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Review of Historical Street Dust and Dirt
Accumulation and Washoff Data

Robert Pitt, Derek Williamson, John Voorhees and Shirley Clark

Many complex models that utilize continuous simolat(SWMM, HSPF,
SLAMM, SIMPTM, etc.) require information pertainirtg the accumulation
rate of pollutants on the land surfaces. This ie ofthe most perplexing
issues in stormwater modeling. A representatiothefaccumulation rates is
usually obtained through trial and error duringhraltion, with little, if any,
actual direct measurements. Historically, direcasmeements have been mis-
applied in modeling applications, resulting in lagenable model predictions.
Many modelers therefore forego accumulation rat&,dareferring to back
into values from outfall observations. This apptoatakes it very difficult to
correctly predict the sources of stormwater politdain urban areas and to
make reasonable stormwater management decisionyy usurce area
controls. This dilemma has come about due to a mmajsinterpretation of
previously collected field data: the assumptiort tstaeet dirt loadings are
zero after most rains. With the correct understamdind modeling of the
washoff process, the vast amount of historicalljected accumulation data
becomes an important modeling resource. This Chapésents a summary
of this useful information. This information hasemeused in Pitt and
Voorhees’ Source Loading and Management Model (SMANINd variations
have been used in Sutherland’s Simple Particulatansport Model
(SIMPTM) to more accurately predict these importsmirce area processes.
Relatively simple modifications can be made to ottentinuous models that
utilize accumulation and washoff functions for maecurate and complete
stormwater control predictions.
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2 Sreet dust and dirt accumulation and washoff

12.1 Introduction

Historically, the term “street dust and dirt” waspéed to all items that are
washed (or sampled) from streets. It actually idekiboth inert and volatile
materials, including soils (usually the most abumidsomponent), trash and
litter (wood, paper, plastics, Styrofoam, metalc.)etand organic matter
(animal feces, grass clippings, leaves, etc.).

The earliest direct street dirt accumulation andshedf tests were
conducted by Sartor and Boyd (1972) during theidfaark EPA research
project. They examined these as two separate coengorio enable more
effective measurements for many different condgiddthers have examined
street dirt accumulation and washoff as a combipextess by examining
runoff data from well described areas, and deridogumulation and washoff
rates by examining interevent data and rainfalrati@ristics. Unfortunately,
this ignores many other processes that may aftfectransport of stormwater
particulates to the measurement locations, mostbiptrun-on of material
from adjacent areas and the deposition and scoupadiculates in the
drainage system. In addition, these tests are ootraled and the highly
varying rain intensities tend to introduce muchadatatter. This chapter
therefore only examines the data separating thanaglation and washoff
processes, as commonly utilized in many stormwatgility models. These
models can have additional routines to specificalgmine deposition and
scour in the drainage system. If the outfall-detieecumulation and washoff
data was used in these models, inaccurate and singfuesults are often
predicted.

12.2 Methodology for Street Dirt Accumulation
Measurements

The street dirt sampling procedures used to colleost of the data
summarized in this chapter were developed by Fif79) and were
extensively used during many of the EPA’s Natiorevidrban Runoff
Program (NURP) projects (EPA 1983) and other sttlsining performance
studies and washoff studies (Pitt 1987). Thesequaes were developed to
be much more flexible and more accurate indicatdrstreet dirt loading
conditions than previous sampling methods usechdwearlier studies (such
as Sartor and Boyd 1972, for example). Powerful\dgrguum sampling, as

used in this sampling procedure, is capable of vémgopractically all of the /{Ddeted: e
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Sreet dust and dirt accumulation and washoff 3

particulates (>99%) from the street surface, coegao wet sampling. It can

also remove most of the other major pollutants fthestreet surface (>80%
for COD, phosphates and metals, for example). \Afetpding (used by Sartor

and Boyd 1972), better removes some of the comestity but wet sampling is
restricted to single, small area sampling and fhegeresults in poorer

descriptions of the street dirt characteristics thuémited samples and poor
representativeness. Dry sampling can be used iy lnaations throughout an

area, is fast, and can also be used to isolatéfispggmpling areas (such as
driving lanes, areas with intensive parking, anéreairport runways and

freeways, if special safety precautions are uded.especially useful when

coupled with appropriate experimental design totis enable suitable

numbers of subsamples to be collected represestibgreas, and finally, the
collected dry samples can be readily separateddiffierent particle sizes for

discrete analyses without the expense of additimealsamples.

One example of this sampling method was used bty a@il McLean
(1986) as part of the Humber River study portioT 8#¥MS (Toronto Area
Watershed Management Study). An industrial stratt heavy traffic and a
residential street with light traffic in Toronto memonitored about twice a
week for three months. At the beginning of thisi@er intensive street
cleaning (one pass per day for each of three catiseaays) was conducted
to obtain reasonably clean streets. Street didihas were then monitored
every few days to measure the accumulation rateg@dt dirt from those low
levels. The methods used for collecting and hagdlihe samples are
described in detail in Burton and Pitt (2002), andhe early EPA reports
(Pitt 1979).

12.3 Other Accumulation and Washoff Data Sources

Many other researchers have examined roadway wladhdhg actual rain
events. As noted above, this information is difficto use to derive
accumulation and washoff rates that are neededrimesmodels. However,
these data do provide excellent insights and engide washoff model
predictions to be compared to actual runoff obgema. The following list
briefly mentions some of these more recent reseatchlies that have
examined roadway runoff.
* Wada and Miura (1996) examined storm runoff fronheavily
traveled highway in Osaka, Japan. The primary facaffecting
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4 Sreet dust and dirt accumulation and washoff

storm runoff concentrations were the amount offitadnd the
fraction of the total traffic that was comprisedrmifcks and buses.

* Montrejaud-Vignoles, et al. (1996) collected storamoff from a
heavily used six-lane motorway in the Mediterrana@ga of France.
The very irregular rainfall in this area and asatezi very-long dry
periods can result in storm runoff that is much enpolluted than
elsewhere in France.

* Ball, et al. (1996) and Ball 2000 examined roadwmollutant
accumulations in a suburb of Sydney, Australia.yTfeund that
local heavy winds had a significant effect on ptalid
accumulations. Historical United States’ data oadmeay-pollutant
accumulations are much greater than found in tHrea.

* Sansalone and Buchberger (1996) studied metalitditibns in
stormwater and snowmelt from a major highway ind@inati, OH.
Zn and Cd were mostly in filterable (dissolved ds)iforms in the
storm runoff, while lead was mostly associated wjtirticulates.
Sansalone has more recently examined highway rdrafi Baton
Rouge, LA.

* Sharma et al., (1997) used a receptor-source nogekdict source
contributions for PAHs in street and creek sediseiihe model
showed that vehicles, along with the coke ovens, the major
contributors to PAHSs in street sediments.

* Downing and McGarity (1998) measured conductivitg aurbidity
in an urban creek in Philadelphia, Pa. They found stages of
pollutant discharges during the first three houfswet weather
runoff: a dissolved solids initial flush followed/fa later suspended
solids (SS) flush.

* Roger, et al. (1998) found that 90% of the particfeom a
contaminated highway runoff catchment were smalian 100pum
during a European study.

* Waschbusch, et al. (1999) investigated sourceshobghorus in
stormwater and street dirt from two urban residgnkiasins in
Madison, Wisconsin. They collected numerous shaetfrunoff
samples from throughout the test watersheds andlwded that
lawns and streets contributed about 80% of thé émtaual loading.

e Andral, et al. (1999) analyzed runoff sedimentdlé@ument total
suspended solids, mineral content, and heavy migtdtse Kerault
Region of France.

. { Deleted: e
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Sreet dust and dirt accumulation and washoff 5

Dierkes and Geiger (1999) found that runoff fronri@an highways
contains significant loads of heavy metals and dgdrbons, and,
according to German regulations, it should be ékatrior to being
used for groundwater recharge.

Drapper, et al. (2000) examined pollutant concé¢ioina (heavy
metals, hydrocarbons, pesticides, and physical achenistics) in
“first flush” road runoff in Brisbane in southeaQueensland,
Australia. Traffic volumes were the best indicatdrroad runoff
pollutant concentrations, with interevent duraticgiso being a
statistically significant factor. Particle sizindiawved significant
proportions of the sediment in runoff were less1th@0 pm.

Krein and Schorer (2000) found an inverse relatigndetween
particle size and particle-bound heavy metal coimagons in road
runoff, while particulate-bound PAHs were foundhte bimodally
distributed.

Sutherland, et al. (2000) investigated the potefttfaroad-deposited
sediments in Oahu, Hawaii, to bind contaminantd, taas transport
these bound contaminants to the receiving watepas$ of the
runoff.

