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FOREWORD

The U.S. Environmental Protection Agency was created because of increas-—
ing public and governmental concern about the dangers of pollution to the
health and welfare of the American people. Noxious air, foul water, and
spoiled land are tragic testimony to the deterioration of our natural environ-
ment. The complexity of that environment and the interplay between its compo-
nents requires a concentrated and integrated attack on the problem.

Research and development is that necessary first step in problem solving,
and involves defining the problem, measuring its impact, and searching for
solutions. The Municipal Environmental Research Laboratory develops new and
improved technology and systems for the prevention, treatment, and management
of wastewater and solid and hazardous waste pollutant discharges from munici-
pal and community sources; for the preservation and treatment of public drink-
ing water supplies; and to minimize the adverse economic, social, health, and
aesthetic effects of pollution. This publication is one of the products of
that research and 1is a vital communications link between the researcher and
the user community.

A detailed evaluation of various street cleaning programs can be used by
those concerned with urban runoff control to estimate how adequately street
cleaning can help meet local control objectives. This report presents the re-
sults of many street cleaning tests conducted in San Jose, California. These
tests were influenced by normal conditions that can affect the effectiveness
of street cleaning programs, including street surface condition, nature of
street surface particulates, and parked cars. The effects of these variables
are quantified and can be used by planners in many parts of the country.
Other aspects of street cleaning and urban runoff were also studied and are
presented in this report. These include street surface contaminant accumu-
lation rates, runoff analyses, cost and effectiveness of alternative control
measures, decision analyses to select control measures, and roadside airborne
particulate concentrations.

Francis T. Mayo
Director

Municipal Environmental
Research Laboratory
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ABSTRACT

This final report presents the results and conclusions from the EPA-spon-
sored demonstration study of nonpoint pollution abatement through improved street
cleaning practices. An important aspect of the study was the development of
sampling procedures to test street cleaning equipment performance in real-world
conditions. These sampling and experimental design procedures are described in
detail and can be used by others to directly determine both street surface con-
taminant accumulation rates and street cleaning performance using other equip-
ment in their own service areas.

The report describes accumulation rate characteristics of the various
pollutants associated with street dirt. The results of performance tests for
street cleaning equipment and the factors that are thought to affect this per-
formance are also presented. These data are used to draw conclusions about ele-
ments that must be considered in designing an effective street cleaning program.

The study of urban runoff yielded information on runoff flow charac-—
teristics, concentrations and total mass yields of monitored pollutants in
the runoff, and street dirt removal capabilities and effects on deposition in
the sewerage for various kinds of storms. Estimated runoff control effective-
ness by various street cleaning programs are also given. These data are summa-
rized here, and urban runoff water quality is compared with recommended water
quality criteria and the quality of treated sanitary wastewater.

Cost and labor effectiveness of street cleaning, runoff treatment, and
combined runoff and wastewater treatment are also presented. In addition,
the results of a special study of airborne dust losses from street surfaces
are presented.

A comprehensive bibliography is also included for those who want further
information about street cleaning practices and urban runoff characteristics.

This is the first study in a series of projects being conducted in San
Jose, California, to evaluate the effects of urban runoff on a receiving water,
to determine the source areas of the problem pollutants, and to select the
most appropriate mixture of control measures.

This final report is submitted in fulfillment of Grant No. S-804432 by
the City of San Jose under the sponsorship of the U.S. Environmental Protec-
tion Agency. Woodward-Clyde Consultants participated in this study under a sub-
contract with the City of San Jose. This project began in September 1976 and
was completed in August 1978.
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SECTION 1

INTRODUCTION

Past research, notably that conducted for the U.S. Environmental Protec-
tion Agency (EPA), by the American Public Works Association (Sullivan 1969),
and by the URS Research Company (Sartor and Boyd 1972; Pitt and Amy 1973; Amy
et al. 1974), has clearly revealed the water pollution potential of street sur-
face contaminants. These projects present strong evidence relating contaminated
streets with the contamination of receiving waters. A paper presented at the
American Water Works Association annual conference in Boston in 1974 (Pitt and
Field 1974) using data from these reports compared the relative importance of
untreated nonpoint urban storm runoff with treated sanitary wastewater in their
potential effects on receiving waters. Reductions in runoff pollutants could
be accomplished by treating the runoff and/or reducing the quantities of pollu-
tants contaminating the runoff.

Although it is clear that pollutants in street dirt have a significant
effect on the quality of urban runoff and its effect on receiving water, there
are many questions that remain to be answered about the nature of this cause
and effect relationship. This project attempted to answer some of these ques—
tions and to develop more specific information that was needed in order to se-
lect effective control measures.

This study was designed to measure street cleaning equipment effective-
ness in removing pollutants from the street surface in a real~world situation.
It must be emphasized that the purpose of the project was not to compare spe-
cific types of equipment. Rather, it was to determine the range in capabilities
of current street cleaning equipment in order to gain information about the
general cost and effectiveness of street cleaning programs in removing street
surface pollutants.

The study also determined pollutant accumulation rates of street dirt in
test areas with different characteristics. Because the pollution characteris-
tics of street dirt are known to vary as a function of particle size (Sartor
and Boyd 1972; Pitt and Amy 1973), specific concentrations of various pollu-
tants in different particle size groups were examined. In addition, the effec-
tiveness of street cleaning equipment in removing different particle sizes from
the street, and bulk densities for various particle sizes were also examined.
These data demonstrate the potential quantity of pollutants that may be affec-
ted by street cleaning, the relationship of the pollutants to street dirt par-—
ticle size, and the way various particle sizes may settle out in a water column
(in the sewerage or in a treatment process).



Another area of concernis the transport of particulates in sewerage sys—
tems and the associated mass balance relationshipse In a combined sewerage
system, the sanitary sewage flow velocities are much less during dry weather
than during wet weather, when the additional urban storm runoff adds to the
flow volumes. During dry weather, primary sanitary solids can settle out in
the sewerage, to be flushed out during the high flows of wet weather. This in-
creased concentration of solids can greatly add to the pollution load at the
beginning of a storm (Burgess and Niple, Ltd. 1969; Pisano and Queiriroz, 1977).
Storms with low runoff volumes may remove large quantities of road surface par-
ticulates and transport them to the sewerage system. These particutates may
settle out in the sewerage system and be available for flushing during periods
of larger flows. Stormwater management techniques utilizing in—-line storage
can also cause large quantities of solids to build up in the system (Lager and
Smith 1974; Pisano and Queiriroz 1977). Some data are available on the buildup
and transport of these solids in combined and separated sanitary sewerage sys—
tems. Comparisons of the amounts of pollutants in the street dirt and in the
runoff from monitored storms provided information concerning deposition charac-
teristics in the sewerage and the relative quantity of pollutants in the runoff
originating in land-use areas other than the street surface.

Metcalf and Eddy (Lager and Smith 1974), in a study conducted for the EPA,
summarized the technology available for the treatment and management of urban
runoff and costs and effectiveness of treatment. Unfortunately, comparable
data for street cleaning programs have not been available. Some information on
typical street cleaner performance is available from earlier EPA-sponsored
studies, but these 1limited data are based on idealized strip test conditions.
Street cleaning performance data, which were used to make cost and labor effec-
tiveness comparisons with alternative control measures, were obtained from
tests in real-world conditions.

This study also examined resuspended street surface particulates. Esti-
mates of air pollutant emissions for EPA air quality regions, statewide areas,
and specific air basins are very important for continuing air quality control
planning. Most utility, industrial, and residential activities (including un-
paved roads) have received attention as particulate air pollutant sources. Re-
search by Roberts (1973), MWRI (Cowherd, et al. 1977) and PEDCo (1977) indi-
cates that paved roads should also be considered as important particulate air
pollutant sources. Dust from the atmosphere, soil from erosion, and vehicular
deposits on paved street surfaces can be disturbed by wind and traffic, causing
particulate emissions. Street cleaning may be an effective means of removing
these particulates before they can be blown into the air.

Very little quantitative information about particulate emissions from
paved street surfaces is available. As part of an overall program to determine
the behavior of radioactive fallout, the Nuclear Regulatory Commission has fund-
ed continuing studies of particulate residence times in the atmosphere, air-—
borne particulate deposition rates, and resuspension of settled particulates.
Some particle resuspension studies have included research of particle resus-
pension from asphalt streets caused by traffice. Their results and theories are
useful, but these studies consider only particles that have settled onto the
street surface from the atmosphere. This study examined losses from the total
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particulate loading on the street surface, including both losses washed into
the street through erosion, and tracked onto the street by vehicles.

It is expected that this study will have a two-fold benefit. First, the
data obtained will fill significant gaps in current knowledge about the role
of street dirt in causing water and air pollution, and to effect its control.
Second, the carefully developed experimental design and sampling procedures for
various portions of the study can be used by others wishing to obtain specific
information about street dirt characteristics and itseffectson air and water
quality in their own cities.



SECTION 2

CONCLUSIONS

The conclusions presented here summarize the information that has been
collected and analyzed as part of this current research. The effect these con-
clusions may have on a specific city's street cleaning program is expected to
vary widely, depending on conditions in that city. For this reason, the study
does not yield a set of specific, how-to instructions or generically applicable
street cleaning guidelines. Rather, it indicates the type of information that
must be considered in designing effective control measures. For more detailed
information on results and a description of the analytical structure of the
study, the reader is referred to Sections 3 through 6.

SAMPLING TECHNIQUES

One important aspect of the study was the development of sampling tech-
niques that can be used to directly monitor changes in street surface loadings
for different test areas over a long period. These sampling procedures (see
Appendix A) can easily be used by a city's public works department to deter-
mine the specific loading conditions and street cleaning performance necessary.
The sampling equipment can be rented if it is not available within the depart-
ment. With these procedures, street surface loading conditions over a large
area can be sampled in a relatively short time. The experimental design proce-
dures (see Appendix B) can be used to determine the number of subsamples re-
quired for specific project objectives and study area conditions.

STREET CLEANING EQUIPMENT TESTS

The major element of the demonstration project was an evaluation of the
effectiveness of several types of street cleaning equipment currently available
under varying real-world conditions. This portion of the study investigated
accumulation rates of street dirt in the various test areas, the effect of par-
ticle size on pollution concentrations and equipment performance. The study
pointed out a number of elements that should be considered in designing an ef-
fective pollution abatement program.

One of these elements is the accumulation rate characteristics of street
dirt. Tables 2-1 and 2-2 summarize the observed accumulation rate conditions.
The study showed that accumulation rates vary widely in different test areas
depending on street surface conditions, land use, and activities within the
area. Street dirt loading was also found to increase more rapidly immediately
after street cleaning, and then level off somewhat after several days. This
loading pattern is expected to be due to wind and vehicle-caused turbulence



TABLE 2-1. AVERAGE TOTAL SOLIDS ACCUMULATION RATE

Loading Immediately Accumulation Rate for Period
After Cleaning of Time Since Last Cleaned
(1b/curb-mile) (1b/curb-mile/day)

Test Area 0 * 2 days 2 > 10 days 10 * 30 days
Keyes-good asphalt 290 17 13 11
Keyes-0il and screens 1800 20 19 16
Tropicana—-good asphalt 130 17 13 11
Downtown-good asphalt 170 10 9 9
Downtown—-poor asphalt 780 20 20 20

TABLE 2-2. ANNUAL AVERAGE ACCUMULATION RATES FOR VARIOUS POLLUTANTS*
(1b/curb-mile/year)

Chemical
Total Oxygen Kjeldahl Ortho—

Test Area Solids Demand Nitrogen Phosphates Lead Zinc Chromium Copper Cadmium
Keyes—-Good Asphalt 4000 440 8.4 0.62 20 2.0 1.5 2.5 0.009
Keyes—0il and Screens 5800 470 8.6 0.37 7.3 1.4 2.0 2.9 0.008
Tropicana-Good Asphalt 4000 440 8.4 0.62 20 2.0 1.5 2.5 0.009
Downtown—Good Asphalt 3300 440 6.2 0.47 20 2.8 1.8 3.5 0.01
Downtown—-Poor Asphalt 7700 880 18 1.1 15 3.7 3.5 7.3 U.02

*The overall annual average ac?gmulation rate for mercury was 0.0015 lb/curb-mile/year,
and for asbestos was 3.7 x 10 fibers/curb-mile/year.

suspending the particles in the air, thus causing increased air pollution.
These characteristics should be considered in developing optimum street clean-
ing schedules.

Table 2-3 shows the median particle size of street surface particulates
(before street cleaning) for the five study areas. The areas with better qual-
ity street surfaces had more of the smaller sized particles present. The me-
dian particle size of street dirt was also found to increase with time between
cleaning and decrease with cleaning. Other tests also showed that street
cleaning equipment picks up larger particles more effectively than smaller
particles. As a result, the small particles tend to increase in abundance with
time. Most of the monitored pollutants showed increases in concentration as
particle size decreased. Thus, street cleaning equipment effectiveness at re-
moving pollutants in the smaller particle sizes must be considered. It is
important to note that street cleaning can remove important amounts of pollu-
tants: this is because they also occur in the larger particle sizes that com-
pose a greater amount of the total solids on the street than do the smaller
particle sizes. The analysis of particle size and pollution concentrations



TABLE 2-3, MEDIAN PARTICLE SIZES OF STREET SURFACE PARTICULATES

Median particle size (H)

Test Area (before street cleaning)
Keyes—good asphalt 200
Keyes—0il and screens 330
Tropicana—-good asphalt 150
Downtown—-good asphalt 155
Downtown-poor asphalt 230

makes it possible to assess removal capabilities for the various pollutants,
thus enabling design of control procedures to achieve specific pollutant re-
moval goals.

An important conclusion derived from the street cleaning equipment tests
showed that different test area conditions affected performance more than dif-
ferences in equipment type. Table 2-4 shows average street cleaning effective-
ness values for the different test areas. When the test area was held con-
stant, cleaning frequency and the number of passes affected performance more
than differences in equipment. Smoother (asphalt) streets were found to be
easier to keep clean than streets with oil and screens surfaces or those in
poor condition. The street surface loading values after cleaning were always

TABLE 2-4. AVERAGE REMOVAL EFFECTIVENESS FOR STREET CLEANERS

Total Solids Amount Removed Per Pass (lb/curb-mile)
Amount
Average Removed
Loading Per Pass Chemical
Before Percent (1b/curb~ Oxygen Kjeldahl Ortho-
Test Area  Cleaning  Removal mile) Demand Nitrogen Phosphates  Lead Zinc Chromium Copper Cadmium
Keyes—Good
Asphalt 400 33 130 16 0.28 0.018 0.81 0.079 0.051 0.081 0.00030
Keyes—-01i1l
& Screens 2000 9 170 12 0.14 0.0089 0.15 0.066 0.071 0.13 0.00024
Tropicana-
Good
Asphalt 200 43 100 9.7 0.21 0.017 0.40  0.049 0.039 0.072 0.00027
Downtown-~
Good
Asphalt 240 34 83 11 0.16 0.012 0.49  0.072  0.047 0.093 0.0023
Downtown-
Poor
Asphalt 1400 40 540 61 0.3 0.079 1.0 0.27 0.24 0. 50 0.0015




lower on the asphalt streets in good condition. These findings reinforce the
view that street cleaning programs should vary for different service area con-
ditions.

Results of the study showed that the pounds-per-curb-mile* unit is a much
more effective pollutant removal measurement than the percentage-of-initial-
loading-removed wunit. Because of the wide variations in street dirt loadings
in different areas, the percentage of removal method cannot give a measurement
of the actual number of pounds of pollutants removed in a given time. Such in-
formation is required in order to make meaningful cost and labor effectiveness
estimates. Figure 2-1 relates the annual total solids removal with the street
cleaning frequency for different street surface conditions. Pollutant removal
per unit effort decreases with increasing numbers of passes per year.

50,000 - /

40,000 Oil and screens surfaced 7/
streets or asphalt streets /
in poor condition

TOTAL SOLIDS REMOVED
(Ib/curb-mile/year)

30,000
20,0004 7/
’//
Vd Asphalt streets in
good condition
10,000

L\l
1 10 100 1,000

NUMBER OF PASSES PER YEAR

Figure 2-1. Annual amount removed as a function of
the number of passes per year.

A model was also developed that describes the effects of parked cars on
street cleaning equipment performance, based on the distribution of partic-
ulates across the street for different parking conditions (Tables 2-5 and 2-6).
The need for parking controls was found to be dependent on street surface con-—
dition and parking characteristics.

*See Metric Conversion Table 0-1.



TABLE 2-5. AVERAGE TOTAL SOLIDS LOADING DISTRIBUTION ACROSS THE STREET

Distance to Median Distance to 907% of
Test Area Loading Value (ft.) Loading Towards Curb (ft.)
Keyes—good asphalt 6.5 14
Keyes—o0il and screens 1.5 6.7
Tropicana—-good asphalt 1.0 3.8

TABLE 2-6. EFFECTS OF PARKED CARS ON CLEANING EFFECTIVENESS

Percent Total Street Surface Solids Removal for the
Following Parking and Street Conditions

0il and Screened

Smooth Streets Streets

Parking Regulations Light Moderate Extensive Extensive
Day/Night 24 hr. Light  Extensive

With parking prohi-
bition during street
cleaning* 48 44 28 15 15 7
No parking restric-
tions during street
cleaning** 36 20 23 43 13 7

*The street cleaner always operates next to the curb with 1007 effective parking prohibitions.
**The street cleaner operates along the curb, except when going around parked cars.

PARTICULATE ROUTING AND POLLUTANT MASS FLOW CHARACTERISTICS OF URBAN RUNOFF

This portion of the study examined overall urban runoff flow characteris-—
tics for the study areas, sampled the runoff to determine pollution concentra-
tions, investigated the pollutant removal effects and deposition patterns in
the sewerage for various storms, and compared runoff water quality with recom-
mended water quality criteria and sanitary wastewater effluent. Table 2-7 sum-
marizes the observed runoff water quality during this study.

The urban runoff flows were measured so that pollutant mass yields could

be calculated from the concentration values monitored in the sampling program.
These estimates indicated the potential effect urban runoff may have on receiv-
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TABLE 2-7. OBSERVED RUNOFF WATER QUALITY CONCENTRATIONS

Number of
Parameter, Units¥* Analyses Minimum Maximum Average
Common Parameters and Major Ions
pH, pH units 88 6.0 7.6 6.7
Oxidation Reduction Potential, mV 39 40 150 120
Temperature, °C 11 14 17 16
Calcium 5 2.8 19 13
Magnesium 5 1.4 6.2 4.0
Sodium 5 <0.002 0.04 0.01
Potassium 5 1.5 3.5 2.7
Bicarbonate 5 <1 150 54
Carbonate 5 <0.001 0.005 0.019
Sulfate 5 6.3 27 18
Chloride 5 3.9 18 12
Solids:
Total Solids 20 110 450 310
Total Dissolved Solids 20 22 376 150
Suspended Solids 20 15 845 240
Volatile Suspended Solids 10 5 200 38
Turbidity, NTU** 88 4,8 130 49
Specific Conductance, umhos/cm 88 20 660 160
Oxygen and Oxygen Demanding Parameters:
Dissolved Oxygen 11 5.4 13 8.0
Biochemical Oxygen (5-day) 13 17 30 24
Chemical Oxygen Demand 13 53 520 200
Nutrients:
Kjeldahl Nitrogen 13 2 25 7
Nitrate 5 0.3 1.5 0.7
Orthophosphate 13 0.2 18 2.4
Total Organic Carbon 5 19 290 110
Heavy Metals:
Lead 11 0.10 1.5 0.4
Zinc 11 0.06 0.55 0.18
Copper 11 0.01 0.09 0.03
Chromium 11 0.005 0.04 0.02
Cadium 11 <0.002 0.006 <0.002
Mercury 11 <0.0001 0.0006 <0.0001

*mg/1 unless otherwise noted
**Nephelometric turbidity units




ing waters. The general hydrographic information from the study may also be
useful in verifying simple urban runoff models.

The runoff sampling program yielded several important conclusions. BOD
values were of particular interest because BOD can cause immediate and impor-
tant oxygen demands on receiving waters. Determining the actual rate of this
demand is important in determining the actual effect of BOD on receiving waters
and in designing effective control procedures. The study showed an unexpectd
increase by a factor of 2 or more (from about 30 mg/l to about 100 mg/l) in BOD
values during the 10— to 20-day incubation period of the tests. Sanitary waste-
water BOD values typically increase by a factor of only about 0.5 during the
same time period. This apparent increase in BOD may be caused by inadequacies
in the standard BOD bottle test, or it may indicate that the long-term effects
of BOD from wurban runoff on receiving waters may be more important than short-
term effects.

The relative strengths of pollutants in the runoff were compared with con-
centrations in the street dirt samples to determine the extent to which street
dirt was responsible for these pollutants. The study showed that monitored
heavy metal concentrations were much smaller in the runoff than in the street
dirt, and organics and nutrient concentrations were much larger. These data
indicate that street activity is probably responsible for most of the heavy
metal yields, while runoff and erosion from off-street areas during storms is
probably responsible for most of the organic and nutrient yields. Thus, if or-
ganics and nutrients must be significantly reduced in the runoff, street clean-
ing alone may not be sufficient.

The pollutant removal capabilities of various storms were studied because
of their effect on the loadings remaining on the streets after storms, and the
flow and deposition patterns of solids in the sewarage. The monitored storms
had a much smaller removal effect in the o0il and screens test area than in the
test areas with asphalt streets. Interestingly, the first storm (which had a
much greater intensity than the other two storms monitored) showed smaller
relative removals, probably because larger amounts of eroded material were
washed onto the streets. The two less intense storms were capable of almost
completely removing street surface particulate material from the asphalt
streets without causing large amounts of erosion. Comparisons of the street
loading removal values with runoff yields measured at the outfall showed that
the two less intense storms deposited more material in the sewerage than did
the first storm, with its high runoff volume and flow velocity.

Frequent street cleaning on smooth asphalt streets (once or twice per day)
can remove up to 50 percent of the total solids and heavy metal yields of urban
runoff. Typical street cleaning programs (once or twice a month) remove less
than 5 percent of the total solids and heavy metals in the runoff. Organics and
nutrients in the runoff cannot be effectively controlled by intensive street
cleaning-—-typically much less than 10 percent removal, even for daily cleaning.

The comparison of runoff pollutant concentrations with recommended water
quality criteria (Table 2-8) showed that the heavy metals--cadmium chromium,
lead, copper, mercury, and zinc-—-as well as phosphates, BOD, suspended sol-
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TABLE 2-8. RECOMMENDED BENEFICIAL USE CRITERIA EXCEEDED BY RUNOFF

Beneficial Use Parameters Exceeding Recommended Criteria

Livestock lead*

Wildlife none

Aquatic life chromium, cadmium*, lead*, mercury*, biochemical
oxygen demand, turbidity, suspended solids

Marine life phosphates*, cadmium, copper, zinc

Recreation phosphates*

Public Fresh-

water Supply cadmium, lead*

Irrigation cadmium

*The maximum observed value was 210 times the minimum recommended criteria

ids, and turbidity exceeded some recommended water quality criteria. That
does not necessarily mean that a problem exists. However, a problem may arise
for these parameters and they should be investigated further in receiving
waters. The study showed that aquatic life beneficial uses can be adversely
affected by more pollutants than other beneficial uses.

Table 2-9 compares observed runoff water quality with treated secondary
sanitary wastewater effluent water quality. The concentrations of many pollu-
tants in the runoff samples were greater than in secondary treated sanitary
wastewater effluent. Annual yield comparisons showed that the yields for lead,
chromium and suspended solids were greater in the street surface portion of the
runoff than in the treated secondary effluent. Thus, urban runoff may cause
some greater short- and long-term receiving water pollution problems than the
treated sanitary wastewater effluent. Street cleaning and/or runoff treatment
may be a more effective control measure than further improvement in treated
sanitary wastewater effluent quality for some of the parameters.

COST AND SELECTION OF CONTROL MEASURES

This portion of the study assessed the cost and labor effectiveness of
various nonpoint pollution control measures: street cleaning, runoff treatment,
erosion control, and combined runoff and wastewater treatment.

San Jose's street cleaning costs for the study period (1976-1977) averaged
about $14 per curb-mile cleaned and required about 0.9 man-hours per curb-mile
cleaned. The cost and labor requirement analyses of street cleaning showed
several important factors. First, street cleaning is labor-intensive* in re-

*The ma jority (d@bout 75 percent) of San Jose's street cleaning costs were for
labor.
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TABLE 2-9. COMPARISON OF RUNOFF WATER QUALITY TO TREATED SECONDARY WASTEWATER
EFFLUENT WATER QUALITY

Runoff parameters that exceed the corresponding treated secondary sanitary
wastewater effluent parameters for the following conditions:

Average Runoff Peak Runoff Concentrations Annual Runoff
Concentrations Yield***
Biochemical oxygen demand Biochemical oxygen demand Suspended solids
Chemical oxygen demand Chemical oxygen demand* Lead*
Suspended solids Suspended solids* Chromium
Total organic carbon Total organic carbon
Turbidity Turbidity
Lead* Lead**
Zinc Zinc
Cadmium Cadmium*
Chromium Chromium

Copper

* The runoff condition is >10 times the sanitary wastewater effluent condition.

*%* The runoff condition is >100 times the sanitary wastewater effluent condition.

*%%* The runoff annual yield only represented the street surface portion of the
total runoff.

lation to other control methods--a charcteristic that must be considered so-
cially beneficial. Second, maintenance costs composed about 30 percent of total
program costs in this study. The remaining 70 percent were for capital and
operational costs. Thus, equipment replacement for reducing costs would achieve
a maximum cost savings of much less than 30 percent. Other costs are constant
and would not vary significantly for different types of currently available
street cleaning equipment. Figure 2-2 shows that the cost to remove a pound of
street dirt increases with increasing numbers of cleaning passes in a year. A
cost increase of about tenfold over typical street cleaning program costs may
be necessary to realize substantial improvements in urban runoff water quality
(greater than 25 percent removal of total solids and heavy metals). Increased
street cleaning costs would benefit areas not affected by other typical urban
runoff control measures such as air quality, public safety, and litter.

When all costs for the various control measures were considered, per unit
pollutant removal costs for street cleaning (Table 2-10) were found to be sig-
nificantly less than those for separate runoff treatment costs. The study in-
dicated that combined sewage and runoff treatment costs for the racility con-
sidered were somewhat less than for special runoff facilities. However, costs
of heavy metal runoff treatment could not be considered because of a lack of
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Figure 2-2. Costs to remove a pound of street dirt as a
function of the number of passes per year.
TABLE 2-10. COSTS TO REMOVE VARIOUS STREET SURFACE CONTAMINANTS BY
THE STREET CLEANING PROGRAMS TESTED ($/pound removed)
Parameters Minimum Maximum Average*
Total Solids 0.03 0.17 0.11
Suspended Solids** 0.05 0.33 0.21
Chemical Oxygen Demand 0.23 1.4 1.0
Biochemical Oxygen Demand** 0.46 2.9 2.0
Orthophosphate 180 1600 920
Kjeldahl Nitrogen 11 100 63
Lead 14 93 38
Zinc 52 290 180
Chromium 58 360 240
Copper 28 190 130
Cadmium 6100 58,000 34,000

*These values are
**Estimates.

averaged for the different test areas.
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data. Costs to remove heavy metals from runoff are expected to be much greater
than the street cleaning costs. It should be added that other control measures
affect only water quality, while street cleaning has multiple benefits and can
also improve air quality, aesthetic conditions, and public safety.

DUST LOSSES FROM STREET SURFACES TO THE AIR

This portion of the study investigated dust (fugitive particulate) concen-
tration increases and emissions from street surfaces. Various influencing fac-
tors such as traffic density, weather conditions, and street surface conditions
were also monitored. The loading of particulates on the street surface is be-
lieved to be an important factor in the level of these emissions, and improved
street cleaning may play an important role in their control. Downwind roadside
particulate concentrations were found to be about 10 percent greater than up-
wind concentrations (on a number basis). About 80 percent of the concentration
increases, by number, were associated with particles in the 0.5 to 1.0 micron
size range, but about 90 percent of the particle concentration increases, by
weight, were associated with particles greater than 10 microns. The study
showed that street surface particulate accumulation rates decrease with the
passage of time after street cleaning or a significant rain. It is thought that
this decrease is caused by particulate losses to the air. Differences between
initial street surface particulate accumulation rates and the lower rates ob-
served several days after street cleaning were used to estimate dust losses.
These calculations showed that about one week after street cleaning, approx-
imately 4 to 6 1lb/curb-mile per day of particulates were lost to the air. This
loss rate corresponds to an automobile use emission rate of about 0.66 to 18
grams per vehicle-mile. This rate increases for longer cleaning intervals and
varies widely for different conditions.

Dust levels in the cabs of street cleaning equipment were also investi-
gated with and without the use of the water spray. The study showed that, for a
state-of-the-art four-wheel mechanical street cleaner, the water spray was very
effective in controlling dust inside the cab and in the immediate vicinity of
the street cleaner. The spray, however, did not significantly reduce the total
high dust levels in the area immediately behind the street cleaner.
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SECTION 3

STREET CLEANING EQUIPMENT TESTS

SUMMARY
The objectives of the study of street cleaning equipment performance were:

® To determine the accumulation rate of street surface particulates
between each street cleaner test.

e To determine the characteristics of street dirt in relation to
particle size and concentrations of specific pollutants.

e To investigate various street cleaning practices under actual field
conditions (including various street surface conditions, residual
particulate loading, traffic density, parked car, and climatic con-
ditions) in order to determine the range of possible cleaning per-
formances offered by current types of street cleaning equipment.

Accumulation Rates

The accumulation rate characteristics of street surface contaminants must
be known in order (1) to understand the magnitude of the problem a street clean-
ing program must address, and (2) to determine the most effective control methods.
This study showed that the accumulation rates varied widely from test area to
test area. These variations are thought to be due to street surface conditions
and to land-use patterns and activities within the test area (e.g., vacant lots,
commercial development, pedestrian and automobile traffic, and parking). Such
variations should be considered in scheduling street cleaning programs for dif-
ferent types of areas.

The study also showed that the median particle size of street surface con-
taminants increased with time between street cleaning, then decreased with
cleaning. These data also show that street cleaning equipment picks up large
particles muchmore effectively than small particles. Thus the small particles,
which have higher concentrations of pollutants, tend to build up on the street
surface.

The loading was found to increase more rapidly immediately after the street
was cleaned; accumulating rates decreased as the number of days after street
cleaning increased, probably because wind and automobile-related air turbulence
suspend the particles in the air. This should be considered in establishing
optimum street cleaning frequencies. It should be remembered that although
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longer periods between street cleaning may not result in similarly increased
loadings, they could cause greater road-side airborne particulate concentrations
(see Section 6).

Effects of Particle Size

Because street cleaning equipment performance varies with particle size,
analyses based on particle size groupings were necessary to determine street
cleaning performance for specific pollutants. Almost all of the monitored
pollutants showed increases in concentration as particle size decreased. Street
cleaning equipment was also found to be more effective at removing larger,
aesthetic-related particles than at removing smaller particles that have
generally higher pollutant concentrations. It is important to note, however,
that street cleaning equipment can remove important quantities of these pol-
lutants under many conditions. Typically, a much greater quantity of the total
solids on the street is of the larger particle sizes. Even though concen-
trations of the monitored pollutants are not as high in the larger particle
sizes, important amounts are found in them because of their greater quantity.
Assessemnts of removal capability for various pollutants can indicate what mix
of control measures should be used to achieve specific goals.

Equipment Performance

The equipment performance tests showed that the differences in test areas
affected the initial (before cleaning) and residual (after cleaning) loadings
much more than differences in equipment type. Furthermore, within any one test
area, the cleaning frequency and number of passes influenced before and after
loadings much more than differences in equipment type. It was found that smoother
streets (asphalt) can be maintained in a much cleaner condition than rougher-
surfaced (oil and screens) streets or streets in poor condition. Street cleaning
programs should, therefore, vary for different street surface conditions.

Because of the variability in initial loadings in different areas, it is
important to measure cleaning effectiveness on a pounds-removed-per-curb-mile
basis rather than on a percentage-of-initial-loading-removed basis. For example,
removing a small percentage of the initial loading in a dirty industrial area
could remove more pollutants than removing a high percentage of the initial
loading in a clean commercial area. The pounds—removed-per-curb-mile value is
necessary in designing a program to meet a goal of removing a certain number
of pounds of pollutant in a given time. This measurement also makes it possible
to compare the unit costs ($/1b* removed) and unit labor (man-hr/lb* removed)
requirements of street cleaning with these values for alternative control measures.

STRUCTURE OF THE STUDY

Several street cleaning programs using various types of equipment and
levels of effort were evaluated. This evaluation was the major element of

*See Metric Conversion Table 0-1.
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the demonstration project. The following types of street cleaning equipment
were studied under various operating conditions and cleaning frequencies:

e four—wheel mechanical street cleaner
e state-of-the-art mechanical four-wheel street cleaner
e vacuum—assisted street cleaner

The purpose of this project was not to compare these specific types of
street cleaning equipment, but to determine the range and capabilities of
street cleaning equipment in general. These specific pieces of street
cleaning equipment were selected for study because they represent three dif-
ferent generic types and because they were readily available for testing.
It must be stressed that the performance as measured in these tests may not
be an accurate indication of the ability of this equipment under other
operating conditions. The scope and intent of this project was to demonstrate
the range of possible cleaning effectiveness of different types of street clean—
ing equipment under a variety of real-world operating conditions. The available
resources for the project required that the study be conducted in one city
with a limited selection of available equipment.

Street cleaning equipment performance is thought to be very sensitive to
operator and maintenance skill. The equipment must be adjusted adequately and
maintained and operated in a manner to optimize debris removal and minimize
costs. The operators and maintenance personnel used during these tests were
supplied by the manufacturers and by the city of San Jose's Public Works De-
partment. They were all well trained and skilled and operated the test equipment
in an optimum and recommended manner.

Eight potential study areas were considered within the city of San Jose.
Three were selected as being representative of the variety of conditions found
in San Jose and many other cities: the Tropicana study area, the Keyes Street
study area, and a Downtown study area. The selection criteria and more specific
information about the study areas are found in Appendix C.

