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CHAPTER 1

INTRODUCTION

The U.S. Environmental Protection Agency (EPA), as well as other environment
agencies in other parts of the world, had identified stormwater runoff as one of the
leading causes of water environment degradation. In the wake of the creation of the U.S.
EPA in 1970 and the Clean Water Act (CWA) amendments in 1972, numerous U.S.
studies have been carried out on major pollutant sources, although point sources, such as
waste water discharges, were the primary focus of most of these efforts (Burton and Pitt
2001). As a nonpoint source, stormwater runoff collects, conveys, and discharges
significant amounts of pollutants that degrade freshwater ecosystems. Thus, proper
control measures are necessary to reduce pollutants, such as nutrients, solids (dissolved
and suspended), pathogens, metals, and synthetic organics present in stormwater.

The treatment of stormwater is becoming more demanding as land development
and urbanization increase nationwide. Urbanization changes the dynamics of stormwater
conveyance systems by increasing the amounts of impervious areas. Impervious surfaces
(such as a paved streets or parking lots) significantly reduce stormwater infiltration,
resulting in increased stormwater runoff volumes and associated contaminant discharges.
Even low density residential areas (less than 4 units/hectare) can have significant impacts
on water quality by increasing phosphorus discharges 5 to 10 times over undisturbed
forested areas (Dennis 1985). Moreover, urbanization radically changes the stream

hydrologic balance. Research conducted by Sovern and Washington (1997) showed that



the frequency of high flow rates in urbanized areas can be 10 to 100 times more than in
predevelopment areas in Western Washington. They also reported decreases of low
flows during dry periods, and increases in the sediment and pollutant discharges from
urbanized watersheds.

Historically, stormwater practitioners and local government officials have solely
focused on the effective conveyance of stormwater to reduce flooding. Consequently,
aging and unmodified stormwater conveyance infrastructure elements are still in place to
serve communities without having any stormwater quality treatment systems in many
parts of the county.

Numerous strategies and treatment technologies have been studied and applied at
source areas, including street cleaning, catchbasin cleaning, detention ponds, and
infiltration devices (such as subsurface infiltration trenches, surface percolation areas,
porous pavements, and grass filters) (Pratap 2003). Another important strategy is to
prevent illicit discharges of sewage, wash water, and industrial wastes getting into
stormwater conveyance systems (CWP and Pitt 2005).

Among the various stormwater management practices, grass swales are cost
efficient and a proven method to treat stormwater runoff. A grass swale is a broad,
shallow open channel covered by dense vegetation on the sides and bottom of a channel
as an alternative to conventional stormwater conveyance such as curbs and gutters (Kirby
2003). Grass swales are widely accepted and promoted by stormwater managers as Best
Management Practices (BMPs). Grass swales are often the preferred stormwater design
control practice over other practices particularly because of performance and low cost,

but many public works departments and developers resist their use due to perceived



maintenance issues and the implication of substandard developments. Grass swales can
be applied in most regions of the country where grass can be established and maintained
in local climates and soils, and where sufficiently frequent rains occur for irrigation.
They are not applicable in arid areas where insufficient moisture is available to keep the
grass healthy. Vegetated swales cost much less to construct and maintain than curbs and
gutters with underground storm sewers. As an example, a 10 ft wide, 1-1/2 ft deep grass
swale was reported to have an average cost of about $12 per ft (SEWRPC 1991), while a
a 36 inch diameter concrete pipe costs about $50 per ft (Heaney, Sample, and Field
2001). Curbs and gutter costs plus inlet costs would still have to be added to the
conventional drainage system costs. SEWRPC (1991) estimated the annual maintenance
costs for grass swales to be about $0.60 per ft per year. Conventional drainage pipes also
have maintenance costs associated with cleaning the inlets and pipes of sediment, plus
other periodic repairs. Overall, cost comparisons of swales with curb and gutter systems
always show significant cost savings if swales are used (Heaney, Sample, and Field
2001). Besides the cost savings, existing natural features and processes can be utilized
and integrated into the grass swale system to treat stormwater, rather than constructing
and installing other more expensive stormwater controls, if properly planned prior to
urbanization.

Many studies have shown that grass swales are an effective stormwater control
practice in reducing runoff volume, sediments (total suspended solids, etc), nutrients
(nitrate and phosphate), heavy metals (copper, cadmium, lead, and others), hydrocarbons,
oil and grease. Particulates and other pollutants can have mass removal efficiencies

ranging from 60 to 90 %, as reported in numerous studies on both experimental and



actual grass swales. For instance, Khan ef al. (1992) observed an average oil and grease
removal of greater than 75 % and an average total petroleum hydrocarbon removal of
greater than 74 % on a 60 m (196 ft) long grass swale. A number of researchers have
concluded that grass swales are an effective method for treating stromwater based on
actual measurements.

The Department of Civil and Environmental Engineering has been conducting
research investigating the effectiveness of grass swales for treating stormwater pollutants,
supported by the Water Environment Research Foundation (WERF) and the University
Transportation Center of Alabama (UTCA). The prior WERF-supported research
conducted by Johnson et al. (2003) focused on the removal of stormwater heavy metals
(Cd, Cr, Cu, Pb, Fe, Hg, Ni, and Zn) and hydraulic characteristics of shallow open
channel flow in grass swales.

The current UTCA-supported research provides information to (1) understand the
effectiveness of grass swales for different sized particles, (2) understand the associated
effects of different variables on these removals, and (3) to develop a predictive model in
sediment transport in grass swales.

To achieve these objectives, experimental grass swales were constructed and
tested in an indoor greenhouse facility (Kirby 2003). The sediment-water mixture of
known sediment concentrations of sieved sands and fine particles of silica were used to
simulate sediment characteristics of stormwater. For the preliminary experiments
reported in Chapter 3, 108 samples were collected and analyzed for turbidity, total solids,
and particle size distributions to investigate the effects of swale length, grass type, flow

rate, slope, and duration of the experiments. After completing the initial tests, additional



experiments were conducted which are described in Chapter 4, with 108 samples
collected and analyzed for total suspended solids, total dissolved solids, and total solids
greater than and less than 106 um, plus those listed for the first set of experiments. Using
the results obtained from the second set of experiments, a predictive model of sediment
transport in grass swales was developed, discussed in Chapter 6. This model is similar to
past models developed by Barfield et al. (1979) and Deletic (2001), but is more detailed
due to the investigations of very small particle sizes and used actual experimental
conditions in grass swales having different height grasses. The main feature of the model
is that it combines recently developed swale hydraulic information by Kirby (2003) and
conventional particle settling information. The experimental tests determined the varying
efficiencies of trapping different particle sizes under different hydraulic conditions.
Particles from about 1 to 425 pm in diameter were included in these tests.

Chapter 5 describes the stormwater samples collected at a full-size outdoor grass
swale (116 ft long) located adjacent to the Tuscaloosa, Alabama, City Hall during 13
storm events. Sixty nine samples were collected during these events from August to
December 2004 and analyzed for turbidity, total solids, total suspended solids, total
dissolved solids, and particle size distributions. Finally, the predictive model was
compared with the analytical results obtained from the outdoor swale at the end of
Chapter 6. It was found that initial sediment concentrations were also a significant factor
in sediment transport. The final predictive model is therefore dependent on initial
sediment concentration (low and high concentration categories) and particle size

distribution, water depth (using Kirby’s 2003 swale hydraulic measurements), grass



height, particle settling rate (using Stoke’s law), and swale length (to determine the

frequency of particle settling along the length of the swale).



CHAPTER IT

LITERATURE REVIEW

2.1 Terminology

The term grass swale refers to a vegetated, open channel stormwater management
practice that comprises a grass-lined drainage channel. Grass filters and buffer strips
applied in agricultural management practices are similar (EPA, 1999; Pope and
Stoltenberg 1991). People often confuse the various terms. The EPA Office of Water

(1999) presents the following definition for these related control practices:

Grass Channel:
“Grass channels are the most similar to a conventional drainage ditch, with the
major differences being flatter slopes and longitudinal slopes, and a slower design

velocity for water quality treatment of small storm events.”

Dry Swale:
“Dry swales are similar in design to bioretention areas. The existing soil is
replaced with a sand/soil mix that meets minimum permeability requirements. An
underdrain system is used under the soil bed. This system is a gravel layer that

encases a perforated pipe. Stormwater treated in the soil bed flows through the



bottom into the underdrain, which conveys treated stormwater to the drainage

system.”

Wet Swale:
“Wet swales intersect the ground water, and behave almost like a linear wetland
cell. This design variation incorporates a shallow permanent pool and wetland
vegetation to provide treatment. This design also has potentially high pollutant
removal. It cannot be used in residential or commercial settings because the
shallow standing water in the swale is viewed as a potential nuisance by

homeowners.”

Vegetated Buffer Strip (VBF):

R.P. Beasley (1978) describes a vegetated buffer strip as:
“Areas seeded to grasses or legumes between strips of cultivated crops, the
number and location of these are selected to give desired protection from

erosion.”

Filter strip:
Anderson (1983) defines a filter strip as:
“A strip or area of vegetation for removing sediment, organic matter, and other

pollutants from runoff and wastewater.”



2.2 Reported Pollutant Removal Efficiencies for Grass Swales

Numerous studies on both experimental and actual grass swales have reported a
wide range of efficiencies in reducing stormwater sediments and other pollutants. One of
the main reasons for these differences is that most studies only examined concentrations
in the grass swales, and did not measure volume reductions. During very low flows
where shallow flow depths occur in relation to the grass height, pollutant concentration
reductions can be high. However, as the flow depth increases, especially to more than 4
or 5 times the grass height, concentration reductions are very small. However, infiltration
of water can be significant in a swale-drained area. Unfortunately, not all published
research reports make it clear that they only considered concentration reductions and that
they did not measure flow changes, and associated pollutant mass reductions.

Most of the studies reported relatively high efficiencies in sediment removal,
ranging 60 % to 90 %, as shown in Table 1. For example, Woodard and Rock (1995)
studied phosphorus and total suspended solids retention in buffer strips (which would
have shallow flows). The drainage areas to the buffer strips were composed of an
residential area, but in different construction phrases. Therefore, the initial total
suspended solids concentrations were very high, ranging from 700 mg/L to 3700 mg/L.
The buffer strip slopes ranged from 2.3 % to 12.0 %, and high reductions were observed
for both phosphorus and total suspended solids, ranging from 60 % to 97 %. Beyond 98
ft (30 m), both phosphorus and total suspended solids concentrations reached background
(irreducible) concentrations. They found higher percentage reductions when the initial

phosphorus and total suspended solids concentrations were higher.
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Studies show that the effectiveness of grass swales in reducing soluble nutrients
and metals is significant, but is highly variable, as indicated in Table 1 (Goldberg 1993;
Wang et al. 1981). Khan et al. (1992) recorded average oil and grease and total
petroleum hydrocarbon removals of greater than 75 % for a 197 ft (60 m) long grass
swale. However, studies also show that bacteria levels could increase instead of decrease
in grass swales (Goldberg 1993; Wang ef al. 1981; Seattle Metro Washington Dept. of
Ecology 1981). One explanation is that bacteria thrive in the warm swale soils (EPA

1999).

Table 1. Summary of Reported Efficiencies of Grass Swales (EPA 1999: Many of the
reports were summarized by EPA, but the list was expanded to include new reports)

Total Total Total
suspended . Nitrate | Metals | Bacteria
Study Type . phosphorus | nitrogen o 0 o
solids (%) %) (%) (%) (%)
(%)

Goldberg (1993) S}Eﬁﬁ 67.8 45 N/A 314 |42t062 | -100
Seattle Metro and Grassed
Washington Dept of channel 60 to 83 29 to 45 N/A 25 46 to 73 -25
Ecology (1992)
Wang et al. (1981) sv?f?l/e 80 N/A N/A N/A | 70 to 80 -25
Dorman et al. Dry
(1989) swale 98 18 N/A 45 37 to 81 N/A
Harper (1988) S\lete 811087 | 17t083 | 40to84 5;&‘) 371090 | N/A
Kercher et al. (1983) Dry 99 99 99 99 99 N/A

swale
Koon (1995) Wet 67 39 N/A 9 -35t06 N/A

swale
Danicls and Gilliam | Dry |4 g9 50 50 NA | NA N/A
(1996) swale
Dillaha et al. (1989) s?v?lle 70 to 84 61t079 | 54t073 | N/A N/A N/A

Note: N/A = not available
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Table 1. Summary of Reported Efficiencies of Grass Swales— Continued

Total Total Total
Stud Type suspended hosphorus | nitrogen Nitrate | Metals | Bacteria
Y yp solids | P (%,2) (%% (%) (%) (%)
(%)
QGrass
Barrett eral. (1998) | 7 | 251080 N/A N/A N/A N/A N/A
Fletcher et al. Grass | 31004 | 581072 |44t057 | NA N/A N/A
(2002) swale
Horner and Mar N/A 80 N/A NA | NA | NnA | NA
(1982)
EPA (1999) grass 81 9 38 NA |42t071 | NA
swale
Note: N/A = not available
2.3 Modeling

Despite the numerous studies that have discussed grass swale performance in
reducing sediments and other pollutants, few have suggested a predictive model to
describe sediment retention in the grass swales. The most cited mathematical model was
developed in the 1970s at the University of Kentucky (in Lexington, USA), the
“Kentucky model” (Tollner et al. 1976, Barfield et al. 1979, Hayes et al. 1984). Metal
rods were used to simulate grass, and data were obtained by measuring sedimentation of
very high concentrations of beads. Deletic (2001) suggested that the Kentucky model
was not accurate for urban conditions, especially for smaller particles and low

concentrations, and proposed an alternative approach.
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2.3.1 Kentucky model
According to the Kentucky model (Tollner et al. 1976, Barfield et al. 1979, Hayes
et al. 1984), the grass strip is divided into four separate zones: A, B, C, and D as shown

in Figure 1.

e Zone A: All sediments are transported.

e Zone B: sediment is deposited all along the deposition front with slope
corresponding to that required to yield a transport capacity.

e Zone C: Sediment is transported as bedload.

e Zone D: All sediment reaching the bed is trapped.

Fig. 1. Shematic of sediment deposition (Tollner ef al. 1976, Barfield et al.
1979, Hayes et al. 1984)
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The trapping efficiency is calculated as:

(21) Tr:MZI_qi[l_qsd_qsu}
qsi qS[ qsd

Where:

¢si= Incoming sediment load per unit channel width (g/m?)
gso = Outgoing sediment load per unit channel width (g/m?)

gsi = Total sediment load transported immediately downstream of the

deposition wedge (g/m?)

The sediment loads are calculated using the following equations:

2.2) Zone B: X ()= 24u = 4u)!
psnge

Where:

X(t) = Length of the swale in Zone B (m)

t = Time after beginning of the flow (s)

psa = Blunk density of deposited sediment (g/m?)
g = Gravity acceleration (m/s?)

Se = Slope of the swale in Zone B



3.571
1.085 R
2.3 Zone C: = /p—1)ed > *| ———"cs
( ) one qsd ps\/(ps p )g P |:(ps/p—1)dp}

Where:

p = Density of water (g/m?)
ps = Density of particles (g/m®)
dp = Particle diameter (m)

S¢ = Channel slope

Rs = Spacing hydraulic radius (m) calculated as:

(2.4) R = bh
b+2h

Where:

b = Spacing between two grass blades (m)

h = Flow depth (m)

14



15

0.82 0.91
(2.5) Zone D: M:exp —1.05x103(Vst s
qsd v LVS

Where:

J'= Mean flow velocity (m/s)
Vs = Terminal settling velocity of particles (Stoke’s settling velocity)

(m/s)

v = Kinetic viscosity of the water sediment mixture (m?/s)
h = Flow depth (m)

R = Spacing hydraulic radius (m)

L = Lt ~ X(1) effective length of grass filter strip (m)

Lt = Total length of grass filter strip.

2.3.2 Model developed by Deletic

Unlike the Kentucky model, Ana Deletic (2001) used substantial amounts of very
fine sediments (sediment particles less than 20 um) as well as large particles to develop a
comprehensive model. The model was developed by using an artificial medium
(Astroturf) mounted on a 41 ft (12.5 m) long and 1 ft (0.3 m) wide channel, to simulate
actual grass. Samples were collected at various swale locations and were analyzed for
particulate concentrations and size distributions. Data obtained from the experiments
were used to develop the sediment transport model by incorporating the concept of

particle falling number. Three major processes of sediment behavior in grass swales
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were modeled: (a) particle deposition, (b) sediment transport, and (3) surface level and

slope changes.

(a) Particle Deposition:

The particle fall number (Ny;s) is calculated as:

4
2.6 N, =—=
(2-6) S

Where:
[ = Grass length (m)

h = Depth of the flow (m)

Vs = Stoke’s settling velocity (m/s)

V' = Average mean flow velocities were calculated as:

2.7 V=—"-
2.7) B
(2.8) v, == (p, - p)d:
18u
Where:

Bo = Open (unblocked by grass) flow width per unit width

1 = Dynamic viscosity of water (kg s'm™),
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p = Water density (kg m™)
ds = Particle diameter (m)

ps = Particle density (kg m™).

The trapping efficiency (7)s) for the sediment fraction s (particles of diameter ds) is

expressed as:

0.69
(2.9) T = _ N
NS 4495

(b) Sediment Transport:

Assuming that the particles transported in grass swales are very small (most of the
particles are less than 20 um (Neibling and Alberts 1979)), the model describes transport
of suspended solids in grass swales. The model does not consider infiltration of water

and re-suspension of deposited particles. The model is expressed as:

olhg,./q) 04, _ . 2(hg,./q)

2.10
( ) Ot ox* ox

2 sds,s

Where:

(ss = Sediment loading rate of fraction s per unit width (g s'm™)

Dis = Dispersion coefficient (m?s)
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As = Trapping efficiency of fraction s per unit length (m™) calculated as:

&
@.11) A=)

’ l

(c¢) Surface Level and Slope Changes:
This model considers the channel slope changes due to deposition of sediments,

especially at the upstream end of grass strips. The changes in slope (S) is expressed as:

2.12) S(x,1) = - 2D
ox
Where:

0z(x,t)= Rise in the surface level expressed as:

oz(x,t) 1

2.13
-13) ot I-p

j splﬂsqs,sds

s

Where:

P = Porosity of deposited sediment

(ss = Sediment loading rate of fraction s per unit width (g s'm™)
ds = Particle diameter (m)

As = Trapping efficiency of fraction s per unit length (m™)
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CHAPTER III

THE INITIAL EXPERIMENTS

3.1 Chapter Introduction

This research project extends some of the preliminary sediment transport work
conducted as part of the thesis research by Jason Kirby, of the Department of Civil and
Environmental Engineering, University of Alabama, “Determination of Vegetal
Retardance in Grass Swales Used for the Remediation of Urban Runoff” (Kirby 2003).
The previous research primarily focused on the removal of stormwater heavy metal (Cd,
Cr, Cu, Pb, Fe, Hg, Ni, and Zn) in grass swales, as part of a research project funded by
the Water Environment Research Foundation (Johnson et al. 2003). The current research
reported in this thesis was partially funded by the University Transportation Center of
Alabama (UTCA) and is intended to develop better design guidelines to enable
conservation design elements to be incorporated in transportation projects.

This current thesis research project focused on the movement of stormwater
sediments in grass swales. To understand sediment transport, experiments were
conducted in several phases. The first experiments, described in this chapter, used the
indoor grass swales setups that were constructed by Kirby (2003) and were intended to

identify the most significant factors affecting sediment transport that could be further



20

examined in later experimental phases. The ultimate goal of these experiments was to

develop a model to predict the trapping of stormwater sediments in roadside grass swales.

3.2 Objectives
The major research objectives of the first experiments was to examine the
effectiveness of grass swales in sediment transport under a small variety of grass type,

swale slope, stormwater flow rate, and sediment particle size conditions.

3.3 Indoor Laboratory Swales
3.3.1 Descriptions of the Experimental Set-up

Experimental swales were constructed in an indoor greenhouse facility located in
the Bevil building on the campus of the University of Alabama, as part of a prior research
project (Johnson et al. 2003). Artificial sunlight (ambient variations of UV and visible
wavelengths) was provided, and room temperature was maintained at approximately 78
°F (25 °C) at this facility. The experimental setup consisted of three identical rectangular
channels on a base which was adjustable over a range of channel slopes. A soil mixture
of 70 % top soil and 30 % sand (by weight) was placed in the channel sections which
were completely sealed by non-reactive marine-epoxy paint to prevent leakage. Each
channel was 2.0 ft wide (0.6 m), 6 ft long (1.8 m), and 6.0 inches (15 cm) deep and had a
specific type of lawn grass. Jason Kirby constructed these swales and tested the grasses
for hydraulic resistance during his MSCE thesis (2003).

Tap water was used to fill a 150 gallon (0.57 m?) water storage tank. Test

sediments of aluminum oxide and sieved sands were mixed in the tank to reproduce the
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sediment characteristics of stormwater. Two 65 gallon/min (GPM) (0.25 m*/min) sump
pumps were placed at the opposite ends of the tank to ensure continuous suspension of
sediments during the experiments. The sediment-water mixture was pumped using a
Jacuzzi ® (Little Rock, AR) pump through a 2 inch (5.1 cm) diameter PVC piping
network. A T-shaped PVC pipe with 26 quarter-inch-diameter holes (0.6 cm) was
attached to the end of the piping network as shown in Figure 2 and 3. The sediment-
water mixture was drained from the T-shaped pipe onto an aluminum sheet attached to
the head of the swale to produce a sheet flow. The runoff was collected at the end of the
swale in a second 150 gallon (0.567 m®) tank (Kirby 2003). After each experiment
during the current sediment transport tests, sediment depositions on the grass swale were

washed off to avoid sediment carryover to the next experiment by re-suspension.

Fig. 2. (left) Overview of the experimental setup
Fig. 3. (Right) Sediment solution are coming through the T-shaped PVC header onto the
metal sheet to produce a sheet flow
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3.3.2 Sediment Characteristics of the Sediment-water Mixture

Aluminum oxide particles (glass grinding abrasives) ranging from 5 pum to 80 um
and sieved sands ranging from 80 um to 240 pm were combined to produce the test
sediments. The initial sediment concentration was 200 mg/L. Therefore, 0.25 1b (110
grams) of the sediment mixture was mixed with the 150 gallons (0.57 m?) of tap water for
each experiment. Table 2 shows the percentage and weight contribution of the test
sediments for different particle size ranges. The resulting particle size distribution was
similar to the reported sediment particle size distribution and concentration found in

stormwater (Burton and Pitt 2001).

Table 2. Percentage and Weight Contributions of the Test Sediments

. Particle Size Sp eqﬁ ¢ Percentage Weight
Sediment Gravity L
(um) (eram/cm?) Contribution ~ (gram/test)
Aluminum Oxide Oto5 3.7t04.0 45 % 51
Aluminum Oxide S5to 10 3.7t04.0 10 % 11.3
Aluminum Oxide 10 to 25 3.7t0 4.0 20 % 22.7
Aluminum Oxide 25 to 80 3.7t04.0 8 % 9.1
Sieved Sands 80 to 240 2.65 17 % 19.3

Total 100 % 113.4
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Fig. 4. Resulting particle size distribution of the test sediments

3.3.3 Parameters in the Initial Experiments
Five different parameters were tested in the initial experiments to identify their
effects on sediment transport in grass swales. The parameters were grass type, slope,

flow rate, sampling time, and swale length, as described below:

e Grass types: Three different types of grass were placed in the rectangular
channels. These were Centipede (Eremochloa ophiuroides), Zoysia (Zoysia
Jjaponica), and Kentucky bluegrass (Poa pratensis). These three grasses were
selected because their species are commonly found in the South and Southeast
areas of the United Sates, the location of these experiments. Centipede (CENT-
05-PK, Seedland®) is thick forming, uniform growing, and medium to light green

in color. It has a thick and wide blade, short upright stems, and requires low
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maintenance. Blades of Centipede are sparser than Kentucky bluegrass or Zoysia
and survives in mild climates. Zoysia can be found from Florida to Connecticut
and along the Gulf coast to Texas and in the Midwest and California (Richard
n.d.). Zoysia is commonly used at golf courses. Leaf blades of Zoysia are very
stiff and smooth with occasional hair near the root providing a very strong
structure that has high wear-tolerance. Kentucky bluegrass is a dense grass with
smooth, upright stems, very fine blades that can grow up to 18 to 24 inches (46
cm to 61 cm) tall, but is commonly mowed too much shorter heights. It is readily
identified by the boat-shaped leaf tip. Kentucky bluegrass grows primary in the
North and Midwest areas of the United Sates. In the Southern United Sates,
Bluegrass grows in a transition zone from North Carolina, through much of
Tennessee, northern Arkansas to the panhandle of Texas and Oklahoma (Richard
n.d.).

