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Abstract

A primary aspect of low impact development (LID) design that affects performance efficiency, maintenance frequency, and
lifespan of the facility is the type of filter media as well as the arrangement or media profile. Several LID guidelines providing
media specifications are currently available and numerous studies have been published presenting the effectiveness of these
systems. While some results are similar and consistent, some of them still varies and only a few focuses on the effect of filter
media type and arrangement on system performance. This creates a certain level of uncertainty when it comes to filter media
selection and design. In this review, a synthesis of filter media specifications from several LID design guidelines are presented
and relevant results from different laboratory and field studies are highlighted. The LID systems are first classified as infiltration
or non—infiltration structures, and vegetated or non—vegetated structures. Typical profiles of the media according to classification
are shown including the different layers, materials, and depth. In addition, results from previous studies regarding the effect
of filter media characteristics on hydraulic and hydrologic functions as well as pollutant removal are compared. Other considerations
such as organic media leaching, clogging, media washing, and handling during construction were also briefly discussed. This
review aims to provide a general guideline that can contribute to proper media selection and design for structural LIDs. In
addition, it also identifies opportunities for future research.
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1. Introduction

Rapidly increasing urban expansion has disturbed and
replaced natural pervious landscapes with impervious surfaces
causing several issues regarding stormwater runoff management
(Dietz, 2007; USEPA, 2001). The ensuing alterations in natural
hydrologic systems and their processes have become apparent
through frequent flooding, declining base flows, and surface
water quality impairment (Brabec, 2002; Sharma, 2017; Shuster
et al., 2005). This has led stormwater engineers towards green
and sustainable solutions such as low impact development (LID)
in the US with similar concepts known as Water Sensitive Urban
Design (WSUD) in Australia and Sustainable Drainage System
(SUD) in the UK. The underlying basic principle to this approach
is to keep post—development hydrology close to pre—development
conditions by using decentralized small-scale practices to
manage the runoff volume and flow on-site and avoid transporting
diffuse contaminants into receiving waters (USEPA, 2017).

One major aspect in LID design that affects performance
efficiency, maintenance frequency, and lifespan is the type and
configuration of the media profile within the system
(Fassman—Beck et al. (2015). Aside from facilitating physical,
chemical, and biological processes that improves the quality
of stormwater runoff passing through, the media also defines
the hydraulic capability of the structure which determines how
it will function under different flow conditions (Brown and
Hunt, 2011). Moreover, they also provide other structural and
aesthetic benefits.

While numerous types of literature are available summarizing
LID performance in different parts of the world, only a few
provides a review that focuses on the filter media and the
effect of filter media selection and configuration on system
performance (Pitt and Clark, 2010). That said, the optimum
media type, depth, and arrangement should vary because of
varying drainage area and rainfall characteristics as well as
hydraulic and water quality goals. Other factors to consider

include the type of vegetation, potetial leaching of organic matter

and nutrient, clogging, and handling of the media during
transport and construction. Therefore, a synthesis of recent
literature is needed to be able to provide a general guideline
that can contribute to proper media selection and design of
the media profile for structural LIDs. This review highlights
past and current research results focusing on filter media as

well as opportunities for future research.

2. Roles and functions of filter media in
structural LIDs

The media within a structural LID system has several main
functions. The voids and pores between and within the media
provides temporary storage of stormwater which helps reduce
runoff and attenuate peak flows. They provide space for growth
of microorganisms, support for roots, as well as retain moisture
for plants. The media also trap solids, heavy metals, organic
compounds, and other particle—associated pollutants by
filtration, settling, and adsorption (Hsieh and Davis, 2005;
Hunt and Lord, 2006). In addition, they provide an environment
for biological processes to occur and in cases where organic
media is present, they can release sufficient carbon needed
for complete nitrogen removal through denitrification (Chen,
2015; Hurley, 2017; Saeed and Sun, 2011). With the right
design, the media facilitates proper drainage to avoid premature
clogging. Furthermore, materials that are placed on the surface
of the system can control erosion and facilitate oxygen transfer
(Tetra Tech, 2011).

Depending on the type of LID, the material and layout of
the filter media varies. As show in Fig. 1, structural LIDs can
be classified according to function as either infiltration or
non-—infiltration and by whether or not they are vegetated or
non-vegetated. Both infiltration and non-infiltration LIDs
provide a level of stormwater treatment and are used to improve
the quality of runoff before discharge. However, infiltration

LIDs are primarily designed to reduce runoff volume and peak

| Structural LID |

[
| Infiltration |

|
| Non-infiltration |

Vegetated | | Non-vegetated Vegetated | | Non-vegetated
I I I I
< Bioretention * Permeable « Greenroof « Sand filter
+ Rain garden pavement « Planter box « Rain barrels
« Planter box * Infiltration trench * Tree boxfilter « Cisterns
+ Bioswale « Infiltration basin
* Vegetated filter strip
« Tree boxfilter

Fig. 1. Classification of structural LIDs
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flow by percolation and groundwater discharge. As such, the
media in this types of LID should have sufficient voids and
pore spaces to be able to provide temporary storage of runoff.
On the other hand, non-infiltration LIDs are more focused
on physically straining runoff and effectively trapping particles
and particle—associated contaminants. They provide filtration
through smaller pore spaces and can reduce fine and even soluble
constituents through sorptive processes. In this regard, infiltration
LIDs tend to have larger—sized media as compared to
non-infiltration type. Examples of infiltration LIDs are permeable
pavements and infiltration trenches while non—infiltration LIDs
include green roofs and tree box filters. It must be noted, however,
that the infiltration function depends on the target function.
Some structures like stormwater planters can either be designed
as infiltration or non—infiltration depending on whether or not
the site is safe for groundwater recharge.

