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ABSTRACT
Characterization and Removal Efficiency Comparison of Bioretention Soil Media Mixtures

Nathan Hanson

Bioretention cells have become a commonly used green infrastructure technique to help
infiltrate and remove contaminants from stormwater runoff. Bioretention cells are
constructed from a layered or heterogeneous soil mixture designed to optimize their
ability to infiltrate influent stormwater and remove contaminants carried by the water as
it filters through the soil media. The soil mixture, composition, and planting vary
depending the local regulatory agencies. As urbanization occurs across the United States,
more natural land is converted from pervious surfaces, such as grasslands and forests, to
impervious surfaces such as asphalt and concrete, to help reduce the impact of the runoff
generated by this increased flow bioretention cells are an often-used method to treat
stormwater. These impervious surfaces do not allow rainfall to infiltrate, and the water
runs off into receiving water bodies such as rivers and streams as a non-point source
pollutant. To help reduce pollutant loadings into receiving water bodies, Low Impact
Development (LID) techniques were developed to reduce stormwater volume, peak flow,
and contaminant loading rates. The bioretention cell is one of the most popular LID
techniques and is comprised of a soil media that is either a layered or homogenous media,
which is built following a regional agency’s standard. The performance of bioretention
soil media is highly variable depending on the amount of each soil constituent present in
the media.

iv

This study compares five different soil mixtures from various agencies’ specifications to
determine which media composition is most effective at removing total suspended solids
(TSS) and nitrates, two of the most prevalent contaminates carried by stormwater. This
study also compares mixtures’ hydraulic conductivity which determines the volume of
water that the media can infiltrate and “treat”. To perform these tests, six columns of soil
media were constructed with media depths of 91.5 cm (36 inches). Columns were dosed
with either tap water (Phase I) or a synthetic stormwater blend (Phase II) to determine the
amount of TSS and nitrate exported by each mixture. The soil mixture in each column
was characterized to understand how soil characteristics effect the performance of the
various media mixtures.
The bioretention soil media columns were all shown to be effective at removing influent
TSS with an average removal rate of over 88% across all the columns, ranging from
99.9% removal to 73.6% removal. Most bioretention soil mixtures used in the test were
shown to be ineffective at removing influent nitrates, with breakthrough of nitrate
occurring after the first two pore volumes. Interestingly, the media with higher organic
content were more effective at removing nitrates, with removal rates as high as 59.9%
compared to the media with lower organic content. Hydraulic conductivity was also
highly variable across the various soil media mixtures depending on the percentage of
sand and fine media particles present in the media. Hydraulic conductivity ranged from a
high value of 42 cm/hr to a low of 8.3 cm/hr. By comparing these results, a more
effective bioretention soil media mixture can become agency standard and allow
bioretention cells to have more consistent and better performance.
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Chapter 1 Introduction

Increasing runoff due to urbanization has two primary effects: firstly, it increases the total
volume of stormwater that flows into receiving water bodies, which can cause flooding in
urban areas and erosion in those water bodies3. Additionally, as stormwater runs off
impervious areas, the water can pick up and carry contaminants like solids, oils and greases,
nitrates, and heavy metals that can be harmful to receiving rivers, lakes, and streams19. This
study explores opportunities to reduce rain water runoff and contaminant transfer through
appropriate design of Low Impact Development (LID) rain water management practices. In
particularly, with the use of the bioretention cells. Bioretention cells are constructed from a
layered or heterogeneous soil mixture which is designed to have both a high infiltration rate
to reduce stormwater peak flows to receiving water bodies, and high contaminant removal
efficiency. The soil media composition of bioretention cells is highly variable depending on
the regulatory agency, and can cause significant variation in results. This study aims to
determine which media mixtures from five different regulators in California is the most
effective at removing contaminants and infiltrating stormwater.

1.1 Background
According to the U.S. Environmental Protection Agency’s 2007 National Water Quality
Assessment, 35% of U.S. streams are severely impaired, and 75% of the population lives within
10 miles of an impaired surface water body. The US Clean Water Act (CWA) defines that
waterways must be “fishable” and “swimmable” and meet regulatory requirements. Any
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waterway that does not meet these standards is considered impaired, and is regulated by Total
Maximum Daily Load (TMDL) which establish a maximum pollutant loadings that can be added
to a waterbody on a per-day basis. These TMDLs are based on the specific contaminant that is
believed to be the cause of the impairment in the waterbody. Two common contaminants across
the US and in California are Total Suspended Solids (TSS) and Nitrate26. Both contaminants
have TMDLs for many impaired water bodies. A challenge with controlling both TSS and nitrate
impairments is that they are often not caused by point source pollution, but are instead caused by
non-point source pollution such as contaminated stormwater.
Due to this degradation of U.S. waterways and aquifers, effective storm water management
has become a national priority. Improved methods for dealing with storm water have
emerged with the introduction of green infrastructure, LID techniques, and green building
ordinances. Two of the main contaminants of concern in California are total suspended solids
(TSS) and Nitrates. The TSS present in stormwater is caused by soil and other debris from
lawns, street depositions, construction sites, and vegetated areas being carried into the
traditional stormwater conveyance systems such as pipes and deposited directly into
receiving water bodies. Unlike natural settings where the stormwater runoff is significantly
slower due to the permeable and rough surfaces it travels over, urban surfaces provide little
to no opportunity for stormwater to flow slowly enough to deposit the sediments it carries.
The excess sediments carried to receiving water bodies cause turbidity to rise, damaging
aquatic habitat and causing degradation of the stream bed26. Other contaminants, such as
metals and phosphates, can also bind to particles carried by stormwater causing additional
habitat damage and/or creating a human health risk.
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Nitrates are also mobilized by stormwater flowing over landscaped or fertilized areas. Since
there is rarely a chance for the stormwater to infiltrate through soil or be absorbed by
vegetation as the stormwater is conveyed away from the surface, nitrates picked up by the
stormwater may flow directly into receiving water bodies. Once in these water bodies,
nitrate can cause algae blooms which in turn can cause eutrophication. In addition, excess
nitrate can be harmful, or even fatal to human beings especially infants, due to
Methemoglobinemia, or Blue Baby Syndrome. This illness is caused by a lack of oxygen
being able to be delivered to the body due to hemoglobin binding with nitrates causing a
higher than normal concentration of methemoglobin27.
One best management practice (BMP) that has been widely adopted to improve stormwater
management is the bioretention cell10. Bioretention cells operate by filtering stormwater
runoff through a soil filter bed, and, depending on the surrounding soil type, through an
underdrain or into native underlying soils, as shown in Figure 1. Bioretention cells also offer
municipalities the chance to increase their green space and provide an aesthetically pleasing
way of passively treating stormwater contamination. For these reasons bioretention cells have
become a popular method of treating stormwater contamination across the United States.
It is while the water moves through the soil bed of the bioretention cell that a majority of
contaminates are removed physically by filtration or chemically by sorption to the soil
surfaces. The infiltration of water into the surrounding soils also provides the added benefit
of potentially adding water to local aquifers as the water infiltrates into the deeper
surrounding soils. The filtering of stormwater through the bioretention soil media has shown
to be effective at removing influent TSS by capturing the soil particles within the
bioretention cells’ own soil matrix24. By infiltrating stormwater carrying nitrates, the
3

bioretention soil media can also provide areas for nitrates to sorb onto the bioretention soil
media, and since bioretention cells are typically planted with vegetation the nitrates can be
utilized and absorbed by the plants16. Different mixtures of soil media have shown to be more
or less effective at removing various contaminants depending on the blend and quantity of
soil types used in the media.

Figure 1: Bioretention Cell Rendering showing media layers and the underdrain

Research pertaining to the effectiveness of bioretention cells in the semi-arid climates of
California and the Southwestern United States has been limited. The semi-arid climates of
this region experience long dry periods followed by periods of intense rainfall. This weather
pattern can cause a high concentration of contaminants to flow into receiving water bodies,
called the “first flush” 29. The potency of this first flush of pollutants may decrease the
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treatment efficiencies of traditional LID techniques. It is therefore especially important for
the removal efficiencies and hydraulic conductivities of various bioretention soil mixes
utilized in semi-arid climates to be tested in response to these first flush conditions, in terms
of both effective rain water infiltration and pollutant removal.
Some initial local work has been done by various municipalities and non-profits such as the
City of Santa Barbara or the Central Coast Low Impact Development Initiative28. These
groups determined which soil mixtures would be most effective at removing contaminants
and specified certain characteristics for each. These characteristics include a minimum
infiltration rate, standards that the soil used in a mixture must meet, the volume of each soil
type needed, planting types, and other recommendations depending on the individual
specification. The key component present in all the bioretention soil media mixtures is
concrete sand, which forms the bulk of the soil in all the different media types. This is likely
due to concrete sand’s widespread availability, good hydraulic conductivity12, 21, and specific
gradation characteristics outlined in ASTM Standard C33. The next most commonly used
material in bioretention soil media is compost, which is also present in every media
recommendation tested in varying quantities. Typically, specifications call for a compost
mixture that does not contain a significant portion of fine material as this could cause
clogging in the media12. However, unlike concrete sand, there is no specific gradation size
requirements for compost so its gradation and other characteristics can vary widely. Finally,
several mixtures call for the inclusion of top soil. The top soil provides more organic content,
like the compost, and is also a widely available material. However, like compost there is no
official stringent definition of particle size and composition of top soil, which can cause
variation in performance of different bioretention cells using the percentages of each soil
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type. Also, bioretention soil media specifications studied vary significantly in percentage of
soil volumes from agency to agency regardless of weather patterns.

1.2 Objectives
This study aims to quantify the contaminant removal efficiency and hydraulic conductivity of
several bioretention soil mixes (BSMs) used in California and the Southwestern United
States under simulated first flush conditions. Specifically, this study will determine if a
higher organic content in the bioretention soil improves contaminant removal efficiency for
TSS and nitrates and whether the higher organic content leaches nitrogen into the stormwater
effluent. Additionally, this study will determine if significant clogging of the BSM occurs
after removing total suspended solids from first flush influent rain water, leading to longterm reduction in bioretention cell performance.
The main objectives of this Study include:
1. Which municipal bioretention cells soil mixtures are most effective at removing the
total suspended solids and nitrates, this study’s two primary contaminants of concern?
2. How does the hydraulic conductivity of the BSM mix vary, and what soil
characteristics in the media are responsible for this variance?
3. Do certain BSM mixes clog faster than others when fines carried by first flush storm
water are introduced to the system, as indicated by reduction in system hydraulic
conductivity?
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To complete these objectives, a testing apparatus had to be designed and developed to allow
for controlled testing of these various BSMs under consistent environmental conditions.
Testing requirements included creating a system that can operate with a constant head above
the media since this is how they are designed to operate when infiltrating stormwater during
design storms, and sizing the columns so that results can be applied to full scale bioretention
cells. A detailed discussion of design of this apparatus is included in Section 3.
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Chapter 2 Literature Review

Bioretention cells have been well studied by various means including: column tests, full scale
in-situ systems, and mesocosms21, 2, 13, 14, 15, 21, 24. These studies identify typical removal rates
of different contaminants by bioretention cells with various soil mixtures. This section
reviews the work done previously in this area and identifies how it will be built on in this
study.

2.1

Design Parameters

Specifications for bioretention cells typically include specification indicates: the media type
and soil layering, soil composition, whether vegetation is present in the media, and the
geometry of the bioretention cell (including depth and shape of the bioretention cell). The
bioretention cell’s hydraulic conductivity and its contaminant removal efficiency are
determined by the its soil mixture which as based on specifications and regulations by local,
regional, state or federal agencies. Therefore, it is crucial to understand how a change in
specification affects the bioretention cell’s ability to treat stormwater runoff.