Stenstrom, et al. (2001) studied freeway runoffrfrthree sites in
the west Los Angeles area. The data showed largefifishes in
concentration and moderate first flushes in massson rates.
Neary, et al. (2002) studied the pollutant waslaofi loadings from
parking lots in Cookeville, Tennessee, and fourat the washoff
was affected by antecedent dry conditions andaHiimtensity.

Ma, et al. (2002) investigated first-flushes forghivays. Most
pollutants indicated that 30% of the mass is reléas the first 20%
of the runoff. Pollutants representing organic earihants had the
highest first flush ratios.

Lau, et al. (2002) studied three highway sites fandd first flushes
for most parameters. The mass first flush raticegaty was above
1.8 for the first 25% of the runoff volume, andsiome cases as high
as 2.8.

Vaze and Chiew (2003) studied pollutant washoffnfremall
impervious experimental plots and showed that thergy of the
falling raindrops was important at the beginningtaf event where
the concentration/prevalence of easily detachallutpnts was
greatest.
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6 Sreet dust and dirt accumulation and washoff

» Kayhanian, et al. (2003) investigated the relatigps between
annual average daily traffic (AADT) numbers andhvigy runoff
pollutant concentrations from California  Departmentf
Transportation highway sites. Multiple linear reggien tests
showed that AADT, as well as antecedent dry perilainage area,
maximum rain intensity and land use, influenced tmuighway
runoff constituent concentrations.

* Mishra, et al. (2003) developed mass rating cufeegunoff rate
and mass of 12 dissolved and particulate-bound| rktments from
Cincinnati, OH. Zinc was found to increase with eaetdent dry
period.

» Shinya, et al. (2003) evaluated the factors infhirem highway
pollutant loads associated with urban highway rfinBérticulates
tended to be washed off in heavier rainfall. Antkse dry period
and traffic flow were not correlated with cumulativunoff load
(except for TN).

» Sutherland (2003) investigated lead in six sizetfoas of road-
deposited sediment from Oahu, HI. Significant Pmcemtrations
were seen in all samples, with the silt plus clagtion containing
38% of the total amount.

12.4 Street Dirt Accumulation

The washoff of street dirt and the effectivenessstiet cleaning as a
stormwater control practice are highly dependenthenavailable street dirt
loading. Street dirt loadings are the result of af#on and removal rates,
plus “permanent storage.” The seasonal volatilepmrants that decay also
need to be considered. The most obvious exampdedsonal leaf loadings.
For a relatively short period in the fall, leaves overwhelm all other street
“dust and dirt” material. However, most cities hagpecial cleaning
operations that remove this material in a relayiv@ort period. Initially, the
large leaf loadings can create drainage hazardsldgging inlets. If not
removed, this material decays, and is ground tollemparticles. As the
leaves decay to smaller particles, they are mosdye@moved during rains.
Microscopic examinations and other methods are useddentify the
components of street dust and dirt. The densitgtifet dust and dirt (after
intact leaves and obvious grass clippings are reaijois usually in the range
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Sreet dust and dirt accumulation and washoff 7

of 1.5 to 2.5q/cn}, reflecting the varying amounts of organic debtis - {Formatted: Superscript

incorporated in the finer fractions of material.

The permanent storage component is a function metstexture and
condition and is the quantity of street dust amd tthat cannot be removed
naturally by rains or winds, or by street cleaneguipment. It is literally
trapped in the texture, or cracks, of the strebe Street dirt loading at any
time is this initial permanent loading plus the woalation amount
corresponding to the exposure period, minus thesuspended material
removal by wind and traffic-induced turbulence. Real of street dirt can
occur naturally by winds and rain, or by human \étgti (e.g., by the
turbulence of traffic or by street cleaning equipihe Very little removal
occurs by any process when the street dirt loadargs small, but wind
removal may be very large with larger loadings,eegdly for smooth streets
(Pitt 1979).

It takes many and frequent samples to ascertain atmimulation
characteristics of street dirt. One of the firsse@ch studies to attempt to
measure street dirt accumulation was conducteddsypSand Boyd (1972).
The data from this research was used to form miitieocore of some of the
most commonly used stormwater models still beingdusThe primary
purpose of this early EPA-funded research projexg to investigate the role
of street dirt as a water pollutant. Field investigns were conducted,
between 1969 and 1971, in several cities througtiheutS and in residential,
commercial, and industrial land use areas. A maliement of the field tests
involved measuring the street dirt loadings ondtieets. An appropriate test
location was selected in each city and for eacthn@fand uses. The test sites
had to be near a fire hydrant because water wadedesnd in an area having
no parked cars because access to the curbs waseqlsced. Each area was

about 10 m (30 Jtlong and extended out to the center-line of trelrdrirst, | - [ Deleted: )

hand sweeping with a push broom was used to cafiterkarge particulates.
The sweeping action was from the center of theestawards the curb, and
then along the curb where it was collected usidgst pan and the debris was
placed in a new metal paint can. The area waswhenumed using a wet-dry
shop vacuum connected to a portable generatorthendollected street dirt
was also transferred to the sample can. The str@ethen hosed down, again
starting at the street centerline and moving towdha curb, then along the
curb in a down-slope direction. A garden hose tman adjustable nozzle
was used to form a forceful spray to the streee fibse was attached to an
adapter and flow meter and connected to a nearbyfidrant. The water was
applied until the street stopped showing signsoafirfing. The runoff was

collected using the wet-dry shop vacuum. The ctetbovater was then {Deleted:e
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8 Sreet dust and dirt accumulation and washoff

poured into appropriate Nalgene® sample bottleger(aheasuring the total
water volume collected). The samples were then ditoto a local hotel
where a portable Millipore® bacteriological labanagt was used to analyze
the samples for total and fecal coliforms. The rieing samples were then
shipped to the analytical laboratory where thedsolimetals, COD, and
nutrients were analyzed in both the wet and drypdarfractions. The dry
sample fractions were further sub-divided into sefeaparticle sizes using
standard laboratory sieves, ranging in size fromr63o about 2,000 pm. A
6,370 um screen (made of ¥ inch “hardware clottéched to a wooden
frame) was used before the sieves to remove thge ldebris, including
stones, leaves, and litter. Each sieved fractiorldding the screened
material) was evaluated to determine the partitke slistribution, and
composites were made for chemical analyses.

During a follow-up study, Pitt and Amy (1973) fuethanalyzed each
particle size fraction for heavy metal content. Tdmncentration data was
converted to units of Ib/curb-mile, based on thegte of the gutter included

| in the test area. Prigfforts duringthis research had found that the street dirt- [ Deleted: parts of

loadings were un-evenly distributed across theestfehe test sites were
divided into narrow strips parallel to the curb srath strip was swept and
vacuumed for separate analyses). More than 90%eoétreet dirt was found
to be within 30 cm (one foot) of the curb duringedfa strip tests. Other
measurements conducted during this research irttisaepling adjacent test
areas before and after street cleaning. Many @leenents were also included
in the breakthrough Sartor and Boyd (1972) researadiuding street dirt
washoff tests that will be discussed later.

Figure 12.1 is a plot of the 26 test area measurtmmeollected from
different cities, but separated by the three lasdsuThe data were plotted
based on the number of days since the street had bleaned by the
municipal street cleaning operation, or a “sigmifit’ rain. A significant rain

| was considered to be about 10 mm, or larger, thatiredover a few hours. - [ Deleted: is usually

These rains normally remove at least 90% of theaitale” street dirt ~~- { Deleted: occurs

washoff load, as will be described in the followidgscussion. The street
cleaning and this rain were both assumed to renatlvef the street dirt;
hence the curves were all forced through zero tapdt zero days.

During later street dirt measurements in the midok) Pitt (1979)
modified the earlier street dirt sampling methodsaliow better statistical
representations throughout the test area and tobeotestricted to areas
having no parked cars. These modified street dirh@ing methods are
described by Burton and Pitt (2002).

. { Deleted: e
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Figure 12.1 Accumulation curves developed during early street cleaning
research (Sartor and Boyd 1972).

The studies summarized in this Chapter typicallyoimed collecting many
hundreds of composite street dirt samples everydgys during the course of
the one to three year projects from each study. akéth each composite
sample made up of about 10 to 35 subsamples, @ tangmber of subsamples
were collected, typically numbering in the thousapeér project. Without this
high resolution (and effective) sampling, it is rmassible to identify the
variations in loadings and effects of rains ane@ettrcleaning on street dirt
loadings. Figures 12.2 and 12.3 are examples ofmbasured street dirt
loading as a function of time for both smooth aadgh streets for an early
study in San Jose, CA (Pitt (1979). These plotsfara short portion of the
whole test period and only show results for a seuging a standard 4-wheel
mechanical street cleaner and the beginning oh#x¢ series using a newer
unit. These plots do not show the results for theuum-assisted street cleaner
which are given in the full research report. Thedets clearly show
accumulation rates (and increases in particle sfzthe street dirt) as time
between street cleaning lengthens. It is also evithat there is a substantial
residual loading on the streets immediately after street cleaning (the
“before” and “after” street dirt samples were colerl immediately before
and after the street cleaning operations, typiagitiin a half hour).

