V injection wells since they are always wider than they are deep. There may be an exception in karst terrain if the discharge from permeable pavement is directed to an improved sinkhole, although this would be uncommon. 
Air and Runoff Temperature – Permeable pavement appears to have some value in reducing summer runoff temperatures which can be important in watersheds with sensitive cold-water fish populations. The temperature reduction effect is greatest when runoff is infiltrated into reservoir layer when underdrains are used. All permeable pavements exhibit cooler summer temperatures than their impervious counterparts. This is likely due to a higher specific heat of permeable pavements.
Sustainable Rating Systems – All permeable pavements support sustainable rating systems such as LEED and others plus sustainable transportation rating systems such as those published by the Institute for Sustainable Infrastructure (Envision), Federal Highway Administration (INVEST), and the University of Washington (Greenroads). 
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