The grasses in the test swales were watered daily, and fertilizer was
applied bi-weekly to keep the grass in a healthy condition. The grass was also
trimmed regularly so that the heights of the grasses were maintained at about 2

inches (5 cm) in height.

Kentucky Blugrass

Fig. 5. Different grass types tested in the first set of experiments
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Slopes: The effects of 1 % and 5 % slopes were tested. The slopes were
maintained by jacking the swale test frame and placing pre-cut blocks of the
correct thickness. The connecting flow distribution pipes also had alternative pre-

cut sections to enable efficient slope adjustments.

Flow rates: The runoff flow rates were controlled using a valve in the piping
network. The flow rates were approximately 8 gallons per minute (GPM) (0.03
m?/min) during the low flow rate tests and approximately 15GMP (0.06 m*/min)

during the high flow rate tests.

Time interval: Samples were collected at three different times during each test.
The duration of an experiment with 8 GPM flows (low flow rate) (0.03 m*/min)
was approximately 10 minutes (the time available until all of the sediment-water
mixture was pumped from the tank to the test swale). Thus, sampling was
conducted at 1, 5, and 10 minutes after the mixture was_introduced to the swales.
During the high flow rates, the maximum duration was 6 minutes. Therefore,

samples were collected at all locations at 1, 3 minute, and 6 minute intervals.

Swale lengths: To determine the sediment reduction as a function of swale length,
samples are collected at the head works, 2 ft (0.6 m), and 6 ft(1.8 m) from the
head works. Samples collected at the head works determined the initial sediment

concentrations. Figure 6 shows the sampling locations. For each swale length,
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subsamples were collected at various locations across the channel and composited

to represent the specific swale cross section.
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Fig. 6. Sampling locations in a grass-lined channel

3.3.4 Experimental Design and Analytical Methods

The experimental design was a box design (Box, Hunter, and Hunter 1978).
Since there were 3 grass types, 2 slopes, 2 flow rates, 3 time intervals, and 3 swale
lengths, 108 runoff samples were collected during 12 separate tests in the initial indoor
experiments. After each test, the grasses were rinsed with tap water to wash off any
deposited sediment attached to the grass blades, and the setup was allowed to rest for
approximately thirty minutes before the next test. The data was analyzed using a nested
full-factorial design (Box, Hunter, and Hunter 1978).

The 108 runoff samples were analyzed for the following constituents:

1. Total Solids (Standard Methods 2540B)

2. Turbidity using a HACH 2100N Turbidimeter

3. Particle Size Distribution using a Coulter Counter (Beckman® Multi-Sizer

III™), composite of several different aperture tube measurements (30,
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140, and 400 um aperture tubes, giving a complete range of about 1.8 to

240 um) )

Much effort was spent in confirming the laboratory sediment measurement
procedures. Appendix J describes the methods used to prepare the samples before

analyses using a USGS Dekaport cone splitter.

3.4 Data Analysis and Results

The basic aim of the initial experiments was to examine the basic efficiency of
grass swales in trapping stormwater sediments under a variety of test conditions. The
complete set of analytical results from these initial experiments is presented in Appendix
A. The following discussion summarizes the general findings from these experiments.

The total solids and turbidity measurements at the head works revealed that the
variability of sediment concentrations between the different experiments was much
higher than desired. Thus, all the measurements by the variables were normalized
sediment concentrations at the head works by presenting the data as percentages of the
initial values. Figure 7 and 8 are box and whisker plots of the changes in concentrations,
or changes in normalized concentrations compared to initial values. Box and whisker
plots of the observed actual concentrations are presented in Appendix D. Also, line plots
of these data are presented in Appendix E. The boxes show the 25", 50, and 75%
percentiles (the lower box edge, the line in the box, and the upper box edge,
respectively), and the top whisker extends to the 95 percentile while the lower whisker

extends to the 5™ percentile. The open circles show the actual data.



3.4.1 Total Solids Variations by Swale Length

Figures 7 and 8 show box and whisker plots of total solids concentrations for

different swale lengths.
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Fig. 7. Box-and-whisker plots of total solids vs. swale length
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Fig.8. Box-and-whisker plots of percentages of initial concentrations of total solids
and associated p-values (Kruskal-Wallis test) by swale length

Kruskal-Wallis non-parametric statistical tests were employed to determine the
equality of medians for two or more sample populations. Most of the data were not
normally distributed, requiring the use of a nonparametric statistical test. The Kruskal-
Wallis test hypotheses are:

Null hypothesis (Ho): the population medians are all equal

Alternative hypothesis (Hi): the medians are not equal
The significance level was set to be 0.05 (5 %) since it is the widely accepted value for a
significance level, used in most research. To illustrate, when a computed probability is
found to be less than 0.05, there is significant evidence suggesting that the null
hypotheses is not true. Therefore, we accept the alternative hypothesis, concluding that
the medians are not equal. When the computed probability is greater than 0.05, the

proper conclusion is that there was not sufficient numbers of samples to verify the
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difference between the sample sets, at the power of the test (determined by the initial
experimental design data quality objectives and number of samples collected).

Figure 8 shows a significant effect of swale length on sediment reduction, after
the 2 ft (0.6 m) location (there was no significant sediment reduction between the head
works and the 2 ft (0.6 m) location because the probability (p-value) was found to be
0.549). There were significant differences between the head works and 6ft (1.8 m) (p <
0.001) and between 2ft (0.6 m) and 6ft (1.8 m) (p < 0.001), although the actual reduction
was quite small (an average of 11 % reductions of the normalized sediment
concentrations at 6ft (1.8 m) compared to the head works). These tests established that
the sediment removal was only measurable between 2 ft (0.6 m) and 6 ft (1.8 m) from the

head works for these tests.
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3.4.2 Total Solids Variations by Grass Type
Figure 9 shows the variations in total solids concentrations for different grass

types at the different sampling locations.
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Fig.9. Box-and-whisker plots of percentages of initial concentrations of total solids
and associated probabilities calculated using Kruskal-Wallis test vs. swale
length and grass type (1 ft=0.30 m)

As shown in Figure 9, there were no significant differences in the percentages of the
initial total solids between Bluegrass, Centepede, and Zoysia at 2ft (0.6 m) since the
probability was 0.371. At 6 ft, a marginal level of significance for grass type was
observed, since the calculated probability was 0.061, close to 0.05. Centipede showed
better sediment reduction rates than bluegrass and Zoysia. There was no significant

difference between bluegrass and Zoysia.
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3.4.3 Total Solids Variations by Flow Rate

Figure 10 shows the total solids concentration changes for different flow rates at

the different sampling locations.
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Fig. 10. Box-and-whisker plots of percentages of initial concentrations of total solids
and associated probabilities determined by Kruskal-Wallis test vs. swale length and
flow rate (Note 1 GPM = 0.0038 m*/min)

Reductions in normalized sediment concentrations were significantly different at 6 ft (1.8
m) (p < 0.001) when the 8 GPM (0.03 m>/min) and 15 GPM (0.06 m*/min) flow rate tests
were compared. There was no significant difference at 2 ft (0.6 m) (p = 0.803). The
median reductions at 8 GPM (0.03 m*/min) were 16.5 % lower than the mean reductions

at 15 GPM (0.06 m*/min) at 6 ft (1.8 m).
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3.4.4 Total Solids Variations by Slope
Figure 11 shows the total solids concentration changes for different grass swale

slopes for the different sampling locations.
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Fig. 11. Box-and-whisker plots of percentages of initial concentrations of total solids
and associated probabilities determined by Kruskal-Wallis test versus swale length
and slope (Note 1 ft=0.30 m)

Sediment concentration reductions at 1 % vs. 5 % slope were found to be significantly
different at 6 ft (1.8 m) (p = 0.017), but not at 2 ft (0.6 m) (p = 0.457). The median
concentration reductions during the 1 % slope tests were about 11.5 % lower than during

the 5 % slope tests.
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3.4.5 Total solids variations by time interval
Figure 12 shows the total solids concentration changes for different time intervals

at the different sampling locations.
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Fig. 12. Box-and-whisker plots of percentages of initial concentrations of total
solids and associated probabilities determined by Kruskal-Wallis test vs. swale
length and time interval (Note 1 ft =0.30 m)

There were no significant differences in sediment removal rates for the different time
intervals at both the 2 ft (0.6 m) (p = 0.457) and 6 ft (1.8 m) (p = 0.365) sampling

locations.



3.4.6 Turbidity Variations by Swale Length
Figures 13 and 14 show box and whisker plots of turbidity concentrations for

different swale lengths.
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Fig. 13. Box-and-whisker plots of turbidity vs. swale length
(Note 1 ft =0.30 m)
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The probability determined by Kruskal-Wallis for overall swale length was P = 0.811,

indicating no observed significant effects on turbidity reductions with sampling location.

3.4.7 Turbidity Variations by Grass Type

Figure 15 shows the variations in turbidity concentrations for different grass types

at the different sampling locations.
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Fig. 15. Box-and-whisker plots of percentages of initial concentrations of
turbidity and associated probabilities determined by Kruskal-Wallis test vs.
swale length and grass type (Note 1 ft =0.30 m)

The grass type was found to be an insignificant factor affecting turbidity reductions at

both 2 ft (0.6 m) (p = 0.531) and 6 ft (1.8 m) (P = 0.482).



3.4.8 Turbidity Variations by Flow Rate
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Figure 16 shows the turbidity concentration changes for different flow rates at the

different sampling locations.
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Fig. 16. Box-and-whisker plots of percentages of initial concentrations of turbidity

and associated probabilities determined by Kruskal-Wallis test vs. swale length and

flow rate (Note 1 ft = 0.30 m, 1 GPM = 0.0038 m>/min)

The flow rate was found to be an insignificant factor affecting turbidity reductions at both

2 £t (0.6 m) (p = 0.366) and 6 ft (1.8 m) (p = 0.169).



3.4.9 Turbidity Variations by Slope
Figure 17 shows the turbidity concentration changes for different grass swale

slopes for the different sampling locations.
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Fig. 17. Box-and-whisker plots of percentages of initial concentrations of turbidity
and associated probabilities determined by Kruskal-Wallis test vs. length and slope

(Note 1 ft=10.30 m)
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The slope was found to be an insignificant factor affecting turbidity reductions at both 2

ft (0.6 m) (p = 0.157) and 6 ft (1.8 m) (p = 0.842).
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3.4.10 Turbidity Variations by Time Interval
Figure 18 shows the turbidity concentration changes for different time intervals at

the different sampling locations.
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Fig. 18. Box-and-whisker plots of percentages of initial concentrations of turbidity
and associated probabilities determined by Kruskal-Wallis test vs. swale length and
time interval (Note 1 ft=0.30 m)

The time interval was found to be an insignificant factor affecting turbidity reductions at

both 2 ft (0.6 m) (p =0.703) and 6 ft (1.8 m) (P =0.697)
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3.4.11 Variables Affecting Sediment Transport

Analysis of Variance (ANOVA) tests were performed to determine the effects of
the experimental variables on the normalized concentration changes. The significance
level was set at 0.05 for this statistical procedure. The normalized concentration changes
were normally distributed, so the more powerful ANOVA procedure was used for these
comparisons.

Table 3 shows the experimental variables and associated probabilities for the
normalized concentration changes at the 6 ft (1.8 m) swale location. Grass type, slope,
and flow rate were all found to be significant factors affecting total solids concentration
changes, but they did not affect the turbidity observations in these initial experiments.
The time of sampling was not a significant factor for either total solids and turbidity
changes. No interaction between variables were found to be significant, except time

versus flow rate for turbidity changes.

Table 3. Experimental Variables and Associated Probabilities for the Normalized
Concentration Changes at 6 ft (1.8 m)

Constituent Variable Probability

Total solids Grass type 0.048
Slope 0.015
Flow rate <0.001
Sampling time 0.584
Grass type vs. Slope 0.278
Grass type vs. Flow rate 0.162
Slope vs. Flow rate 0.436
Sampling time vs. Grass type 0.647
Sampling time vs. Flow rate 0.532
Sampling time vs. Slope 0.736

Note: Bold probabilities represent ‘significant effects’ as these are less than 0.05
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Table 3. Experimental Variables and Associated Probabilities for the Normalized
Concentration Changes at 6 ft (1.8 m) — Continued

Constituent Variable Probability

Turbidity Grass type 0.369
Slope 0.407
Flow rate 0.236
Sampling time 0.593
Grass type vs. Slope 0.289
Grass type vs. Flow rate 0.736
Slope vs. Flow rate 0.181
Sampling time vs. Grass type 0.638
Sampling time vs. Flow rate 0.035
Sampling time vs. Slope 0.263

Note: Bold probabilities represent ‘significant effects’ as these are less than 0.05

3.4.12 Particle Size Distribution Analyses

Particle size distribution (PSD) analyses were an important part of these tests. A
Coulter Counter (Beckman® Multi-Sizer I1I™) was used to determine the particle size
distributions in all of the samples collected. The results are presented in Appendix-F, and
statistical summaries of PSDs are presented in Table 4.

It is important to determine how the experimental factors affected sediment
transport of the different particle sizes. It is possible that some factors would affect some
particle size categories more than for other size categories. The PSDs of the samples for
the tests featuring the same control parameters were averaged and compared. For
instance, all the PSDs of the end weir outflows (6 ft = 1.8 m) for the 5 % slope tests were
averaged and compared against the PSDs of the weir outflows for the 1 % slope tests.
Similarly, swale length, flow rate, and grass type were also compared. The affect of

location was evident from the results of the 12 individual runs as described above.
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Decreases in the median particle size (the 50™ percentile of the PSD) were used to
indicate preferential trapping of larger particles in the swales during the tests. If the
median size decreased at a downgradient swale location, larger particles were being
preferentially trapped upgradient. For each individual test, the PSDs at the three time
intervals at each location were averaged to obtain a single PSD curve. The overlay of the
three curves for samples collected at the three locations also demonstrates which particles
tend to move through the swale.

The original hypothesis was that grass swales would preferentially capture the
larger particles and would allow the finer particles to flow through the swale with
minimal trapping. Therefore, the medians of the PSDs should decrease with increasing
length. Significant differences in median particle sizes were observed between 2 ft and 6
ft (p = 0.006), but not between 0 ft and 2 ft (0.6 m) (p =0.237). In five runs, the median
particle sizes at 0 ft (head works) were higher than at 2 ft (0.6 m). This could be a result
of particles being scoured and eroded from the bed of the grass swale due to the force of
water coming entering the swale. The metal plates used to ensure sheet flow, though
effective, could not always prevent erosion.

The smallest median particle size at 6 ft (1.8 m) occurred during Test 9, for high
flow with Zoysia grass at 1 % slope test conditions (with a median diameter of 4.93 pm),
and Test 2 which also showed a median diameter of approximately 5 um, during a low
flow with Centipede grass at 5 % slope. Tests 2 and 9 are almost opposite conditions
(high versus low flows and steep versus shallow slopes), indicating the need for further
tests and to better control the test conditions to reduce the variability that was periodically

evident during some of these initial tests. Tests 2 and 9 establish that variability in
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particle settling in these small swales may be too great to consistently measure at lengths
of 6 ft or less. These two tests had the lowest median sediment concentrations, but cover
much of the range of experimental conditions.

The changes in median particles sizes between the head of the swale and 2 ft (0.6
m) not only reflect the high variability in settling, but also an experimental artifact. In
five of twelve tests, scouring was actually indicated, probably due to incomplete
dissipation of header flow momentum before the sheet flow entered the swale grass
covers. Future tests should consider redesign of the metal plates to spread the flow and to
prevent scour. Grass type, flow rate, and slope differences were not significant in
reducing median particle sizes. All probabilities presented in Figures 20, 21, and 22 were

greater than the significant level of 0.05.

Table 4. Summaries of Statistics of PSDs by Swale Length

Test-1: Centipede grass, high flow (15 GPM), 5 % slope
Mean Std.dev. 10 % 50 % 90 %

Location

(um) (um) (um)  (pm)  (um)
Head works 10.0 2.8 34 7.6 54.0
2 ft (0.6 m) 9.7 2.9 3.2 6.7 62.5
6 ft (1.8 m) 7.9 2.4 3.1 6.1 243

Test-2: Centipede grass, low flow (8 GPM), 5 % slope
Mean Std.dev. 10 % 50 % 90 %

Location (um) (um) (pm)  (pm)  (um)
Head works 8.2 2.6 3.0 5.9 30.9
2 ft (0.6 m) 13.4 3.2 3.5 11.0 79.0

6ft(1.8m) 5.8 2.1 2.8 5.0 16.1




Test-3: Zoysia grass, high flow (15 GPM), 5 % slope

Table 4. Summaries of Statistics of PSDs by Swale Length — Continued

Location Mean Std.dev. 10 % 50 % 90 %
(nm) (nm) (um) — (um)  (um)
Head works 23.8 43 3.8 19.5 169.0
2 ft (0.6 m) 9.2 2.8 32 6.5 55.0
6 ft (1.8 m) 7.9 2.4 3.1 6.1 24.3
Test-4: Zoysia grass, low flow (8 GPM), 5% slope
Location Mean Std.dev. 10 % 50 % 90 %
(nm) (nm) (pm)  (pm)  (um)
Head works 7.0 2.7 2.8 5.0 34.8
2 ft (0.6 m) 13.6 3.5 33 10.7 96.1
6 ft (1.8 m) 10.0 3.0 3.2 7.0 62.5
Test-5: Bluegrass, high flow (15 GPM), 5 % slope
Location Mean Std.dev. 10 % 50 % 90 %
(pm) (nm) (pm)  (pm)  (um)
Head works 9.3 2.9 3.1 6.4 58.8
2 ft (0.6 m) 8.4 2.4 32 6.6 27.9
6 ft (1.8 m) 9.2 3.0 3.1 6.1 79.8
Test-6: Bluegrass, low flow (8 GPM), 5 % slope
Location Mean Std.dev. 10 % 50 % 90 %
(pm) (pm) (pm) — (pm)  (um)
Head works 16.9 4.7 32 9.5 166.0
2 ft (0.6 m) 7.6 2.4 3.1 5.8 26.0
6 ft (1.8 m) 6.3 2.2 2.9 5.2 18.0
Test-7: Bluegrass, high flow (15 GPM), 1 % slope
Location Mean Std.dev. 10 % 50 % 90 %
(pm) (pm) (pm) — (pm)  (um)
Head works 13.9 3.9 33 9.1 133.0
2 ft (0.6 m) 8.1 2.7 3.0 5.8 37.8
6 ft (1.8 m) 7.6 2.5 3.0 5.8 25.6
Test-8: Bluegrass, low flow (8 GPM), 1 % slope
Location Mean Std.dev. 10 % 50 % 90 %
(pm) (pm) (pm) — (pm)  (um)
Head works 10.6 3.1 32 7.4 70.0
2 ft (0.6 m) 8.0 2.5 3.1 6.1 28.0
6 ft (1.8 m) 6.6 2.2 3.0 5.4 19.8
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Table 4. Summaries of Statistics of PSDs by Swale Length — Continued

Test-9: Zoysia grass, high flow (15 GPM), 1 % slope
Mean Std.dev. 10 % 50 % 90 %

focatioh () (um)  (um)  (um)  (um)
Head works 15.5 3.6 34 13.5 113.0
2 £t (0.6 m) 6.8 2.0 3.0 5.8 19.4
6 ft (1.8 m) 5.9 2.1 2.8 4.9 17.2

Test-10: Zoysia grass, low flow (8 GPM), 1 % slope
Mean Std.dev. 10 % 50 % 90 %

bocation () (um)  (um)  (um)  (um)
Head works 11.0 32 3.1 7.4 73.4
2 £t (0.6 m) 9.1 2.7 3.1 6.7 42.1
6 ft (1.8 m) 7.5 2.5 3.0 5.6 26.8

Test-11: Centipede grass, high flow (15 GPM), 1 % slope
Mean Std.dev. 10 % 50 % 90 %

bocation () (um)  (um)  (um)  (um)
Head works 11.5 32 3.2 8.6 73.6
2 ft (0.6 m) 12.1 3.2 3.2 9.0 79.3
6 ft (1.8 m) 9.3 3.1 3.0 6.0 77.4

Test-12: Centipede grass, low flow (8 GPM), 1 % slope
Mean Std.dev. 10 % 50 % 90 %

Location

(pm) (pum) (um)  (um) (pm)
Head works 10.2 32 3.1 6.6 78.3
2 ft (0.6 m) 9.7 2.9 3.2 6.9 56.4
6 ft (1.8 m) 7.9 2.9 2.9 5.5 65.4

Table 5. Summary Statistics for Particle Sizes vs. the Experimental Variables

Mean Std.dev. 10 % 50 % 90 %

Orssope  um)  m) @m) m) (um)
Bluegrass 7.3 2.5 3.0 5.6 26.1
Centipede 7.9 2.7 3.0 5.6 42.1
Zoysia 7.7 2.5 3.0 5.8 29.0
Slope Mean  Std.dev. 10 % 50 % 90 %
(pum) (pum) (pum) (um) (pum)

1% 7.5 2.6 3.0 5.5 33.0

5% 8.5 2.8 3.1 5.9 49.6
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Table 5. Summary Statistics for Particle Sizes vs. the Experimental Variables— Continued

Mean Std.dev. 10 % 50 % 90 %
Flow rate

(pum) (pum) (pum) (pum) (pm)
8 GPM 9.0 3.0 3.1 6.0 72.5
15 GPM 7.3 2.5 3.0 55 27.6

Sampling Mean Std.dev. 10 % 50 % 90 %

time (um) (um) (um) (um) (um)
1 min 7.9 2.6 3.0 5.9 29.0
Half tank 7.4 2.5 2.97 5.6 26.8
Empty 9.1 3.2 3.0 5.8 85.1
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As shown in Figure 19, there was a significant effect of swale length in reducing
median particle sizes between the head works and 6 ft (1.8 m) (p = 0.006), but not
between the headworks and 2 ft (0.6 m) (p = 0.237). Figure 23 shows an example PSD at
the different swale lengths (head works, 2 ft (0.6 m), and 6 ft (1.8 m)) for a Bluegrass
swale during low flow (8 GPM) at 5 % channel slope. In this particular test, particle
sizes were significantly reduced in the grass swale especially between the head works and
2 ft (0.6m). The other three factors (flow rate, slope, and grass type) were not found to be

significant in reducing median particle sizes, as shown in Figure 20, 21, and 22.

3.5 Conclusions
As expected, increased swale length, lower slopes, and lower flow rates
were observed to be the most important conditions which result in increased

sediment retention by grass swales.

3.5.1 Total Solids and Turbidity
Swale length:
e Total solids: Significant sediment reductions were observed between 2 ft (0.6 m)
and 6 ft (1.8 m) (p <0.001), but not between 0 ft and 2 ft (0.6 m) (p = 0.546).
This suggests that sedimentation becomes measurable beyond 2 ft (0.6 m). An

overall 12 % reduction in total solids was observed.

e Turbidity: Swale length was not found to be a significant factor (p = 0.811

between 0 ft and 6 ft (1.8 m)) in reducing turbidity levels.
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Longer lengths provided more time for sediment to settle in the grass swales. This

was more evident for the larger particles in these short swales.

Grass type:

Total solids: A significant difference in total solids concentrations for the
different grass types was observed at 6 ft (1.8 m) (p =0.061), but not at 2 ft (0.6
m) (p =0.371). Centipede grass was found to be the most efficient among the
three grass types. At 6 ft, 20 % of the sediments were retented in Centipede grass

whereas Bluegrass swale was 11 % and Zoysia grass swale was 12 %.

Turbidity: Grass type was not found to be a significant factor affecting turbidity

levels for both 2 ft (0.6 m) (p=0.531) and 6 ft (1.8 m) (p = 0.482).

The stem length of Bluegrass is higher than for Zoysia. During high flows (15
GPM), the water flooded the Zoysia grass more often than Bluegrass, reducing

sediment retention efficiency.

Even though the stems of the Centipede grass are larger than for the other grasses
tested, the stem density of the grass was less. The density of the grass may
therefore be more important than the grass stem length in sediment capture and

retention.
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Flow rate:

1.