Figure 12.4 shows very different street dirt loggifior two San Jose, CA
residential study areas having different streettures (Pitt 1979). The
accumulation and deposition rates are quite simbat the initial loading
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10 Sreet dust and dirt accumulation and washoff

values (the permanent storage values) are vererdiff. The loading
differences were almost solely caused by the diffesstreet textures, with
greater amounts of street dirt trapped by the ewafsil and screens)
pavement. Street cleaning and rains are not ableerrmove this residual
material, but effective sampling can.
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Figure 12.2 Street dirt accumulation and particle size changes on good
asphalt streets in San Jose, CA (Pitt 1979).
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Figure 12.3 Street dirt accumulation and particle size changes on rough
asphalt streets in San Jose, CA (Pitt 1979).
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Sreet dust and dirt accumulation and washoff 11

“Oil and screens” is a common overlay material usedejuvenate older
road surfaces. A layer of oil is sprayed on theasghalt and screens (small
gravel that is screened to a specific size rargyef)én spread on the oil. The
resulting surface is very rough, with substantietage for finer materials.

In early studies (APWA 1969; Sartor and Boyd 194t%] Shaheen 1975),
it was assumed that the initial loading values weeeo. The sampling
procedures used were very effective in removindoalke material from the
streets, including the loadings that could not &maved by rains or street
cleaning. Calculated accumulation rates for rougkets were therefore very
large, as they were forced through the origin ef kot of the loading values
against time. The early, uncorrected, Sartor anglBx@cumulation rates that
ignored the initial loading values were almost tienes the corrected values
that had reasonable “initial loads.”

A street dirt loading equation that can be usedefmresent street dirt
loading (Pitt 1979) is:

Y=ax-b+ ¢
where:
Y = streetloading at time
a,b,c = second order polynomial curve coefficients
ax = the deposition loading
bx = the amount lost to the air, and
¢ = theinitial storage loading

This curve should only be used over the range skoked accumulation
periods. For long accumulation periods, this quéalegjuation may predict
decreasing loadings, so the curve should only bended until a maximum
is reached.

At very long accumulation periods relative to thenrfrequency, the wind
losses (fugitive dust) may approximate the depmsitate, resulting in very
little increases in loading. Roadside atmosphesatiqulate measurements
were conducted by Pitt (1979) in San Jose as phrhi® street dirt
measurement studies. He used Climet particle cotdenbtain real-time size
distributions of fugitive dust losses along buswde as traffic and winds
resuspended and transported the material off tieetstand towards adjacent
areas. Hi-vol samplers and meteorological statiwage also simultaneously
used to verify the mass measurements. In BelleWashington, with
interevent rain periods averaging about 3 dayadstéoadings were observed
only after about 1 week (Pitt 1985). In Castro ¥gll California, the rain
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12 Sreet dust and dirt accumulation and washoff

interevent periods were much longer (ranging frdroua 20 to 100 days) and
steady loadings were never observed (Pitt and ®tyal@82).
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Figure 12.4 Deposition and accumulation of street dirt (Pitt 1979).

Street dirt loading data is difficult to fit to angurve because of many
potential measurement and interpretation errorse Tieasurements are
usually obtained with 25% allowable errors duefte karge sampling effort
increases needed to collect enough sub-samplégrificantly reduce these
errors. As an example, it requires about five tinass many street dirt
subsamples for a 10% allowable error as compared28% allowable error
(Pitt 1979). Many areas also have frequent (evevy days) rains. In most
cases, frequent rains keep the street dirt loadiggg close to the initial

storage value, with little observed increase i dacumulation over time. If
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Sreet dust and dirt accumulation and washoff 13

the loading value is not very well correlated witbcumulation time, linear
regression curve fitting may not result in sigrafic equation coefficients.
Other problems arise when attempting to use leqsarss regression
techniques with data that contain different disttibns of residuals (errors)
over the range of predictor variables, or if th@es are not independent. This
is especially true with street dirt accumulatiotiadas there are usually few
street dirt loading observations associated withgl@accumulation periods.
The shorter accumulation period observations uguzive much smaller
errors (due to smaller allowable data ranges) thanobservations having
longer accumulation periods (which are not as ecaimstd). The short period
loadings are relatively low, and the range of obsgrloadings at these low
accumulation periods range from zero to valuesdnthree times higher than
the predicted loadings. The observed loadings atldinger accumulation
periods are also constrained at zero for minimutnes but the range of
possible values is much larger than for the loveadings. The errors for
these longer period observations can be greateaubecof the greater
opportunity for other factors that are not includéd the regression
relationship to be prominent. These other factoidude variable winds,

factors. Logarithmic transformations of the loadimglues can sometimes
produce normally distributed residuals over thegearof data that are
necessary for least-squares regression analyses felatively easy to

calculate the accumulation rate for the criticabrshime periods using data
such as shown in Figures 12.2 and 12.3 which areeraus and highly
repeatable. The fewer and more variable data agedciwith longer

accumulation periods (long dry periods) are mofiécdit to analyze.

Early measurements of across-the-street dirt digions made by Sartor
and Boyd (1972) indicated that about 90% of theettdirt was within about
30 cm of the curb face (typically within the gutteea). These measurements,
however, were made in areas of no parking (nearhfyidrants because of the
need for water for the sampling procedures thatewsesed). The traffic-
induced turbulence was therefore capable of blowugt of the street dirt
against the curb barrier (or over the curb ontoaeat sidewalks or
landscaped areas) (Shaheen 1975). In later teits(1D79) and Pitt and
Sutherland (1982) examined street dirt distribigianoross-the-street in many
additional situations. They found distributions ##mnto Sartor and Boyd's
observations only on smooth streets, with moddmateeavy traffic, and with
no on-street parking. In many cases, most of tleettlirt was actually in the

driving lanes, trapped by the texture of roughedrelf extensive on-street {Deleted:e
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14 Sreet dust and dirt accumulation and washoff

parking was common, much of the street dirt wasidbgeveral meters out
into the street, where much of the resuspendedii(irstreet dirt blew against
the parked cars and settled to the pavement. Fig2re shows across-the-
street distributions of street dirt, both beforel after street cleaning for a
relatively busy roadway (having no parking) in Belie, WA (Pitt 1985).
Only about 20% of the street dirt was near the defore street cleaning,
while 90% was within about 2.5 m. After cleaninge toad was even more
evenly distributed, as the street cleaner prefedntemoved street dirt near
the curb and blew some dirt out into the street.

12.5 Summary of Observed Accumulation Rates

Table 12.1 summarizes many accumulation rate measnts obtained
from throughout North America. In the earliest $¢sd(APWA 1969; Sartor
and Boyd 1972; and Shaheen 1975), the initial stteeloading values after
a major rain or street cleaning were assumed el® as noted above.

Calculated accumulation rates for rough street® weerefore very large.
Later tests measured the initial loading valueselo the end of major rains
and street cleaning and found that these initidliesa are usually high,
depending on the street texture.

When these starting loadings were considered foe #arlier
measurements, the re-calculated accumulation maéee much lower. The
early, uncorrected, Sartor and Boyd accumulatitesrthat ignored the initial
loading values were almost ten times the correcéhakes shown on this table.
Unfortunately, most urban stormwater models usesbehvery high early
accumulation rates as default values.

The most important factors affecting the initiahdting and maximum
loading values shown on Table 12.1 were found tetheet texture and street
condition, and not land use. When data from mansgtions are studied, it is
apparent that smooth streets have substantiallg lesdings at any
accumulation period compared to rough streetsHersame land use. Very
long accumulation periods relative to the rain fregcy result in high street
dirt loadings. During these conditions, the windses of street dirt (as
fugitive dust) may approximate the deposition ratsulting in relatively
constant street dirt loadings.

In Castro Valley, CA, the rain interevent periodaged from about 20 to
100 days, and steady loadings were observed dftart 80 days when the
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Sreet dust and dirt accumulation and washoff 15

loadings became very high and fugitive dust logsesed by the winds and
traffic turbulence moderated the loadings (Pitt Shawley 1982).

Pitt and McLean (1986) studied street dirt accutmtarates and the
effects of street cleaning in Toronto. An induststteet with heavy traffic
and a residential street with light traffic werenitored about twice a week
for three months. The industrial area was relagivedw (about 10 years old)
and included about 100 separate operations, mesathghousing but with
some light manufacturing and some heavy equipmerage.
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Figure 12.5 Re-distribution of street dirt across the street during street
cleaning (Pitt 1985).