Vegetation also plays a role on the type and size of the media.
Employing plants or trees for pollutant uptake and added
landscape aesthetics entails that soil be present for them to
be able to grow and function. For example, bioretention systems
are vegetated structures that typically allows infiltration. Thus,
the media includes soil as well coarse sand or gravel that are
strategically layered to enable filtration, storage, and infiltration
in one structure. As a result, transitional layers such as sand
or geotextile are often times added in between the small and
larger—sized media to prevent premature clogging due to
transport of smaller—sized media particles within the voids
of the larger ones (City of Edmonton, 2011; Geosyntec, 2014;
LADPW, 2014; SEMCOG, 2008; Tetra Tech, Inc., 2011).

For example and comparison, Fig. 2 is provided showing
the layout of filter materials in typical infiltration structures.
Rain gardens (Fig. 2(a)) which are vegetated typically employ
a planting soil layer as the main media. A layer of drainage
rocks is placed underneath to facilitate drainage and infiltration
and provide temporary storage while the treated stormwater
is being discharged slowly. Smaller—sized stones such as pea
gravel is placed on top of the soil to act as energy dissipator
and to prevent erosion of the soil surface although in most
cases, mulch is used since they have the added benefits of
retaining moisture and providing oxygen transfer among others.
On the other hand, an infiltration trench (Fig. 2(b)) would
normally employ a single layer of gravel or crushed rocks and
sometimes topped with a pea gravel layer. In both types of
LID, the placement of the transition layer also differs. For
vegetated types, either filter fabric or pea stones are placed
above the drainage layer, between the soil and gravel, to separate
the media. Meanwhile in non—vegetated types, filter fabric or
sand placed at the bottom of the rock layer to separate it

from the underlying in-situ soil.

Overflow structure
Splash block, flow spreader,
or energy dissipator

Mulch, pea gravel, or river 3:1 maxside

rock typically 2-3 inches \

Structural
wall

slopes

Amended planting soil ;
layer

pea stone or filter fabric
as transition layer

Perforated
underdrain pipe Clean drainage rock layer
Uncompacted
subgrade

(a) rain garden (vegetated)

VERTICAL
OBSERVATION WELL

PEA GRAVEL
LAYER

OVERFLOW

VEGETATED SWALE OF
FILTER STRIP AS
PRETREATMENT

NONWOVEN GEOTEXTILE
FILTER FABRIC AT

TOP AND SIDES OF
DRAIN ROCK

OPTIONAL PERFORATED —

PIPES OR UNDERDRAINS DOUBALE WASHED

DRAIN ROCK

SAND LAYER OR
FILTER FABRIC EQUIVALENT

UNCOMPACTED
SUBSURFACE SOIL

(b) infiltration trench (non-vegetated)

Fig. 2 Filter media profile according to LID type (adapted from
AECOM, 2013)

A lot of materials have been investigated as filter media for
LID in experimental as well as field studies (Hunter, 2012;
Pitt and Clark, Robertson, 2010). The ones that are most
commonly suggested in the currently existing design guidelines
include ammended topsoil, sand, gravel, and woodchip or
mulch. Therefore, experimental and field performances of these
materials as well as other types of materials for LID will be

discussed in the following sections.

3. Media specifications according to LID type

3.1 Vegetated Structures

The most common type of a vegetated LID structure with
infiltration function is the rain garden most often called
bioretention. Bioretentions are small-scale water quality and
quantity control practices within a shallow depression that
utilizes the chemical, biological, and physical properties of
plants, microbes, and soils for the removal of pollutants from
stormwater runoff (City of Edmonton, 2011; Prince George’s
County, 2007; USEPA, 1999b). They are generally used to
treat runoff from impervious surfaces in urbanized residential
and commercial settings (Dietz, 2007, but can also be used
for agricultural runoff (Dietz, 2016; Ergas et al., 2010). Some

Journal of Wetlands Research, Vol. 21, No. 4, 2019



324 Filter Media Specifications for Low Impact Development: A Review of Current Guidelines and Applications

of the processes that take place in a rain garden facility include
sedimentation, adsorption, filtration, volatilization, ion
exchange, decomposition, phytoremediation, bioremediation,
and storage capacity (Prince George’s County, 2007).