Slope:

Total solids: A significant difference was observed in total solids reductions at 6
ft (1.8 m) (p <0.001), but not at 2 ft (0.6 m) (p = 0.803) for the different flow rate
tests. The median reductions during the 8 GPM (0.03 m?/min) tests were 16.5 %

better than during the 15 GPM (0.06 m*/min) tests at 6 ft (1.8 m).

Turbidity: Flow rate was not found to be a significant factor affecting turbidity

levels at both 2 ft (0.6 m) (p = 0.366) and 6 ft (1.8 m) (p = 0.169).

Total solids: A significant difference was observed in total solids reductions at 6
ft (1.8 m) (p =0.017), but not at 2 ft (0.6 m) (p = 0.457) for the different swale
slopes. The median reductions for the 1 % sloped swales were 11.5 % better than

for the 5 % sloped swales at 6 ft (1.82 m).

Turbidity: Slope was not found to be a significant factor affecting turbidity levels

for both 2 ft (0.6 m) (p =0.157) and 6 ft (1.8 m) (p = 0.842).

Swales at 1 % slopes retained particles better than the swales at 5 % slopes.
The flatter slopes resulted in longer travel times for the particles to travel
within the swale and allowed smaller particles to settle before the end of the

swale was reached.
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Sampling time:
1. Total solids: The sampling time was not found to be a significant factor affecting
total solids retention for both 2 ft (0.6 m) (p = 0.457) and 6 ft (1.8 m) (p = 0.365)

sampling locations.

2. Turbidity: The time interval of sampling was not found to be a significant factor
affecting turbidity levels for 2 ft (0.6 m) (p =0.703) and 6 ft (1.8 m) (p = 0.697)

sampling locations.

Table 6. Significant Factors Affecting Total Solids and Turbidity Reductions in
Grass Swales

Constituent  Variable Probabilities

Total Solids  Grass type 0.048
Slope 0.015
Flow rate <0.001

Turbidity Time * Flow rate 0.035

3.5.2 Particle Size Distribution Analyses
e There was some ambiguity in the PSD median values between the
headworks and the 2 ft (0.6 m) samples; in most runs, the headworks
showed a higher median particle sizes, but in 5 runs the 2 ft (1.8 m) sample
showed a higher median particle size. This could be because of scouring
and associated erosion of the grass bed between these locations.
e Swale length was found to be a significant factor in reducing median

particle sizes. The median particle size was reduced from 7.5 pm at the



head works to 5.7 um at 6 ft. The other factors (flow rate, slope, and grass

type), however, were found to be insignificant.

3.5.3 Findings and Suggestions

The following modifications and further studies were identified after these

initial experiments in order to better understand the response of the swales to

varying conditions:

1.

These initial analyses did not include separate total suspended solids and
total dissolved solids analyses. It is expected that the retention of total
dissolved solids would be minimal in a grass swale and without separating
out this contribution, the total solids results from these initial experiments

could be confused by “constant” total dissolved solids values.

The length of the grass swale was too short to be able to clearly distinguish
the settling of particles, especially between the head works (0 ft) and 2 ft
(0.6 m). More precise control of some variables and more repetitions are

needed to eliminate or confirm some of the conflicting results.

The test setup needs a better measurement and control method for flow rate..
It is critical to maintain the same flow rate for all the similar experiments.

Although this was attempted, there was some unwanted flow variability.

53
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4. The density of the grass, especially for Zoysia, could have been better; the

swale Zoysia grass density was sparse at certain locations.

5. Overall, the control factors needed to be better controlled to get more
meaningful results, although most of the results obtained during these initial
tests appear reasonable. The second series of experiments described in the

next chapter were set up to address many of these shortcomings.
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CHAPTER 1V

THE SECOND EXPERIMENTS

4.1 Chapter Introduction

The initial set of experiments described in the previous chapter identified the
primary factors affecting the transport of stormwater sediment in grass swales. To
understand these factors further, more carefully designed and detailed experiments were
conducted in the second sets of experiments described in this chapter. In addition, a
number of modifications in the experimental setup were made to reduce the variability of
the measured values. Centipede grass was replaced with synthetic turf to determine if the
synthetic turf resulted in similar sediment transport conditions compared to actual grass.
The initial experiment showed that the time of sampling was insignificant, and this factor
was therefore not included during these experiments. Also, additional analyses were
conducted; total suspended solids, total dissolved solids, and total solids greater than and
less than 106 um. Particle size distribution and turbidity analyses were also conducted

during these experiments.
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4.2 Indoor Laboratory Swales
4.2.1 Descriptions of the Experimental Set-up

There were two major problems during the initial set of swale experiments.
Although the two 65 GPM (0.25 m®) sump pumps were employed to agitate the
sediments in the 150-gallon (0.57 m®) tank, large sediment particles, such as sands, were
not well-mixed and suspended in the tank. Consequently, significant amounts of large
particles were settled out on the bottom of the tank during the initial experiment and not
pumped to the swale. The “headworks” sampling eliminated errors in analyzing the
samples, but it was difficult to represent these larger particles in the tests. Another
problem was the accuracy and repeatability of the flow rates. Flow rates were controlled
by a valve attached to the piping network. However, valve movement was too sensitive
and hard to control the desired flow rate.

To solve these problems, the headworks of the experimental setup were modified.
The modified system for the second experiment consisted of a feeding device, a pump,
mixing chamber, and a wood channel. Figures 24, 25, and 26 show the sediment mixture
feeding device, including the small pump and the mixing chamber. Known amounts of
the sediment mixture and water were mixed in the feeding device and were pumped into
the mixing chamber as a slurry. A regulated flow pumped from the 150 gallon (0.57 m?)
tank (filled with tap water) was mixed with the slurry in the mixing chamber. The
solution was then dispersed onto the wood channel to create a 2 ft (0.6 m) wide sheet
flow before entering the grass lined channel. Unlike the initial experiments, flow rates

were more accurately controlled in the second experiment.
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Mixing C‘wi,ilr_fhber-

Fig. 24. (/eft) Picture showing the sediment feeding device consisting of a mixer, bucket,
small pump, and plastic tube

Fig. 25. (Right) Sediment slurry and tap water are being mixed at the mixing chamber (A
sheet flow is created at the wood channel)

Sediments
(300-425 um)

Fig. 26. Picture showing the indoor experimental setup (Three
different types of grass are mounted on a base which can be adjusted
in slope. In this test, the sediment solution is being introduced onto the
Zoysia swale)
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4.2.2 Sediment Characteristics of the Sediment-water Mixture

Fine-ground silica (SIL-CO-SIL® from US Silica Co.), along with sieved sands,
were used in the test mixture. These fine-ground silicas are bright white, low in moisture,
and chemically inert. Two different sizes of silca, SIL-CO-SIL®106 and SIL-CO-
SIL®250 were used. Sieved sands were used to provide larger particles, ranging from 90
to 250 um and 300 to 425 um. The sediment concentration of the test flow was targeted
at 500 mg/L. Table 7 shows the percentage contribution of the test sediments in different
particle size ranges, while Figure 27 shows the particle size distribution of the test
sediment mixture. This mixture had a wide range of particle sizes represented, enabling
sediment transport processes to be described for the different size ranges that are

represented in typical stormwater.

Table 7. Percentage Contribution and Specific Gravity of the Test Sediments

Sediment ciii?éﬁ?ﬁ)en Specific gravity
Silica (SIL-CO-SIL®106) 15% 2.65
Silica (SIL-CO-SIL®250) 50 % 2.65
Sand (90 - 250 um) 25% 2.65
Sand (300 - 425 pm) 10 % 2.65

Total 100 %
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Fig. 27. Particle size distribution of the test sediment mixture

Table 8. Particle Size Distributions of SIL-CO-SIL®106 and SIL-CO-SIL®250

SIL-CO-SIL*250
Percentage in size

SIL-CO-SIL®106
Percentage in size

Particle size

range

range

(pum)
0 to 45

50.0 %
8.0 %
11.0 %
12.0 %
9.5%

6.0 %

73.0 %
7.0 %
12.5%
5.6 %

45 to 53

53to0 75

75 to 106
106 to 150
150 to 212

1.5%
0.1 %

0.0 %

3.5%
100 %

>212

100 %

Total
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4.2.3 Factors Tested During the Second Experiments

One result of the initial experiments indicated that the time factor since the
beginning of the steady state experiment was not important in affecting the particle
retention. Thus, it was excluded from the second experiment. Also, Centipede grass was
replaced with synthetic turf to determine whether the synthetic turf produced similar
results to actual grass. The following were the variables tested during the second set of

experiments:

e Grass types: The three different types of grass tested were synthetic turf, Zoysia,
and Kentucky Bluegrass. Synthetic turf was obtained from a local household
maintenance warchouse store. The height of stems of the synthetic turf was
approximately 0.25 inches (0.635 cm) which was much shorter than the other
grass, and the stems were quite still. The stems were made of thin and uniformly

dense plastic films shown in Figure 28 and 29.

Fig. 28. (/eft) Picture showing the channel with the synthetic turf
Fig. 29. (Right) Close-up of the synthetic turf
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o Slopes: 1 %, 3 %, and 5 % channel slope were tested.

e Flow rates: Adequate control of flow rates was achieved by the modified
headworks. Flow rates were 10 GPM (0.038 m*/min), 15 GPM (0.064 m>/min),
and 20 GPM (0.076 m>/min).

o Swale lengths: The samples were collected at the entrance (0 ft), 2 ft (0.6 m), 3 ft

(0.9 m), and 6 ft (1.8 m).

4.2.4 Analytical Methods
During the second experiment, 108 samples were collected and analyzed for the

following analytical parameters.

1. Total solids (Standard Methods 2540B)

2. Total solids after screening with a 106 um sieve (total solids < 106 um, to
better match the majority of the particulates measured by the Coulter
Counter)

3. Total suspended solids (solids retained on a 0.45 um filter) (Standard
Methods 2540D)

4. Total dissolved solids (solids passing through a 0.45 pm filter) (Standard
Methods 2540C)

5. Turbidity using a HACH 2100N Turbidimeter

6. Particle size distribution by Coulter Counter (Beckman® Multi-Sizer
[II™), composite of several different aperture tube measurements (30,

100, and 400 um apertures)
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Each sample was collected in a 1 litter plastic sampling bottle and was equally
divided into a subset of 10 subsamples by using the USGS/Dekaport Cone Splitter shown
in Figure 30 (Rickly Hydrological Company). The cone splitter was utilized to ensure
that sediment characteristics of sub-samples were identical to each other for analyzing the
different analytical parameters. For each parameter, two replicates were produced and
analyzed to increase the reliability of the tests. The performance of USGS/Dekaport

Cone Splitter for producing identical sub-samples is presented in Appendix J.

Fig. 30. UAGS/Dekaport Cone Sample Splitter
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4.2.5 Head Works Study

Despite the modification of the headworks, it was difficult to maintain consistent
sediment concentrations of the sediment-water mixture entering the grass channels during
the tests. Analytical results showed a larger variability of sediment concentrations than
desired at the head works, especially for large particles.

Figure 31 shows that total dissolved solids (< 0.45 pum) at the head work were
relatively consistent, but the concentrations of particles ranging in size from 0.45 to 106
pm and from 106 to 425 pm had greater variability during the experiments. Large
particles in the 106 to 425 um size range had the largest overall variability due to the
difficulty of consistently suspending large particles in the mixture. Because of this
variability, all concentration data were normalized against the initial sediment
concentrations at the head works. Analysis of Variance (ANOVA) tests were performed
to determine the effects of the experimental variables on these normalized concentration
changes. However, residuals of the ANOVA were not normally distributed as required
(normality tested using the Anderson-Darling statistical test). Therefore, for each swale
length, the normalized data were ranked. The ANOV A was then used on these ranked

normalized data to determine the significance of the variables.
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Fig.31 Box-and-whisker plots of initial sediment concentrations differentiated by
the particle size ranges at the head works

4.3 Data Analysis and Results
The complete analytical results obtained during the second set of experiments are

presented in Appendix B.

4.3.1 Swale Length

Figures 34, 35, 36 and 38 show that significant sediment reductions were
observed at 2 ft (0.6 m), 3 ft (0.9 m), and 6 ft (1.8 m) for total solids, total solids after
screening with a 106 um sieve, total suspended solids, and turbidity. Figure 37 shows
that there were no significant changes in total dissolved solids as a function of swale
length (the numbers of samples were too small to measure the significance of the small

differences). Sediments were rapidly reduced between the head works (0 ft) and 2 ft (0.6
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m) due to the settlement of large particles at the beginning of the swale. Smaller-sized
sediments were gradually reduced between 2 ft (0.6 m) and 6 ft (1.8 m), as the smaller
particles were more likely to be carried over longer distances than the larger particles.
The median concentration of total suspended solids was reduced from 460 mg/L at 0 ft to
200 mg/L at 2 ft (0.6 m) (56 % reduction), and, the median total suspended solids
concentration at 6 ft (1.8 m) was 110 mg/L (76 % reduction). Unlike solids, turbidity
reductions shown in Figure 38 were relatively constant with swale length, since turbidity
was not as affected by the larger particles which were preferentially removed. The
median of turbidity was reduced from 64 NTU at 0 ft (0 m) to 38 NTU at 6 ft (1.8 m) (40
% reduction).

After each experiment, sands were visually observed up to 1 ft (0.3 m) from the
head works. Figure 32 and 33 show that deposition was not uniform across the swale.
This visual observation confirms that large particles were predominantly captured at the

beginning of the grass swales.

Fig. 32. (left) Picture showing sand accumulation on the synthetic turf swale
Fig. 33. (right) Close-up of sand accumulation on the Bluegrass swale



4.3.1.1 Total Solids Variation by Swale Length
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Fig. 34. Box-and-whisker plots of total solids concentrations vs. swale length
(Note 1 ft=0.30 m)

4.3.1.2 Total Solids (< 106 um) Variation by Swale Length
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Fig. 35. Box-and-Whisker plots of total solids (< 106 pm) concentrations vs.
swale length (Note 1 ft=0.30 m)
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4.3.1.3 Total Suspended Solids Variation by Swale Length
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Fig. 36. Box-and-whisker plots of total suspended solids concentrations vs. swale
length (Note 1 ft =0.30 m)

4.3.1.3.4 Total Dissolved Solids Variation by Swale Length
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Fig. 37. Box-and-whisker plots of total dissolved solids concentrations vs. swale
length (Note 1 ft=0.30 m)
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4.3.1.3.5 Turbidity Variation by Swale Length
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Fig. 38. Box-and-whisker plots of turbidity concentrations vs. swale length
(Note 1 ft=0.30 m)

4.3.2 Variables Affecting Sediment Transport

ANOVA was performed to determine the effects of the experimental variables on
the ranked normalized concentration changes. The significance level was set at 0.05 for
this statistical procedure. Swale length, grass type, slope, and flow rate were significant
factors for most of the particulate constituents. In contrast, all variables were
insignificant for total dissolved solids. Among the three grass types, synthetic turf was
found to be the least effective, and Zoysia and Kentucky Bluegrass had similar sediment
reduction rates. The effects of channel slope and flow rate were marginal for total solids
and total suspended solids. However, these effects were clearly significant for turbidity.

A 1 % slope was found to be much more efficient in trapping the particulates than the 3
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% and 5 % slopes, and the low flow rate of 10 GPM (0.038 m>/min) was more effective
in reducing turbidity than the higher flow rates of 15 GPM (0.064 m*/min) and 20 GPM
(0.076 m*/min). Some of the interactions between the factors were also important and
need to be considered when explaining sediment transport in grass swales. Table 9
shows the variables and interaction terms and associated probabilities for each
constituent. The followings are Box and whisker plots of the changes in concentrations
compared to initial values. Also, Box and whisker plots of the actual observed
concentrations are presented in Appendix G.

Table 9. Variables and Associated Probabilities at 6 ft (1.8 m)

Constituent Variable Probabilities
Total solids Grass type <0.001
Slope 0.006
Flow rate <0.001
Grass type*Slope 0.333
Grass type*Flow rate 0.023
Slope*Flow rate 0.429
Total solids (< 106 um)  Grass type <0.001
Slope 0.746
Flow rate 0.879
Grass type*Slope 0.641
Grass type*Flow rate <0.001
Slope*Flow rate <0.001
Total suspended solids Grass type <0.001
Slope 0.047
Flow rate 0.247
Grass type*Slope 0.194
Grass type*Flow rate 0.005
Slope*Flow rate 0.013

* Bolded probabilities represent ‘significant effects’ because these are less than 0.05.



Table 9. Variables and Associated Probabilities at 6 ft (1.8 m) — Continued

Constituent Variable Probabilities

Total dissolved solids Grass type 0.701
Slope 0.049
Flow rate 0.498
Grass type*Slope 0.842
Grass type*Flow rate 0.044
Slope*Flow rate 0.244

Turbidity Grass type <0.001
Slope 0.02
Flow rate 0.144
Grass type*Slope 0.001
Grass type*Flow rate <0.001
Slope*Flow rate 0.387

* Bolded probabilities represent ‘significant effects’ because these are less than 0.05

4.3.2.1 Total Solids Variation by Grass Type
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Fig. 39. Box-and-whisker plots of total solids vs. swale length and grass type

(Note 1 ft =0.3048 m)
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4.3.2.2 Total Solids Variation by Flow Rate
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Fig. 40. Box-and-whisker plots of total solids vs. swale length and flow rate

(Note 1 ft=0.30 m, 1 GPM = 0.0038 m*/min)

4.3.2.3 Total Solids Variation by Slope
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Fig. 41. Box-and-whisker plots of total solids vs. swale length and slope

(Note 1 ft=0.30 m)
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4.3.2.4 Total Solids (< 106 um) Variation by Grass Type
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Fig. 42. Box-and-whisker plots of total solids (< 106 pm) vs. swale length and
grass type (Note 1 ft =0.30 m)

4.3.2.5 Total Solids (< 106 um) Variation by Flow Rate
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Fig. 43. Box-and-whisker plots of total solids (< 106 pm) vs. swale length and
flow rate (Note 1 ft = 0.3048 m, 1 GPM = 0.003785 m>/min)



4.3.2.6 Total Solids (< 106 um) Variation by Slope
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Fig. 44. Box-and-whisker plots of total solids (< 106 um) vs. swale length and slope
(Note 1 ft=0.30 m)

4.3.2.7 Total Suspended Solids Variation by Grass Type
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Fig. 45. Box-and-whisker plots of total suspended solids vs. swale length and grass
type (Note 1 ft=0.30 m)



4.3.2.8 Total Suspended Solids Variation by Flow Rate
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Fig. 46. Box-and-whisker plots of total suspended solids vs. swale length and
flow rate  (Note 1 ft =0.30 m, I GPM = 0.0038 m*/min)

4.3.2.9 Total Suspended Solids Variation by Slope
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4.3.2.10 Total Dissolved Solids Variation by Grass Type
Total dissolved solids
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Fig. 48. Box-and-whisker plots of total dissolved solids vs. swale length and grass
type (Note 1 ft=0.30 m)
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4.3.2.11 Total Dissolved Solids Variation by Flow Rate

Total dissolved solids
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Fig. 49. Box-and-whisker plots of total dissolved solids vs. swale length and flow

rate (Note 1 ft=0.30 m, 1 GPM = 0.0038 m*/min)
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4.3.2.12 Total Dissolved Solids Variation by Slope
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Fig. 50. Box-and-whisker plots of total dissolved solids vs. swale length and slope
(Note 1 ft=10.30 m)

4.3.2.13 Turbidity Variation by Grass Type
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Fig. 51. Box-and-whisker plots of turbidity vs. swale length and grass type
(Note 1 ft =0.30 m)



4.3.2.14 Turbidity Variation by Flow Rate
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Fig. 52. Box-and-whisker plots of turbidity vs. swale length and flow rate
(Note 1 ft=0.30 m, I GPM = 0.00385 m*/min)

4.3.2.15 Turbidity Variation by Slope
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Fig. 53. Box-and-whisker plots of turbidity vs. swale length and slope
(Note 1 ft =0.30 m)
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4.3.3 Particle Size Distribution Analyses

Swale length was the only significant factor affecting particle size distributions (P
<0.001), while the three other factors (flow rate, slope, and grass type) as well as the
interactions between the variables were insignificant. Figure 54 shows the median
particle sizes of runoff particulates for each swale length. The median particle sizes
consistently decreased by swale length, as expected, indicating a preferential trapping of
larger particles near the upper end of the swale. Overall, the median particle sizes
decreased from 15 um at 0 ft (O m) to 11 um at 6 ft (1.8 m) (30 % reduction). Figures 55
and 56 show that grass type and flow rate were insignificant factors affecting particle size
distributions. Figure 56 shows that slope was also an insignificant factor affecting
particle size distributions at 6 ft (1.8 m), however, there were significant changes in
median particle sizes by the different slopes at 2 ft (0.6 m) and 3 ft (0.9 m). At2 ft (0.6
m) and 3 ft (0.9 m), median particle sizes were smaller for 1 % slope than at 3 % and 5 %
slopes. Statistical summaries of particle size distributions observed in the second
experiments are presented in Appendix H. Also, particle size distributions of each

experiment are presented in Appendix I.
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Interaction Plot of median particle sizes (pm)
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Fig. 58. Interaction plots of median particle sizes

4.5 Summary of Findings
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Significant reductions were observed at 2 ft (0.6 m), 3 ft (0.9 m), and 6 ft (1.8 m)

from the head works for total solids, total solids after screening with a 106 pm

sieve, total suspended solids, and turbidity, but not for total dissolved solids.

Sediment concentrations rapidly declined between the head works (0 ft) and 2 ft

(0.6 m) due to the settlement of large particles at the beginning of the swale. Sand

accumulation was visually observed at the beginning of the swales.

Turbidity was gradually reduced in the swales.

Swale length, grass type, slope, and flow rate were all found to be significant

factors for most of the particulate constituents. However, all variables were
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insignificant for total dissolved solids, except for the interaction of flow rate and

grass type.

Table 10. Significant Factors and Associated Probabilities

Constituent Variable Probabilities
Total solids Grass type <0.001
Slope 0.006
Flow rate <0.001
Grass type*Flow rate 0.023
Total solids (< 106 um)  Grass type <0.001
Grass type*Flow rate <0.001
Slope*Flow rate 0.006
Total suspended solids Grass type <0.001
Slope 0.047
Grass type*Flow rate 0.005
Slope*Flow rate 0.013
Total dissolved solids Grass type*Flow rate 0.044
Turbidity Grass type <0.001
Slope 0.02
Grass type*Slope 0.001
Grass type*Flow rate <0.001
4.5.1 Swale Length

1. Total solids: Significant sediment reductions were observed between all the swale

lengths (p <0.001 from 0 ft (0 m) to 2 ft (0.6 m), p = 0.002 from 2 ft (0.6 m) to 3

ft (0.9 m), p <0.001 from 3 ft (0.9 m) to 6 ft (1.8 m)). The highest sediment

reduction was observed between 0 ft (Om) and 2 ft (0.6 m) (42 % reduction in

median total solids). Overall 60 % of sediment reduction was observed.
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2. Total solids < 106 um: Significant sediment reductions were observed between all
the swale lengths (p < 0.001 from O ft (0 m) to 2 ft (0.6 m), p = 0.005 from 2 ft
(0.6 m) to 3 ft (0.9 m), p <0.001 from 3 ft (0.9 m) to 6 ft (1.8 m)). Sediment
reductions in total solids < 106 um were not as rapid as for total solids, especially
between 0 ft (0 m) and 2 ft (0.6 m). This suggests that the larger particles greater
than 106 um contributed to the high sediment removals between 0 ft (0 m) and 2
ft (0.6 m). Overall, a 54 % reduction in total solids < 106 pm was observed

between 0 and 6 ft.

3. Total suspended solids: Significant sediment reductions were observed between
all the swale lengths (p < 0.001 from 0 ft (0 m) to 2 ft (0.6 m), p = 0.002 from 2 ft
(0.6 m) to 3 ft (0.9 m), p < 0.001 from 3 ft (0.9 m) to 6 ft (1.8 m)). Like total
solids, the highest sediment reduction was observed between 0 ft (0 m) and 2 ft
(0.6 m) (56 % reduction in median TSS). Overall, a 76 % reduction of total

suspended solids was observed between 0 and 6 ft.

4. Total dissolved solids: Slight increase (2 %) in TDS concentrations were
observed, possibly due to soil mineralization contributions. Significant increases
in total dissolved solids were observed between 0 ft (0 m) and 6 ft (1.8 m) (p =
0.050). Initial total dissolved solids concentrations did not change or slightly

increased in the grass swales.
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Turbidity: Significant sediment reductions were observed between 0 ft (0 m) and
2 ft (0.6 m) (p = 0.002) and between 3 ft (0.9 m) and 6 ft (1.8 m) (p = 0.001).
Overall, turbidity was consistently decreased by swale length (70 % reductions in

the median turbidity levels).