2.1.1 Bioretention Soil Media Selection
Bioretention cell media are comprised of a mixture of different soil types, primarily sand and
other soil types that contain finer particles. The volume of each soil type used has the greatest
effect on the bioretention cell’s removal efficiency and its hydraulic conductivity14.
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Depending on the agency recommending the bioretention soil media, different standards and
ranges are used to define what is an acceptable soil mixture. However, a small variation in
media size and heterogeneity can cause significant changes in pollutant removal efficiencies
and hydraulic conductivity14. Organic matter in bioretention soil mixtures has also been
found to act as an additional nitrogen source in the media itself, and it has been identified as
a cause of the negative nitrate removal rate in several studies2, 8, 24.
In addition, the way the media is configured can affect media performance. A layered media
can have different removal efficiencies compared to a homogenous mixture with equivalent
soil quantities12. Media configuration can also effect hydraulic conductivity, with layered
media typically having regions of low permeability where more fine particles are present.
This low permeability layer can have a significant impact on the hydraulic conductivity of
the overall system12. This is especially true if an area of low permeability is present at the top
of the bioretention soil media, where the lower driving water head would decrease the media
hydraulic conductivity compared to a media with the same low permeability area at the base.

2.1.2 Effects of Soil and Sand Ratio in Bioretention Soil Media
Larger pore sizes, present in sandy soils, have been shown to have a higher hydraulic
conductivity compared to smaller particles12. However, finer soils have been shown to be
more chemically active and effective at removing contaminants from water as it infiltrates
through the soil1. Balancing these two factors is critical to creating a media that performs
well both hydraulically and for contaminant removal. Media with too little chemical
reactivity may not effectively remove contaminants from stormwater as it percolates through
the media, while media with a high chemical activity but low hydraulic conductivity may
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have a significant portion of the influent stormwater flow bypass the bioretention cell
entirely. This situation would both limit the cell’s ability to remove contaminants as
untreated water would flow directly into the bypass structure, but also the ability of the
bioretention cell to attenuate peak flows.
A study by Limouzin et al. (2011) tested various combinations of bioretention media and
found that masonry sand and sandy loam performed better at TSS removal over the duration
of the study than a concrete sand based medium21. They also found that a lower hydraulic
conductivity was positively correlated with TSS removal. Interestingly, they found that no
organic matter was needed to achieve nitrate and phosphorous removal in their media, with
pure masonry sand with no organic matter performing well at removing nutrients. In another
study by Hsieh and Davis13, 18 different combinations of bioretention media were analyzed
for pollutant removal and hydraulic conductivity. They also found that a mixture of sand and
sandy loam soils was the best option, and recommended varying sandy loam soils based on
vegetation demand and sensitivity13. A pure sand media was observed to be most effective or
as effective at removing TSS in both studies. However, this may be due to fewer fines
washing out of the sand media compared to media with soils added. This result could mean
that a sand and soil mixture is equally effective at removing solids, but a portion of the soil
fines washes out during a rain event causing a higher TSS concentration in the effluent.

2.1.3 Hydraulic Conductivity
A variety of factors affect the hydraulic conductivity of bioretention soil media. As stated
above, larger pore sizes in sandy soil have a higher hydraulic conductivity compared to
smaller particles12. Once the bioretention soil media is in place however, the key factor
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affecting hydraulic conductivity is clogging of the media. Runoff that carries smaller soil
particles tend to clog the soil media 8, 21. Overall decreases in hydraulic conductivity of a
bioretention soil media over time was shown to be as high as 73% over the course of 72
weeks18. An initial decrease in hydraulic conductivity by more than 50% on average in
bioretention soil mixtures during the first 8-months of operation was also seen in an
experiment by Limouzin et al. 21. However, most of the media recovered a significant portion
of its hydraulic conductivity after 11-months of operation, and no column clogged
completely. Understanding how quickly systems clog and how best to restore the soil media
to its original hydraulic conductivity is crucial if municipalities and stormwater agencies
want to keep these systems as effective as possible for as long as possible.
Two common methods used to reduce clogging in bioretention media are with vegetation and
mulch. Vegetation has been shown to have mixed results on preventing clogging18, with
some plant species being very effective at keeping hydraulic conductivity high, while others
showed the same decreases in hydraulic conductivity as the media alone. This effect on
hydraulic conductivity is likely due to the root characteristics of certain plants—specifically
the roots’ ability to create marcopores in the soil to help establish preferential flow paths.
Conversely, other tests show that vegetation alone was enough to prevent the media from
clogging21. Mulch, another commonly recommended constituent for the top layer of
bioretention soil media, is recommended as another way to prevent bioretention soil media
from clogging14.

2.2

Contaminant Removal Efficiencies

Bioretention cells have resulted in varying percent removal for different pollutants, but typically
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they can effectively remove total suspended solids, chromium, zinc, and lead from effluent8, 9.
Typically, organics and nitrate effluent concentration increase due to leaching of the soils,
mulch, and vegetation in the bioretention cells7. However, based on the results of several
sources9, 24, some media mixtures have been shown to be effective at removing nitrates from
influent stormwater. There seems to be no simple answer to how effective bioretention soil
media is at removing nitrates due to biogeochemical complexity of the nitrogen species21 and the
unique characteristics of every soil blend. Due some testing showing positive nitrate removal,
many municipalities allow bioretention cells to be an option to remove nitrates from influent
stormwater28. If it is true that most bioretention cells leach nitrates from their own organic media
components, their use as a treatment option for municipalities could be questionable if they need
to decrease nitrate loadings in their receiving water bodies.

2.2.1 Total Suspended Solids Removal
Bioretention cells have been shown to be very effective at removing TSS from influent
stormwater, with removal rates ranging from 88%13 to over 98%24. Since TSS removal is a
physical straining process, the pore size and gradation of the bioretention soil media is what
allows for the capture of influent particles. The high removal of TSS is also beneficial for
removal of certain contaminants. For example, some contaminants such as lead tend to sorb
to soil particles carried by stormwater. Thus TSS removal via filtration also removes these
sorbed contaminants13.
A majority of the influent TSS filtered out of the influent stormwater in the first 10 cm of the
media19. This can cause potential clogging as the top of the media’s void space fills with new
soil particles.
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2.2.2 Nitrogen Species Removal
Depending on the media composition, nitrogen species removal is highly variable in bioretention
soil media. In previous studies, nitrates have been shown to leach into effluent at substantially
higher concentrations2, 24, have little to no change from influent flows2, or have a high removal
rates of influent nitrogen species 9, 22. Typically, total nitrogen (TN) concentrations decrease as
stormwater flows through the bioretention cell media9, but removal nitrate is highly dependent
on vegetation and percent organics in the soil. As mentioned above, organic matter in
bioretention soil mixtures has also been found to act as a nitrogen source in the bioretention soil
media in previous studies, causing negative removal rates24. However, if a section of the
bioretention cell is allowed to remain saturated, denitrification of influent stormwater has been
shown to occur with up to 75% of the nitrogen being removed15. To be more effective however,
a carbon source in the form of organic matter must be present in the media or removal rates can
drop dramatically15. It is unclear from these two studies whether including organic content to
allow denitrification offsets the potential for nitrate to leach into the effluent from added organic
matter.
Vegetation planted within the bioretention cells allows for denitrification to occur in the
rhizodeposition zone16, 22 on the order of 10 to 12 hours. Vegetation can also rapidly draw
nitrogen into shoots and stems22, but this process is highly variable based on plant species24.
Without vegetation, immobilization and capture of NOx species becomes more difficult, and
rapid breakthrough in unplanted systems can occur2. However, it is also believed that additional
nutrients can originate from planted vegetation and organic material in soil in the bioretention
cells themselves11. Since the aim of this study is to look at the effectiveness of the various soil
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media, vegetation will not be added to any of the soil columns. This deliberate omission could
lead to results that behave differently than in-situ cells using the same media that contain
vegetation, but this study does provide a baseline for later studies by which these values can be
compared to see if vegetation causes a net export or more capture of nitrate species.
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Chapter 3 Experimental Design

To analyze the effectiveness of the various bioretention cell (BRC) soil mixtures, a six-column
apparatus was constructed to mimic the behavior of a full-scale BRC system in each column. The
soil mixture inside each column was based on the specifications provided by five different
municipalities in California with the sixth column serving as a sand-only control. Clean bed
testing allowed for determination of leaching and gave a baseline hydraulic conductivity for the
soil media, while experiments with synthetic stormwater allowed for determination of TSS and
nitrate removal, and change in hydraulic conductivity in response to the first flush.

Apparatus Design
The primary goal was to build a system that allowed for laboratory scale flexibility and control,
in such a way so its results could be relevant to full scale systems. To make the results mimic a
full-scale system as accurately as possible, each column had the same media and ponding depth
that a full-scale system would have based on the specification to which each was built. The
columns were constructed out of 8-inch diameter pipe to avoid boundary conditions having a
significant impact on the flow through the columns. The impermeable column wall also
mimicked the poorly draining native soils common in California (USGS). Effluent was collected
through an underdrain system that could be present in bioretention cells found in poor hydraulic
soil. This underdrain also allowed the effluent from the column to be easily collected and
sampled. The water distribution system placed above the columns was designed so a constant
ponding depth would be maintained above all the columns and synthetic stormwater would be
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distributed evenly as the columns reached their maximum ponding depth. The saturation of each
column could be controlled by sealing the valve at the base of each column’s effluent pipe.

3.1.1 Column Description
Six columns with various bioretention soil media were constructed. Columns were built using
8-inch (inner diameter) schedule 40 PVC piping to avoid boundary conditions between the
bioretention media and columns as much as possible. The total height of the columns used in this
experiment were 132 cm (52 inches) tall and consisted of 91.5 cm (36 inches) of soil media, 33
cm (13 inches) of ponding depth above the media, a 10.16 cm (4 inches) PVC pipe end cap, and
10.16 cm (4 inches) of gravel filter media wrapped in filter fabric to prevent migration of the
media to the bottom of the column. These column dimensions were selected based on the
municipal bioretention cell specifications, but they allow for flexibility for future experimental
use as well.
Each column was fitted with a 5.08 cm (2 inch) circular bulkhead valve that served as the
underdrain from each column. Each bulkhead valve was sealed with caulk to prevent leaks, and
effluent was directed through a 5.08 cm (2 inch) PVC pipe. The effluent pipe was fitted with a
gate valve and a 300-cm (0.0117 inch) mesh screen to hold the media in the column. Water
drained through each column into a separate 18.9 liter (5 gallon) plastic bucket to collect the
effluent.
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Total Column
Height: 52 inches
2 inch
effluent pipe
with mesh
screen

2 inch Ball
Valve
2 inch
Bulkhead
Valve

2 inch
Bulkhead
Valve

Pipe End Cap
Image provided is not to scale

Figure 2: Sample Schematic of the Base of each Soil Column and their drainage system

The columns were seated inside a wooden rack that held each column stable, shown in Figure 3.
The rack was constructed of 2 ¾-inch plywood sheets that measured 91.44 cm by 121.92 cm (36
inches by 48 inches) and had six 26.67cm (10.5 inch) holes drilled into them for the columns to
be placed. The plywood supports were held by 4 vertical wooden columns constructed out of 2”
x 4” lumber. Attached to these columns, 4 lateral wooden support columns constructed out of 2”
x 4” lumber were screwed into each plywood sheet. The base of each column was seated on a
410 mm x 200 mm x 200 mm cinder block to raise each column’s effluent pipe above the plastic
collection bucket. Each column was individually leveled inside the rack using flexible foam
tubing to avoid preferential flow through the soil media.
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Figure 3: Bioretention Media Columns seated in the Wooden Rack with Float Valves and
Distribution Pipes.

Above each column, a pipe network constructed of 1.27-cm (0.5 inches) PVC pipe carried water
to each column. To provide constant head to each column, each column was fitted with a 1.27
cm (0.5 inches) brass float valve and float that would stop water flow to the column once the
maximum ponding depth in the column was reached. The pipe network was attached to a pump
inside a 208-liter (55 gallon) stormwater barrel that served as the reservoir for the water for each
18

test. A bypass hose was connected to the pipe network to allow excess flow back into the
stormwater barrel and to keep its contents vigorously mixed for the duration of each test.