Because of variable street surface conditions, the Downtown and Keyes
Street study areas were divided into two test areas, while the Tropicana
study area was Dbest treated as a single test area. Thus a total of five
test areas were used in the initial field activities:

e Tropicana - good asphalt street surface test area

e Keyes Street - good asphalt street surface test area

o Keyes Street - o0il and screens street surface test area
e Downtown —~ good asphalt street surface test area

e Downtown - poor asphalt street surface test area

Figure 3-1 shows the San Francisco Bay Area and the general location of
the city of San Jose. Figure 3-2 shows the three study areas selected and their
location within the city of San Jose.
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The cleaning frequencies used in this study ranged from two passes every
day to one pass every seven weeks. Each piece of equipment was evaluated
in the field during two different seven-week periods: once in the first and
once in the second phase (with the exception of the vacuum-assisted street
cleaner). The first two weeks of each seven weeks of equipment evaluation us-
ed daily cleaning. A single pass was made every weekday during the first week
and two passes were made each weekday during the other week. The last five
weeks of each test period used weekly cleaning intervals. Equipment was rota-
ted through the different testing areas at the end of each cleaning period.The
test schedule is shown in Table 3-1. One hundred sixty-three cleaning passes
were conducted, and about 20,000 samples were collected during the demonstra-
tion project in the test areas. This schedule allowed the different character-
istics and long-term seasonal differences in the test areas to be included in
the evaluation of the range of equipment effectiveness.

In addition to cleaning the specific test area, an adjacent buffer zone
up to three times the size of the test area was alsocleaned in order to reduce
potential edge effects (tracking of particulates into the test areas from the
adjacent areas, which were usually significantly dirtier or cleaner).

The long-term and frequent sampling in the test areas made it possible
to directly measure accumulation rates of street surface contaminants. Street
surface samples were collected within a few hours before and after street cleaning
by the procedures described in Appendix A. The idealized loading pattern re-
sulting from sampling at these intervals, a sawtooth pattern depicting the
deposition and removal of street surface particulates, is illustrated in Figure
3-3. The accumulation rate can be determined by calculating the angle of the
slope between adjacent sampling periods. The two factors affecting the accumu-
lation rate are the deposition rate and the removal rate.* The deposition rate

® Period of
street surface
Street Street Street sampling
cleaned cleaned cleaned
Particulate 1 1
loading 1

Residual loading
Clean street

/ Actual load

Time ————————

Figure 3-3. Sawtooth pattern associated with deposition
and removal of particulates.

*Accumulation rate = deposition rate - removal rate.
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TABLE 3-1. STREET CLEANING SCHEDULE FOR SAN JOSE STUDY AREAS

Equipment Type and Number of Passes per Week

5-Day

Work Week Downtown Keyes Tropicana
12/13 ~ 12/17/76 A-5
12/20 + 12/24 A-10
12/27 + 12/31 A-1
1/3 + 1/7/77 A-1
1/10 » 1/14 A-1
1/17 » 1/21 A-1
1/24 » 1/28
1/31 + 2/4 B-10
2/7 +» 2/11 B-5
2/14 » 2/18 B-1
2/21 » 2/25 B-1
2/28 + 3/4 B-1
3/7 + 3/11 B-1
3/14 + 3/18 B-1
3/21 + 3/25
3/28 + 4/1 C-5
4/4 » 4/8 c-10
4/11 +» 4/15 C-1
4/18 + 4/22 C-1
4/25 + 4/29 C-1
5/2 +» 5/6 C-1
5/9 + 5/13 c-1
5/16 » 5/20
5/23 + 5/27
5/20 + 6/3
6/6 + 6/10 A-5
6/13 + 6/17
6/20 +» 6/24 A-10
6/27 + 7/1 A-1 A-1
7/4 + 7/8 A-1 A-1
7/11 + 7/15 A-1 A-1
7/18 + 7/22 A-1 A-1
7/25 + 7/29 A-1 A-1
8/1 » 8/5
8/8 +~ 8/12 B-5
8/15 + 8/19 B-10
8/22 + 8/26 B-1 B-1
8/29 + 9/2 B-1 B-1
9/5 + 9/9 B-1 B-1
9/12 + 9/16 B-1 B-1
9/19 - 9/23 B-1 B-1
Notes: A = 4-wheel mechanical street cleaner

B = state-of-the-art 4-wheel mechanical street cleaner

C = 4-wheel vacuum-assisted mechanical street cleaner
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is a function of the characteristics of the area, such as climate, land use,
traffic, and street surface conditions. Removal can occur by street cleaning
or naturally by winds or rains.

The data collected in these test areas were also used to identify the
range of performances that may be expected from currently available street clean-
ing equipment. Differences of removal values (1lb/curb-mile removed) instead of
percentage removals (percentage of initial loading removed) for the various
test conditions are used as a more meaningful measure of equipment performance.

ANALYTICAL PROGRAM

The design of the sampling program required decisions as to the method
of sample collection (see Appendix A) and the extent of sampling (see Appendix
B). Because the objectives of this project were unique, new procedures had
to be carefully developed so that the sampling program could yield sufficient
information. The following elements summarize the particulate sample analysis
program:

e Estimates of the volume of the hopper contents in the street cleaning
equipment were made after each test; the hopper contents were also
sampled and analyzed for particle size distributions.

e All samples (accumulation, hopper, across—-the-street, driving lane,
and before and after tests) were sieved for particle size analyses
by using a 0.25-in. wire screen; Tyler screens numbered 10 (2000 n)
20 (850 u) 30 (600 u) 60 (250 mp) 140 (106 u) and 325 (45 u); and
the pan.*

o The bulk density of each of the above sieved samples was determined.
e The loading (1lb/curb-mile) of each particle size was calculated for
accunulation and test samples; the percentage of sample in each size

was also calculated for accumulation, hopper, and test samples.

e The before and after test samples for each size, each test area, and
each equipment test phase were combined for the following analyses:**

Lead (Pb) Kjeldahl nitrogen

Zinc (Zn) Total orthophosphates (Ortho POA)
Chromium (Cr) Mercury (Hg) (16 analyses only)
Copper (Cu) Asbestos (8 analyses only)

Cadmium (Cd)
Chemical oxygen
demand (COD)

*The pan collects all of the material passing through the finest screen.
**Approximately 8 sizes x 3 test areas x 5 equipment test phases = 120
samples.
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CONCENTRATIONS OF STREET SURFACE CONTAMINANTS AS A FUNCTION OF PARTICLE SIZE

Previous studies (Sartor and Boyd 1972; Pitt and Amy 1973) have demon-
strated the importance of chemical analyses of different particle sizes instead
of the total sample. The chemical character of each size is relatively constant
(within a specific test area and time frame), but the percentage composition
of the different sizes can vary significantly. Therefore, analyses of different
sizes can vary significantly, and analyses of different particle sizes yield
more useful information than total sample analyses.

Each collected sample was divided into eight particle sizes:
(<45 pu; 45+ 106 u; 106 + 250 u; 250 + 600 u;
600 » 850 u; 850 + 2000 p; 2000 > 6370 u; and >6370u).
All of the samples collected in each test area for each equipment type were
combined for chemical analyses by particle size. These chemical analyses were
used to calculate total pollutant loadings for all of the samples collected.

Tables E-1 through E-5 of Appendix E present all the particle size pol-
lutant concentration data obtained during the project, while Figures E-1
through E-10 graphically summarize pollutant concentrations for the first test
phase. Figures are presented for chemical oxygen demand (COD), total ortho-
phosphates (Ortho PO4), Kjeldahl nitrogen, lead (Pb), zinc (Zn), chromium (Cr),
copper (Cu), and cadmium (Cd) for each of the five test areas and for eight
particle sizes, plus a weighted average for most of the samples. The weighted
average is based on the total calculated loadings for each test area and pa-
rameter. Figures E-9 and E-10 present mercury and asbestos concentrations as
a function of particle size for all test areas combined.

The pollutant strengths are presented as milligrams of pollutant per kilo-
gram of total solids (equivalent to ppm), except for asbestos, which is expressed
as fibers per gram of total solids. Almost all of the parameters for all of
the test areas show higher concentrations with decreasing particle size. Mercury,
cadmium, zinc, lead, Kjeldahl nitrogen, and total orthophosphates show the highest
concentrations with smaller particle sizes, while copper and chromium show the
lowest concentrations with the smallest particle size. The asbestos information
presented is subject to “wide variation because of the small number of fibers
counted in each sample aliquot. The lengths of the fibers observed ranged from
5 to 250 microns inlength. Generally, the smallest particle sizes had the short-
est observed maximum fiber lengths.

Figure 3-4 shows the particle size distribution for each test area. This
figure is based on the "initial" loading samples (samples collected immediately
before the streets were cleaned) to minimize the effects of street cleaning on
the particle size distribution. The average median particle sizes ranged from
about 150 uto400 u, with asphalt streets in good condition having the smallest
median particle sizes and the poor condition asphalt streets and oil and screens
surfaced streets having the largest particle sizes.

Only the oil and screens test area had significantly different pollutant
strengths associated with the different particle sizes than the other test areas.
The oil and screens pollutant concentrations are generally less (by about half)
than the concentrations from the other test areas. This reduction is due to
large quantities of street wear products "diluting" the pollutants originating
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Figure 3-4. Particle size distribution of "initial” loading samples.

from other source areas (such as vehicle wear products and local erosion). None
of the different test periods had significantly different pollutant strengths.
The pollutant strengths observed were all within the range of strengths reported
in previous investigations, as shown on Table 3-2. This particle size information
was used to determine the accumulation rates and street cleaning equipment per-
formance for the different pollutants.
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TABLE 3-2. AVERAGE NATIONWIDE POLLUTANT STRENGTHS ASSOCIATED
WITH STREET SURFACE PARTICULATES

Parameter Mean Minimum Maximum Standard Ratio of Standard
(ppm? except as noted) Strength Strength Strength Deviation Deviation to Mean
BODg (b) 70,000€ 8500€ 270,000© 80,000°¢ 1.1
coD™ (b) 140,000 17,000 530,000 160,000 1.1
Ortho PO, (b) 1300 14 6700 1400 1.1
Total POA (b) 2900 210 5400 f -
NO4 (b) 800 20 16,000 2600 3.3
NH, (b) 2600 600 5400 f -
Kjeldahl N (b) 3000 450 13,000 3100 1.0
Cd (b) 3.4 0 25 3.6 1.1
Cr (b) 210 3 760 110 0.52
Cu (b) 100 8 290 100 1.0
Fe (b) 22,000 2200 72,000 11,000 0.50
Pb (b) 1800 0 10,000 2,000 1.1
Mn (b) 420 100 1600 220 0.52
Ni (b) 35 0 170 38 1.1
Sr (b) 21 0 110 21 1.0
Zn (b) 370 21 1100 210 0.57
Total coliforms
(no./gram (d) 2.5x10° 1.2x10% 8.6x107 g -
Fecal coliforms
(no./gram) (d) 1.7x10° 6.0 1.7x107 g -
Asbestos (fibers/gram) (c) 160,000 0 770,000 180,000 1.1
Rubber (c) ) 4600 500 11,000 2,600 0.57
p, p-DDD (d) 0.082 0.0002 0.27 0.080 0.98
p, p-DDT (d) 0.075 0.0004 0.38 0.12 1.6
Dieldrin (d) 0.028 0.003 0.074 0.028 1.0
Endrin (d) 0.00028 0 0.0022 0.00073 2.6
Lindane (d) 0.0022 0 0.019 0.0063 2.9
Methoxychlor (d) 0.50 0 3.1 1.1 2.2
Methyl parathion (d) 0.0024 0 0.022 0.0073 3.0
PCBs (d) 0.77 0.07 2.3 0.76 1.0

4ppm = microgram of pollutant per gram of total dry solids; the mean total solids (b) accumulation was 150
1b/curb-mile/day, with a range of 3 to 2700 and a standard deviation of 370 lb/curb-mile/day.

bAmy, et al. (1974) - a compilation of the results of many studies
“Shaheen (1975)

dSartor and Boyd (1972)

€BOD = 1/2 COD (see Colston, 1974)

frew samples (less than 10)

8yery large variance.

These data indicate that a control measure (such as conventional street
cleaning methods) that is most effective in removing large particle sizes may
be unable to remove enough of those pollutants found in the less abundant, smaller
particle sizes. Therefore, it may be difficult to meet objectives unless extra
effort is expended. However, street cleaning may remove important amounts of
these pollutants because they are also found in the more abundant larger particle
sizes. The effectiveness of street cleaning, therefore, depends on the specific
service area characteristics and program objectives.
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DETERMINATION OF ACCUMULATION RATES OF STREET SURFACE CONTAMINANTS

This portion of the study was aimed at determining specific accumulation
rates in the test areas. This information must be known before an effective
street cleaning program can be designed. The rainfall pattern during the time
of the study was examined and those periods in which rains had caused significant
natural removal of street surface contaminants were eliminated from analyses.
In order to determine accumulation rates of different pollutants, the samples
were analyzed on a particle size basis as described above. This procedure was
essential because different particle sizes have different concentrations of pol-
lutants. Equipment performance also varies with particle size, which affects
the overall amount of various pollutants that can be removed by street cleaning.

Sources of Street Surface Contaminants

Most of the street surface contaminants (by weight) are a function of the
local geological conditions, with added fractions resulting from motor vehicle
emissions and wear. For smooth streets in good repair, minor contributions
are made by wear of the street surfaces. The specific make-up of street surface
contaminants is a function of many site conditions and varies widely.

Table 3-3 presents chemical analyses for some possible street comtaminants.
Most of the materials listed are high in volatile solids. Brake linings contribute
extremely high concentrations of lead, chromium, copper, and nickel. Rubber
has high concentrations of lead and zinc. Asphalt pavement has a high concentration
of nickel. Cigarettes have highconcentrations of lead, chromium, copper, nickel
and zinc (Shaheen 1975).

Usually, most street surface particulates are the products of erosion of
local soils. Nitrogen and phosphorus are contributed by local plants and soils
and are carried onto the street surface by rain, wind, and traffic. Potentially
adverse quantities of polychlorinated biphenyls (PCBs) have also been shown
to originate from local soils (Shaheen 1975).

Although a small percentage (by weight) of the street surface pollutants
results from wear and emissions from motor vehicles, the toxicity of these
contaminants increases their importance. Deposits of grease, petroleum, and
n-paraffin can result from spills or leaks of vehicle lubricants, antifreeze,
or hydraulic fluids. Phosphorus and zinc, used as oil additives, can also
be deposited from spills. Lead deposits can be deposited from spills or leaks,
or combustion of leaded fuels, and (along with zinc) from tire wear. Asbestos
can be deposited from wear of the clutch, brake linings, and tires. Copper,
nickel, and chromium can be deposited from wear of metal from platings; bearings,
and other moving parts. Roadway abrasion is another source of street pollutants,
although studies show that such contributions, for smooth streets in good repair,
are insignificant compared to contributions due to traffic activities and erosion
of local soil (Shaheen 1975).

Chlorides are deposited primarily from deicing compounds with some additional
chlorides resulting from roadway abrasion and local soils. Chloride accumulation
in regions with snow is probably traffic-dependent because of the application
of more deicing material on well-traveled streets.
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TABLE 3-3. ANALYSIS OF POSSIBLE STREET SURFACE CONTAMINANTS

Tot. Vol.
Solids BoD? COD Grease Petroleum n-Paraffins

Material (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g)
Gasoline 1000 150 680 1.3 1.3 1.3
Lubricating Grease 970 140 - 750 670 570
Motor 0il 1000 140 220 990 940 850
Transmission Fluid 1000 100 200 990 940 880
Antifreeze 990 38 1100 140 70 6.1
Undercoating 1000 90 310 960 180 120
Asphalt Pavement 64 1.2 86 21 15 9
Concrete 71 1.4 64 2.7 1.3 1
Rubber 990 27 2000 190 100 56
Diesel Fuel 1000 80 400 390 310 210
Brake Linings 290 17 420 31 8.3 7.6
Brake Fluid 1000 26 2400 880 33 19
Cigarettes 860 85 780 30 21 2.7
saltP 75 - - 0 0 0
Cinders 0.0 - 59 1.3 1.2 1.2
Area Soil€ - - - - - -

Lead Mercury Chromi um Copper Nickel Zinc

Material (ug/g) (ug/g) (ug/g) (ng/g) (ug/g) (ng/g)
Gasoline 660 <0.05 15 4 10 10
Lubricating Grease <2 <0.05 <2 <1 <1 160
Motor 0il 9 <0.05 <2 3 17 1100
Transmission Fluid 8 <0.05 <2 <1 21 240
Antifreeze 6 <0.05 <2 76 16 14
Undercoating 120 <0.05 <2 1 480 110
Asphalt Pavement 100 <0.05 360 50 1200 160
Concrete 450 <0.05 93 99 260 420
Rubber 1100 <0.05 180 250 170 620
Diesel Fuel 12 <0.05 15 8 8 12
Brake Linings 1100 <0.05 12200 31,000 7500 120
Brake Fluid 7 <0.05 19 5 31 15
Cigarettes 490 <0.05 71 720 190 560
Salt 2 <0.05 2 2 9 1
Cinders <2 <0.05 <2 3 4 7
Area Soil <2 <0.05 36 23 25 27
Detection Limit 2 0.05 2 1 1 0.01

Source: Shaheen 1975

4BOD determinations were made on "pure" materials using a seed of unacclimated

sewage organisms.

bResults are on a dry weight basis.

Salt as received contained 3.7% water,
assayed 93.2% sodium chloride, and contained less than 0.005% cyanide.

CS0ils from the Washington, D.C. area contained a magnetic fraction of from

8.9% to 12.5%, less than 0.05 mg rubber per gram, less than 3 x 10

fibers per gram, 50 to 100 mg/g volatile solids and 15 to 80 mg/g COD.
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Other categories of pollutant sources occur which are specific to a particular
area and on-going activities. For example, iron oxides are associated with
welding operations; strontium, used in the production of flares and fireworks,
would probably be found on the streets in greater quantities around holiday
times or at the scenes of traffic accidents.

Appendix G and Section 4 discuss the relative contributions of the street
surface loadings to the total storm runoff yields. A current project (Source-Area
Contributions for Urban Runoff, Grant No. R805418) currently being conducted
in San Jose will result in additional information on this subject.

Long-Term Loading Variations

Figures D-1 through D-5 of Appendix D present the rainfall history in
the study areas by time during the testing period.

The runoff monitoring program is discussed in Section 4 of this report.
During the testing phase of this study, significant rains occurred on a total
of 11 days, while measurable rains occurred on a total of 36 days.

A significant rain is one that is expected to remove a large portion of
the street surface contaminants present before the storm. However, these rains
can also add material to the street surface during the rain through erosion
of adjacent areas. A significant rain is defined as having a total rainfall
of about 0.2 in. or greater within about one day (irrespective of traffic con-
ditions), or a peak instantaneous rainfall intensity of 0.5 in. per hour with
little or no traffic, or an average intensity of 0.1 in. per hour or greater
with moderate to heavy traffic. Rains and traffic conditions meeting one of
these sets of criteria are believed to be capable of imparting enough energy
to the street surface to loosen street surface contaminants and to supply enough
water to flush these contaminants along the street surface and gutters to storm
sewerage inlets. Enough water may not be available to carry the particulates
through the storm sewerage and out the outfall. This would result in deposition
of solids in the sewerage (see Section 4). Rainfall intensity and removal effec-—
tiveness relationships were studied by Sartor and Boyd (1972) and discussed by
others (including Pitt and Field 1977).

Figures D-6 through D-22 of Appendix D present total street surface par-
ticulate loadings and median particle sizes as a function of time. These figures
show a sawtooth pattern similiar to that shown in Figure 3-3 for the total
solids loading conditions over much of the study period. Some unexplained
decreases in loadings are also periodically shown. It is thought that these
decreases in loadings may be caused by high winds. Significant rains in some
cases cause a decrease in street surface loadings, while they cause an increase
in others. Increases are thought to be caused by erosion. The median particle
size of street surface particulates also decreases with street cleaning and
increases with time until recleaned. The median particle size can decrease
either with removal of larger particles or with an increase in the quantities
of smaller particles. Decreases in median particle sizes were caused by the
removal of larger particle sizes during street cleaning operations. A more de-
tailed discussion of street cleaning performance as a function of particle size
is given later in this section.
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Accumulation Rates of Specific Pollutants

As described previously, all of the test and accumulation samples were
separated by particle size. Samples of each particle size category for each
test area and equipment type were then analyzed for the various pollutants.

Figure 3-5 shows computer assisted curves of total solids street loadings
as a function of time since last cleaned. All measured street surface loading
values (by particle size) and associated time periods since last cleaned were
grouped by test area and season, and computer analyzed to identify the best
fitting curves. Loading values that were affected by rains were eliminated
from the analyses. First, second and third order polynomial curves, with and
without logarithmic (natural) data transformations, were used. The data showed
considerable spread, with correlation coefficient (r¢) values for the curves
used ranging from 0.35 to 0.9 (a correlation coefficient of 1.0 corresponds
to a "perfect fit" curve). Seasonal differences were not definitive because
of fewer resultant data points per curve and larger variationms. Figure 3-5 is
highly influenced by the residual loading values, which are generally the
"cleanest" the streets can be, and are usually the loading values immediately
after street cleaning; however, streets after certain rains can be cleaner.
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The resulting loadings were quite different for each test area. The accumulation
rates for the different test areas were much more similar than the loading
values. The good condition "asphalt" test areas had the smallest loading values
at any one time, while the o0il and screens test area and poor condition asphalt
test area had the largest loadings. No radical leveling off of the loadings
occurred, although the rate of loading gains decreased with time. Table 3-4
presents calculated annual average accumulation rates for the various pollutants
and for each test area.

TABLE 3-4. ANNUAL STREET SURFACE POLLUTANT ACCUMULATIONS
(1b/curb-mile/year)

Study Area Total Chemical
Solids Oxygen Kjeldahl Ortho-
Demand Nitrogen Phosphates Lead Zinc Chromium Copper Cadmium
Keyes and 4000 440 8.4 0.62 20 2.0 1.5 2.5 0.009
Tropicana -

good asphalt

Keyes—-oil and 5800 470 6.6 0.37 7.3 1.4 2.0 2.9 0.008
screens

Downtown—-good 3300 440 6.2 0.47 20 2.8 1.8 3.5 0.01

asphalt

Downtown-poor 7700 880 18 1.1 15 3.7 3.5 7.3 0.02

asphalt

Table 3-5 shows calculated street surface pollutant loadings for the dif-
ferent test areas and fordifferent times since last cleaned. Table 3-6 compares
the loading values at any time with the initial loading values. The Tropicana
test area is seen to change in relative loading values much more than for the
other test areas. The o0il and screens test area had smaller relative increases
in street surface loadings with time. Changes in cleaning frequencies would,
therefore, not affect street loadings in the oil and screens test area as much
as for the other test areas.

Calculations were made to average the slopes (the change of street surface
particulate loadings as a function of time) of each particle size to determine
accumulation rates of each pollutant for each test area and equipment test
phase. These calculated pollutant accumulation rates are shown in Table 3-7,
which presents the accumulation rates expressed as pounds of pollutant per curb-
mile per day for each of the five test areas. The values are divided into
several accumulation time periods: O to 2.0, 2.1 to 4.0, 4.1 to 10.0, 10.1
to 20.0, 20.1 to 30.0, 30.1 to 45.0, 45.1 to 60.0 and 60.1 to 75.0 days. Accum-
ulation rates measured over a period of time near to the street cleaning date
were greater than accumulation rates measured over an accumulation period further
from the day of street cleaning. This would be portrayed with a sawtooth pattern
of accumulation in which loading values tend to level off with time. Differences
in accumulation rates were found between the different test areas, but the range
in average accumulation rates only varied by about 2 to 1 in most cases.
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TABLE 3-5. STREET SURFACE POLLUTANT LOADINGS FOR VARIOUS TIMES
SINCE LAST CLEANED (1b/curb-mile)

Study Area

and Days Chemical

Since Last Total Oxygen Kjeldahl Ortho-

Cleaned Solids Demand Nitrogen Phosphates Lead Zinc Chromium Copper Cadmium

Keyes—good asphalt

0 days 290 32 0.62 0.044 2.0 0.20 0.12 0.17 0.00076
2 320 36 0.69 0.049 2.2 0.22 0.13 0.19 0.00083
4 350 39 0.74 0.053 2.3 0.23 0.14 0.21 0.00089
10 430 48 0.91 0.065 2.7 0.27 0.17 0.26 0.0011
20 550 61 1.2 0.083 3.2 0.33 0.21 0.33 0.0013
30 650 72 1.4 0.099 3.7 0.38 0.25 0.40 0.0016
45 790 87 1.7 0.13 4.5 0.46 0.31 0.49 0.0020
60 900 100 1.9 0.15 5.1 0.52 0.35 0.56 0.0023
75 980 110 2.1 0.16 5.4 0.38 0.38 0.61 0.0025
Keyes-o1l and screens
0 1800 120 2.0 0.11 3.0 0.51 0.68 0.83 0.0028
2 1800 120 2.0 0.11 3.1 0.52 0.69 0.85 0.0029
4 1900 130 2.1 0.12 3.1 0.53 0.71 0.87 0.0029
10 2000 130 2.2 0.12 3.2 0.55 0.74 0.92 0.0031
20 2100 150 2.4 0.13 3.4 0.59 0.80 1.0 0.0033
30 2300 160 2.5 0.14 3.6 0.63 0.85 1.1 0.0035
45 2400 170 2.7 0.15 3.8 0.66 0.90 1.2 0.0037
Tropicana-good asphalt
130 13 0.28 0.024 0.50 0.12 0.044 0.078 0.00038
2 160 17 0.35 0.029 0.66 0.14 0.056 0.098 0.00045
4 190 20 0.40 0.033 0.79 0.15 0.066 0.12 0.00051
10 270 29 0.57 0.045 1.2 0.19 0.094 0.17 0.00068
20 390 42 0.81 0.063 1.7 0.25 0.14 0.24 0.00096
30 490 53 1.0 0.079 2.2 0.30 0.18 0.31 0.0012
45 630 68 1.3 0.11 3.0 0.38 0.23 0.39 0.0016
60 740 81 1.6 0.13 3.6 0.44 0.27 0.47 0.0019
75 820 89 1.7 0.14 3.9 0.48 0.30 0.52 0.0021
Downtown-good asphalt
0 170 23 0.32 0.025 1.0 0.15 0.094 0.18 0.0051
2 190 25 0.35 0.028 1.1 0.17 0.10 0.20 0.0056
4 210 28 0.39 0.030 1.2 0.18 0.11 0.22 0.0062
10 260 35 0.49 0.038 1.5 0.23 0.14 0.28 0.0078
20 350 47 0.66 0.051 2.1 0.31 0.19 0.37 0.011
30 440 59 0.83 0.064 2.6 0.38 0.24 0.47 0.013
Downtown-poor asphalt
0 780 89 1.8 0.11 1.5 0.37 0.35 0.74 0.0021
2 820 94 1.9 0.12 1.6 0.39 0.37 0.78 0.0022
4 860 99 2.0 0.12 1.7 0.41 0.39 0.82 0.0023
10 990 110 2.3 0.14 1.9 0.47 0.45 0,94 0.0027
20 1200 140 2.8 0.17 2.3 0.57 0.54 1.1 0.0032
30 1400 160 3.3 0.20 2.7 0.67 0.64 1.3 0.0038

TABLE 3-6. RATIO OF POLLUTANT LOADING VALUES AT VARIOUS TIMES SINCE
LAST CLEANED TO RESIDUAL LOADING VALUES

Days Since Last Cleaned

Study Area 0 2 4 10 20 30 45 60 75
Keyes-good asphalt 1.0 1.1 1.2 1.5 1.9 2.2 2.7 3.1 3.4
Keyes-0il and screens 1.0 1.0 1.0 1.1 1.2 1.3 1.4 - -
Tropicana-good asphalt 1.0 1.3 1.5 2.1 3.0 3.8 4.8 5.7 6.3
Downtown-good asphalt 1.0 1.1 1.2 1.5 2.1 2.6 - - -
Downtown-poor asphalt 1.0 1.1 1.1 1.3 1.5 1.8 - - -
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The median particle sizes of the accumulating solids for the asphalt test
areas all were about the same (250 to 350y), while the particle sizes associated
with the accumulating solids in the oil and screens test area were much larger
(about 1000u). In addition, these particle sizes do not change with accumulation
time for the asphalt streets, but appear to increase with time for oil and
screens surfaced streets. The larger sizes for the oil and screens accumulating
solids are caused by wear of the surfacing material itself (which is comprised
of small-sized gravel). The sizes of the accumulating solids on the asphalt
Streets are generally smaller than the sizes of the total street dirt loadings
(indicating a build-up of the finer particle sizes on the asphalt streets),
while the sizes of the accumulating solids on the o0il and screens surfaced
streets are larger than the sizes of the total street dirt loadings.

It is interesting to note that the overall pollutant accumulation rates
in the o0il and screens test area are about the same or slightly smaller than
for any of the other test areas, yet the o1l and screens test area always
had the greatest street surface loadings observed. Because of the increased
surface roughness and generally larger particle sizes in the o0il and screens
test area, a large quantity of loose material could stay on the street surface
and not be removed significantly by rainfall (see Section 4). The smoother asphalt
streets in the Tropicana and Downtown-good asphalt test areas had accumulation
rates that were about equal and had generally larger increases in street surface
loadings with time. The Downtown-poor asphalt street surface test area had the
largest accumulation rates of any of the test areas. These large rates are
thought to be caused by the poor condition of the streets and the character
of the area, which cause a greater erosion of the street surface and accumulation
of material from outside the street environment. Street cleaning performance
is closely related to the accumulation rates and the initial contaminant loading
values on the streets before street cleaning, and is discussed in later sections.

GENERAL DESCRIPTION OF STREET CLEANING EQUIPMENT

Motorized street cleaners are designed to loosen dirt and debris from the
street surface, transport it onto a moving conveyor, and deposit it temporarily
in a storage hopper. The most common design (mechanical street cleaner) uses
a rotating gutter broom to remove the particles from the gutter area and place
them in the path of a large cylindrical broom which rotates to carry the material
onto a conveyor belt and into the hopper. This type of street cleaner uses
a water spray to control dust. This street cleaner is available in several
forms, including self-dumping street cleaners and three— or four-wheel street
cleaners. Three-wheel street cleaners are generally more maneuverable, but four-
wheel street cleaners usually travel at higher road speeds when not cleaning.

Vacuum assisted mechanical street cleaners have been in use in Europe for many
years and in limited use in this country for some time. Vacuum assisted street
cleaners use gutter and main pickup brooms for loosening and moving street
dirt and debris into the path of a vacuum intake, which places the debris in
the hopper. The vacuum system also replaces the conveyor system. All material
picked up by the vacuum nozzle is saturated with water on entry and passed
into a vacuum chamber where the water-laden dust and dirt settle out.
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Another type of street cleaner uses a regenerative air system. Using
recycled air, these street cleaners "blast" the dirt and debris from the road
surface into the hopper. Air is then vented through a dust separation system.

Some small, industrial-type vacuum street cleaners do not use main pickup
brooms, but use the vacuum system to directly clean the street. These small
street cleaners are most useful for cleaning parking lots, although they are also
used to clean factory floors and sidewalks. They are of limited use on city
streets.

When the hopper of a street cleaner is filled, the material may be taken
by the street cleaner to a storage or disposal site. More commonly, it is simply
dropped in a convenient place along the street cleaning route (preferably an
inconspicuous side street or vacant lot). Thedirt and debris are later collected
by truck crews, usually witha front-end loader. The majority of street cleaners
dump their hoppers from the bottom, however, some manufacturers make street
cleaners with a hopper that swings up on arms and can dump directly into a
truck or debris box. This eliminates the need for a separate pickup crew and
decreases the chances of storage—-pile losses.

The operating speed of most street cleaners falls in the range of 4 to
8 mph.* This is a normal speed for street cleaning operations in residential and
commercial areas where a street cleaner must maneuver around cars blocking access
to the curb. Several manufacturers offer four-wheel street cleaners that can
travel at speeds up to 50 mph when not cleaning. Auxiliary engines or special
power-takeoff transmissions provide additional speed and power to brooms and
elevators. They allow the operator to vary the cleaner speed as required for
street conditions (traffic, debris types, loading, etc.) while maintaining an
effective broom rotational speed.

Street flushing, as typically conducted, merely displaces dirt and debris
from the street surface to the gutter. Flushers do not remove potential pollutants
from the air and water enviromnments. The volume of water used is usually in-
sufficient to transport the accumulated litter to the nearest drain. If the
water volume were sufficient to transport the material to the drain (several
thousand gallons per curb-mile*), it would probably be deposited in the catchbasin
or the sewerage. If the debris did reach the receiving water in separated
sewerage systems, the debris would probably cause a more severe water pollution
problem than if they were washed off the streets during a rain storm, when
larger receiving water flows occur for dilution. Adequate flushing in combined
sewerage systems could move the street surface pollutants into the sewerage
and toward the treatment facility. Most public works agencies use flushers
for aesthetic purposes or for quickly moving material out of travel lanes. A
street flusher consists of a water supply tank mounted on a truck or trailer,
a gasoline engine drive pump or power takeoff for supplying pressure, and three
or more nozzles for spraying the water in several directions. The large noz-
zles on the flusher are individually controlled. They are usually placed so
that one is pointed across the path of the flusher, and one on each side is
pointed toward the gutter. This arrangement makes it possible to flush an

*See Metric Conversion Table 0-1l.
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entire street in one pass and provides flexibility in operation. The capacity
of the water carried on typical street flushers varies from 800 to 3500 gallons.*
The nozzle pressure of the water is usually between 30 and 55 psi.* The volume
of water delivered must be proportional to the speed of the vehicle and the
pumps must be capable of supplying sufficient water at suitable pressures.

Machine street cleaning may be assisted by manual cleaning in areas that
machines cannot reach, although machine cleaning accounts for the majority of
street cleaning activities in most communities. Manual cleaning is primarily
used to clean those streets where cars prevent the effective use of mechanical
equipment. It is most often used in business districts where the emphasis is
on keeping litter under control. Manual methods are also useful in supporting
mechanical operations. A manual crew can follow a street cleaner and clean
out. catchbasin inlets, sweep up missed debris, and assist in transferring debris
from the street cleaner to trucks.

Typical Street Cleaning Programs and Operating Conditions

Information from two APWA questionnaires-—one sent to more than 400 cities
in 1973 and a follow-up questionnaire sent to more than 200 cities in 1975,
concerning street cleaning operations in a recent project (APWA 1973 and 1975)
—~can be used to define current cleaning programs. Other data sources (Scott
1970; Laird and Scott 1971; Mainstem 1973; APWA 1945) can also be used to describe
typical street cleaning programs. The results of these surveys are presented
in the following discussion. These survey results should not be considered
a goal for any cleaning program, but only an indication of the norm. Part of
Section5 discusses procedures for the determination of a street cleaning program.
Because of varying objectives and conditions, some cities will need much more
intensive street cleaning programs than other cities.