4.5.2 Grass Type

1.

Total solids: Grass type was found to be a significant factor at 2 ft (0.6 m) (p <
0.001), 3 £t (0.9 m) (p <0.001), and 6 ft (1.8 m) (p <0.001). Blue grass was most

efficient in reducing total solids, whereas synthetic turf was the least effective.

Total solids < 106 um: Grass type was found to be a significant factor at 2 ft (0.6
m) (p <0.001), 3 t (0.9 m) (p <0.001), and 6 ft (1.8 m) (p <0.001). Unlike total
solids, Zoysia grass was found to be the most efficient in reducing total solids <

106 pm. Synthetic turf was the least effective among the three grass types.

Total suspended solids: Grass type was found to be a significant factor at 2 ft (0.6
m) (p <0.001), 3 ft (0.9 m) (p <0.001), and 6 ft (1.8 m) (p <0.001). Blue grass
was the most efficient in reducing total suspended solids, while synthetic turf was

the least effective.

Total dissolved solids: There was no significant evidence showing the

significance of grass type in reducing total dissolved solids.
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Turbidity: Grass type was found to be a significant factor at 2 ft (0.6 m) (p <
0.001), 3 £t (0.9 m) (p <0.001), and 6 ft (1.8 m) (p <0.001). Zoysia grass was the

most efficient in reducing turbidity, whereas synthetic turf was the least effective.

4.5.3 Flow Rate

1.

Total solids: Flow rate was found to be a significant factor at 2 ft (0.6 m) (p =
0.004), 3 ft (0.9 m) (p = 0.003), and 6 ft (1.8 m) (p <0.001). At6 ft (1.8 m), 15
GPM (0.064 m*/min) and 20 GPM (0.0767 m*/min) were more efficient in
reducing total solids than 10 GPM (0.038 m?/min) flows.

Total Solids < 106 um: Flow rate was found to be a significant factor at 2 ft (0.6
m) (p <0.001), 3 ft (0.9 m) (p =0.011), but not at 6 ft (1.8 m) (p =0.879). 10
GPM (0.038 m?/min) was the most efficient in reducing total solids < 106 um
among the three flow rates. These suggest that the effect of flow rate is

significant at the beginning of the grass swales, but diminishes beyond 6 ft.

Total suspended solids: Like total solids < 106 um, flow rate was a significant
factor at 2 ft (0.6 m) (p = 0.006), 3 ft (0.9 m) (p = 0.004), but not at 6 ft (1.8 m) (p

=0.247).

Total dissolved solids: There was no evidence showing the significance of flow

rates in reducing total dissolved solids.
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5. Turbidity: There was no evidence showing the significance of flow rates in

reducing turbidity.
4.5.4 Slope

1. Total solids: Slope was found to be a significant factor only at 6 ft (1.8 m) (p =
0.006). 3 % slope and 5 % slope were slightly better in reducing total solids than
1 % slope.

2. Total solids < 106 um: Slope was not found to be significant factor at any of the
swale lengths.

3. Total suspended solids: Slope was found to be a significant factor in reducing
TSS concentrations; however, 5 % slope was only slightly better than 1 % and 3
% slopes.

4. Total dissolved solids: Although slope was found to be a significant factor at 2 ft
and 6 ft, the effect of slope was hard to determine.

5. Turbidity: Slope was found to be a significant factor at 2 ft (0.6 m) (p = 0.004), 3

ft (0.9 m) (p =0.009), and 6 ft (1.8 m) (p = 0.020). 1 % slope was found to be the
most effective in reducing turbidity, however, the differences among the three

slopes in reducing turbidity decreased as swale length increased.
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4.5.5 Particle Size Distributions
1. Overall, the median particle sizes consistently decreased from 15 pm at 0 ft (0 m)
to 11 um at 6 ft (1.8 m) (30 % reduction), indicating a preferential trapping of

larger particles near the upper end of the swale.

2. Swale length was found to be the only significant factor (p < 0.001) while the
three other factors (flow rate, slope, and grass type) as well as the interactions

between them, were not found to be significant.
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CHAPTER V

OUTDOOR SWALE OBSERVATIONS

5.1 Chapter Introduction

Both the initial and second sets of indoor experiments were conducted to identify
the significant factors affecting, the transport of sediment in grass swales, and to develop
an associated model which is discussed in Chapter 6. Sampling of stormwater at a full-
size outdoor grass swale located adjacent to the Tuscaloosa, Alabama, City Hall during
actual storm events was used to test the model obtained from the indoor experiments.
Sixty-seven samples were collected at various locations along the swale during 13 storm
events from August to December 2004. These samples were analyzed for the same
constituents as analyzed during the second indoor tests (total solids, total solids < 106

um, suspended solids, total dissolved solids, turbidity, and particle size distributions).

5.2 Descriptions of the Site

The outdoor grass swale test site is located adjacent to the Tuscaloosa City Hall,
Tuscaloosa, Alabama. This full-size swale has a length of 116 ft (35.3 m) and is planted
with Zoysia grass. Although this is a full-scale swale, the drainage area is very small,
only comprising about 0.1 acres (4,200 ft*> or 390 m?) of paved roads and side walks,
shown on Figure 63. Table 11 and Figure 60 show the channel slopes at various swale

lengths. The slopes are steeper at the beginning of the swale and are flatter at the end.



&9

Figure 61 shows an example of cross-sectional elevations surveyed, illustrating the
typical parabolic shape of the swale. This cross-sectional shape forces runoff to flow
along a concentrated area on the bottom of the channel. Grass stems were collected at 11
different locations to determine the stem density of Zoysia grass cover as shown in Table
12. The mean stem density was 524 (stems/ft?) (5640 stems/m?)with coefficient of

variation of 0.28.
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Fig. 59. Longitudinal elevation profile of the outdoor swale

Table 11. Channel Slopes over Various Swale Regions

Swale region Mean channel slope
0to5ft(0to1.5m) 5.20 %
5t0 10 ft (1.5 t0 3.0 m) 4.80 %
10 to 70 ft (3 to 21.3 m) 3.00 %

70 to 116 ft (21.3 to 35.3 m) 1.40 %
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Fig. 60. Longitudinal slopes surveyed on the outdoor swale
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Fig. 61. Example of cross-sectional elevations surveyed (40 ft (12 m) from the
entrance) (All cross-sectional elevation profiles are presented in Appendix M)
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Table 12. Stem Densities Observed at the Outdoor Grass Swale

Stem density
Sample ID Count (inch?)

1 4

2 5

3 3

4 2

5 4

6 4

7 4

8 4

9 3

10 2

11 5
Mean 3.64
Std. dev 1.03
cov 0.28

A soil survey conducted in accordance with U.S. Department of Agriculture
(USDA) classification methods at the outdoor swale determined the soil was compacted
loamy sand. In addition to surveying the slope and topsoil of the grass swale, infiltration
rates of the swale soils were also measured using small double-ring infiltrometers (Turf-
Tec, Inc.). The infiltration tests were conducted during both dry and wet conditions.
Most of the infiltration rates were less than 1 inch/hour (2.54 cm/hour), as shown in
Figure 65 and in Appendix L. The detailed soil survey also found sediment accumulation
at the head of the swale, with grass growing through the top of the accumulated
sediments. During storm events, the accumulated sediment created a small puddle at the
head of the swale, preventing large particles from entering the swale due to sedimentation

on the sidewalk.
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Fig. 62. Picture showing the outdoor test swale (116 ft (35.3 m) in length
draining 0.1 acres (390 m?) of paved road)
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Fig. 63. Outdoor grass swale monitoring site and surrounding land uses
(Pictures of the entrance and overview of the swale during 08/22/2004 storm event)
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Fig. 64. Locations of the infiltration testing and soil sampling

(Note 1 ft=0.30 m)

Table 13. Soil Densities of the Soil Samples

Soil density (g/cm?)
Dry condition Wet condition
Site-1 (2ft to 6 ft) (0.6 to 0.9 m) 1.76 1.94
Site-2 (60 ft to 64 ft) (18.2 to 19.5 m) 1.93 1.51
Site-3 (100 ft to 104 ft) (30.5 to 31.7 m) 1.95 1.87

Table 14. Moisture Content of the Soil Samples

Moisture content (%)

Dry condition Wet condition

Site-1 (2ft to 6 ft) (0.6 to 0.9 m) 15.8 30.1
Site-2 (60 ft to 64 ft) (18.2 to 19.5 m) 15.6 24.7
Site-3 (100 ft to 104 ft) (30.5 to 31.7 m) 10.4 25.1

93



Site-3: Lower end of the grass swale (100 ft - 104 ft)

2 Dry Condition
1.8 — — Location-3A (100 ft-on grass)
1.6 — - - Location-3B (102 ft-on grass)
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Fig. 65. Example of infiltration rates of the grass swale (lower end of the swale)
(All the results of the infiltration tests are presented in Appendix L)
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Table 15. Summary Tables of Averaged Infiltration Rates of the Grass Swale in Different
Test Durations

Dry Condition
First 30 min First 1 hour 2 hours
Location (inch/hour) (inch/hour) (inch/hour)
2 ft (grass) 0.25 0.19 0.16
4 ft (grass) 0.25 0.19 0.09
6 ft (soil) 0.38 0.25 0.16
60 ft (grass) 0.63 0.38 0.25
62 ft (grass) 1.00 0.56 0.31
64 ft (soil) 0.75 0.44 0.25
100 ft (grass) 0.88 0.50 0.28
102 ft (grass) 0.25 0.19 0.13
104 ft (soil) 0.50 0.25 0.16
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Table 15. Summary Tables of Averaged Infiltration Rates of the Grass Swale in Different
Test Durations— Continued

Wet Condition
First 30 min First 1 hour 2 hours
Location (inch/hour) (inch/hour) (inch/hour)

2 ft (grass) 0.00 0.06 0.03
4 ft (grass) 0.50 0.50 0.31
6 ft (soil) <0.01 <0.01 <0.01
60 ft (grass) 0.25 0.19 0.16
62 ft (grass) 0.38 0.31 0.16
64 ft (soil) 0.13 0.06 0.03
100 ft (grass) 0.88 0.50 0.28
102 ft (grass) 0.63 0.31 0.16
104 ft (soil) 0.25 0.19 0.13

5.3 Sample Collection and Preparation

A total of 67 samples were collected at the swale entrance (0 ft), 2 ft (0.6 m), 3 ft
(0.9 m), 6 ft (1.8 m), 25 ft (7.6 m), 75 ft (22.8 m), and 116 ft (35.3 m) locations during 13
storm events from August 22, 2004 to December 8, 2004. However, not all events were
completely sampled. During some events, runoff was insufficient for collecting a runoff
sample at the time of sampling at some locations. All the samples were collected in 1

litter polyethylene bottles and stored in a refrigerator before analysis.
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5.4 Descriptions of Storm Events

Weather information during monitoring at the outdoor swale was obtained from a
weather station on a University of Alabama building (H.M. Comer) located 1.5 miles (2.4
km) from the site. Table 16 describes weather information for the storm events sampled.
Most of the events were small rains, but some had very high rainfall intensities typical of
the area. The highest rainfall intensities (3.24 inch/hour (8.2 cm/hour) during 5 min.)
were observed on 10/23/2004 and 12/08/2004. During sampling on 12/08/2004, the
rainfall intensity increased dramatically, and the flow on the grass swale significantly

increased during the sampling period.



Table 16. Summary of Weather Information for the Sampled Storm Events

Event-1 Event-2 Event-3 Event-4 Event-5 Event-6 Event-7
Date 8/22/2004 | 10/09/2004 10/10/2004 10/10/2004 10/11/2004 10/19/2004 10/23/2004
Sampling time **N/P 10:30 AM 1:00 PM 9:00 PM 4:00 PM 4:00 PM 9:10 PM
Air temperature (Fahrenheit) 73 64 68 68 72 73 67
Preceding dry period (hour) 44 .4 0.8 26.0 1.5 19.4 190.5 64.8
Total rain (inch) 0.58 0.05 0.15 0.16 0.11 0.17 0.84
Duration (minute) 80 25 200 110 45 20 115
Average intensity (inch/hour) 0.44 0.12 0.05 0.09 0.15 0.51 0.44
Max. rain fall intensity (inch/hour) in
5 minutes 1.92 0.12 0.12 0.24 0.24 1.08 3.24
*Event-8 Event-9 Event-10 Event-11 Event-12 Event-13
Date 11/01/2004 | 11/11/2004 11/21/2004 11/22/2004 12/6/2004 12/8/2004
Sampling time 11:00 AM | 12:40 AM 11:00 AM 1:50 PM 12:50 AM 12:50 AM
Air temperature (Fahrenheit) 67 64 60 64 57 59
Preceding dry period (hour) 91.3 168.9 13.5 24.8 5.7 394
Total rain (inch) *EN/A 0.23 1.12 2.84 0.32 0.7
Duration (minute) *EN/A 135 495 230 80 85
Average intensity (inch/hour) *EN/A 0.10 0.14 0.74 0.24 0.49
Max. rain fall intensity (inch/hour) in
Sminutes **N/A 0.36 1.08 2.28 1.08 3.24

Rain graphs of the storm events are presented in Appendix K.
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* There was no rain detected by the weather station on 11/01/2004. This was likely due to the location difference between the weather

station and the swale monitoring site. However, rain was obviously observed during sampling on this date, along with sufficient

runoff for sampling.
** N/A = not available
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5.5 Analytical Methods
The 67 samples collected from 13 storm events were analyzed for the following

constituents:

1. Total Solids (Standard Methods 2540B)

2. Total Solids after screening with a 106 um sieve

3. Total Suspended Solids (solids retained on a 0.45 um filter) (Standard
Methods 2540D)

4. Total Dissolved Solids (solids passing through a 0.45 um filter) (Standard
Methods 2540C)

5. Turbidity using a HACH 2100N Turbidimeter

6. Particle Size Distribution by Coulter Counter (Beckman® Multi-Sizer

III™), composite of several different aperture tube measurements

5.6 Results and Discussions

While collecting samples, sediment concentrations obviously decreased visually
with increasing swale length during most of the events. Figure 70 shows the runoff
samples and sediment captured on glass fiber filters at various swale lengths, collected on
October 11, 2004. It was clear that runoff sediments were captured as the stormwater
passed through the grass swale. All results are presented in Appendix C. Removal

efficiencies for each constituent are presented in Appendix N.
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5.6.1 Total Solids and Total Solids (< 106 um) Variation by Swale Length

Figures 66 and 68 show that total solids and total solids less than 106 um were
very similar to each other for most of the events. This suggests that particle sizes of
runoff sediments from the roads and in the grass swales were primary less than 106 pm.
However, particles greater than 106 pm may have been present in the road runoff, but
were captured at the small pool adjacent to the swale entrance. High sediment reduction
rates in total solids and total solids less than 106 um were observed between the swale
entrance and 6 ft (1.8 m). Beyond 6 ft (1.8 m), there was no significant change in
sediment concentrations. Total solids and total solids less than 106 um were not reduced
as much as total suspended solids. This suggests that total dissolved solids were the
predominant portion of the total solids and total solids less than 106 um for the samples

collected in the grass swale.
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—A—10/10/2004 —%¢—10/11/2004
—%— 10/19/2004 —o—10/23/2004
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—o—11/21/2004 —x—11/22/2004
—a—12/6/2004 —A—12/8/2004

200

150 xd

Total Solids (mg/L)

100

20 40 60 80 100 120
Swale length (ft)

Fig. 66. Total solids concentrations vs. swale length observed at the outdoor grass
swale (Note 1 ft=0.30 m)
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Fig. 67. Box-and-whisker plots of total solids concentrations vs. swale length
observed at the outdoor grass swale (Note 1 ft = 0.30 m)
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Fig. 68. Total solids < 106 um concentrations vs. swale length observed at the
outdoor grass swale (Note 1 ft=0.30 m)
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Fig. 69. Box-and-whisker plots of total solids < 106 pm concentrations vs. swale
length observed at the outdoor grass swale (Note 1 ft=0.30 m)

5.6.2 Total Suspended Solids Concentration Variations by Swale Length

Initial total suspended solids concentrations at the entrance of the swale varied
greatly for different rain events, ranging from 4 mg/L to 157 mg/L. Large sediment
reductions were normally observed between the swale entrance (0 ft) and 25 ft (7.6 m).
Beyond 25 ft (7.6 m), the total suspended solids concentrations were more consistent,
with much less sediment reductions in the grass swale. During two events (10/23/2004
and 11/11/2004), total suspended solids concentrations increased between the entrance (0
ft) and 6 ft (1.8 m) instead of decreasing, likely due to scouring of previously deposited
sediments at the entrance of the swale. An unusual sediment increase of 51 mg/L
between 25 ft (7.6 m) and 75 ft (22.8 m) was observed on 12/08/2004. During this
sampling period, the rain intensity and runoff flow rate significantly increased after

collecting the upgradient samples. The higher flow rate likely scoured the soil from the
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swale, resulting in much higher total suspended solids concentrations at 75 ft (23 m) than
at 25 ft (7.6 m) during that event, or sediment was more effectively being transported

down the swale during the short period of higher flows.

Date: 10/11/2004

TSS: 1 mg/L

10

CTSS: 30mg /L

TES: 102 mg/L

lTSS: 63mg/L

Fig. 70. Sampling locations at the outdoor swale monitoring site
(Example sediment samples from 10/11/2004)
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Fig. 71. Total suspended solids concentrations vs. swale length, observed at the
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Fig. 72. Box-and-whisker plots of total suspended solids concentrations vs. swale

length observed at the outdoor grass swale (Note 1 ft=0.30 m)
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Figure 72 indicates that the concentrations were highly variable during the first
three feet (0.9 m) of the swale (p = 0.563), then significantly decreased between 3 ft (0.9
m) and 25 ft (7.6 m) (p = 0.019), and decreased only slightly more to the end of the swale
(at 116 ft or 35.3 m) (p = 0.045). Thus, the results of total suspended solids show three

regions of the swale pertaining to sediment reductions. These regions are:

1) 0 ftto 3 ft (0 m to 0.9 m): Region of instability
2) 3 ftto 25 ft (0.9 m to 7.6 m): High sediment reduction region

3) 25 ftto 116 ft (7.6 m to 35.3 m): Lower sediment reduction region

5.6.3 Total Dissolved Solids Variation by Swale Length

There were no significant changes in total dissolved solids concentrations
(particulates < 0.45 um); total dissolved solids concentrations were neither reduced or
increased along the grass swale, except during the rain event occurring on 12/08/2004.
On 12/08/2004 an initial total dissolved solids of 69 mg/L at the swale entrance rapidly
reduced to 26 mg/L at 6 ft (1.8 m). Then, total dissolved solids concentrations became
stable from 6 ft (1.8 m) to 116 ft (35.3 m) with total dissolved solids concentrations of 34

mg/L.
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Fig. 73. Total dissolved solids concentrations vs. swale length, observed at the
outdoor grass swale (Note 1 ft =0.30 m)

140+

120+

100+

80+

60+

40+

Total dissolved solids (mg/L)

20+

p = 0.879 (0 vs 116 ft)

OO|LQ

o1 %

Swale length (ft)

116

105

Fig. 74. Box-and-whisker plots of total dissolved solids concentrations vs. swale

length observed at the outdoor grass swale (Note 1 ft =0.30 m)



5.6.4 Turbidity Variation by Swale Length
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Significant reductions in turbidity were observed at the outdoor swale. Although

initial turbidity values at the entrance ranged from 2 NTU to 137 NTU, all turbidity

values (except on 12/08/2004) were reduced to levels below 20 NTU at 116 ft (35.3 m).

Increased turbidity at 75 ft (22.8 m) on 12/08/2004 was possibly due to scouring of the

soil during a short period of high flows, or due to more efficient transport during a short

period of higher flows, as mentioned previously.
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Fig. 75. Turbidity vs. swale length, observed at the outdoor grass swale

(Note 1 ft=0.30 m)
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Fig. 76. Box-and-whisker plots of turbidity vs. swale length observed at the
outdoor grass swale (Note 1 ft =0.30 m)

5.6.5 Particle Size Distribution Analyses

Figures 77 and 78 show the median particle sizes of runoff particulates for each
swale length location. There was no significant change in median particle sizes between
the swale entrance (0 ft) and 6 ft (1.8 m) (p = 0.248), between 6 ft (1.8 m) and 25 ft (7.6
m) (p = 0.149), and between 25 ft (7.6 m) and 116 ft (35.3 m) (p = 0.935).

Although the collective samples show no significant change in median particle
sizes, reductions in particle sizes were observed during particular storm events. For
example, particle sizes were consistently reduced in the grass swale on 12/06/2004 as
shown in Figure 79. Median particle size was reduced from 18.4 um at the entrance (0 ft
or 0 m) to 7.5 um at 116 ft (35.3 m). Similarly, median particle size was reduced from

10.6 um at the entrance (0 ft or 0 m) to 2.8 um at 116 ft (35.3 m) on 11/11/2004 as shown
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in Figure 80. These suggests that grass swales preferentially remove larger particles, as

expected. In addition, particle size distributions were consistently shifted to the left as

swale length increased, indicating that smaller particles were also being captured in the

grass swales.