3.1.2 Materials Used in Construction
The columns and end caps used in the construction of the soil columns were purchased and
delivered from Ferguson, a local pipe supplier (San Luis Obispo, California). They were
delivered in two 609.6 cm (240 inch or 20 feet) long sections. These sections were cut down to
their final 132 cm (52 inch) size using a chop saw. The piping, plywood, and wooden columns
were purchased from Home Depot and were cut to size using a table saw and jigsaw. The brass
float valves, the brass rods, and the floats were purchased from Farm Supply. The bulkhead
valves were purchased and shipped from Amazon. The 5.08 cm (2 inch) piping that was attached
to the bulkhead valves, as well as caulking materials to seal the columns, the mesh to filter out
the large particles, and the 5.08 cm (2 inch) ball valves were purchased from Ace Hardware.

3.1.3 Media Selection
The media selected for use in this experiment was based on required mix specification standards
from five municipalities and county stormwater regulatory agencies, as indicated in Table 1. The
various bioretention soil mixes were also chosen because they would all perform in the semi-arid
or Mediterranean climate of California, and would therefore be subject to similar weather
patterns. The mixtures consisted of sand, compost, and top soil in various proportions, as listed
in Table 1. In addition to the five soil media mixes, a column comprised of 100% concrete sand
(sand that meets the standards set by ASTM C33) was used as a control for the experiment. This
would provide a baseline to compare the other media to, and since sand has proven to be an
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effective media12, 21 a comparison between the mixtures could provide insight into how much
sand should be added to bioretention soil mixtures. Table 1 below shows the regulatory
requirements for bioretention soil media for each stormwater agency that will be used in this
experiment.
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Table 1: Media Compositions of Selected Stormwater Agencies
Percent
Column

Percent Sand

Agency

Percent Top Soil
Compost

Number

(by Volume)

(by Volume)
(by Volume)

Control

1

100

0

0

2

60-80

20-40

0

3

60-70

30-40

0

4

60-70

15-25

10-20

5

65

15

20

6

50-60

30-40

10-20

Coastal Watersheds of Los Angeles
County 4
Bay Area Stormwater Management
Agencies Association30
City of Santa Barbara Stormwater
Management Program
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San Diego County Standard Urban
Stormwater Mitigation Plan 6
Contra Costa County Clean Water
Program 5

Note that the specifications for the bioretention media soil mixtures chosen have significant
variation in the percentage of sand, compost, and top soil required. This variation in soil
composition is expected to create a wide range of behaviors in the nutrient removal, TSS
removal, and clean bed effluent characteristics.
Each stormwater agency also outlined specific grain size distributions for the sand, compost, and
top soil, as well as organic content, porosity, and minimum hydraulic conductivity of the media.
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These requirements are tabulated below in Table 2. The requirements for the concrete sand were
uniform across the different agencies that had listed grain size distribution requirements. The
concrete sand, purchased from a local distributor (Air-Vol Block, San Luis Obispo, California)
for use in the columns media met the all listed agency requirements.
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Table 2: Percent Passing Requirements for Sand Compared to AirVol Block Concrete Sand
(Control)
Bay Area Stormwater

Contra Costa Clean

San Diego

Los Angeles

Concrete Sand

Agencies Association

Water Mix A

County

County

(Control)

Column 3

Column 6

Column 5

Column 2

Column 1

No. 4

90 to 100

90 to 100

90 to 100

90 to 100

98.3%

No. 10

70 to 100

70 to 100

70 to 100

70 to 100

82.4%

No. 20

40 to 95

40 to 95

40 to 95

40 to 95

62.5%

No. 40

5 to 55

5 to 55

5 to 55

5 to 55

34.1%

No. 60

-

-

-

-

14.0%

No. 100

0 to 15

0 to 15

0 to 15

0 to 15

3.9%

No. 200

0 to 5

0 to 5

0 to 5

0 to 5

0.3%

Sieve No.

3.1.4 Experimental Bioretention Soil Media
The soil used when creating these bioretention soil media came from two different local
suppliers in San Luis Obispo: Air VolBlock and Ace Hardware. The concrete sand used in the
experiment was purchased from Air VolBlock and meets the ASTM C33 standard for grain size
distribution and soil characteristics. Additional testing on the soil characteristics was performed
to better understand the soils properties (Section 5: Soil Characterization). The compost soil used
in the bioretention media columns also was purchased from Air VolBlock. The top soil that was
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used was purchased from Ace Hardware; the blend was advertised as free from any animal and
food waste, making it a good selection for bioretention cells.

3.2

Experimental Procedure and Analysis Methods

In order to use the testing apparatus described in the section above, a testing procedure was
developed to analyze the following aspects of the bioretention soil media:
•

Determine how much nitrate and total suspended solids (TSS) are leached from the
columns during clean bed testing.

•

Determine how effective each bioretention soil medium is at removing influent
suspended solids carried by synthetic stormwater.

•

Determine how effective each bioretention soil media is at removing nitrates carried by
synthetic stormwater.

•

Determine how the hydraulic conductivity of the media changes after it is loaded with
solids during TSS testing

3.2.1 Contaminant Loading
The amount of each contaminant added to the synthetic stormwater is based on “typical”
worldwide values shown below in Table 3. The value presented for nitrate and TSS
concentrations in stormwater runoff are based on standard values used in other research done on
the bioretention soil media and stormwater contaminant concentrations4, 13, 14, 21.
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Table 3: Average Influent Concentrations of Stormwater Contamination
Contaminant

Concentration (mg/L)

TSS

150

Nitrate as Total Nitrogen (TN)

2

However, to achieve a higher contaminant loading rate during TSS testing, the average TSS
values were doubled to see if clogging would occur in the media.

3.2.2 Effluent Volume Measurements from the Columns
To compare the results of the different bioretention soil media, effluent volume was measured in
units of pore volumes. This was done for several reasons, most important is that it allows the
results from these experiments to be compared to full scale systems. Since the columns have the
same depth as a full-scale system and the same media composition, every pore volume that is
treated by the bioretention soil media in our test is assumed to behave the same way as a pore
volume going through a full-scale system. This means that despite the laboratory scale of this
experiment, results from this experiment can be scaled to show the results as a full-scale system.
The pore volume measurements also allow all columns to experience the same storm event, and
hydraulic conductivity of each of the media can be directly compared as the experiment runs.
This means that bioretention soil media with a higher hydraulic conductivity will “treat” more of
the influent stormwater, and will have more data because of it. This demonstrates the importance
of the hydraulic conductivity of the bioretention soil media since it determines how the volume
of water the can be treated per unit area. Depending on the test, pore volumes are collected
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every 3.8 liters (1 gallon) or 7.6 liters (2 gallons) for TSS and nitrate testing, and every 2 liters
for hydraulic conductivity measurements (for more details see Section 3.2.4 below). The
calculation of pore volumes is shown in Section 4.1.3, and the table showing the pore volumes of
each column are shown below in Table 4. Note that in this table, the percentages of each soil
type present in the columns of bioretention soil media are denoted by column number followed
by the % Sand, % Compost, and % Top Soil.
Table 4: Pore Volumes of the Bioretention Media Soil Media by Column Number
Pore Volume

Pore Volume

(liters)

(gallons)

1 (100/0/0)

10.67

2.82

0.43

2 (80/20/0)

11.25

2.97

0.48

3 (60/40/0)

11.62

3.07

0.50

4 (70/10/20)

11.31

2.99

0.48

5 (65/15/20)

11.34

3.00

0.49

6 (50/30/20)

13.11

3.46

0.56

Column Number

Porosity of the Column

3.2.3 Experimental Procedure for Clean Bed Testing
To better characterize the media inside each column, a series of clean bed tests were performed
before any synthetic stormwater was added to the columns to determine the columns’ initial
hydraulic conductivity as well as see to what degree the soil mixtures leached both nitrogen and
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total suspended solids (TSS). To perform this clean bed test, the following procedure was
developed.
Before each test, a 208-liter (55 gallon) barrel of water was filled from a potable water hose
located in the testing area. Once the barrel of water was filled, the pump was lowered into the
water where it rested on the bottom of the barrel to pump the water to all the columns. The water
was distributed to the columns via the suspended pipe network above the columns, and flowed
out into the top of each media layer via hoses. Float valves prevented overflow in each column,
but due to the high flow rate of the pump, and the relatively small bypass piping back to the
barrel the pump was operated in 30-second off-on cycles as necessary once the columns were
filled to avoid overtopping in the columns.
Initially, as flow entered the columns, all flow valves on the effluent pipes were closed and the
water was allowed to saturated the columns. Once the water had filled the columns to their
maximum ponding depth and the media was saturated, the valves were opened. As the columns
began to drain, hydraulic conductivity data was collected by recording the time it took effluent
water to fill a 1 quart of a 2-liter painter’s bucket. Once the time was noted, samples were
collected for analysis and the bucket was emptied into the 19-liter (5 gallon) collection bucket
below. All clean bed effluent samples for TSS and nitrate testing were collected every 7.6 liters
(2 gallons) in duplicate 50 mL falcon tube grab samples. For details on how the samples were
analyzed see Section 3.2.7 below.
Column effluent results from the clean bed testing were compared to the results from TSS and
nitrate influent results to see how the performance of the media changes over the course of the
testing. This delineated how much the nitrate or solids the bioretention soil media leaches based
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on characteristics of the media itself compared to the breakthrough, removal, or leaching of
contaminants when it is carried by influent stormwater.

3.2.4 Synthetic Stormwater Preparation
Two different synthetic storm water mixtures were used for testing: one mixture with controlled
nitrate (NO3) concentration, and a separate mixture with controlled TSS concentration.
For the nitrate solution, a 1-L stock solution was prepared by adding sodium nitrate (CAS
number 7631-99-4), purchased from Fisher Science, to deionized water until a concentration of
875 mg/L of NO3 was produced. The stock solution was added to 113.6 liters (30 gallons) of tap
water inside the 208.2 liter (55 gallon) stormwater barrel to achieve the desired concentration of
6.25 mg/L NO3, which is equivalent to 2 mg/L-N that was desired for this test.
To create the desired concentration for TSS, a blend of top soil and compost were placed on a
number 10 sieve and washed with tap water into an 18.9 liter (5 gallon) bucket until the soil ran
clean. This method allowed smaller particles can be easily carried by stormwater to make up the
bulk of the TSS. This water was added to the stormwater barrel and tap water was added to dilute
the TSS concentration to the desired level. Average measured concentrations of the influent for
both TSS and nitrates are provided in Table 5 below.
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Table 5: Average Measured Influent Concentrations
Pollutant

Concentration (mg/L)

Standard Deviation

Total Suspended Solids (TSS)

473.6

77.26

Nitrate (NO3) as Nitrogen

1.865

0.04

One reason the TSS values showed a high degree of variability is that the pump kept larger
particles in suspension than would typically be present in stormwater runoff. To account for this,
grab samples from the TSS influent were poured through a number 200 sieve, which stopped
larger particles not in suspension from creating falsely high readings.

3.2.5 Experimental Procedure for TSS and Nitrate Testing
To test the removal of TSS and nitrates from synthetic stormwater, two different test methods
were developed, building on the test method outlined in Section 3.2.3. Before each test, synthetic
stormwater was mixed to be applied to the columns. For details on the procedure followed for
synthetic stormwater mixtures refer to Section 3.2.4. Each batch of synthetic stormwater was
made based on the duration of test that was to be performed since the water was pumped until the
pump reached its automatic shutoff depth of 3 cm (1.18 inches) in the barrel. The smallest
volume of water prepared was 208-liter (55 gallon). Additional synthetic stormwater was mixed
in 38-liter (10 gallon) containers and added to the barrel and pump as needed to prevent pump
shutoff. This allowed the columns to maintain their constant ponding head above the soil media
so that each column had the same hydraulic head.
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Once the barrel of synthetic stormwater was filled, the pump was lowered into the water where it
rested on the bottom of the barrel to pump the synthetic stormwater to all the columns. The
operation of the pump and column followed the procedure outline in Section 3.2.3 above.
However, an alteration to this testing method was made during TSS testing, and the pump was
suspended by a hose above the bottom of the barrel to avoid drawing fine sand particles into the
pump’s impeller and potentially damaging it.
Hydraulic conductivity measurements followed the procedure outlined in Section 3.2.6. TSS
testing followed the same procedure outlined in the clean bed procedure. The sample collection
procedure was altered during nitrate testing. Instead of two 50mL grab samples being collected
every 7.6 liters (2 gallons), two 50 mL effluent samples were collected in falcon tubes every 3.8
liters (1 gallon) for the first 15.14 liters (4 gallons) of effluent to see if a rapid breakthrough of
nitrate occurred in the columns. After the initial 15.14 liters (4 gallons) of effluent were
collected, 50mL samples were taken every 7.6 liters (2 gallons) for the remainder of the test. For
details on how the samples were analyzed see Section 3.2.7 below.

