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Traditional Urban 
Drainage Problems

• Roads/parking lots account for 70% total 
impervious cover  (NRC, 2009)

• 80% of impervious cover, i.e. roads, parking lots, 
and roofs, are directly connected to drainage 
system (NRC, 2009)

• “Urban municipal separate stormwater 
conveyance systems have been designed for flood 
control …failed to address the more frequent rain 
events (<2.5 cm)…. small storms may only 
generate runoff from paved areas and transport
the “first flush” of contaminants.” (NRC, 2009)
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Edison Environmental Center (EEC) 
former Raritan Arsenal

Full-scale
• Permeable
pavement

• Bioinfiltration

Roof runoff
collection
and use

Urban Water
Research 
Facility
• Swales
• Rain garden
• Rainwater
sampling

• Pipelines
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Permeable Pavement and Bioinfiltration 
Research and Demonstration Site

• Side by side testing of three permeable parking surfaces 
• Evaluation of effect of hydraulic loading on bioinfiltration hydrologic 

performance
• Continuous and event-based sampling for water quantity and quality 

parameters



Final design incorporated monitoring 
capabilities for 3 permeable surfaces.
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Permeable pavers

Buried distribution pipes

Buried well/piezometers

Pervious concrete

Tree islands

Collection tanks

Porous asphalt Rain gardens

Hot mix asphalt Curb cuts
Buried Water Content Reflectometers
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Porous Asphalt
(3 in.) 

Pervious Concrete
(6 in.) 

Permeable Pavers
(3.125 in.) 
AASHTO No. 8
(2 in.) 
AASHTO No. 57
(4 in.) AASHTO No. 2   

RCA (depth varies)
AASHTO No. 2   
RCA (depth varies)AASHTO No. 2   

RCA (depth varies) EPDM MembraneEPDM MembraneEPDM Membrane
Existing SubgradeExisting SubgradeExisting Subgrade

RCA = Recycled Concrete Aggregate
Depth to EPDM Membrane ~ 16 in.

Vertical cross sections of permeable surfaces 
vary slightly from material to material.



Construction began late 2008 with 
opening in October 2009.

77

March 25, 2009

June 1, 2009 August 5, 2009

October 28, 2009October 8, 2009ctober 6, 2009

November 26, 2008 February 26,2009December 18, 2008
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Four equally-sized and spaced lined 
sections collect infiltrating water 
from each permeable surface.

8
Lined sections 15’6” w x 18’ long
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Infiltrate drains from lined sections 
to 5,700 L (1,500 gal) tanks on east 
side of the 0.4 ha (1 acre) parking 
lot where it can be sampled.  Tanks 
designed to collect 38 mm (1.5 in) 
event before bypass.
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Permeable Interlocking Concrete 
Pavers (PICP)

EPHenry EcoPavers East Penn Pavement Company
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Pervious concrete (PC) was 
poured over two days 

and cured under plastic for a week.

Nova Crete, Inc.Weldon Concrete
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Porous Concrete (PC)
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Placing the porous asphalt (PA) 
took two days.

Stavola, Inc.Stavola, Inc.



Permeable Surfaces during Rain
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Permeable Pavers       Conventional asphalt

Conventional 
asphalt 

Pervious concrete

Conventional asphalt



Results
• Infiltration Testing
• Water Quality 
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Underlying Pre-construction Soil Infiltration 
Testing Compared to Post-construction 

In-situ Moisture Measurements

Pre-construction infiltration test Post-construction soil moisture measurements
Water content reflectometer 
(WCR) installation

Stander et al. (2013)



Calibration of Water Content 
Reflectometers in Large Aggregate

18
Stander et al. (2013)
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Calibration led 
to interpretation
of data – on 
afternoon of 3/13/10
> 19% water content 
or > 10 Ka apparent 
permittivity implies 
saturation or 
inundation in 
portion of storage 
gallery.