Table 17. Summaries of Particle Size Distributions for 12 Storm Events

Date: 10/09/2004

sorale location 10 % 25 % 50 % 75 % 90 %

(pum) (um) (um) (um) (um)

0 ft (0 m) 1.6 2.5 4.8 9.5 20.6

75 ft (22.8 m) 5.9 19.7 39.2 70.1 105.8

102 ft (31.1 m) 3.6 10.1 26.2 86.1 147.4
Date: 10/10/2004 - 100 PM

sorale location 10 % 25 % 50 % 75 % 90 %

w (um)  (wm)  (um)  (um)  (um)

0 ft (0 m) 22 4.1 9.6 19.6 34.0

102 ft (31.1 m) 22 5.4 12.5 25.3 47.7
Date: 10/10/2004 - 900 PM

swale location 10 % 25 % 50 % 75 % 90 %

(um) (um) (um) (um) (um)

75 ft (22.8 m) 9.4 18.0 36.6 64.7 92.7

116 ft (35.3 m) 10.5 20.0 38.2 66.2 100.2

Date: 10/11/2004

somale location 10 % 25 % 50 % 75 % 90 %

(um) (pm) (pm) (um) (um)

0 ft (0 m) 3.4 6.6 11.4 18.1 26.2

2 ft (0.6 m) 3.9 6.9 11.8 19.6 30.4

3t (0.9 m) 3.6 7.1 13.4 24.6 473

6 ft (1.8 m) 2.8 5.6 11.4 20.5 38.2

25 ft (7.6 m) 22 4.6 14.4 47.8 82.9

75 ft (22.8 m) 1.8 3.0 5.8 17.9 38.3

116 ft (35.3 m) 1.7 2.8 8.5 28.2 60.3




109

Table 17. Summaries of Particle Size Distributions for 12 Storm Events — Continued

Date: 10/19/2004

swale location 10 % 25 % 50 % 75 % 90 %
(um) (pum) (um) (num) (um)

25 ft (7.6 m) 6.1 19.9 45.9 75.5 97.7

75 ft (22.8 m) 1.9 6.9 26.5 58.1 84.3
116 ft (35.3 m) 1.4 3.3 33.2 50.0 67.6

Date: 10/23/2004

swale location 10 % 25 % 50 % 75 % 90 %
(um) (um) (um) (um) (um)

0 ft (0 m) 1.8 3.9 9.1 21.6 46.2

2 ft (0.6 m) 3.4 8.9 20.3 39.1 59.5
3 ft (0.9 m) 33 7.4 14.7 25.5 443
6 ft (1.8 m) 3.0 7.4 17.6 35.3 64.4
25 ft (7.6 m) 1.7 4.5 13.6 38.9 81.3
75 ft (22.8 m) 1.5 4.1 15.4 44.2 75.5
116 ft (35.3 m) 1.1 2.0 5.5 27.9 44.2

Date: 11/01/2004

swale location 10 % 25 % 50 % 75 % 90 %
(um) (um) (um) (um) (um)

0 ft (0 m) 1.7 4.1 10.7 21.0 33.9

2 ft (0.6 m) 1.2 23 5.9 14.7 29.0
3 ft (0.9 m) 1.3 2.8 8.6 21.9 38.1
6 ft (1.8 m) 1.2 2.6 8.6 19.8 38.1
25 ft (7.6 m) 1.0 1.6 3.9 24.2 50.5
75 ft (22.8 m) 1.2 2.8 32.5 52.6 74.7
116 ft (35.3 m) 1.2 2.7 18.6 37.6 59.5

Date: 11/11/2004

swale location 10 % 25 % 50 % 75 % 90 %
(pm) (um) (pum) (num) (num)

0 ft (0 m) 1.8 3.9 10.6 23.6 493

2 £t (0.6 m) 2.9 75 14.1 26.4 53.8
3t (0.9 m) 3.1 8.1 17.5 32.9 70.0
6 ft (1.8 m) 2.7 6.3 17.4 35.9 67.2
25 ft (7.6 m) 1.3 2.9 7.0 14.6 42.3
75 ft (22.8 m) 1.0 1.8 3.8 7.8 17.3

116 ft (35.3 m) 1.0 1.4 2.8 5.8 22.0
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Table 17. Summaries of Particle Size Distributions for 12 Storm Events — Continued

Date: 11/21/2004
10 % 25 % 50 % 75 % 90 %

swale location

(um) (um) (um) (um) (um)

0 ft (0 m) 3.2 55 9.2 14.9 23.9

2 ft (0.6 m) 3.8 6.9 13.5 29.2 53.4
3 £t (0.9 m) 5.4 9.5 16.6 28.5 46.0
6 ft (1.8 m) 6.2 11.4 20.8 40.6 73.6
25 ft (7.6 m) 23 5.6 11.9 23.3 43.0
75 ft (22.8 m) 3.5 7.9 20.7 51.7 82.5
116 ft (35.3 m) 1.9 5.1 10.6 23.0 44.4

Date: 11/22/2004
10 % 25 % 50 % 75 % 90 %

swale location

(num) (pm) (pum) (um) (pum)

0 ft (0 m) 1.7 6.9 13.0 21.5 35.8

2 £t (0.6 m) 4.5 10.9 19.8 38.2 62.9
3t (0.9 m) 44 9.1 15.9 26.6 46.3
6 ft (1.8 m) 4.1 10.0 20.0 413 89.4
25 ft (7.6 m) 23 5.6 11.9 23.3 43.0
75 ft (22.8 m) 3.4 7.0 12.8 33.0 54.0
116 ft (35.3 m) 2.2 5.8 12.5 33.6 53.0

Date: 12/06/2004
10 % 25 % 50 % 75 % 90 %

swale location

(pm) (pum) (pum) (num) (pum)

0 ft (0 m) 8.9 15.1 28.4 58.9 148.6

2 ft (0.6 m) 73 11.3 18.2 32.3 64.4
3 £t (0.9 m) 5.9 9.5 15.7 27.4 44.7
6 ft (1.8 m) 4.6 8.4 14.3 23.8 40.5
25 ft (7.6 m) 2.8 5.4 9.2 17.7 41.3
75 ft (22.8 m) 2.8 5.4 9.2 17.7 41.3
116 ft (35.3 m) 2.6 4.5 75 12.0 20.8

Date: 12/08/2004
10 % 25 % 50 % 75 % 90 %

swale location

(um) (um) (um) (um) (um)

0 ft (0 m) 8.6 13.4 21.3 34.6 54.1
2 ft (0.6 m) 8.2 12.9 19.1 29.6 55.1
3 £t (0.9 m) 9.9 15.3 22.3 33.3 53.6
6 ft (1.8 m) 7.8 13.0 19.1 28.7 42.1
25 ft (7.6 m) 73 11.8 17.3 24.9 38.7
75 ft (22.8 m) 7.0 10.7 15.5 23.9 39.4

116 ft (35.3 m) 6.5 9.8 14.4 243 41.9
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Date: 11/11/2004
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Fig. 80. Example particle size distributions for different swale lengths observed on

November 11, 2004 (Particle size distributions of all the storm events are presented in

Appendix O)

5.7 Summary of Findings

5.7.1 Total Solids and Total Solids (< 106 um)

Although some storm events (10/11/04, 11/11/04, and 12/08/04) showed sediment
reductions, there was no significant changes in total solids concentrations between

0.248 for total solids

0.328 for total solids and p =

0 ft (0 m) and 6 ft (1.8 m) (p

<106 um). There was weak evidence suggesting reductions in total solids and

= 0.063 for total solids and p = 0.060 for total solids <

total solids < 106 um (p

106 pm).
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Total solids and total solids < 106 um were very similar to each other for most of
the events. This suggests that particle sizes of runoff sediments from the roads
and in the grass swale were primary less than 106 pm.

Total dissolved solids were the predominant portion of the total solids and total

solids < 106 pm especially beyond 6 ft (1.8 m).

5.7.2 Total Suspended Solids

Although initial total suspended solids concentrations at the entrance of the swale
varied greatly for different rain events, large sediment reductions were normally
observed between 3 ft (0.9 m) and 25 ft (7.6 m) (p = 0.019). Beyond 25 ft (7.6
m), the total suspended solids concentrations were more consistent, with much
less, but significant, sediment reductions in the grass swale (p = 0.045).

In some storm events (10/23/04, 11/11/04, and 11/21/04), total suspended solids
concentrations increased between 0 ft (0 m) and 3 ft (0.9 m) instead of decreasing,
likely due to scouring of previously deposited sediments at the entrance of the
swale. However, there was no overall significant total suspended solids
concentration changes between 0 ft (0 m) and 6 ft (1.8 m) (p = 0.934).

Total suspended solids removals ranging from 56 % to 100 % were observed,
with a mean removal of 80 % between 0 ft (0 m) and 116 ft (35.3 m). Asan
example, a reduction of 90 % in total suspended solids was observed (102 mg/L

to 10 mg/L) during the rain event occurring on 10/11/2004.
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5.7.3 Total Dissolved Solids
e There were no significant changes (p = 0.879) in total dissolved solids

concentrations (particulates < 0.45 um), except during the rain event occurring on

12/08/2004.

5.7.4 Turbidity
e Although initial turbidity varied from 2 NTU to 137 NTU, significant reductions
in turbidity were observed at the outdoor swale (p = 0.040). Overall, median
turbidity reduction of 70.5 % was observed between the entrance of the swale and
116 ft.
e Turbidity increased between 25 ft (7.6 m) and 75 ft (22.8 m) on 12/08/2004 due to

scouring of the top soil during an intermittent period of high flows

5.7.5 Particle Size Distributions

e There was no noticeable change in particle size in the three distinct swale regions;
between the swale entrance (0 ft or 0 m) and 6 ft (1.8 m) (p = 0.248) due to
possible scouring, between 6 ft (1.8 m) and 25 ft (7.6m) (p = 0.149), and beyond
25 ft (7.6 m) (p = 0.935).

e Particle sizes were consistently reduced on the grass swale during some events.
On 12/06/2004, the median particle size was reduced from 18.4 um at the
entrance (0 ft or 0 m) to 7.5 um at 116 ft (35.3 m), for example.

¢ Some event showed evidence of scouring of sediment from the swale. The median

particle sizes increased from 10.6 pm at 0 ft to 17.4 um at 6 ft (1.8 m) and then
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were consistently reduced from 17.4 pym at 6 ft (1.8 m) to 2.8 pm at 116 ft (35.3
m) during the storm event of 11/11/2004. Total suspended solids also increased
between 0 ft (0 m) and 6 ft (1.8 m) and decreased consistently from 6 ft (1.8 m) to
116 ft (35.3 m). These suggest that scouring of the sediments between 0 ft (0 m)
and 6 ft (1.8 m), which increased total suspended solids, may change particle size

because of re-suspension of the deposited particles.
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CHAPTER VI

SEDIMENT TRAPPING MODEL DEVELOPMENT AND VERIFICATION

6.1 Chapter Introduction

The first set of experiments, described in Chapter 3, were designed to initially
identify the significant factors affecting trapping of particulates in grass swales. From the
results of these initial experiments, more carefully designed and detailed experiments
were conducted in follow-up experiments described in Chapter 4. Full-scale outdoor
experiments were then conducted, as described in Chapter 5, to verify that the variables
identified in the controlled indoor experiments were valid during actual rain events and in
full-scale conditions. This chapter presents a sediment trapping model for grass swales

(and grass “filters”) using these experimental results.

6.2 Modeling Sediment Reductions in Grass Swales

The primary focus on the second set of indoor experiments was to develop a
model that to predict the reduction of stormwater sediments in actual grass swales. This
chapter describes the model using the analytical results (total solids, total solids less than
106 um, total suspended solids, total dissolved solids, turbidity, and particle size
distribution analyses) obtained during the second series of experiments and supplemented

with the outdoor observations.
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During both the indoor experiments and outdoor observations, greater sediment

reductions were observed at the beginning of the grass swales, and the concentrations

then tended to stabilize after some distance. During the outdoor swale observations, high

sediment reductions occurred between 0 ft (O m) and 25 ft (7.6 m), and lower sediment

reductions occurred between 25 ft (7.6 m) to 116 ft (35.3 m) (the location of the drainage

inlet). Thus, the concept of first order decay was applied to describe the behavior of the

stormwater sediment in grass swales and to statistically identify the significant

experimental factors. The following is the equation of first order decay.

(6.1)

Where:

Ln( Co J = —kt
Cin

Cour = Sediment concentration at down gradient sampling locations
Cin = Initial sediment concentration at the head works
k= First order constant

t= Swale length in feet from the head works

The first order constant (k-constant) is a function of swale length and determines

the sediment reduction rate for each experimental condition. Since we are also interested

in the effects of the experimental conditions on particles of different size, k-constants for

various particle size ranges (listed below) were also computed:
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1. < 0.45 pum (total dissolved solids)
2. 0.45to 2 um
3. 2to5 um

4. 5to 10 pm
5. 10 to 30 um
6. 30 to 60 um
7. 60 to 106 um

8. 106 to 425 pum (total solids minus total solids less than 106 pm)

Also, settling frequency (how many times the particle could conceivably settle to
the bottom of the flow depth during the swale length) for each particle size range and for
the test length of the grass swales (6 ft (1.8 m) during the second indoor swale tests) was
determined using Stoke’s law, considering the depths of flow and the flow velocities.

Box and whisker plots of the calculated k-constants for the various particle ranges
are shown in Figure 81. This plot shows that no reductions in particles smaller than 0.45
um in diameter (total dissolved solids) occurred, while the largest particles would be
trapped in relatively short swales, depending on flow and depth. Particles larger than
0.45 um show significant sediment trapping, especially when larger than 30 pum. The
largest sediment reductions were observed for the largest particles, in the range between
106 and 425 um in diameter. The frequencies of settling (the number of times the
particle could fall through the flow depth during the length of the swale, considering the
flow velocity) for these larger particles are much greater than the for the smaller particle

sizes. There also were large variations in the k-constant for these larger particles, likely
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because of the fewer particles found in this large size. Particles from 0.45 to 30 um
showed similar k-constant values (and therefore sediment reduction rates), while the

particles from 30 to 106 um had intermediate values.

2.5
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-
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Fig. 81. Box-and-whisker plots showing k-constants versus various particle size
ranges (0 to 6 ft)

6.2.2 Settling Frequency

The settling frequency is the number of times that sediment particles of a specific
size category would fall to the bottom of the swale through the depth of water while
flowing through the swale. Particles having a large settling frequency are assumed to
have higher sediment removal rates than particles having a small settling frequency.

Settling frequency is calculated using Stoke’s law to determine the settling velocity for a
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specific particle size class, the length of the swale, the flow rate, and the depth of flow.
Larger particles have higher chances of settling for the same flow and swale conditions
than smaller particles since they have larger settling velocities. Settling velocity is

calculated using Stoke’s Law.

Stoke’s law is commonly expressed as:

(& *g*(p,~F))
U

2
6.2 Vs=—%*
(6.2) 5

Where:

Vs = Settling velocity of a particle (cm/s)

R = Radius of a particle (um)

g = Gravitational constant = 9.8 m/s?

P, = Density of a particle = 2.65 g/cm’ (assuming silica)

Pr = Density of fluid = 1.0 g/cm® (assuming water at standard
temperature conditions)

U = Dynamic Viscosity = 0.01 g/(cm*s) (assuming water at

standard temperature conditions)

The following example is a calculation of the settling frequency for one of the
experimental conditions: a particle whose diameter is 2 um in a 6 ft long section of a 2 ft
wide synthetic turf lined swale at 1 % slope and at 10 GPM (0.038 m*/min) flow rate.

The first step is to calculate the settling velocity of the particle:
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2., (2,um2 *9.8m/s> *(2.65g / cm’ —1.0g/cm3))

(6.3) Vs==

9 0.01g/(cm*s)
Thus:
(6.4) Vs =3.59%10"* cm/s (1.41*10* inch/s)

To calculate the settling duration of the 2 pm particle for the synthetic turf at 1 %
slope and 10 GPM (0.038 m*/min) of flow, the averaged flow depth of the water for these
experimental conditions was divided by the settling velocity of 2 um particles. The
average flow depth of water on the synthetic turf, at 1 % slope and 10 GPM (0.038

m?>/min) flow rate, was 0.87 inches (2.2 cm). Thus,

(6.5)

flow _depth 0.87(inch) B 2.2(cm)

Settling Duration(second) = = - = =
Settling velocity 1.41*107" (inch/s) 3.6*107 (cm/s)

= 6,170 (seconds)
The average velocity of the water flow on the synthetic turf, at 1 % slope and 10

GPM (0.038 m*/min) flow rate, was 1.86 inch (4.7 cm) /s. Since the length of the indoor

swale was 6 ft (72 inches or 182.8 cm):

Swale _length — 72(inch)  182.8(cm)
Flow velocity 1.86(inch/s) 4.7(cm/s)

(6.6) Traveling time(second) =

= 38.7 (seconds)
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The settling frequency is the number of times which a particle settles through the

flow depth on a grass swale.

Traveling _time  38.7(seconds)
Settling _duration  6170(seconds)

(6.7)  Settling frequency =

=0.0063

Therefore, the retention of 2 um particles in this swale under these conditions is
expected to be rather poor, as the particle would barely start to settle before it reached the
end of the swale. The swale would have to be about 1,000 ft long (305 m) before these
small particles would strike the bottom of the swale (assuming the worst case condition

of the particle starting at the top of the flow depth).

The following is an example for a larger particle (100 pm in diameter) during another test
condition:

68) Vo=l (100m> *9.8m /s> *(2.65g /cm® —1.0g / cm®))
9 0.01g /(cm*s)

=0.35 (inch/s) = 0.9 (cm/s)

The flow conditions for the Zoysia-lined swale, at 3 % slope and 15GPM (0.064

m?*/min) flow rate, resulted in an average flow depth of 1.91 inches.
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Thus,

flow_depth ~ 191(inch)  4.8(cm)
Settling velocity 0.35(inch/s) 0.9(cm)

(6.9)  Settling Duration(second) =

= 5.4 seconds

The average flow velocity for this swale and flow condition was 1.28 inch/s (3.2

cm/s). Since the length of the indoor swale was 6 ft (72 inches or 182.8 cm):

Swale _length — 72(inch)  182.8(cm)
Flow _velocity 1.28(inch/s) 3.2(cm/s)

(6.10)  Traveling time(second) =

=56 (seconds)

The settling frequency is the number of times which a particle settles through the

flowing water column while flowing along the grass swale:

Traveling _time  56(seconds)

6.11 Settlin requency = =
(6.1 g Jreq 4 Settling _duration  5.4(seconds)

=10

This settling frequency corresponds to a relatively high sediment removal rate for

this particle size, flow, and swale condition.
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6.2.3 Significant Affecting Variables

Figure 82 shows percent reductions from the initial sediment concentrations at the
head works over the 6 ft (1.8 m) length of the indoor experimental swales. The three
grass types are represented by different symbols. The statistical tests in Chapter 4
showed that the percent reductions of sediment in the synthetic turf lined swales for
various particle size ranges were significantly less than for the Zoysia and Bluegrass
lined swales. This is also illustrated in Figure 82, where the synthetic turf data points are
generally all much lower than for the other grasses for the same settling frequencies.
However, the differences in sediment reductions between the Zoysia and Bluegrass
planted swales were found to be insignificant. Since the synthetic turf lined swale was
not representative of grass-lined swales, the data collected during the synthetic turf lined
swale tests were not used to develop the final sediment trapping model described below.
The sediment transport observations obtained with the Zoysia and Bluegrass swales were

combined.
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Fig. 82. Percent sediment reductions vs. settling frequencies for the different grass
types (results of the second indoor experiments)

Figure 82 also contains vertical clusters of observations. Each of these clusters of

data represents a narrow particle size range. Particle less than 0.45 um (total dissolved

solids) shows very low sediment reductions (0 to 25 % reductions) for all flow

conditions. Large particles ranging from 106 to 425 um had the highest reductions (80 to

100 % reductions) for all flow conditions.

As shown previously in Chapter 4, the effects of flow rate were found to be

significant. This is illustrated on Figure 83. The sediment reductions during the 10 GPM

(0.038 m>/min) tests were much higher than during the 15 GPM (0.064 m*/min) and 20

GPM (0.076 m>*/min) tests for the particles ranging from 0.45 to 30 um. However, there
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were no significant differences found in sediment reductions between the 15 GPM (0.064

m?3/min) and 20 GPM tests (0.076 m>/min).

Particulate Transport in Grass Swale (Indoor Swales)
(Zoysia and Bluegrass combined)
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Fig. 83. Percent sediment reductions vs. settling frequencies for the different flow rates
(Zoysia and Bluegrass data combined)

The relationship between flow depth and grass height is shown to be very
promising when explaining the variation in settling frequency and sediment retention, as
shown on Figure 84. This factor considers and the opportunities of the runoff water and
entrained sediment to contact the grass plant. When the water is flowing within the
height of the grass, the settled sediment is much better protected from scour, as the water
velocity is quite low, and associated Manning’s n, is very large (Kirby 2003). In

addition, the grass may act like inclined tube or plate settlers, effectively increasing the
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settling area. To determine the effect of the flow depth to grass height ratio, this ratio
was computed for each experimental condition. The percent reduction-settling frequency
plots were then separated into three distinct flow depth to grass height ratio categories: 0
to 1.0, 1.0 to 1.5, and 1.5 to 4. A ratio less than 1.0 means that the grass height is higher
than the flow depth. These separate categories are seen to have much reduced

variabilities in reductions of sediment for each settling frequency category.
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Fig. 84. Percent sediment reductions vs. settling frequencies for the different flow
depth to grass height ratios (Zoysia and Bluegrass data combined)

A sensitivity analysis of shear stress and slope was also conducted to determine
their relative significance on sediment retention. When plotted, these factors did not
provide any further resolution of the observed variance, such as indicated in Figure 85.

Related plots are presented in Appendix Q. It was therefore concluded that shear stress
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and slope were not as important as the flow depth and grass height when describing

sediment retention in grass swales.

Particle size: 10 pm - 30 pm
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Fig. 85. Example of k-constants vs. shear stress

6.3 Predictive Model

0.50

Data obtained from the Zoysia and Bluegrass tests were used to create a sediment

reduction predictive model. Third-order polynomial regression equations were fitted to

the percent reduction-settling frequency graphs for the three different flow depth to grass

ratio categories. Obviously, assuming that if the settling frequency is > 1 would result in

complete capture and settling frequencies < 1 would result in complete transport of the

associated particle is overly simplified. The polynomial regression model was therefore
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used to fit the data since there seemed to be three distinct performance regions across the
range of settling frequencies: very small (dissolved) particles, very large (> 250 um)
particles, and intermediate-sized particles.

The following figures show the percent reductions against settling frequencies,
the regression lines, and the 95 % confidence intervals for the means. Also shown are the
residual analyses indicating that the equations were properly determined, although the
residuals are smaller for the larger particles as they approach the 100 % retention upper
limit, a physical barrier to performance.

As indicated previously, the percent reductions of dissolved solids (indicated by
the clusters of data points at the lowest settling frequency) are very low compared to the
larger particles. These data were therefore not included in the regressions as they would
have distorted the results for the sediment retention predictions. Large particles of 250
and 425 pm in diameter (associated with 100 settling frequencies) had the largest percent
reductions for all three flow to grass height ratio categories. When the flow depth to
grass height ratios are less than 1, indicating shallow flow, the percent reductions are high
and fairly consistent for the different settling frequencies, except for the dissolved solids
which are poorly controlled and the large particles that are much better controlled. As the
ratio of flow depth and grass height increases to greater than 1, the percent retention of
the small particles in the swales decrease, especially for particles whose settling

frequencies are between 0.001 and 1.
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Fig. 88. Polynomial regression line and observed percent reductions vs. settling
frequency for the (flow depth)/(grass height) ratio between 1.0 to 1.5
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Fig. 91. Normal probability plot and residual plot of the residuals versus fitted values for
the (flow depth)/(grass height) ratio between 1.5 to 4.0
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The following lists the equations and the ANOVA analyses for the polynomial

regression lines for each flow depth to grass height ratio category:

Flow to Grass Height Ratio: 0 to 1.0

(6.12) Y =2.101*log(X)* +6.498 *log(X) + 76.82

Where:

Y = Percent reduction

X = Settling frequency

Analysis of Variance

Source DF SS MS F P
Regression 2 10765.9 538293 32.98 <0.001
Error 142 23177.0 163.22

Total 144 339428

Sequential Analysis of Variance

Source  DF SS F P
Linear 1 7728.35 42.16 <0.001
Quadratic 1 3037.51 18.61 <0.001



Flow to Grass Height Ratio: 1.0 to 1.5

(6.13) Y =8.692 *log(X) +80.94

Where:

Y = Percent reduction

X = Settling frequency

Analysis of Variance

Source DF SS MS F P
Regression 1  9986.4 9986.44 4436 <0.001
Error 62 13957.0 225.11

Total 63 239435

Flow to Grass Height Ratio: 1.5 to 4.0

(6.14) Y =2.382*log(X)* +15.47 *log(X) + 67.46

Where:

Y = Percent reduction

X = Settling frequency

Analysis of Variance

Source DF SS MS F P
Regression 2 48358.8 24179.4 144.68 <0.001
Error 131 21893.5 167.1

Total 133 70252.3

Sequential Analysis of Variance

Source DF SS F P
Linear 1 450552 236.03 <0.001
Quadratic 1 3303.5 19.77 <0.001

135
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As indicated in the above ANOVA tests, the regression equations are all highly

significant (p < 0.001). Sequential analysis of variance tests were also performed to

determine the significance of the terms of the regression equations. All the linear,

quadratic, and cubic terms of all the ratios were found to be significant since all

probabilities were less than 0.001.

The following table summarizes the percentage reduction values (including the

confidence intervals of the means, along with the coefficient of variation (COV) values)

for each set of settling frequencies for each flow depth to grass height range. These were

calculated by statistically summarizing all the data observations contained in each cluster

of settling frequency for all the tests combined:

Table 18. Statistical Summaries of the Percent Reductions by the Different (flow
depth)/(grass height) Ratio Categories

Ratio: 0 to 1.0

. Mean reduction 95 % CI 95 % CI
Settling frequency (%) (lower limit)  (upper limity <OV
TDS (< 0.45 um) 5 1 8 0.99
0.0013 to 0.0026 75 70 80 0.19
0.01 t0 0.02 72 69 75 0.23
0.045 to 0.093 72 69 75 0.18
0.33 t0 0.69 75 72 78 0.1
1.6t03.3 80 78 82 0.15
5410 11.1 85 82 88 0.14
60.6 to 124.1 97 92 100 0.05
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Table 18. Statistical Summaries of the Percent Reductions by the Different (flow
depth)/(grass height) Ratio Categories— Continued

Ratio: 1.0to 1.5

. Mean reduction 95 % CI 95 % CI
Settling frequency (%) (lower limit)  (upper limity <OV
TDS (< 0.45 um) 18 7 28 0.39
0.0013 to 0.0026 56 49 63 0.37
0.01 t0 0.02 64 60 68 0.28
0.045 to 0.093 70 66 74 0.25
0.33 0 0.69 77 73 81 0.13
160323 84 80 88 0.09
5410 11.1 88 83 93 0.12
60.6 to 124.1 97 89 100 0.08

Ratio: 1.5 t0 4.0

. Mean reduction 95 % CI 95 % CI

Settling frequency (%) (lower limit)  (upper limity <OV
TDS (< 0.45 pm) 6 2 9 0.75
0.0013 to 0.0026 8 38 48 0.5
0.01 t0 0.02 46 £ 50 0.24
0.045 10 0.093 52 48 56 0.19
0.33 10 0.69 63 60 66 0.14
161033 74 71 77 0.11
54t011.1 84 80 88 0.05
60.6 t0 124.1 99 95 100 0.03

6.4 Model Application to Outdoor Swale Performance Observations
The data obtained during the outdoor swale observations was examined to verify

the suitability of the regression equations obtained from the second indoor controlled
experiments to larger swales during actual rains. Initially, the k-constants were computed
using data collected at 0 ft (0 m) and 116 ft (35.3 m). However, the regression lines from
these computed k-constants had very poor correlations with the data points. The data
were further examined to distinguish separate performance zones along the swale. When
examining the total suspended solids data obtained for the outdoor swale, there seemed to

be three distinct regions for sediment reduction behavior. These were found to be located
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at 0 to 3 ft (0 to 0.9 m), 3 to 25 ft (0.9 to 7.6 m), and 25 to 116 ft (7.6 to 35.3 m).
Although there were some high sediment reductions observed between 0 ft (0 m) and 3 ft
(0.9 m) for some events, large increases in sediment concentrations were also observed.
This was likely due to scouring occurring at the upper end of the swale, causing some re-
suspension of previously deposited sediments, and possibly eroding of the swale lining
soil. As noted before, there was a noticeable mound of large sediment close to the upper
end of the swale. This material was likely scoured during some events. Further analyses
are needed to confirm sediment transport at the upper end of the swale. Thus, it is the
region of unknown behavior, or a buffer zone/transition. The region between 3 ft (0.9 m)
and 25 ft (7.6 m) showed the highest and most consistent sediment reductions. Data from
this range were therefore evaluated and are presented in Figure 92. Sediment reductions

for other swale regions were presented in Appendix R.