3.2.6 Hydraulic Conductivity Measurements
The columns used in the test allowed for a constant head hydraulic conductivity test to be
performed. This test allowed the columns to more accurately mimic full-scale systems, which are
all designed to have a certain ponding depth to help drive stormwater flows into the media. The
equation used to calculate hydraulic conductivity is the following:
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!=

#∗%
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Where: ! =Hydraulic Conductivity
# = Volume of Collected Effluent
% = Length of the Column
& = Area of the Column
ℎ = Head Difference across the Column
( = Time required to reach Volume #
To test hydraulic conductivity using the bioretention media columns synthetic stormwater
effluent from each column was collected in separate 2-liter buckets and measurements were
taken once the bucket was filled to the 1-quart marker. The amount of time it took to fill each
quart bucket was recorded. The collected data provided a constant volume of effluent (V) and
made the only variable that was measured for hydraulic conductivity data the time it took to fill
the volume (t). During the testing, the depth to the top of the media was recorded as the constant
ponding depth (h). The length of the column (L) and the area of the soil media inside the column
(A) were constant values based on the geometry of the columns.
Using this procedure, the hydraulic conductivity tests were run for both clean bed and TSS
influent tests to determine the rate at which the system clogged as solids entered the column.
This procedure also helped determine if the columns met the regulatory agencies’ minimum
specified hydraulic conductivity. It also allowed each column’s hydraulic conductivity value to
be compared to one another despite variation in ponding head as the soils settled in their
columns.
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3.2.7 TSS and Nitrate Analytical Methods
Once the TSS samples were collected in 50-mL falcon tubes, they were taken to the lab to
determine the TSS concentration present in each column. Effluent samples were filtered through
0.2-µm pretreated nitrocellulose filters (Hach). Each filter was weighed before testing so the
weight of the solids collected could later be calculated. The filters were rinsed in three separate
washes of deionized water to avoid shocking the filters. Each filter was placed on a vacuum
filtration system, the sample water was poured over the filter, and a vacuum was applied. Filter
permeate was collected for nitrate testing for each sample. The nitrocellulose filters were
collected in metal trays and baked in an oven at 100ºC for one hour to remove any excess water
on the filters. The dried filters were then weighed and the TSS concentration of each sample was
determined based on the following equation:

*+,-.,(/0(1+, 23 % =

4055
816(./ 9.13ℎ( + ;+16 9.13ℎ( − 816(./ 9.13ℎ(
=
%
#+672.
50 2% ∗ 1000
2%

Nitrate concentrations were measured using the filter effluent from the TSS testing. This ensured
that the samples did not have solids that would affect the accuracy of the nitrate testing. Nitrate
as nitrogen testing was done using an HACH spectrophotometer and nitrate TNTplus vial test for
low range detection, following HACH procedures.
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Chapter 4 Soil Characterization

All soils were thoroughly characterized to aid in determining what factors contribute to hydraulic
conductivity, nitrate and TSS removal efficiency, and the total pore space available in each
column. These factors allow the results from the columns to be applied to full scale systems.
All results in this section label the various columns by volume by a number shown in Figure 4
based on the percentage of sand, top soil, and compost present in the different bioretention media
mixtures. In future sections, column descriptions will include both the column number and a
short hand abbreviation for the percentages of each soil media constituent present. The short
hand will follow the format (percent sand/percent compost/percent top soil) and is also included
in Figure 4 below. The soils placed in each column were well mixed by hand before being placed
in the column, so each media is a homogenous mixture of the soil portions shown in the Figure
below.
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Column 4:
70% Sand,
10% Compost,
20% Top Soil
(70/10/20)

Column 5:
65% Sand
20% Compost
15% Top Soil
(65/15/20)

Column 6:
50% Sand,
30% Compost,
20% Top Soil
(50/30/20)

Column 3:
60% Sand 40%
Compost
(60/40/0)

Column 2:
80% Sand
20% Compost
(80/20/0)

Column 1:
Control Column
100% Sand
(100/0/0)

Figure 4: Column compositions and numbering with a Plan View Representation of the Columns

4.1

Soil Characteristics

Since the removal efficiency and hydraulic conductivity of bioretention soil media is dependent
on the soil characteristics of the media, understanding the soil characteristics and composition of
the media is crucial. This characterization allows for analysis on how soil particles size, organic
content, and soil type affect the media performance. Soil characterization also helps create a
more repeatable experiment if the properties of the different media can be matched.
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4.1.1 Specific Gravity of the Media Constituents
To determine the pore volume available in each column, the specific gravity of each column was
calculated. This was especially necessary for the compost and top soil, as both soils contained a
significant portion of organics and floating material. Specific gravity was found using a modified
version of ASTM Standard D854-14. Four pycnometers were calibrated using the test method to
ensure accuracy of the measurement.
To analyze the top soil and the compost, the soil was separated by washing it in a bowl over a
number 200 sieve and collecting the material that floated off the soil into the sieve. Floating
particles and non-floating particles were analyzed separately due to the significant difference in
their specific gravity. An example of the separated soil types is shown below in Figure 5 for the
top soil sample.
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Figure 5: Top Soil Media After Separation

Samples were then saturated in water for 24 hours before the soil was dried to a saturated surface
dry condition, or until there is no free water available on the soil particles, to determine
absorption of each soil type. Each sample was then added to a pycnometer and placed under a
vacuum to remove any trapped air from the media (Figure 6).
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Figure 6: Soil Media in Pycnometers with a Vacuum Pump Applied
Each pycnometer was then weighed before and after water was added to the calibration mark.
Excess floating material in the soil was floated out from the pycnometers prior to weighing to not
interfere with the calibration mark reading. This material was collected and oven-dried so no
mass would be lost when calculating specific gravity. The samples in the pycnometers were then
weighed and oven-dried. Specific gravity was calculated for each of the five soil groups as
shown in Table 6. A combined specific gravity was calculated for top soil and compost by a
using a weighted average of the specific gravity of the floating and non-floating soil media
shown in Table 7.
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Table 6: Specific Gravity Absorption of Different Soil Media
Specific Gravity (g/cm3 at 20˚C)

Absorption

Top Soil-Floating Particles

1.77

202.73%

Compost- Floating Particles

1.83

143.42%

Top Soil- Non-Floating Particles

2.69

17.87%

Compost-Non-Floating Particles

2.42

43.96%

Concrete Sand

2.67

12.15%

Soil Type

Table 7: Combined Specific Gravity of the Soil Media
Soil Type

Specific Gravity (g/cm3 at 20˚C)

Top Soil

2.45

Compost

2.26

Concrete Sand

2.67

Based on the specific gravity of the constituents, the specific gravity of each soil in the columns
was calculated based on the percentage of each media type added to the column. The specific
gravity of the media affects the pore volume available in each media type, with media that has a
higher specific gravity having less pore space available. The calculated specific gravity of each
column is shown below in Table 8.
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Table 8: Specific Gravity of Each Soil Media Column Based on Soil Composition
Specific Gravity
Column Number

(g/cm3 at 20˚C)

Percent Sand

Percent Compost

Percent Top Soil

1 (100/0/0)

2.67

100%

0%

0%

2 (80/20/0)

2.588

80%

20%

0%

3 (60/40/0)

2.506

60%

40%

0%

4 (70/10/20)

2.585

70%

10%

20%

5 (65/15/20)

2.555

65%

20%

15%

6 (50/30/20)

2.503

50%

30%

20%

4.1.2 Particle Size Distribution
Using the same separated media for the top soil and compost, a sieve-size analysis was
performed using the ASTM D6913 method. The particle size distributions were combined using
the Cal Trans California Test 105 method for combining grain size distributions with variation in
specific gravities. This method changes the grain size distribution from comparing soils on a “by
mass” basis to a “by volume” basis, to account for significant difference in the soil medias’
specific gravities. Table 9 and Figure 7 show the grain size distributions of the compost, top soil,
and concrete sand. Table 10 and Figure 8 show the grain size distributions of the different
bioretention soil mixtures.
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Table 9: Grain Size Distribution for Compost, Top Soil, and Concrete Sand
Concrete Sand (%

Compost

Top Soil

Passing)

(% Passing)

(% Passing)

No. 4

2.84%

97.16%

97.47%

No. 10

9.86%

90.14%

87.41%

No. 20

22.67%

77.33%

69.70%

No. 40

40.72%

59.28%

51.29%

No. 60

61.46%

38.54%

34.82%

No. 100

81.35%

18.65%

19.20%

No. 200

97.60%

2.40%

1.63%

Sieve No.

40

100%
90%
80%

% Passing

70%

Compost

60%

Top Soil

50%

Concrete
Sand

40%
30%
20%
10%
0%
10

1

0.1

0.01

Particle Diameter (mm)

Figure 7: Gradation Curve of Compost, Top Soil, and Concrete Sand
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Table 10: Synthetic Grain Size Distribution of Bioretention Soil Media
Column 2

Column 3

Column 4

Column 5

Column 6

(80/20/0)

(60/40/0)

(70/10/20)

(65/15/20)

(50/30/20)

(% Passing)

(% Passing)

(% Passing)

(% Passing)

(% Passing)

No. 4

92.61%

95.65%

92.70%

93.86%

95.74%

No. 10

84.88%

88.01%

73.08%

74.52%

77.06%

No. 20

66.91%

69.53%

55.57%

57.28%

60.15%

No. 40

42.94%

44.90%

35.07%

37.01%

40.87%

No. 60

22.56%

23.78%

18.03%

19.52%

23.10%

No. 100

8.93%

9.50%

7.25%

7.97%

10.14%

No. 200

1.00%

1.07%

0.66%

0.79%

1.06%

Sieve No.1

42

100%
90%
80%

% Passing

70%
60%
50%
40%
30%
20%
10%
0%
5

0.5

0.05

Particle Diameter (mm)
Column 1 (100/0/0)

Column 2 (80/20/0)

Column 3 (60/40/0)

Column 4 (70/10/20)

Column 5 (65/15/20)

Column 6 (50/30/20)

Figure 8: Gradation Curve of the Bioretention Soil Media
Looking at the grain size distributions for the different bioretention soil media, all the soil blends
have more fine particles than column 1 (100/0/0). The blends that have more compost, columns 2
(80/20/0) and 3 (60/40/0), are comprised of larger material by volume than the other columns.
This is likely due to the relatively large wood particles present in the compost which offsets the
grain size distribution initially. The bioretention soil mixtures in Columns 4 (70/10/20), 5
(65/15/20), and 6 (50/30/20) appear to create a well graded soil type, with nearly linear gradation
curves compared to the other soil blends. This well-graded characteristic could reduce their
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hydraulic conductivity, due to smaller particles filling the void space created by larger particles
making it more difficult for water to travel through the media.