General City Characteristics

Table 3-8 presents the areas and the total street miles for cities with
various population ranges (APWA 1973). Obviously, as the population increases,
the size of the city increases. About 0.5 square miles* and about 3 street-
miles* are required for each 1000 people. These values may be substantially
larger for small cities (those with much fewer than 10,000 people).

Table 3-9 shows the street grades for cities throughout the country (APWA
1973). Most streets are flat with grades of less than 2 percent; however,
some cities only have flat grades on one percent of their streets. Of the cities
that responded, only 11 percent of the streets had grades greater than6 percent;
but 50 percent of all of the streets of some cities had 6 percent grades.
Street cleaning equipment must be more powerful if the street grades are steeper.
The specific routes may be selected on a topographic basis to minimize the
number of street cleaners with large horsepower engines.

*See Metric Conversion Table O-1l.
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TABLE 3-8. AREA AND STREET MILES FOR NATIONWIDE CITIES

Area (miz) Street miles
Population
Range Average Range Average Range
<10,000 5.6 2 » 11 51 25 » 74
10,000 » 25,000 13 34+73 120 30 » 600
25,000 » 50,000 15 1 + 120 130 4 » 1600
50,000 +» 100,000 34 3 » 550 220 12 » 1400
100,000 » 250,000 47 8 » 120 440 18 » 1300
250,000 » 500,000 110 21 » 520 830 270 » 1600
500,000 + 1,000,000 420 46 » 3500 1900 860 + 4400
>1,000,000 220 52 +» 460 2600 -= -
Overall 47 1 » 3500 310 4 5 4400
Source: APWA 1973
TABLE 3-9. STREET TOPOGRAPHY CONDITIONS FOR NATIONWIDE CITIES
Grade Range Percent of Streets in Grade Range

Average Range
0 + 2% grade 57 1.0 + 100
2 + 6% grade 33 1.0 » 100
>67 grade 10 0.5 » 50

Source: APWA 1973

General Street Cleaning Program Characteristics

Table 3-10 shows the numbers of street cleaners that were operating in
1969 and 1970 based on street-miles and population groups (Scott 1970; Laird
and Scott 1971). About 20 cleaners were used for every 1000 street-miles. The
average street was cleaned about once every month, assuming an average cleaner
usage of about 25 curb-miles per day with some of the equipment not operating
because of repairs.

36



TABLE 3-10. NUMBER OF STREET CLEANERS FOR NATIONWIDE CITIES

Cleaners per 1000 Average Number of
street miles? (Cleaners pe
City 100,000 people”)

Population Average Range

<25,000 32 6.9 + 220 9.6
25,000 » 50,000 18 6.3 + 40 5.4
50,000 » 100,000 21 6.7 + 78 5.8
100,000 + 250,000 15 3.0 + 43 4,2
250,000 + 500,000 18 4.4 + 87 3.7
500,000 or more 14 2.6 + 28 2.7

Sources: 2Laird and Scott 1971
Scott 1970

From 3 to 10 cleaners were available for every 100,000 people. Based
on these values, 7200 street cleaners were available in the U.S. in 1970 (Scott
1970). Only about 35 percent of the cities had parking regulations to enhance
the street cleaning efforts (Scott 1970).

One of the major complaints about street cleaning operations concerns interim
storage of collected materials on streets. An average of 6 hours interim storage
was reported by the cities responding and the storage duration ranged from 5
minutes to 3 days (APWA 1973).

Operator training and operator performance are assumed to be directly related,
but only 43 percent of the cities that responded had a formal operator training
program. The average initial training period was 54 hours per operator with
subsequent training of about 30 hours per operator per year (APWA 1975).

Many cities with severe winter snow conditions do not conduct street cleaning
operations all year long. Most of the cities (56 percent) conducted their
street cleaning operations the whole year, but three percent cleaned streets
during only 3 or 4 months of the year (APWA 1975).

Public works departments removed, on the average, about 260 pounds per
person per year from the streets in 1973 (APWA 1975). Since street refuse
has a bulk density of about 1 ton per cubic yard*, this would be equal to
about 25 million cubic yards or 25 million tons* of material per year for a

*See Metric Conversion Table 0O-1.
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city of 100,000 people. Therefore the ultimate disposal of this material is
an important aspect of a complete street cleaning program.

Cleaning Equipment

Ninety-six percent of the estimated 7200 street cleaners operating in the
U.Se. in 1969 and 1970 were manufactured by one of three companies (Scott 1970).
This percentage is thought to have decreased since 1970, because of the rise
in the number of equipment manufacturers. Eighty-seven percent of the cleaners
were gasoline operated (Scott 1970).

Sixty-six percent of all streets were cleaned by mechanical cleaners. Twenty-
five percent were cleaned by vacuum assisted mechanical cleaners or by regen-
erative air street cleaners. The remaining streets were cleaned by flushers
only, or by a combination of equipment types (APWA 1973).

The reported operating speeds of mechanical and vacuum cleaners averaged
about 6 mph (they ranged from 2 to 25 mph). Flushers operated at a somewhat
faster speed, averaging 8 mph (APWA 1973). A faster street cleaner speed usually
results in less efficient removal of street dirt, but the relationship of speed
to removal efficiency for flushers is not known. Manufacturers usually recommend
an operating speed of 5 mph for mechanical and vacuum cleaners and 15 mph for
flushers. It 1is thought that cities operate their flushers at speeds slower
than recommended by the manufacturers because of public safety considerations.

The most common street cleaner hopper sizes were 3 and 4 cubic yards,
with only 4 percent either smaller than 2.5 cubic yards or equal to or larger
than 5 cubic yards (Scott 1970). The average reported volume of debris picked
up during one machine's shift was about 15 cubic yards (APWA 1973). Therefore,
about four or five loads were dumped during each shift.

General Street Cleaning Equipment Performance

All street cleaning equipment currently used can efficiently remove litter
(larger than 0.25 in.) from the street cleaner path. The following general
discussion concerns the removal of smaller particles (less than 0.25 in.) as
measured in several previously conducted controlled tests. Information presented
later in this section about the San Jose test results concerns all particle
sizes. Most of the equipment used in these tests was in good maintenance
and operated under recommended conditions although some were quite different
than those currently available. Departures from recommended operating conditions
may result in lower or higher removal rates.

Past test results have shown direct relationships between cleaning efficiency,
particle size, and street surface particulate loading. Tables 3-11 and 3-12
show the cleaning effectiveness of vacuumized street cleaners (Clark and Cobbin
1963) and mechanical street cleaners (Sartor and Boyd 1972) for various particle
sizes and total particulate loading conditions. These values were determined
by examining data that were collected under several hundred controlled and in-situ
testse. Actual cleaning efficiency may vary substantially from these values
because of site-specific variables. It was found that street surface loading
strongly influences the removal efficiency. Results from this San Jose demonstration
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TABLE 3-11. REMOVAL EFFICIENCIES FOR VACUUMIZED STREET CLEANER AT DIFFERENT
INITIAL PARTICULATE LOADINGS AND FOR VARIOUS EQUIPMENT PASSES (%)*

Street Surface Loading and Number of Passes

20 » 200/curb-mi 200 + 1,000 1b/curb-mi 1,000 + 10,000 1b/

Size curb-mi
Range

1 pass 2 3 1 2 3 1 2 3

44+ 74y 3 6 9 20 36 49 70 91 97

74+177u 50 75 88 60 84 94 75 94 99

177+300u 50 75 88 60 84 94 80 96 99

300+ 500u 60 84 94 65 88 96 70 91 94

750+1,000u 50 75 88 60 84 94 70 91 97

Source: Clark and Cobbin 1963
*From cleaner path (0 to 8 ft. from curb), not total street loading.

TABLE 3-12. MECHANICAL STREET CLEANER EFFICIENCIES FOR VARIOUS
EQUIPMENT PASSES (%)

180 + 1800 1b/curb-mile

Size Range 1 pass 2 passes 3 passes
<43 15 28 39
43 104 20 36 49
104 + 246u 50 75 88
246 » 840un 60 84 94
840 » 2000u 65 88 96
2000 + 6370w 80 96 99

Source: Sartor and Boyd 1972
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study also showed strong influences resulting from street surface conditions.
Without exception, higher loadings resulted in better removal percentages. In
a nationwide study (Sartor and Boyd 1972), city-averaged street surface particulate
loadings ranged from about 300 to 6000 1lb/curb-mile, with an average of 1500
1b/curb-mile. Therefore, it is expected that identical equipment will perform
differently in different cities and different sections of cities because of
differences in loadings.

Calculations were also made to show the effects of multiple passes by
the same equipment (see results in Tables 3-11 and 3-12). With multiple passes,
larger particles (and litter) are removed more effectively than smaller particles,
thus changing the particle size distribution. Figure 3-6 compares street surface
particle-size distributions before and after a single pass withmechanical street
cleaners (averaging results from four tests in separate cities, from Sartor
and Boyd 1972). Before cleaning, the median dust and dirt particle size (smaller
than 0.25 in.) is seen to be about 300 M and the median particle size after
cleaning is reduced to about 100 M. This modification in particle size distri-
bution and its effects on street cleaning efficiency can change the removal
rates for the various pollutants.

Data concerning flushers, regenerative air cleaners, and combinations of
equipment are scarce. Limited testing from in situ tests has demonstrated overall
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particle removal rates of 30percent for a single pass of a conventional flusher
and 80 percent for a mechanical street cleaner followed by a flusher (Sartor
and Boyd 1972). Conventional flusher operations do not remove the various pol-
lutants from the street, they only move the particles to the curb. If sufficient
water was used to flush the particulates to the storm drainage system, the
pollutants would be discharged to the receiving waters, possibly during 1low
flow conditions. Large fractions of some pollutants can only be removed by
wet processes (Sartor and Boyd 1972; Pitt and Amy 1973). Pollutants with more
than 20 percent in the flushed fraction included: NO s NO,, PO4, fecal coliform
bacteria, fecal strep bacteria, chloride, Kjeldahl N, and BOD. Therefore, in
order to remove more than 80 percent of these pollutants from the cleaner path,
it is expected that some type of effective wetting/flushing must be used. No
data are available concerning removal rates as a function of particle size for
flushers, manual cleaning, or regenerative air cleaner units.

When the size distributions for pollutants existing on the street are known,
it is possible to estimate their removal rates. Many of the pollutants have
greater concentrations associated with the smaller particle sizes. Table 3-13
lists the mass-weighted median particle sizes for various street surface pol-
lutants as measured during two previous EPA sponsored research projects (Sartor
and Boyd 1972; Pitt and Amy 1973). These small particle sizes are not as
efficiently removed by typical street cleaning equipment as are larger particle
sizes.

Table 3-14 shows calculated removal efficiencies of various street clean-
ing programs for various pollutants. Phosphates are the most difficult to re-
move by any of the listed programs; lead and iron are the easiest to remove.
The total solids (smaller than 0.25 in.) are removed at efficiencies ranging
from 40 percent to 50 percent under normal conditions; but a mechanical street
cleaner followed by a flusher may remove about 80 percent of the solids of
the material in the street cleaner path.

If the equipment is not operated under recommended conditions, the removal
rates are expected to change. As an example, the following conclusions are
based on data from the Newark Brush Co. (Horton 1968). This study related
broom type, broom strike, brush speed, and vehicle speed to total solids removal
for mechanical street cleaners:

® Sweeping pattern (a measure of the pressure against the street surface)
and broom speed are critical factors in removing road debris.

e A worn broom sweeps all types of debris better than a new one.

e Crimped wire and fiber brooms were more efficient than plastic or
plastic-wire mixtures.

e The sweeping pattern contributes greatly to cleaning efficiency; small
patterns leave uncleaned streaks in depressions on irregular road sur-

faces (Figure 3-7).

e At fastertravellingspeeds,proportionallyhigherbroomrotation speeds
should be employed (Figures 3-8 and 3-9).
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These tests were conducted with a single-engine street cleaner. Except for the
several gear ratios, higher broom speeds resulted from higher engine speeds.
These higher forward speeds may decrease cleaning effectiveness by reducing broom—
pavement contact. Thus, it is desirable to have an auxiliary speed control
to maintain a constant optimum broom speed. To maintain a highcleaning efficiency,
the data in Figures 3-7, 3-8 and 3-9 support a preference for a street cleaner
speed of about 4 mph with a fast broom rotational speed at high pressure. For
the ranges shown, brush speed and pattern are more important than forward speed.

TABLE 3-13 MEDIAN PARTICLE SIZE FOR VARIOUS STREET SURFACE CONTAMINANTS

Approximate Median

Parameter Particle Size (u)
Total Solids 220
BODg 120
(o{0)2} 42
PO, 36
Kjeldahl - N 120
All Pesticides Combined 140
Cd 61
Sr 160
Cu 120
Ni 230
Cr 220
Zn 190
Mn 290
Pb 200
Fe 320

Sources: Sartor and Boyd, 1972
Pitt and Amy, 1974
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TABLE 3-14. REMOVAL EFFICIENCIES FROM CLEANER PATH FOR VARIOUS
STREET CLEANING PROGRAMS* (%)

Sreet Cleaning
Program and
Street Surface Total Pesti-
Loading Conditions Solids BOD5 COD KN P04 cides cd Sr Cu Ni Cr Zn Mn Pb Fe

Vacuum Street Cleaner

1 pass; 20 » 200 31 24 16 26 8 33 23 27 30 37 34 34 37 40 40
1b/curb mile

total solids

2 passes 45 35 22 37 12 50 34 35 45 54 53 52 56 59 59

3 passes 53 41 27,45 14 59 40 48 52 63 60 59 65 70 68

Vacuum Street Cleaner

1 pass; 200 +» 1,000 37 29 21 31 12 40 30 34 36 43 42 41 45 49 59
1b/curb mile

total solids

2 passes 51 42 29 46 17 59 43 48 49 59 60 59 63 68 68

3 passes 58 47 35 51 20 67 50 53 59 68 66 67 70 76 75

Vacuum Street Cleaner
1 pass; 1000 » 10,000 48 38 33 43 20 57 45 44 49 55 53 55 58 62 63

1b/curb mile
total solids
2 passes 60 50 42 54 25 72 57 55 63 70 68 69 72 79 77

3 passes 63 52 44 57 26 75 60 58 66 73 72 73 76 83 82

Mechanical Street Cleaner

1 pass; 180 +» 1800 54 40 31 40 20 40 28 40 38 45 44 43 47 44 49
1b/curb mile

total solids

2 passes 75 58 48 58 35 60 45 59 58 65 64 64 64 65 71
3 passes 85 69 59 69 46 72 57 70 69 76 75 75 79 77 82
Flusher 30 (a) (a) (a) (a) (a) (a) (a) (a) (a) (a) (a) (a) (a) (a)

Mechanical Street Cleaner
followed by a flusher 80 (b) (b) (b) (b) (b) (b)Y (b) (b) (b)Y (b)Y (b) (b) (b) (b)

(a) 15 + 40 percent estimated
(b) 35 + 100 percent estimated

*These removal values assume all the pollutants would lie within the cleaner path (0 to 8 ft. from the curb)

Sources: Calculated from Clark and Cobbin 1963; Sartor and Boyd 1972; and Pitt and Amy 1976.

43



B 100
w Wire broom
= smooth surface
w
2 80 - Wire broom
5 irregular surface
w
& 60 4 Palmyra
w broom
<
40 4
>
o
=
'&-’ 20 T T T T n
4 5 6 7 8 9 10

PATTERN (inches) Source: Horton, 1968

Figure 3-7. Effect of pattern® on removal effectiveness.

*The pattern is a measure of pressure applied between the main pick-up broom
and the street surface. |t is measured as the tangential length of main pick-up
broom in contact with the street surface.

& 100
w
=4
11]
> 80 -
5 Wire
w broom
L 60 -
w
<
< 404
@)
=
lét:l 20 T T

100 200 300 400

BRUSH SPEED (rpm)
Source: Horton, 1968
Figure 3-8. Effect of brush speed on
removal effectiveness.
&4 100
w
b
L
> 80
._
O
w
ﬂ] 60 Wire
é broom
< 40
e)
5 20
\J T L

& 3 4 5 6 7

FOREWARD SPEED (mph)
Source: Horton, 1968

Figure 3-9. Effect of foreward speed on
removal effectiveness.

44



SAN JOSE DEMONSTRATION STUDY RESULTS

The design of an effective street cleaning program requires not only a
determination of accumulation rates but also an assessment of specific street
cleaning equipment performance in the actual conditions encountered. Service
goals*, another factor affecting the design of street cleaning programs, will
be discussed in Section 5. The aim of this study was to determine a range of
street cleaning equipment effectiveness for various types of equipment and clean-
ing schedules.

Tables 3-15 through 3-18 present the street cleaning equipment perform-—
ance data. Twenty-six different test conditions are identified representing
different test areas, equipment types, number of passes, and approximate cleaning
intervals. The information presented for each of the "before" and "after"
test samples includes the median particle size, the bulk density, and the street
surface loading conditions. Under the "after street cleaning" heading, the
residual street surface loading values (1b/curb-mile) are shown; these are gen-
erally the lowest street surface loading values that occur under each of the
test conditions. Also shown is the amount removed, the percentage of the "before"
loading removed, and the hopper content median particle size. The values shown
are the mean (x) plus or minus the standard deviation (¢).

Street cleaning performance depends on many conditions. These include
the character of the street surface, the street surface initial loading charac-
teristics (total loading value and particle size distribution), and various
other environmental factors. Street cleaning program variables that most affect
street cleaning performance include the number of passes the equipment makes
and the street cleaning interval. The most important measure of cleaning effec-—
tiveness is pounds per curb-mile removed for a specific program condition. This
removal value, in conjunction with the unit curb-mile costs, allows one to
calculate the cost for removing a pound of pollutant for a specific street
cleaning program. The percentage of the before loading removed has often been
used as a measure of street cleaning equipment performance. It is very misleading,
however, because it is not a measure of the magnitude of the amount of material
removed. A street cleaning program may have a very low percentage removal
value, but a high total amount removed if the initial loading is high (this
occurred in the tests conducted in the 0il and screens area).

Student '"'t" statistical tests were conducted with the data shown in Tables
3-15 to 3-18 to determine important similarities and differences in street clean-
ing equipment performance under the various test conditions. These statistical
tests showed that initial loading values in any one test area varied depend-
ing on the street cleaning program (number of passes and cleaning intervals).
The differences in the initial loading values in various test areas were con-
rolled by differences in test area conditions (largely street surface conditions
and accumulation rates), irrespective of the type of equipment being used and
the number of passes.

*Service goals consider effects on water quality, air quality, public safety,
aesthetics, and public relations.
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When the residual loading values were statistically examined, the find-
ings were similar. Differences in test area conditions were much more important
than differences in equipment type. Similarly, the amount removed under each
of the test conditions was more a function of the test area than the street
cleaning program. In many cases, two passes with the same piece of equipment
removed a larger quantity of material from the street than a single pass, as
expected. An exception was found in the tests in the o0il and screens test
area. Here two passes per day with the state-of-the-art mechanical four-wheel
machine resulted in a higher residual loading on the street surface than before
the test. This result is thought to be due to the extra erosion caused by
the excessive mechanical action of the broom on the "weak" o0il and screens
street surface. During a single pass, any extra material loosened from the
street surface was removed along with some of the initial dust and dirt on
the street.

The selection of the type of street cleaning equipment is less important
than the characteristics of the area to be cleaned. In most cases, the street
cleaning interval and number of passes were more important than the specific
type of equipment used. Other considerations, such as maneuverability, life-
cycle costs, hopper capacity, etc., may be more important from an equipment
selection viewpoint. There are, however, expected to be situations not studied
as part of this demonstration project in which one type of street cleaning
equipment may perform differently from others.

The median particle size of the material collected in the equipment hopper
can reflect differences in equipment performance as a function of particle size.
A larger median particle size of the hopper material signifies that not as
many smaller particles were removed from the street. Similarly, a smaller median
particle size of the hopper material signifies a relatively greater removal
of small particie sizes under the same conditions. In all cases, the hopper
median particle sizes were much larger than the median particle sizes on the
street surface before street cleaning. The street surface median particle size
also decreased with street cleaning. There was a larger percentage of smaller
particles on the street after street cleaning than before, with the street
cleaning equipment being most effective in removing the larger particle sizes.
Some differences in hopper content median particle sizes were found due to clean—
ing frequencies, but no differences were found due to equipment type.

Tables 3-19 through 3-22 summarize the loading and removal rates for the
various pollutants in each test area for all street cleaning programs combined.
The percentage removal values for the total solids pollutants are nearly the
same as for the other pollutants; however, the removal rates, expressed on a
1b/curb-mile removed basis, vary greatly. These 1b/curb-mile removed values
may be used to estimate the quantity of pollutants that are removed over a
large area and long time period.

Table 3-23 and Figure 3-10 present removal rate information for street
surface particulates by particle size for the three study areas and for all
street cleaning programs combined. The larger particle sizes are shown to
have had the largest removal efficiencies (as high as 55 percent), while the
smallest particle sizes had the smallest removal efficiencies. However, the
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TABLE 3-23. TOTAL SOLIDS STREET CLEANER REMOVAL EFFECTIVENESS
BY PARTICLE STZE

Study Area and Total Solids Initial Loading Total Solids Removal
Particle Size (1b/curb-mile) x)

Range

(¥) Mean Min. Max. Mean Min. Max.

Tropicana-Good

Asphalt
>6370 15 9.5 36 50 9 75
2000 * 6370 15 10 24 46 28 68
850 * 2000 21 13 42 47 22 74
600 * 850 15 8.2 42 53 41 79
250 * 600 42 19 81 46 14 63
106 * 50 50 22 80 41 6 58
45 * 106 51 24 70 40 21 54
<4s 16 _1.0 2 19 -5 64
all sizes 220 120 350 43 13 60
Keyes—-Good
Asphalt
>6370 18 6.0 27 54 -8 69
2000 * 6370 38 10 58 39 13 5
850 * 2000 54 16 87 35 8 5
600 * 850 28 9.2 44 35 12 5
250 * 600 85 39 120 31 14 4
106 * 250 83 45 100 26 11 4
45 * 106 76 34 100 23 -12 5
<45 2L 13 34 8.3 kb 48
all sizes 400 170 550 31 14 47
Keyes-0i1l
and Screens
>6370 73 13 120 36 20 58
2000 * 6370 270 77 450 24 -5 47
850 * 2000 270 170 350 6.0 -16 23
600 * 850 160 100 200 4.0 -10 20
250 * 600 480 320 600 3.3 -16 18
106 * 250 380 280 540 4.0 -20 25
45 * 106 270 160 380 3.1 -30 25
<45 63 40 140 =12 —47 24
all sizes 2000 1200 2700 8.1 -6 22
Downtown-Good
Asphalt
>6370 14 * * 53 * *
2000 - 6370 19 * * 42 * *
850 + 2000 25 * * 39 * *
600 + 850 14 * * 38 * *
250 + 600 48 * * 36 * *
106 » 250 56 * * 33 * *
45 + 106 57 * * 22 * *
<45 9.8 * * 41 * *
all sizes 240 * * 34 * *
Downtown-Poor
Asphalt
>6370 89 * * 38 * *
2000 + 6370 170 * * 51 * *
850 + 2000 180 * * 42 * *
600 + 850 85 * * 41 * *
250 + 600 270 * * 42 * *
106 + 250 270 * * 39 * *
45 + 106 230 * * 33 * *
<45 58 * * 28 * *
all sizes 1400 * * 40 * *

*Not enough samples were collected to obtain meaningful loading ranges.
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Figure 3-10. Total solids removal by particle size.
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variabilities for specific values were quite large, with data ranges of about
3 to 1 not uncommon.

Figures 3-11, 3-12, and 3-13 show how the street surface material is re-
distributed across the street by the street cleaning equipment. Figure 3-11
for the Tropicana area (smooth streets in good repair with little parking) shows
an 81 percent removal of the solids loading in the first 12 in. from the curb
while the rest of the street area had increases in solids loadings. These loading
increases are due to partial redistribution of the high solids loadings from
the curb area out into the street due to broom action and turbulence. Figure
3-12 presents the loading redistribution of the solids during street cleaning
of an 0il and screens surfaced street. The high loadings next to the curb
were reduced by 36 percent and some of the loadings were increased in other
areas of the street. The oil and screens streets had much higher unit area
loadings in the center of the street as compared with the asphalt streets.
The Keyes-good asphalt test results (Figure 3-13) were similar to the Tropicana
test results.

0.025 4
0.020 - Imtial loading distribution
—————— Residual loading distribution
< (80%) Values in parenthesis are the
= percentage removals
s
= 0.015 4
Q
<
(@]
<
@]
- 0.010 A
=
Z
2
0.005
0
0 5 10 15

DISTANCE FROM CURB (feet)

Figure 3-11. Redistribution of total solids due to street cleaning
(Tropicana - Good Asphalt Test Area - averaged for
all equipment types - the overall removal effectiveness
was about 40%).

56



UNIT LOADING (ib/f12)

0025 imn
tnitial loading distribution
------ Residual loading distribution
0020 (80%) Values in parenthesis are the
’ percentage removals
(36%)
] (- 7%)
" 74 o P ——————— -
0015 - (16%) :
AN |
N( 140%) !
[
|
0.010 A 1
|
L
!
- :
"""""""""" e )
0.005 4 { !
[
[
X
|
|
0 L T T T T
0 5 10 15 20
DISTANCE FROM CURB {teet)
Figure 3-12. Redistribution of total solids due to street cleaning
(Keyes Oil and Screens Test Area - averaged for all
equipment types - the overall removal effectiveness
was about 12%).
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Figure 3-13. Redistribution of total solids due to street cleaning

(Keyes - Good Asphalt Test Area - averaged for all
equipment types - the overall effectiveness was
about 26%).
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Figure 3-14 and Table 3-24 present information relating to the distribu-
tion of total solids loading across the street for the different test areas
The street cleaner can only remove the material from the street that lies in
its path. with an 8-ft.* path, only about 60 percent of the total solids
can be affected by street cleaning in the oil and screen test area, while greater
than 90 percent of total solids loading can be affected in the Keyes—good asphalt
and Tropicana-good asphalt test areas. This loading can be further modified
by parked cars, as discussed later. Figure 3-15 shows the percentage of solids,
on a size basis, that are within the normal street cleaning paths (0 to 8 ft.
from the curb). A greater percentage of larger particles than finer particles
were found in the oil and screens test area near the curb, possibly indicating
better transport of the larger material towards the curb. The size distribution
across the street in the Tropicana-good asphalt test area was about even, and
no clear trends were evident from the Keyes-good asphalt data. These particulate
distributions can be radically changed if debris is swept from the sidewalks
onto the curb, or if leaves are piled on the street from landscaped areas.

/[
’
4
’
60 - K

Oil and Screens

PERCENTAGE OF TOTAL STREET SOLIDS LOAD
CLOSER TO CURB THAN DISTANCE SHOWN

40 A Keyes
- — - Keyes Good Asphalt”®
—— — Tropcana Good Asphalt”
20 A
The variation in loading distributions for

those good asphalt test areas are due to
different parking density conditions.

0 T T T T
0 5 10 15 20

DISTANCE FROM CURB (teet)

Figure 3-14. Loading distribution across the street.

*See Metric Conversion Table 0O-1.
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TABLE 3-24. LOADING DISTRIBUTION ACROSS THE STREET

Percentage of Total Street Loading
from Curb to Given Distrance (%)

Keyes-0il Keyes-Good Tropicana-

and Screens Asphalt Good Asphalt
Distance from Curb (ft.) Test Area Test Area* Test Area*
0.5 3 22 23
1 5 38 48
2 12 58 73
5 36 84 95
8 62 93 98
10 75 96 97
20 100 100 100
Distance to median
(50%) loading value 6.5 ft 1.5 ft 1.0 ft
Distance to 90% of
total loading 14 ft 6.7 ft 3.8 ft

*The variations in loading distributions for those good asphalt test areas
are due to different parking density conditions.

Figure 3-16 presents an idealized distribution of the total solids on the
street surface for smooth asphalt streets and oil and screens surfaced streets
for different parking conditions. This figure shows a more even distribution
of solids loadings on the 0il and screened streets than on the smooth street
surfaces. About 50 percent of the solids on o0il and screened streets were
within about 7 ft. of the curb for light or no parking conditions, while 50
percent of the solids on the smoother asphalt streets were within 1 ft. of
the curb for similar parking conditions. ©Parked cars also affected the load-
ing distribution much more radically on the smoother streets than on the rougher
streets. Parked cars blocked some of the airborne street particulates that
were suspended in the air by wind or by vehicle induced turbulence. The parked
cars acted as barriers and caused the particulates to resettle on the street
further from the curb area. With no parking, the curb itself acted as a
barrier, with much of the material possibly being transported by winds across
the curbs and onto adjacent areas.

Figure 3-17 is an idealized curve (based on a computer analysis of the
San Jose data) reflecting the total amount of street surface materials that
may be removed in a year for different street surface conditions as a func-
tion of the number of passes per year. This figure is a semi-log plot and
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ACCUMULATIVE DISTRIBUTION OF
SOLIDS BY WEIGHT FROM CURB (%)

ACCUMULATIVE DISTRIBUTION OF
SOLIDS BY WEIGHT FROM CURB (%)
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Figure 3-16. Effects of parking and street condition
on solids loading distribution.
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50,000 A //

40,0001 Oil and screens surfaced /
streets or asphalt streets
in poor condition

TOTAL SOLIDS REMOVED
(Ib/curb-mile/year)

30,000
20,000 //
7
V4 Asphalt streets in
good condition
10,000

NUMBER OF PASSES PER YEAR

Figure 3-17. Annual amount removed as a function of
the number of passes per year.

demonstrates decreased per mile removal quantities per equipment pass as the
number of passes per year increases. The unit effort and costs increase by 10
times between 10 and 100 passes per year, but the actual amount removed only
increases by a factor of about 4.

PARKING INTERFERENCES TO STREET CLEANING OPERATIONS

Vehicles parked along a street cleaning route reduce the length of curb
that may be cleaned. Since most of the street surface pollutants are found
close to the curb on smooth streets with little parking, parked vehicles can
drastically reduce the cleaning effectiveness of normal cleaning programs on
these streets. The following discussion attempts to quantify this relationship.

Field work associated with this demonstration project has shown that street
cleaners can be partially effective when cleaning around cars. Extensively parked
cars block the migration of particulates toward the curb, resulting in higher
"middle-of~the-street" loading values than for streets with little or no parking.

Figure 3-18 (from Levis 1974) illustrates several possible configurations
for two cars: two closely parked cars, two parked cars with little space between
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SITUATION 1

L l L 1 Path of sweeper
o i A A

SITUATION 2

SITUATION 3

m Path of sweeper

SO MY B

SITUATION 4

—/\[] /\->[| Path of sweeper
R el 11111

Front clearance

Source: from Levis 1974

Figure 3-18. Effect of parked cars on street cleaner maneuverability
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them, two parked cars with enough space between them for the street cleaner
to just get back to the curb and leave again, and two parked cars quite a
distance from each other. The length of curb not cleaned because of parked
cars may be determined geometrically by knowing the turning radius of a street
cleaner and the parking layout along the street. As shown on Figure 3-19, the
percentage of curb length occupied by parked vehicles is close to the percentage
of parking spaces occupied, but is usually smaller due to parking restrictions
such as driveways and fire hydrants. As the number of parked cars increases,
the percentage of curb left uncleaned increases proportionally. The turning radius
has a small effect (less than 5 percent) on the percentage of curb left uncleaned.

100 +
Street cleaner with a
a turning radius of 25 ft.
w
7
w 80
O Street cleaner with a
% turning radius of 7 ft.
’.—
w
w
4
o 60 1
o
o]
(&]
uw
o
w
2 40/
}—
b4
w
[&]
o
w
a
20 -
0
T T T T T
0 20 40 60 80 100

PERCENTAGE OF CURB OCCUPIED

Figure 3-19. Effects of parking on urban street cleaning.
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Figures 3-20 and 3-21 demonstrate the effect of parking controls on street
cleaning effectiveness for two different street surface conditions and var-
ious parking conditions (based on Table 3-25). If a smooth street has extensive
on-street parking 24 hours a day (such as in a high—density residential neighbor-
hood), most of the street surface particulates would not be within the 8 ft.
strip next to the curb that is usually cleaned by street cleaning equipment.
Figure 3-20 shows that if the percentage of curb length occupied by parked
cars exceeds about 80 percent for extensive 24-hour parking conditions, it would
be best if the parked cars remained and the street cleaner swept around the
cars (in the 8 to 16 ft. strip from the curb). Of course, all of the cars
should be removed periodically to allow the street cleaner to operate next
to the curb to remove litter caught under the cars. In an area with extensive
daytime parking only (such as in downtown commercial areas), the parked cars
should remain parked during cleaning (daytime cleaning) if the percentage of
curb length occupied exceeds about 95 percent. The oil and screens surfaced
streets are less critical to parked cars because of the naturally flatter dis-
tribution of solids across the street. Parking controls would be effective on
those streets if the typical parking conditions involved less than about 95
percent curb length occupancy. Under most conditions, removal of parked cars
during street cleaning operations can significantly improve the street cleaning
effectiveness. Local monitoring of '"across—-the-street'" loadings for various
parking conditions should be conducted for other cities to determine their spe-
cific relationship.

Parking regulations may be necessary to improve street cleaning operations.
"No Parking" signs indicating the days and hours of cleaning operations and
illegal parking should be installed. The signs should be placed every 250
feet, or more frequently if objects such as trees block them from view. Compliance
with parking regulations usually requires parking patrolers who will ticket il-
legally parked cars ahead of the street cleaner. This results in an additional
labor cost, but the revenue from parking fines can be used to offset the program's
expenditures. Street cleaning and parking restrictions should be scheduled
on alternate sides of the street on consecutive days to lessen the problem
of finding parking spaces in high density residential areas. =~
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Figure 3-20. Effects of parking restrictions during street cleaning
on asphalt surfaced streets in good condition.
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Figure 3-21. Effects of parking restrictions during street
cleaning on oil and screens surfaced streets.
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For the tracer studies, fluorescent particles were placed in a specially
constructed catchbasine These different colored particles were used to inves-
tigate flushing of catchbasin contents from different depths to the sewerage.
Resulting concentrations of fluorescent particles in the sewerage and from dif-
ferent depths in the catchbasin were periodically checked. Catchbasin cores
were taken with a carbon dioxide freezing core sampler in order to minimize
sample disturbance. The tracer study was confined to a single portion of the
storm drainage system in the Keyes Street study area. Samples were periodically
collected from eight internal sampling locations and at the outfall.