At the beginning of this period, intensive strdetaing (one pass per day for
each of three consecutive days) was conducted tmnobeasonably clean
streets. Street dirt loadings were then monitoneztyefew days to measure
the accumulation rates of street dirt. The stréétp@rticulate loadings were
quite high before the initial intensive street cieg period and were reduced
to their lowest observed levels immediately after last street cleaning. After
street cleaning, the loadings on the industri@ettincreased somewhat faster
than for the residential street. Right after inteascleaning, the street dirt
particle sizes were similar for the two land uddewever, the loadings of
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16 Sreet dust and dirt accumulation and washoff

larger particles on the industrial street increaated much faster rate than on
the residential street, indicating more erosiontracking materials being

deposited onto the industrial street. The residestreet dirt measurements
did not indicate that any material was lost to dhmosphere as fugitive dust,
probably because of the lower street dirt accurmriatate and the short
periods of time between rains. The street dirt ilogel never had the

opportunity to reach the high loading values needefbre they could be

blown from the streets by winds or by traffic-inédc turbulence. The

industrial street, in contrast, had a greater st accumulation rate and

reached the critical loading values needed fortifiegidust losses in the

relatively short periods between the rains.

12.6 Washoff of Street Surface Pollutants

12.6.1 Background

In many areas, the degradation of the road surtame traffic related
discharges are responsible for most of the paatieutlischarges in urban
runoff. This is true during relatively small angdeintense rains. However, in
areas having substantial exposed soil or dirt sasfa(including unpaved
roads, driveways, or parking lots), these are atmportant sources. In
addition, areas having substantial rain energiesh(gs in the US southeast)
also have large sediment losses from landscapetk,aespecially during
larger storms when flows start to be produced ftoese areas.

Shaheen (1975) found that road surface particutatdsolluted area soils
(affected by traffic related pollutants) contributeost of the urban runoff
particulate pollutants.

Many urban runoff models assume that “all” of th@lytants and runoff
flows in urban areas originate from directly corteécimpervious areas,
ignoring contributions from pervious areas. Therectr interpretation of
particulate washoff from impervious surfaces is refiere critical to
understanding urban runoff quality. This discusssommarizes some of the
procedures that are commonly used to estimatecphatt washoff from
impervious surfaces, presents the results of wéghefs, and describes a
street dirt washoff model based on extensive fiedisurements.
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Sreet dust and dirt accumulation and washoff 17
Table 12.1 Street dirt loadings and deposition rates.
1 2 3 4 Reference
Smooth and Intermediate Textured Streets
Reno/Sparks, NV — good condition 80 1 85 5 Pitt 8otherland
1982
Reno/Sparks, NV — good with smooth 250 7 400 30 Pitt and Sutherland
gutters (windy) 1982
San Jose, CA — good condition 35 4 >140 >50 Pito19
U.S. nationwide — residential streets, 110 6 140 5 Sartor and Boyd 1972
good condition (corrected)
U.S. nationwide — commercial street, 85 4 140 5 Sartor and Boyd 1972
good condition (corrected)
Reno/Sparks, NV — moderate to poor 200 2 200 5 Pitt and Sutherland
condition 1982
Reno/Sparks, NV — new residential area 710 17 910 15  Pitt and Sutherland
(construction) 1982
Reno/Sparks, NV — poor condition, with 370 15 630 35  Pitt and Sutherland
lipped gutters 1982
San Jose, CA — fair to poor condition 80 4 230 70itt @79
Castro Valley, CA — moderate condition 85 10 290 7@itt and Shawley 1982
Ottawa, Ontario — moderate condition 40 20 na natt 18B3
Toronto, Ontario — moderate condition, 40 32 100 >10 Pitt and McLean 1986
residential
Toronto, Ontario — moderate condition, 60 40 351 >10 Pitt and McLean 1986
industrial
Believue, WA — dry period, moderate 140 6 >230 20 Pitt 1985
condition
Believue, WA — heavy traffic 60 1 110 30 Pitt 1985
Believue, WA — other residential sites 70 3 140 3@itt 1985
Average: 150 9 >270 >25
Range: 35- 1-40 85- 5-70
710 910
Rough and Very Rough Textured Streets
San Jose, CA — oil and screens overlay 510 6 >710 50 >Pitt 1979
Ottawa, Ontario — very rough 310 20 na na Pitt 1983
Reno/Sparks, NV 630 10 860 35 Pitt and Sutherland
1982
Reno/Sparks, NV — windy 540 34 >1,40 >40 Pitt and Sutherland
0 1982
San Jose, CA — poor condition 220 6 430 30 Pit9197
Ottawa, Ontario — rough 200 20 na na Pitt 1983
U.S. nationwide — industrial streets (poor 190 10 370 10 Sartor and Boyd 1972
condition) (corrected)
Average: 370 15 >750 >30
Range: 190- 6-34 370 - 10 -
630 >1,40 >50
0

1.Initial Loading Value (g/curb-m) 2. Daily Depdsit Rate (g/curb-m-day) 3. Maximum Observed
Loading (g/curb-m). 4. Days to Observed Maximum diog
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18 Sreet dust and dirt accumulation and washoff

Washoff of particulates from impervious surfacesdependent on the
available supply of particulates on the surface, thin energy available to
loosen the material, and the capacity of the rutmffransport the loosened
material. Observations of particulate washoff dgricontrolled tests may
result in empirical washoff models that are notliasted as incomplete
theoretical models. Washoff experiments using é&ctfieets and natural
street dirt and debris are affected by street distributions and armoring.
Their disadvantage is the assumption of transfityabilf the washoff
experiments are conducted for many situations, itheray be possible to use
the resultant model for other situations.

Brief descriptions follow for two methods (the Maliequation, as
described and used by Sutherland and McCuen 19%Bthre Sartor and
Boyd, 1972, equation) currently used in most urlbanoff models for
estimating particulate washoff from impervious ao#s. They can be used to
obtain satisfactory estimates of particulate washbftheir limitations are
recognized and if rough estimates are all thategaired. Unfortunately, they
are often used in situations beyond their limitacfs as for small rains,
unusual street dirt loadings, or rough pavementutes). Certain washoff
equation parameters have also been misunderstootl és confusing total
street dirt load with “available” street dirt load)he use of these washoff
equations in popular and well documented urbanffuamputer models also
implies more confidence in their accuracy than imayvarranted.

A field study is also briefly summarized that fousignificant washoff
differences for various particle sizes. These oleskbmvashoff quantities are
compared to the values obtained with these two @ffishodels, but the
observed washoff quantities are shown to be mush tlean predicted with
these two washoff equations. These data obsergatim the existing
washoff models’ inabilities to accurately predicishoff lead to the series of
washoff tests conducted by Pitt (1987) and the ldgveent of washoff
models sensitive to important environmental condai

12.6.2 Sartor and Boyd Washoff Equation

The earliest controlled street dirt washoff experits were conducted by
Sartor and Boyd (1972) during the summer of 197Bakersfield, California.
Their data are used in many urban runoff modeldyding SWMM, Huber
and Heaney 1981; STORM, COE 1975; and HSPF, Donigial Crawford
1976) to estimate the percentage of the availabtécplates on the streets
that would wash off during rains of different magdies. They used a rain
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Sreet dust and dirt accumulation and washoff 19

simulator having many nozzles and a drop height-2f2 to 2 ms in street
test areas of about 5 by 10 ms. Tests were cordiumte concrete, new
asphalt, and old asphalt, using simulated raimsities of about 5 and 20
mm/h. They collected and analyzed runoff samplesryed5 minutes for
about two hours for each test. Figure 12.6 shows ots of their data,
showing the asymptotic shape of the accumulativehai curves for several
particle sizes. Sartor and Boyd fitted their dataah exponential curve,
assuming that the rate of particle removal of @wisize is proportional to the
street dirt loading and the constant rain intensity

dN/dt=kr N
where:
dN/dt = the change in street dirt loading per unietim
k = proportionality constant
r = rain intensity (in/h)
N = street dirt loading (Ib/curb-mile)

This equation, upon integration, becomes:

N = No e—krt
where:
N = residual street dirt load (after the rain)
N, = initial street dirt load

t rain duration

Street dirt washoff is therefore equaNg- N. The variable combination rt, or
rain intensity times rain duration, is equal toatotain volume R). This
equation therefore further reduces to:

N=N,e<®

Therefore, this equation is only sensitive to togh, and not rain intensity.
Because of decreasing particulate supplies, therexgial washoff curve
predicts decreasing concentrations of particulatéstime since the start of a
constant rain (Alley 1980 and 1981).