4.1.3 Pore Volume Determination
Pore volume was calculated for each column individually based on the mass of soil added, the
volume within the column the soil occupied, and the individual soil component’s specific
gravity. The following relationships were used to calculate pore volume:

4@ABCDE =

4FAGHB
I0(./ -+,(.,( (%)
1+
100%

;M.-1N1- O/0P1(Q = RSTBU =

#VACDE

WAXY ZABT[Y

4@ABCDE
#@ABCDE

#EABCDE =

4@ABCDE
RSTBU

= #FAGHB − #@ABCDE

The specific gravity of each soil constituent was calculated using the combined specific gravities
listed in Table 8. The volume of solids of each soil component (sand, compost, or top soil) was
calculated by using the mass of the component added to the column. The total volume of solids
was the sum of all the soil component volumes. The final pore volumes for the columns are listed
below in Table 11.
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Table 11: Pore Volumes of the Bioretention Media
Pore Volume
Column Number

Pore Volume (gallons)

Porosity of the Column

(liters)

1 (100/0/0)

10.67

2.82

0.43

2 (80/20/0)

11.25

2.97

0.48

3 (60/40/0)

11.62

3.07

0.50

4 (70/10/20)

11.31

2.99

0.48

5 (65/15/20)

11.34

3.00

0.49

6 (50/30/20)

13.11

3.46

0.56

4.1.4 Organic Matter in Bioretention Soil Mixtures
The amount of organic matter present in each soil mixture is important to quantify due to its
potential to leach nitrates out of the soil mixtures and into the effluent24. To calculate the amount
of organic matter present in each soil column, a modified version of ASTM D2974 – 14 was
used. To perform the test, 100 grams of each of the concrete sand, compost, and top soil were
oven dried at 100ºC overnight to remove any excess moisture from the soil. The samples were
weighed to the nearest tenth of a gram, and were taken to a furnace to bake at 550ºC for six hours
to volatilize the organic matter present in the soil. The soil was then weighed again to the nearest
tenth of a gram. Table 12 below shows the percentage of organic material present in each soil.
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Table 12: Organic Content of Each Soil Constituent
Soil Type

Organic Content of Soil by Mass (%)

Top Soil

14.58%

Concrete Sand

0.39%

Compost

29.13%

Based on these measured organic content of the media, the percentage and mass of organic
content present in each of the soil mixtures were calculated (Table 13). Included in the Table are
the percentages of each soil type in the mixture to show how the percentage of each soil type
affects the organic content of each of the media.
Table 13: Organic Content of the Bioretention Soil Media Mixtures
Column

Organic Content of Soil

Percent

Percent Top

Compost

Soil

Percent Sand
Number

Mixture by Mass (%)

1 (100/0/0)

0.39%

100%

0%

0%

2 (80/20/0)

6.14%

80%

20%

0%

3 (60/40/0)

11.89%

60%

40%

0%

4 (70/10/20)

6.10%

70%

10%

20%

5 (65/15/20)

8.27%

65%

20%

15%

6 (50/30/20)

11.85%

50%

30%

20%
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Chapter 5 Clean Bed Results

Following the characterization of the soil, tap water was run through each column to measure
any nitrate and/or TSS leaching. This clean bed testing phase also allowed for gathering the
column’s baseline hydraulic conductivity before any potential clogging during in the later TSS
tests.

5.1

Total Suspended Solids Leachate during Clean Bed Testing

The TSS results for the clean bed testing are shown below in Figure 9. The y-axis shows the TSS
concentrations in mg/L on a logarithmic scale. The x-axis shows the number of pore volumes at
which each data point was taken. Due to the nature of the testing apparatus, the total number of
pore volumes moved through the system correlate with the hydraulic conductivity of the soil: the
higher the hydraulic conductivity, the more data was gathered. For this reason, the data gathered
for Columns 5 (65/15/20) and 6 (50/30/20) is significantly less than the amount of data that was
collected in fast flowing media like Columns 1 (100/0/0) and 4 (70/10/20).
Initial runs of the clean bed testing show very high concentrations of solids leaving the column
through the simulated underdrain; every column showed a TSS concentration of at least 100
mg/L for the first pore volume. The results for most of the columns stay consistently between 70
and 120 mg/L of TSS leached. Several spikes in the TSS concentrations are likely not due to a
breakthrough of new material, but instead are related to the start of a new set of clean bed testing
after the soils dried between runs. This is likely due to smaller soil particles, namely silts and
clays, no longer binding to larger heavier particles. This drying and separation process allows the
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small particles to be mobilized during the initial application of water through the columns. These
smaller “free” soil particles can move between the pore space of other larger particles and
migrate out of the column. This could be responsible for the spikes in TSS seen at the start of
each new testing period.
Column 1 (100/0/0) had significantly less release of TSS than any of the other columns. Column
1 performed one to two orders of magnitude better than all the columns by the 4th pore volume.
By the 6th pore volume, Column 1 (100/0/0) shows nearly no TSS breakthrough. This is likely
due to the 0.3% of material in the concrete sand that passes the No. 200 sieve. The lack of
smaller particles present in the media meant that there were nearly no particles that could be
mobilized through the media after the first several pore volumes of water were applied. The
larger soil particles present in the Column 1 (100/0/0) also seem to make it easier for smaller
particles to move through the column and exit through the underdrain. This is demonstrated in
the high initial effluent TSS concertation seen in Column 1 (100/0/0). The initial spike in TSS
concentration in the first pore volume present in Column 1 (100/0/0) is also seen in the Columns
2 (80/20/0) and 6 (50/30/20), and all three show significantly smaller concentration of TSS
during later testing. This could be related to the high hydraulic conductivity in Columns 1
(100/0/0) and 4 (70/10/20), where the faster water velocity more easily removes smaller soil
particles. However, the results from Column 6 (50/30/20) are more likely due to the small
volume of water in which samples were collected and the large percentage of soil that passes the
number 200 sieve (1.06% passing, the largest of any column). The opposite trend is seen in
Columns 2 (80/20/0) and 5 (65/15/20), which have a lower initial TSS concentration than is
present in later testing.
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Figure 9: Clean Bed Effluent Concentrations for Total Suspended Solids in each Column

Table 14 below shows the average concentration of TSS leachate from each column, and the
average standard deviation during the clean bed testing. Also, as stated above, the first pore
volume’s concentration of TSS is not necessarily representative of each column’s performance
over the duration of the test. Therefore, Table 14 includes a column where the first pore
volume’s data was removed and the averages adjusted. Looking at the results from both cases,
columns that used top soil in the bioretention media mixture, Columns 4 (70/10/20), 5
(65/15/20), and 6 (50/30/20), had higher concentrations of TSS leachate on average than
columns that were combinations of just sand and compost. However, once the first pore volume
of data was removed from Column 6 (50/30/20), the average concentration of TSS leachate
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decreased compared to the Columns 4 (70/10/20) and 5 (65/20/15). This could be due to the well
graded nature of the media in Column 6 (50/30/20), which makes it better at retaining the finer
particles in its soil structure.
Table 14: Average Concentration of TSS Leachate from the Bioretention Soil Media
Average TSS
Average TSS Leached During Clean
Column

Leached During

Standard Deviation

Number

Clean Bed Testing

(mg/L)

Bed Testing, Excluding the First Pore
Volume (mg/L)
(mg/L)
1 (100/0/0)

73.63

19.52

11.64

2 (80/20/0)

154.73

10.62

103.27

3 (60/40/0)

180.44

18.57

165.48

4 (70/10/20)

200.95

9.39

211.02

5 (65/15/20)

145.40

15.33

143.51

6 (50/30/20)

466.58

4.14

140.79

Based on the clean bed results for TSS, it appears that the best bioretention soil media for
minimizing TSS in leachate are the columns that have higher percentages of sand and no top soil.
It should be noted that a lower leaching of TSS does not mean that any column is more effective
at filtering influent TSS, but only that they are less likely to contribute solids to the effluent
migrating out of a column during a rain event. While this is an important distinction in terms of
soil mixture behavior, if a large amount of TSS is consistently leached from any column, that
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column’s in-situ effectiveness at removing solids from stormwater in order to meet a total daily
maximum load (TMDL) is severely limited.
The general trend of the results demonstrates that as more top soil is used, more solids are
leached out of the columns. It should be noted however, that because Columns 5 (65/20/15) and
6 (50/30/20) have such low hydraulic conductivity, the data collected for both columns in this
experiment are limited. So, conclusions about their leachate behavior cannot be stated with
certainty. However, based on the results after 5 pore volumes of effluent had moved through the
columns, all the bioretention media behaved similarly, leaching between 70 and 120 mg/L. This
result suggests that any bioretention media will leach a certain concentration of solids as finer
particles present in the media continue to drain out over the course of the media’s lifetime. The
sand control column however leached only 5 mg/L of TSS after 5 pore volumes, a full order of
magnitude less than the other media mixtures used in this test. This result, of a lower leaching of
TSS from a pure sand column, seems to indicate the same result as Hsieh and Davis13 found that
a pure sand mixture had lower TSS effluent concentrations than a mixture with soil and sand.
Confirmation of these results during influent TSS testing will be discussed later in Section 6.2.1.

5.2

Nitrate Leachate during Clean Bed Testing

Nitrate, or nitrogen leaching from bioretention soil media has been a major concern for
municipalities because a net export of nitrate from the media increases the potential detrimental
effects the bioretention cell effluent could have on the habitat. Figure 10 below shows the
effluent concentration of nitrate (as N) on the y-axis in mg/L on a logarithmic scale. Again, due
to the bioretention mixture in Column 6 (50/30/20) having such a low hydraulic conductivity
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data collected from the column is limited. Nitrogen levels in the influent hose water used in this
experiment averaged 0.32 mg/L.
Initial nitrogen concentrations from most of the columns show a very high initial release of
nitrogen in the first two pore volumes. It seems to reach a nearly constant value for most of the
columns after the 3rd pore volume. The general trend for the columns showed that nitrogen
leaching decreased as more pore volumes of water went through the soil media. However,
Column 6 (50/30/20) showed the opposite trend and seemed to leach significantly more nitrogen
with each pore volume. However, this result cannot be considered significant since only 3 data
points were collected due to the columns low hydraulic conductivity.
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Figure 10: Clean Bed Effluent Concentrations of Nitrate

Table 15 below shows the average concentrations of nitrate leached from each column.

53

Table 15: Average Concentration of Nitrate as Nitrogen Leachate from the Bioretention Soil
Media
Average Nitrogen
Average Nitrate

Standard Deviation,
Leached During Clean

Column

Leached During

Standard Deviation

Excluding First
Bed Testing, Excluding

Number

Clean Bed Testing

(mg/L)

Pore Volume
the First Pore Volume

(mg/L)

(mg/L)
(mg/L)

1 (100/0/0)

2.32

2.22

2.28

2.39

2 (80/20/0)

18.74

42.66

0.95

0.89

3 (60/40/0)

51.28

107.43

7.61

11.26

4 (70/10/20)

10.02

22.73

1.44

1.17

5 (65/15/20)

1.53

0.93

1.09

0.41

6 (50/30/20)

2.47

2.02

1.33

0.65

For the clean bed results, removing the first pore volume results from the average had a
significant impact on the average nitrate leached from each column (Table 15). Using all the
values, the best performing column is number 5 (65/15/20) which had consistent results from the
outset of the test. After removing first pore volume results, the best performing column becomes
Column 2 (80/20/0). Column 2 (80/20/0) has the second lowest percentage of fines and third
most organic content out of all the columns. This is an interesting result since organic content is
typically related to nitrate leaching21, 24.
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Instead, based on previous testing18, 21 it is expected that Column 1 (100/0/0), with pure sand
would have the lowest nitrogen effluent concentrations, due to its lower organic content. The
previous study showed that since sand has fewer nitrates sorbed to the soil than organic matter in
soil, it is expected that there would be almost no nitrate leaching from the sand. However, nitrate
concentrations in Column 1(100/0/0) effluent were consistently above that of columns 2
(80/20/0), 4 (70/10/20), and 5 (65/15/20) for the first five pore volumes. Column 1 (100/0/0) did
achieve the lowest concentration present in an effluent sample after its 7th pore volume. Its
concentrations decreased dramatically after its fifth pore volume to 0.054 mg/L of nitrogen
leached, a full order of magnitude less than any another column. However, due to the nature of
the testing apparatus and sampling methods, this behavior may not be unique to the Column 1
(100/0/0). Due to the lower hydraulic conductivity present in Columns 2 (80/20/0) through 6
(50/30/20), lower total permeate volumes were collected and therefore their concentrations were
not measured. This could mean that the other columns would have lower nitrate concretions at
the same pore volume.