Automatic water samplers and flow meters were installed near the outfalls
in the storm sewerage systems draining the Keyes Street and Tropicana study areas.
These devices collected runoff samples during storms. The analytical programs
are listed in the following subsection.

ANALYTICAL PROGRAM

The collected runoff samples were analyzed individually and in selected
composites. The more important parameters were investigated at different times
during a rain to see how flow and concentrations change as the rain progresses.
Other parameters were analyzed only once during eachmonitored rain. Three storms
with several separate peaks each were continuously monitored in each of
the two study areas. The following list describes the general analytical scheme
used for the runoff analyses:

® Periodic in situ analyses:

dissolved oxygen
temperature

e Individual samples (as many as one analysis per hour for each rain
monitored):

specific conductance

pH

oxidation-reduction potential (ORP)
turbidity

e Up to three analyses per monitored rain:

total solids (TS) _ settleable solids

suspended solids (SS) lead (Pb)

total dissolved solids (TDS) zine (Zn) P

chemical oxygen demand (COD) chromium (Cr)

5-day biochemical oxygen copper (Cu)
demand (BODS) cadmium (Cd)

Kjeldahl nitrogen (TKN)
total orthophosphates (OPO)
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Runoff Sampling Program

The BOD values were of particular interest in the runoff sample analysis
programe. A high BOD rate is thought to be one of the most important character-
istics of urban runoff because of the immediate and significant oxygen demand
it can make on certain receiving waters. This demand may cause an immediate
and/or long-term depletion of oxygen in the receiving waters.

BOD values obtained in the incubation period from 0 to 10 days were about
what was expected; the largest rate of BOD increase in this first 10 days of
incubation usually occurred on the first day, with the 1-~day BOD values being
about 20 mg/l. This value remained relatively constant until about the fifth
day, when it gradually rose to the 10-day value. The most unusual aspect of
the BOD rate of change occurred in the incubation period from 10 to 20 days,
when the BOD values increased by a factor of 2 or more. The initial oxygen
demand is rapid and may have possible deleterious effects on certain receiving
waters close to the time of discharge. As the material settles out, however,
it apparently can exert a much larger, longterm oxygen demand.

These apparent BOD characteristics may be due to the standard BOD bottle
test in which a standard sewage seed material was used and the runoff sample
was diluted. Urban runoff has a relatively high heavy metal and low nutrient
content, which can decrease the bacteria activity in the closed bottle after
the wastes that are easily assimilated have been consumed. A long period of
time is then necessary to reestablish an acclimatized bacteria population that
will more completely stabilize the runoff. Ammonia oxygen demand can also result
in long-term oxygen depletion. From this current study it is not possible to
determine whether the potential long-term problem actually exists, or whether
the testing procedure is faulty.

The study also compared the relative strengths* of pollutants in the runoff
with the relative strengths of pollutants in the street dirt to compare the
pollutant contributions from the street surface with the other watershed areas.
This information helped identify those pollutants that may be most effectively
controlled by street cleaning. The study showed that for lead, chromium, and
copper, relative concentrations in the runoff were all much smaller than for
those measured in the street dirt. The relative concentrations for COD, Kjeldahl
nitrogen, and orthophosphates were much greater for the runoff samples than
for the street dirt samples. These data indicate that the ma jor sources for
organics and nutrients are from areas other than the streets, while the major
sources for heavy metals are associated with street activity. Organic and nu-
trient material wash onto the streets and into the storm drains during runoff
and are diluted by the street dirt, which has lower concentrations of these
materials. Conversely, these erosion materials tend to be low in heavy metals,
and thus dilute the heavy metal concentrations of the street dirt. Therefore,
if it is important to significantly reduce organic and nutrient discharges in
the runoff, street cleaning may not be an appropriate control measure.

*Relative strength is measured as mg of pollutant per kg of total solids.
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TABLE 4-1. RAINS DURING FIELD ACTIVITIES®

Average Peak
Total Intensity Intensity
Date (in.) Hours of Rain (in./hr) (in./hr)
11/11/76%* 0.35 8 0.04 0.10
11/12 0.09 4 0.02 0.04
11/13 0.07 3 0.02 0.04
11/14%x 0.29 5 0.06 0.11
12/29%% 0.34 3 0.11 U.18
12/30%% 0.37 9 0.04 0.11
1/1/71 0.04 3 0.01 0.02
1/2%* 0.24 6 0.04 0.09
1/3%* 0.20 9 0.02 0.05
1/5 0.08 2 0.04 0.06
1/12 0.07 2 0.04 0.06
1/21 0.01 1 0.01 0.01
2/6 0.01 1 0.01 0.01
2/8 0.08 4 0.02 0.03
2/20 0.03 1 0.03 0.03
2/21 0.13 3 0.04 0.10
2/22 0.02 2 0.01 0.01
2/23 0.13 6 0.02 0.06
2/28 0.06 2 0.03 0.04
3/9 0.08 1 0.08 0.08
3/12 0.01 1 0.01 0.01
3/13 0.11 2 0.06 0.08
3/15%% 0.91 15 0.06 0.13
3/16%x 0.25 5 0.05 0.12
3/23 0.02 2 0.01 0.01
3/24%% 0.19 5 0.04 0.08
4/8 0.03 2 0.02 0.02
4/25 0.02 1 0.02 0.02
4/30 0.06 3 0.02 0.04
5/1 0.18 6 0.03 0.08
5/6 0.01 1 0.01 0.01
5/7%% 0.28 2 0.14 0.19
5/8** 0.28 4 0.07 0.09
5/9 0.01 1 0.01 0.01
5/11** 0.20 6 0.03 0.08
5/18 0.09 4 0.02 0,03
5/23 0.07 2 0.04 0.05
5/26 0.01 1 0.01 0.01
7/2 0.14 5 0.03 0.10
9/19%* 0.58 5 0.12 0.33
10/27 0.18 5 0.04 0.07
10/28 0.01 1 0.01 0.01
10/29 0.01 1 0.01 0.01
11/5%* 0.51 3 0.17 0.25
11/21%% 0.28 6 0.05 0.20
11/22 0.10 1 0.01 0.01
12/5 0.01 1 0.01 0.01
12/14 0.06 2 0.03 0.05
12/15 0.06 2 0,03 0.05
12/16 0.11 4 0.03 0.05
12/17%% 0.73 13 0.06 0.12
Total 8.20

* The period of study was characterized by low rainfall quantities.
The number of rains were slightly fewer (about 75%) but the total
rainfall quantity was substantially reduced (about 50%).

**Significant rains. See Section 3, discussion of accumulation
rates, for definition and importance of these rains.
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the receiving water. Monitoring the receiving water directly would give more
accurate results, but runoff comparisons can give a gross indication of potential
problems. Once again, identifying the problem pollutants and their source areas
help in the selection of the most effective control measures.

Recommended water quality criteria are designed to protect the beneficial
uses of the water with a reasonable amount of safety. If a monitored concen-
tration exceeds these criteria, it does not mean that a problem exists, but
only that a problem may occure. Additional monitoring and research should then
be conducted to define the relationships between the water quality and the po-
tential impairment of the beneficial uses for the specific receiving water.

The study showed that the heavy metals—-cadmium, chromium, lead, mercury,
and zinc——along with phosphates, BOD, suspended solids, and turbidity exceeded
various recommended criteria during the monitored storms. Aquatic 1life use
may be adversely affected by more pollutants than other beneficial uses.

Comparison of Urban Runoff With Sanitary Wastewater Effluent

This study compared the monitored quality of urban runoff with treated
sanitary wastewater effluent. The latter is usually treated extensively, while
urban runoff usually gets little or no treatment.

Water quality comparisons of urban runoff with average secondary sewage
effluent showed that most of the nutrients, heavy metals, solids and oxygen-
demanding materials had greater concentrations in the runoff. Thus urban runoff
may have more important short-term effects on receiving waters than treated
secondary effluent.

Annual yields of pollutants (1b/yr*) are a measure of potential long-term
problems. Lead, chromium and suspended solids had greater annual yields in the
street surface portion of the runoff than in the treated secondary effluent.
Therefore, urban runoff may also cause greater long-term receiving water problems
because of these heavy metal and solids yields. It follows that improvements
in the sanitary sewage effluent may not be as cost-effective at removing these
pollutants from the receiving water as some removal of the street surface pol-
lutants by street cleaning.

STRUCTURE OF THE STUDY

Tracer studies and actual runoff sampling studies were conducted to investi-
gate the solids routing and pollutant mass flow characteristics of urban runoff.
These studies cannot yield data applicable to all situations because of limited
sampling. A methodology that can be used to investigate and validate the antic-
ipated processes was developed. These techniques can be reviewed and possibly
adapted for larger—scale investigations and investigations of combined sewerage
systems.

*See Metric Conversion Table 0-1.
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TABLE 4-2. MAJOR ION COMPOSITIONS OF RUNOFF SAMPLES (%)

Keyes Street

Study Area Tropicana Study Area
3/15 and 3/23 and 3/15 and 3/23 and 4/30 and
16/77 24177 16/77 24177 5/1/77
Cations
catt 35. 9% 53.7% 34.2% 29. 8% 34.2%
kt 10.3 4e5 3.3 3.6 4.0
Mgt 30. 8 18.1 21.1 20.2 17.4
Nat 23.1 22.6 41.5 4644 43.6
zntt <2.6 0.6 <0.7 <0.4 0.4
Pt <2.6 0.6 <0.7 <0.4 0.4
Total 100.1 100.1 100.1 100.0 100.0
Anions
Hco3' 42.6 77.9 45,2 50.0 <0.8
CO3= 0.2 0.1 <0.1 0.1 <0.8
804= 21.3 11.2 23.7 27.0 44,8
Cl™_ 18.0 10.2 24.4 21.6 40.0
p0,* 16.4 0.3 5.2 1.0 15.2
NO3 1.6 0.3 1.5 0.5 <0.8
Total 100.1 100.0 100.0 100.2 100.2
Ma jor water Ca and Mg- Ca—HCO3 Na and Ca- Na—HCO3 Na and Ca-
type HC03 HC03 S0, and Cl
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e Up to ten two-hour composite analyses per monitored rain:
total solids
suspended solids

total dissolved solids

e One flow-weighted composite analysis per monitored rain:

mercury (Hgl+ sulfates (SOZ) _
calcium (Ca’ ) bicarbonates (§003)
potassium (K l+ carbonates (EOS)
magnesium (Mg ') nitrates (NO,)
sodium (Na') BOD "k" rate

chlorides (C17)

MONITORED RAINS

In 1977, twelve rain periods were monitored and analyzed in the two in-
strumented study areas. Many samples were obtained from these rains and were
generally analyzed as described above. These rain periods are summarized in the
following list:

o Keyes study area:

1700 March 15 through 0900 March 16 (1.16 in.)
1200 March 23 through 1300 March 23 (0.01 in.)
1000 March 24 through 1700 March 24 (0.19 in.)
1700 April 30 through 2200 April 30 (0.06 in.)
0200 May 1 through 1500 May 1 (0.18 in.)

e Tropicana study area:

1600 March 12 through 1100 March 13 (0.01 in.)
0900 March 15 through 1300 March 16 (1.16 in.)
1100 March 23 through 1700 March 23 (0.0l in.)
1900 March 23 through 0100 March 24 (0.0l in.)
1000 March 24 through 0000 March 25 (0.19 in.)
1700 April 30 through 2200 April 30 (0.06 in.)
0200 May 1 through 1500 May 1 (0.18 in.)

Table 4-1 lists the precipitation record for San Jose during the period
of study. These data are from the recording rain gauge station operated by
San Jose State University, 0.5 and 2 miles from the study areas. A total of
8.20 in. of rain fell from November 1976 through December 1977, as compared
with a long-term average for that period of 16.53 in. It rained on 51 days,
slightly fewer than normal. The runoff monitoring was started in March to
enable the previous year's accumulation of sewerage solids to be flushed from
the lines and to allow sufficient time for field installation and testing of
the automatic sampling equipment.
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Figure 4-1 presents BOD values as a function of incubation time. Selected
composite samples representative of each storm were incubated and BOD values
were measured at increments of approximately 1, 3, 5, 10, and 20 days. The
relative BOD values shown in the time interval from 0 to 10 days are about
what was expected. The 5-day BOD values are about two—thirds the 10-day BOD
values. The largest rate of BOD increase in this first 10 days occurred usually
on the first day, with 1-day BODvalues of about 20 mg/l1 (for 2 of the 3 samples).
This value remained relatively constant until about the fifth day when it grad-
ually rose to the 10-day value. The most unusual character of the BOD value is
shown in the period of time from 10 to 20 days when the BOD values typically
increased by a factor of 2 or more. Typical sanitary wastes would have BOD
to BOD20 increases of much less than a factor of 2. These results show that
the initial oxygen demand is rapid and may have possible deleterious effects
on certain receiving waters close to the time of discharge (within the first
day). However, as the material settles out, it can exert a much larger, long-
term oxygen demand. Therefore the oxygen depletion caused by urban runoff is
important both immediately after discharge and at periods of time longer than
10 days after discharge. (These time factors are all dependent on water temper-
ature and other physical and chemical characteristics of the receiving water.)

120
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Figure 4-1. BOD values as a function of incubation time.
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RUNOFF SAMPLING PROGRAM

Appendix F presents the laboratory and field data for the runoff samples
that were collected. This appendix lists concentrations of major ions, major
parameters, heavy metals, and solids for each of the monitored rains (see Tables
F-11 through F-23). Figures F-1 through F-9 of Appendix F are hydrographs of
the monitored rains showing the recorded sewerage flows, precipitation data,
and the water sampling periods. Several of these rains had multiple precipitation
peaks with distinct runoff peaks. A lag period of 1 to6 hours occurred between
the beginning of the precipitation and the start of measurable flow. The most
common lag period was about 1 hour. The flows also continued for 3 to 8
hours after the precipitation stopped in the study areas. In almost all cases,
peak recorded flows occurred 1 to 2 hours after the peak precipitation. The
Tropicana study area, being about twice the size of the Keyes Street study
area, had significantly greater peak flows. The largest peak flow recorded in
the Tropicana study area was about 19 cubic feet per second (cfs)*. The other
peak flows in the Tropicana study area ranged from 1 to about 7 cfs. Flows
in the Keyes Street study area were much less, with a maximum recorded peak
flow of about 4 cfs. The other peak flows were all less than 1 cfs. In most
cases, a precipitation total of 0.0l in. causeda measurable flow at the outfalls.
All of the rains up to March 30 were sampled hourly, while the rains since
then were sampled on a flow-weighted basis.

Tables F-1 through F-10 of Appendix F present the ‘water sample informa-
tion. These tables show the water sample code numbers corresponding to the
coded callouts on Figures F-1 through F-9. Also shown on these tables are the
date and time that the samples were taken and the average flow for that sample
period. The total flow represented by that sample, along with pH, ORP, specific
conductance, and turbidity values are also shown. Appendix F also presents
these data and the chemical constituents on a per unit time basis. As can be
expected, the concentrations of most of the pollutants decreased with time.

Table 4-2 presents the major ion compositions for the runoff samples. It
is interesting to note that the two study areas had slightly different major
water types. The Keyes Street study area had a calcium and magnesium-bicarbonate
or a calcium-bicarbonate major water type, and the Tropicana study area had a
sodium and calcium-bicarbonate, a sodium-bicarbonate, or a sodium and calcium-
sulfate and chloride water type. It is not known why sodium, sulfate, and chloride
were more prevalent in the Tropicana study area.

Table 4-3 summarizes the oxygen demand and organic characteristics of the
runoff samples. It presents the BODS, COD, TOC,** and some VSS*** data for
selected samples. It is interesting to note that the COD concentrations are
about 3 to 10 times greater than the BODg values, and the TOC concentrations
are as much as 10 times the BODg concentrations. For a normal sanitary waste
having low toxicity and sufficient nutrients, the COD values should only be
slightly greater than the BOD5 values.

* See Metric Conversion Table 0O-1.
** Total organic carbon.
**%Vplatile suspended solids.
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This apparent long-term increase in oxygen demand may be caused by some of
the inherent problems in the standard bottle BOD test when analyzing toxic and/
or low nutrient samples. Because urban runoff has relatively high concentra-
tions of heavy metals and low concentrations of nutrients, the seed bacteria
may require a longer time for acclimatization than normal. The initial oxygen
demand could be caused by the relatively easily assimilated organics being con-
sumed by the standard seed bacteria before significant bacteria dieoffs occur
from heavy metal toxicity. A lag period of several days could then be required
for the surviving seed bacteria to become acclimated and reestablished so as to
assimilate the remaining organics. Ammonia oxygen demand may also cause long-
term oxygen depletion with about one—fourth of the observed 10 to 20 day increase
possibly caused by ammonia oxidation. Colston (1974) has developed an alternative
BOD procedure for urban runoff based on measurements of COD with time. His
procedure uses an aerated and mixed sample, with typical receiving waters for
dilution. Colston has found that typical urban runoff BOD5 values are about
one-half the corresponding COD values.

Table 4-4 presents the runoff pollutant strengths expressed as milligrams
of pollutant per kilogram of total solids (or ppm) averaged over the durations
of the monitored rains. There are no clear differences (because of limited
data) in the pollutant concentrations between the different storms or study
areas. In most cases, the range of pollutant strengths for all of the storms
combined was less than a factor of 10 to 1, and in several cases even less
than 3 tol. When these runoff pollutant strengths are compared with the street
surface contaminant pollutant strengths, notable differences are found. It is
interesting to note that the relative concentrations in the runoff for COD,
Kjeldahl nitrogen, and orthophosphates are much greater than the relative con-
centrations observed in the street dirt (about 3 to 180 times greater in the
runoff).

Some of the zinc and cadmium relative concentrations were also greater in
the runoff than in the street dirt. The relative concentrations of lead, chromium,
and copper in the runoff were all much smaller than those measured on the street.
These differences ranged from about 2 to 20. A difference in the particle
size makeup of the runoff solids and the street dirt may explain some of these
differences. It was expected that other causes would be important, such as
additioinal organic and nutrient material washing onto the streets and into the
storm drains from the surrounding areas because of erosion during rains. Lower
concentrations of heavy metals in the soil erosion products could also cause the
runoff heavy metal relative concentrations to be much smaller. If the erosion
products have lower concentrations of heavy metals, the resultant runoff concen-
trations of heavy metals would be diluted when compared to the higher concen-
trations in the street dirt. Therefore, much of the organic and nutrient material
in urban runoff may originate, not from the street surface or from automobile
activity, but from the surrounding areas during erosion. Similarly most of the
heavy metals in urban runoff are expected to be associated with street surfaces
and automobile activity. A similar conclusion was also identified by Amy, et
al. (1974). In that study, the authors analyzed existing runoff and street sur—
face loading data in an attempt to determine a loading model as'a function of
various influencing characteristics (such as geographical area, land use, traffic
conditions, etc.). They found that when the street surface loading data were
compared with the runoff data the only significant differences in loading pre-
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TABLE 4-5. TOTAL SOLIDS STREET SURFACE LOADING REMOVALS BY RAIN STORMS
Keyes - Keyes - Good Tropicana - Good
0il and Screens Test Area Asphalt Test Area Asphalt Test Area
Before Loading Before Loading Before Loading
Storm Decrease Storm Decrease Storm Decrease
Particle Size Loading During Storm 4 Loading During Storm X Loading During Storm 4
and Storm (1b/curb- (1b/curb- Differ- | (1b/curb- (1b/curb- Differ-| (1b/curb- (1b/curb~  Differ-
Date (u) mile) mile) ence mile) mile) ence mile) mile) ence
3/15 and 16/77
storm
>6370 u 100 45 44 16 2.4 17 18 10.5 60
2000 - 6370 200 2 1 18 -4.8 -26 5.9 5.9 30
850 + 2000 210 -90 -42 25 -4.9 =20 26 10.6 41
600 + 850 140 =21 -15 16 0.8 5 15 9.8 65
250 + 600 470 ~14 -3 64 10.8 17 42 27.8 66
106 + 250 350 52 15 72 15.8 22 45 29.7 66
45 + 106 210 88 42 62 16.7 27 41 23.2 57
<45 71 54 76 12 =7.7 -66 10 - 2.2 -23
Total 1900 116 6 290 29.0 10 220 115 53
Avg; peak in-
tensity 0.06: 0.13 in./hr 0.06; 0.13 in/hr 0.06; 0.13 in/hr
Duration; total
rain 20 hrs; 1.16 in. 20 hrs; 1.16 in. 20 hrs; 1.16 in.
Days since last
swept; number
of passes 2 days; 1 pass 2 days; 1 pass 11 days; 1 pass
3/23 and 24/77
storm
>6370 u 92 -33 -36 18 15.7 85 26 18.6 7
2000 + 6370 350 -99 -28 50 27.0 54 31 15.6 50
850 + 2000 290 -216 ~74 75 32.1 43 52 29.9 57
600 + 850 190 - 51 =27 44 26.1 60 39 30.1 77
250 + 600 700 - 14 -2 150 92.9 63 100 79.6 79
106 + 250 520 109 21 160 125 77 100 78.2 74
45 + 106 310 95 31 140 115 85 81 56.2 69
<45 110 81 74 30 0.6 2 20 - 6.5 =32
Total 2600 -128 -5 660 434 66 460 302 66
Avg; peak in-
tensity 0.03; 0.08 in./hr 0.03; 0.08 in./hr 0.03; 0.08 in./hr
Duration; total
rain 7 hrs; 0.21 in. 7 hrs; 0.21 in. 7.hrs; 0.21 in.
Days since last
swept; number
of passes 5 days; 1l pass 5 days; 1 pass 21 days; 1 pass
4/30 and 5/1/77
storm
>6370 u 130 15 12 41 51.7 127 25 28.0 112
200 » 6370 470 -145 =31 66 55.2 84 20 18.4 93
850 + 2000 100 =343 -340 73 53.0 73 27 23.8 88
600 » 850 100 -65 -62 48 45.2 94 19 18.4 96
250 + 600 320 -124 -39 140 153 107 57 56.0 98
106 + 600 280 54 19 130 155 119 65 65.3 100
45 + 106 170 46 27 110 136 121 54 49.9 92
<45 66 21 32 13 - 3.8 -30 9 -3.1 =34
Total 1600 =541 -33 630 645 103 280 257 93

Avg; peak in-
tensity
Duration; total
rain
Days since last
swept; number
of passes

0.03; 0.08 in./hr

o

hrs; 0.25 in.

22 days; 2 passes

0.03; 0.08 in./hr

9 hrs; 0.25 in.

22 days; 2 passes

0.03; 0.08 in./hr

9 hrs; 0.25 in.

4 days; 1 pass
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dictions were for nutrients. In that case, the nutrient values predicted for
runof f data were greater than for street loading data, reflecting the fact that
most of the nutrients originate in off-street areas.

POLLUTANT REMOVAL CAPABILITIES OF MONITORED STORMS

Tables 4-5 and 4-6 present the total solids and various street surface
pollutant loading changes that occurred for each of the rain storms. Table
4-5 values were calculated from street surface loadings before and after the
rain storms. Table 4-6 compares these values with actual stormwater runoff
yields. A negative value in Table 4-5 signifies an increase in loading on
the street surface during the storm. It is interesting to note that the rains
had a much smaller effect on removing materials from the oil and screens streets
as comparedwith the asphalt streets. It is thought that the increased roughness
of the street surface in the oil and screens area trapped much of the erosion
material from the surrounding areas onthe street and prevented it from reaching
the storm sewerage system. The Keyes—good asphalt and Tropicana-good asphalt
test areas, both with relatively smooth asphalt streets, showed larger removals
of material. The first storm showed a smaller absolute removal as compared to
the latter two storms, possibly because of its increased intensity and larger
erosion yields from surrounding areas that found their way onto the street
during the rain.

The runoff removals in both the Keyes—asphalt and Tropicana study areas
for the March 23-24 storm and for the April 30-May 1 storm were very similar.
These last two relatively small storms were capable of removing significant
quantities of material from the street surface, yet did not cause large amounts
of erosion products in the runoff.

Table 4-6 summarizes the pollutant street surface loading changes for the
different rain storms on a curb-mile basis and also on a total pounds basis
for the two study areas. These runoff yields, as measured on the street sur-
face, are compared to the total pollutant yields of the storms. The observed
ratios between street surface loading differences of the pollutants as mea-
sured on the street and the runoff yield as measured by analyzing runoff vary.
Values smaller than 1 possibly signify that more of that pollutant originated
in the surrounding areas and storm sewerage than on the street surface. Values
greater than 1 possibly indicate that most of the material that originated
from street surfaces accumulated in the storm sewerage.

These ratios appear to vary as a function of the rainstorm characteristics,
the study area, and the specific pollutants. The March 15and 16 storm generally
had ratios less than 1 for all of the pollutants in both study areas, while
the last two storms shown in Table 4-6 had many values greater than 1l. Again,
the initial storm was of much greater intensity and volume, possibly causing
greater erosion in the surrounding areas and increased sewerage velocities that
would keep the particulate material from settling in the storm drainage. The
last two storms, however, were of relatively small intensity and showed almost
complete removal of street surface contaminants from the street surface. That
is probably due to the extra energy imparted on the street surface materials
from automobile traffic and the sufficient rain available to wash the loosened
materials from the street surface to the storm drain inlet. However the smaller
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streets would wash off during a rain and contribute to the pollution of urban
runoff. Table 4-7 shows the estimated effectivenesses of various street clean-
ing programs (cleaning intervals) in controlling total urban runoff pollutant
yields.

The estimates shown in Table 4-7 are based on too few runoff measurements
(as discussed previously in this section) to be more quantitative. A runoff
monitoring program designed to yield this specific information would require
sampling many storms over a relatively long period of time. Nevertheless,
several interesting observations were noted during this data analysis. It was
found that very little difference ia runoff water quality would be evident be-
tween cleaning programs operating twice every workday (520 passes a year) and
once every workday (260 passes a year). A similar conclusion was found for
cleaning programs of little intensity: cleaning once a month and once every
three months would yield similar runoff quality conditions. As expected, the
heavy metals may be controlled much more effectively (up to about 50 percent of
this runoff yield could be removed for very intensive cleaning efforts) than the
other pollutants. Total solids may also be controlled to a reasonably high value
(up to about 40 percent). Organics and nutrients, which originate mostly from
non-street areas within the watershed, would only be reduced by less than 10
percent. Removal effectiveness decreases by about a factor of three when reduc-
ing the cleaning effort from one or two passes every weekday to one pass every
week. The removal effectivenesses are reduced by more than a factor of ten when
reducing the effort from weekday cleaning to monthly (or less) cleaning.

Table 4-7. ESTIMATED EFFECTIVENESS OF VARIOUS STREET CLEANING PROGRAMS IN
CONTROLLING URBAN RUNOFF*

Cleaning Interval

One to Two One to Three
Passes Per One Pass Passes Every
Parameter Weekday Per Week Three Months
Total Solids A C C
CcoD C C D
KN C c D
Ortho PO, C D D
Pb A C C
Zn A C C
Cr A C C
Cu A C C
Cd B c C

*A = greater than 407 effective
20 to 40% effectiveness
=1 to 20% effectiveness
less than 1% effective

Oow
[
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TABLE 4-6.

STREET SURFACE POLLUTANT REMOVALS COMPARED WITH RUNOFF YIELDS

Keyes Street Study Area

Tropicana Study Area

:
L
|
|
|

total

Street Street
0il and Screens Asphalt Total Surface 1b Surface
Keyes Differ- differ- Differ-
total total Area ence to! ence ence to
1b/curb- 1b differ- 1b/curb—- 1b differ- 1b Runof f Runof f 1b/curb- 4in1l.l Runoff Runoff
Param— mile dif- encein 2.2 mile dif- encein2.7 differ- yield Yield mile dif- curb- Yield Yield
eter ference curb-mile ference curb-mile ence (1b) Ratio | erence mile (1b) Ratio
I
MARCH 15-16, 1977, STORM
I
Total !
solids 120 260 29 78 340 942 0.36 | 120 1300 8099 0.16
CoD 24 53 3.0 8.1 61 859 0.071 11 120 2267 0.05
KN 0.33 0.73 5.2 14 15 51.8 0.28 ’ 0.22 2.4 90.2 0.03
OrthoPOA 0.23 0.051 0.0049 0.013 0.064 21.1 0.003 0.020 0.22 65.8 0.003
Pb 0.40 0.88 0.19 0.51 1.4 1.75 0.79 ‘ 0.47 5.2 6.5 0.80
Zn 0.067 0.15 0.022 0.059 0.21 0.71 0.29 \ 0.054 0.60 2.9 0.21
Cr ~-0.0084 -0.018 0.014 0.038 0.020 0.065 0.31 0.059 0.66 0.4 1.6
Cu -0.014 -0.031 0.024 0.065 0.034 0.13 0.26 0.13 1.4 0.45 3.2
Cd 0.00031 0.001 0.0001 0.0001 0.001 0.026 0.038 0.0003 0.003 0.055 0.06
MARCH 23-24, 1977, STORM
i
Total
solids -130 -290 430 1200 910 134 6.8 300 3300 1260 2.6
CcoD 8.8 19 58 160 180 68 2.6 .27 300 740 0.41
KN 0.21 0.46 0.97 2.6 3.1 0.7 4.4 0.57 6.3 17 0.37
OrthoPOQ 0.016 0.035 0.076 0.21 0.25 - - 0.053 0.59 2.1 0.28
Pb 0.47 1.0 2.0 5.4 6.4 0.15 43 1.3 14 0.90 16
Zn 0.037 0.081 0.26 0.70 0.78 0.063 12 0.14 1.6 0.53 2.9
Cr -0.14 -0.31 0.22 0.59 0.28 0.0059 47 0.16 1.8 0.042 42
Cu -0.32 0.7 0.37 1 1.7 0.0079 210 0.34 3.8 0.060 63
Cd 0.0001 0.0001 0.0012 0.003 0.003 0.0008 3.8 0.0007 0.008 0.009 0.86
APRIL 30 - MAY 1, 1977, STORM
Total
solids =540 -1200 650 1800 600 11.6 52 260 2900 1850 1.6
cob - 20 - 44 88 240 200 - -- 24 270 1250 0.21
KN -0.24 -0.53 1.4 3.8 3.3 -- -- 0.49 5.4 72 0.076
OrthoPOA 0.018 0.040 0.11 0.30 0.26 0.13 2.0 0.045 0.50 29 0.017
Pb -0.075 -0.17 2.6 7 6.8 - - 1.1 12 3.2 3.8
Zn -0.089 -0.2 0.36 0.97 0.77 - - 0.12 1.3 1.3 1.0
Cr -0.35 -0.77 0.34 0.92 9.15 - - 0.13 1.4 0.1 14
Cu -0.62 -1.4 0.59 1.6 0.2 - - 0.28 3.1 0.23 14
cd -0.0007 -0.002 0.0017 0.005 0.003 -= -- 0.0006 0.007 0.009 0.74

flows in the sewerage were not capable of preventing the material from depositing
in the sewerage. The small number of data points available prevents a specific
model from being developed. The data demonstrate several relationships between
rainfall characteristics, street surface conditions, relative pollutant yields
from street surfaces and surrounding land-use areas, and pollutant deposition
in the sewerage system.