Particulate Transport in Outdoor Swale (6 rain events)
Percent reductions between 3ft and 25ft
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Fig. 92. Percent reductions vs. settling frequencies observed at the outdoor swale
between 3 ft (0.9 m) and 25 ft (7.6 m) (data from twelve storm events)
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Figure 92 indicates a wide variation in sediment reductions for the different
settling frequencies. There are many low reduction rates noted. It was determined that
these negative and low percent reductions occurred during events that had very low initial
sediment concentrations. Appendix P shows sediment concentrations between 3 ft (0.9
m) and 25 ft (7.6 m) for each particle size range. These figures clearly show that higher
initial sediment concentrations correspond to higher sediment reduction rates than lower
initial sediment concentrations (except for dissolved solids). Also, looking at each
particle range, there are “irreducible” concentrations due to very low initial
concentrations. “Irreducible” concentrations for each particle size range are shown on
Table 19.

Table 19. ‘Irreducible’ Concentrations Determined for the Different Particle Size Ranges
(using data obtained from the outdoor swale observations)

Particle size range Irreducible concentration
<0.45 pum (TDS) N/A

0.45to 2 pm 7 mg/L
2to5 um Smg/L
5to 10 um 5 mg/L
10 to 30 um 10 mg/L
30 to 60 pm 5 mg/L
60 to 106 um 5mg/L
106 to 425 pm 10 mg/L
> (.45 pm (TSS) 20 mg/L

Note: N/A = not available
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Fig. 93. Example of the ‘irreducible’ sediment concentrations

Negative and very low percent reductions were generated during events having
initial concentrations close to, or less, than the irreducible concentrations. Therefore,
these data were eliminated from the sediment reduction calculations for the outdoor swale
tests. Figure 94 shows the sediment reductions and settling frequencies for the outdoor
swale observations after eliminating the observations that had initial concentrations

below the “irreducible” concentrations.
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Particulate Transport in Outdoor Swale (6 rain events)
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Fig. 94. Percent reductions vs. settling frequency observed at the outdoor swale
between 3 ft (0.9 m) and 25 ft (7.6 m) (data from six storm events), after eliminating
the observations that had initial concentrations below the “irreducible” concentrations

Settling frequencies above 1.0 are surprisingly consistent, with about 75 % reductions,
while the percentage reductions drop dramatically for smaller settling frequencies (down

to about 0 % for 0.01 settling frequencies).

6.4.1 Descriptions of Events Having Outdoor Swale Observations
Table 21 summarizes information for the eight rain events that had suitable data

for determining sediment reductions using the outdoor swales.
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Table 20. Storm Events Which Had Suitable Data for the Different Particle Size Ranges

Particle size Event

<0.45 um 12/8/04 | 12/6/04 | 11/22/04 | 11/21/04 | 11/11/04 | 11/1/04 | 10/23/04 | 10/11/04
0.45to 2 um 11/1/04

2to 5 um 11/21/04 | 11/1/04 | 10/23/04 | 10/11/04

5to0 10 pm 12/8/04 | 12/6/04 | 11/21/04 | 11/1/04 | 10/23/04 | 10/11/04

10 to 30 um 12/8/04 | 12/6/04 | 11/21/04 | 11/1/04 | 10/23/04 | 10/11/04

30 to 60 um 12/8/04 | 12/6/04 | 11/21/04 | 11/1/04 | 10/23/04 | 10/11/04

60 to 106 um 12/8/04 | 11/21/04 | 10/23/04 | 10/11/04

106 to 425 um | 11/21/04 | 11/11/04 | 10/23/04

Table 21. Weather Information of the Storm Events Which Had Suitable Data for
Producing the Percent Reductions between 3 ft (0.9 m) and 25 ft (7.6 m)

10/11/2004 10/23/2004 *11/1/2004 11/11/2004

Air temperature (Fahrenheit) 72 67 67 64
Preceding dry period (hour) 19.4 64.8 91.3 168.9
Total rain (inch) 0.11 0.84 N/A 0.23
Duration (minute) 45 115 N/A 135
Average intensity (inch/hour) 0.15 0.44 N/A 0.1
Max. rain fall intensity (inch/hour) in 5 minutes 0.24 3.24 N/A 0.36

11/21/2004 11/22/2004  12/6/2004  12/8/2004

Air temperature (Fahrenheit) 60 64 57 59
Preceding dry period (hour) 13.5 24.8 5.7 394
Total rain (inch) 1.12 2.84 0.32 0.7
Duration (minute) 495 230 80 &5
Average intensity (inch/hour) 0.14 0.74 0.24 0.49
Max. rain fall intensity (inch/hour) in 5 minutes 1.08 2.28 1.08 3.24

* Rain observed at the site, but not recorded at the rain gage on the campus
Note: N/A =not available



Table 22. Initial Sediment and Turbidity Concentrations for Storm Events Having
Suitable Data of Sediment Trapping between 3 ft (0.9 m) and 25 ft (7.6 m)

. Total solids Total .Total o
Total solids suspended dissolved Turbidity
Date <106 pm . .
(mg/L) (mg/L) solids solids (NTU)
(mg/L) (mg/L)
10/11/2004 149 141 102 62 65
10/23/2004 144 125 55 74 34
11/1/2004 246 247 153 101 137
11/11/2004 103 70 31 63 21
11/21/2004 29 36 18 24 38
11/22/2004 14 11 6 13 7
12/6/2004 139 116 120 4 18
12/8/2004 235 222 157 69 88
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During sampling, flow depth and velocity were determined for most storm events.

However, only the flow depths of the six storm events from 11/01/2004 to 12/08/2004

were determined. Despite the effort, it was almost impossible to observe flow velocities

during the storm events because there was no equipment that could observe flow

velocities of a very shallow flow disturbed by a thick vegetation. Thus, velocities were

estimated by Manning’s equation using the observed flow depths and channel slopes.

The following tables summarize the observed flow depths and computed flow velocities

for the six storm events.
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Manning’s equation:

R e a2
(6.15) V =1.49 S
n
Where:
V' = flow velocity (ft/s)
R = Hydraulic radius ~ Flow depth (ft)
S = Channel slope (fraction)
n = Manning’s n (Kirby 2003 VR-n curves)
Indoor Channel Trendlines in Comparision to Stillwater Curves
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Fig. 95. VR-n curve for different grasses, showing results for shallow flows (Kirby
2003) (Multiply ft*/sec by 0.092 to obtain m*/sec units)
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Table 23. Observed Flow Depths and Computed Flow Velocities during the Six Storm
Events from 11/01/2004 to 12/08/2004
(Note 1 inch =2.54 cm)

11/1/2004 11/11/2004 11/21/2004
Flow Flow Flow Flow
depth velocity | Flow depth | velocity | Flow depth | velocity
Swale length Slope (inch) (inch/s) (inch) (inch/s) (inch) (inch/s)
0 ft to 6 ft o
(0 m to 1.8 m) 7 % 0.50 0.27 0.53 0.28 0.34 0.21
6 ft to 75 ft .
(1.8 m to 22.8 m) 3% 1.17 0.32 0.50 0.18 0.50 0.18
75 ftto 116 ft o
(22.8 m 0 35.3 m) 1% 1.25 0.23 1.00 0.20 1.25 0.23
11/22/2004 12/6/2004 12/8/2004
Flow Flow Flow Flow Flow

Flow depth | velocity depth velocity depth velocity
Swale length Slope (inch) (inch/s) (inch) (inch/s) (inch) (inch/s)

(Oonfttgo fgﬁm) 7% | LI3 0.47 1.39 0.54 0.75 036
6 ftto 75 ft .

(8miozsm | 3% | 125 033 1.35 035 1.80 0.42

TSftolloft ., 1.83 0.30 1.73 0.28 2.88 0.40

(22.8 mto 35.3 m)

The calculated flow velocities are all very small.

6.4.2 Comparing Second Indoor Swale and Outdoor Swale Observations

Figure 96 is a comparison of the sediment reductions obtained from the second set
of indoor swale experiments and the sediment reductions obtained from the outdoor
swale observations. Only data for the experiments having flow depths to grass height
ratios of less than 1 are used, as most of the events at the outdoor swale had very shallow

flows.
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Particulate Transport in Grass Swale
Comparison of regression lines with 95% Confidence Intervals
by different (Flow depth)/(Grass depth) Ratios
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Fig. 96. Comparison of regression lines with 95 % confidence intervals for different
(flow depth)/(grass height) ratios

The sediment reduction confidence intervals associated with settling frequencies
between 0.2 and 40 overlap. The sediment reductions at the outdoor swale for other
settling frequencies were significantly lower than for the indoor swale experiments, as
shown on Figure 97. It is assumed that the high total suspended solids concentrations
during the indoor swale experiments (average of 500 mg/L range of 200 to 1,000 mg/L)
resulted in higher percentage removals, compared to the lower concentrations (average of
60 mg/L, range of 10 to 160 mg/L) observed at the outdoor swales. This is commonly
observed for all stormwater control practices: high influent concentrations result in larger
percentage removals than lower influent concentrations. This is especially evident when

the influent concentrations are close to the irreducible concentrations. Therefore, the



147

important factors for these predictive equations are the settling frequency, flow height to

grass height ratio, and the influent concentration.

Percent reduction (%)

Table 24. Statistical Summary of the Percent Reductions of the Low Sediment
Concentrations and the (flow depth)/(grass height) Ratio between 0 and 1.0

Settling Fitted 95 % CI 95 % CI

frequency mean (Lower limit)  (Upper limit) cov
0.02 to 0.05 41 25 58 0.32
0.09 to 0.39 58 48 68 0.28
0.7 t0 5.15 71 62 81 0.14
12.99 to 24.8 78 67 87 0.11
62.6 to 398 78 67 87 0.13
2350 to 4448 64 42 86 0.34

Particulate Transport in Grass Swale
Comparison of regression lines with 95%Confidence Intervals
between high and low initial sediment concentrations
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Fig. 97. Regression lines with 95 % confidence intervals for the low and high initial
sediment concentrations (high concentrations from the second indoor experiment,
average of 500 mg/L, range of 200 to 1,000 mg/L; low concentrations from the outdoor
swale observations, average of 60 mg/L, range of 10 to 160 mg/L)
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6.5 Summary of Findings

This chapter presented a method to predict stormwater sediment retention in
grass-lines swales or grass filters. The main factors affecting the sediment trapping in the
swales was the settling frequency, which in turn is dependent on particle settling rate,
flow rate, flow depth, and swale length; the ratio of the flow depth to the grass height;
and the initial sediment concentration. During shallow flow conditions, relatively flat
swales will provide large amounts of sediment retention, down to an irreducible
concentration of about 20 mg/L of total suspended solids. Steep swales and deeper flows

result in less sediment retention.

The indoor swale experiments resulted in larger sediment reductions than observed

during the outdoor tests due to several reasons, including:

¢ The initial sediment concentrations during the second set of indoor experiments
were much higher than during the outdoor swale observations. The mean of the
indoor experiment total suspended solids concentrations was 480 mg/L, and
ranged from 200 mg/L to 1,000 mg/L. The outdoor swale observations had mean
total suspended solids concentrations of 60 mg/L, and ranged from 10 mg/L to

160 mg/L.

e There was a large fraction of larger sand particles applied to the indoor swales,
while very little, if any, sand-sized particles were found at the head of the outdoor

swale for most of the events. The settling frequency calculations partially
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accounted for this, but irreducibly low concentrations of the larger material
occurred before the end of the longer outdoor swale, limiting the overall

percentage removal calculations.

The regression model does not consider erosion or scour that likely occurs at the
beginning of the swale. There is obviously some initial length, likely dependent on flow
conditions and shear stress, where the turbulent flows are more erosive before they
become more stable. This length is probably on the order of several feet for small flows,

like observed during this research, but may extend longer for larger flows.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY

7.1 The Indoor Experiments

The indoor laboratory swale experiments demonstrated the effectiveness of grass
swales in trapping sediments and reducing sediment concentrations in runoff. Significant
sediment reductions in 6 ft (1.8 m) long grass-lined channels were observed in total
solids, total suspended solids, turbidity, and particle size during the second experiments,
but not in total dissolved solids. The experiments showed not only the effectiveness of
grass swales, but also significant factors affecting sediment transport in grass swales.
The affecting factors observed are grass type, channel slope, runoff flow rate, grass
type*channel slope, grass type*runoff flow rate, and channel slope*runoff flow rate.
Moreover, particle size distribution analysis as well as visual observations confirmed that
large particles are preferentially trapped in grass swales compared to smaller particles,

especially at the beginning of grass swales.

7.2 Predictive Model
A predictive model was developed to predict the reduction of stormwater
sediment in actual grass swales using data obtained from the second set of controlled

experiments. The predictive model utilizes three main concepts to model sediment
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transport in grass swales. They are first order decay, settling frequency, and flow depth /
grass height ratio. The concept of first order decay is a statistical approach to describe
sediment transport in grass swales. Both the indoor experiments and outdoor
observations showed greater sediment reductions at the beginning of the grass swales,
and the sediment concentrations then tended to stabilize after some distance. Thus, first
order decay was employed to describe this behavior of the stormwater sediment in grass
swales. Unlike first order decay, settling frequency is a theoretical approach to describe
sediment transport in grass swales. Settling frequency is defined as a number of times a
particle could conceivably settle to the bottom of the flow depth until it reaches to the end
of grass swales (6 ft (1.8 m) during the indoor experiments). The settling frequency is
computed as the ratio of the traveling time of runoff in the swale reach to the settling
duration of a particle using Stoke’s law and the site hydraulic conditions. The concept of
flow depth / grass height ratio was also incorporated into the predictive model, and initial
sediment concentration was also found to be important. The settling frequency concept
considers the opportunities of runoff water and sediment to contact the grass cover, and
recognizes the very slow rates for submerged flows. Sediment retention in grass swales
is most effective when flow depth is lower than the grass height (flow depth / grass height
ratio less than 1). As the flow depth increases, sediment retention is expected to be less

effective because of less contact area to the grass cover and the higher flow velocities.

7.3 Outdoor Swale Observations and Model Verification
To test the predictive model, stormwater samples were collected at the full-size

outdoor grass swale (116 ft or 35.3 m long) located adjacent to the Tuscaloosa, Alabama,
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City Hall during actual storm events from August to December 2004. Significant
sediment reductions were observed in total suspended solids and turbidity. However,
changes in total solids, total dissolved solids, and particle size were statistically
insignificant in the grass swale. Total suspended solids analyses showed three distinct

regions for sediment reduction behavior in grass swales. They are:

1) 0 ftto 3 ft (0 m to 0.9 m): Region of instability
2) 3 ftto 25 ft (0.9 m to 7.6 m): High sediment reduction region

3) 25 ftto 116 ft (7.6 m to 35.3 m): Lower sediment reduction region

High sediment reductions observed between 3 ft (0.9 m) and 25 ft (7.6 m) were used to
test the predictive model because the sediment reduction region showed the highest and
most consistent sediment reductions. As a result, the sediment reductions observed in the
indoor experiments were much higher than observed at the outdoor swale. This implies

that the predictive model overestimated the sediment reductions due to several reasons,

including:
o The initial sediment concentrations during the indoor experiments were
much higher than during the outdoor swale observations.
o There was a large fraction of larger sand particles applied to the indoor

swales while very little sand particles were found at the head of the

outdoor swale for most of the events.
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7.4 Recommended Future Research Activities

The predictive model still has high variation and overestimates sediment
reductions at actual grass swales during certain conditions. Additional research efforts
are needed to reduce the variability of sediment retention of the predictive model further.

Future research objectives could include the following:

. Investigating the effect of initial sediment concentration on sediment
trapping.

o Investigating the effects of stem density on sediment transport during low
flows.

o Sensitivity analyses of the predictive model using data obtained from

outdoor swale observations at different grass swales with different grass
types and channel slopes.
J Modifying the predictive model using further outdoor swale

observations.

Grass swales are an effective stormwater treatment practice to capture stormwater
sediments and other pollutants within grass swales. However, some suggest that
deposited sediments and other pollutants in grass swales are potentially hazardous to the
public. It is possible that exposure to deposited contaminated sediments can be
hazardous. However, most grass swales are used in low density residential areas where
stormwater concentrations are low. If grass swales are used to treat high concentrations

of pollutants in industrial areas, the grass cover should be routinely replaced and tested.
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APPENDIX A

RAW DATA - Initial Indoor Experiments

Table Al
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
15 GPM (High flow) Centipede 5% 1 min 0 ft 60 251
15 GPM (High flow) Centipede 5% 3 min 0ft 159 252
15 GPM (High flow) Centipede 5% 6 min 0 ft 28 280
15 GPM (High flow) Centipede 5% 1 min 2 ft 107 288
15 GPM (High flow) Centipede 5% 3 min 2 ft 137 288
15 GPM (High flow) Centipede 5% 6 min 2 ft 162 284
15 GPM (High flow) Centipede 5% 1 min 6 ft 141 275
15 GPM (High flow) Centipede 5% 3 min 6 ft 111 260
15 GPM (High flow) Centipede 5% 6 min 6 ft 124 268
Table A2
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
8 GPM (Low flow) Centipede 5% 1 min 0 ft 112 270
8 GPM (Low flow) Centipede 5% 5 min 0 ft 137 265
8 GPM (Low flow) Centipede 5% 10 min 0 ft 148 232
8 GPM (Low flow) Centipede 5% 1 min 2 fi 139 244
8 GPM (Low flow) Centipede 5% S min 2 ft 120 281
8 GPM (Low flow) Centipede 5% 10 min 2 ft 179 274
8 GPM (Low flow) Centipede 5% 1 min 6 ft 48 200
8 GPM (Low flow) Centipede 5% 5 min 6 ft 112 198
8 GPM (Low flow) Centipede 5% 10 min 6 ft 99 182
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Table A3
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
15 GPM (High flow) Zoysia 5% 1 min 0 ft 143 258
15 GPM (High flow) Zoysia 5% 3 min 0 ft 105 239
15 GPM (High flow) Zoysia 5% 6 min 0 ft 86 211
15 GPM (High flow) Zoysia 5% 1 min 2 ft 158 254
15 GPM (High flow) Zoysia 5% 3 min 2 ft 146 195
15 GPM (High flow) Zoysia 5% 6 min 2 ft 197 299
15 GPM (High flow) Zoysia 5% 1 min 6 ft 174 254
15 GPM (High flow) Zoysia 5% 3 min 6 ft 146 255
15 GPM (High flow) Zoysia 5% 6 min 6 ft 181 280
Table A4
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
8 GPM (Low flow) Zoysia 5% 1 min 0 ft 187 276
8 GPM (Low flow) Zoysia 5% 5 min 0 ft 103 224
8 GPM (Low flow) Zoysia 5% 10 min 0 ft 76 256
8 GPM (Low flow) Zoysia 5% 1 min 2 ft 130 255
8 GPM (Low flow) Zoysia 5% 5 min 2 ft 167 242
8 GPM (Low flow) Zoysia 5% 10 min 2 ft 141 228
8 GPM (Low flow) Zoysia 5% 1 min 6 ft 127 244
8 GPM (Low flow) Zoysia 5% S min 6 ft 152 220
8 GPM (Low flow) Zoysia 5% 10 min 6 ft 116 210
Table AS
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
15 GPM (High flow) Bluegrass 5% 1 min 0 ft 81 286
15 GPM (High flow) Bluegrass 5% 3 min 0ft 149 265
15 GPM (High flow) Bluegrass 5% 6 min 0 ft 81 280
15 GPM (High flow) Bluegrass 5% 1 min 2 ft 26 273
15 GPM (High flow) Bluegrass 5% 3 min 2 ft 109 275
15 GPM (High flow) Bluegrass 5% 6 min 2 ft 124 245
15 GPM (High flow) Bluegrass 5% 1 min 6 ft 119 240
15 GPM (High flow) Bluegrass 5% 3 min 6 ft 95 236
15 GPM (High flow) Bluegrass 5% 6 min 6 ft 126 242
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Table A6
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
8 GPM (Low flow) Bluegrass 5% 1 min 0 ft 140 241
8 GPM (Low flow) Bluegrass 5% 5 min 0 ft 10 254
8 GPM (Low flow) Bluegrass 5% 10 min 0ft 151 249
8 GPM (Low flow) Bluegrass 5% 1 min 2 ft 152 255
8 GPM (Low flow) Bluegrass 5% 5 min 2 ft 20 236
8 GPM (Low flow) Bluegrass 5% 10 min 2 ft 124 280
8 GPM (Low flow) Bluegrass 5% 1 min 6 ft 46 247
8 GPM (Low flow) Bluegrass 5% 5 min 6 ft 17 225
8 GPM (Low flow) Bluegrass 5% 10 min 6 ft 64 244
Table A7
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
15 GPM (High flow) Bluegrass 1% 1 min 0 ft 44 241
15 GPM (High flow) Bluegrass 1% 3 min 0 ft 51 263
15 GPM (High flow) Bluegrass 1% 6 min 0 ft 14 234
15 GPM (High flow) Bluegrass 1% 1 min 2 ft 32 265
15 GPM (High flow) Bluegrass 1% 3 min 2 ft 14 236
15 GPM (High flow) Bluegrass 1% 6 min 2 ft 115 235
15 GPM (High flow) Bluegrass 1% 1 min 6 ft 37 270
15 GPM (High flow) Bluegrass 1% 3 min 6 ft 50 245
15 GPM (High flow) Bluegrass 1% 6 min 6 ft 46 238
Table A8
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
8 GPM (Low flow) Bluegrass 1% 1 min 0 ft 15 242
8 GPM (Low flow) Bluegrass 1% 5 min 0 ft 141 246
8 GPM (Low flow) Bluegrass 1% 10 min 0 ft 18 224
8 GPM (Low flow) Bluegrass 1% 1 min 2 ft 51 231
8 GPM (Low flow) Bluegrass 1% 5 min 2 ft 106 198
8 GPM (Low flow) Bluegrass 1% 10 min 2 ft 32 199
8 GPM (Low flow) Bluegrass 1% 1 min 6 ft 49 196
8 GPM (Low flow) Bluegrass 1% 5 min 6 ft 46 194
8 GPM (Low flow) Bluegrass 1% 10 min 6 ft 62 167
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Table A9
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
15 GPM (High flow) Zoysia 1% 1 min 0 ft 18 243
15 GPM (High flow) Zoysia 1% 3 min 0 ft 99 243
15 GPM (High flow) Zoysia 1% 6 min 0 ft 71 210
15 GPM (High flow) Zoysia 1% 1 min 2 ft 35 257
15 GPM (High flow) Zoysia 1% 3 min 2 ft 48 247
15 GPM (High flow) Zoysia 1% 6 min 2 ft 21 219
15 GPM (High flow) Zoysia 1% 1 min 6 ft 77 223
15 GPM (High flow) Zoysia 1% 3 min 6 ft 47 213
15 GPM (High flow) Zoysia 1% 6 min 6 ft 78 244
Table A10
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
8 GPM (Low flow) Zoysia 1% 1 min 0 ft 63 248
8 GPM (Low flow) Zoysia 1% 5 min 0 ft 100 222
8 GPM (Low flow) Zoysia 1% 10 min 0 ft 20 217
8 GPM (Low flow) Zoysia 1% 1 min 2 ft 52 230
8 GPM (Low flow) Zoysia 1% 5 min 2 f 76 252
8 GPM (Low flow) Zoysia 1% 10 min 2 ft 98 247
8 GPM (Low flow) Zoysia 1% 1 min 6 ft 84 179
8 GPM (Low flow) Zoysia 1% 5 min 6 ft 84 170
8 GPM (Low flow) Zoysia 1% 10 min 6 ft 133 164
Table Al11
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
15 GPM (High flow) Centipede 1% 1 min 0 ft 87 273
15 GPM (High flow) Centipede 1% 3 min 0 ft 114 322
15 GPM (High flow) Centipede 1% 6 min 0 ft 128 293
15 GPM (High flow) Centipede 1% 1 min 2 ft 154 269
15 GPM (High flow) Centipede 1% 3 min 2 ft 131 268
15 GPM (High flow) Centipede 1% 6 min 2 ft 85 293
15 GPM (High flow) Centipede 1% 1 min 6 ft 153 246
15 GPM (High flow) Centipede 1% 3 min 6 ft 108 238
15 GPM (High flow) Centipede 1% 6 min 6 ft 141 244
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Table A12
Sampling Swale Turbidity Total solids
Flow rate Grass type Slope time length (NTU) (mg/L)
8 GPM (Low flow) Centipede 1% 1 min 0 ft 79 276
8 GPM (Low flow) Centipede 1% 5 min 0 ft 41 283
8 GPM (Low flow) Centipede 1% 10 min 0 ft 19 243
8 GPM (Low flow) Centipede 1% 1 min 2 ft 42 279
8 GPM (Low flow) Centipede 1% 5 min 2 fi 90 278
8 GPM (Low flow) Centipede 1% 10 min 2 ft 23 278
8 GPM (Low flow) Centipede 1% 1 min 6 ft 105 189
8 GPM (Low flow) Centipede 1% 5 min 6 ft 63 190
8 GPM (Low flow) Centipede 1% 10 min 6 ft 89 199
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APPENDIX B