An example of bioretention design is shown in Fig. 3 as
depicted in the LID Manual for Puget Sound, Washington.
Typical media configuration includes 3 major parts. A surface
layer, the main filtration media, and the bottom layer that
facilitates drainage and also serves as a bedding if an underdrain
is present. Depending on the in—situ soil infiltration rate and
physical constraints, the system may be designed without an
underdrain for full infiltration, with an underdrain for partial
infiltration, or with an impermeable liner on the sides and
an underdrain for filtration only, which can be referred to
as a biofilter (CVC, 2010). An advantage of having an underdrain
is that the space between the invert and the bottom of the
bioretention creates a saturated zone that provides anaerobic

conditions conducive for nitrogen removal (Hunter, 2012).
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CuT SLOP) " COMCRETE CURB

AGGREGATE FILTER
AND BEDDING LAYER

OPTIONAL UNDERDRAIN

SCARIFIED SUBGRADE /"
MIXED WITH COMPOST

Fig. 3 Bioretention with primary design elements (adapted from
Hinman, 2012)

Table 1 shows the different guidelines for these layers in
terms of material, depth, and size. It can be seen that the suggested
surface layer should be made of 5-10 cm of mulch, the main
media should be 50-122 cm soil, and the bottom layer should
be up to 30 cm of gravel or stones that are around 4 cm
in diameter. Additional features such as gravel strips function
as pretreatment especially for structures that receive sheet flow.
One key element in most bioretention structures is the transition
layer that separates the main media and the drainage layer
which are two very different material in terms of size. To prevent
bridging, or the movement of soil particles to lower layers
of the media profile, a 30-100 cm thick layer of rocks not
more than 3 c¢m in size are placed between the soil and the
drainage gravels. As an alternative, a geotextile or filter fabric
can also be employed. Filter fabrics placed on top of the drainage
gravel bed are used to control sediment transport into the gravel
bed, which could otherwise become clogged. According to the

SREAIEE H213 AH4Z, 2019

Prince George County’s (2007) bioretention manual, this filter
fabric must meet a minimum permittivity rate of 75 gal/min/ft’
and must not impede the infiltration rate of the soil medium.
If bioretention is used for areas that require protection from
groundwater contamination and lateral flows that can
potentially damage nearby roads and structural foundations,
a low permeability geomembrane liner is applied on the sides
and bottom of the structure. It also prevents seepage of saline
groundwater into the bioretention as this could affect the
integrity of the soil profile and propagation of plants (Hunter,
2012).

Another common type of vegetated infiltration LID is the
planter box. A planter box, sometimes called stormwater planter
or box planter, is a box-like structure made of concrete, brick,
clay, or other stable material and contains soil, gravel, and
vegetation. It functions similarly to a bioretention system in
terms of using plants, soil, and microbes to minimize runoff
and reduce pollutants from stormwater runoff. However, they
are typically enclosed either above or below ground on the
side of buildings or along sidewalks. They are typically design
to accommodate and treat more frequent, smaller rainfall events
(City of Edmonton, 2011) and are more practical for steep
slope applications where they can be terraced. Planter boxes
receiving runoff from rooftop areas must be located reasonably
close to downspouts of the structures generating the runoff.
This makes it an ideal application to disconnect impervious
surfaces and provide on—site stormwater treatment and natural
green aesthetics in tightly confined urban environments (Tetra
Tech, 2011).

There are three types of planter boxes which may or may
not have a lined or concrete bottom depending on whether
or not it is design for infiltration, and therefore affects the
type of media employed as shown in Fig. 4. Contained planters,
as the name implies, are completely contained without
infiltration or underdrains. Outflow goes only through a weep
hole or an overflow structure so this type only uses soil as
media and filter fabric. Infiltration and flow—through planters
both employ a gravel drainage layer and a soil layer with filter
fabric in between. The difference between the two is that
infiltration planters drain to the underlying soil and provides
groundwater recharge while flow—through planters collect
treated stormwater in the underdrain that is connected to the
local storm drains. It should be noted however that in some
US states like California and Florida, planter boxes are only
flow—through types in terms of being contained within an
impermeable structure with an underdrain as they are typically
applied in ultra urban settings (Geosyntec, 2014; LADPW,
2014; Tetra Tech, 2011). In addition, systems connected to

building downspouts or other conveyance systems may also
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Table 1. Specifications for the media profile in bioretentions

Design Guideline Surface Layer Filter Layer Drainage Layer Transition or Additional Layer Dra}rv;/ri(éwn

San Diego, California, mulch planting soil drainage stones Gravel strip on the side for 48 hr

USA (2011) (5-10 cm) (61-122 cm) (30 cm max.) pre—treatment

I lanting soil
Los Angeles, California, mulch P L . . .
USA (2014) (5-10 cm) (61 cm min.; gravel (optional) Geomembrane liner on the side < 96 hr
122 cm preferred)

Edmonton, Canada mulch amended topsoil > 4—cm dia. washed rock (13(6):5060 cm) dblat'w watshed.lroclé {36 h
(201D) (7-8 cm) (50-100 cm) (10 cm) gm. crween fopsott an '

rainage rocks

Orange County, mulch amended soil 3.8—cm dia

Florida, USA (5-7.6 cm) (46-122 cm) double—washed gravel - <72 hr

(2014)

mulch or leaf
compost
(5-7.6 cm)

native soil

Michigan, USA (2008) (46-122 em)

drainage stones

Sidewall material e.g. RAP for

(optional) structural support

soil — sand, topsoil,
compost mix
(76122 cm)

Prince George’s County, mulch — raw
Maryland, USA hardwood
(2008) (7.6-10 cm)

13-25 mm dia. gravel

6-13mm dia. pea  gravel
diaphragm

(30 cm max.) (20 cm max.); impervious liner

Source: City of Edmonton (2011); Geosyntec (2014); LADPW (2014); Prince George’s County (2007); SEMCOG (2008); Tetra

Tech, Inc. (2011)

Contained

Infiltration

Flow-Through

Fig. 4. Planter box types with different design elements (adapted from City of Portland, 2004)

require splash rocks on top of the soil media for flow energy
dissipation (Geosyntec, 2014; SEMCOG, 2008).