5.3

Hydraulic Conductivity

Since one of the primary goals of the bioretention cells is to reduce the volume of stormwater
runoff, a high hydraulic conductivity of the bioretention soil media is crucial to maximize
infiltration. The hydraulic conductivity reported for this experiment is the saturated hydraulic
conductivity of the soil media. Table 16 below shows the average hydraulic conductivity of the
different bioretention soil media.
The two best performing bioretention soil media in terms of hydraulic conductivity are Columns
1 (100/0/0) and 4 (70/10/20). Column 1 (100/0/0) was expected to have the highest hydraulic
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conductivity because there were fewer fine particles in the media to reduce pore space. It was
expected therefore for hydraulic conductivity to be proportional to the percent sand present in
each column, with the higher sand percentages causing a higher hydraulic conductivity. This was
also expected based on the results from previous experiments12, 21. This was not the case with
column 4 (70/10/20), which exhibited higher conductivity than Column 2 (80/20/0) despite
having less sand and a mixture of compost and top soil. Looking at column 4’s (70/10/20) grain
size distribution, however, the media mixture has a relatively high d30 and d10, each of which
represents the soils effective grain size on the gradation curve, compared to the other media. This
indicates that there could be fewer fine particles clogging the pores of Column 4 (70/10/20). This
trend is not continued for Columns 5 (65/15/20) and 6 (50/30/20) which had higher d30 and d10
than both Columns 2 (80/20/0) and 3 (60/40/0), but had significantly lower hydraulic
conductivities. Columns 2 (80/20/0) and 3 (60/40/0), which only used a mixture of compost and
sand in different proportions, decreased in hydraulic conductivity by only 20.1% and 26.2%
compared to the sand respectively. This result suggests that if a higher organic content in the
bioretention soil media is desired, the blend should consist of just sand and compost so the
higher hydraulic conductivity can be maintained.

56

Table 16: Average Concentration of TSS Leachate from the Bioretention Soil Media Mixtures
Average Hydraulic
Column Number

Standard Deviation (cm/hr)
Conductivity (cm/hr)

1 (100/0/0)

35.9

5.809

2 (80/20/0)

28.4

9.637

3 (60/40/0)

26.49

3.557

4 (70/10/20)

31.87

6.948

5 (65/15/20)

13.19

1.543

6 (50/30/20)

6.53

0.391

The minimum specified hydraulic conductivity for bioretention soil media is 5 in/hour (12.7
cm/hr) for the City of Santa Barbara Bioretention Soil Media mixture28. All bioretention soil
media except Column 6 (50/30/20) met this minimum requirement in the clean bed testing.
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Chapter 6 Synthetic Stormwater Results and Discussion

This Chapter presents the results from the column tests where the bioretention soil media
columns were dosed with synthetic stormwater containing total suspended solids (TSS) or
nitrate. The change of hydraulic conductivity of the bioretention soil media is also considered
in this discussion (Section 6.2) due to the potential for TSS to clog the media during
stormwater treatment. As with the previous Chapter, all results in this Chapter identify the
various columns by column number and blend percentages a table of column numbers and
their corresponding soil compositions is shown in Figure 4.

6.1

Total Suspended Solids Removal

This section aims to identify which media compositions are most effective at removing TSS from
influent synthetic stormwater.

6.1.1 Total Suspended Solids Results
A high load of TSS was used during this test to observe the potential for clogging as a result of
the high solids loading first flush removal efficiencies that could be expected in the media. Note
that none of the columns have enough pore volume data collected to count as long-term results.
Influent concentrations had an average TSS concentration of 473.6 mg/L, and are represented by
the dark blue line in Figure 11 below. A logarithmic scale was used to better show the high
removal efficiencies observed. The best performing media was Column 1 (100/0/0) which had a
removal rate of over 99% over the course of the testing. The Columns 2 (80/20/0) through 5
(65/15/20) all showed similar removal rates between 90% and 92% removal during testing.
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Column 6 performed badly, and had the lowest removal rate of only 73.6%. This result
correlated with what was seen during the clean bed testing, the column that used only sand,
Column 1, had significantly better removal than the other columns. The bioretention soil
mixtures that were predominantly sand, Columns 2 through 5, had a similar performance with
relatively good removal, and Column 6 (50/30/20) which was a 50% mixture of soil (compost
and top soil) and sand had the worst performance. This suggest that having a media made up of
mostly sand is a better option for TSS removal than blends that use more compost and top soil in
their soil mixtures.
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Figure 11: TSS Concentration in the Effluent of Various Bioretention Soil Media
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It should be noted again that because of the design of the testing apparatus used, less data could
be collected from the columns with lower hydraulic conductivity. As discussed previously,
Column 6 (50/30/20) was identified as having a very low hydraulic conductivity which was only
exacerbated by the high TSS loading, so results for its ability to remove TSS from influent
stormwater are limited.
The percentage of sand and the presence of compost and top soil had significant impacts on
the bioretention soil media’s ability to filter out solids. Table 18 lists the average effluent
concentrations of the columns, their percent removal, and the percent increase or decrease in
TSS compared to their clean bed effluent.

Table 17: Average Effluent Concentration in the Bioretention Soil Media During TSS Testing
Average TSS in

Removal Efficiency from

Effluent (mg/L)

Influent Concertation

1 (100/0/0)

0.29

99.9%

2 (80/20/0)

44.14

90.6%

3 (60/40/0)

46.11

90.2%

4 (70/10/20)

37.00

92.1%

5 (65/15/20)

36.00

92.4%

6 (50/30/20)

125.00

73.6%

Column Number
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6.1.2 Discussion
Despite the high influent levels of TSS into the columns, the percent removal of solids in all
columns’ effluent is high, averaging 91.3% across Columns 2 (80/20/0) through 5 (65/15/20).
Their average removal rate of 91.3% falls into the expected removal ranges seen in
bioretention cells based on the results from previous studies13, 14, 21, 24, but confirms the
overall results that bioretention cells are good at removing TSS from influent stormwater.
Columns 1 (100/0/0) and 6 (50/30/20) had drastically different performance than the other
columns and were higher and lower than typically seen in other studies respectively.
The best performing column in terms of TSS removal, was Column 1 (100/0/0) which
contained only concrete sand. Again, this result was expected based on the previous
research14, 21 done on bioretention soil media. It is possible that all columns remove a similar
concentration of TSS from stormwater, but leach a portion of their fines as the water passes
through the column13. Column 1 (100/0/0) was also expected to maintain the highest
hydraulic conductivity based on the clean bed results. However, potentially because of this
high removal rate of column 1, it experienced the most severe clogging of any of the
columns. This will be discussed further in Section 6.2.1.
Column 3 (60/40/0) had the second highest removal efficiency of any bioretention soil media
blends with an average effluent concentration of 36 mg/L and an average removal efficiency
of 92.4%. Since this column had the smallest particle size distribution, the higher removal
efficiency was expected, although it was still significantly lower than column 1. The trend of
higher removal efficiency of the media with more fine particles was consistent apart from the
two extreme cases in Columns 1 (100/0/0) and 6 (50/30/20). Column 6 (50/30/20) had the
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worst removal efficiency of influent TSS. This result is not entirely unexpected due to the
comparatively high concentrations of solids that migrated out of the column during clean bed
testing. This result is supported by Hsieh and Davis who found that bioretention soil mixture
with a larger portion of soil compared to sand had a chance to leach smaller particles into its
effluent13. It is possible that none of the influent TSS particles move through the soil media
to the effluent pipe, and it instead may be the export of soil already in the media that appears
as TSS effluent. However, the export of soil particles, even if they are originally from the
bioretention media and were not carried by influent stormwater, must be included in the
column’s ability to remove TSS since its real-world performance is based on the net export
of TSS from the bioretention soil media.
All soil columns saw had an initial breakthrough of solids at the start of the test. This
apparent initially low TSS removal efficacy suggests that the initial breakthrough of solids is
due more to the migration of particles already present in the soil media column than the
influent concentration. This interpretation is consistent with the results from the clean bed
testing, which showed a spike in solids concentration whenever a new test was performed,
see Section 5.1. Also, the initial spike in concentration from Columns 2 (80/20/0) and 3
(60/0/0) which contained only sand and compost was higher than the initial concentration in
Columns 4 (70/10/20), 5 (65/15/20), and 6 (50/30/20) which had a mixture of sand, compost,
and top soil. This suggests that without the presence of both compost and top soil in the
bioretention soil media, the compost is more easily mobilized by water in the column. This
mobilization leads to an initially higher concertation of solids being leached out of the system
for sand and compost combinations.
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The performance of Columns 2 (80/20/0), 3 (60/0/0), and 4 (70/10/20) all show similar
behavior after the 4th pore volume, with the effluent concentrations between 30 to 80 mg/L.
They also all show the same upward trend in concentration as more of the fine influent
particles moved through the system and reached the underdrain. The similarity between the
results for these columns is interesting since Columns 2 (80/20/0) and 3 (60/40/0) contain
just sand and compost while Column 4 (70/10/20) has a mixture of sand, compost, and top
soil.
All columns had reduced TSS concentrations in the effluent compared to the clean bed
testing despite the high influent concentration. This reduction is likely due to the removal of
the easily mobilized fine soil particles during the clean bed testing. This testing may have
“cleaned” the bioretention soil mixture and left only larger particles behind in the media. It
could also be due to the constricting of the pore space as the influent TSS particles filled
some of the available pore volume, reducing the ability of particles to move through the
media. However, this constriction is likely not a significant factor since a constricting of pore
space would also reduce hydraulic conductivity of the media. As discussed in Section 6.2
below, this hydraulic conductivity reduction was not observed for most of the media in this
experiment.

6.2

Change in Hydraulic Conductivity Due to Clogging

With a significant amount of the influent TSS being filtered out by the bioretention soil
media it was expected that as the test went on, hydraulic conductivity of the media would
decrease due to clogging of pore space by influent TSS as it was captured in the media. This
reduction in hydraulic conductivity could be problematic if the media no longer meets its

63

specified requirements for hydraulic conductivity and needs to be replaced or undergo
maintenance.

6.2.1 Hydraulic Conductivity Results During TSS Testing
During the influent TSS testing, hydraulic conductivity data was collected by measuring the
time it took for the effluent to fill a 1.89-liter (2 quart) bucket. This allowed us to see if the
hydraulic conductivity of the media decreased as sediment was introduced to the system. The
figures below show how hydraulic conductivity changed during clean bed and influent TSS
testing. Figure 12 below shows the hydraulic conductivity of the media vs the total pore
volumes during clean bed testing, while Figure 13 shows the hydraulic conductivity of the
media vs the total pore volumes of stormwater that infiltrated through the columns during
influent TSS synthetic stormwater testing.
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Figure 12: Hydraulic Conductivity of the Bioretention Soil Media During Clean Bed Testing
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Figure 13: Hydraulic Conductivity of the Bioretention Soil Media During TSS Testing

The bioretention soil media compositions behaved differently during TSS testing than in
clean bed testing, and the average hydraulic conductivity of the TSS influent testing is
recorded in Table 19 below. The average hydraulic conductivity of clean bed testing and the
percent change are also included in the table for an easier comparison of the results.