Stander et al. (2013)
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Initial Surface Infiltration Rates

Surface type
Initial surface 

infiltration rate
(cm/hr ± 1SD)

Literature reported 
infiltration rate 

(cm/hr)
Permeable Interlocking Concrete Pavers 2440 ± 305 2000 (Bean et al., 2007)

Pervious Concrete 4220 ± 876 4000 (Bean et al., 2007)
Porous Asphalt 147 ± 43 430 (Ferguson, 2005)

Modified ASTM C1701 apparatus

EPA (2010) 
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Surface Infiltration Rates
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Chart3

		Dec		Dec		Dec		Dec		147.855449512		147.855449512		51.1249928523		51.1249928523		146.3873702882		146.3873702882		7.0475934159		7.0475934159

		Jan		Jan		Jan		Jan		192.1700950712		192.1700950712		79.3614234577		79.3614234577		103.1602312863		103.1602312863		32.7329932462		32.7329932462

		Feb		Feb		Feb		Feb		203.8964472329		203.8964472329		65.6948041232		65.6948041232		212.8302810249		212.8302810249		12.7784382655		12.7784382655

		March		March		March		March		237.4955438604		237.4955438604		86.3349942937		86.3349942937		208.6843486848		208.6843486848		14.4121130083		14.4121130083

		April		April		April		April		241.5653608342		241.5653608342		68.3745083039		68.3745083039		143.7793111001		143.7793111001		10.42765357		10.42765357



N Pervious concrete

Pavers

Pervious concrete

Porous asphalt

Surface Infiltration Rate (cm/hr)

2413.0670733456

2444.3048142852

4222.8270376861

148.2799349351

2817.3929130694

2355.9169870139

3877.8938055439

215.6992592603

4199.5568921843

2289.0042790243

4732.9402182333

151.4296481641

4155.5660394287

2485.4668227598

5348.9214985231

189.8230229519

4403.1746666667

2511.0863333333

4287.7728872037

173.1579302589
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		Surface infiltration summary

				Date

				12/11/09		12/11/09		12/11/09		12/11/09		12/11/09		12/11/09		1/14/10		1/14/10		1/14/10		1/14/10		1/14/10		1/14/10		3/1/10		3/1/10		3/1/10		3/1/10		3/1/10		3/1/10		3/10/10		3/10/10		3/10/10		3/10/10		3/10/10		3/10/10		4/23/10		4/23/10		4/23/10		4/23/10		4/23/10		4/23/10

		N PC		615.0378126818		1295.6495098039		416.5681639086		1125.9318423855		1087.7057613169		1159.2653508772		1115.2426160338		534.774911482		1559.3657817109		639.594676346		1631.5586419753		1174.7222222222		1566.2962962963		1991.054613936		2288.4199134199		1067.9292929293		1151.688453159		1854.8245614035		2259.0811965812		1286.1922141119		851.2479871176		1382.0261437909		2230.4852320675		1807.264957265		1432.6		2630		2188.9		1545.7		1545.7		1058.3

		PP		1091.0732714138		885.4690117253		1104.7544409613		791.9475655431		929.8592788039		970.8448117539		908.2903780069		915.367965368		1140.5070118662		641.9247115968		1125.9318423855		833.1363278172		998.3474976393		942.2905525847		1055.1397205589		899.0221088435		608.6643638457		903.6324786325		1190.5968468468		1087.7057613169		1140.5070118662		924.978127734		641.9247115968		885.4690117253		897.2		889.9		868		883.2		1190.6		1202.8

		PC		2216.4570230608		1499.6453900709		1744.6369636964		1788.9170896785		1186.5881032548		1538.9374090247		1779.8821548821		1599.7125132395		1631.5586419753		1295.6495098039		1694.3108974359		1159.2653508772		2241.8363019508		1968.8081936685		2447.337962963		1462.3098201936		1968.8081936685		1091.0732714138		1979.8689138577		2060.9161793372		2365.2125279642		2553.7439613527		1211.0538373425		2464.4522144522		2057.3068690407		1845.1134380454		1957.8703703704		1719.1056910569		1281.5151515151		1267.6858513189

		PA		84.1089896579		46.4317083882		62.4852245863		48.7436606731		69.0336271629		39.4643523703		37.5310614129		24.0393360618		30.2244139508		97.0844811754		228.990686593		91.6558300824		109.6163815448		47.2091984818		57.9632675439		23.3388520971		42.7171717172		76.862958924		111.5242616034		35.6877637131		118.0625348967		45.4731182796		76.3633080534		61.2898550725		107.1175278622		52.4429563492		87.2318481848		41.5096191598		66.4310398995		54.301489471