RAW DATA — Second Indoor Experiments

Table B1
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity

Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Synthetic turf 1% 10 GPM 0 ft A 387.2 341.8 236.7 121.1 111.0
Synthetic turf 1% 10 GPM 0 ft B 394.0 3424 236.0 120.0 120.0
Synthetic turf 1% 10 GPM 2 ft A 264.9 278.7 153.1 99.1 109.0
Synthetic turf 1% 10 GPM 2 ft B 265.9 270.3 158.7 105.4 113.0
Synthetic turf 1% 10 GPM 3ft A 254.0 254.3 134.8 116.9 107.0
Synthetic turf 1% 10 GPM 3 ft B 244.8 250.0 140.9 120.4 102.0
Synthetic turf 1% 10 GPM 6 ft A 221.5 222.0 99.0 126.7 101.0
Synthetic turf 1% 10 GPM 6 ft B 220.6 186.5 95.8 121.9 102.0

Table B2
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity

Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Synthetic turf 1 % 15 GPM 0 ft A 504.1 430.0 389.6 130.2 75.6
Synthetic turf 1 % 15 GPM 0 ft B 509.4 435.2 374.5 126.5 62.6
Synthetic turf 1 % 15 GPM 2 ft A 340.2 342.9 227.5 129.4 58.0
Synthetic turf 1% 15 GPM 2 ft B 345.6 333.7 225.8 124.7 61.0
Synthetic turf 1 % 15 GPM 3ft A 300.9 301.8 171.0 125.0 46.4
Synthetic turf 1 % 15 GPM 3ft B 292.8 298.1 168.6 127.6 39.9
Synthetic turf 1 % 15 GPM 6 ft A 284.7 286.0 157.4 125.7 53.9
Synthetic turf 1 % 15 GPM 6 ft B 281.0 278.1 155.9 117.6 50.7
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Table B3
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Synthetic turf 1% 20 GPM 0 ft A 554.6 397.2 362.5 126.9 54.7
Synthetic turf 1% 20 GPM 0 ft B 552.9 391.8 358.0 130.0 56.6
Synthetic turf 1% 20 GPM 2 ft A 3343 337.1 193.9 114.1 522
Synthetic turf 1% 20 GPM 2 ft B 330.2 331.0 189.1 123.8 47.8
Synthetic turf 1% 20 GPM 3ft A 272.2 302.0 149.0 131.4 455
Synthetic turf 1% 20 GPM 3 ft B 279.2 305.1 150.5 129.7 40.2
Synthetic turf 1% 20 GPM 6 ft A 259.4 269.7 124.5 137.7 41.0
Synthetic turf 1% 20 GPM 6 ft B 257.7 255.7 127.1 149.0 32.6
Table B4
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Synthetic turf 3% 10 GPM 0 ft A 360.6 391.5 239.4 133.3 40.5
Synthetic turf 3% 10 GPM 0 ft B 389.8 363.3 242.9 134.9 39.0
Synthetic turf 3% 10 GPM 2 ft A 268.9 278.8 163.3 110.2 45.2
Synthetic turf 3% 10 GPM 2 ft B 282.0 282.2 166.4 1354 453
Synthetic turf 3% 10 GPM 3 ft A 256.8 0.0 137.5 125.0 41.6
Synthetic turf 3% 10 GPM 3 ft B 263.4 290.5 148.1 120.8 37.3
Synthetic turf 3% 10 GPM 6 ft A 218.5 227.1 100.0 117.8 32.4
Synthetic turf 3% 10 GPM 6 ft B 224.7 225.6 98.8 120.5 36.4
Table B5
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Synthetic turf 3% 15 GPM 0 ft A 595.0 435.0 441.0 128.6 66.6
Synthetic turf 3% 15 GPM 0 ft B 564.0 432.6 463.0 135.2 75.7
Synthetic turf 3% 15 GPM 2 ft A 370.8 364.4 231.7 136.6 59.6
Synthetic turf 3% 15 GPM 2 ft B 368.0 360.6 231.1 135.0 62.5
Synthetic turf 3% 15 GPM 3 ft A 322.9 329.1 208.9 136.6 60.2
Synthetic turf 3% 15 GPM 3 ft B 340.0 323.0 207.8 140.8 54.7
Synthetic turf 3% 15 GPM 6 ft A 296.0 295.4 172.4 126.7 51.3
Synthetic turf 3% 15 GPM 6 ft B 288.1 288.5 168.3 138.6 54.9
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Table B6
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Synthetic turf 3% 20 GPM 0 ft A 594.3 441.5 472.3 116.8 59.1
Synthetic turf 3% 20 GPM 0 ft B 601.0 435.7 469.7 118.2 61.2
Synthetic turf 3% 20 GPM 2 ft A 3443 348.9 228.6 114.8 54.6
Synthetic turf 3% 20 GPM 2 ft B 349.0 345.5 180.0 114.0 57.9
Synthetic turf 3% 20 GPM 3ft A 3343 325.7 211.1 131.3 54.8
Synthetic turf 3% 20 GPM 3 ft B 340.4 333.0 206.1 131.2 50.4
Synthetic turf 3% 20 GPM 6 ft A 263.9 269.1 132.4 122.2 35.6
Synthetic turf 3% 20 GPM 6 ft B 257.6 273.2 138.9 117.6 37.7
Table B7
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Synthetic turf 5% 10 GPM 0 ft A 506.3 360.2 193.0 123.0 38.6
Synthetic turf 5% 10 GPM 0 ft B 494.0 357.4 345.5 114.1 40.1
Synthetic turf 5% 10 GPM 2 ft A 282.0 265.3 144.9 118.4 45.1
Synthetic turf 5% 10 GPM 2 ft B 280.6 253.8 145.9 116.5 39.6
Synthetic turf 5% 10 GPM 3 ft A 266.3 276.6 124.2 125.3 41.2
Synthetic turf 5% 10 GPM 3 ft B 271.1 282.2 1333 113.8 39.1
Synthetic turf 5% 10 GPM 6 ft A 221.5 217.0 166.0 121.7 28.5
Synthetic turf 5% 10 GPM 6 ft B 237.0 219.8 108.2 122.4 33.1
Table B8
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Synthetic turf 5% 15 GPM 0 ft A 566.0 428.6 440.6 125.5 68.2
Synthetic turf 5% 15 GPM 0 ft B 566.3 436.5 452.9 114.7 67.6
Synthetic turf 5% 15 GPM 2 ft A 359.0 340.4 229.1 136.9 50.2
Synthetic turf 5% 15 GPM 2 ft B 351.8 351.0 218.3 129.8 54.1
Synthetic turf 5% 15 GPM 3 ft A 3323 314.0 202.8 143.5 63.1
Synthetic turf 5% 15 GPM 3 ft B 312.6 326.5 196.2 137.1 59.5
Synthetic turf 5% 15 GPM 6 ft A 288.5 290.0 157.7 120.0 52.3
Synthetic turf 5% 15 GPM 6 ft B 287.6 287.0 161.9 120.0 43.6
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Table B9
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Synthetic turf 5% 20 GPM 0 ft A 543.5 4384 325.8 133.0 60.7
Synthetic turf 5% 20 GPM 0 ft B 537.8 440.0 3414 128.3 65.6
Synthetic turf 5% 20 GPM 2 ft A 359.4 336.4 197.9 126.8 47.8
Synthetic turf 5% 20 GPM 2 ft B 350.5 343.8 198.0 150.0 40.8
Synthetic turf 5% 20 GPM 3ft A 313.1 308.4 172.3 137.6 51.9
Synthetic turf 5% 20 GPM 3 ft B 303.0 314.0 177.2 130.7 51.1
Synthetic turf 5% 20 GPM 6 ft A 260.0 250.5 112.6 135.8 40.5
Synthetic turf 5% 20 GPM 6 ft B 262.5 256.6 118.6 129.9 39.2
Table B10
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Zoysia 1% 10 GPM 0 ft A 432.1 353.9 251.0 126.0 40.1
Zoysia 1% 10 GPM 0 ft B 424.5 354.1 229.7 122.8 45.0
Zoysia 1% 10 GPM 2 ft A 236.1 215.6 89.5 135.8 24.0
Zoysia 1% 10 GPM 2 ft B 231.8 220.6 91.9 1354 26.0
Zoysia 1% 10 GPM 3 ft A 192.7 180.6 63.0 126.9 18.0
Zoysia 1% 10 GPM 3 ft B 183.7 184.2 54.4 127.2 18.1
Zoysia 1% 10 GPM 6 ft A 175.5 155.6 30.2 1354 14.8
Zoysia 1% 10 GPM 6 ft B 173.7 153.6 34.3 140.4 15.9
Table B11
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Zoysia 1% 15 GPM 0 ft A 604.8 453.5 4714 117.3 80.1
Zoysia 1% 15 GPM 0 ft B 594.3 4554 475.5 123.5 68.0
Zoysia 1% 15 GPM 2 ft A 323.5 316.8 194.2 120.2 53.9
Zoysia 1% 15 GPM 2 ft B 318.3 314.7 195.8 119.8 54.1
Zoysia 1% 15 GPM 3 ft A 290.7 283.8 164.0 117.0 47.0
Zoysia 1% 15 GPM 3 ft B 287.6 283.7 158.2 120.4 50.6
Zoysia 1% 15 GPM 6 ft A 222.2 222.1 105.0 141.0 38.4
Zoysia 1% 15 GPM 6 ft B 221.5 219.2 105.0 139.6 36.6
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Table B12
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Zoysia 1% 20 GPM 0 ft A 619.6 444.9 486.9 142.4 64.7
Zoysia 1% 20 GPM 0 ft B 627.1 453.7 474.3 135.8 63.0
Zoysia 1% 20 GPM 2 ft A 296.0 311.9 172.2 1134 44.4
Zoysia 1% 20 GPM 2 ft B 293.9 302.9 169.1 111.7 50.3
Zoysia 1% 20 GPM 3 ft A 280.9 288.8 153.1 120.4 40.2
Zoysia 1% 20 GPM 3 ft B 278.4 2814 152.0 112.0 454
Zoysia 1% 20 GPM 6 ft A 228.2 238.1 94.8 135.4 32.6
Zoysia 1% 20 GPM 6 ft B 224.5 244.2 94.9 137.4 28.8
Table B13
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Zoysia 3% 10 GPM 0 ft A 513.9 358.8 288.5 126.0 38.6
Zoysia 3% 10 GPM 0 ft B 518.8 363.3 361.5 139.4 38.8
Zoysia 3% 10 GPM 2 ft A 164.4 170.7 38.1 141.2 16.7
Zoysia 3% 10 GPM 2 ft B 168.7 171.9 34.7 138.6 15.6
Zoysia 3% 10 GPM 3 ft A 211.2 189.8 73.7 128.3 22.9
Zoysia 3% 10 GPM 3 ft B 206.9 191.6 76.8 126.3 25.0
Zoysia 3% 10 GPM 6 ft A 2333 221.2 105.3 130.5 26.9
Zoysia 3% 10 GPM 6 ft B 238.3 218.8 100.0 122.6 26.1
Table B14
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Zoysia 3% 15 GPM 0 ft A 695.0 518.8 587.5 129.2 74.6
Zoysia 3% 15 GPM 0 ft B 727.3 520.6 586.0 129.0 74.3
Zoysia 3% 15 GPM 2 ft A 373.2 357.0 256.1 140.8 59.6
Zoysia 3% 15 GPM 2 ft B 376.9 366.7 251.0 130.4 74.8
Zoysia 3% 15 GPM 3 ft A 2979 311.0 179.4 137.1 56.7
Zoysia 3% 15 GPM 3 ft B 3125 303.1 185.4 131.1 54.9
Zoysia 3% 15 GPM 6 ft A 243.6 240.6 119.2 130.8 40.1
Zoysia 3% 15 GPM 6 ft B 235.0 235.2 113.5 126.0 47.8
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Table B15
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Zoysia 3% 20 GPM 0 ft A 708.4 514.1 570.1 130.9 78.3
Zoysia 3% 20 GPM 0 ft B 673.7 501.0 575.0 144.8 66.5
Zoysia 3% 20 GPM 2 ft A 335.0 351.0 201.1 118.1 54.5
Zoysia 3% 20 GPM 2 ft B 328.0 3384 200.0 113.9 51.6
Zoysia 3% 20 GPM 3 ft A 287.5 300.0 163.7 121.6 55.1
Zoysia 3% 20 GPM 3 ft B 296.0 304.1 164.6 114.6 47.1
Zoysia 3% 20 GPM 6 ft A 235.8 231.7 110.9 131.8 45.2
Zoysia 3% 20 GPM 6 ft B 232.7 235.6 109.4 127.4 44.4
Table B16
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Zoysia 5% 10 GPM 0 ft A 421.4 321.4 231.8 122.4 39.0
Zoysia 5% 10 GPM 0 ft B 423.5 330.2 261.0 123.0 44.8
Zoysia 5% 10 GPM 2 ft A 3333 281.0 174.0 137.5 34.1
Zoysia 5% 10 GPM 2 ft B 337.7 276.2 176.5 141.8 334
Zoysia 5% 10 GPM 3ft A 276.0 236.2 110.4 155.7 39.5
Zoysia 5% 10 GPM 3 ft B 266.7 235.8 111.2 144.9 29.9
Zoysia 5% 10 GPM 6 ft A 204.0 186.9 54.2 151.0 22.9
Zoysia 5% 10 GPM 6 ft B 210.3 194.6 54.1 152.0 22.0
Table B17
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Zoysia 5% 15 GPM 0 ft A 712.7 503.9 594.3 135.2 74.3
Zoysia 5% 15 GPM 0 ft B 716.3 508.4 600.0 129.5 75.9
Zoysia 5% 15 GPM 2 ft A 360.0 350.0 234.3 136.4 60.6
Zoysia 5% 15 GPM 2 ft B 363.0 350.5 240.7 136.1 65.2
Zoysia 5% 15 GPM 3 ft A 283.7 282.4 160.0 1314 46.0
Zoysia 5% 15 GPM 3 ft B 286.1 286.1 160.0 124.0 47.8
Zoysia 5% 15 GPM 6 ft A 217.3 223.7 92.2 130.1 36.5
Zoysia 5% 15 GPM 6 ft B 2184 216.3 95.2 130.5 31.9
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Table B18
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Zoysia 5% 20 GPM 0 ft A 953.5 524.0 608.1 129.3 77.1
Zoysia 5% 20 GPM 0 ft B 940.0 531.1 793.8 133.0 64.0
Zoysia 5% 20 GPM 2 ft A 409.9 368.1 287.0 141.7 57.1
Zoysia 5% 20 GPM 2 ft B 419.2 371.8 286.3 140.0 50.3
Zoysia 5% 20 GPM 3 ft A 306.1 293.7 162.2 133.7 51.0
Zoysia 5% 20 GPM 3 ft B 298.0 292.0 155.2 126.0 444
Zoysia 5% 20 GPM 6 ft A 238.0 2323 101.0 125.0 43.7
Zoysia 5% 20 GPM 6 ft B 233.0 240.0 103.0 132.3 38.1
Table B19
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Bluegrass 1% 10 GPM 0 ft A 4553 347.7 267.3 124.5 32.5
Bluegrass 1% 10 GPM 0 ft B 486.0 355.3 273.7 116.8 32.1
Bluegrass 1% 10 GPM 2 ft A 191.7 192.9 68.0 122.0 18.0
Bluegrass 1% 10 GPM 2 ft B 192.7 188.4 67.6 120.4 18.5
Bluegrass 1% 10 GPM 3 ft A 207.1 202.9 64.3 137.8 22.6
Bluegrass 1% 10 GPM 3 ft B 207.9 199.1 63.9 136.1 19.3
Bluegrass 1% 10 GPM 6 ft A 177.3 172.3 39.4 136.5 15.4
Bluegrass 1% 10 GPM 6 ft B 172.9 186.1 40.6 132.7 15.1
Table B20
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Bluegrass 1% 15 GPM 0 ft A 819.4 493.9 690.5 118.9 78.2
Bluegrass 1% 15 GPM 0 ft B 823.2 495.0 696.1 123.3 78.7
Bluegrass 1% 15 GPM 2 ft A 384.6 375.2 263.5 129.8 61.1
Bluegrass 1% 15 GPM 2 ft B 390.0 371.8 265.3 126.3 66.6
Bluegrass 1% 15 GPM 3 ft A 350.0 334.7 225.5 132.7 68.8
Bluegrass 1% 15 GPM 3 ft B 346.2 333.7 227.2 130.1 63.5
Bluegrass 1% 15 GPM 6 ft A 263.9 263.4 136.7 133.7 54.8
Bluegrass 1% 15 GPM 6 ft B 261.8 262.1 133.0 132.1 48.1
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Table B21
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Bluegrass 1% 20 GPM 0 ft A 910.8 485.0 776.2 137.6 62.4
Bluegrass 1% 20 GPM 0 ft B 894.3 502.1 771.4 1314 57.6
Bluegrass 1% 20 GPM 2 ft A 376.4 370.6 266.0 129.1 44.2
Bluegrass 1% 20 GPM 2 ft B 374.3 362.9 245.2 126.0 48.5
Bluegrass 1% 20 GPM 3 ft A 329.5 3313 200.0 142.2 53.3
Bluegrass 1% 20 GPM 3 ft B 318.6 331.0 198.9 138.9 454
Bluegrass 1% 20 GPM 6 ft A 275.3 268.9 142.3 129.8 41.9
Bluegrass 1% 20 GPM 6 ft B 272.9 270.0 144.7 131.1 424
Table B22
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate mg/L mg/L mg/L mg/L TU
yp p g p (mg/L) (mg/L) (mg/L) | (mg/L) | (NTU)
Bluegrass 3% 10 GPM 0 ft A 598.0 376.0 330.9 125.8 38.7
Bluegrass 3% 10 GPM 0 ft B 600.0 366.7 336.3 117.6 33.6
Bluegrass 3% 10 GPM 2 ft A 225.7 226.3 172.9 125.0 27.0
Bluegrass 3% 10 GPM 2 ft B 230.8 225.8 89.7 140.2 26.9
Bluegrass 3% 10 GPM 3 ft A 194.1 202.0 77.8 131.5 24.6
Bluegrass 3% 10 GPM 3 ft B 199.1 195.9 76.0 123.0 23.7
Bluegrass 3% 10 GPM 6 ft A 162.0 173.7 38.5 124.0 16.4
Bluegrass 3% 10 GPM 6 ft B 161.0 165.7 38.9 126.9 16.4
Table B23
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Yp! i% g p 2 2 2 g
Bluegrass 3% 15 GPM 0 ft A 867.7 509.0 718.6 130.4 76.8
Bluegrass 3% 15 GPM 0 ft B 847.6 503.2 704.6 133.0 74.8
Bluegrass 3% 15 GPM 2 ft A 488.6 462.2 362.4 131.7 72.9
Bluegrass 3% 15 GPM 2 ft B 479.6 467.3 358.8 1353 71.5
Bluegrass 3% 15 GPM 3 ft A 378.1 364.0 255.8 129.8 66.8
Bluegrass 3% 15 GPM 3 ft B 374.5 368.7 252.4 130.1 64.3
Bluegrass 3% 15 GPM 6 ft A 275.8 279.4 151.0 128.4 47.9
Bluegrass 3% 15 GPM 6 ft B 278.4 2724 149.5 127.8 46.5
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Table B24
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Bluegrass 3% 20 GPM 0 ft A 1142.7 483.3 1021.6 122.5 56.2
Bluegrass 3% 20 GPM 0 ft B 1076.6 490.3 911.5 129.2 56.5
Bluegrass 3% 20 GPM 2 ft A 432.1 399.1 307.9 132.7 55.5
Bluegrass 3% 20 GPM 2 ft B 427.7 389.6 301.0 133.0 55.7
Bluegrass 3% 20 GPM 3 ft A 351.0 350.0 257.0 131.0 49.2
Bluegrass 3% 20 GPM 3 ft B 345.4 350.5 230.8 128.0 48.1
Bluegrass 3% 20 GPM 6 ft A 253.0 263.5 129.0 134.0 35.6
Bluegrass 3% 20 GPM 6 ft B 251.6 260.2 131.5 130.6 38.3
Table B25
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Bluegrass 5% 10 GPM 0 ft A 544.0 3523 263.6 133.3 359
Bluegrass 5% 10 GPM 0 ft B 538.6 344.2 320.8 126.7 35.6
Bluegrass 5% 10 GPM 2 ft A 250.5 239.8 114.0 129.0 34.3
Bluegrass 5% 10 GPM 2 ft B 252.9 235.2 117.1 125.7 37.5
Bluegrass 5% 10 GPM 3ft A 185.9 213.7 78.3 122.6 31.1
Bluegrass 5% 10 GPM 3 ft B 201.0 209.0 83.8 116.2 26.3
Bluegrass 5% 10 GPM 6 ft A 189.7 175.3 41.6 129.7 15.4
Bluegrass 5% 10 GPM 6 ft B 191.9 171.0 45.5 124.2 14.8
Table B26
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Bluegrass 5% 15 GPM 0 ft A 978.4 507.1 872.6 140.0 76.8
Bluegrass 5% 15 GPM 0 ft B 988.0 521.2 857.4 1333 81.8
Bluegrass 5% 15 GPM 2 ft A 447.1 4444 329.2 128.1 74.3
Bluegrass 5% 15 GPM 2 ft B 455.4 400.0 324.0 139.6 75.1
Bluegrass 5% 15 GPM 3 ft A 441.2 426.7 3144 134.0 64.9
Bluegrass 5% 15 GPM 3 ft B 444.0 425.7 303.9 134.0 66.7
Bluegrass 5% 15 GPM 6 ft A 288.1 281.3 160.4 128.7 49.5
Bluegrass 5% 15 GPM 6 ft B 285.7 277.2 152.1 136.5 55.0
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Table B27
Total Total solids
Flow Swale solids (<106 pm) TSS TDS Turbidity
Grass type Slope rate length Duplicate | (mg/L) (mg/L) (mg/L) | (mg/L) (NTU)
Bluegrass 5% 20 GPM 0 ft A 1100.0 501.0 974.7 118.9 72.9
Bluegrass 5% 20 GPM 0 ft B 1109.4 500.9 1009.3 119.4 71.2
Bluegrass 5% 20 GPM 2 ft A 388.0 376.3 265.4 136.5 60.7
Bluegrass 5% 20 GPM 2 ft B 384.8 371.1 263.0 129.0 57.5
Bluegrass 5% 20 GPM 3 ft A 3379 356.9 193.6 138.3 55.8
Bluegrass 5% 20 GPM 3ft B 340.7 365.7 191.9 1333 54.1
Bluegrass 5% 20 GPM 6 ft A 256.1 271.1 114.6 137.5 40.7
Bluegrass 5% 20 GPM 6 ft B 259.6 272.0 109.4 137.5 41.5
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APPENDIX C