Table 18: Hydraulic Conductivity of the Bioretention Soil Media During TSS Testing
Average Hydraulic
Average Hydraulic

Average Standard
Percent

Conductivity
Column

Conductivity

Number

During Clean Bed

Deviation of the
Change in

During TSS

Hydraulic
Hydraulic

Influent Testing
Testing (cm/hr)

Conductivity During
Conductivity

(cm/hr)

TSS Testing (cm/hr)

1 (100/0/0)

35.9

11.6

-67.56%

1.506

2 (80/20/0)

28.4

36.1

27.20%

1.888

3 (60/40/0)

26.49

38.6

31.87%

5.607

4 (70/10/20)

31.87

42.0

7.02%

4.678

5 (65/15/20)

13.19

14.1

45.82%

2.848

6 (50/30/20)

6.53

8.3

26.63%

0.702
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6.2.2 Discussion of Hydraulic Conductivity Results
Based on the results from the TSS influent testing, the column that used only sand
experienced clogging, but the bioretention media did not clog significantly when dosed with
high TSS concentration of synthetic stormwater. All the bioretention media mixtures saw an
increase in their average hydraulic conductivity, compared to clean bed testing results.
Columns 2 (80/20/0), 3 (60/40/0), 4 (70/10/20), and 6 (50/30/20) saw a significant
improvement in hydraulic conductivity compared to the clean bed testing, averaging a 30%
increase on average across the columns. This result is unexpected since we predicted some
degradation of hydraulic conductivity as the TSS influent was added to the columns. The
only column that experienced significant clogging was column 1 (100/0/0), the control
column made with 100% sand. Column 1’s (100/0/0) hydraulic conductivity was highest
during clean bed testing, and the second lowest after TSS dosing.
The increase in hydraulic conductivity that was observed for the majority of the soil column
is likely due to migration of the finer particles that were clogging the soil pores of the
bioretention soil media initially into the media’s effluent. This migration of the fine media,
which is mentioned in Section 6.1.2, is the most likely reason for the increase in hydraulic
conductivity for the bioretention soil media. This migration of fine particles also helps to
explains why Column 1 (100/0/0) reached its peak hydraulic conductivity so quickly during
clean bed testing. The smaller portion of fine particles present in the sand were rapidly
washed out, which is also supported by the very high initial TSS peak from Column 1
(100/0/0) in the clean bed TSS results. Additionally, the relatively large pore spaces left
between the sand particles could have become filled with the influent solids particles during
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TSS testing, which in turn could be responsible for the rapid decline of hydraulic
conductivity seen in the experiment.
The highest hydraulic conductivity of any column after the TSS testing was Column 4
(70/10/20). Since it was believed that the fraction of sand would have the most significant
impact on hydraulic conductivity due to its pore size12, it was interesting to see how Columns
2 (80/20/0), 3 (60/40/0), and 4 (70/10/20) all showed similar hydraulic conductivity despite
significant range of sand present in all the medias. Column 2’s (80/20/0) hydraulic
conductivity increased, but has a very similar hydraulic conductivity to Column 3 (60/40/0)
despite having significantly less fine media present in the soil mixture. This result, in
addition to the results from Column 4 (70/10/20), is unexpected based on other research
results12 which found that larger particles sizes in the soil increased hydraulic conductivity.
This result, coupled with the fact that Column 1 (100/0/0) suffered severe clogging, suggests
that a higher percentage of sand present in the media could mean the media clogs more
easily. This clogging could be caused by the larger pore spaces created by the sand being
filled with the fine media present in the TSS influent more easily than in the media where the
pore spaces are already smaller due to the greater presence of fine soil particles. This may
mean that a sand filter is not as effective in the long term compared to a soil and sand
mixture for bioretention soil media due to its rapid clogging.
In Columns 5 (65/15/20) and 6 (50/30/20) where both compost and top soil were added to the
mixture, hydraulic conductivity was significantly slower than the three columns which used
only compost and sand, despite having a similar amount of sand present in the mixture. This
result might suggest that having a high fraction of both top soil and compost present in the
media reduces the hydraulic conductivity of the media. However, Column 4 (70/10/20)
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which has a combination of top soil, compost, and sand had the highest hydraulic
conductivity out of any media in this test. Column 4 (70/10/20) does have more sand than
Column 5 (65/15/20) and 6 (50/30/20), and has a higher fraction of top soil compared to
compost. It may be that having a higher fraction of compost causes a significant reduction in
hydraulic conductivity.
It should be noted that Column 4 (70/10/20) had the highest standard deviation during the
test, especially in the later trials. This high variability could indicate the initial signs of
clogging in this media. Both Columns 2 (80/20/0), 3 (60/40/0), 4 (70/10/20) and 5 (65/15/20)
showed consistent results over the course of the testing period and showed no signs of
clogging in their initial pore volumes measurement despite the high loading rate of sediments
in the column. In the long term, the mixes in Columns 2 (80/20/0) and 3 (60/40/0) may be
more viable than Column 4 (70/10/20) which showed variation in its results over the course
of the testing. Due to the lack of long term data however, this result cannot be concluded
with certainty.
The increase in hydraulic conductivity over the course of the testing could also be due in part
to the development of preferential flow pathways in the media and along the length of the
column. As mentioned in Section 3.1.1, a wider column was chosen to minimize the
boundary conditions between the soil and the column. However, settling and movement of
the soil during testing may have resulted in flow paths along the walls of the column. If these
flow paths developed, water flowing along the edge of the column would have less tortuosity
than water flowing through the soil media. This could skew the results showing media with
higher hydraulic conductivity than would be possible in a full-scale system. It is expected,
however, that all columns would benefit equally from the establishment of preferential flow
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paths—skewing all results by roughly the same factor. Comparing the results to other column
and mesocosm studies13, 14, 19, 21, 22 the column’s hydraulic conductivity values fall within the
hydraulic conductivity ranges seen in the other tests despite a range of column sizes used in
the experiments. So, while preferential pathways may have developed in the media they do
not appear to have significantly affected the results of this study compared to other studies.

6.3

Nitrate Removal

Based on previous research and the results of the clean bed testing, it was expected that the
media with higher organic content would export nitrate from the soil media and cause nitrate
concentrations to increase in the effluent15. In addition, media without high organic content
was expected to see relatively quick breakthrough of nitrates in the media, since they have
been shown to be ineffective at removing nitrates, particularly with no vegetation present11.

6.3.1 Nitrate Removal Results
Knowing that all columns exported nitrate during the clean bed testing, their behavior when
dosed with influent nitrate would provide insight to which soil mixtures should a net removal of
nitrate. In this experiment, the concentration of nitrate as nitrogen in the effluent samples was
compared to the influent concentration of 1.865 mg/L. Modest nitrate removal rates were
observed for most of the bioretention soil media in the first two pore volumes that flowed
through the media. However, after the first two pore volumes breakthrough, or near
breakthrough, of nitrate occurred in half of the columns during testing.
There are three scenarios that are possible from this test. One possibility is net export of nitrate
in the column’s effluent; which would mean the bioretention soil media acted as a nitrate source,
and is the most often seen result in research on bioretention soil media7, 13, 14, 15. This was only
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seen in Column 2 (80/20/0) in nitrate testing. Second, the effluent concentration could match the
influent concentration, which would mean breakthrough of nitrate is occurring and the media is
neither exporting nor sorbing nitrates to the water infiltrating through it, which was the most
common result seen over the duration of the testing done. The final type of result, which
occurred in Columns 5 (65/15/20) and 6 (50/30/20), was consistent removal of nitrate by the
bioretention soil media. This means the soil media is either effectively sorbing or denitrifying the
influent nitrates.
The concentration of effluent results from the nitrate as nitrogen testing are shown below in
Figure 14. Influent nitrogen values averaged 1.865 mg/L, and are shown in dark blue in Figure
14, below. The error of the mean is shown for each data point to show the accuracy of the results
based on the duplicate testing results.
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Figure 14: Nitrate as Nitrogen Concentrations of Influent Synthetic Stormwater

The average nitrate as nitrogen concentrations in each column’s effluent is shown below in
Table 20. The table shows average removal rate of each column for all the data collected for
each column. This is meant to show what percentage of the influent nitrate was removed with
the varying volumes of water that flowed through each column.
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Table 19: Average Nitrate Removal of the Bioretention Soil Media Columns During Nitrate
Testing
Average Nitrate
Column Number

Effluent Concentration

Average Percent removal

(mg/L)
1 (100/0/0)

1.701

10.19%

2 (80/20/0)

1.845

-5.23%

3 (60/40/0)

1.590

25.37%

4 (70/10/20)

1.829

10.81%

5 (65/15/20)

1.136

43.07%

6 (50/30/20)

0.748

63.95%

6.3.2 Discussion
All the bioretention cell media except column 2 (80/20/0) showed, on average, a removal of
nitrate from the influent synthetic stormwater; however, half of the bioretention cell media
had less than 10% removal of influent nitrate within the first two pore volumes. This quick
breakthrough of nitrates is consistent with the findings from Bratiéres et al. who saw no
effective removal or export of nitrates from bioretention soil media that was tested2.
Interestingly, many agencies recommend bioretention cells as an effective, or semi-effective,
means of reducing nitrates in stormwater, while this result does not support their
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effectiveness. The worst removal of nitrate was from column 2 (80/20/0). After the first half
pore volume, it began exporting nitrate into the effluent, and effluent concentration stayed
above influent concentration for five out of the six data points collected. Column 4
(70/10/20) reached nitrate breakthrough after just two pore volumes and column 1 (100/0/0)
reached it after one and a half pore volumes.
The columns that removed the most nitrates were the columns with the lowest hydraulic
conductivities. This removal of nitrates could be due to the extended time for sorption to
occur on the soil particles, especially since these columns had a higher fraction of smaller
particles which have been shown to be more chemically reactive12. The higher removal rates
could also be due to the high organic content having time to react with and denitrify the
influent stormwater. This result is supported by the findings of Hunt et al. who found that
having a high organic content and low hydraulic conductivity, or a saturated zone, can create
conditions for denitrification and have removal rates of up to 75%15, 23. However, it is unclear
if the time scale of denitrification is achieved in these columns before the effluent reaches the
underdrain and flows out of the column. Some studies state that the water needs up to
between 10 and 12 hours to be effectively denitrified15, while others think that denitrification
could occur as stormwater flows through slower media layers13. In both studies, the
bioretention soil media that were most effective at removing nitrates had low hydraulic
conductivity and high organic content, similar to the soil media tested in this experiment.
Results suggest that nitrate removal is inversely related to the hydraulic conductivity of the
media, since Columns 1 (100/0/0), 2 (80/20/0), 3 (60/40/0), and 4 (70/10/20) all had fairly
poor removal of nitrates, but a much higher clean bed hydraulic conductivity compared to
Columns 5 and 6. It should be noted that both Columns 5 (65/15/20) and 6 (50/30/20) have
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less data available than any of the other columns, and both showed effluent nitrate
concentrations trending upward during the limited testing, so their ability to remove nitrates
may be reduced if more pore volumes are tested.
The results of this experiment are contrary to several studies results2, 24 which found that a
higher fraction of organic content created a nitrate source which could leach into stormwater
flowing through the media. Our findings show the opposite trend where a higher organic
content typically led to a higher removal rate for nitrates. Previous studies generally found
that an increase in organic material resulted in net export of nitrogen in the effluent,
especially when no plant matter is present10. It should also be noted that the due to the
“biogeochemical complexity of the nitrogen species” 21, it is difficult to assign the removal of
nitrates to any one variable that changed between columns. However, based on our test
results, nitrate removal appears to be tied to both the hydraulic conductivity and the organic
content of the media, with the combination of high organic content and low hydraulic
conductivity providing the best removal. In addition, the lack of high nitrate exports from the
columns may be due to the testing procedure of this experiment, since a series of clean bed
testing was performed prior to a nitrate removal test. In other experiments, higher initial
nitrate leaching was thought to be caused by nitrate washout from the columns themselves13.
By performing clean bed testing and removing the easily mobilized nitrates from the soil, it
could have dramatically increased percent removal of the columns in subsequent tests.
Looking at section 5.2, initial nitrate leaching during clean bed testing from the columns was
higher than the influent concentration during nitrate testing in all column except Column 6
(50/30/20).
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Chapter 7 Conclusions and Future Work

This project tested six different bioretention media configurations from various municipal
agencies in California to identify their basic soil characteristics and determine their efficiency of
removing typical stormwater contaminants. Both total suspended solids (TSS) and nitrates were
the primary contaminates of concern for this study due to their prevalence in urban stormwater
runoff23. Each soil media configuration was placed into a separate soil column following the
standards set by each municipality and dosed with synthetic stormwater at a constant head level
to determine removal efficiencies and hydraulic conductivity. The preliminary results of the
experiment indicate the most effective media in terms of removal of influent TSS, nitrates, and
hydraulic conductivity.