				Date

				12/11/09		12/11/09		12/11/09		12/11/09		12/11/09		12/11/09		avg		sd		se

		N PC		615.0378126818		1295.6495098039		416.5681639086		1125.9318423855		1087.7057613169		1159.2653508772		950.026406829		349.2648413669		58.2108068945

		PP		1091.0732714138		885.4690117253		1104.7544409613		791.9475655431		929.8592788039		970.8448117539		962.3247300336		120.7676996511		20.1279499418

		PC		2216.4570230608		1499.6453900709		1744.6369636964		1788.9170896785		1186.5881032548		1538.9374090247		1662.5303297977		345.7969376887		57.6328229481

		PA		84.1089896579		46.4317083882		62.4852245863		48.7436606731		69.0336271629		39.4643523703		58.3779271398		16.6478584628		2.7746430771

				1/14/10		1/14/10		1/14/10		1/14/10		1/14/10		1/14/10

		N PC		1115.2426160338		534.774911482		1559.3657817109		639.594676346		1631.5586419753		1174.7222222222		1109.209808295		453.9451064675		75.6575177446

		PP		908.2903780069		915.367965368		1140.5070118662		641.9247115968		1125.9318423855		833.1363278172		927.5263728401		187.4679294276		31.2446549046

		PC		1779.8821548821		1599.7125132395		1631.5586419753		1295.6495098039		1694.3108974359		1159.2653508772		1526.7298447023		243.6855857157		40.614264286

		PA		37.5310614129		24.0393360618		30.2244139508		97.0844811754		228.990686593		91.6558300824		84.9209682127		77.3220312901		12.887005215

				3/1/10		3/1/10		3/1/10		3/1/10		3/1/10		3/1/10

		N PC		1566.2962962963		1991.054613936		2288.4199134199		1067.9292929293		1151.688453159		1854.8245614035		1653.3688551907		481.6451509439		80.274191824

		PP		998.3474976393		942.2905525847		1055.1397205589		899.0221088435		608.6643638457		903.6324786325		901.1827870174		155.184576669		25.8640961115

		PC		2241.8363019508		1968.8081936685		2447.337962963		1462.3098201936		1968.8081936685		1091.0732714138		1863.3622906431		502.7486953344		83.7914492224

		PA		109.6163815448		47.2091984818		57.9632675439		23.3388520971		42.7171717172		76.862958924		59.6179717181		30.1852872413		5.0308812069

				3/10/10		3/10/10		3/10/10		3/10/10		3/10/10		3/10/10

		N PC		2259.0811965812		1286.1922141119		851.2479871176		1382.0261437909		2230.4852320675		1807.264957265		1636.0496218223		561.0130957333		93.5021826222

		PP		1190.5968468468		1087.7057613169		1140.5070118662		924.978127734		641.9247115968		885.4690117253		978.530245181		203.9409314023		33.9901552337

		PC		1979.8689138577		2060.9161793372		2365.2125279642		2553.7439613527		1211.0538373425		2464.4522144522		2105.8746057178		492.9551543735		82.1591923956

		PA		111.5242616034		35.6877637131		118.0625348967		45.4731182796		76.3633080534		61.2898550725		74.7334736031		34.044361437		5.6740602395

				4/23/10		4/23/10		4/23/10		4/23/10		4/23/10		4/23/10

		N PC		1432.6		2630		2188.9		1545.7		1545.7		1058.3		1733.5333333333		570.6268366162		95.1044727694

		PP		897.2		889.9		868		883.2		1190.6		1202.8		988.6166666667		161.5145865446		26.9190977574

		PC		2057.3068690407		1845.1134380454		1957.8703703704		1719.1056910569		1281.5151515151		1267.6858513189		1688.0995618912		339.636167953		56.6060279922