Similar to bioretention structures, the media profile in planter
boxes also consist of 3 major layers: the surface layer, the
main media layer, and the drainage layer (Table 2). The surface
layer may consist of 5-10 ¢cm of finely shredded hardwood
mulch, sod, splash rocks and other erosion control materials.
As they only accommodate relatively smaller rainfall events,
the soil medium thickness can be as low as 30-45 cm in LA
and Michigan in USA as well as in Edmonton in Canada but
was preferred to be 122 ¢cm in San Diego and Florida USA
just like in bioretention systems. The drainage layers are 10-30
cm gravel that should be allow drawdown times of 10 to 96
hours.

On the other hand, bioswales or vegetated swales are long,
narrow, and gently sloping conveyance channels with
vegetations on the sides and bottom. Treatment occurs as the
stormwater flows along the length of the channel where the

vegetation and occasional check dams slow the water down
allowing sediments to settle or be filtered while encouraging
infiltration to the ground. With narrow widths of 2-8 ft,
bioswales are ideal for applications in the right—of-way of
linear transportation corridors and along borders or medians
of parking lots (Tetra Tech, 2011).

Typically planted with grasses, shrubs, or trees, the filter
media is composed of planting soil at a depth of at least 46
cm topped with either mulch, sod, small-sized gravel stones,
or erosion control mat (Table 3). The selection of the surface
layer depends on the inflow rate which is typically limited
to 1 ft¥/s for mulch and up to 3ft¥/s for sod. The difference
is due to the fact that mulch is much more light weight than
sod and is prone to floating. All design guidelines suggested
a layer of gravel for drainage with depths ranging from 15
cm in Canada and between 30 and 61 cm in the US. This
necessitates a transition layer of either geotextile or pea gravel
to avoid transition of soil media to the drainage layer and

Journal of Wetlands Research, Vol. 21, No. 4, 2019
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Table 2. Specifications for the media profile in planter boxes

Design Guideline Surface Layer Filter Layer Drainage Layer Tral’lSItIOri:}I]’efxddltlonal Dr%\i}:::W
San Diego, California, | Sod or finely shredded lani 0 drai . filter fabric;
USA hardwood mulch p(alnz;nirrssl ra;;lgie Csrr?)nes bentonite clay liner; 10-48 hr
(2011) (7.6 cm) ’ geomembrane liner
Los Angeles, California, soil mix gravel geomembrane liner or
(;J()Sﬁ) mulch (5-10 cm) (30.4-45.8 cm) (15.2 = 30.4 cm) aggregate layer <96 hr
amended topsoil or
Edmonton, Canada - gradated gravel filter de.a.n gavel for compacted clay <96 hr
(2011) (30-45 cm) additional storage
Orange County, shredded  hardwood planting soil gravel _ .
Florida, USA (2014) | mulch (5-7.6 cm) (122 cm) (30 cm) 38em dia. gravel ) C48 hr
Michigan, USA mulch; splash rocks, | Soil or compost mix Infiltration bed . .
(2008) erosion control mats (30.4 cm) 9.6 - 15.8 cm) geotextile fabric ~ 12 hr
Source: City of Edmonton (2011); Geosyntec (2014); LADPW (2014); SEMCOG (2008); Tetra Tech, Inc. (2011)
Table 3. Specifications for the media profile in bioswales
Design Guideline Surface Layer Filter Layer Transition Layer Drainage Layer Dr.alrvivizwn
San Diego, California, | Sod or finely —shredded lanti 1 flter fabsi drai
USA hardwood mulch planting soi ilter fabric or rainage stones 48 - 72 his
(61 cm) geomembrane liner (30.4 cm)
(2011) (5-10 cm)
Riverbank, California, small-sized gravel, . .
. amended planting soil . . .
USA stones, or erosion (46 cm) non-woven filter fabric clean drain rock -
(2013) blankets
Orange County, shredded hardwood bsorption medi
Florida, USA mulch Amended planting soil a 50(1%; m)e a 3.8—cm dia. gravel {72 hr
(2014) (5-7.6 cm) ce
Toronto, Canada mulch (7.5 cm) or Jantin 1 mi geotextile, filter fabric, gravel ¢ 24 hr
(2010) erosion control mat planting sott mix or pea gravel (15.2 cm)
2.54 - 5 cm dia.
Michigan, USA sod or erass permeable soil Hon—woven geotextile uniformly— _
(2008) & (76.2 cm) & graded aggregate
(30.4-61 cm)

Source: AECOM (2013); CVC (2010); Geosyntec (2014); SEMCOG (2008); Tetra Tech, Inc. (2011)

eventual clogging. Drawdown times are within 24 hours in
Canada and up to 72 hours in the US,

