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US 30 in Merrillville, IN (Photo courtesy of Joey B. Lax-Salinas)

Highway Stormwater Management
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Stormwater Management Goals

ÅVolume Reduction

ÅRate Control

ÅContaminant Retention

ïSediment (or TSS)

ïNutrients (N & P)

ïMetals (Cd, Cu, Pb, Zn, etc.)

ïOils & Greases

ïChloride

Chris Fertnig/ istockphonto

doityourself.com



Contaminant Sources

ÅVehicles
ïMotor oil: Phosphorus, oils

ïBatteries: Lead, nickel

ïBrakes: Cd, Cu, Pb, Zn

ïTires: TSS, Cd, Cu, Pb, Zn

ïElectronics: Copper

ÅBuildings
ïMetal roofs, flashing, 

siding, gutters

ÅAtmospheric Deposition
evening_tao, freepik.com
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Stormwater Management Options

ÅPermeable Pavements 

ïPermeable Pavement Shoulders

ïOpen Graded Friction Course

ÅDrainage Swales

ÅIron Enhanced Sand Filter Check Dams



Conventional Pavement

ÅAgg-AggContact

ÅLow void 
content

ÅHigh Stability

Photo courtesy of M. Barrett



Permeable Pavement

ÅAgg-AggContact

ÅHigh void content (15-25%)

Photos courtesy of M. Barrett and perviouspavement.org



Full-Depth Permeable Pavement

ÅStone reservoir 
under permeable 
pavement

ÅUnderdrains, if 
necessary

ÅInfiltration into 
soil subgrade

Runoff

Infiltration

Under-
drain

Image source: MPCA



Permeable Pavement Shoulders

ÅFull depth

ÅMust separate 
permeable 
reservoir from 
road subbase

ÅFound viable by 
Caltrans and 
NCHRP

Hein et al. 2013 and Chai et al. 2012



Permeable Pavement Shoulders

ÅFull depth

ÅMust separate 
permeable 
reservoir from 
road subbase

ÅUnderdrains 
optional

South Bend, Indiana (Photo courtesy of Brian Lutey, Ozinga)



Hein et al. 2013. Image source: ABC 10 ςSan Diego



Source: Drake 2013, Hein 2013, NCDENR 2012 Image source: Delaware Free News



Image: NY DECSource: Rowe 2010, UMD, Concrete Network.



Open Graded Friction Course (OGFC)

ÅPlaced over 
conventional 
pavement

Å25-50 mm thick

Å~20% voids

ÅVertical then lateral 
infiltration

Å8-10 year life

Image source: Putman and Kline 2012



Image source: Barrett 2008



Image source: Barrett 2008

Open Graded Friction Course
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Image source: Barrett 2008

Open Graded Friction Course

OGFC core impregnated with fluorescent epoxy after > 2.5 years of service



Open Graded Friction Course

Spray reduction may mean less TSS on road surface 
(Video source: PlantmixAsphalt Industry of KY)



OGFC Test on I74 - Indianapolis

McDaniel et al. 2010

ÅTest section of OGFC east 
of Indianapolis in 2003

ÅMonitored for 4 years 
(until 5 years old)

ÅhDC/ Ŏŀƴ άǇŜǊŦƻǊƳ ǿŜƭƭ 
under Indiana ŎƻƴŘƛǘƛƻƴǎέ

Åά±ƻƛŘǎ ŘƛŘ ƴƻǘ ŎƭƻƎ ƻǾŜǊ ǘƘŜ ƭƛŦŜ ƻŦ ǘƘŜ ǎǘǳŘȅέ

ÅάLb5h¢ ƴƻǿ Ƙŀǎ ŀ ƴŜǿ ǘƻƻƭΧέ



OGFC Test on I74 - Indianapolis

I74 OGFC after 5 years of service (McDaniel et al. 2010).

ÅNot recommended for slower traffic
ÅOGFC was colder, retained snow and ice longer
ÅRequired 1-2 additional salt applications



Winter Maintenance of OGFC

Backstrom& Bergstrom 2002, Camomillaet al. 1990, FHWA 2005, 
Isenringet al. 1990, Moore et al. 2001

ÅWinter infiltration may decrease 90-
100%

ÅUse pre-wetted salts & increase 
frequency

ïMore anti-icing agent (50 ς300% 
increase)

ÅDo not use with frequent snowplowing

ÅOGFC no worse than conventional 
pavements in Switzerland winter



Limitations of OGFC

OGFC on US 59 in TX (from Texas A&M Transportation Institute)

NCHRP 2009

ÅLŎŜ ǿƛƭƭ ŦƻǊƳ ƳƻǊŜ ǉǳƛŎƪƭȅΥ bŜŜŘ άŜŀǊƭȅ ŀƴŘ ŎƭƻǎŜ 
ŀǘǘŜƴǘƛƻƴέ

ÅLower friction with locked wheels

ÅNot for use in:

ïUrban or high solids areas (i.e. farms)

ïLow volume roads (ADT < 1000)

ïCurbed areas or areas requiring handwork

ïHeavily snow plowed areas

ïProjects with long hauls (draindown)



Monitoring of a swale in California.     Image : Barrett 2004

Highway Drainage Swales



Barrett 2008
Image source: sdstate.edu

ÅTSS Removal typically > 70%

ÅTSS Removal on side slope or embankment

ï59 - 82%, 2 m from EOP

ï93 - 96%, 4 m from EOP

ÅNo N or P removal (may increase)

ÅTotal metals reduced



Performance of highway swale in Sacramento, CA. Slope = 33%

Impact of Median Width

Barrett 2004



Monitoring of a highway median in Washington. (Ahmed et 

al. 2014, Barrett et al. 1998, Barrett 2004, Lancaster 2009, Li et al. 2008. Image: Cory Lancaster.)



. 

Drainage Swale Maintenance Costs

Source: Ahmed et al. 2014, US EPA 1999, MnDOTpersonal communication 
except as noted. * US EPA 1999.                           Photo: roads.Maryland.gov

Maintenance Activity Cost (2013)

Annual O&M* 5-6% of total construction $

Swale: Mow & sediment removal $6-$13 per foot

Concrete end aprons: Sediment removal$285 per apron

Break up soil to 16-20 inches $420 per acre

Maintenance Activity Person-hours

Swale: Mow & sediment removal 0.22 - 0.28 per foot

Concrete end aprons: Sediment removal5.7 per apron



Garcia-Serranaet al. 2016

Swale Hydraulic Model

ÅGrid established 
over entire channel

ÅModel infiltration: 
Green-Ampt eq.

ÅModel flow: 
Kinematic Wave eq.

ÅCalculate volume & 
fraction of runoff

Schematic of modeling grid



Garcia-Serranaet al. 2016

Field Verification of Hydraulic Model



Garcia-Serranaet al. 2016

Field Verification of Hydraulic Model



Garcia-Serranaet al. 2016

Estimating Annual Performance



Percent rainfall volume and frequency graph 
(Garcia-Serranaet al. 2016)

Estimating Annual Performance

1.2-мΦсέΥ мл҈ ƻŦ Ǌŀƛƴ ǾƻƭǳƳŜ



Example: Ws/ Wr = 0.4, Ksat= 2.03 cm/hr
(Garcia-Serranaet al. 2016)

Estimating Annual Performance

Avg= 36%

S = 60.6%



Annual Infiltration Performance using MSP historic 
rainfall data.        (Garcia-Serranaet al. 2016)

Estimating Annual Performance

60.6%



Modified Philip Dunne (MPD) Infiltrometer & In field 
measurements (Ahmed et al. 2014)

Drainage Swales Infiltration Capacity



Spatial variation of Ksat adjacent to HWY 212 near 
Twin Cities    (Ahmed et al. 2014, 2015; Weiss & Gulliver 2015)

Wide Variation in Permeability

Ksat-eff = 0.32(Kavg) + 0.68(Kgeomean)
~20 measurements in 350 m long swale



Photo Source: Barr Engineering & MPCA

Iron-Enhanced Sand Filtration (IESF)

ÅTargets dissolved P 

Å5-7% Fe w/ C33 sand

ÅIron rusts (+ charge)

ÅPhosphate (- charge)

ÅP adsorbs to Fe

ÅUp to 70-90% 
dissolved P retained

ÅUsed in surface sand 
filters in MinnesotaMaplewood, MN Iron-enhanced 

surface sand filter.



Schematic of IESF Check Dam    (Natarajan & Gulliver 2015)

IESF for Highway Swales

ÅCheck dam w/ filter 

ÅIron-sand mix socks

ÅSupported by cage

Å7% iron by weight

ÅSand d50 = 1.2 mm

ÅLarger than C33 (d50

= 0.7 mm)



IESF Check Dam, TH5 in Stillwater, MN 
(Natarajan & Gulliver 2015)

IESF for Highway Swales



Water truck testing, TH 5 in Stillwater, MN 
(Natarajan & Gulliver 2015)

Testing of IESF Check Dam



Water truck synthetic runoff test results.  
(Natarajan & Gulliver 2015)

Test Results

Influent P load = 0.41 g
Effluent P load = 0.089 g
78% dissolved P 
retention

Each data point is average concentration of 20 L synthetic runoff volume



Rainstorm monitoring results, TH 5 in Stillwater, 
MN.                                           (Natarajan & Gulliver 2015)

Natural Rainstorm Monitoring

IESF Check Dam: 35% P retention. Unmodified Check Dam: 14% P increase.



Heavy Rain in Central Indiana on June 15, 2016.          
Photo: Kim Mosier