		PA		107.1175278622		52.4429563492		87.2318481848		41.5096191598		66.4310398995		54.301489471		68.1724134877		24.6322525276		4.1053754213

		avg

				12/11/09		1/14/10		3/1/10		3/10/10		4/23/10

		N PC		950.026406829		1109.209808295		1653.3688551907		1636.0496218223		1733.5333333333		2413.0670733456		2817.3929130694		4199.5568921843		4155.5660394287		4403.1746666667

		PP		962.3247300336		927.5263728401		901.1827870174		978.530245181		988.6166666667		2444.3048142852		2355.9169870139		2289.0042790243		2485.4668227598		2511.0863333333

		PC		1662.5303297977		1526.7298447023		1863.3622906431		2105.8746057178		1688.0995618912		4222.8270376861		3877.8938055439		4732.9402182333		5348.9214985231		4287.7728872037

		PA		58.3779271398		84.9209682127		59.6179717181		74.7334736031		68.1724134877		148.2799349351		215.6992592603		151.4296481641		189.8230229519		173.1579302589

				Dec		Jan		Feb		March		April

		se		12/11/09		1/14/10		3/1/10		3/10/10		4/23/10

		N PC		58.2108068945		75.6575177446		80.274191824		93.5021826222		95.1044727694		147.855449512		192.1700950712		203.8964472329		237.4955438604		241.5653608342																		93.5021826222		33.9901552337		82.1591923956		5.6740602395

		PP		20.1279499418		31.2446549046		25.8640961115		33.9901552337		26.9190977574		51.1249928523		79.3614234577		65.6948041232		86.3349942937		68.3745083039

		PC		57.6328229481		40.614264286		83.7914492224		82.1591923956		56.6060279922		146.3873702882		103.1602312863		212.8302810249		208.6843486848		143.7793111001

		PA		2.7746430771		12.887005215		5.0308812069		5.6740602395		4.1053754213		7.0475934159		32.7329932462		12.7784382655		14.4121130083		10.42765357





Sheet1

										147.855449512		147.855449512		51.1249928523		51.1249928523		146.3873702882		146.3873702882		7.0475934159		7.0475934159

										192.1700950712		192.1700950712		79.3614234577		79.3614234577		103.1602312863		103.1602312863		32.7329932462		32.7329932462

										203.8964472329		203.8964472329		65.6948041232		65.6948041232		212.8302810249		212.8302810249		12.7784382655		12.7784382655

										237.4955438604		237.4955438604		86.3349942937		86.3349942937		208.6843486848		208.6843486848		14.4121130083		14.4121130083

										241.5653608342		241.5653608342		68.3745083039		68.3745083039		143.7793111001		143.7793111001		10.42765357		10.42765357
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Sediment accumulates (and clogging progresses) 
from the upgradient edge.
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Measured surface infiltration rates 
using modified version of ASTM C1701 
at monthly intervals for three years.

23

Modifications were:
(1)how the seal was achieved between the ring and the surface;
(2)added temperature measurements of surface and water.

Brown and Borst (2014) 



Infiltration rates vary among four tested 
surfaces, but all surfaces can infiltrate 
maximum expected direct rainfall rates.

100-year, 5-minute 
rainfall intensity

• Edison, NJ
20.8 cm/hr (8.2 in/hr)

24

0.15-m (6-in.) thick

0.20-m (8-in.) thick

PC-N                    PP                       PC                      PA



Infiltration decreases with time for 
surfaces that receive runoff from 
driving lane.
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Hypothesis of the mechanics 
of the infiltration/clogging 
processes.
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Flow



As gaps fill with sediment, 
location of highest infiltration 
area move downgradient.
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Flow



Sediment accumulates (and clogging progresses) 
from the upgradient edge.

28 SedimentNo sediment



Permeable Interlocking 
Concrete Pavers Immediately 

after Installation
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Inspection of porous asphalt 
supports proposed mechanism.
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After installation After use



Removal of pavers shows how clogging 
advances filling gaps with fines.
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With aggregate between the pavers, 
most fines are trapped 

in the top 20 mm.
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The permeable pavement 
parking lot at the EEC 
allows evaluation of water 
quality effects.