RAW DATA — Outdoor Swale Observations

Table C1
Swale Total solids
Sampling length Total solids | (<106 um) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
8/22/2004 0 19 N/A 4 16 3
8/22/2004 25 22 N/A 5 22 5
8/22/2004 75 21 N/A 3 20 2
Note: N/A =not available
Table C2
Swale Total solids
Sampling length Total solids | (<106 um) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
10/9/2004 0 133 136 30 109 38
10/9/2004 75 149 149 31 134 12
10/9/2004 102 147 151 25 133 9
Table C3
Swale Total solids
Sampling length Total solids | (<106 um) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
10/10/2004 0 135 138 37 113 31
10/10/2004 101.9 159 151 11 145 9




Table C4
Swale Total solids
Sampling length Total solids | (<106 um) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
10/11/2004 0 149 141 102 62 65
10/11/2004 2 125 117 84 45 60
10/11/2004 3 113 111 63 45 48
10/11/2004 6 70 72 35 50 32
10/11/2004 25 76 74 30 54 23
10/11/2004 75 92 86 20 71 27
10/11/2004 116 75 92 10 76 13
Table C5
Swale Total solids
Sampling length Total solids | (<106 um) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
10/19/2004 25 119 113 51 73 23
10/19/2004 75 58 59 12 43 17
10/19/2004 116 41 41 6 37 9
Table C6
Swale Total solids
Sampling length Total solids | (<106 um) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
10/23/2004 0 144 125 55 74 34
10/23/2004 2 148 137 85 58 40
10/23/2004 3 183 167 105 71 52
10/23/2004 6 123 115 58 65 33
10/23/2004 25 121 120 34 81 26
10/23/2004 75 103 88 29 71 20
10/23/2004 116 120 111 19 97 12
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Table C7
Swale Total solids
Sampling length Total solids | (<106 um) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
11/1/2004 0 246 247 153 101 137
11/1/2004 2 210 206 116 111 151
11/1/2004 3 218 217 127 104 143
11/1/2004 6 213 200 110 93 131
11/1/2004 25 160 147 42 110 91
11/1/2004 75 145 134 38 113 62
11/1/2004 116 129 126 25 110 12
Table C8
Swale Total solids
Sampling length Total solids | (<106 um) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
11/11/2004 0 103 70 31 63 21
11/11/2004 2 87 65 36 48 21
11/11/2004 3 83 53 39 35 20
11/11/2004 6 65 51 65 31 19
11/11/2004 25 71 74 30 42 22
11/11/2004 75 54 65 19 40 20
11/11/2004 116 85 74 13 64 8
Table C9
Swale Total solids
Sampling length Total solids | (<106 pum) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
11/21/2004 0 29 36 18.8 24.8 38
11/21/2004 2 62 53 42.6 29.7 24
11/21/2004 3 139 114 108.0 27.0 18
11/21/2004 6 104 87 67.7 29.3 11
11/21/2004 25 53 44 20.6 324 26
11/21/2004 75 48 46 23.2 30.3 16
11/21/2004 116 34 27 0.0 35.0 10

174



Table C10
Swale Total solids
Sampling length Total solids | (<106 um) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
11/22/2004 0 14 11 6.0 13.0 7
11/22/2004 2 16 14 8.1 13.1 9
11/22/2004 3 24 25 3.1 153 9
11/22/2004 6 19 18 8.1 15.2 9
11/22/2004 25 23 27 9.0 21.0 12
11/22/2004 75 15 20 7.1 6.1 12
11/22/2004 116 15 14 -4.0 5.0 5
Table C11
Swale Total solids
Sampling length Total solids | (<106 um) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
12/6/2004 0 139 116 120.0 4.0 18
12/6/2004 2 68 71 54.5 10.1 22
12/6/2004 3 46 51 48.0 10.0 46
12/6/2004 6 17 14 12.7 -3.9 34
12/6/2004 25 50 50 27.7 29.7 10
12/6/2004 75 21 31 12.1 17.2 13
12/6/2004 116 11 29 5 16 7
Table C12
Swale Total solids
Sampling length Total solids | (<106 pum) TSS TDS Turbidity
date (ft) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
12/8/2004 0 235 222 157 69 88
12/8/2004 2 150 142 105 40 61
12/8/2004 3 122 119 83 32 39
12/8/2004 6 103 95 61 26 31
12/8/2004 25 85 86 39 28 34
12/8/2004 75 141 131 90 33 71
12/8/2004 116 110 99 69 34 63
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APPENDIX D

INITIAL EXPERIMENTS — Box-and-Whisker Plots of Total Solids and Turbidity by the
Variables
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APPENDIX E

INITIAL EXPERIMETS — Line Plots for Total Solids and Turbidity
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APPENDIX F

INITIAL EXPERIMENTS — Particle Size Distributions (Coulter Counter: Beckman®

Multi-Sizer IIT) for Each Experimental Condition (Total: 12 tests)
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Centipede grass, High flow (15 GPM), 1% slope
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Zoysia grass, High flow (15 GPM), 1% slope
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Bluegrass, High flow (15 GPM), 1% slope
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Zoysia grass, High flow (15 GPM), 5% slope
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Bluegrass, High flow (15 GPM), 5% slope
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APPENDIX G

SECOND EXPERIMENTS — Box-and-Whisker Plots of the Different Constituents by the

Variables
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SECOND EXPERIMENTS — Tables of Statistical Summaries of Particle Size

APPENDIX H

Distributions for Each Experiment (Total: 27 tests)

Synthetic turf, 1 % slope, 10 GPM

Table H1

10% | 25% | 50 % 75 % 90 %
0 ft (0 m) 2.1 4.7 12.9 24.4 35.9
2 1t (0.6 m) 2.3 4.1 10.2 19.4 29.1
3 £t (0.9 m) 2 37 9.1 18.8 28
6 ft (1.8 m) 1.7 29 6.6 14.3 27.5
Table H2
Synthetic turf, 1 % slope, 15 GPM
10% | 25% | 50 % 75 % 90 %
0 ft (0 m) 3.1 72 | 155 25.9 35.5
2 ft (0.6 m) 29 6.2 13.3 22.1 32.5
3 £t (0.9 m) 37 6.8 12.8 21.1 30.3
6 ft (1.8 m) 2.5 4.9 10.4 18.7 27.3
Table H3
Synthetic turf, 1 % slope, 20 GPM
10% | 25% | 50% 75 % 90 %
0ft(0m) 2.8 5.9 12.6 22.8 37.1
2 ft (0.6 m) 2.7 6.1 14.2 24.5 36.2
3 £t (0.9 m) 2.5 54 12.1 20.8 29.6
6 ft (1.8 m) 2.5 5.1 10.8 18.8 27.7
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Table H4

Synthetic turf, 3 % slope, 10 GPM

10% | 25% | 50% 75 % 90 %
0 ft (0 m) 33 6.6 13.7 239 36.6
2 ft (0.6 m) 2.9 5.8 11.8 19.6 28.4
3t (0.9 m) 2.9 59 13.1 22.5 333
6 ft (1.8 m) 24 4.5 9.6 17.1 27
Table HS

Synthetic turf, 3 % slope, 15 GPM

10% | 25% | 50% 75 % 90 %
0 ft (0 m) 3.2 6.8 14.2 24.1 36.8
2 ft (0.6 m) 3 6.1 12.9 22.4 32.8
3t (0.9 m) 2.9 6.1 13.1 21.4 29.5
6 ft (1.8 m) 2.7 5.4 10.7 19 27
Table H6

Synthetic turf, 3 % slope, 20 GPM

10% | 25% | 50% 75 % 90 %

0 ft (0 m) 3.1 7.4 16.7 299 438

2 £t (0.6 m) 27 | 58 | 126 | 213 30.4

3t (0.9 m) 7 10.7 16.4 24.2 332

6 ft (1.8 m) 24 4.7 9.8 17.4 25.9
Table H7

Synthetic turf, 5 % slope, 10 GPM
10% | 25% | 50 % 75 % 90 %

0 ft (0 m) 3.2 6.9 15.5 30.9 44.2
2 ft (0.6 m) 2.9 6.5 14.6 24.6 35.8
3 £t (0.9 m) 2.8 5.7 12.1 20.4 30.5

6 ft (1.8 m) 2.5 4.6 10.2 18.7 30.3
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Table H&

Synthetic turf, 5 % slope, 5 GPM

10% | 25% | 50 % 75 % 90 %
0 ft (0 m) 3.1 6.6 14 23.7 33.1
2 1t (0.6 m) 3.1 6.6 13.6 23 33.9
31t (0.9 m) 2.1 4.9 12.7 24.6 105.5
6 ft (1.8 m) 2.6 5.1 10.7 18.9 29.2
Table H9
Synthetic turf, 5 % slope, 20 GPM
10% | 25% | 50 % 75 % 90 %
0 ft (0 m) 3.3 7.1 14.7 23.8 34
2 ft (0.6 m) 3.2 6.5 13.6 23 333
3 £t (0.9 m) 2.8 59 12.4 21.4 32.5
6 ft (1.8 m) 2.8 5.2 10.9 19.6 29.2
Table H10
Bluegrass, 1 % slope, 10 GPM
10% | 25% 50 % 75 % 90 %
0 ft (0 m) 3 5.8 11.3 19.8 29.9
2 ft (0.6 m) 4.2 7.3 12.2 19.7 30.8
3 ft (0.9 m) 4.2 7.1 11.6 18.7 27.6
6 ft (1.8 m) 4.8 8.2 12.9 19.1 26.9
Table HI11

Bluegrass, 1 % slope, 15 GPM
10% | 25% 50 % 75 % 90 %

0 ft (0 m) 3.1 | 6.9 14.7 26 36.8
2 £t (0.6 m) 3 | el 12.3 20.6 30.3
3 (0.9 m) 27 | 5.7 11.2 19 27.8

6 ft (1.8 m) 27 | 54 11.1 19 27.3




Table H12

Bluegrass, 1 % slope, 20 GPM

10% | 25% 50 % 75 % 90 %
0 ft (0 m) 3.1 6.4 12.8 21.1 30.4
2 ft (0.6 m) 3.2 6.6 13.3 23.2 35.6
3 £ (0.9 m) 3.3 6.6 14.1 24.2 37.3
6 ft (1.8 m) 2.7 5.3 10.4 18.4 26.7
Table H13
Bluegrass, 3 % slope, 10 GPM
10% | 25 % 50 % 75 % 90 %
0 ft (0 m) 3.9 7.9 16.7 29.2 43.6
2 ft (0.6 m) 2.3 4.5 9.2 18.5 31.5
3 £t (0.9 m) 3.2 6.1 11.9 21.6 38.6
6 ft (1.8 m) 4.5 7.3 11.1 16.3 27.5
Table H14
Bluegrass, 3 % slope, 15 GPM
10% | 25 % 50 % 75 % 90 %
0ft(0m) 2.7 5.7 13.3 224 31.8
2 ft (0.6 m) 3.5 8.1 18.4 32.6 50.2
3t (0.9 m) 2.8 5.6 11.8 19.8 28.8
6 ft (1.8 m) 23 43 9.4 18.5 29
Table H15
Bluegrass, 3 % slope, 20 GPM
10% | 25% 50 % 75 % 90 %
0 ft (0 m) 3.6 7.7 15.6 25 35
2 ft (0.6 m) 34 6.8 14.5 24.2 33.9
3 ft (0.9 m) 3.6 6.8 12.6 21.4 32.5
6 ft (1.8 m) 3.2 5.8 11.1 19.6 29.6
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Table H16

Bluegrass, 5 % slope, 10 GPM

10% | 25% 50 % 75 % 90 %
0 ft (0 m) 3.2 7 15.6 27.8 38.3
2 ft (0.6 m) 3.7 7.4 14.3 24.4 37.7
3 £t (0.9 m) 4.2 7.2 12.5 214 34.5
6 ft (1.8 m) 4.7 8 13.2 21.8 38.2
Table H17
Bluegrass, 5 % slope, 15 GPM
10% | 25 % 50 % 75 % 90 %
0 ft (0 m) 3.2 7 15 25 36.5
2 ft (0.6 m) 34 7.6 16.3 27.2 38.7
3 £t (0.9 m) 3.8 7.6 15.4 26.8 39.5
6 ft (1.8 m) 3.2 6.3 12.8 22.4 32.8
Table H18
Bluegrass, 5 % slope, 20GPM
10% | 25 % 50 % 75 % 90 %
0 ft (0 m) 3 6.1 12.7 22.1 32.6
2 ft (0.6 m) 3.6 7 14.3 234 322
3 ft (0.9 m) 3.4 6.8 14.5 25.8 38.3
6 ft (1.8 m) 3.3 6 10.2 17.2 23.3
Table H19
Zoysia, 1 % slope, 10 GPM
10% | 25% 50 % 75 % 90 %
0 ft (0 m) 3.5 7.6 16.6 27.3 38.3
2 ft (0.6 m) 3.4 6.1 11.1 18.8 28.5
3 ft (0.9 m) 3.9 6.9 12.5 20.9 39
6 ft (1.8 m) 4.1 6.8 11.9 18.6 29.9
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Table H20

Zoysia, 1 % slope, 15 GPM

10% | 25% 50 % 75 % 90 %
0 ft (0 m) 3.5 7.6 16.9 29.4 41.8
2 ft (0.6 m) 2.7 5.4 10.9 19 28.2
3 £ (0.9 m) 3.1 5.6 9.9 16.4 24.2
6 ft (1.8 m) 3.6 7.9 16.3 27.3 37.5
Table H21
Zoysia, 1 % slope, 20 GPM
10% | 25 % 50 % 75 % 90 %
0 ft (0 m) 3.6 7.9 16.3 27.3 37.5
2 ft (0.6 m) 2.7 5.5 11.8 22.1 33.6
3 £t (0.9 m) 2.7 54 11.4 19.3 28.2
6 ft (1.8 m) 3.1 5.7 11.2 19.2 30.5
Table H22
Zoysia, 3 % slope, 10 GPM
10% | 25 % 50 % 75 % 90 %
0 ft (0 m) 4.2 8.1 15.8 27.9 61.1
2 ft (0.6 m) 4.4 7.3 12.3 28.3 65.8
3 ft (0.9 m) 4 7.5 14.4 31.7 98.3
6 ft (1.8 m) 5.5 9 15.1 25.8 61.5
Table H23

Zoysia, 3 % slope, 15 GPM
10% | 25% 50 % 75 % 90 %

0 ft (0 m) 34 | 77 16.5 273 37.3
2 £t (0.6 m) 33 | 66 12.9 21.6 31.9
3 (0.9 m) 28 | 55 11.1 18.6 27

6 ft (1.8 m) 2.7 4.8 9.1 15.4 23.4




Table H24

Zoysia, 3 % slope, 20 GPM

10% | 25% 50 % 75 % 90 %
0 ft (0 m) 3.4 7.7 16.8 28.5 43.3
2 ft (0.6 m) 3.3 6.9 14 23.8 33.9
3 £ (0.9 m) 3.1 6.2 12.7 22 30.9
6 ft (1.8 m) 2.9 54 10.3 17.8 26.8
Table H25
Zoysia, 5 % slope, 10 GPM
10% | 25 % 50 % 75 % 90 %
0 ft (0 m) 2.5 5.9 12.7 22.4 37.9
2 ft (0.6 m) 2.2 3.9 12.2 26.7 58.3
3 £t (0.9 m) 6.8 11.5 20.8 50.4 91.8
6 ft (1.8 m) 3.5 6.9 13.5 27.5 147.4
Table H26
Zoysia, 5 % slope, 15 GPM
10% | 25 % 50 % 75 % 90 %
0ft(0m) 32 6.9 15.3 25.5 35.5
2 ft (0.6 m) 3.6 7.4 14.7 23.7 32.1
3 ft (0.9 m) 3.3 6.6 13.2 22.8 33
6 ft (1.8 m) 3.2 5.8 10.8 17.3 26.8
Table H27
Zoysia, 5 % slope, 20 GPM
10% | 25% 50 % 75 % 90 %
0 ft (0 m) 34 8.4 18.4 32.6 43.1
2 ft (0.6 m) 3.5 8 17.2 27.6 39.2
3 ft (0.9 m) 3.2 6.3 12.6 21.6 30.6
6 ft (1.8 m) 2.8 5.2 10.1 17.9 28.1
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APPENDIX I

SECOND EXPERIMENTS — Particle Size Distributions for Each Experimental
Condition

Synthetic turf, 1% slope, 10 GPM
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Synthetic turf, 3% slope, 10 GPM
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Bluegrass, 1% slope, 20 GPM
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Zoysia grass, 1% slope, 15 GPM
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Zoysia grass, 3% slope, 20 GPM
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APPENDIX J

SECOND EXPERIMENTS — Performance of USGS/Dekaport Cone Sample Splitter
(Rickly Hydrological Company).

USGS (US Geological Survey)/Dekaport Cone Sample Splitter is a device that
divides a water sample into ten identical sub-samples. It was utilized in the second
experiments and outdoor observations for analyzing the six different analytical
parameters and for producing duplicates. To ensure identical sediment characteristics of

the sub-samples, the performance of the sample splitter was tested by using the same mix
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of the test sediments that were used in the second experiments. In addition to the mix of
the test sediments, SIL-CO-SIL®250 and Sieved Sand (90 to 250 um) were also tested
separately to compare the variability of the three different sediment constituents. Two
separate runs were conducted for each sediment mixture.

Known amounts of the sediments were measured (approximately 0.5 g) and
mixed with one litter of water so that sediment concentration would be approximately
500 mg/L. Then, the test solution was poured into the top of the USGS/Dekaport Cone
Sample Splitter to produce ten identical sub-samples. Total solids analyses were
conducted on all of the sub-samples for the three sediment constituents.

The following tables show the sediment constituents and amounts of the

sediments used for testing the performance of the sample splitter.

Table J1 Sediment Constituent: Mixture of Sediments

First run Second run
Sediments Contribution (g (g
SIL-CO-SIL®106 15% 0.0752 0.0752
SIL-CO-SIL®250 50 % 0.2408 0.2408
Sieved Sand (90 t0250 um) 25% 0.1225 0.1225
Sieved Sand (300 to 425um) 10 % 0.0532 0.0532
Total 100 % 0.4917 0.4917

Table J2 Sediment Constituent: SIL-CO-SIL®250

First run

Second run

SIL-CO-SIL®250

0.5004 (g)

0.5002 (g)

Table J3 Sediment Constituent: Sieved Sand (90 to 250 um)

First run

Second run

Sieved Sand (90 to 250 um)

0.5003 (g)

0.5006 (g)
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The test results shown below shows that the averaged total solids concentration
for each sediment constituent was approximately 560 mg/L due to the presence of
dissolved solids in the tap water adding additional solids to the mixture.

As result, we found that the USGS/Dekaport Cone Sample Splitter was very
efficient in splitting a sample equally into sub-samples. Very little variability was
determined between the sub-samples for both sample volumes and sediments. The
coefficient of variations (COV) of all the sub-sample sets for the three different sediment
constituents were found to be below 0.10 which shows that the sediment concentrations
between the different sub-samples were very similar. Although COVs for the three
sediment constituents were found to be quite small, it was determined that larger particles
had slightly greater variability than smaller particles when comparing the COVs of SIL-
CO-SIL®250 and sieved Sand (90 to 250 um). The following tables and graphs show the
performance of the USGS/Dekaport Cone Sample Splitter for the different sediment
constituents and for volume.

Table J4 Test Results: SIL-CO-SIL®250

First run Second run

Tube ID To(t;‘llgs/‘il)lds To(t;‘llgs/‘il)lds Avg.  Std. Dev  COV

1 573.1 563.2 568.1 7.0 0.012

2 556.0 559.8 557.9 2.7 0.005

3 563.7 547.6 555.6 11.4 0.021

4 553.5 558.8 556.1 3.8 0.007

5 558.2 560.6 5594 1.7 0.003

6 564.3 565.3 564.8 0.7 0.001

7 577.4 523.1 550.2 38.4 0.070

8 565.3 571.9 568.6 4.7 0.008

9 563.6 559.0 561.3 3.3 0.006

10 574.5 570.4 5724 2.9 0.005
Avg. 564.95 557.96
Std. Dev 7.98 14.01

cov 0.014 0.025



Table J5 Test Results: Mix Sediments

First run Second run

Tube ID To(t;lgs/‘il)lds To(t;lgs/‘il)lds Avg.  Sid Dev  COV

1 5474 561.9 554.6 10.2 0.018

2 549.5 572.6 561.1 16.4 0.029

3 560.6 556.0 558.3 3.2 0.006

4 550.0 561.5 555.8 82 0.015

5 565.0 552.0 558.5 9.2 0.016

6 576.2 563.4 569.8 9.1 0.016

7 573.8 572.9 573.4 0.7 0.001

8 556.8 587.5 572.2 21.7 0.038

9 560.0 561.0 560.5 0.7 0.001

10 563.3 572.4 567.9 6.5 0.011
Avg. 560.26 566.12
Std. Dev 9.83 10.33
cov 0.018 0.018

Table J6 Test Results: Sieved Sand (90 to 250 um)

First run Second run
Tube ID To(tamlgs/‘il)lds To(tamlgs/‘il)lds Avg.  Sd.Dev  COV
1 573.7 554.7 564.2 13.4 0.024
2 578.4 536.9 557.7 294 0.053
3 558.8 575.7 567.3 12.0 0.021
4 565.0 565.0 565.0 0.0 0
5 586.7 576.5 581.6 7.2 0.012
6 598.0 627.6 612.8 20.9 0.034
7 587.9 602.8 595.3 10.6 0.018
8 576.3 592.7 584.5 11.6 0.02
9 581.0 563.0 572.0 12.7 0.022
10 569.7 537.4 553.5 22.9 0.041
Avg. 577.55 573.24
Std. Dev 11.58 28.57
cov 0.02 0.05
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Table J7 Volumetric Test

First Second Third Fourth Fifth Sixth
run run run run run run
Tube
1D (mL) (mL) (mL) (mL) (mL) (mL) Avg StdDev COV
1 97 97 97 97 97 97 97.0 0 0
2 95 95 96 96 95 95 95.3 0.52 0.005
3 109 109 108 108 109 109  108.7 0.52 0.005
4 104 103 103 103 104 104  103.5 0.55 0.005
5 101 99 100 99 100 100 99.8 0.75 0.008
6 101 99 99 100 101 101 100.2 0.98 0.010
7 107 107 107 108 107 107  107.2 0.41 0.004
8 97 95 96 94 95 96 95.5 1.05 0.011
9 101 100 100 101 100 100 100.3 0.52 0.005
10 99 98 97 98 98 98 98.0 0.63 0.006
Avg. 101.1 100.2 100.3 100.4 100.6 100.7
Std.Dev  4.48 4.76 4.37 4.74 4.79  4.67
cov 0.04 0.05 0.04 0.05 0.05 0.05
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Fig. J2 Box and whisker plot showing the volumes of the sub-samples
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Fig. J3 Scatter plot showing sediment concentrations of the sub-samples for each

sediment constituent
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APPENDIX K
swale test site)

OUTDOOR SWALE - Rain Information of the Storm Events
(Data obtained from the weather station located 1.5 mile (2.4 km) away from the outdoor
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APPENDIX L

OUTDOOR SWALE — Infiltration Rates of the Outdoor Grass Swale
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Infiltration rate (in/hr)
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Site-3: Lower end of the grass swale (100 ft - 104 ft)
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APPENDIX M

OUTDOOR SWALE — Cross-Sectional Elevation Profiles of the Outdoor Grass Swale
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cross-sectional elevation profile at 40ft
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cross-sectional elevation profile at 80ft
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cross-sectional elevation profile at 116ft
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APPENDIX N

OUTDOOR SWALE — Removal Efficiencies Observed for the Different Constituents
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APPENDIX O

OUTDOOR SWALE —Particle Size Distributions for Each Storm Event
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OUTDOOR SWALE —Graphs of Sediment Concentrations by the Different Particle
Ranges and ‘Irreducible Concentration” Observed between 3 ft and 25 ft
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APPENDIX Q

K-constants Plotted against Shear Stress for the Different Particle Size Ranges
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