It is very important to note that these figures dat show the total street
dirt loading that was present before the washdaffsteMost modelers have
therefore assumed that the asymptotic maximum sheaenthe total “before-
rain” street dirt loading; the actual total strdet loadings were several times
greater than the maximum washoff amount observed.
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20 Sreet dust and dirt accumulation and washoff

The proportionality constank, was found by Sartor and Boyd to be
slightly dependent on street texture and conditiart,was independent of rain
intensity and particle size. The value of this ¢ansis usually taken as
0.18/mm, assuming that 90% of the particulates véllvashed from a paved
surface in 1 hour during a 13 mm/h rain. HowevdleyA(1981) fitted this
model to watershed outfall runoff data and fourat the constant varied for
different storms and pollutants, for a single stadsa.
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Figure 12.6 Street dirt washoff during high intensity rain tests (Sartor
and Boyd 1972).

Novotny examined “before” and “after” rain eventegtt particulate loading
data using the Milwaukee NURP data (Bannerman).et983) and found
almost a three-fold difference between the consteattie for fine (<45
microns) and medium sized particles (100 to 25Caonk); 0.026/mm for the
fine particles and 0.01/mm for the medium sizedtiglas, both much less
than the “accepted” value. Jewell, et al. (1988pdbund large variations in
outfall “fitted” constant values for different r@ncompared to the typical
default value. Either the assumption of the highaeal of particulates during
the 13 mm/h storm was incorrect or/and the equatiamot be fitted to
outfall data (which assumes that all the parti@daare originating from
homogeneous paved surfaces during all storm conditi

This washoff equation has been used in many urhemoffr models
(including SWMM, STORM, and HSPF), but the No factbas been
frequently misinterpreted. It has been assumedetdhle total initial street
loading, when in fact it is only the portion of ttgal street load available for
washoff (the maximum asymptotic washoff load obsérduring the washoff
tests). STORM and SWMM now use an availability éaq®) for particulate
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Sreet dust and dirt accumulation and washoff 21

residue as a calibration procedure in order tocdedbe washoff quantity for
different rain intensities (Novotny and Chester81)9

A=0.057 + 0.04 (r*h
where
r = the rain intensity (mm/h), and
A <1.0.

This regression equation is used to adjust thetiveldmportance of the
particulate residue contributions from pervious @émgervious source areas.
This availability factor is equal to 1.0 for alimantensities greater than about
18 mm/h. For rains of 1 mm/h, this availability tacreduces to about 0.10.
HSPF does not use an availability factor in anngpteto be “more universally
applicable” (Donigian and Crawford 1976). Insteadlibration of observed
with predicted outfall yields are used to “adjustie accumulation and
washoff rates directly in HSPF. The availabilityetfar in SWMM does not
really have a significant effect on the variatiohntlte predicted runoff load.
However, it does affect the relationship between riimoff volume and the
particulate washoff (and therefore concentration).

Jewell, et al. (1980) stressed the need to haa tadibration data before
using the exponential washoff equation, as the ultefaalues can be very
misleading. The exponential washoff equation forpémvious areas is
justified, but washoff coefficients for each po#lat would improve its
accuracy.

12.7 Street Dirt Washoff Observations

Particle dislodgement and transport characteristiégmpervious areas can be
directly measured using relatively easy washoffteEhese tests are used to
supplement dry street dirt sampling at impervioosree areas. Street dirt
sampling, or other pavement dirt sampling, is naidieg because little of the
sampled street dirt actually washes off duringgain

The Bellevue, Washington, urban runoff projectt(P&85) included about
50 pairs of street dirt loading observations clmsthe beginnings and ends of
rains. These before and after loading values werapared to determine
significant differences in loadings that may hawe caused by the rains.
The observations were affected by rains fallingdiy on the streets, along
with flows and particulates originating from nomestt areas. The net loading
differences were therefore affected by streetwlashoff (by direct rains on

the street surfaces and by gutter flows augmenyedstream” area runoff) /{De|eted: e
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22 Sreet dust and dirt accumulation and washoff

and by erosion products that originated from noaestareas that may have
settled out in the gutters. When all the data werssidered together, the net
loading difference was about 10 to 13 g/curb-m nesdo This amounted to a
street dirt load reduction of about 15%, which wasch less than predicted
using the previously described washoff models.

Large reductions in street dirt loadings for thealnparticles were
observed during rains in Bellevue, but the largesticles actually increased
in loadings (due to settled erosion materials)staswn in Figure 12.7. The
particles were not source limited, but armor shigjdmay have been
important. Most of the weight of solid materialtive runoff wasoncentrated
in the fine particle sizes (<68m). Very few washoff particles greater than
1,000pum were found, in fact, loadings increased for #rgeést sizes. Urban
runoff outfall particle size analyses in Bellevueit{ 1985) resulted in a
median particle size of about 30m. Similar results were obtained in the
Milwaukee NURP study (Bannerman, et al. 1983). Mafithese samples
were examined by microscope to verify the sourog merphology of the
particulates. The particulates were all found to discrete, with no
flocculation or other binding. The runoff actionsiéely too violent to allow
any permanent flocs to form. Binding of particutatey oils was also not
observed, but could have occurred for smaller glagti(a few pm in size) that
could not be resolved easily in the microscope.

Particulate residue washoff predictions for Bellewonditions were made
using the Sutherland and McCuen (1978) modificatibthe Yalin equation,
and the Sartor and Boyd (1972) equation. Threeigarsize groups (<63,

250-500, and 2000-6350m), and three rains, having depths of 5, 10, and 20

mm and 3-hour durations, were considered. The rgudegths for the

Bellevue test areas averaged about 80 m, with rgsitbpes of about 4.5%.
Typical total initial street dirt loadings for thtbree particle sizes were: 9
g/curb-m for <63um, 18 g/curb-m for 250-50@m, and 9 g/curb-m for 2000-
6350 um. The Bellevue net loading removals during themstowas about
45% for the smallest particle size group, 17% fog tiddle particle size
group, and -6% (6% loading increase) for the largesticle size group. The
predicted removals were 90 to 100% using the Slatheérand McCuen

method, 61 to 98% using the Sartor and Boyd equasind 8 to 37% using
the availability factor with the Sartor and Boyduetion. The ranges given
reflect the different rain volumes and intensit@dy. There were no large
predicted differences in removal percentages asnetibn of particle size.

The availability factor with the Sartor and Boyduation resulted in the

washoff. In:Effective Modeling of Urban Water Systems, Monograph 13. James, Irvine, McBean & Pitt,
Eds. ISBN 0-9736716-0-20CHI2004 www.computationaliaydics.com

. { Deleted: e
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closest predicted values, but the great differefmtegashoff as a function of
particle size was not predicted.

The rain energy needed to remove larger partisl@stich greater than for
small particles. Therefore, rains are much moreatffe in removing fine
particles than large particles.
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Figure 12.7 Observed washoff of street dirt during tests in Bellevue, WA
(Pitt 1985).

In contrast, mechanical street cleaning equipmesfepentially removes the
larger particles compared to the small particleaclWim street cleaning
equipment should be able to remove the finer gestibetter than the larger
particles, but most vacuum street cleaners caremabve the fine particles
effectively under typically moist conditions and the presence of larger
particles that cover most of the finer street dirherefore, particles of
different sizes “behave” quite differently on steeeTypical street dirt total
solids loadings show a “saw-tooth” pattern withdilmetween street cleaning
or rain washoff events. The patterns for the sepaparticle sizes are
considerably different than the pattern for totsidue. Typical mechanical
street cleaners remove much (about 70%) of theseqaarticles in the path of
the street cleaner, but they remove very littiéhef finer particles (Sartor and
Boyd 1972; Pitt 1979). Rains, however, remove vkitle of the large

particles, but can remove large amounts (about 56f4he fine particles /{Deleted:e
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24 Sreet dust and dirt accumulation and washoff

(Bannerman, et al. 1983; Pitt 1985; Pitt 1987). Fitermediate particle sizes
show reduced removals by both street cleanersand r

The Bellevue street dirt washoff observations ideldi effects of
additional runoff volume and particulates origingtifrom non-street areas.
The additional flows should have produced moreeguparticulate washoff,
but upland erosion materials may also have settl¢ide gutters (as noted for
the large particles). However, across-the-stredt Idading measurements
indicated that much of the street dirt was in ttieet lanes, not in the gutters,
before and after rains. This dirt distribution rees the importance of these
extra flows and particulates from upland areas. iibeeased loadings of the
largest particles after rains were obviously causgdpland erosion, but the
magnitude of the settled amounts was quite smafipawed to the total street
dirt loadings.