EFFECTIVENESS OF STREET CLEANING IN IMPROVING URBAN RUNOFF WATER QUALITY

Street cleaning can be effective in reducing the quantity of some pollutants
in urban runoff. Most of the material removed by a street cleaner on smooth

83



*pajou I¥sSFMiIaylo ssIayun H\ME U] P2INSE3W 31t SII3]3WBIBRJy

87 - L1 - 775t - 44 - 8°62 - Saos
L7170 §5°0 + 11°0 Z1°0  Z1°0 + 80°0 0T°0 €1°0 + 90°0 Z€°0 - 11°0 - uz
Z000°0  9000°0 + 1000°0> T1000°0> 1000°0> ITV  1000°0> T1000°0> [TV |1000°0 - 1000°0> — 3H
99°0 $*1 + 92°0 02°0  61°0 + ST°0 72°0  TE'0 + O1°0 92°0 -- L7°0 - qad
$0°0 60°0 + 20°0  €10°0 €0°0 <+ 10°0 Z0°0  20°0 + 10°0 70°0 — 200 - n)
20°0 %0°0 + 10°0  600°0 T10°0 + §00°0 10°0  20°0 + 10°0 €0°0 -- 10°0 - 19
200°0 900°0 + 200°0>  Z00°0> Z00°0> TTV  200°0> 200°0> ITV | %00°0 - %00 - PO
9°22 - 897 - vyl - 76 - 12 - eN
(7 - v*97 - z°s1 - g LT - €9 - os
9°L1 - Lest - L1t - L1t - 6°€ - 1)
0°9 9°L1 + 8°0 0 8°0 + %°0 A% € « vl z°0 — €€ 9'% +9°0 o4
€0 - 0 - ¢*1 - 6°0 - $*0 - Con
0ze o%s + 89 0Z1 697 + ST 79T 997 « SI LS Sh8 + 8€2 OTT  THl «+ 1§ ss
091 0€E + 08 091 1€ + 92 SI1T  9LE + SE L01 L0T TTV e ov + 72 saL

1t 89 « Z1 8¢ OET « 8% L€ 06 + 1 98 0Z1 + €Y £y 18 « 01 (NIN)
£3TPTQINT
- - sl 9°8 + ¢*L 6°L  8°T1 + %°S L°8 6°6 « L 0°8 %6 + G°9 oa
- - 9T §°9T = &I ST §°9T « #1 91 9T « §T <1 91 « ST (0,) *duwag
€9 9°9 « 0°9 0L 9°L + 9°9 69 €L + L9 L9 1°2 «+€°9 8°9  »°f +9°9 (situn Hd)pd
Say a3uey 8ay ag8uey Ay a8uey Say a8uey 3ay afuey xl2313uei1eg

w103g wi103g w1035 wi03g wi03g

LL/1/S pue 0€/%

LL/%T PU® €T/¢€

LL/9T Pu® GT/¢

LL/%T Pu® €7/¢

LL/9T PU® GI/€

®aay Apnis euedydox]

®al1y Apnig 392115 sakey

SINVINTIOd SNOI¥YVA 40 SNOILVIILNHONOD J40NNE

‘8-v

dTdVL

86



*sanfea

unujute 1o dFuel paISIP SE PIILIS SSITUN SITWI] BNUTXEH,

*p230u 3STMIaY30 ssaTun T/3W UT paInsedaW IIe SII}BWeIRd,

*G/61 VdASA f€L61 VJASN ‘€961 JTOM PUB 230K :S3D1mog
aATIRIIEN —_— aAaTIR1IIBN 1/8u Q1 — - —— vz 1€ « L1 Sqog
1/3u ¢ - 1/3w 1°0 aATIBIIEN - 1/%w ¢z - 81°0 6$°0 +« 90°0 uz
EIN&1:31 9000°0
1/%w 200°0 - 1/8w 1°0 1/3W 60000°0 -jeiieNy T/%@ 100°0 - 1000° 0> + 1000°0> 3H
*xew T/3uw
1/3w ¢0°0 -- EISSLARLN 1/8®W €0°0 — 1/8@ 1°0 0°01 + 0°¢ v°0 S°1 « 01°0 qd
*xew 1/3w
1/3u 1 - 1/3W 600 aATIBIIEN -- /3w 60 0°G + 20°0 €0°0 60°0 « 10°0 n
*xew 1/3uw %0°0
1/3w 600 - /3w 1°0 1/3w €0°0 - 1/8w 0°1 0°1 « 1°0  20°0 « 600°0 1D
I93em piBY «
31J0S 10J °*Xeuw +xeu T/3uw %0°0
T/3W 10°0 — 1/8® 10°0 1/3W €0°0 « %000 - 1/3w 06 G0°0 « 1070 10°0 + 700°0> PD
aATIRIIEBN - - - - - aATIBIIEN ST 8°97 « 1°C eN
1/%w 057 - — - - -- - 81 127 + €79 708
/3w 052 - - - - - - 1 9° (1 « 6°€ 10
saje] 103 80°0 1/3w
aATIBRIIEN ¢smea13s 103 T/8w ¢°Q €000°0 _ __ _— . oy 9°/T « 2°0 «om
(%oN Butpnyo
1/3w Gy -- - -- - -u1) 1/3w Q¢y aaTlellEN (*0 G*1 « €£°0 Eon
- -= - 1/3u 08 -- - SATIBIIEN 0%t S¥8 « G SS
*xeuw 1/3w
aa13jeRiIEN -- - anTIRIIEBN - -- 0005 + 00S 061 9Lf « TT sal
(1yo909s) —_— a8ueyd TyEUS _— - - 6% 0¢l « 8% (NIN)
aaTielleN 13y £31P1qang
cuTw sutm 1/3w
9ATIRIIEN - 1/3W 0°9 0°S ATTENSH - - - 0°8 8°C1 « ¥°¢ 0a
uialled
Teanjeu
3ATIRIARN 1,98 aATIRiIEN SATIRIIEN urejuTERY - 9ATIBIIEN 91 G*91 « %1 (D,) *dway
paalsap pai11sap paiisep paitsap paarsap pai11sap {satun
0°6 « 0°G 0°6 + 0°S $°8 + §°9 0°6 « 0°9 0°6 + 0°9 - 0°6 « S*% L°9 9°/ +« 0°9 Hd) ud
41ddng S3S(] TRUOTIEIIDIY 9311 93711 o13ENnby SITIPTTM §O01S9ATT UOTIESTIA] a8eaaay a3uey pldi2ueaed
2114nd autaeyR p3A13sqQ pPoA13sq0
133emysalyg 1T813A0 11819240

q

BT19114) 3s)] [eBIOTIjauag

VINALIED SO TVIDIAANIE Ol qI¥VAWOD ALITVAO YHIVM AI0NNY

‘6% HIAVL

87



pollutants from the street surface before rains can wash them into the receiving
waters. Section 5 discusses the relative unit costs for removing these pollutants
by street cleaning as compared with alternative runoff treatment and combined
wastewater treatment systems.

COMPARISONS OF RUNOFF WATER QUALITY WITH
SANITARY WASTEWATER EFFLUENT WATER QUALITY

Table 4-10 presents a comparison between secondary sanitary wastewater ef-
fluent and urban runoff for the study areas. The average and peak one-hour
runoff concentrations observed and average secondary sanitary wastewater ef-
fluent concentrations are shown along with the ratios between them. The sani-
tary wastewater treatment facility is a modern, advanced secondary treatment
plant serving the study areas. The short-term effects of urban runoff on a
receiving water occur (by definition) during and immediately following a runoff
event: short-term effects are associated with instantaneous concentrations.
A comparison between the urban runoff average concentrations and the sanitary
wastewater treatment plant effluent average concentrations shows that the con-
centrations of lead, suspended solids, COD, cadmium, TOC, turbidity, zinc,
chromium, and BOD. are all higher in the runoff than in the sanitary wastewater
effluent. Copper and Kjeldahl nitrogen, in addition to the previously listed
parameters, have greater runoff peak concentrations than the wastewater average
concentrations. Therefore, urban runoff may have more important short—term
effects on receiving waters than average treated sanitary wastewater effluent.

The annual yield for the different sources gives a measure that indicates
the long-term problems. Table 4-10 shows the annual sanitary wastewater treat-
ment plant effluent yield expressed as tons per year (derived from monthly
average concentrations and effluent quantities), and the calculated annual
street surface portion of the urban runoff yield expressed in tons per year
for a similar service area. On an annual basis, the total orthophosphates and
Kjeldahl nitrogen associated with the street dirt are less than 2 percent of
the total sanitary wastewater treatment plant effluent plus urban street surface
runoff yield. Total solids, cadmium and mercury contribute from 1 to 10 percent
of this total, while chemical oxygen demand, biochemical oxygen demand, copper,
and zinc contribute from 10 to 50 percent of this total. Suspended solids,
chromium and lead street surface runoff contributes more than 50 percent of the
total.

These data show that for a receiving water getting both secondary treated
sanitary wastewater and untreated urban runoff, additional improvements in the
sanitary wastewater effluent may not be as cost-effective as some street clean—
ing (except for nutrients). That is especially true for lead where more than
95 percent of this total wasteload is due to street surface runoff. If all of
the lead were removed from the sanitary wastewater effluent, this total annual
lead discharge would only decrease by less than 4 percent.

TRACER ANALYSIS OF SEWERAGE PARTICULATE ROUTING

A special catchbasin was constructed and partially filled with street sur-
face particulate simulant and fluorescent particle tracer material to monitor
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TABLE 4-10. COMPARISON OF URBAN RUNOFF AND WASTEWATER TREATMENT PLANT EFFLUENT

Ratio of
Street
Ratio Ratio Street Surface
Runoff STP? Ef fluent of Avg. of Peak Surface Annual Runoff
Concentration Concentration Runoff Runoff Annual STP to STP
(mg/1 unless (mg/1 unless . to STP to Avg. Runoff Ef fluent© Annual
otherwise stated) otherwise stated) conc. STP conce (tons/yr) (tons/yr) Yields
Peak
Parameter Avg (1-hr) Avg.
catt 13 19 65 0. 20 0.29 350 8000 0.040
k* 2.7 3.5 24 0.11 0.15 73 3200 0.023
Mgtt 4.0 6.2 35 0.11  0.18 110 4700 0.023
Na® 15 27 220 0.07 0.12 410 30, 000 0.014
c1” 12 18 330 0. 04 0.05 330 45,000 0.007
SOA= 18 27 150 0.12 0.18 490 20,000 0.025
HCO3_ 54 150 230 0.23 0. 66 1500 32,000 0.047
NO 0.7 1.5 4.9 0.14 0.31 19 660 0.029
BOB 24 30 21 1.1 1.4 480 2800 0.17
cop 200 350 354 5.6 10 950 47004 0.20
KN 6.7 25 24 0.28 1.1 17 3200 0.005
OrthoPO, 2.4 18 19 0.13 0.92 1.2 2600 0.0005
Total solids 350 950 1000 0.34 0.92 9500 140,000 0.07
TDS® 150 380 1000 0.15 0.37 4100 140, 000 0.029
Suspended
solids 240 850 26 9.2 32 4700 3500 1.3
cd 0.01 0.04 0.002 5 20 0.018 0.27 0.07
Cr 0.02 0.04 0.016 1.3 2.5 3.5 2.2 1.6
Cu 0.03 0.09 0.081 0.37 1.1 5.5 11 0.5
Pb 0.4 1.5 0.0098 41 150 36 1.3 28
Zn 0.18 0.55 0.087 2.1 6.3 3.9 12 0.33
Hg <0.0001 0.0006 0.0019 <0.05 0.32 0.0032 0.26 0.01
Specific
conductance
(umhos/cm) 120 660 1900 0.06 0. 36 - - —--
Turbidity (NTU) 49 130 20 2.5 6.5 - - -
pH ng units) 6.7 7.6 7.6 - - - - -
TOC 110 290 30 3.5 9.7 3000 4100 0.73

aSecondary sanitary wastewater treatment plant.
Ypbout 200 people correspond to 1 curb-mile (2880 curb-miles in San Jose/575,000 population).
Therefore a population of 850,000 corresponds to about 4250 curb-miles, with about 1100 curb-miles of
streets surfaced with oil and screens. These annual runoff values were calculated based on a year of
the appropriate accumulation rates and these mileage estimates.

CAn estimated population of 850,000 is served by the sanitary wastewater treatment facility.

f

dEstimated. €Total dissolved solids. Total organic carbon.

the routing of particulates in a stormwater sewerage system. Figure 4-2 shows
the storm drainage system in the Keyes Street study area that was selected for
this portion of the study. The catchbasin was constructed at the south corner
of south 12th and Bestor Streets. Figure 4-3 presents the storm drainage system
details from this catchbasin to the outfall. The sewerage is all concrete pipe
ranging in size from 10 to 27 in. in diameter. The sewerage slopes range from
0.16 to 0.79 percent. A total of about 2700 feet of sewerage is between the
catchbasin and the last manhole before the outfall., The outfall is located
several hundred feet northeast of the last manhole and is directly on Coyote
Creek.
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Figure 4-3. Storm drainage from special catchbasin to outfall.
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A special catchbasin was constructed following the recommendations pre-
sented by Lager and Smith (1976); this design is supposed to maximize solids
retention. The catchbasin is circular in shape and was formed from a section
of 39 in. inside diameter (48 in. OD) reinforced concrete pipe. The outlet is
a 10 in. inside diameter concrete pipe located 25 in. below the top of the
catchbasin and 40 in. above the bottom. These dimensions follow the idealized
proportions as presented by Lager and Smith. If the outlet diameter is noted
as dimension D, it should be located 2.5D below the top of the catchbasin and
4D from the bottom of the catchbasin. The overall height of the catchbasin
from the street surface to the bottom is therefore 6.5D while the inside diameter
is 4D.

A total of 500 1b of street surface simulant was placed in the catch-
basin. The simulant was designed to have the same solids size distribution as
the street surface particulates measured in this test area (See Figure 3-4).
Types and amounts of simulants used included: 105 1b of No. 2 clay, 260 1b of
No. 20 fine sand, 30 1b of No. 1 sand, 60 1b of No. 3 sand and 45 1b of pea
gravel (slightly 1less than 0.25 in. in diameter). The clay, sand and gravel
were well washed and sieved before mixing. 2.5 1b of yellow fluorescent parti-
cles were mixed with the bottom half of the simulant, and 2.5 1b of green fluo-
rescent particles were mixed with the top half of this simulant.

Samples were collected five times from the catchbasin, downstream manhole
locations, and directly off of the outfall in the creek between September 1977
and January 1978. During this time, more than 10 days of rain occurred with
each day having rain volumes ranging from 0.01 in. to more than 0.75 in. Rains
on at least four of these days were capable of washing off significant quantities
of street surface particulates, irrespective of traffic conditions.

Core samples were taken from the catchbasin using a carbon dioxide (COZ)
freezing core sampling apparatus. This unit consisted of a 0.5 in. rigid cop-
per pipe with a braised brass point that was driven into the catch-basin sedi-
ment. A 0.375 in. flexible copper tube was connected to a liquid CO, supply
(a C02 gas bottle with a syphon tube). Liquid CO2 was then supplied to the
larger copper tube which froze the adjoining sample to the outer tube. The
CO, flowed for about 1 minute, allowing a sample thickness of about 0.25 to
0.5 in. to form. This frozen core was then withdrawn from the catchbasin and
the frozen sample was separated from the tube and analyzed as a function of
depth.

The samples were collected from the manhole access points by manually scrap-
ing sediment into sample collection bottles. Sewerage inspections were also
routinely conducted during this time period. These inspections documented the
amount (depth) of sediment in the main sewerage and in the adjacent laterals.
All of the laterals and mains were flushed out before the beginning of the tests.

Table 4-11 presents the results of this tracer study averaged for all
sampling periods. This table shows the relative tracer concentrations for the
green and yellow particles in various locations of the storm sewerage system
compared to the catchbasin tracer concentrations. As an example, the average
green fluorescent particle concentration in the catchbasin simulant was about
18,000 green fluorescent particles/gm of simulant. The average concentration of
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TABLE 4-11. TRACER CONCENTRATIONS IN SEWERAGE COMPARED TO CATCHBASIN TRACER
CONCENTRATIONS (ppm)

Manhole Green Particles* Yellow Particles**

Location Average Min. Max. Average Min. Max.
1 350 52 520 390 150 680
2 290 0 680 270 0 830
3 57 29 81 150 0 270
4 300 52 900 900 0 3500
5 95 52 160 240 0 680
6 120 0 320 660 0 1500
7 57 29 110 98 0 150
8 67 29 130 220 0 410

Outfall 120 110 130 73 0 150

* The green fluorescent particles were mixed with the top half of the simulant
in the catchbasin.

**The yellow fluorescent particles were mixed with the bottom half of the
simulant in the catchbasin.

the green fluorescent particulates at manhole location number one averaged about
7.4 particles of fluorescent material/gm of sediment. Therefore, the relative
concentration of green fluorescent particles at this station was about 350 parts
per million when compared to the concentration in the catchbasin. The range of
relative concentrations varied widely for the different periods of sample col-
lection. No trends were evident in particle concentrations, except that none
were found on the first day when the material was installed. Three days later,
green and yellow fluorescent particles were found at practically all of the
manhole stations, even though no rain occurred. The sewerage system had a con-
tinuous dry weather flow due to many small leaks from the domestic water supply
system, from sidewalk and automobile washing, possible groundwater infiltration,
and irrigation. The relative concentrations for the different dates of sampling
did not significantly change with time. A general decrease in relative concen-
trations was noted, but the variations were quite large. No significant pattern
was noted in relative concentrations at any of the sampled manhole locations.
Yellow particulates were not found at most of the manhole sampling locations
during some of the sampling periods. This was expected because the yellow
material was located at the very bottom of the catchbasin and would not be
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discharged into the sewerage system except with runoff-induced turbulence. The
overall depth of simulant in the catchbasin slightly decreased (by about 20
percent) during the four-month period of study. The only notable increase in
catchbasin sediment material was floating organic material.

Some of the simulant and tracer material was removed from the catchbasin
during periods having dry weather flows. Increases in fluorescent tracer rela-
tive concentrations at the various sampling locations were not significant, even
with several significant rains. Little stratification of flourescent particles
was noted relative to the simulant material in the catchbasin. The concentrations
of flourescent particles in the catchbasin did not significantly change with
time. This technique may be a useful procedure for monitoring catchbasin per-
formance and sediment releases in other studies.

94



SECTION 5

TREATABILITY OF NONPOINT POLLUTANTS BY STREET CLEANING

SUMMARY

The objective of this portion of the study was to assess the cost and labor
effectiveness of various methods of street cleaning, runoff treatment, and com-
bined wastewater treatment systems in controlling nonpoint pollution. The re-
sults of the street surface contaminant and runoff monitoring tests (see Sections
3 and 4) were used to estimate the treatability of urban runoff and to estimate
costs of treatment. The basic information for street cleaning labor and costs
were derived from San Jose's street cleaning program (September 1976 through
August 1977). San Jose street cleaning costsxwere‘about $14 per curb-mile cleaned,
and about one man-hour was required for each curb-milecleaned(1976-1977 dollars).

About 75 percent of the street cleaning costs were for labor, which makes
street cleaning a labor-intensive operation. This trait is desirable, because
if different control measures have equal cost effectiveness, it is socially bene-
ficial to choose the measure that employs the most people. Maintenance costs
were about 30 percent of the overall program costs. Other important costs in-
clude disposal costs, equipment depreciation, and operating expenses. Equipment
replacement to reduce costs could achieve a maximum cost savings of much less
than 30 percent (the total maintenance costs). The other costs are constant
and would not vary significantly for different types of currently available
street cleaning equipment.

A cost increase of about a factor of 10 over typical monthly or bimonthly
cleaning program costs may be necessary to obtain significant runoff control
for heavy metals and total solids. This cost increase may increase the runoff
control possible from street cleaning from less than 10 percent to more than
25 percent (for these parameters). Increased street cleaning would also decrease
fugitive dust emissions to the air, improve litter loadings, etc., which is not
possible with other control practices.

To obtain a comparison of street cleaning costs with costs of other treat-
ment systems, the unit costs for these other systems were calculated. If flow
equalization costs were included, the unit pollutant removal costs for street
cleaning were found to be significantly less than runoff treatment costs. Unit
costs for the combined sewage and runoff treatment considered in this study
were generally less than for special runoff treatment facilities. There are no
data to show the effectiveness or cost of treating heavy metals ‘in the runoff
by a combined system. Such costs are expected to be much greater than street
cleaning costs. Runoff treatment--whether in special systems or combined runof f
and sanitary wastewater systems--requires much less labor than street cleaning.
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The downstream alternative control-treatment practices affect only water quali-
ty, while street cleaning can also benefit air quality, aesthetics, and public
safety.

STRUCTURE OF THE STUDY

Typical runoff water quality (see Section 4) was compared with information
from the literature to determine approximate costs and removal effectiveness of
various runoff treatment systems (based on Lager and Smith 1974). This informa-
tion is presented in Appendix G. Street cleaning cost estimates are based on
the City of San Jose's experience. The cost effectiveness of the various street
cleaning practices are shown in dollars per pound removed and reflect the various
real-world conditions encountered. These conditions include such factors as
parked cars, traffic, and street cleaning schedules. An estimate of the final
cost for disposal of the street surface debris is also shown.

The unit costs and unit labor requirements were compared with similar rates
calculated for alternative treatment systems and are presented in Appendix G.
These include a range of systems that have been specially designed and tested
for treating urban runoff, combined sanitary wastewater and urban runoff and the
San Jose-Santa Clara Waste Water Treatment Facility, which treats only sanitary
wastewater. Erosion control costs and benefits are also presented in Appendix
G. Finally, because there are multiple objectives* in the choice of pollution
control methods, a decision analysis framework is discussed in Appendix G that
considers trade-offs among these objectives.

STREET CLEANING COSTS

Average 1973 street cleaning program costs for about 400 cities surveyed
nationwide are shown in Table 5-1. These costs, as a function of material re-
moved, population, and percentage of the city's budget are shown in Table 5-2.
The typical removal costs are between $15 and $20 per ton or cubic yard removed
or a little more than one dollar per person per year. This is 1 percent of the
typical city budget (APWA 1975). These program costs generally do not include
all of the costs associated with normal street cleaning operations, and are
therefore low. Inflation also has significantly increased these costs during
the past five years.

A large portion of the typical street cleaning budget goes for equipment
maintenance.Table 5-3 shows the average maintenance costs ($/curb-mile cleaned)
from 14 nationwide cities (Mainstem 1973). The total maintenance cost in 1973
was about §$1.65per curb-mile cleaned. The greatest portion was spent for brooms
and brushes and major repairs. These costs have also increased substantially
since the survey was conducted.

*Improved air quality, aesthetics, public safety, recreation, water supply, and
public relations are other important objectives.
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TABLE

5-1. STREET CLEANING PROGRAM COSTS (1973)

Costs Median 10th Percentile 90th Percentile
$/ton of material 18 3.0 80
$/yd3 of material 16 6.1 47
$/person/year 1.2 0.60 3.0
% of city budget 1 0.015 9.4

Source: APWA 1975.

TABLE 5-2. STREET CLEANING PROGRAM COSTS FOR CITIES OF VARIOUS POPULATIONS

1973 Street Cleaning Program Costs
(thousands of dollars)

City

Population Average Range

<10,000 39 9 » 90
10,000 » 25,000 88 7+ 530
25,000 - 50,000 73 3+ 490
50,000 - 100,000 160 15 » 680
100,000 + 250,000 350 82 » 1500
250,000 = 500,000 840 40 + 2500
500,000 +» 1,000,000 2000 360 » 6200
>1,000,000 4900 3000 + 6800
Overall 360 3~ 6800

Source: APWA 1973.
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TABLE 5-3. MAINTENANCE COSTS ($/curb-mile cleaned for 1973)

Percentage
Average of Total Range

Ma jor repairs $ 0.40 247 $0.18 » 0.84

Minor repairs 0.28 17 0.07 » 0.46
Preventive maintenance

and lubrication 0.13 8 0.02 » 0.45

Brooms and brushes 0.41 25 0.08 » 0.71

Chains and sprockets 0.15 9 0.02 + 0.30

Other mounted systems 0.28 17 0.15 + 0.46

Total Maintenance Cost $1.65 100% $0.69 +» 3.10

Source: Mainstem 1973.

The following list shows which equipment components the surveyed cities
thought were most subject to wear (APWA 1975):

e Brushes (49 percent )
e Conveyor and elevator drives (26 percent)

Tires (8 percent)

e Elevator (8 percent)

Flights (5 percent)
e Hydraulic system (3 percent)
e Transmission (1 percent)

Table 5-4 shows the average main broom 1life (in miles) for three broom
materials (Laird and Scott 1971). Synthetics offered the best service, followed
by steel and natural fibers. However, Horton (1968) explains broom life is not
the most important factor: removal effectiveness is the goal and removal effec-
tiveness has been shown to be a function of broom fiber, brush speed, pattern,
and forward speed (as shown in Section 3.
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TABLE 5-4. AVERAGE MAIN BROOM LIFE (curb-miles cleaned)

Synthetic Natural Steel
Average 1100 270 560
Minimum 120 150 100
Ma ximum 2500 750 2000

Source: Laird and Scott, 1971.

Fifty percent of the cleaning equipment was operated with a main broom
rotational speed of 1500to 2000 rpm and a strike of 4 to 6 inches (Scott 1970).
Optimum broom adjustments and selection of fiber must be determined for each
city. These determinations will depend on the type and quantity of litter and
particulates to be removed, street type and condition, weather, etc.

Table 5-5 presents San Jose street cleaning costs by specific item and the
total costs for the year ending September 30, 1977. Labor accounts for about
75 percent of the total costs which makes street cleaning a relatively labor in-
tensive urban runoff control measure. Those categories that may be affected by
a significant change in street cleaning equipment (maintenance supplies and la-
bor) make up 35 percent of the total costs. A major change in equipment type
may slightly reduce those maintenance costs. The other street cleaning costs
would not vary appreciably for different types of street cleaning equipment.
Actual maintenance savings would have to be determined by a specific city's ex-—
perience using different equipment types. Replacement of street cleaning equip-
ment before it would normally be replaced could significantly increase deprecia-
tion costs.

During this test year (1976-1977), the Public Works Department of San Jose
spent about $800,000 to clean 55,761 curb-miles. The unit cost was therefore
about $l4per curb-mile cleaned and the labor requirement was about 0.9 man-hours
per curb-mile. These costs appear high, but it must be realized that most other
evaluations of street cleaning costs (such as summarized in the previous discus-
sion) do not include all of the actual costs of the street cleaning program.
Most other street cleaning cost evaluations include only maintenance and opera-
tions supplies and operator labor expenses. Few other jurisdictions have all
the other cost information available. The usual practice is to use the odometer
mileage on the street cleaner as an indication of curb-miles cleaned. The odom-
eter mileage is about twice the curb-mileage cleaned because of travel from the
service yard to the cleaning route, travel to the landfill, etc. This mileage
factor could double the unit cost alone.

Tables 5-6 through 5-10 present the average unit costs and labor require-
ments to remove a pound of the various pollutants from the five test areas.
The unit costs for total solids range from about $0.025 to $0.17/1b removed for
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TABLE 5-6.

COST EFFECTIVENESS FOR SAN JOSE STREET CLEANING
OPERATIONS, TROPICANA-GOOD ASPHALT TEST AREA

*Average
Removal Average Average
(1b/curb-mile Unit Cost Unit Labor

cleaned) ($/1b removed) (hr/1lb removed)
Total Solids 100 0.14 0.009
Suspended Solids*#* 50 0.28 0.018
CcoD 9.7 1.4 0.093
BOD ** 4.9 2.9 0.18
Ortgo PO, 0.017 820 52
Kjeldahl Nitrogen 0.21 67 4.3
Lead 0.40 35 2.3
Zinc 0.049 290 18
Chromium 0.039 360 23
Copper 0.072 190 13
Cadmium 0.00027 50,000 3300

*Average removal values from Table 3-19.

**Estimate.

TABLE 5-7.

COST EFFECTIVENESS FOR SAN JOSE STREET CLEANING
OPERATIONS, KEYES—-GOOD ASPHALT TEST AREA

*Average
Removal Average Average
(1b/curb-mile Unit Cost Unit Labor
cleaned) ($/1b removed) (hr/1lb removed)
Total Solids 130 0.11 0.0069
Suspended Solids*#* 65 0.22 0.014
CoD 16 0.88 0.056
BOD ** 8.0 1.8 0.11
Ortgo PO, 0.018 780 50
Kjeldahl Nitrogen 0.28 50 3.2
Lead 0.81 17 1.1
Zinc 0.079 180 11
Chromium 0.051 270 18
Copper 0.081 170 11
Cadmium 0.0003 47,000 3000

* Average removal values from Table 3-17.

**Estimate
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TABLE 5-8.

COST EFFECTIVENESS FOR SAN JOSE STREET CLEANING
OPERATIONS, KEYES-OIL AND SCREENS TEST AREA

*Average
Removal Average Average
(1b/curb-mile Unit Cost Unit Labor
cleaned) ($/1b removed) (hr/1lb removed)
Total Solids 170 0.082 0.0053
Suspended Solids*#* 85 0.16 0.011
COoD 12 1.2 0.075
BOD ** 6 2.3 0.15
Ortgo PO 0.0089 1600 100
Kjeldahl Nitrogen 0.14 100 0.38
Lead 0.15 93 6
Zinc 0.066 210 14
Chronium 0.071 200 13
Copper 0.13 110 6.9
Cadmium 0.00024 58,000 3800

*Average removal values from Table 3-18.

**Estimate.

TABLE 5-9.

COST EFFECTIVENESS FOR SAN JOSE STREET CLEANING
OPERATIONS, DOWNTOWN-GOOD ASPHALT TEST AREA

*Average
Removal Average Average
(1b/curb-mile Unit Cost Unit Labor

cleaned) ($/1b removal) (hr/1b removed)
Total Solids 83 0.17 0.010
Suspended Solids#** 43 0.33 0.021
CoD 11 1.3 0.082
BOD ** 5.5 2.5 0.16
Ortﬁo PO 0.012 1200 75
Kjeldahl Nitrogen 0.6 88 5.6
Lead 0.49 29 1.8
Zinc 0.072 190 13
Chromium 0. 047 300 19
Copper 0.093 150 9.7
Cadmium 0.0023 6100 390

*Average removal values from Table 3-16.

**Estimate.
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TABLE 5-10. COST EFFECTIVENESS FOR SAN JOSE STREET CLEANING
OPERATIONS, DOWNTOWN-POOR ASPHALT TEST AREA

*Average
Removal Average Average
(1b/curb-mile Unit Cost Unit Labor

cleaned) ($/1b removal) (hr/1b removed)
Total Solids 540 0.026 0.0017
Suspended Solids** 270 0.052 0.0033
cop 61 0.23 0.015
BOD** 31 0.46 0.030
Ortho PO, 0.079 180 11
Kjeldahl Nitrogen 1.3 11 0.69
Lead 1.0 14 0. 90
Zinc 0.27 52 3.3
Chromium 0.24 58 3.8
Copper 0.50 28 1.8
Cadmium 0.0015 9300 600

*Average removal values from Table 3-16.
**Estimate.

average conditions encountered in the five areas. As expected, it costs much
more ($0.11 to $0.17) to remove a pound of solids from the asphalt streets in
good condition as compared to the poorer quality asphalt streets ($0.025/1b) and
the oil and screens surfaced streets ($0.08/1b). The same is generally true for
the other pollutants, except for the oil and screens test area. Street surface
particulates were abundant in the oil and screens test area, but the pollutant
concentrations were relatively low. This was because the major source of the
particulates in this test area was street surface wear material, which was rela-
tively "clean". The same was true for the unit labor requirements, where more
labor was generally needed to remove the same quantity of material from the
smooth asphalt streets as compared to the streets in poorer condition.

Figure 5-1 (based on computer analyses of the San Jose data) demonstrates
the increase 1n unit costs to remove a pound of total solids as the number of
cleaning passes increases in a year. A cost of $0.08/1b corresponds to about
20 or 30 passes per year, but it could be as low as $0.02 or $0.03/1b for two
passes per year, or as high as $0.25/1b for 200 to 300 passes per year, depending
on street surface condition. These increasing costs reflect the decrease in
rate of return as the streets are cleaned more often. Frequent street cleaning
results in lower solids loadings on the street surfaces and pollutant removals
per pass, while the cost of operating the street cleaning equipment remains
practically the same (within about + 10 percent) per pass. Figure 5-2 is a
similar figure for unit labor requirements. Again, the unit requirements in-
creased dramatically with increasing passes per year.
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Figure 5-1. Costs to remove a pound of street dirt as a
function of the number of passes per year.
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Figure 5-2. Labor needs to remove a pound of street dirt.
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A street cleaning program effective in reducing substantial quantities of
pollutants (more than 25 percent removal of total solids and heavy metals from
the runoff) would require cleaning frequencies of about three passes per week
or more (preferably on separate days). A typical street cleaning program con-
ducted to control litter in residential neighborhoods uses about one to two
passes per month. This less frequent cleaning may remove only about 10 percent,
or less, of the total solids and heavy metals in the runoff. Therefore, an ex-
penditure increase of about ten times is necessary to obtain about four times
the pollutant removals from the runoff.

Any existing litter control street cleaning program removes the least
costly portion of the pollutants and additional cleaning becomes more costly.
This should be considered in evaluating the street cleaning program over a large
area. The extensive street cleaning effort usually expended in downtown areas
may best be reduced in order to increase the effort in "dirtier" areas receiving
little street cleaning. A much greater quantity of pollutants can then be re-
moved from the watershed for the same total program expenditures. Re-education
of the residents in the service area receiving reduced street cleaning would of
course be necessary. Adequate litter control may be effective in downtown areas
by using some manual litter pick-up effort to supplement reduced mechanical
street cleaner use.

Additional street cleaning effort also improves the other benefits of street
cleaning. These include reducing fugitive particulate (dust) emissions to the
air (see Section 6), improving public safety by controlling excessive dirt on
the roadway, reducing litter, reducing service area complaints, and decreasing
flooding caused by clogged sewerage and inlets. Alternative urban runoff control
procedures (see Appendix G) usually only benefit water quality.

As stated above, if the objective of a street cleaning program is to re-
move the most pollutants from the runoff, then an appropriate street cleaning
program could be simply designed by stressing those service areas with road
types that result in the largest unit removal rates (pounds removed per pass)
and keeping the number of passes a year for a specific area to a minimum. No
service objectives are this simple, and more complex program design techniques
are usually necessary. The following discussion describes a procedure to select
the level of effort necessary, considering local rainfall patterns. Appendix G
describes alternative control measures that can be used to meet water quality
objectives and a decision analysis procedure that may be used in selecting the
most appropriate combination of control measures. If one wants to optimize
the existing street cleaning program for current budget conditions or for future
budget reductions, the Appendix G discussions are not necessary. Appendix G can
be appropriately used when a regional stormwater management control plan (208

study) is to be designed and to estimate the costs of several control objective
levels (''meeds" survey).

DETERMINATION OF STREET CLEANING PROGRAM

Figure 5-3 (Pitt, Ugelow and Sartor, 1976) is a flow diagram that shows
the relationships between a city's street cleaning objectives, operating con-
ditions, and the resulting equipment performance requirements. This figure
shows that an accumulation rate and an accumulation interval must be determined
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before the residual loading can be estimated. This information can be obtained
utilizing the procedures used during this study. The objectives of the street
cleaning program must be defined in terms of allowable residual loadings; the
required cleaning effectiveness and cleaning frequency are then determined based
on these prescriptive specifications. The prescriptive specifications are com~
pared with the achievable specifications and possible equipment performance im-
provements can then be identified.

Street Cleaning Program Objectives

The determination of a city's prescriptive specifications for street clean-
ing equipment is based on that city's objectives and operating conditions. These
objectives are determined by envirommental, safety, aesthetic, and public rela-
tions requirements. They are defined in the following paragraphs.

e Environmental Objectives. These objectives should ensure compliance
with applicable water, air, and noise regulations, criteria, and stan-
dards. These may include urban runoff load allocations (as determined
in Areawide Wastewater Management -208- Plans), ambient air quality
standards, vehicle emission standards, roadway fugitive dust emission
allocations (from an area's air quality compliance plans), and state
and local noise regulations.

e Aesthetic and Traffic Safety. The objectives relate directly to the
quantity and type of street surface materials. Traffic safety problems
may be caused by excessive accumulations of loose debris or oils in
the traffic 1lanes. Aesthetic problems are subjective and depend on
an individual's personal values.

e Public Relations Objectives. These objectives include other objec-
tives but are measured by service-area complaints. Reduction of these
complaints to an acceptable level requires meeting the program objec-—
tives and convincing the public that the objectives are correct and
that they are being met.

All of these objectives can be measured in various units. Water quality
measures can be expressed as concentrations (milligrams per liter) or runoff
yields (tons per acre per year*); air quality measures can be expressed as
concentrations (parts per million or micrograms per cubic meter) or emission
factors (grams per second or tons per year); noise can be expressed as noise
levels (dBA); safety and aesthetic measures can be expressed as street surface
particulate loading (pounds per curb-mile); and public relations objectives can
be expressed as the number of complaints received per unit time. It is necessary
that all these objectives be expressed as a common unit that can be directly
affected by the street cleaning program. With the exception of noise level ob-
jectives and possibly public relations objectives, allowable street surface load—-
ings (pounds per curb-mile) can be used as a common unit.