3.2 Non-vegetated structures

The two most common types of non—vegetated LID structures
are infiltration trench and permeable pavement. An infiltration
trench is a long, narrow, channel-like subsurface excavation
filled with gravel that provides large pore spaces for stormwater
detention and eventual infiltration to the ground. They are
applied to reduce stormwater runoff volume and improve water
quality by capturing sediment loads. As such, they require
pretreatment upstream such as filter strips in order to prevent
Table 4 provides the

specifications for the media profile in infiltration trenches. As

clogging by sediment over time.

opposed to the previous structures that were discussed, gravel
or stones are typically employed in the top layer instead of

SREAIEE H213 AH4Z, 2019

mulch because no vegetation is planted within the system.
However, if the trench is designed to be covered by grass for
aesthetic purposes, a soil layer in the surface can be provided.
In other design guidelines such as in Tucson, Arizona, the
gravel storage layer should be exposed with the surrounding
area graded to it with a slope of 3:1 or flatter so no surface
layer is required (City of Tucson, 2015).

The filter layer is typically composed of washed stone, gravel,
or construction aggregate with size ranging from 4-8 cm in
Arizona (City of Tucson, 2015) and Alaska (USKH, Inc., 2008)
or 5-15 cm in Los Angeles, California (LADPW, 2014) and
with a void ratio of 0.4 (Table 4). In San Diego, however,
the design guideline for infiltration trenches suggests soil or
sand medium that is highly permeable with at least 0.5 in/hr
hydraulic conductivity (Tetra Tech, 2011). Interestingly,
infiltration trenches with gravel filter layers require a drainage
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Table 4. Specifications for the media profile in infiltration trenches

Design Guideline Surface Layer Filter Layer Transition Layer Drainage Layer Dreirvzlizwn
San Diego, California, gravel or decorative Soil or sand bed hydrg ulic restriction drainage stones
USA material or soil media 10 — 48 hr
2011) stones (61-122 cm) barrier (30.4 cm)
Los Angeles, pea gravel (5 cm) or | 5-15.2 ¢m dia. clean stone Hon—woven sand filer
California, USA filter fabric if no (92-152 cm), comembrane liner (15.2 em) <96 hr
(2014) pretreatment e*=0.3-0.4 & ’
Michigan, USA Soil Umformly graded permeable non—woven
(2008) (5.2 cm) constructi)n aggregate, geotextile - 48-72 hr
’ e*=0.4
Tucson, Arizona, USA 38-7.6 cm dia. uniformly filter fabric sand filter -
(2015) - graded and washed gravel, (optional) (optional)
e*=0.4 (122 cm max.)
Anchorage, Alaska, crushed st(.>ne, pea 3.8-7.6 cm dia. stone, . . sand filter
USA gravel, or soil and grass *=04 filter fabric (15.2 em) 24 — 48 hr
(2008) (15.2 cm) ’ ’
Source: City of Tucson (2015); LADPW (2014); SEMCOG (2008); Tetra Tech, Inc. (2011); USKH (2008)
*e = void ratio
Table 5. Specifications for the media profile in permeable pavements
Design Guideline Surface Layer Bedding layer Structural Layer Liner
Pervious concrete
W/C2=0.35-0.45 .
e!=0.15-0.25
(4-8 1020 cm)
Porous asphalt 1
Sal’l DiegO, e = 015_20 _ coarse grave
California, USA (7.6-17.8 cm) A.STM No. 57. or 19 an geotextile
dia., compressive strength =
01D PICP® fi I 2.8-8 MPa
o . ine grave .
openings 8arig% of surface ASTM*No. 8or
(3.8-7.6 cm) 3.8-7.6 cm dia.
. sand, load  bearing
Plastic geocells or turf pavers capacity = 138 — 38 MPa
Pervious concrete
Los Angeles, e=0.16; crushed stone coarse gravel cotextile  liner or
California, USA Porous asphalt ASTM No. 8 or  3.8-7.6 cm| ASTM No. 57 or 1.9 cm gim ermeable liner
(2014) (5-10 cm) dia. (61-122 c¢m) (15.2 cm min.) p
Modular blocks
Pervious concrete stone bed coarse ageregate
Michigan, USA Porous asphalt (6.4 cm) AASHTONo.57or(38mmu geres Non-woven
. AASHTO No. 3 or 25-50 S .
(2008) Permeable paver blocks niformlygraded,cleancoarse . geotextile filter fabric
. B mm dia. (30.4-92 cm)
Reinforced turf/gravel aggregate,e=0.4

le = void ratio; *W/C= water to cement ratio; *PICP=PermeablelnterlockingConcretePavement; *ASTM = American Society for Testing
and Materials; >AASHTO=American Association of State Highway and Transportation Officials
Source: LADPW (2014): SEMCOG (2008); Tetra Tech, Inc. (2011)

layer composed of sand, while those employing fine medium
should have stones or gravel for drainage but either way, a
transition layer made of filter fabric of geotextile is
recommended. The resulting configuration has varying
drawdown times from up to 48 h in San Diego and Alaska,
up to 72 h in Michigan, and up to 96 h in Los Angeles.