• Published results
–Chloride
–Speciated nitrogen
–Organic carbon
–Phosphate
–pH
–SVOCs
–Metals
–Microbial indicators

33 1,500-gallon collection tanks



0

All permeable surfaces reduced 
suspended sediments concentration 
(SSC).
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Acidic rainfall is buffered by all 
pavement surfaces, and 
PA exfiltrate is surprisingly basic.

35 NSQD median for commercial property 7.3

Note: Preliminary Data
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Mean pH per surface per 
sampling event over time 
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One-way ANOVA Type of 
Pavement Effect on Log Total 

Organic Carbon (TOC) 
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One-way ANOVA Type of 
Pavement Effect on Log Chemical 

Oxygen Demand (COD)

38



One-way ANOVA Seasonal 
Effect on Log TOC
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Observation of Semi-Volatile 
Organics Compounds in 
Permeable Pavement Infiltrate 

• Data range is from February, 2010 – April, 2013.
• Most chemicals below detection with 42 never observed 
and 12 < 10% observation frequency.

• Only 22 chemicals had > 10% observation frequency.
• Trend for 22 chemical observed in porous asphalt 
infiltrate: greater observation of low molecular weight 
(LMW) SVOCs and lesser observation of high molecular 
weight (HMW) SVOCs.

• No such trend observed for PICP or pervious concrete 
infiltrate.

• Porous asphalt is source for LMW SVOC and sink for 
HMW SVOC. 40 O’Connor (2017)



Observation of Microbial 
Pathogenic Indicator 

Organisms in Permeable 
Pavement Infiltrate 

41
Selvakumar and O’Connor (2018)



Potential Source of High pH 
in Porous Asphalt Infiltrate

• Asphalt emulsions are suspected cause of high pH.
• Specifications for porous asphalt called for asphalt mix 
between 4.0% and 4.5% asphalt and addition of a 
liquid anti-stripping agent.

• Anionic emulsions have pH range of 10 to 12 
(Transportation Research Board, 2006) which is range 
of pH observations for the PA infiltrate.  

• Alternatively asphalt emulsions can be cationic with 
correspondingly acidic pH (e.g., pH 1 to 4) 
(Transportation Research Board, 2006).
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Winter salt application leads to  
observed chloride concentrations  
with annual rainfall.
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Chloride from Deicing Salts 
• Chloride concentrations of infiltrate exceeded acute 
toxicity for freshwater aquatic life (>860 mg/l) in rain 
events immediately following salt application.

• Chloride concentrations exceeding detection limit (> 5 
mg/l) throughout remainder of the year, but did not 
exceed chronic toxicity threshold (>230 mg/l) after April.

• Porous Asphalt had the slowest release, chloride 
persisted at larger concentrations in samples collected 
after April. 

• Annually, mean infiltrate concentration observed was 
largest for the PA pavement.

44 Borst and Brown (2014).



Disaggregation of Pervious Concrete

Large portions of the pervious concrete disaggregated. The problem first became 
apparent about 18 months after pouring concrete.  It was repaired by the contractor 
in May 2011, but has recurred more extensively in 2014. 
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National Ready Mixed Concrete 
Association (NRMCA) revised 
O&M guidance (2015).
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“Deicing chemicals 
should not be used on 
any type of concrete 
in the first year.”



Replacement Surface (2016): 
Pavers, Compliant with 

Americans with Disabilities Act (ADA)
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Narrower gap



Other Findings
• Cumulative evaporation for PICP was 3.9–5.8%, PC 
6.5–7.6% and PA 2.4–5.6% (Brown and Borst 2015).

• Temperature of Surfaces

48

Media Mean 
Temperature 
(°C)

Maximum 
Temperature 
(°C)

PICP 15.8 57.5
PC 15.6 44.7
PA 16.1 58.1
Hot Mix Asphalt 19.7 78.3
Unvegetated Soil 14.5 35.2
Air 13.3 40.6



Design of 
Stormwater 
Conveyance

Most Rains

Design of 
Stormwater 
BMPS

Design of Green Infrastructure 

EPA (1977) 

Overall Percent Precipitation Control vs. Rainfall 
Intensity (Data - Atlanta, GA, 1948 - 1972) 
(EPA-600/2-77-064b, NTIS PB 266 005)
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