*See Metric Conversion Table 0-1.
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Determining Allowable Street Surface Loading

If an urban street surface runoff discharge allocation value is available,
the maximum allowable street surface loading can be estimated knowing the number
of curb-miles in the watershed. A street cleaning program capable of meeting
the allowable loading can be designed if the pollutant accumulation rate for
the study area and the performance characteristics of the street cleaning equip-
ment are known. Figure 5-4 graphically relates street surface runoff allocations
to allowable loadings. The allowable loading increases as the runoff allocation
increases and as the curb-miles in the drainage area decrease. It is possible
to obtain a desirable residual particulate loading by using equipment with low
removal efficiencies, but the cleaning interval would have to be short.
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Figure 5-4. Determination of allowable loading.
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Other important variables that affect street cleaning programs include site-
specific conditions (uncontrollable external operating conditions). These in-
clude the assimilative capacity of the receiving environments (water and air),
the street surface pollutant accumulation rates, and the frequency of rainfall
that washes off the street surface pollutants.

Street surface particulates tend to accumulate as described earlier (see
Section 3). A significant rain is capable of washing off most of the street
surface particulates, and the loading after a storm of this type would be very
low, in the absence of erosion products. The particulates would then increase
until removed by street cleaning, wind or automobile induced turbulance and/or
rain runoff. The following methodology was developed to help estimate the type
of street cleaning program that may be necessary to meet street surface loading
objectives. Several simplifications were made to keep this procedure uncompli-
cated; namely, constant accumulation rates and street cleaning effectiveness
values are assumed. It is known that accumulation rates decrease with time
(due to wind or traffic induced turbulance causing fugitive dust losses) and
that the percentage removals of street surface particulates decrease with lower
loading values. Therefore, this simple model assumes that particulate loadings
would increase linearly with time, in the absence of rain or street cleaning,
but would reach a maximum, constant value, after repeated street cleanings.
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Figure 5-5. Days after significant rain to maximum
sireet surface loading.

109



Figure 5-5 shows when maximum particulate loading values would occur on
streets as a function of street cleaning effectiveness and cleaning interval (in
the absence of rains). 1If a significant rain occurs before these time limits
are reached, then the maximum values would not be obtained. An increase in
street cleaning effort (morefrequentstreetcleaning) or an increase in cleaning
effectiveness, substantially reduces the time required before the maximum loading
value occurs. Figure 5-6 shows the value of the maximum loadings for different
street cleaning programs as measured by effective days of accumulation (EDA).
As an example, if the EDA was shown to be 10 for a particular condition and the
average accumulation rate for the area was 15 1b/curb-mile/day, the maximum
loading condition would be 150 1b/curb-mile. Therefore, these two figures can
be used to estimate the street cleaning program necessary to meet a specific
maximum allowable street surface loading condition. If an allowable loading
goal of 300 1b curb-mile existed along with an average accumulation rate of 15
1b/curb-mile/day, then an EDA of 20 (300 1b/curb-mile divided by 15 1b/curb-
mile/day) is necessary. Examining Figure 5-6 shows that this goal can be met
using severalalternativestreetcleaning programs, including one witha cleaning
interval of three days and a removal efficiency of about 20 percent, or one
with a cleaning interval of about once every two weeks and a removal efficiency
of about 80 percent. Both of these cleaning programs would result in a maximum
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street surface particulate loading value of about 300 1b/curb-mile, which would
occur after about 40 dry days (from Figure 5-5). If it rained before 40 days,
the street surface runoff yield could be much less.

Figure 5-7 relates the percentage of maximum street surface loading that
would occur for cleaning programs of different cleaning effectivenesses and for
various periods of time since the last significant rain. In the example de-
scribed above, assume a rainfall interval of 20 days. This would correspond to
about 7 cleaning cycles for a 3-day cleaning interval (of 20 percent effective-
ness) and about l.5cleaning cycles for a l4-day cleaning interval (of 80 percent
effectiveness). The resultant maximum street surface particulate loadings would
therefore be about 230 1b/curb-mile (75 percent of 300 1b/curb-mile) and about
270 1b/curb-mile (90 percent of 300 1b/curb-mile) respectively, both obviously
below the 300 1b/curb-mile goal. Therefore, a sufficient street cleaning program
could be less effective than determined by directly using Figures 5-5 and 5-6
if the rainfall interval is less than the indicated time to maximum loading.
A more cost effective street cleaning program may be estimated using a reitera-
tive technique. Again, it must be stressed that this procedure only results in
estimates and that it is very difficult to have high percentage removal values
when the street surface particulate loadings are low.
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SECTION 6

ATRBORNE FUGITIVE PARTICULATE LOSSES FROM STREET SURFACES

SUMMARY

The objectives of this portion of the study were: (1) to determine
roadside dust (fugitive particulate) concentration increases and emissions
from paved street surfaces caused by automobile induced turbulance and wind;
and (2) to measure particulate concentrations in the street cleaning equipment
cabs during street cleaning operations. Downwind roadside particulate con-
centrations were about 10 percent greater than upwind concentrations (on a
number basis). About 80 percent of the concentration increases, by number,
were associated with particles in the 0.5 to 1.0 y size range, but about 90
percent of the particle concentration increases, by weight, were associated
with particles >10 y. Fugitive emission factors were estimated for the five
test areas based on differences between initial street surface particulate
accumulation rates and the lower rates observed at later periods. The accu-
mulation rates decreased with time after street cleaning or asignificant rain,
and this decrease is assumed to be caused by particulate losses to the air.
Calculations showed that the loss rate was about 4 to 6 lb/curb-mile/day.
This rate corresponds to an automobile use emission rate of approximately 0. 66
to 18 g/veh-mi. The rate increases for larger cleaning intervals and varies
widely for different street and traffic conditions. Particulate concentrations
in and around the state-of-the-art four-wheel mechanical street cleaner were
measured with and without use of the water spray to assess the effectiveness
of the water spray in dust control. It was found that the water spray was
very effective in controlling dust inside the cab and the ambient concentra-
tions* in the vicinity of the equipment. An exception was the area immediately
behind the main pickup broom, where the water spray did not significantly
change the high total dust levels. The changes in particulate concentrations
(by number) were mostly for the smaller particles (<10 y); the larger particle
concentrations did not change significantly. The study did not assess the ef-
fect of the water spray on street dirt removal effectiveness.

LITERATURE REVIEW

Street cleaning can reduce airborne particulate emissions and particulate
concentrations in areas near roadways. Studies have shown the potential re-
lationships between clean streets and reduced emissions of resuspended par-
ticulates (notably Sehmel 1973; Stewart 1964; Mishima 1964; Roberts 1973;

*Background dust levels in the immediate vicinity.
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Cowherd, et al., 1977; and PEDCo, 1977). Each of these studies demonstrated
this benefit of street cleaning, but none were able to quantify the specific
relationships. The following discussion attempts to describe this relation-
ship and its potential impact on the design of street cleaning programs.

As early as 1915 (Goss), there was concern about roadways being signi-
ficant particulate emission sources. But until recently, there have not
been significant attempts to improve air quality related to that source.
Roberts (1973) has shown that paving a dirt road could reduce roadway par-
ticulate emissions by 75 percent and cleaning a '"dirty" paved road could
reduce particulate emissions by more than 80 percent.

Reductions in auto traffic have caused noticeable reductions in road-
side particulate concentrations. During a three-day driving moratorium in
Sweden in 1969 (to change signs and roadways from left-hand-side-of-the-
road to right-hand~side-of-the-road driving), particulate concentrations
dropped substantially, even though point source emissions and meteorologi-
cal conditions remained about the same (Murphy 1975). Diurnal fluctuations
in suspended particulate concentrations in Chicago were found to correlate
well with carbon monoxide concentrations (a good indicator of traffic acti-
vity), even though most of the recognized particulate emissions were not
associated with automobile exhaust (Murphy 1975). As part of this Chicago
study, the collected airborne particulate material and the street surface
particulates were microscopically examined and found to be similar in nature
(mostly limestone and quartz by weight), indicating that the airborne particu-
lates could have been resuspended street surface particulates.

Emission factors for the resuspension of particulates from roadways
can be estimated from several sources. Roberts (1973) measured particulate
losses for paved and unpaved roads in the Duwamish Valley, Washington. He
estimated a particulate emission factor of 3.5 lb/veh-mi at 10 mph for un-
paved roads; 0.8 1b/veh-mi at 20 mph for '"dusty" paved roads with no curbs;
and 0.15 1b/veh-mi at 20 mph for "clean" paved roads with curbs that are
flushed weekly and swept every two weeks. These results demonstrate the
degree of emission reductions possible by paving and cleaning a road. Un-
fortunately, no information was given to quantify the particulate loadings
on the streets.

Sehmel (1973) conducted experiments to quantify the relationships
between street surface particulate loading, vehicle speed, and particulate
resuspensions by using zinc sulfide (ZnS), a particulate tracer. He also
measured the effective area of the resulting downwind plume. The values
obtained by Sehmel are only approximate order-of-magnitude estimates because
of the differences between the tracer material and actual street dirt
(including particle size, density, weathering, and distribution of material
on the street). The tracer compound, which has a specific gravity of about
6.5 and a particle size <20 u, was evenly spread over the test area at about
100 1b/curb-mile. Figure 6-1 shows the observed relationship of vehicle
speed and resuspension fraction for a car driven adjacent to the tracer, a
car driven through the tracer, and a light three-quarter-ton truck driven
through the tracer. Because most of the street surface particulates on
smooth roads that have moderate to heavy traffic with little parking have
been shown to 1lie close to the curb, the drive-through test results may only
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Figure 6-1. Particle resuspension rates caused by
vehicle passage for an asphalt road.

apply to curb lanes on streets with no parking permitted. The drive-by test
results may indicate conditions where no driving is permitted adjacent to the
curb. Without exception, it is seen that the higher vehicle speeds caused
a greater resuspension of particulates. In EEe drivg—through tests for a car,
the resuspended fraction ranged from 2 x 10 to 10 © for 5 to 50 mph vehicle
speeds. The truck.3five—through_§ests resulted in resuspended fractions rang-
ing from 2.5 x 10 to 6 x 10 of the loading. These truck values at
the lower speeds are larger because of increased turbulence. Table 6-1 relates
these resuspension fractions to various expected emissions for 25 to 50 mph
vehicle speeds. The values for an adjacent lane, next to a parking lane, are
seen generally to agree with Robert's values.

Sehmel (1973) also reported that about 80 percent of the emitted tracer
remained suspended for more than 30 ft. downwind. As the distance increased,
the amount that was redeposited increased. It is expected that actual resus—
pended street surface particulates would behave differently because of differ-
ences in particle size, specific gravities and weathering.
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Using the resuspension values in Table 6-1, it is possible to estimate
the order of magnitude of the total U.S. airborne emissions from this source.
In 1972, it was estimated that 680 billion vehicle-miles were driven in the
United States (EPA 1973). Assuming a low street surface particulate loading
of about 100 1b/curb-mile and a vehicle speed ranging from 25 to 50 mph, 0.1
1b of particulates/veh-mi may be 1lost. This results in an estimated total
particulate (<20 p) nationwide emission loss for 1972 of 35 million tons for
this fugitive particulate source. This value is compared to an estimated total
of 29 million tons of particulate emmissions from all point sources combined
(transportation: 1 million tons; stationary fuel combustion: 8 million tons;
industrial processes: 12 million tons; solid waste disposal: 6 million tons;
miscellaneous: 2 million tons) (EPA 1973, 1974).

TABLE 6-1. PARTICULATE RESUSPENSION FROM AUTO TRAFFIC

Particulates Lost per Car Pass

Street surface particulate loading (1b/vehicle—mile)

9 Curb lane Parking lane
1b/curb-mile grams/ft (driven through) (driven by)
100 ("clean" street) 0.5 1.0 0.1
1000 ("dirty" street) 5.0 10.0 1.0

Resulting roadside particulate concentrations may be estimated from re-~
suspension factors for vehicular traffic as presented by Stewart (1964) and
summarized by Mishima (1964). The resuspension factor is defined as the ratio
of airborne concentration (weight/volume) to the surface concentrations
(weight/area). It is not an accurate value because of irregularities in plume
geometry and meteorological conditions, but it may be indicative of roadside
particulate concentrations. Vaglues of_the resuspension factor for vehicular
traffic usually range from 10 ' to 10 ° per meter. With a "clean" street sur-
face (particulate loading of 100 1b/curb-mile), the resulting roadside air-
borne farticulate concentration from auto traffic may vary from 0.5 to
50 pug/m”. These added concentrations may cause significant local problems.

A recent study conducted by PEDCo-Envirommental, Inc. of Kansas City,
Missouri for the EPA (August 1977) examined the control of reentrained dust
from paved streets. They conducted some limited tests to measure directly
the effects of several different street cleaning control measures on road-
side particulate concentrations. They also reviewed several previous studies
that examined the resuspension of road surface fugitive particulates and the
effectiveness of control measures including street paving, flushing and sweep-—
ing. They found the reentrained portion of the traffic-related particulate
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emissions (by weight) is an order of magnitude greater than the direct emis-—
sions accounted for by vehicle exhaust and tire wear. They also found that
particulate emissions from a street are directly proportional to the traffic
volume and that the suspended particulate concentrations near the streets are
associated with relatively large particle sizes. The median particle size
found (by weight) was about 15 u with about 22 percent occurring at particle
sizes greater than 30 u. These relatively large particle sizes resulted in
substantial particulate fallout near the roads. They found that about 15 per-
cent of the resuspended particulates fall out at 10 meters, 25 percent at 20
meters and 35 percent at 30 meters from the street (all percentages are ex-
pressed by weight).

PEDCo's measurements of the effects of control measures and their lit-
erature review results were inconclusive in relating street cleaning effects
on adjacent road-side particulate concentrations. Exceptions were noted in
those areas that had large street surface loadings (especially at construction
sites). Their inconclusive results were most likely caused by large vari-
ations in measured concentrations and the lack of experimental controls (the
studies were conducted over long periods of time without quantifying other
particulate sources). The number of actual samples was also small. However,
PEDCo reviewed a study conducted by the New Jersey State Bureau of Air Pol-
lution that examined roadside particulate concentrations near streets on days
with flushing compared with days of no flushing. This New Jersey study found
significant reductions in roadside concentrations on days with flushing.
Although many studies, were inconclusive, some of them reported reductions of
up to 20 micrograms/m”~ in near-road particulate concentrations with extensive
use of various kinds of street cleaning operations. Again, these reductions
were most noticeable in those study areas with higher street surface partic-
ulate lgadings. Paving roads reduced roadside concentrations up to 35 micro-
grams/m”.

The vehicle-related reentrainment emission factors measured by PEDCo
averaged about 4 g/veh-mi. The standard deviation was about 3 g/veh-mi with
35 sampling periods, while the range of measured emission rates ranged from
about 0.2 to 20 g/veh-mi. When the data was separated by land-use type (and
therefore street surface loading, traffic characteristics and traffic volume),
differences in emission factors were found. Roads with no curbs had emission
factors of about 5 g/veh-mi, while the emission factor was about 3 g/veh-mi
in park areas. Residential streets having some commercial developments had
emission rates of about 2 g/veh-mi, while a commercial and campus area had an
emission rate of about 4 g/veh-mi. PEDCo also calculated emission rates for
lead and found them to average about 0.07 g/veh-mi, with no apparent fallout
of particulate lead near the roadway.

The measured street surfacé loadings for the different study areas ex-
amined by PEDCo were relatively small, ranging from 46 to 335 1b/curb-mile
with an average of about 170. These low loadings are common on street surfaces
that are well maintained and in good condition, but can be 10 times these
amounts for rough streets or streets in poor condition.

Midwest Research Institute (MWRI) of Kansas City, Missouri also conducted
a study for the EPA on quantification of dust entrainment from paved roads
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(Cowherd, et al., 1977). MWRI's study differed from the PEDCo study in that
they appligg'g; artificial material to road surfaces in large quantities (1500
to 5700 1b/curb-mile) and measured the resulting downwind concentrations using
standard high volume samplers. MWRI's study resulted in an emission factor of
about 0.03 1b (14 g) per veh-mi, and found direct relationships of emission
factors with particle loading. The emission factors reported by MWRI are
about four times those reported by PEDCo, while the MWRI street surface loading
values were about 10 times the PEDCo values. MWRI also reported a wind erosion
threshold value of about 13 mph. At this wind speed or greater, significant
dust losses from the road surface can result, even in the absence of traffice.

As described in the following sections, roadside particulate concentra-
tions and particulate emission rates were calculated from field measurements
using two different procedures in this San Jose demonstration project. The
procedures used in this study attempt to overcome some of the shortcomings
of the procedures and calculation techniques reported so far. Most of these
previous studies developed emission factors using line source dispersion and
diffusion models applied very close tothe emission sources. These models were
developed for source distances substantially greater than used in these studies.
Some of the earlier work utilizing tracer materials, where actual decreases in
in tracer material loadings on the streets were compared to airborne tracer
concentrations, may be more reliable.

This San Jose study utilized particle counters to directly measure road-
side particle concentrations as afunction of particle size. This allowed many
more reliable data sets to be obtained and analyzed for a given period of
time thanthe use of high-volume samplers alone. These measured concentrations
were then analyzed by computer to determine resultant concentrations downwind
from the road. Expected important variables, as described, did not vary signifi-
cantly during the course of our studies. The emission rates to be presented
are all based on evaluations of long term (up to one year) studies of actual
accumulation rates on the road surfaces in three different study areas. In all
cases, the accumulation rates decreased with time, reflecting an increase in
airborne losses from the road surface after the streets were cleaned or a sig-
nificant rainfall. It was assumed that the deposition rates were constant and
the decreases in accumulation rates with time were mostly associated with air-
borne losses. The following portions of this section describe the results of
these San Jose studies.

MEASURED ROADSIDE DUST LEVELS

Several factors influencing fugitive particulate emissions were measured
for each test monitoring roadside dust levels. These factors included traffic
speed and density, meteorological conditions (wind speed, wind direction, hum-
idity, and atmospheric stability), and street surface conditions (pavement ma-
terial and condition and particulate loading). Statistical tests were con-
ducted to determine the importance of these variables.

Specific information collected in this study included the variables noted
above and airborne particulate concentrations related to these variables. The
following list describes these variables and the estimated importance of their
effect on the fugitive particulate emission rates:
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e Traffic density: high importance; changed slowly throughout the day
as a function of time.

e Wind speed: high importance; changed during the day as a function
of time, season, and general synoptic conditions.

e Pavement material: high importance; was constant for each monitoring
site (asphalt or oil and screens surfaced).

e Pavement condition: high importance; was constant for each monitor-
ing site.

e Particulate loading: high importance; gradually changed for each
test day.

e Traffic speed: medium importance; changed slightly with traffic den-
sity.

® Particulate size distribution: medium importance; was generally cons-
tant for each test site.

e Wind direction: low importance (can be accounted for); changed dur-
ing the day as a function of time, season, and general synoptic con-
ditions.

e Relative humidity: low importance; changed slowly during the day as
a function of time, season, and general synoptic conditions.

An experimental design phase was also conducted to maximize the sampling
program efficiency. The design of the sampling program and number of required
samples depended upon the variability of the above listed field conditions and
the desired accuracy of the results. As the field program progressed, modi-
fications were made to account for new conditions.

Particle size and concentrations were measured at three stations, one
upwind and two downwind from the source street. A particle counter and a
high-volume (hi-vol) sampler were located at each of the stations. Sampling
was performed simultaneously at each location. Data from the particle count-
ers were displayed in five particle size ranges (>0.5, >1, >2, >5 and >10 u)
and recorded about every four minutes.

Data from the upwind station was used to indicate background particle
concentrations. The downwind stations were located so that the results were
not affected by other sources. As reported by PEDCo (1977), the automobile
particulate emissions (exhuast and tire wear) are expected to be much less,
by weight, than the fugitive particulate emissions (<10%).

A mechanical weather station was also used to measure and record air temp-
erature, wind speed and direction continuously during each sampling period.
It was located so that wind data was not influenced by traffic or other nearby
obstacles. Relative humidity was also periodically monitored. Particulate
loadings on the street surface and particle size distributions during the test
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periods were also measured. Automatic car counters were also used to record
total traffic every 15 minutes during the tests.

An appropriate monitoring location was difficult to find because of the
need to eliminate particle count interferences and topographic effects on par-
ticulate dispersion. The monitoring locations required flat topography with
no trees or buildings, and with open spaces on both sides of the road several
hundred feet deep. The open spaces could not be susceptible to wind erosion
and had to be either grass (in good condition) or paved. Care was also taken
to eliminate small areas of denuded loose soil near the sampling points. Nearby
construction activities or other sources of particulate emissions eliminated
potential test locations. Several days of testing were initially conducted
along a busy asphalt surfaced street in a mixed commercial/residential area.
This location was eliminated because of building interferences and small
patches of denuded soil along a cross street. Another area considered was an
0oil and screens surfaced street in a well maintained residential area, but the
traffic volume on the monitored street was too low to allow sufficient and
complete data utilization. The sampling site finally selected was located
on a street that had been 0il and screens surfaced about one year before and
had moderate to heavy traffic. One side of the street was a regional shopping
center that had a fairly clean asphalt surfaced parking lot with minimal
traffic activity, while the other side of the street was an abandoned gas
station surrounded by asphalt.

The prevailing winds were wusually perpendicular to the street. Time
periods with low winds or winds less than 45 degrees to the street were elim—
inated. A total of about nine hours of continuous monitoring was utilized
out of more than 40 hours of actual field monitoring. In all cases, the
sampling probe inlets of the particle counters were kept facing into the wind.
The particle counters and other equipment were operated from a 5000 watt gen-
erator which was located so that its exhaust would not interfere with the
data.

Most of the data selected for reduction was collected between 1 p-m. and
5 p.m. on three days, when the prevailing winds were consistently perpendic-
ular to the road and of moderate speed. Table 6-2 summarizes the conditions
during these periods of monitoring. The wind speeds during the selected period
of monitoring ranged from about 0.5 to 6 mph, with most of the wind speeds
ranging from 2 to 5 mph. Relative humidity values ranged from about 30 to 60
percent and the cloud cover ranged from O to 100 percent. The total street
surface particulate loadings during these periods of monitoring ranged from
about 900 to 2200 1b/curb-mile. The monitored traffic density ranged from
about 400 to 900 vehicles per hour. The range of total particle counts per
cubic foot monitored during the selected period of data reduction were as
follows:

Size Range () Particle Counts
0.5 - 1 15,000 - 130,000
1 - 2 10,000 - 30,000
2 -5 600 - 7,500
5 - 10 0 - 2,000
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TABLE 6-2. CONDITIONS DURING FUGITIVE PARTICULATE MONITORING

Street
Wind Traffic Relative Cloud Atmos- Surface
Speed (Vehicle/ Humidity Cover pheric Loading

(mph) hour) (%) (%) Stability (1b/curb-mi)
Mean (x) 3.8 675 42 30 Unstable 1420
Standard dev. (o) 1.2 71 - - - 660
Ratio of o to x (o/x) 0.32 0.11 - - - 0.5
Min. 0.50 444 29 0 Unstable 860
Max. 6.5 864 60 100 Unstable 2150

Most of the particles were found, by count, in the smallest size ranges. These
smallest ranges were also more statistically significant from a particle count-
ing technique viewpoint. The precision of the counts in the smallest size
ranges typically had percent errors of less than +10 percent for a 50 percent
probability value. This means that the data most likely occurred within the
values reported '+ 10 percent with a 50 percent certainty. With a 95 percent
certainty, the true values lie within the reported values + 20 percent. The
larger particle sizes, because of the smaller counts, had precisions which
were much less. In these cases, the percentage errors ranged up to 100 per-
cent for the short sampling periods. When the data was combined, the percent
of errors substantially decreased (to much less than 1 percent for the small
sizes and less than 10 percent for the larger sizes).

Table 6-3 summarizes the total airborne particulate populations measured
over 135 selected time periods on these three days. The mean particulate
populations measured (expressed as number per 0.01 ft°), the standard dev-
iation, relative standard deviation (standard deviation divided by mean), and
number of data points are shown for each particle size range for the upwind
control station and the near road downwind station. The probability that the
downwind (about 4 meters from the curb) populations were not equal to the up-
upwind control populations is also shown. The probability values are based
on a 95 percent confidence 1limit (the probability value shown can be wrong
1 out of 20 times). A probability value of 0.75 signifies that the means
(or variations) are not equal 75 percent of the time. About three-quarters
of all the measured particles by count (in the size range from 0.5 u to about
100 u), were in the range of 0.5 to 1 micron. Most of the remaining particles
were in the range from 1 to 2 microns. Less than 5 percent of the total
particles were in the range from 2 to 100 microns. The larger particles, how-
ever, made up most of the particle mass. Particulate concentrations for the
downwind station were generally greater than for the upwind control station.
These increases were due to automobile and roadway related emissions. Auto-
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mobile exhaust and tire wear particulate emissions (by weight) have been pre-
viously reported to be less than about 10 percent of the fugitive roadway
particulate emissions (PEDCo 1977). Almost all of these particulate concen-
tration increases can be assumed to be caused by the fugitive roadway partic-
ulate emissions. The concentration increases were larger for the smaller size
ranges. The relative standard deviation values (a measure of variability)
increased for the larger particle sizes signifying less precise results for
those particle sizes. The measured variabilities of the downwind and upwind
sampling stations were also significantly different in almost all cases.

Table 6-4 summarizes the fugitive particulate concentration increases at
the near road downwind station over background conditions for specific parti-
cle size ranges. Again, the important concentration increases by number occur-
red in the two smallest size ranges, while most of the increases by weight
occurred in the largest size range. About 80 percent of the concentration
increases (by count) occurred in the 0.5 to 1 u size range and about 19 per-
cent of the total increases occurred in the 1 to 2 u size range. Less than 1
percent of the concentration increases occurred in size ranges greater than
2 u. However, about 90 percent of the concentration increases by weight were
in the largest size range. These concentration increases were 10 percent or
more of the total populations measured. Concentration increases from asphalt
surfaced roads canbe expected to be about 50 percent greater than these values
because of expected increased fugitive particulate losses from asphalt surfaced
streets (see the next subsection).

Statistically significant concentration increases also occurred further
downwind from the street (about 30 to 50 meters), but the absolute differences
were quite small; typically less than 1 percent of the total population counts.

The following discussion presents measured fugitive particulate emission
rates based on monitored street surface accumulation values over a long period
of time. It is not possible to reasonably predict emission rates directly
from these concentration values because of the proximity of the monitoring
stations to the emission sources, and the undefined effects of automobile in-
duced turbulence on dispersion and diffusion of particulates. Suitable tracer
material could be used to relate these close-by concentrations with probable
fugitive losses.

FUGITIVE PARTICULATE EMISSION RATES

As previously stated, the street surface particulate accumulation rates
were greatest when the streets were relatively clean, shortly after street
cleaning. Particulate loading values then tended to level off with the passage
of time. It is assumed that the deposition rate was constant and that the
increasing difference between the deposition rate and the accumulation rate
was caused by fugitive particulate losses to the air. Therefore, if the effects
of rain and street cleaning operations are eliminated, it is possible to esti-
mate these dust losses from the accumulation rates, if one assumes that the
initial highest accumulation rate value approximates the constant deposition
rate.
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TABLE 6-4. NEAR-ROAD FUGITIVE PARTICULATE3CONCENTRATION INCREASES
(number per 0.01 ft~)

February 28, March 15, March 16,
1978%* 1978%* 1978**%
0.5+ 1.0 p
mean (X) 227 13 7.2
st. dev. (o) 197 85 124
o/x 0. 87 6.5 17
1.0+ 2.0
mean 44 -3.7 18
st. dev. (0) 44 41 39
g /x 1.0 - 2.2
2.0+ 5.0 u
mean (x) 1.9 1.5 -2.8
st. dev. (o) 11 8.9 9.9
a/x 5.8 5.9 -
5.0+ 10 ¢
mean (x) 0.29 -0.15 2.0
st. dev. (g) 2.1 3.5 4.9
o/x ) 7.2 - 2.5
>10 p
mean (x) -0.51 0.22 0.22
st. dev. (o) 1.4 0.75 1.3
o/x - 3.4 5.9
Total
mean (X) 272 10 24
st. dev. (o) 221 85 121
o/x 0.81 8.5 5.0

*37 value data sets were obtained on February 28, 1978.
**48 value data sets were obtained on March 15, 1978.
***50 value data sets were obtained on March 16, 1978.
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Monitored accumulation rates, as presented in Section 3, were compared
for various periods of accumulation after street cleaning. These accumu-
lation rates were highest closest to the day of street cleaning. It is assumed
that this highest accumulation rate value approximates the constant depo-
sition rate. The difference between this assumed deposition rate and subsequent
accumulation rates is due to fugitive particulate losses to the air. Other
phenomena, such as tracking of dirt by vehicles, is assumed to be constant,
with equal amounts of dirt being brought into the test areas as carried out.
These accumulation rate calculations did not include any periods of data af-
fected by rain events. Fugitive particulate losses from the street can be
caused by a combination of wind and traffic induced turbulence. As stated
previously (Cowherd, et al., 1977), a wind speed threshold value of about 13
mph is required before wind erosion of particulates from the street surface
becomes important. Most of the winds during the study period had wind speeds
much less than this threshold value. Therefore, most of the particulate losses
from the streets in the study areas were from automobile induced turbulence.

Tables 6-5 through 6-7 present the calculated fugitive particulate emis-
sion factors for the three test areas and for several different pollutants.
These emission factors are expressed as 1b/curb-mile/day and as g/veh-mi. In
almost all cases, the emission rates are seen to increase with time since
street cleaning. The emission rates are typically 3 to 4 times as great in
the period from 60-75 days as compared with 2-4 days after street cleaning for
the Keyes—good asphalt and Tropicana-good asphalt test areas. Losses in the
Keyes-oil and screens test area at 30-45 days wereover 10 times the values
found in the period of time of 2-4 days after street cleaning. Therefore,
street cleaning frequencies can be very important in affecting fugitive par-
ticulate emission rates from road surfaces.

The Keyes-good asphalt test area and Tropicana-good asphalt test area
emission rates, on a curb-mile basis, are the same because their accumulation
rates were similar. However, there were major differences in traffic volume
in these two test areas resulting in the Tropicana area having substantially
greater emission rates expressed on a vehicle-mile basis. The Keyes-o0il and
screens test area had little traffic and high particulate losses expressed by
vehicle-mile. The average particulate emission losses from these three test
areas ranged from0.66 to18 g/veh-mi. Information presented from Sehmel (1973)
leads to an estimate of about 45 g/veh mi. PEDCo (1977) reported values ranging
from 0.2 to 20 with an average of about 4 g/veh-mi, while MWRI (Cowherd, 1977)
values averaged about 13 g/veh-mi. The overall reported range is about 0.2 to
45 g/veh-mi, with typical values in the range of 2 to 5 g/veh-mi, Tables 6-5
through 6-7 also present values for some other pollutants. The emission losses
for lead ranged from about 0.003 to 0.02 g/veh-mi, where PEDCo (1977) reported
an average fugitive particulate lead emission rate of about 0.07 g/veh-mi.