On the other hand, permeable pavement offers an alternative

to conventional impervious concrete or asphalt pavement by

employing pervious materials for urban surfaces such as parking
lots, driveways, and other lightly traveled areas. The main
purpose is to reduce runoff volume and peak flows by allowing
percolation and temporarily hold water, therefore a storage
layer or bedding is required underneath the permeable pavement.
Also, since they are load—bearing, a structural layer is necessary
and must be designed to avoid failure of the system. Permeable

pavements can either be non—infiltrating with an underdrain
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and impermeable liners along the sides and bottom, or
infiltrating with or without underdrains (partial or full
infiltration). Therefore, aside from volume and peak flow
reduction, it can also provide reduction of sediments, heavy
metals, oil and grease, and bacteria.

The surface pavement material may vary depending on the
design and porosity that is desired. As seen in Table 5, there
are several types of permeable pavements available including
those that are poured in place such as pervious concrete and
porous asphalt, and modular systems such as interlocking
concrete pavers and plastic geocells. They must be durable
and designed to support the maximum anticipated traffic load
but should not be used in areas with heavy traffic to avoid
breakage. The bedding layer which serves as the reservoir is
typically 4-8 cm diameter gravel conforming to the standards
of the American Society for Testing of Materials (ASTM) or
the American Association of State Highway and Transportation
Officials (AASHTO).

4. Media specifications according to function
and results from literatures

4.1 Hydraulic and Hydrologic Functions

For vegetated infiltration systems, coming up with the proper
soil media is crucial to be able to meet the hydraulic and
hydrologic design objectives while also providing other
functions related to plant growth and water quality. Specifically,
infiltration rates are important because they affect the runoff
reduction, retention time, and pollutant removal. For that
matter, planting soils are typically mixed with sand and compost
or other organic matters to produce ammended topsoil which
is sometimes called engineered media.

Table 6 summarizes the soil mixes that are suggested in several
LID design manuals in the US. Each soil mix is believed to

be capable of achieving the corresponding infiltration rates

Table 6. Specifications of the soil media for LID

that are shown in the table. From the table, a soil mix that
is 30-80% sand can achieve up to 2.54 — 305 mm/hr indicating
that the higher the sand, the higher the infiltration rate. This
is close to the findings of Hsieh and Davis (2005) who
investigated laboratory columns as well as existing bioretention
systems and concluded that an effective media is a mixture
of coarse sand and sandy soil. However, their expected
infiltration rates using this design were much higher at 720-3240
mm/hr (1.5-5.4 cm/min). Meanwhile, the specifications for
fines, clay, or silt content varies, with some guides specifying
5%, others suggesting 8—12% while others specifically not
referencing it.

High infiltration rates are advantageous when it comes to
preventing excessive bypass and targeting a specific runoff
volume reduction. In the literatures, LIDs employing sandy
soils have been reported to achieve relatively high runoff
reduction. Davis et al. (2001) and Davis (2007) reported up
to 100% volume reduction from lab—scale bioretention columns
and an existing bioretention employing 50% construction sand.
A retrofit bioretention cell with 88% medium sand was able
to treat 97% of runoff from a parking lot (DeBusk and Wynn,
2011). Meanwhile, a bioretention system with 70% gravelly
sand was able to achieve relatively lower values of 48-74%
which was attributed to the sizing of the system (Chapman
and Horner, 2010). In addition, a study of different mixes
of engineered media have reported that a sand—dominant media
(84-90% v/v) was comparatively less prone to changes in
saturated hydraulic conductivity (Ks) caused by compaction
and changes in moisture content as compared to media mixes
with only 30% sand and >30% v/v organic content
(Fassman—Reck et al., 2015).

Directly affected by infiltration rates are drawdown times
which are set not only to avoid flow bypass but also to provide
adequate contact time for contaminant removal without
attracting public concern over extended durations of ponded

water (Fassman—Beck et al., 2015). In some design manuals,

Reference LID Manual

Soil Mix Infiltration rate

Anchorage, Alaska (2008)

60-65% loamy sand, 35-40% compost or 20-30% loamy sand, 50-60%
coarse sand, 20-30% compost

7.6-203 mm/hr

Michigan (2008)

20-30% topsoil, 30-50% sand, 20-40% compost

2.54-254 mm/hr

Los Angeles, California (2014)

60-80% sand, 20-40% compost

127-305 mm/hr

San Diego, California (2011)

85% coarse sand, 10% fines, 5% organic

25.4-51 mm/hr

Orange County, Florida (2014)

40% sand, 20-30% topsoil, 30-40% compost

12.7-51 mm/hr

Puget Sound, Washington (2012)

60-65% sandy mineral aggregate, 35-40% compost

25.4-305 mm/hr

North Carolina (2009)

85-88% sand, 8-12% clay and silt, 3-5% organic matter

Prince George’s County, Maryland (2007) | 50-60% sand, 20-30% topsoil, 20-30% leaf compost

>25.4 mm/hr

Source: Geosyntec (2014); Hinman (2012); LADPW (2014); Perrin et al. (2009); Prince George’s County (2007); SEMCOG (2008);

Tetra Tech, Inc. (2011); USKH, Inc. (2008)
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the infiltration rate and permeability of the soil should allow
for ponding and drawdown time of 2-24 h (ARC, 2003;
Atchison et al., 2006). In more recent manuals, a maximum
of 24-36 h is allowed in Canada (City of Edmonton, 2011;
CVC, 2010) while 48-96 hours is allowed in the US (Tetra
Tech, 2011; Geosyntec, 2014; LADPW, 2014). While not much
has been mentioned in the literatures with regards to target
drawdown times, infiltration rates of at least 20 mm/h have
been suggested to achieve adequate retention time within the
LID (LeFevre et al., 2014). Others have associated pollutant
removal with minimum infiltration rates. Hunt and Lord (2006)
suggested at least 20 mm/hr for total phosphorus removal,
20-50 mm/hr for total nitrogen, and 50-150 mm/hr for total
suspended solids, heavy metals, and pathogens.