12.7.1 Small-Scale Washoff Tests

Street dirt has a wide range of particle sizesthedchemical quality varied
greatly for the different particle sizes. It isthfore important to mostly focus
on the fraction that will be removed during raififiere is much confusion
(and error) if the easily measured street dirtilogsl are assumed to be totally
available for washoff. Washoff tests can therefbesused to estimate the
fraction of the total loading measured on the stitest can be removed during
rains.

In order to clarify street dirt washoff, Pitt (198€onducted numerous
controlled washoff tests on city streets in Tororftbese tests were arranged
as an overlapping series of 23 factorial tests, amde analyzed using
standard factorial test procedures described by, Rixal. (1978). The
experimental factors examined included: rain intgnsstreet texture, and
street dirt loading. The differences between ab&land total street dirt loads
were also related to the experimental factors. Sdraples were analyzed for
total solids (total residue), dissolved solidséfiible residue: <0.45m), and
SS (particulate residue: >0.4Bn). Runoff samples were also filtered through
0.45um filters and the captured material on the filtet@s microscopically
analyzed (using low power polarized light microsespto differentiate
between inorganic and organic debris) to determpegticulate size
distributions from about 1 to 500m. The runoff flow quantities were also
carefully monitored to determine the magnitudendafal and total rain water
losses on impervious surfaces.
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Table 12.2 presents the site data along with tteicb@in and runoff
observations obtained during these tests. All tesi®e conducted for about
two hours, with total rain volumes ranging from abs to 25 mm. The test
code explanations are shown in Table 12.3. Tabl2 &Bows the specific
experimental levels that each variable was helddtoing each test.
Unfortunately, the streets during the LDS test waskeas dirty as anticipated
and was actually a replicate with the LCS test® 3tatistical analyses were
modified to indicate these unanticipated duplicdiservations.

A simple artificial rain simulator was constructeding 12 lengths of
“soaker” hose, suspended on a wooden frameworktatmel m above the
road surface (Figure 12.8). This test setup wagyded and tested to best
represent actual rainfall conditions. Pitt (198@%ctibes rain energy and drop
size in natural events.

Table 12.2 Experimental Levels for each Test Factor

Rain intensity Street dirt loading Street texture
Expected to enhance  High (11.0 to Dirty (10.5to 12.6 Smooth (0.3 to 0.4 mm
percentage washoff: 12.2 mm/h) g/mz) detention storage)
Expected to retard Low (2.9 to Clean (1.7 to 2.6 Rough (1.1 mm detention
percentage washoff: 3.2 mm/h) g/mz) storage)

Table 12.3 Test Codes for Washoff Tests

Test code Rain intensity Street dirt Street texture
loading

HCR High Clean Rough

HDR High Dirty Rough

LCR Light Clean Rough

LDR Light Dirty Rough

HCS High Clean Smooth

HDS High Dirty Smooth

LCS Light Clean Smooth

LDS (LCS) Light Dirty Smooth

Toronto rain conditions were examined and repregiget “rain” intensities

were used during these tests to represent aveaagmtensities (3 mm/h) and
peak rain intensities (12 mm/h). Commonly used 5@/Imrain intensities
used in agricultural runoff and infiltration studigvould only be applicable
for the most extreme and short rain periods. A remdf alternative setups
were tested indoors in a large Toronto public wonksehouse. This setup
was the most practicable when using these relgtiveiall” intensities
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26 Sreet dust and dirt accumulation and washoff

(compared to the agricultural tests, or the Rainl Bprinkler setups used by
Sartor and Boyd, 1972, during their washoff tedbshp sizes were estimated
using flour pans that were uncovered for shortquriso the “rain” drop sizes
could be indicated by holes in the deep flour. Kimetic energies of the
“rains” during these tests were therefore compardbl actual rains under
investigation.

“Rain” was applied by connecting the hoses to a ifolah having
individual valves to adjust constant rain inteesitfor the different areas. The
manifold was in turn connected to a fire hydrartte low rate needed for
each test was calculated based on the desiredint@Einsity and the area
covered. The flow rates were carefully monitoredusyng a series of ball
flow gauges before the manifold. The distributiaighe test rains over the
study areas were also monitored by placing abowtr2dll beakers over the
area during the rains. In order to keep the drapssiepresentative of sizes
found during natural rains, the surface tensiothefwater drops hanging on
the plastic soaker hoses was reduced by applylightacoating of Teflon®
spray to the hoses.

Figure 12.8 Small-scale washoff test setup in Toronto (Pitt 1987).

It was difficult to obtain even distributions ofimeduring the light rain tests in
Toronto using the manifold, so a single hose wadubat was manually
moved back and forth over the test area duringstheller rain tests (three
people took 30-minute shifts). To keep evaporatieasonable for the rain
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Sreet dust and dirt accumulation and washoff 27

conditions, the test sites were also shaded dstingytestdays. Blank water |
samples were also obtained from the manifold fockbeound residue
analyses; otherwise, the filterable residue of ‘t&n” water (about 185
mg/L) could cause substantial errors when calagattal solids washoff.

The areas studied were about 3 by 7 ms each. Téwt side edges of the
test areas were edged with plywood, about 30 chreight and imbedded in
thick caulking, to direct the runoff towards therlzsi with minimal leakage.
All runoff was pumped continuously from downstreaaumps (made of
caulking and plastic sand bags) to graduated 10B@lgene containers. The
washoff samples were obtained from the pumped wgteng to the
containers every 5 to 10 minutes at the beginninte tests, and every 30
minutes near the end of the test. Final completees of the test areas were
also conducted (and sampled) at the tests’ cowelssto determine total
loadings of the monitored constituents.

The samples were analyzed for total residue, tidtrasidue (TDS), and
particulate residue (SS), along with bacteria. Rursamples were also
filtered through 0.4 micron filters and microscagig analyzed (using

polarized light microscopes to differentiate betweéeorganic and organid - [ Deleted: low power

debris) to determine particulate residue sizeiigtions from about 1 to 500
microns. The runoff flow quantities were also callgf monitored to
determine the magnitude of initial and total raiatev losses on impervious
surfaces.

These tests were different from the important earartor and Boyd

(1972) washoff experiments in the following ways:

« They were organized in overlapping factorial exmerital
designs to identify the most important main factaaad
interactions.

» Particle sizes were measured down to about oneomigin
addition to particulate residue and filterable dasi
measurements).

* The precipitation intensities were lower in order better
represent actual rain conditions of the upper m&dwe

» Observations were made with more resolution ab#fginning of
the tests.

*  Washoff flow rates were frequently measured.

* Emphasis was placed on total street loading, net jotal
available loading.

» Bacteria population measurements were also pedslbgic
obtained.
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28 Sreet dust and dirt accumulation and washoff

Figure 12.9 is a plot of suspended solids conctotrs during these tests.
The suspended solids concentrations varied fromitebdo 1500 mg/L, with
an obvious decrease in concentrations with inongagiin depths during these
constant rain intensity tests. No concentrationsaigr than 500 mg/L
occurred after about two mm of rain. All concerntnas after about 10 mm of
rain were less than 100 mg/L. The dissolved sgk@s45um) concentrations
ranged from about 20 to 900 mg/L, comprising a 8sirmgly large percentage
of the total solids loadings. For small rain depthissolved solids comprised
up to 90% of the total solids. After 10 mm of raiepth, the filterable residue
concentrations were all less than about 50 mg/crémsed compared to
background concentrations in the test water).

Manual particle size analyses were also conduatetthe suspended solids
washoff samples, using a microscope with a caioratcticle.
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Figure 12.9 Suspended solids concentration decreases with rain depth
increases during constant rain intensity washoff tests in Toronto (Pitt
1987).

Figure 12.10 is a photo of an updated setup ustapgputer-assisted particle
measuring program. The tests shown here were dedlua the early 1980s
before such computer-assisted procedures were colypnawailable. The
same microscope was used for the tests shown laenesearch-grade
Olympus microscope using polarized light. The samplere filtered onto
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Sreet dust and dirt accumulation and washoff 29

standard 0.45 pm pore size membrane filters sotm admple collection
(within 2 days to prevent degradation of the sanmtkygrity due to biological
growths and to minimize possible flocculation). 8dag of the filter was
used to identify a microscopic field that had miainparticle overlapping
(initial trials were also conducted to determine &mount of sample to filter
to minimize overlapping). Microscopic examinatiomsre primarily used to
identify the type and morphology of the particlassing the McCrone
Associates’ Particle Atlas (Chicago, IL) (McCrome,al. 1967). This enabled
the identification of the original origin of the piales (mostly erosion product
local minerals, tire wear rubber, road asphalt, amdjetative matter).
Microscopic examinations also confirmed that theshadf particles were
discrete and not flocculated, or bound togethevitsy

Figure 12.11 is an example microphotograph of ahafissample. The
largest particle in this field is about 100 um lofie smallest particles that
could be manually measured were about 1 pum. A didtussion of the
methods that can be used to measure stormwatélgsis beyond the scope
of this chapter.