These particulate losses can contribute a large portion of an area's
total particulate emissions. Street cleaning frequency can have a large effect
on fugitive particulate emission rates. This is expected to be due to both an
overall reduction in street surface particulate loadings and a modification in
the particle size distribution. The particulate emission rates from a typical
asphalt surfaced street can be reduced to about one-thirdif it is cleaned every
week instead of every 2 or 3 months. Therefore, street cleaning can have a
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TABLE 6-5 FUGITIVE PARTICULATE EMISSION FACTORS FOR STREET SURFACE
LOSSES - KEYES-GOOD ASPHALT TEST AREA

Increase
Time After Street Over
Cleaning or Signif- 1b/Curb- Grams/ Initial
Parameter icant Rain (Days) Mile/day Vehicle-Mile Rate
Total Solids 2, 4 4 0.44 -
4, 10 4 0.44 1.0
10 4+ 20 5 0.55 1.3
20 ,» 30 7 0.77 1.8
30 » 45 8 0.88 2.0
45 , 60 9 0.98 2.3
60 » 75 12 1.3 3.0
Average 6 0.66 -
Chemical Oxygen 2, 4 0.4 0.044 -
Demand 4 , 10 0.4 0.044 1.0
10 4 20 0.6 0.066 1.5
20 , 30 0.8 0.088 2.0
30 5 45 0.9 0.098 2.3
45 4 60 1.1 0.12 2.8
60 , 75 1.4 0.15 3.5
Average 0.7 0.077 -
Kjeldahl Nitrogen 2, 04 0.006 0.00066 -
4, 10 0.006 0.00066 1.0
10 » 20 0.010 0.0011 1.7
20 » 30 0.012 0.0013 2.0
30 4 45 0.015 0.0016 2.5
45 , 60 0.017 0.0019 2.8
60 » 75 0.023 0.0025 3.8
Average 0.011 0.0012 -
Orthophosphate 2,54 0.0006 0.000066 -
4 , 10 0.0006 0.000066 1.0
10 5 20 0.0008 0.000088 1.3
20 4 30 0.0010 0.00011 1.7
30 , 45 0.0008 0.000088 1.3
45 , 60 0.0013 0.00014 2.2
60 » 75 0.0018 0.00020 3.0
Average 0.0009 0.000098 -
Lead 2., 4 0.015 0.0016 -
4 , 10 0.015 0.0016 1.0
10 , 20 0.026 0.0028 1.7
(Continued)
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TABLE 6-5

(Concluded)

Increase
Time After Street Grams/ Over
Cleaning or Signif- 1b/Curb- Vehicle- Initial
Parameters icant Rain (Days) mile/day mile Rate
Lead 20 » 30 0.028 0.0031 1.9
30 » 45 0.033 0.0036 2.2
45 » 60 0.040 0.0044 2.7
60 + 75 0.055 0.0060 3.7
Average 0.026 0.0028 -
Zinc 2404 0.0017 0.00019 -
4 » 10 0.0017 0.00019 1.0
10 » 20 0.0024 0.00026 1.4
20 + 30 0.0030 0.00033 1.8
30 + 45 0.0036 0.00039 2.1
45 + 60 0.0044 0.00048 2.5
60 » 75 0.0057 0.00062 3.3
average 0.0028 0.00031 -
Chromium 204 0.0012 0.00013 -
4 » 10 0.0012 0.00013 1.0
10 » 20 0.0017 0.00019 1.4
20 » 30 0.0021 0.00023 1.8
30 » 45 0.0025 0.00027 2.1
45 » 60 0.0030 0.00033 2.5
60 » 75 0.0041 0.00045 3.4
average 0.0020 0.00022 -
Copper 2+ 4 0.0014 0.00015 -
4 » 10 0.0014 0.00015 1.0
10 » 20 0.0028 0.00030 2.0
20 + 30 0.0033 0.00036 2.4
30 » 45 0.0041 0.00045 2.9
45 » 60 0.0050 0.00055 3.6
60 » 75 0.0069 0.00076 4.9
average 0.0031 0.00034 -
Cadmium 2> 04 0.000007 0.00000077 -
4 5 10 0.000007 0.00000077 1.0
10 » 20 0.000007 0.00000077 1.0
20 » 30 0.000007 0.00000077 1.0
30 » 45 0.000012 0.000013 1.7
45 » 60 0.000016 0.000018 2.3
60 » 75 0.000021 0.000023 3.0
average 0.000010 0.000011 -
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TABLE 6~6. FUGITIVE PARTICULATE EMISSION FACTORS FOR STREET SURFACE LOSSES

KEYES-OIL AND SCREENS TEST ARFA

Time After
Street Clean- Increase
ing or Signif- Over
icant Rain 1b/Curb- Grams/ Initial
Parameter (Days) mile/day Vehicle-mile Rate
Total Solids 2+ 4 <1 <4.5 -
4 » 10 3 14 >3.1
10 » 20 4 18 >4.0
20 + 30 5 23 >5.1
30 » 45 10 45 >10
Average 4 18 -
Chemical Oxygen 2+ 04 <0.1 <0.45 -
Demand 4+ 10 0.1 0.45 >1.0
10 » 20 0.2 0.91 >2.0
20 +» 30 0.3 1.4 >3.1
30 + 45 0.7 3.2 >7.1
Average 0.2 0.9 -=
Kjeldahl Nitrogen 2+ 4 <0.001 <0.0045 -
4 » 10 0.002 0.0091 >2.0
10 » 20 0.004 0.018 >4.0
20 + 30 0.005 0.023 >5.1
30 + 45 0.010 0.045 >10
Average 0.003 0.014 --
Orthophosphates 2+ 4 <0. 0001 <0. 00045 -
4 + 10 0. 0004 0.0018 >4.0
10 » 20 0. 0004 0.0018 >4.0
20 + 30 0.0005 0.0023 >5.1
30 » 45 0.0008 0.0036 >8.0
Average 0.0004 0.0018 -
Lead 2+ 4 <0.001 <0. 0045 -
4 » 10 0.003 0.014 >3.1
10 + 20 0. 006 0.027 >6.0
(Continued)
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TABLE 6-6. (Concluded)

Time After
Street Clean- Increase
ing or Signif- Over
icant Rain 1b/Curb- Grams/ Initial
Parameter (Days) mile/day Vehicle-mile Rate
Lead 20 + 30 0.006 0.027 >6.0
30 + 45 0.012 0.054 >12
Average 0.004 0.018 --
Zinc 2+ 4 <0.0001 <0.00045 -
4+ 10 0.0006 0.0027 >6.0
10 » 20 0.0010 0.0045 >10
20 + 30 0.0011 0.0050 >11
30 + 45 0.0023 0.010 >22
Average 0.0008 0.0036 -
Chromium 2+ 4 <0.0001 <0.00045 -
4 » 10 0.0009 0.0041 >9.1
10 - 20 0.0014 0.0064 >14
20 » 30 0.0018 0.0082 >18
30 » 45 0.0034 0.015 >33
Average 0.0012 0.0054 -
Copper 2+ 4 <0. 0001 <0.00045 -
4+ 10 0.0015 0.0068 >15
10 - 20 0.0020 0.0091 >20
20 » 30 0.0025 0.011 >24
30 » 45 0.0047 0.021 >47
Average 0.0018 0.0082 -
Cadmium 2+ 4 <0. 000001 <0.0000045 -
4 + 10 <0. 000001 <0.0000045 -
10 = 20 0. 000002 <0.0000091 >2.0
20 » 30 0.000003 0.000014 >3.0
30 + 45 0.000010 0. 000045 >10
Average 0.000001 0.0000045 -
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TABLE 6-7. FUGITIVE PARTICULATE EMISSION FACTORS FOR STREET
SURFACE LOSSES - TROPICANA-GOOD ASPHALT TEST AREA

Time After
Street Increase
Cleaning or Grams/ Over
Significant 1b/Curb- Vehicle- Initial
Parameter Rain (Days) Mile/day Mile Rate
Total Solids 2+4 4 1.7 -
4+10 4 1.7 1.0
10+20 5 2.1 1.3
20+ 30 7 2.9 1.8
30+45 8 3.3 2.0
45+60 9 3.7 2.3
60+75 12 5.0 3.0
Average 6 2.5 -
Chemical
Oxygen Demand 2+4 0.4 0.17 -
4+10 0.4 0.17 1.0
10+20 0.6 0.25 1.5
20+ 30 0.8 0.33 2.0
30+45 0.9 0.37 2.3
45+60 1.1 0.45 2.8
60+75 1.4 0.58 3.5
Average 0.7 0.29 -
Kjeldahl Nitrogen 2+4 0.006 0.0025 -
4+10 0.006 0.0025 1.0
10+ 20 0.010 0.0041 1.7
20+ 30 0.012 0.0050 2.0
30+45 0.015 0.0062 2.5
45*60 0.017 0.0070 2.8
60+75 0.023 0.0095 3.8
Average 0.011 0.0045 -
Orthophosphates 2+4 0.0006 0.00025 -
4+10 0.0006 0.00025 1.0
10+ 20 0.0008 0.00033 1.3
20+ 30 0.0010 0.00041 1.7
30+45 0.0008 0.00033 1.3
45+60 0.0013 0.00054 2.2
60+75 0.0018 0.00074 3.0
Average 0.0009 0.00037 -
Lead 2+4 0.015 0.0062 -
4+10 0.015 0.0062 1.0
10+20 0.026 0.011 1.7
(Continued)
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TABLE 6-7. (Concluded)

Time After
Street Increase
Cleaning or Grams/ Over
Significant 1b/Curb- Vehicle- Initial
Parameter Rain (Days) Mile/day Mile Rate
Lead 20™ 30 0.028 0.012 1.9
30*45 0.033 0.013 2.2
45*60 0.040 0.017 2.7
60*75 0.055 0.023 3.7
Average 0.026 0.011 -
Zinc 24 0.0017 0.00070 -
410 0.0017 0.00070 1.0
10* 20 0.0024 0.0010 1.4
20* 30 0.0030 0.0012 1.8
30*45 0.0036 0.0015 2.1
45*60 0.0044 0.0018 2.6
60”75 0.0057 0.0024 3.4
Average 0.0028 0.0012 -
Chromium 24 0.0012 0.00050 -
4*10 0.0012 0.00050 1.0
10”20 0.0017 0.00070 1.4
20" 30 0.0021 0.00087 1.8
30*45 0.0025 0.0010 2.1
45*60 0.0030 0.0012 2.5
60”75 0.0041 0.0017 3.4
Average 0.0020 0.00083 ~
Copper 2*4 0.0014 0.00058 -
4*10 0.0014 0.00058 1.0
10* 20 0.0028 0.0012 2.0
20”30 0.0033 0.0014 2.4
30*45 0.0041 0.0017 2.9
45*60 0.0050 0.0021 3.6
6075 0.0069 0.0028 4.9
Average 0.0031 0.0013 -
Cadmium 24 0.000007 0.0000029 -
4*10 0.000007 0.0000029 1.0
10*20 0.000007 0.0000029 1.0
20™ 30 0.000007 0.0000029 1.0
30™45 0.000012 0.0000050 1.7
45*60 0.000016 0.0000066 2.3
60*75 0.000021 0.0000087 3.0
Average 0.000010 0.0000041 -

130



beneficial air pollution effect in addition to the other environmental objec-
tives described in Section 5.

STREET CLEANING EQUIPMENT CAB PARTICULATE CONCENTRATIONS

Tests were conducted to determine the concentrations of particulates (dust
levels) inside the street cleaning equipment cabs and directly behind the
state-of-the—art four-wheel mechanical street cleaner, both with and without
using the water spray. Table 6-8 presents these data. The concentrations of
particulates in the cab were not significantly different from the ambient con-
centrations when the windows were rolled up, the air conditioner was on, and
the water spray was in use. When the water spray was not used, particulate
concentrations in front of the equipment and within the cab increased signif-
icantly. In fact, the concentrations within the cab with the windows rolled
up and with the air conditioner on (but without the water spray) were about
equal to the concentrations directly behind the street cleaner. However,use of
the water spray did not significantly change the high total particulate con-
centrations directly behind the street cleaner.

Most of these changes in particulate concentrations (by count) are in the

smaller particle sizes. Concentrations of the larger particle sizes (greater
than 10 microns) were not significantly affected by use of the water spray.
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APPENDIX A

STREET SURFACE PARTICULTATE SAMPLING PROCEDURES

The sampling procedures described in this appendix were specifically de-
veloped for this study. The objectives of the study were different from those
of past studies of street surface contaminants, so it was necessary to design
special sampling procedures. These procedures were intended to maximize the
accuracy and completeness of the information from the sampling program. The
Procedures are described here in detail so that they can be used by public
works departments wishing to determine loading conditions, accumulation rates,
and street cleaning effectiveness for their own cities.

EQUIPMENT DESCRIPTION

Figure A-1 shows the sampling trailer and major equipment components. A
light-duty (half-ton capacity) trailer was used to carry the generator, tools,
fire extinguisher, vacuum hose and wand, and two wet-dry vacuum units during
sample collection.* A truck with a suitable hitch and signal light connections
was used to pull the trailer. The truck also had warning lights, including a
roof-top flasher unit. The truck operated with its headlights and warning
lights on during the entire period of sample collection. The sampler and hose
tender both wore orange, high-visibility vests. The trailer was equipped with
a caution sign on its tailgate.

Both the truck and the street cleaner used to clean the test area were
equipped with radios (CB radios were adequate), so that the sampling team could
contact the street cleaner operator when necessary. Experiments were conducted
to determine the most appropriate sampling vacuum and filter bag combination.
Two-horsepower (hp) industrial vacuum cleaners with one secondary filter and
a primary dacron filter bag were selecteds The vacuum units were heavy duty
and made of stainless steel to reduce contamination of the samples. Two 2-hp
vacuums were used together by using a wye connector. This combination extended
the useful length of the 1.5 in. vacuum hose to 35 ft. and increased the suction
so that it was adequate to remove all particles of interest from the street

*Dry vacuum sampling is capable of removing all of the particulates (>99%) from
the street surface when compared to combination dry sampling and flushing sam-
pling. It can also remove most of the other major pollutants from the street
surface (>80% for volatiles, COD, phosphates and metals). Wet sampling is not
an adequate procedure for comprehensive, large-scale programs of this nature.
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Figure A-1. Street sampling trailer and major equipment components.

surface. A wand and a gobbler* attachment were also needed. The generator used
to power the vacuum units was of sufficient power to handle the electrical
current load drawn by the vacuum units--about 5000 watts for two 2-hp vacuums.
Finally a secure, protected garage was used to store the trailer and equipment

near the study areas when not in use.

*The gobbler attaches to the end of the wand and is triangular in shape and
about 6 in. across.
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SAMPLING PROCEDURE

Because the street surfaces were more likely to be dry during daylight
hours (necessary for good sample collection), collection did not begin before
sunrise nor continue after sunset, unless additional personnel were available
for traffic control. Two people were required for sampling at all times--one
acting as the sampler, the other acting as the vacuum hose tender and traffic
controller. This lessened individual responsibility and enabled both persons
to be more aware of traffic conditions.

Before each day of sampling, the equipment was checked to make sure that
the generator's o0il and gasoline levels were adequate, and that vacuum hose,
wand, and gobbler were in good condition. A check was also made to ensure that
the vacuum units were clean, the electrical cords were securely attached to the
generator, and the trailer lights and warning lights were operable. The genera-
tor required about 3 to 5 minutes to warm up before the vacuum units were turned
on one at a time (about 5 to 10 seconds apart to prevent excessive current load-
ing on the generator). The amperage and voltage meters of the generator were
also periodically checked.

Figure A-2 illustrates the general samping procedure. Each subsample in-
cluded all of the street surface material that would be removed during a severe
rain (including loose materials and caked-on mud in the gutter and street ar-
eas). The location of the subsample strip was carefully selected to ensure
that it had no unusual loading conditions (e.g., a subsample was not collected
through the middle of a pile of leaves; rather, it was collected where the

Figure A-2. Sub-sample collection.
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leaves were lying on the street in their normal distribution pattern). When
possible, wet areas were avoided. If a sample was wet and the particles caked
around the intake nozzle, the caked mud from the gobbler was carefully scraped
into the vacuum hose while the vacuum units were running.

Subsamples were collected in a narrow strip about 6 in. wide (the width of
the gobbler) from one side of the street to the other (curb to curb) as shown
in Figure A-3. In heavily traveled streets where traffic was a problem, some
subsamples consisted of two separate one-half street strips (curb to crown).
Traffic was not stopped for subsample collection; the operators waited for a
suitable traffic break. On wide or busy roadways, a subsample was often col-
lected from two strips several feet apart, halfway into the street. On busy
roadways with no parking and good street surfaces, most particulates were found
within a few feet of the curb, and a good subsample could be collected by vacu-
uming two adjacent strips from the curb as far into the traffic lanes as possi-
ble. A sufficient break in traffic allowed a subsample to be collected halfway
across the street.

Subsamples taken in areas of heavy parking were collected between vehicles
along the curb, as necessary. The sampling line across the street did not have
to be a continuous line if a parked car blocked the most obvious and easiest
subsample strip. A subsample could be collected in shorter strips, provided
the combined length of the strip was representative of different distances from
the curb. Again, in all instances, each subsample was representative of the
overall curb-to-curb loading condition.

When sampling, the leading edge of the gobbler was slightly elevated above
the street surface (0.125 in.) to permit an adequate air flow and to collect
pebbles and large particles. The gobbler was 1lifted further to accept larger
material as necessary. If necessary, leaves in the subsample strip were manually
removed and placed in the sample storage container to prevent the hose from
clogging. If a noticeable decrease in sampling efficiency was observed, the

Curb Curb

Figure A-3. Location of sub-sampling strips
across a street.
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vacuum hoses were cleaned immediately by disconnecting the hose lengths, cleaning
out the connectors (placing the debris into the sample storage container), and
reversing the air flows in the hoses (blowing them out by connecting the hose
to the vacuum exhaust and directing the dislodged debris into the vacuum inlet).
If any mud was caked on the street surface in the subsample strip, the sampler
loosened it by scraping a shoe along the subsample path (being certain that
street construction material was not removed from the subsample path unless it
was very loose). Scraping caked-on mud was done after an initial vacuum pass.
After scraping was completed, the strip was revacuumed. A rough street surface
was sampled most easily by pulling (not pushing) the wand and gobbler toward
the curb. Smooth and busy streets were usually sampled with a pushing action.

An important aspect of the sample collection was the speed at which the
gobbler was moved across the street. A very rapid movement significantly de-
creased the amount of material collected; too slow a movement required more
time than was necessary. The correct movement rate depended on the roughness of
the street and the amount of material on it. When sampling a street that had a
heavy loading of particulates, or a rough surface, the wand was pulled at a
velocity of less than 1 ft. per seconde In areas of lower loading and smoother
streets, the wand was pushed at a velocity of 2 to 3 ft. per second. The best
indication of the correct collection speed was by examining how well the street
was visually being cleaned in the sampling strip and by listening to the col-
lected material rattle up the wand and through the vacuum hose. The objective
was to remove everything that was lying on the street that could be removed by
a significant rainstorm. It was quite common to leave a visually cleaner strip
on the street where the subsample was collected, even on streets that appeared
to be clean.

In all cases of subsample collection, the sampler and hose tender continu-
ously watched for oncoming vehicles. While working near the curb out of the
traffic lane (typically an area of high loadings), the sampler visually monitored
the performance of the vacuum sampler. In the street, he constantly watched
traffic and monitored the collection process by listening to particles moving
up the wand. A large break in traffic was required to collect dust and dirt
from street cracks in the traffic lanes, because the sampler had to watch the
gobbler to make sure that all of the loose material in the cracks was removed.

The hose tender also always watched for traffic. In addition, he played
out the hose to the sampler as needed and kept the hose as straight as possible
to prevent kinking. If a kink developed, sampling stopped until the hose tender
straightened the hose.

When moving from one subsample location to another, the hose, wand, and
gobbler were securely placed in the trailer. The hose was placed away from the
generator's hot muffler to prevent hose damage. The generator and vacuum units
were left on and in the trailer during the entire subsample collection period.
This helped dry damp samples and reduced the strain on the vacuum and generator
motors.

The length of time it took to collect the subsample varied with the number
of subsamples and the test area. For the first phase of this study, the test
areas required the following sampling effort:
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Test Area No. of Samples Sampling Period

Downtown - poor asphalt street surface 14 0.5 hr.
Downtown - good asphalt street surface 35 1 hr.
Keyes Street - 0il and screens street surface 10 0.5-1 hr.
Keyes Street - good asphalt street surface 36 1 hr.
Tropicana - good asphalt street surface 16 0.5-1 hr.

In the oil and screens test area, the sampling procedure was slightly dif-
ferent because of the relatively large amount of pea gravel (screens) that was
removed from the street surface. The gobbler attachment was drawn across the
street more slowly (at a rate of about 3 seconds per ft.). Each subsample was
collected by a half pass (from the crown to the curb of the street) and contained
one-half of the normal sample. Two curb-to-curb passes were made for each
Tropicana subsample because of the relatively 1low particulate loadings in this
area. Several hundred grams of sample material were needed for the laboratory
tests. An after street cleaning subsample was not collected from exactly the
same location as the before street cleaning subsample (they were taken from the
same general area, but at least a few feet apart).

A field-data record sheet kept for each sample contained:

e Subsample numbers
® Dates and time of the collection period
® Any unusual conditions or sampling techniques.

Subsample numbers were crossed off as each subsample was collected. After-
cleaning, subsample numbers were marked if the street cleaner operated next to
the curb at that location. This differentiation enabled the effect of parked
cars on street cleaning performance to be analyzed.

SAMPLE TRANSFER

After all subsamples for a test area were collected, the hose and wye con-
nections were cleaned by disconnecting the hose lengths, reversing them, and
holding them in front of the vacuum intake. Leaves and rocks that may have
become caught were carefully removed and placed in the vacuum can, the generator
was then turned off. The vacuums were either emptied at the last station or at
a more convenient location.

To empty the vacuums, the top motor units were removed and placed out of
the way of traffic, as shown in Figure A-4. The vacuum units were then discon-
nected from the trailer and lifted out. The secondary, coarse vacuum filters
were removed from the vacuum can and were carefully brushed with a small whisk
broom into a large funnel placed in the storage can, as shown in Figure A-5.
The primary dacron filter bags were kept in the vacuum can and shaken carefully
to knock off most of the filtered material. (Figure A-6 shows how the hose in-
let was blocked with a leg or knee, and the primary filter bag was held onto the
vacuum drum with arms and chest). The dust inside the can was allowed to settle
for a few minutes, then the primary filter was removed and brushed carefully
into the sample can with the whisk broom. Any dirt from the top part of the bag
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where it was bent over the top of the vacuum was also carefully removed and
placed into the sample can.

Figure A-7 shows how the material was transferred from the vacuum units
into the sample can. After the filters were removed and cleaned, one person
picked up the vacuum can and poured it into the large funnel on top of the
sample can, while the other person carefully brushed the inside of the vacuum
can with a soft 3- to 4-in. paint brush to remove the collected sample. In
order to prevent excessive dust losses, the emptying and brushing was done in
areas protected from the wind. To prevent inhaling the sample dust, both the
sampler and the hose tender wore mouth and nose dust filters while removing the
samples from the vacuums.

To reassemble the vacuum cans, the primary dacron filter bag was inserted
into the top of the vacuum can with the filters's elastic edge bent over the
top of the can. The secondary, coarse filter was placed into the can and
‘assembled on the trailer. The motor heads were then carefully replaced on the
vacuum cans, making sure that the filters were on correctly and the excessive
electrical cord was wrapped around the handles of the vacuum units. The vacuum
hoses and wand were attached so that the unit was ready for the next sample
collection.

The storage cans were labled with the date, the test area's name, and an
indication of whether the sample was taken before or after the street cleaning
test or if it was an accumulation (or other type of) sample. Finally, the
lids of the sample cans were taped shut and transported to the laboratory for
logging~in and analysis or storage.
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APPENDIX B

EXPERIMENTAL DESIGN

The samples were collected from narrow strips the width of the street from
curb to curb, as described in Appendix A. The analytical procedure used to determine
the number of subsamples needed involved weighing individual subsamples in the
study area to calculate the standard deviation (¢) and the mean (x) of the
street surface loading values. From these two values, the number of subsamples
necessary (N), depending on the allowable error (L), were determined. An allowable
error value of about 25 percent, or less, was used. The formula used (after
Cochran 1963) is

N = 4o2/L2.

With 95 percent confidence, it calculates the number of sub-samples necessary
to determine the true value for the loading within a range of + L. Figure
B-1 relates the ratio of the standard deviation to the mean for various allowable
errors (as a percentage of the mean) to determine N.

As the 0:x ratio increases, more samples are required for a specific allow-
able error. Similarly, as the allowable error decreases for a specific ¢:x
ratio, more samples are required. Therefore, with an allowable error of 25
percent, the required number of subsamples for a study area with a o:Xratio of
0.8 would be 36. For a test area with about 3 curb-miles, it then follows that
a subsample would be taken about every 450 feet.

The total amount of street surface particulate sample removed during each
test is insignificant when compared to the total street surface loadings in the
whole test area. (In the above example, the sample would be 0.1 percent of
the total street surface loadings for the area.)The number of sub-samples required
was evaluated for each test area at the beginning of both sampling phases.

DETERMINING THE NUMBER OF SUBSAMPLES REQUIRED

Initially, individual samples were taken at 49 locations in the three study
areas to determine the loading variability. Table B-1 presents the calculated
loadings and the influential characteristic information for each sample. The
loadings averaged about 2700 1b/curb-mile in the Downtown and Keyes Street areas,
and were found to vary greatly within these two areas. The Tropicana area loadings
were not as high, and averaged 310 1b/curb-mile.

The analytical procedure previously described was used to determine the re-
quired number of subsamples in each test drea with an allowable error of 25
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RATIO OF STANDARD DEVIATION TO SAMPLE MEAN (0/%)
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ALLOWABLE ERROR AS A FRACTION OF THE MEAN, x

Figure B-1. Required number of sub-samples as a fuction of
allowable error and standard deviation.
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TABLE B-1. EXPERIMENTAL DESIGN SAMPLE INFORMATION(samples collected 11/29/76)

Dust/Dirt
Study Area Street Particulate
and Station Street Number Street Traffic Width  Loading (lb/
Number Location Land Usel Type of Curbs Condition3 Density (ft.) curb-mile)
Downtown
1 N. 1lst @ Bassett [o A 2 G M/H 50 630
2 N. lst @ Julian [ A 2 G M/H 50 47
3 N. lst @ st. James [« A 2 G M/H 52 105
4 St. James between N. lst & Market C A 2 G M 40 220
5 Devine between N. lst & Market C A 2 G M/L 36 680
6 Julian between N. 1lst & Market C A 2 G M 40 262
7 Old Market C A 2 G L 40 640
8 Market St. @ Devine C A 2 G H 66 396
9 Market @ St. James o A 2 G H 66 175
102 Market @ Julian 1 A 0 P L 29 3270
112 pleasant @ Bassett 1 A 0 P L 40 20,000
122 Bassett @ Pleasant 1 A 0 P L 40 7600
1328 Bassett between Pleasant & Terraine I A 0 P L 46 7400
14 Bassett @ Terraine 1 A 0 P L 48 5500
15 Bassett @ San Pedro 1 A 0 P L 45 4025
16%  Terraine @ Bassett 1 A 0 P L 60 9850
17 Terraine @ Julian I A 2 P L 40 3050
18 San Pedro @ Bassett 1 A 2 P L 45 3240
19 San Pedro @ Julian 1 A 2 P L 45 2300
202 Julian @ Pleasant c/1 A 2 G M 40 610
212 Julian between Sta. Teresa and Terraine c/1 A 2 G M 40 303
22 Julian @ San Pedro c/1 A 2 G M 40 361
23 Devine between Sta. Teresa and Terraine V A 2 P L 36 890
24 Devine between Market and N. lst /v A 2 G L 38 580
25 St. James between Terraine & San Pedro R/C A 2 G M 40 1740
262 St. John between Pleasant & Santa
Teresa \Y A 2 G M 42 151
278 st. John between Terraine & San Pedro o A 2 G M 42 700
28 Pleasant between St. James & St. John R A 2 P L 40 1570
29 Terraine @ Devine v A 2 P L 40 995
Keyes
18 12th St. No. of Martha Rb 0&S 2 0&S L 40 1733
2 12th @ Humboldt R 0&S 2 048 L 40 3680
3 11th @ Keyes R A 2 G H 50 582
4 10th @ Bestor R A 2 G H 50 413
5 No. end of 9th St. R 0&S 2 0&S L 50 4380
6 9th @ Keyes R 04&S 2 0&S M 50 3760
7 9th @ Humboldt R 0&S 2 0&S L 50 6380
8 Martha @ 8th R A 2 G L 40 262
9 Bestor @ 10th R 0&S 2 0&S L 40 2520
102 Humboldt @ 8th R 0&S 1 0&S L 35 2860
Tropicana
1 Cathay @ Naples R® A 2 G L 36 220
2 Cathay @ Seaview R A 2 G L 36 180
3 Palmview Way R A 2 G L 36 145
4 Loyola Dr. R A 2 G L 36 640
5 Darwin Way R A 2 G L 36 174
6 Bal Harbor Way @ Everglade R A 2 G L 36 407
7 Chiplay Dr. R A 2 G L 36 424
8 Bermuda Way @ Ocala R A 2 G L 36 366
9 Orlando @ Ocala R A 2 G L 36 320
10 King Rd. @ Biscayne R A 2 G H 60 233
lLand uses: 2Street types: 3Street condition: aTraffic density:
C: commercial A: asphalt G: good M: moderate
I: industrial 0&S: oil and screens P: poor H: high
V: vacant lots overlay 0&S: oil and screens L: low

R: residential
30utside final study area.
bThere 1s a substantial amount of commercial land use in this study area along Keyes.

SThere is some commercial land use in this study area.
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percent or less. This percentage was chosen to keep the precision and sampling
effort at reasonable levels. The data were then examined to determine if the
study areas should be divided into meaningful test area groups.

Table B-2 presents the results of grouping the data by influential para-
meters for each study area. It is interesting to note the similar groupings
for much of the data: downtown streets in poor condition were generally in
industrial areas, had low traffic, and had one or no curbs; the streets in
good condition were generally in commercial areas, had moderate to high traffic,
and had two curbs. The measured loading values within each of the different
but related groupings were also similar. The purpose of the exercise was to
identify a small number of meaningful test area groupings that required a reason-
able number of subsamples and to increase the usefulness of the test data.
Therefore, the Downtown study area was divided into two test areas: one with
good asphalt street surface conditions and the other with poor asphalt street
surface conditions. The Keyes Street study area was also divided into two test
areas: good asphalt street surface and oil and screens street surface. The
Tropicana study area was left undivided. There was reason to believe that the
street cleaning equipment would perform significantly differently in each test
area. This reasoning was based on the influencing external and uncontrollable
operating conditions of street surface type, condition, and initial particulate
loadings. Therefore the tests were started with fivée test areas, each with the
number of subsamples and curb-mile lengths as listed below:

Downtown study area:

® good asphalt street surface (3.0 curb-miles) - 35 subsamples

e poor asphalt street surface (1.5 curb-miles) - 14 subsamples
Keyes Street study area:

® good asphalt street surface (2.7 curb-miles) - 36 subsamples

® 0il and screens street surface (2.2 curb-miles) - 10 subsamples
Tropicana study area:

® good asphalt street surface (11.1 curb-miles) - 16 subsamples

In addition, buffer zones (Downtown: 5.1 curb-miles; Keyes: 2.7 curb~miles;
and Tropicana: 7.0curb—miles)wereestablishedaroundeachstudy area to minimize
tracking of particulates. A total of 20.5 curb-miles was included in all five
test areas with about 15 curb-miles in the buffer zones. The downtown test areas
were eliminated after the initial six weeks of testing because of an unauthorized
plating discharge in the storm sewerage and excessive sampling requirements.

The second phase reevaluations resulted in slightly modifying the number
of subsamples to be collected in each test area, but the physical test area
divisions remained the same.
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APPENDIX C

SELECTION AND DESCRIPTION OF STUDY AREAS

Figure C-1 shows the San Francisco Bay Area and the general location of
the Coyote Creek watershed. Figure C-2 is a more detailed map of the watershed
and shows the locations of the study areas. All of the study areas are located
within the urban area of San Jose, California. Figures C-3, C-4, and C-5
show detailed street maps of the three study areas and five test areas. Also
shown are the buffer zones established around each study area. The buffer zones
are cleaned at the same time and with the same number of passes as the test
areas in order to prevent excessive tracking or blowing of street dirt into
the test areas. Figures C-6 through C-10 are photographs of portions of the
test areas.

In the process of selecting study areas, information on several potential
study areas in the city of San Jose was collected. Eight areas that met many
of the criteria necessary to conduct the field program were identified. These
criteria included:

e Each study area must be at least 10 acres in size and have separ-
ated storm drainage and sanitary sewage systems.

e Each study area should have its own complete storm drain sewerage
system.

e The surface drainage of each study area should closely coincide with
the area drained by the stormwater sewerage system.

e The study areas should have little construction activity during the
time of study and a minimum amount of vacant land area.

e The study sites should represent a cross-section of land uses and
economic conditions in the city.

® The storm sewerage system must be well documented to show no cross
connections between sanitary sewage and any upstream drainage areas,
and should have no illegal discharges.

e The slope of the sewerage system should be small, with potential or
known solids accumulation problems in the sewerage.

e The study sites should have a variety of traffic conditions, and should
be located close to the City of San Jose Public Works- Department main
service yard.
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Figure C-7. Downtown - poor asphalt test area.
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Figure C-8. Keyes - oil and screens test area.

Figure C-9. Keyes - good asphalt test area.
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Figure C-10. Tropicana - good asphalt test area.

Table C-1 presents the information collected for the eight potential study
areas; Figure C-11 shows their locations. The areas selected for initial study
include the south Downtown area (site 2), the Keyes Street area (site 6), and
the Tropicana area (site 8). These were chosen because they represent the
variety of conditions found in San Jose and many other cities. As discussed
in Appendix B, the Downtown and Keyes Street areas were found to be better
represented by dividing each of them into two areas. Therefore, a total of
five test areas was used in the initial field activities. Some -data were col-
lected from the five test areas, but most of the data are based on studies
conducted in the two Keyes Street test areas and in the Tropicana test area.
Other important study area characteristics that affect street cleaning oper-
ations include soil type (determines the erodability of adjacent land and the

175



pue sad43 aoejans 392138 10J T-g 27qel ‘g xTpuaddy aag

*sea1e Apn3s palda[as aYyjl I0j SUOFITPUOD

*Sea1e Y3l JO 3ISOW U] UOTITPUOd pood 03

100d woxj paBuel eyl SUIIIDS pue [JO pue ITeydse PaXTW 3i1dm SUOTITPuUOd pue sadf3 Jusmened ayly

(penuTiuoD)
Kemq 10qiey *3AY Yaed
Teg pue *s1Q parqlum ¢+3g opuru
+1q sardeN ~wny pue piyq -134 ueg ‘°1s uoy3edoT
3ie aToyuER —pay uaamiag *31§ eyjael *31S SWETTTIM *31§ oyuojuy ueg *3§ ueyynr ©35 sawer *1§ vI1ET) ®BIUES 1TR3IN0
*31g 3I9Iel ‘°3S
*3S ueyINC Bl1ET) BIUES
*py 4103g °S38 Il % *38 Ity °31§ sawer °3g ‘*3S 3N ‘*paTg uapemyy §133138
‘*pu 3umy 3uoN Y301 ‘sa4kay f*3g SWETTTIM *3§ sorie) ueg ‘*3s uepne ‘*3g 38T €*1s 3IsT 1ofeR
K3rsuap
Aaeay+1y3i Y811 Aaeay+aydy a3eviapom«31ydy Aaeay«3ys811 Aaeay+aysyT Aaeay«1ydt1T Kaevay d133RIL
(3usamdotaa Baie uy
3uoN auoN auoN auoN 3uopN auoN amog -9pa1) yony uoY3IONIISUOH
(3usmdoraa e31e uy
mag juadef py mag JUON auoN auoN Auey -apa1) Auey S$30T 3uedep
STooYds ¢ 03 paeydxo SPIoT3
juazelpe ‘1erd 03 juadef pe pue Tooyds yxed “(aysyyr)
~13WWod JwWos ¢Tooyds £i1ejuam o3 juadefpe UO0TIINIISUOD Terauap Teraasnput
‘0961 3ITFNq -979 pue yied ‘YeTIUAPTSAL Aaed ‘0061 0061 Arae? 0Z6T punoxe -¥sax 13pTo ‘(3911387P
‘3woduy Moy 0961+« 0561 1apyo pue A11ea ‘yey3 ‘1eyauap ‘1eyIusap ‘1etraisnpur ssaujysnq)
‘1eriuapysay Teruapysay Ter2asawo) -uapysai 13pT0 -F$31 19py10 ~Js31 19pT0 ¢Tedtaawmo) TEeoTa3uwmo) asn pueT
Eag
St 91 L1 1 Ias St 1 L1 -qand/saidy
82°0 Se°0 81°0 61°0 7z°0 €2°0 SZ°0 €€°0 81de/s3aTu]
arTn
: €Yy L°s Tt L°T L°e €€ . 9°¢€ s°s -qind/s3a7ul
s3afuy
19 k24 L1 91 11 L 174 9¢ Jo Iaquny
L 'Y AR 09 1y 1°C 0°¢L 9°9 $377W-qan)y
(sa21oe) eaae
S6l 69 6 <8 1 1€ 00T (1241 a8euteag
*31§ oyuojuy *3§ ueyInp ealy eaay weu eaiy
*Amdxg A1eq ueg umoiumoq umolumoq
vuedydoa} uapewTy *31g sakay *3S WRTTITM yinog yaiaoN
8 L 9 S k4 € T T

JaqunN €21y Apnis [EFIua3od

+SVINV AXAALS TVILNILO4

LO09V NOILVWIOJNI

*1-0 HTdVL

176



*K37TEND a7V,

wayqoad TeAowax

Jeal Tewjuym
pue ‘sada3 afiey
ma3 ‘uorierafaa

pael <diod
WOl iey 003
fsapy8 7/1-1

vaie poold
¢A11eTPO
-113d Buyyaed
PUB OI33813
Aaway 03 309

waie Suryd
~Wes )y poo3
ou Inq ‘waie
peod ¢ (yS1y

*3d
Suyrdues LHy

8307 juedea
Auem 003
pue uoyllIONIlS

?3B19pOm {83a3ys8 uo SpYaIs -qns pue wnyp + 33813pom) 11®3 3y3 Buy 1123 @y3 Bug pue £3311EA -uod yonm 003
Buyrdmes iye pue spieydio -e3g uejiedg TeT3uapyIsax jo -inp watqoad -anp warqoad asn-puey {aiys feaie syy3 103
poo8 {eaixe poon £q papunoiing 03 juade(py K3913RA JEAIYH 1T®3-JO2] ITeI-3Ba] TI®13A0 POOYH sITej3INO ¢ B-ERLN
*31S puodag
3 ueynr
*S3§ Y3Irr % *1§ WeITTIN *3§ solae) ues *3§ ueyInr e *8prg s9378
eylaey ‘+3prq Yitm S3a3i13s Yam s3asils Y3 s3199a3s 3ano) 1ojaadng Buytdues
*py Bury Buory Quon cujmpe <o) 1y $S01> 3y $8010 3y §3010 Iy Jo juoay uy auoy Artendb a1y
(s30T uoyie3adan
83313 awog 89313 Luey $9911 awmog §99131 Auey §9913 Auey s9913 Auey JueOBA) yYONK I0UTR 3pYSqIn)
(7m)
piel <daod
03 aduey
z/1-¢ S /1-2 4 T/1-1 9/1-1 1 /1-1 -8¥p ButAtiqQ
8)2am ¢ L13as S33am ¢ L13ad
8ydam syaam > CET. EREETY SyIam EREE ) 318?31 a3yl Isa1 3yl Kduanbaiy Surt
¢ K19ag ¢ Kaaag G K1aay ¢ Axaag ¢ K19ajy ¢ Kiaag ‘A1yep smog ‘A1Tep SWOS -ueary 332138
(a190/°33)
Sy €L 1L 99 89 9L 19 96 a3e13mnas
suoyyenaa
duoN JuoN auoN QUON uon auoyN (s1aiam) amog (s1233m) awog Surxreg
0688 050$ 0999 08sS 06%¢ 00€7 0989 0SS ‘01 (*33) yaduaq
$8°0+11°0 0°1+Z°*0 6°0+L1°0 S°1+ 860°0 9°0+ €1°0 80« 210 2°1+£0°0 2°1+€T1°0 (z) @dots
9¢+ ot LT+ 01 Lz+ 01 0¢+ 01 12+ 01 81+ 01 £E+8 £e+ 0t (°ur) merq
:38examag
I3ATY 13ATY 13jem
A1) IBATTS }921) seoue) 13315 2304£0) A331) 3310£0) A331) 230£0) %291) 23040) adnyepeny adnyepeny Butaraday
8 L 9 S k4 € Z T
1aquny eaiy
TIANTIONOD  *T-D FTIGVL

177



Z.
(]
%
0

Civic

OCenter
17 %
Main

Corp
Yard

Santa Clara St

San Carlos St

"4,) @
S
£\ \%
% >
® v,
7 \\%
©
()
<
o
o
o
< o
© ®©
>
o]
- m
< x
©
- °
©
» 82
v
3
Q
= 4>
0 Y 1
1 1 1 ] 1
mile

Figure C-11. Area map showing potential test site locations.
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chemical make-up of erosion products that can wash onto the streets during
major rains), topography, and gutter type. These characteristics were very sim-
ilar for all of the study areas: the topography was flat, and most of the
gutters were made of concrete with straight sides (very few rolled asphalt
gutters were present). Table B-1 in Appendix B describes the gutter presence
within the selected test areas.