Several works demonstrated that amending topsoil with
organic materials such as compost can alter soil properties
and help increase infiltration rates, retention of moisture, and
decrease peak flows (Pitt et al., 1999; Hunt et al., 2008; Giilbaz
and Kazezzyilmaz—Alhan, 2016). As such, most design
guidelines suggests the use of soil media with compost. The
fraction of organic material should be limited though due to
its tendency to leach certain amounts of nutrients. This will
be discussed in the following section.

For structures like infiltration trenches that are typically
non-vegetated and primarily designed for temporary
stormwater storage, groundwater recharge, and preserving base
flows, the main media is stone aggregate composed of 2.5-7.6
cm inch clean stone (USEPA, 1999a2). In this design, the removal
of most pollutants happens as runoff infiltrates the surrounding
soils while increasing the groundwater recharge and base flow.
However, the potential for groundwater contamination must
be carefully considered and therefore, an extensive site
investigation must be done early in the planning process to
determine the suitability of such gravel—filled infiltration facility.

4.2 Pollutant reduction

There is a vast information in the literature regarding pollutant
reduction both in laboratory and field studies. Several studies
have investigated the effect of the type of media not only on
runoff volume and peak flow attenuation but also on pollutant
reduction. For vegetated infiltration LIDs, design guidelines
suggests the use of amended topsoil with compost component
as filter media (Table 1-3). The amount of compost should
be limited though due to its tendency to leach certain amounts
of nutrients. Pitt et al. (1999) mentioned higher concentrations
of these pollutants in the runoff from sites with amended soils
as compared to regular topsoils. The saturated condition during
rainfall, especially in extended periods of time, encourages
leaching of soluble nutrients such as NH;",NO3;~N,and from

such compost—amended bioretention mixes (Hurley et al.,
2017). However, in other cases, saturated condition is pursued
because it provides anaerobic conditions conducive for
denitrification that lead to lower levels of NO3—N (Kim et
al., 2003; Hsieh and Davis, 2005). Therefore, one such solution
for this is to optimize the amount and positioning of the organic
material in the media profile in such a way that is conducive
for effective bioretention performance.

Another material that seems to play an important role in
bioretention soil mixes is sand. Hsieh and Davis (2005)
investigated laboratory columns as well as existing bioretention
systems and concluded that an effective media is mixture of
coarse sand and sandy loam where the soil ratio is 20-70%
by mass depending on the requirement for plant growth. The
resulting infiltration rate and pollutant removal capacity in
this type of soil were 1.2-5.4 cm/min, »96% of TSS, >70%
of TP, and »98% of Pb. In addition, a study of different mixes
of engineered media have reported that a sand—dominant media
(84-90% v/v) was comparatively less prone to changes in
saturated hydraulic conductivity (Ks) caused by compaction
and changes in moisture content as compared to media mixes
with only 30% sand and »30% v/v organic content
(Fassman—Beck et al., 2015).

Aside from the type of material, filter media depth also plays
an important role in the effectivity of LID structures.
Recommended depths for bioretention typically range between
0.6 to 1.2 meters with 1.2 m being the preferred depth as
per the design manuals. In an overview provided by Davis
et al. (2009), it was however identified as one of the design
considerations that needs more research. Table 7 shows
recommended depths fro the removal of specific pollutants
as provided by the guidelines from Los Angeles (LADPW, 2014).
There were no required minimum depth for TSS since they
are mostly captured in the upper 20 cm of the media or in
the pre—treatment structure if available. Heavy metals require
at least 45 cm whule TN and TP requires at least 61-91 cm
to be effectively removed.

Shallower systems are preferable in terms of cost because
of savings in material and excavation. However, in terms of
runoff and pollutant reduction, deeper systems are more
advantageous. Exfiltration to surrounding soil as well as
evapotranspiration is expected to be much higher in deeper
media cells because of greater storage volume, retention time,
and more exposure to side walls (Brown and Hunt, 2011).
Consequently, higher exfiltration results to decreased outflow
volume and increased pollutant load reduction.