Figure 12.10 Light microscope and video capture that can be used to
measure particle sizes from washoff experiments.

Currently, our lab relies on Coulter Counter meth¢after cone splitting
of samples and pre-sieving). Small-scale Teflorlisgtcolumn tests have
also been used to verify the microscopic and Co@®unter test methods.

However, microscopic examinations of samples caeatyr add to our /{Ddeted:e

Pitt, Williamson, Voorhees and Clark: Review oftbigcal street dust and dirt accumulation and /|/ -
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30 Sreet dust and dirt accumulation and washoff

understanding of stormwater processes and is ¢bnesaailable to
researchers. Burton and Pitt (2002) contains safdéi@nal information on
these methods, especially the care that needs takea when collecting
samples to best represent particle size.

Figure 12.12 is an example of particle size distitns for a test. This
plot shows the percentage of the particles thaéwess than various sizes, by
measured particle volume (assumed to be similardight). The plot also
indicates median particle sizes of about 15 tquB0) depending on when the
sample was obtained during the washoff tests. Athe distributions for all
of the tests showed surprisingly similar trend9aifticle sizes with elapsed
rain depth. The median size for the sample obtaateabout one mm of rain
was much greater than for the samples taken aftee main, likely associated
with large, but light-weight vegetative matter. Tedian particle sizes of
material remaining on the streets after the wadests were also much larger
than for most of the runoff samples, but were quiese to the initial
samples’ median particle sizes.
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Figure 12.11 Example photomicrograph of street washoff test sample.

Most street runoff waters during test rains in $h® 15 mm depth category
had median suspended solids particle sizes of abdid 50um. However,
dissolved solids (less than 0.45) made up most of the total solids washoff
for elapsed rain depths greater than about five Trim. large particles during
the initial runoff periods were mostly relativelight (and large) vegetative
matter (degraded leaves and grass clippings) thet much easier to remove
compared to the heavier “soil” matter. In additithne initial rain impacts on
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Sreet dust and dirt accumulation and washoff 31

the dry streets likely resulted in more “splashiated energy, compared to
later periods when there was a thin film of flowiwgter moving across the
asphalt surface that could dislodge disproportelgdarger material. Finally,
relatively long “soaking” periods were found to Ipecessary to soften
compacted and cohesive finer street dirt matedahe of the sediments were
found to be source-limited, as substantial amouetsained on the streets
after the “rains.” However, much more of the taahount of finer material
was washed from the streets than the coarser @iateri

These particle size distributions indicate that #healler particles were
much more important than indicated during previesss. As an example, the
Sartor and Boyd (1972) washoff tests (rain intéesibf 50 mm/h for two
hour durations) found median particle sizes of a0 pm which were
typically three to five times larger than were fduduring these lower-
intensity tests. They also did not find any sigrfit particle size distribution
differences for different rain depths (or rain dima), in contrast to the
Toronto tests, which were conducted at more comramnintensities (3 to 12
mm/h for two hours).

a
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Figure 12.12 . Particle size distributions during high rain intensity, dirty,
and smooth street (HDS), tests (Pitt 1987).

12.8 Washoff Equations for Individual Tests

The particulate washoff values obtained during éh&sronto tests were
expressed in units of grams per square meter aachsgyiper curb-meter,
concentrations (mg/L), and the percent of the tolitial loading washed off
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32 Sreet dust and dirt accumulation and washoff

during the test. Prior publications in this bookiee (Pitt 1997) have shown
all the data plots for these tests. Therefore, Bidyre 12.13 is presented here
as an example. These plots show the asymptoticoffagalues observed in
the tests, along with the measured total streetladings. The maximum
asymptotic values are the “available” street digdings (No). The measured
total loadings are seen to be several times latigen these “available”
loading values. As an example, the asymptotic alitltotal solids value for
the HDS (high intensity rain, dirty street, smostteet) test was about 3 g/m
while the total load on the street for this tess\ahout 14 g/ fy or about five
times the available load. The differences betwesilable and total loadings
for the other tests were even greater, with thal fotads typically about ten
times greater than the available loads. The totdihg and available loading
values for dissolved solids were quite close, iaftiiy almost complete
washoff of the very small particles. However, tliffedences between the two
loading values for SS were much greater. Shieldingrefore, may not have
been very important during these tests, as alnibef the smallest particles
were removed, even in the presence of heavy loadifiarge particles.

The actual data are shown on these figures, aldtigtie fitted Sartor and
Boyd exponential washoff equations. In many cadhs, fitted washoff
equations greatly over-predicted suspended soliasheff during the very
small rains (usually less than one to three mm epth), possibly due to
shielding. In all cases, the fitted washoff equagidescribed suspended solids
washoff very well for rains greater than about 18 m depth.

Tables 12.4 through 12.6 present the equation paesmfor each of the
eight washoff tests for total solids, suspendettispand filterable solids. Pitt
(1987) concluded that particulate washoff (defitgdthe suspended solids
washoff) should be divided into two main categqri@se for high intensity
rains with dirty streets, possibly divided into egdries by street texture, and
the other for all other conditions. Factorial tedto found that the availability
factor (the ratio of the available loadindyp, to the total loading) varied
depending on the rain intensity and the streethinags, as indicated below:

» low rain intensity and rough streets: 0.045
» high rain intensity and rough streets, or low raitensity and
smooth streets: 0.075
* high rain intensity and smooth streets: 0.20
Obviously, washoff was more efficient for the highein energy and
smoother pavement tests. The worst case was fowardin intensity and
rough street, where only about 4.5% of the stregetuld be washed from

washoff. In:Effective Modeling of Urban Water Systems, Monograph 13. James, Irvine, McBean & Pitt,
Eds. ISBN 0-9736716-0-20CHI2004 www.computationaliaydics.com

. { Deleted: e




Sreet dust and dirt accumulation and washoff 33

the pavement. In contrast, the high rain intersitie the smooth streets were
more than four times more efficient in removing street dirt.

If a selected model requires available loading eslinstead of the total
loading values, then a procedure must be used jtestathe total loading
values (such as attempted by the availability tet8TORM and SWMM).
In all cases, th& term must be appropriate for the model form. Hoavethe
use of an available loading value g requires the use of a substantially
larger k term compared to using the total loadialye.

Selecting the appropriate k term for the correcinfof No is critical. As
an example, the rain volume needed to produce 90#he¥f can be
calculated using the standard washoff equationlisifs:

N= N, e®
for 90% washoffN = 0.1 N,, and 0.1\, = N, €'} or 0.1= €'} and

(2/K) loge (0.1) = R, thereforeR = 2.303/k for 90% washoff.

138 g/ m?
100 arm 10.0 126 g/m’
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Figure 12.13 Washoff plots for HDS test (high rain intensity, dirty, and
smooth street) (Pitt 1987).
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Figure 12.14 Maximum washoff capacity for smooth streets (based on
Pitt 1987 and Sartor and Boyd 1972 measurements),
Table 12.14 . Total solids washoff coefficients (Pitt 1987)1
Test Rain 1 2 3 k 4 5 k 4
code (1/hr) (1/hr)
HCR  high clean r  3.25 0.016 0.002 0.84 0.145 0.018
LCR low clean r 2.99 0.038 0.001 0.58 0.304 0.032
HDR  high dirty r 12.82 0.004 <0.001 1.14 0.078 ®.00
LDR  low dirty r 1122 0.013 0.001 0.74 0.383 0.024
HCS high clean s 262 0.033 0.005 1.21 0.146 0.021
LCS low clean s 232 0.026 0.001 0.35 0.301 0.024
HDS  high dirty s 1382 0.012 0.001 2.74 0.138 0.008
LCS low clean s 242 0.042 0.002 0.57 0.300 0.024

| 1. Street dirt loading; 2. Street texture; r=rougtsnsooth3 No (g/n?) measured total initial total

solids load; 4Standard error for k (1/hr); 5. No (g/m?) available initial total solids load

Not e:

N =

Noe- kR
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Table 12.15 Suspended solids washoff coefficients (Pitt 1987).