7.1

Conclusions of the Study

All the bioretention soil media tested in this experiment performed well at removing total
suspended solids (TSS) from influent synthetic stormwater with an average removal rate of
88.4% for all the columns. The most effective mixture at removing TSS, Column 1 (100/0/0),
removed 99.94% of the influent TSS in synthetic stormwater, and leached almost no TSS after
the five pore volumes of clean bed testing. Columns 2 (80/20/0), 3 (60/40/0), and 4 (70/10/20) all
saw similar TSS removal rates of 90% +/- 1 % after their 4th pore volume of being dosed with the
TSS synthetic stormwater. Column 6 (50/30/20) was the worst performing column in terms of
TSS removal, but still had relatively high removal rates of 74.91% of influent sediments. These
results confirm the findings of other research that has found bioretention media to be effective at
removing TSS from stormwater14, 21, 24. The lower removal rates appear to be related to higher
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fractions of compost and top soil. This result suggests that the lower removal rates seen in
Columns 5 (65/15/20) and 6 (50/30/20) are more of a result their own media washing out of the
soil mixture rather than breakthrough of influent TSS particles. This is confirmed by the clean
bed testing where Columns 5 (65/15/20) and 6 (50/30/20) exported soil during the testing, and
due to the high percentage of fine particles in the media, continued to export these particles for
the duration of the testing. It should be noted that there was no differentiation between the soil
leached from the columns and TSS that moved through the columns. In both cases, solids
particles would be bypassing the bioretention cell soil media and be carried into a receiving
water body— in either case the bioretention cell would not be reducing the contaminant loading
so no method for differentiated was necessary.
Nitrate leaching from bioretention cell media causing a negative removal rate of nitrate was a
concern for the different media mixtures, especially those with higher organic content present in
the media mixture, since this has been a source of nitrogen in other studies24. This result seemed
to be confirmed during clean bed testing when all columns exported nitrates from the soil media,
particularly in columns with higher organic content. During nitrate influent testing, results
support literature findings that removal of nitrates in bioretention soil media is highly variable.
Column 2 (80/20/0) had the worst performance and began leaching nitrate after the first half pore
volume, and continued to leach nitrate for the duration of the test. Columns 1 (100/0/0) and 4
(70/10/20) saw breakthrough of nitrates in the media after 1.5 pore volumes making them both
an ineffective media choice if nitrates are a pollutant of concern. Columns 5 (65/15/20) and 6
(50/30/20) had the best performance in terms of nitrate removal with 39.1% and 59.9% of the
influent concentration removed respectively. This result was unexpected since the higher organic
content present in these two media mixtures was expected to provide a nitrogen source from
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which nitrates would be leached24. Both columns also have low hydraulic conductivity so it is
unclear whether these results are caused by denitrification15 or sorption to the more chemically
reactive smaller soil particles12. This initial testing suggests that both a lower hydraulic
conductivity and a higher organic content result in more effective nitrate removal, and that media
with good hydraulic conductivity have limited removal potential for nitrates present in
stormwater. This result needs to be confirmed with longer term studies of the media.
The hydraulic conductivity of the media was highly dependent on the sand and soil content in the
bioretention soil media, with a higher the sand content typically leading to a higher hydraulic
conductivity. This result confirms previous results showing that the larger grain sizes in the sand
increased hydraulic conductivity12. The media with the highest hydraulic conductivity in the
clean bed testing was Column 1 (100/0/0) which had an average hydraulic conductivity of 35.9
cm/hr. However, Column 1 (100/0/0) also experienced the most significant clogging during the
TSS influent testing, and its hydraulic conductivity reduced to 11.65 cm/hr before the first half
pore volume. This is a decrease of over 67% from the clean bed results. Column 4 (70/10/20)
had the highest hydraulic conductivity during the TSS influent testing and saw a significant
increase in its hydraulic conductivity from 31.874 cm/hr to 42.031 cm/hr. This trend of
increasing hydraulic conductivity over the course of the testing was true for all media except
Column 1 (100/0/0). This counter-intuitive result suggests that as the fine media migrates out of
the bioretention soil media, the hydraulic conductivity continues to increase despite the influent
TSS being captured in of the soil mixture. How long this trend would continue would be an
interesting area of study and is outlined further in section 7.2.1.
Based on the preliminary results shown in this study, some conclusions about the “best”
bioretention soil media mixture can be drawn. In addition to the raw results, there are several
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practical considerations that should be made in the final assessment of each media mixture. One
of the most important characteristics of any bioretention soil media is its hydraulic conductivity
since this directly affects how much stormwater can be removed by the media. If the hydraulic
conductivity of the media is too low, then the bioretention cells must either be larger to
accommodate the low infiltration rates, or flow will bypass the bioretention cells and send the
stormwater and the contaminants it carries directly into receiving water bodies. In addition,
bioretention soil media are typically also planted with vegetation to make it more aesthetically
pleasing, as well as potentially more effective at removing contaminants like nutrients9. Since
this study did not include vegetation, these results may not translate directly to field
implementation.
Column rankings listed in Table 20 below are based on overall performance in terms of TSS
removal, hydraulic conductivity, and nitrate removal.
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Table 20: Ranking of Bioretention Soil Media Columns and their removal rates and hydraulic
Conductivity during TSS and Nitrate Testing
Hydraulic
Column
Agency

TSS Removal

Nitrate

(%)

Removal (%)

Ranking

Number

Conductivity
(cm/hr)

1
Control

5

99.90%

10.19%

11.65

3

90.60%

-5.23%

36.13

1

92.40%

25.37%

38.63

2

90.20%

10.81%

42.03

4

92.10%

43.07%

14.12

6

73.60%

63.95%

8.27

(100/0/0)
2

Costal Watersheds of Los

(80/20/0)

Angeles County
Bay Area Stormwater

3
Management Agencies
(60/40/0)
Association
City of Santa Barbara
4
Stormwater Management
(70/10/20)
Program
San Diego County Standard
5
Urban Stormwater Mitigation
(65/15/20)
Plan
6

Contra Costa County Clean

(50/30/20)

Water Program
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In terms of an overall most effective bioretention soil mixture, the best performance across all
the columns in every category Column 3 (60/40/0). While Column 3 (60/40/0) was never the top
performing media in any category tested, it performed well on all three metrics that were judged
in this study. It had a high hydraulic conductivity, second highest after the TSS influent testing,
of 38.63 cm/hr, a removal rate of 92.4% of the influent TSS, and over the course of the testing
did not see a breakthrough of nitrates, and showed an average removal rate of just over 25%.
Column 4 (70/10/20) was ranked the next most effective bioretention soil media composition; it
had the highest hydraulic conductivity during TSS testing of 42 cm/hr, a good TSS removal rate
of 90.2%, but a poor removal rate of nitrates at just 2%. Column 2 (80/20/0) had a similar
hydraulic conductivity and TSS removal rate to Column 3 (60/40/0), but was the only column
shown to leach nitrates across multiple trials during nitrate testing. Column 5 (65/15/20) had a
low hydraulic conductivity which prevented it from being a very effective bioretention soil
mixture. However, it did have good TSS and nitrate removal so it is a viable alternative if the
area of the bioretention cell is large enough to handle design storms that flow into it. Column 1
(100/0/0), the sand control column, had excellent clean bed results and has the highest TSS
removal, but was ineffective at removing nitrates and saw significant clogging of the soil media.
Additionally, it would be unable to support any vegetation, so its practicality as a viable
bioretention soil media is questionable. Column 6 (50/30/20) had the lowest hydraulic
conductivity of any media, and during clean bed testing did not meet the minimum municipal
requirement of a 5 cm/hr infiltration rate. Column 6 (50/30/20) also had the lowest TSS removal
rate, although the export of the fine soil particles in the media are likely the result instead of
breakthrough of the influent soil particles. Column 6 (50/30/20) did have the highest removal of
nitrates despite having the highest organic content, which was an unexpected result. Although, it
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does follow the trend seen of a lower hydraulic conductivity and high organic content showing
better nitrate removal during influent nitrate testing. This trend is also supported by the results
from Column 5 (65/15/20) which had good nitrate removal, a high organic content, and a low
hydraulic conductivity.
The most effective option for stormwater agencies to address specific TMDL’s or certain
contaminants of concern may be to have several bioretention soil mixture standards available
based on different design scenarios. These recommendations should be chosen to optimize the
type of removal or hydraulic control that would benefit a stormwater agency most in a proposed
project site. A decision tree could be utilized to select which type of media would be most
effective based on site conditions and site requirements. It is clear from this experiment that there
is no “ideal” bioretention media that was tested that performed best in all categories; therefore, a
more comprehensive solution to stormwater contamination may not be in one best media, but in
a flexible system where a deeper understanding of the different media blends provides an optimal
solution to each problem on a site-specific basis.

7.2

Future Work

With the initial characterization of the bioretention soil media and development of experiment
procedures using the columns discussed in the experiment, the removal efficiency of the
bioretention soil media can be expanded in future work. The long-term behavior of these soil
mixtures is important to quantify, to allow municipalities to make better informed decisions
about the long-term feasibility of these systems. In addition, more work should be done on
finding how long it takes for the media to clog and whether the standard practice of removing
and replacing the top 10 cm of soil19 will restore the media to its original hydraulic conductivity.
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Finally, this research can be expanded to test the bioretention soil media’s removal of additional
contaminants such as hydrocarbons, heavy metals, and pathogens.

7.2.1 Long-Term Behavior of Media
Determining long-term contaminant removal efficiencies of bioretention soil media is crucial for
regulatory agencies since it will dictate both maintenance and total useful lifetime of the media.
Extended periods of the synthetic stormwater testing outlined in this report will be required to
determine the media’s long term behavior. The number of pore volumes until breakthrough for
both nitrates and TSS to occur and/or the number of pore volumes it takes the media to become
sufficiently clogged should be the next major focus area this testing apparatus should be used for.
This study will allow for more accurate and definitive identification of the best soil media for
different contaminant loadings. Since the results for this experiment were limited, it is also
important to test a more complex “blend” of synthetic stormwater in future tests that introduce
more than one contaminant to the media at a time. This additional complexity will make the
results more closely mimic in-situ conditions that the bioretention soil media will be exposed to.

7.2.2 First Flush Analysis
The first flush phenomenon due to California’s Mediterranean climate will cause heavy pollutant
loadings to occur annually in bioretention soil media26. It is therefore necessary to determine
how the media tested in this study will behave when dosed with intermittent high concentrations
of contaminates after long periods of drying. By testing this first flush phenomenon, the
bioretention soil media can be rated on how effectively it deals with the high concentrations of
contaminants, and whether municipalities may expect breakthrough of contaminants in the first
storms of the year. The ability to “recharge” the media can also be tested in this study,
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particularly the effectiveness of removing the first few inches of the soil media and replacing it
new media.

7.2.3 Optimization for Further Study of TSS and Nitrate Removal Behavior
Based on the effectiveness of the various bioretention soil media, the optimal blends from this
study can be modified to be more effective at removing specific contaminants. This study would
focus on creating different layers of media within each blend that attempt to achieve specific
results. Building on the work done by Hsieh and Davis13 whose studies created layered media
that attempted to create a saturated, slow moving, organic rich zone to denitrify influent
stormwater. By creating new blends or layered mixtures, agencies could select a mixture that
achieves specific goals for specific project sites depending on the area’s TMDL or contaminants
present.

7.2.4 Testing of Other Contaminants of Concern
Many different contaminants are carried in stormwater including heavy metals, bacteria, oils and
greases, and other nutrients. The removal efficiency of the bioretention soil media used in this
test for these other contaminants of concern was not addressed in this research. However, the soil
columns used in this experiment could be dosed with different blends of synthetic stormwater
which carries these different contaminants. This study would also help establish which mixtures
were more effective at removing different contaminants, and provide a more detailed reasoning
for different municipalities to select certain soil mixtures.
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