That being said, the optimum depth of a vegetated LID
structure seems to be determined by site characteristics as well

as its function and pollutant of concern. For instance, in North
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Table 7. Recommended depth of soil media for the removal of specific pollutants

Pollutant Minimum Depth Remarks
TSS no minimum depth required If high TSS influent, frequent maintenance is required
N At least 30 inches (76 cm); 36 inches (91 cm) preferred -
TP 24 inches (61 cm) low phosphorus content (P-index 15-30)
Metals 18 inches (45 cm) Must keep top layer from saturating for extended periods
of time
Pathogens no minimum fill depth required Limiting plant coverage allows more direct sunlight to kill
pathogens
Temperature | At least 36 inches (91 c¢m); 48 inches (120 cm) preferred -

Carolina, the type of vegetation determines the media depth.
Facilities planted with grass or herbaceous plants can have
a minimum media depth of 0.6 m while those planted with
trees and shrubs require at least 0.9 m to accommodate plant
roots (NCDEQ, 2018). In terms of pollutant reduction, studies
have shown that effective filtration of suspended particles require
no specific depth because nearly all of them are removed by
filtration through the top portion of the media and mulch
layer. If pre—treatment is provided, nearly all TSS removal
occurs prior to water entering the system. Similarly, bacteria
and pathogens are believed to die off at the surface of the
facility where the stormwater is exposed to sunlight and the
soil can dry out. Studies have shown that certain heavy metals
such as Cu, Pb, and Zn are removed in the first 20 cm of
the facility (Li and Davis, 2008; Davis et al., 2003). Hence,
LID structure designed specifically for heavy metal capture
need not be deeper than 45 cm (Perrin et al., 2009). On the
other hand, nutrients especially nitrogen, require longer
retention time thus, deeper media layer preferably at least 0.9
m, to make time for biological processes that transforms and
removes them (Hsieh and Davis, 2005). Some studies have
also introduced adding an internal water storage (IWS) zone,
a saturated layer at the bottom portion of the media, to create
an anaerobic condition which is conducive to reducing NOs—N
and consequently, TN. Field and laboratory investigations have
shown that vegetated LID structures are generally effective in
removing nutrients, however, results still vary and uncertainties
arise which were attributed to leaching from the media itself,
influx from the surrounding soil, and lack of anaerobic zone

to promote denitrification.

5. Organic media versus inorganic media

Within the media profile of a structural LID, the materials
can be classified as either inorganic or organic. Inorganic
materials include gravel, crushed rock, volcanic stone, zeolite,
and anthracite among others, while organic materials include
woodchip, compost, mulch, and filter fabric. Chen (2015)
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conducted a column experiment comparing organic and
inorganic media and reported that the type of material does
not affect TSS removal. However, a similar study by Niu (2016)
showed lower TSS removals from wetlands containing
woodchip during the first five rainfall events due to the breakage
of the woodchip material. Meanwhile, the column with
woodchip was observed to have the lowest removal of COD
but with the highest removal of NOs—N (Chen, 2015). It was
concluded that this media released organic materials from the
beginning of the experiments which became a carbon source
for denitrification of NOs—N. This is consistent with the findings
of Saeed and Sun (2011) who conducted experiments using
laboratory—scale hybrid wetlands (vertical flow and horizontal
flow) and reported that eucalypt wood mulch provided a carbon
source for the removal of NO3;—N via denitrification and that
the effluent NOs—N concentration increased with the decrease
of effluent COD concentration.

Moreover, NHs~N removal, which can sometimes be a
limiting factor for eliminating nitrogen was also observed to
increase in the wood mulch wetlands due to its higher oxygen
transfer capacity providing sufficient DO for nitrification.
Therefore, simultaneous nitrification and denitrification can
be observed within a media containing organic materials. In
the same study, zeolite, which is inorganic, was also found
to efficiently removed NHs—N. The high cation exchange
capacity as well as the porous nature of the substrate allowed
adsorption of NH4;~N and subsequent nitrification by the
nitrifying bacteria attached to the surface under aerobic
conditions. However, biodegradable organics were greatly
removed and this limited the denitrification of the generated
NO;-N. These results show that both organic and inorganic
materials are capable of removing nitrogen but inorganic
materials can be limited by insufficient carbon source.

In terms of selecting the proper material for carbon source,
age seems to be an essential factor. Robertson et al. (2010)
conducted experiments comparing the NO3;—N removal rate
of fresh woodchips versus aged woochip. It was observed that
the denitrification capacity of fresh woodchips was lowered
to 50-79% after 2 years and 40—-59% after 7 years. Although
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the decrease was significant during the initial stage, the slight
difference in these values indicates that wood particle media
can deliver stable NO;—N removal rates over a period of time
after the initial usage of the leached organics.

6. Conclusions

From the comparison of specifications from currently existing
design guidelines, the type, depth, and profile of the media
are not that different except when they are classified according
to infiltration function and vegetation. The most commonly
suggested media for all the LID structures are ammended soil,
gravel or crushed stones, mulch, and compost or other types
of organics. Specifications for the ammended soil is typically
governed by the desired infiltration rate and that 50-80% sand
and 20-40% compost ratios can achieve 200-300 mm/hr of
infiltration rate. On the other hand, media depth is mostly
governed by the target water quality especially if nutrients and
heavy metals are of concern. Based on literatures, 90-120 cm
media depth is sufficient to effectively reduce most pollutants
but it can still be subject to site—specific constraints such as
existing pipelines and risk of groundwater contamination.
Except for non—vegetated infiltration LIDs, most structure types
require a mixture of organic and inorganic media which serves
different functions within the media profile. However, careful
consideration should be done when deciding the amount of
organics to avoid excessive COD in the effluent.

Despite the availability of design guidelines and published
studies most prominently in the US where LID is being widely
implemented, there is still insufficient information to be able
to develop a single filter media specification which can
consistently deliver the design objectives. However, this means
that there are still a lot of opportunities for research in the

future.
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