Test Rain Street Street No k Standard  Ratio of
code dirt texture (g/n?) (1/hr) error for k  available
loading available (1/hr) load to total
suspended initial load
solids load
HCR high clean rough 0.295 0.832 0.064 0.11
LCR low clean rough 0.138 0.344 0.038 0.061
HDR high dirty rough 0.375 0.077 0.008 0.032
LDR low dirty rough 0.291 0.619 0.052 0.028
HCS high clean smooth 0.462 1.007 0.321 0.26
LCS low clean smooth 0.091 0.302 0.024 0.047
HDS high dirty smooth 1.66 0.167 0.015 0.13
LCS low clean smooth 0.209 0.335 0.031 0.11
Table 12.16 Filterable solids washoff coefficients (Pitt 1987).
Test Rain Street dirt  Street No k Standard error
code intensity  loading texture (9/m?) measured (1/hry  fork
total initial (2/hr)
filterable solids load

HCR high clean rough 0.651 0.061  0.004
LCR low clean rough 0.745 0.139  0.006
HDR high dirty rough 0.915 0.058  0.002
LDR low dirty rough 0.680 0.163  0.006
HCS high clean smooth 0.871 0.070  0.003
LCS low clean smooth 0.395 0.154  0.007
HDS high dirty smooth 1.223 0.085  0.002
LCS low clean smooth 0.463 0.183  0.008
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Values fork and rain quantities (mm) to produce specific %hedfs are:

% washoff Rain needed (mm):
99.9 6.908/k
99 4.605/k
95 2.996/k
90 2.303/k
75 1.386/k
50 0.693/k
25 0.288/k
10 0.105/k

It is obvious that washoff occurs faster for largaralues (the washoff curves
presented in Figure 12.13 would be steeper foretakgvalues if the figures
were plotted without log scales).

Table 12.7 contains the availability relationship $uspended solids. “I”
is the rain intensity; the high value is relatedhte 12 mm/h test conditions,
while the low value is related to the 3 mm/h testditions. The “T” factor is

the street surface texture, corresponding to ramghsmooth surfaced streets.

The street textures were directly related to daiendtorage through plaster
casts and rubber replicates (rough: 1.1 mm; smadtbut 0.35 mm detention
storage). A carpenter’s wire “feeler” gauge wa® aised to profile the street
textures. The street dirt loading factor was nghidicant in predicting the

availability factor. These methods and resultsdaseribed in Pitt (1987).

Table 12.7 Fraction of total street dirt suspended solids available for
washoff (Pitt 1987).

Ratio of “available” particulate residue (SS) loggh to total particulate residue loadings:

1=0.08 £0.04
T =-0.08 £0.05

Y =0.097 + 0.04(I) — 0.04 (T)
1+T+ (high and rough): Y=0.10

1+T- (high and smooth): Y =0.18
I-T+ (low and rough): Y =0.02

I-T- (low and smooth): Y=0.10
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12.9 Maximum Washoff Capacity

Another important consideration in calculating waéhof street dirt during
rains is the carrying capacity of the flowing watérthe shear stress of the
flowing water is high, it is much more capable afrging particulates than
for lower shear stresses. There is a physical limithe ability of water to
transport sediment. In contrast, the conventioredheff plots and equations
presented earlier result in a “percentage” washwfff the total load,
irrespective of the resultant concentration. Howewen observing the plot
of suspended solids concentration vs. rain depthmiany washoff test plots
(Figure 12.14), the pattern is quite distinct armgpears to be generally
independent on initial street loading (there isstaitial scatter in this plot
which likely reflects some site conditions). Thestaff mostly is controlled
by the carrying capacity of the water, and not sedimitations, as there is
substantial material on the street after the enthast rains. Therefore, this
carrying capacity must be considered when predjotrashoff quantities. If
the calculated washoff is greater than the carrgapacity (such as would
occur for relatively heavy street dirt loads andvIdto moderate rain
intensities), then the carrying capacity is limigifFor high rain intensities, the
carrying capacity is likely sufficient to transpamost all of the washoff
material.

In order to determine this carrying capacity foest runoff, data from the
washoff tests conducted by Pitt (1987) and Sartat Boyd (1972) were
further examined. The maximum washoff amounts fyffor the different
tests conducted on smooth streets were plottechsigéie rain intensity
(mm/h) used for the tests. This plot is shown iguFé 12.14, illustrating the
exponential equation fitted to these data:

W= 0.0636e %%
where:

the maximum washoff, gfmand

w
P average rain intensity, mm/h

These are the maximum washoff values possiblegsepting the carrying
capacity of the runoff. If the predicted washof§jng the previous “standard”
washoff equations, is smaller than the values shiovthis figure, then those
values can be used directly. However, if the ptedievashoff is greater than
the values shown in this figure, then the valuethinfigure should be used. It
is expected that washoff limitations for rough stse would be more
restrictive, but insufficient data were availaldedevelop a similar plot.
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The resulting sheetflow concentrations associatéd these maximum
washoff values depends on the rain durations aethgerage rain intensities.
As an example, for typical 6 h rain durations, tbgulting concentrations are
very similar to the fitted line on the suspendetidsoconcentration vs. rain
depth plot shown on Figure 12.9 (about 100 mg/L foto 2 mm rains,
decreasing to about 10 mg/L for rains of about 26 m depth). For very
large rains, having sustained high rain intensittee available street dirt
loading would most likely be limiting.
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Figure 12.14 Maximum washoff capacity for smooth streets (based on
Pitt 1987 and Sartor and Boyd 1972 measurements).

12.10 Comparison of Particulate Residue Washoff
Using Washoff Models

This discussion briefly compares the washoff obstioas obtained during
these washoff tests with predicted washoff valuetsined using the Sartor
and Boyd (1972) washoff model (with and without th&ailability” factor).
Table 12.8 shows the predicted washoff values aldtigthe observed values
for the conditions that occurred during the washedts. In all cases, serious
over-predictions in street dirt washoff resulted bging these common
washoff models. Even with the availability facttihhe predicted Sartor and
Boyd washoff quantities were almost two to morentfige times greater than
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observed. Without the availability factor, the miedewashoff quantities were
at least five times greater than the observed sall@e residuals (all
reflecting over-predictions) of these modeled esten ranged from 0.2 to 7
g/m? when using the availability factor, compared teidaals mostly less
than 0.05 g/mwhen the model developed from these washoff teatsused.

Lower residuals obtained by using the revised mauelld be expected
because these data were not independent from thaislad in developing the
revised washoff model.

Table 12.8 Comparisons of Observed Washoff Test Results with Sartor
and Boyd Equation Predictions (Pitt 1987).

Calculated Sartor Calculated Sartor and Boyd Observed
and Boyd washoff washoff, with availability washoff

(g/n) factor (g/nf) (g/n)
Clean Streets
Light rains 1.47 0.28 0.08t00.18
Heavy rains 2.17 1.41 0.28100.45
Dirty Streets
Light rains 7.73 1.47 0.28
Heavy rains 11.42 7.42 0.30to 1.5

As stated previously, over-predicted street dirshvedf quantities would result
in under-predictions of particulate residue frorhestsources during model
calibration. These over-predictions, especially bipred with commonly
over-predicted runoff flow volumes, dramatically feat the relative
importance of different urban runoff pollutant soeirareas and estimated
effectiveness of source area controls.

12.11 Conclusions

This Chapter summarized street particulate washb#ervations obtained
during special washoff tests, along with associatedet dirt accumulation
measurements. The objectives of these tests wedetify the significant

rain and street factors affecting particulate wéstod to develop appropriate
washoff models. These tests and calculations wése ased to clarify

apparent confusion caused by misuse of washofftiegsain urban runoff

models.
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The controlled washoff experiments identified inpat relationships
between “available” and “total” particulate loadéngnd the significant effects
of the test variables on the washoff model paramsefeast modeling efforts
have typically ignored or misused this relationstoipnaccurately predict the
importance of street particulate washoff. The aldé loadings were almost
completely washed off streets during rains of al#mutmm (as previously
assumed). However, the fraction of the total logdhrat was available was at
most only 20% of the total loading, and averagely d9%, with resultant
actual washoffs of only about 9% of the total loadi. Based on extrapolating
the washoff models, only very large rains (posségyproaching 100 mm in
depth) could ever be expected to wash off mosheftotal particulate street
dirt load. These very large rains are well beydmel tange of any washoff
tests, but they do periodically occur in some paftshe world. However,
observed street dirt washoff during actual raingrnthis size have not
produced substantially greater washoff quantitremtobserved during the
tests conducted during this research. The corresyl exponential washoff
models only appear to be applicable for rains & tdnge of about 3 to 30
mm, which are the most important rains for watealiqy studies in most
areas.

The fractions of the particulate residue (SS) Ingdiavailable for washoff
were affected by both rain intensity and textunemlany model applications,
total initial loading values (as usually measuradrd field studies) are used
in conjunction with model parameters as the avhldbadings, resulting in
predicted washoff values that are many times latigen observed. This has
the effect of incorrectly assuming greater polluteontributions originating
from streets and less from other areas during rdihg& in turn results in
inaccurate estimates of the effectiveness of diffesource area urban runoff
controls.

As shown in a summary of much accumulation datenftbroughout the
US, smooth streets had much lower initial loadimgmediately after street
cleaning, but street texture may not affect paldteuaccumulations as much
as land use.
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