Table C-2 shows the land use and surface area compositions for the three
study areas selected. In the Downtown area, vacant spaces and rooftops make up
most of the area, while landscaped areas are most predominant in the Keyes and
and Tropicana Study areas. Street surfaces composed between 14 and 21 percent
of the three areas. Buildings greater than three stories tall only existed in
the Downtown area. The Downtown area was also significantly different in that
only 1 percent of the total area consisted of lawns or otherwise planted. The
Downtown area had few residential areas, but quite a bit of institutional areas
and vacant lots. About 1/3 of the Downtown area was commercial. Most of the
land use in the Keyes and Tropicana areas was residential.

Table C-3 presents the estimated annual average daily traffic conditions
for the test areas. The weighted average for all street segments in each test
area ranged from about 200 cars/day in the Keyes-o0oil and screens test area
to about 10,000 cars/day in the Downtown-good asphalt test area. Those street
segments having the most traffic also had the best street conditions.

TABLE C-2. STUDY AREA SURFACE AND LAND USE COMPOSITIONS (%)

Downtown Keyes Tropicana

Surface Area

Rooftops (<3 stories tall) 24 19 17

Rooftops (>3 stories tall) 2 0 0

Lawn/landscaped area 1 44 39

Vacant space 34 4 18

Sidewalks 4 5 4

Street 21 21 15

Parking lots 14 7 7
Land Use

Commercial 33 11 0

Residential 2 86 83

Industrial 31 0 (some)

Other (institutional, vacant

land, etc.) 34 3 17

Total Acreage 100 acres 92 acres 195 acres
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TABLE C-3.

ESTIMATED DAILY TRAFFIC VOLUMES IN TEST AREAS

Weighted

Average

Daily Traffic*

Estimated
Minimum
Daily Traffic#**

Estimated
Maximum
Daily Traffic#***

Downtown—~overall 7700 500 25,000

Downtown-good asphalt 10,000 1500 25,000
Street surfaces

Downtown-poor asphalt 2800 500 7500
street surfaces

Keyes-overall 4600 50 26,000

Keyes-good asphalt streets 8300 200 26,000

Keyes-o0il and screens 200 50 1000
surfaced streets

Tropicana-good asphalt 2200 100 18,000

street surfaces

*Estimated based on some
street segment lengths.

**Minimum estimated daily

***Maximum estimated daily

field measurements.

Weighted by representative

traffic for any one street segment in test area.

traffic for any one street segment in test area.
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APPENDIX D

RAINFALL AND ACCUMULATION RATE HISTORY

Figures D-1 through D-5 present the rainfall history in the study areas
as a function of time. These figures include a bar graph on each day that
rainfall occurred (>0.01 in.) along with values for the total rain, the hours
of rain, and the rainfall intensities.

Figures D-6 through D-22 present total street surface particulate 1loading
and median particle sizes as a function of time. The dates with significant
rains are also shown with a solid vertical line and the dates of street clean-
ing are designated with a code showing the type of street cleaning equipment
used and the number of passes made that day. The values of total particulate
loading and particle size for each day of sampling are connected by straight
lines. Solid lines signify a positive slope (an increase in median particle
size or an increase in total solids loading). Dashed and dotted lines show
a decrease in median particle size or total solids loading.
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Figure D-2. Rainfall history (continued).
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Figure D-3. Rainfall history (continued).
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Figure D-4. Rainfall history (continued).
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Figure D-6. Total particulate load

ing and median particle size as a

function of time - Downtown - good asphalt test area.
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Figure D-7. Total particulate loading and median particle size as a
function of time - Downtown - poor asphalt test area.
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APPENDIX E

POLLUTANT STRENGTHS AS A FUNCTION OF PARTICLE SIZE

Downtown - Poor Asphalt Streets Downtown - Good Asphalt Streets

Figure E-1. COD Concentrations as a function of particle size

(mg COD /kg total solids)-12/13/76 through £/15/77 average.
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TABLE E-2.

CHEMICAL CONCENTRATIONS BY PARTICLE SIZE -

TROPICANA GOOD ASPHLAT TEST AREA

Parameter (ppm,)by weight) and dates

Particle Sizes ()

2000+ 850+ 600+ 250+ 106+ 45+

>6370 6370 2000 850 600 250 106 <45
1/13/76 ~ 1/23/77
coD 190,000 266,000 86,200 83,000 93,800 94,400 51,800 87,500
Total Kjeldahl Nitrogen 2460 4140 2080 2690 2060 2030 2480 3400
Phosphate, total Ortho (as POz) 178 282 184 233 178 202 257 276
Lead, total 4 230 280 2240 3040 5720 6990 7000 7140
Zinc, total 180 205 315 350 465 670 645 755
Chromium, total 425 415 555 530 580 610 125 125
Copper, total 765 1180 1500 1030 1170 1240 155 150
Cadmium, total 1.0 <1.0 2.2 2.3 2.1 4.0 4.9 4.7
1/24/ + 3/20/77
cop 160,000 105,000 86,900 50,700 84,200 72,9006 109,000 166,000
Total Kjeldahl Nitrogen 1160 1410 1690 1010 1086 1240 1980 2470
Phosphate, total Ortho (as PO:z) 61 98 178 104 116 159 178 429
Lead, total 4 164 220 615 1500 2660 3300 4950 5350
Zinc, total 470 385 285 470 445 455 550 725
Chromium, total 495 645 620 655 700 585 110 130
Copper, total 1390 1020 1000 1340 1520 1210 145 155
Cadmium, total 1.0 2.0 2.0 2.0 2.3 2.0 2.9 5.4
3/21 + 5/15/77
coD 102,000 82,200 74,700 93,900 96,400 85,100 58,500 170,000
Total Kjeldahl Nitrogen 1090 1130 1340 1920 2270 2100 2720 4320
Phosphate, total Ortho (as POz) 98 80 147 123 233 178 264 288
Lead, total 4 135 28200 790 2370 4180 4100 5130 5050
Zinc, total 175 180 320 345 570 520 575 695
Chromium, total 525 460 675 645 595 685 120 125
Copper, total 1170 895 1230 1400 1480 1500 310 175
Cadmium, total 1.0 <1.0 2.0 2.2 2.0 2.9 2.6 4.4
5/16 + 7/31/77
coD 228,000 136,000 133,000 128,000 86,300 60,200 59,500 72,200
Total Kjeldahl Nitrogen 24 997 474 3220 2620 1960 2320 696
Phosphate, Ortho (as POz) 130 120 154 156 132 113 146 199
Lead 4 240 185 1280 3210 5360 6450 5320 5090
Zinc 104 95 168 214 497 606 716 845
Chromium 81 160 195 195 240 265 200 205
Copper 52 31 615 365 255 245 175 165
Cadmium 0.60 1.10 1.39 1.59 1.98 5.36 3.78 4.99
8/1 + 9/23/77
coD 234,000 104,000 155,000 118,000 80,700 65,200 68,000 78,600
Total Kjeldahl Nitrogen 473 2140 3300 3025 2390 2370 2420 691
Phosphate, Ortho (as P0z) 96 125 161 172 131 161 205 246
Lead 4 255 180 630 1880 3550 4420 3830 4100
Zinc 177 149 149 199 441 540 638 852
Chromium 125 180 165 220" 190 235 210 190
Copper 37 33 32 46 245 255 180 155
Cadmium 1.29 1.69 1.39 1.39 1.99 2.39 3.19 4.27
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TABLE E-3.

CHEMICAL CONCENTRATIONS BY PARTICLE SIZE -

KEYES GOOD ASPHALT TEST AREA

Parameter (ppm, by weight) and dates

Particle Sizes (u)

2000+ 850+ 600+ 250+ 106+ 45+

>6370 6370 2000 850 600 250 106 <45
12/13/76 » 1/23/77
CoD 197,000 229,000 158,000 150,000 104,000 116,000 167,000 196,000
Total Kjeldahl Nitrogen 1800 3680 2670 2980 2080 2070 2920 3730
Phosphate, total Ortho (as P0O:z) 86 202 129 159 129 141 227 233
Lead, total 4 175 240 1180 2500 4330 5220 6800 7010
Zinc, total 195 325 465 470 560 760 785 820
Chromium, total 435 565 680 640 785 705 150 155
Copper, total 1290 1430 1180 950 1210 1260 120 130
Cadmium, total 1.0 2.0 2.9 3.2 4.4 3.2 S.1 4.1
1/24 + 3/20/77
CoD 204,000 170,000 117,000 115,000 98,200 111,000 159,000 208,000
Total Kjeldahl Nitrogen 1640 1900 1870 2020 1420 1520 2170 2550
Phosphate, total Ortho (as P0O:z) 86 178 129 153 141 172 239 300
Lead, total 4 376 237 1410 2780 3650 5320 7150 7380
Zinc, total 185 225 280 375 485 680 815 865
Chromium, total 505 600 690 770 840 670 185 170
Copper, total 920 1090 920 985 1150 980 135 155
Cadmium, total <1.0 1.0 1.0 2.0 2.0 2.9 <1.0 4.8
3/21 + 5/15/77
CoD 193,000 187,000 144,000 60,100 95,700 111,000 168,000 203,000
Total Kjeldahl Nitrogen 2100 2660 2080 1360 1770 2750 2930 4220
Phosphate, total Ortho (as PO=) 116 184 54 141 165 172 245 233
Lead, total 4 185 420 635 3030 1970 7410 7200 6560
Zinc, total 190 235 280 465 515 710 770 775
Chromium, total 575 545 725 795 94 655 160 150
Copper, total 1040 845 1300 1110 1280 980 140 140
Cadmium, total 2.0 ‘1.0 1.0 2.1 1.0 3.4 4.2 5.3
5/16 + 7/31/77
CcoD 379,000 217,000 214,000 93,300 91,600 92,800 84,000 87,500
Total Kjeldahl Nitrogen 5490 3380 4730 2720 3680 2010 1800 647
Phosphate, Ortho (as PO:z) 108 108 131 113 107 114 153 178
Lead 4 1200 210 775 6650 11,700 13,200 10,000 8650
Zinc 84 141 211 568 846 970 1015 996
Chromium 110 170 235 351 285 345 245 260
Copper 3460 29 480 530 270 180 175 160
Cadmium 0.99 0.99 1.38 2.09 2.07 3.08 2,97 4.06
8/1 + 9/23/77
CoD 98,100 21,800 106,500 88,100 73,500 83,300 74,600 83,600
Total Kjeldahl Nitrogen 119 272 179 200 219 1830 1970 2770
Phosphate, Ortho (as PO=) 47 90 334 99 21 123 165 189
Lead 4 295 445 2200 9050 14,600 15,700 11,400 10,100
Zinc 163 303 582 539 765 1064 1060 1047
Chromium 155 235 265 425 320 360 255 275
Copper 34 26 745 560 385 235 175 180
Cadmium 0.69 0.79 1.18 1.99 1.89 3.50 3.85 5.16
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TABLE E-4.

CHEMICAL CONCENTRATIONS BY PARTICLE SIZE
KEYES-OIL AND SCREENS TEST AREA

Parameter (ppm, by weight) and dates

Particle Sizes (u)

2000+~ 850+ 600+ 250+ 106+ 45+

>6370 6370 2000 850 600 250 106 <45
12/13/76 = 1/23/77
CoD 117,000 53,900 55,000 56,000 74,800 102,000 126,000 125,000
Total Kjeldahl Nitrogen 1310 520 710 770 1130 1600 2080 2560
Phosphate, total Ortho (as POZz) 49 T4 31 37 49 18 147 178
Lead, total 4 115 80 315 660 1000 1430 2450 2700
Zinc, total 210 175 195 220 240 340 480 530
Chromium, total 485 460 635 710 685 580 160 145
Copper, total 1380 940 1030 1080 990 780 84 83
Cadmium, total 1.0 <1.0 2.0 1.0 2.0 2.0 2.2 2.8
1/24 + 3/20/77
COD 96,400 57,500 49,000 41,800 70,100 82,200 125,000 168,000
Total Kjeldahl Nitrogen 564 540 640 590 920 1440 2315 1450
Phosphate, total Ortho (as POZ) 22 25 43 31 61 80 159 215
Lead, total 4 120 100 520 1060 1230 1720 2310 3120
Zinc, total 205 165 205 195 265 345 390 595
Chromium, total 310 480 565 605 635 535 130 165
Copper, total 1270 930 1100 860 840 800 68 115
Cadmium, total 2.0 1.0 <1.0 <1.0 2.0 2.1 2.0 2.7
3/21 » 5/15/77
CoD 242,000 36,400 45,200 34,100 53,500 63,600 93,000 174,000
Total Kjeldahl Nitrogen 2890 390 650 540 920 1090 830 2660
Phosphate, total Ortho (as POZ) 129 18 74 43 74 80 129 165
Lead, total 4 770 70 255 920 1250 1750 2520 2430
Zinc, total 235 170 200 310 270 350 385 455
Chromium, total 420 165 680 675 690 665 155 160
Copper, total 1060 1040 1070 995 980 1070 81 83
Cadmium, total 1.0 <1.0 2.0 1.0 2.0 2.8 2.4 2.0
5/16 + 7/31/77
CoD 162,000 72,500 47,500 45,300 38,200 46,200 64,100 76,300
Total Kjeldahl Nitrogen 1550 331 790 771 613 1390 2120 3270
Phosphate, Ortho (as PO%) 57 22 29 15 35 49 80 113
Lead 4 150 110 1380 290 2420 3070 3410 3970
Zinc 74 83 172 100 171 373 540 613
Chromium 250 175 280 235 285 235 220 175
Copper 26 34 99 33 140 94 125 150
Cadmium 0.30 0.79 0.99 0.90 1.38 1.30 2.29 2.67
8/1 + 9/23/77
CODb 119,000 104,000 74,200 43,400 32,700 46,400 61,300 73,400
Total Kjeldahl Nitrogen 1220 402 1300 1067 860 1360 1820 2900
Phosphate, Ortho (as P0z) 50 56 50 45 49 60 92 156
Lead 4 130 120 250 1760 2670 4290 4160 4290
Zinc 99 87 111 185 184 488 655 708
Chromium 120 145 220 265 190 215 250 210
Copper 27 36 33 60 99 115 160 160
Cadmium 0.50 1.19 1.29 1.28 0.79 1.29 2.68 3.46
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Precipitation
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*See Figure C-4 for sampling location.
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0 T T T L) L) 0
10 13 14 15 16 17
Time
Figure F-2. Runoff from Keyes street study area during the rains of
March 23, 1977.
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(in./hr) K-23 K-1 {cu ft/sec)
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0.081 *See Figure C-4 for
sampling location.
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Y T - : T T : " : 0
7 8 9 16 17 18 19 20 21 22

Time

Figure F-3. Runoff from Keyes street study area during the rains of
March 24, 1977.

217



PRECIPITATION FLOW
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| K-1(5/2)]
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*See Figure C-4 for sampling location. - 0.3
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v — v Y v
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Figure F-4. Runoff from Keyes street study area during the rains of
April 30 and May 1, 1977.
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*See Figure C-5 for sampling location.
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Figure F-5. Runoff from Tropicana study area during the rains

of March 13, 1977.
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*See Figure C-5 for sampling location.
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Figure F-6. Runoff from Tropicana study area during the rains
of March 15 and 16, 1977.
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March 23 March 24

Figure F-7. Runoff from Tropicana study area during the rains
of March 23, 1977.
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PRECIPITATION 12 FLOW
{in./hr) Water Samples -7 (cu ft/sec)
lT-l (5/2)' T-2 IT-SI + IT-B I T9 l T-10 |

— Flow*
Precipitation L 6.0
*See Figure C-5 for sampling location.
5.0
038 - - 4.0
0.7 4
0.6 4 - 3.0
0.5 -
0.4 4 2.0
0.3 4
0.2 1 1.0
0.1
0 R e e e ' — — Y
Time 17 18 19 20 21 22 23 (o] 1 6 7 8 9 10 11 12 13 14 1%
S o — >

Ve o v

Aprii 30, 1977 May 1, 1977

Figure F-9. Runoff from Tropicana study area during the rains
of April 30 and May 1, 1977.
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TABLE F-1.

KEYES STUDY AREA WATER SAMPLE DATA FOR
MARCH 15 AND 16, 1977 RUNOFF

Water Flow during Specific

Sample Time Avg. Flow Sample Period ORP Conductance Turbidity

Number Date of Day (cfs) (cu. ft.) pH  (mv) (umhos/cm) (NTU)

3/16 K-3 3/15 17 » 18 2.0*% 7200* 6.6 140 60 77
k-4 3/15 18 » 19 2.8% 10,000%* 6.8 -—--—- 40 78
K-5 3/15 19 + 20 4.5% 16,000% 6.8 ~-—- 40 81
K-6 3/15 20 » 21 3.3*% 12,000%* 6.8 -~— 35 75
K~7 3/15 21 + 22 1.7* 6100%* 6.9 130 30 59
K-8 3/15 22 + 23 1.1% 4000%* 7.0 -— 30 53
K-9 3/15 23+ 0 1.2% 4300% 7.4 —- 35 53
K-10 3/16 0~+1 2.6* 9400%* 7.2 —— 33 36
K-11 3/16 1+2 3.3% 12,000%* 7.3 130 28 28
K-12 3/16 2+3 2.1% 7600% 7.3 ——- 20 39
K-13 3/16 3+ 4 1.4* 5000% 7.2 ——- 20 27
K-14 3/16 4 + 5 0.8*% 3000%* 7.0 -——- 23 24
K-15 3/16 5+ 6 0.7% 2600% 7.1 140 30 22
K-16  3/16 6 + 7 0.5%* 1900%* 7.0 -—- 33 15
K-17 3/16 7+ 8 0.4%* 1400* 7.0 -—- 38 13
K-18 3/16 8 +9 0.3* 1200* 7.0 --—- 38 10

*Interpolated values.

TABLE F-2. KEYES STUDY AREA WATER SAMPLE DATA FOR
MARCH 23, 1977 RUNOFF

Water Flow during Specific

Sample Time Avg. Flow Sample Period ORP Conductance Turbidity

Number Date of Day (cfs) (cu. ft.) pH (mv) (umhos/cm) (NTU)

3/24 k-1 3/23 12 + 13 0.1* 360* 6.3 150 200 94

*Estimated.
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TABLE F-3.

KEYES STUDY AREA WATER SAMPLE DATA FOR

MARCH 24, 1977 RUNOFF

Water Flow during Specific
Sample Time Avg. Flow Sample Period ORP Conductance Turbidity
Number Date of Day (cfs) (cu. ft.) pH  (mv) (ymhos/cm) (NTU)
3/24 R-23 3/24 10 - 11 <0.01%* <36* 6.8 - 220 43
K-24 3/24 11 + 12 0.03* 110%* 6.7 - 80 90
K-25 3/24 12 » 13 0.2* 720%* 7.1 -- 60 72
K-26 3/24 13 + 14 0.1%* 260% 6.9 130 60 88
3/25 k-1 3/24 14 » 15 0.2 570 6.6 —- 50 83
K-2 3/24 15 + 16 0.2 580 6.6 -- 60 120
K-3 3/24 16 - 17 0.2 580 6.7 130 75 100
*Estimated.
TABLE F-4. TROPICANA STUDY AREA WATER SAMPLE DATA FOR
MARCH 13, 1977 RUNOFF
Water Flow during Specific
Sample Time Avg. Flow Sample Period ORP Conductance Turbidity
Number Date of Day (cfs) (cu. ft.) pH (mv) (umhos/cm) (NTU)
3/13 T-1 3/12+ 16 +» 3 0.26 9400 7.5 130 590 17
3/13
T-2 3/13 3+ 4 5.4 19,000 7.1 130 160 69
T-3 3/13 4 11 0.77 19,000 6.8 130 175 51
TABLE F-5. TROPICANA STUDY AREA WATER SAMPLE DATA FOR
MARCH 13 THROUGH 15, 1977 RUNOFF
Water Flow during Specific
Sample Time Avg. Flow Sample Period ORP Conductance Turbidity
Number Date of Day (cfs) (cu. ft.) pH (mv) (umhos/cm) (NTU)
3/15 T~1 3/13 11 + 18 0.24 7000 6.7 140 125 12
T-2 3/13+ 19 + 16 0.18 15,000 7.2 130 220 5.8
3/14
T-3 3/14+ 17 + 8 0.19 11,000 7.5 120 260 5.1
3/15
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TABLE F-6. TROPICANA STUDY AREA WATER SAMPLE DATA FOR
MARCH 15 AND 16, 1977 RUNOFF

Water Flow during Specific

Sample Time Avg. Flow Sample Period ORP  Conductance Turbidity

Number Date of Day (cfs) (cu. ft.) pH  (mv) (umhos/cm) (NTU)

3/16 T-1 3/15 9 + 16 0.3 7600 6.8 130 275 68
T-2 3/15 16 + 17 6.0 22,000 6.7 130 70 67
T-3 3/15 17 » 18 8.3 30,000 6.7 - 60 90
T-4 3/15 18 +~ 19 12 42,000 7.7 —-—= 48 86
T-5 3/15 19 + 20 19 67,000 6.7 130 48 63
T-6 3/15 20 » 21 14 51,000 6.8 -——— 60 38
T-7 3/15 21 +» 22 7.1 25,000 6.8 — 75 29
T-8 3/15 22 + 23 4.5 16,000 6.9 — 70 32
T-9 3/15 23+ O 5.2 19,000 6.8 140 55 25
T-10 3/15 0+1 11 39,000 6.7 -——- 52 31
T-11 3/16 1+2 14 51,000 6.8 -— 75 33
T-12  3/16 2+3 8.9 32,000 6.9 ——- 92 26
T-13  3/16 3+ 04 6.0 21,000 6.7 130 110 21
T-14  3/16 4+ 5 3.5 13,000 7.0 -——- 135 19
T-15 3/16 5+ 6 3.0 11,000 7.0 -—- 145 17
T-16 3/16 6+ 7 2.2 7900 7.0 -——- 140 13
T-17 3/16 7+ 8 1.6 5700 7.1 130 125 41
T-18 3/16 8 +9 1.4 5100 7.0 -~ 128 61
T-19 3/16 9 + 10 0.9 3100 7.1 —- 195 14
T-20 3/16 10 + 11 0.8 3000 7.2 - 210 14
T-21 3/16 11 + 12 0.6 2200 7.2 130 210 13
T-22 3/16 12 + 13 0.5 1800 7.3  ——- 215 12

TABLE F-7. TROPICANA STUDY AREA WATER SAMPLE DATA FOR
MARCH 23, 1977 RUNOFF

Water Flow during Specific

Sample Time Avg. Flow Sample Period ORP Conductance Turbidity

Number Date of Day (cfs) (cu. ft.) pH (mv) (umhos/cm) (NTU)

3/24 T-1 3/23 11 » 12 0.12 430 7.6 0 660 58
T-2 3/23 12 » 13 2.1 7400 6.7 -- 175 30
T-3 3/23 13 » 14 0.7 2400 6.6 - 160 24
T-4 3/23 14 + 15 0.2 810 6.7 120 150 16
T-5 3/23 15 + 16 0.1 350 6.7 100 160 12
T-6 3/23 16 + 17 <0.1 <350 6.9 - 150 12

3/24 T-9 3/23 19 - 20 0.1% 360* 7.2 - 170 4.8
T-10 3/23 20 » 21 2.0%- 7400% 7.0 -- 210 6.2
T-11 3/23 21 » 22 0.7% 2400%* 7.0 80 250 11
T-12 3/23 22+ 23 0.2% 810%* 7.0 —- 250 8.8
T-13 3/23 23+ 0 0.1* 350% 7.0 -—- 260 8.3
T-14 3/24 0+ 1 <0.1 <350*% 7.1 120 260 6.2

* Estimated (flow meter fouled).
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TABLE F-8. TROPICANA STUDY AREA WATER SAMPLE DATA FOR
MARCH 24, 1977 RUNOFF

Water Flow during Specific
Sample Time Avg. Flow Sample Period ORP Conductance Turbidity
Number Date of Day (cfs) (cu. ft.) pH  (mv)  (umhos/ecm)  (NTU)

3/24 T-24 3/24 10 » 11 <0.1 0 7.2 120 220 67
T-25 3/24 11 + 12 0.6 2000 7.0 - 70 65
T-26 3/24 12 + 13 3.9 14,000 7.0 - 50 38
T-27 3/24 13 » 14 1.5 5600 7.0 —-— 60 71
3/25 T-1 3/24 14 + 16 3.4 12,000 6.9 110 60 130
T-2 3/24 16 » 17 1.2 4500 6.9 - 60 67
T-3 3/24 17 + 18 0.7 2400 7.0 - 70 83
T-4 3/24 18 » 19 0.3 1100 7.0 - 80 47
T-5 3/24 19 + 20 0.2 590 7.2 130 90 47
T-6 3/24 20 + 21 0.1 360 7.1 - 90 37
T-7 3/24 21 + 22 <0.1 50 7.2 - 100 43
T-8 3/24 22 » 23 <0.1 0 7.4 - 100 32
T-9 3/24 23 » 0 <0.1 0 7.4 120 110 21
TABLE F-9. TROPICANA STUDY AREA WATER SAMPLE DATA FOR
APRIL 30 AND MAY 1, 1977 RUNOFF
Water Flow during Specific
Sample Time Avg. Flow Sample Period ORP Conductance Turbidity
Number Date of Day (cfs) (cu. ft.) pH (mv) (vmhos/cm) (NTU)
5/2 T-1 4/30 18 + 20* 1.2% 8000 6.1 70 190 65
T-2 4/30 & 5/1 20 * 4% 0.35% 8000 6.6 40 260 68
T-3 5/1 4 + 5% 2.6% 8000 6.1 60 110 64
T-4 5/1 5+ 6% 6.8* 8000 6.0 60 85 49
T-5 5/1 5+ 6% 6.8% 8000 6.2 70 110 28
T-6 5/1 5+ 6% 6.8% 8000 6.3 80 145 31
T-7 5/1 5+ 6% 6.8% 8000 6.1 90 90 23
T-8 5/1 6+ 7 3.9% 8000 6.4 90 110 12
T-9 5/1 7+ 8 0.9* 8000 6.5 110 140 35
T-10 5/1 8 + 14% 0,5% 6000 6.3 110 90 33
5/2 k-1 5/1 4:20 » 5:50 0.18 1200 6.2 100 100 15
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TABLE F-10. 1IN SITU DISSOLVED OXYGEN AND TEMPERATURE RUNOFF MEASUREMENTS

Keyes Street Study Area

Date: 3/15 3/16 3/16 3/23 3/24
Time: 1435 917 1115 1117 1515
DO* (mg/L): 9.4 — 6.5 7.4 9.9
Temp. (°C): 15 16 15 16 15

Tropicana Study Area

Date: 3/12 3/12 3/13 3/15 3/16 3/23 3/24
Time: 1120 1130 1045 1500 1214 1300 1515
DO* (mg/L): 2.8 5.4 6.9 7.5 +8.2 7.4 7.5 8.6
Temp. (°C): 16.5 - 15 15 14 16.5 15

*Dissolved Oxygen.
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TABLE F-15. TROPICANA STUDY AREA SOLIDS AS A FUNCTION OF TIME FOR

MARCH 15 AND 16, 1977 RUNOFF

Flow in
Time Elapsed Total
Sample of Elapsed Time Parameter Total Dissolved Suspended Specific
Numbers Samples Time (cu.ft.) Unit Solids Solids Solids Conductance
1,2 9+ 17 8 hrs 29,290 |Concentration® 314 180 134 275 + 70 = 173
(3/15) 2
1b 573 328 245 -
1b/hr 19.5 11.2 8.3 -
mg/kg? - 573,000 427,000 -
Spec. cond./TDS® - 0.96 - -
3,4 17 + 19 2 hrs 72,040 Concentration® 281 35 246 54
(3/15) 1b 1260 157 1104 -
1b/hr 630 79 552 -
ng/kgP - 125,000 875,000 -
Spec. cond./TDS® - 1.5 -- -
5,6 19 » 21 2 hrs 118,370 Concentration? 172 60 112 54
(3/15) 1b 1268 442 826 -
1b/hr 634 221 413 -
ng/kg? - 349,000 651,000 -
Spec. cond./TDS® - 0.90 — -
7,8 21 + 23 2 hrs 41,700 Concentration® 117 80 37 73
(3/15) N 1b 304 208 96 -
1b/hr 152 104 48 -
mg/kgP - 684,000 316,000 -
Spec. cond./TDS® -- 0.91 — -
9,10 24 » 0 2 hrs 57,620 Concentration® 107 50 57 53
1b 384 179 - -
(3/15) 1b/hr 192 89 103 -
0+1 mg/kgb -— 467,000 533,000 -=
(3/16) Spec. cond./TDS® -- 1.061 - --
11,12 1+3 2 hrs 82,980 Concentration? 126 90 36 84
(3/16) 1b 651 465 186 -
1b/hr 325 232 93 -
mg /kg - 714,000 286,000 -
Spec. cond./TDS® - 0.93 - -
13,14 3+5 2 hrs 34,140 Concentration? 149 130 19 123
(3/16) 1b 317 277 40 -
1b/hr 159 139 20 -
ng/kg? - 872,000 128,000 —
Spec. cond/TDS® - 0.95 - -—
15,16 5+ 7 2 hrs 18,570 Concentration? 177 160 17 143
(3/16) 1b 205 185 20 -—
1b/hr 103 93 10 -
mg/kgP - 904,000 96,000 -
Spec. cond/ TDS® - 0.89 - --
17,18 7+9 2 hrs 10,810 Concentration? 222 120 102 127
(3/16) 1b 150 81 69 -
1b/hr 75 40 35 -
ng/kgP - 541,000 459,000 -
Spec. cond/TDS® - 1.06 - --
19,20 9 + 11 2 hrs 6120 Concentration? 245 230 15 203
(3/16) 1b 93 88 5.7 -
1b/hr 47 44 3 —
mg/kg - 939,000 61,000 -
Spec. cond./TDS® - 0.88 -— -
Flow- 9(3/15) + 26 hrs 471,640 Concentration? 180 83 97 80
weighted 11(3/16) 1b 5210 2410 2800 -
average 1b/hr 200 93 107 -
of above mg/kgP? - 460,000 540,000 -
Spec. cond./TDS® - 0.86 -

4Concentrations in mg/1 or ymhos/cm.
Mg pollutant/kg total suiids.
CSpecial couductance/total dissolved solids.
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TABLE F-20.

TROPICANA STUDY AREA SOLIDS AS A FUNCTION OF TIME FOR

MARCH 23 AND 24, 1977 RUNOFF

Flow in
Time Elapsed Total Volatile Specific
Sample of Elapsed Time Total Dissolved Suspended Suspended Conduct-
Numbers Samples Time (cu.ft.) Parameter Unit Solids Solids Solids Solids ance
1,2 11 - 13 2 hrs 7830 Concentration® 195 140 55 6 418
(3/23) 1b 95 68 27 2.9 -
1b/hr 48 34 14 1.5 -—
ng/kg? -- 720,000 280,000 43,000 -
Spec. cond/TDS® - 3.0 - - -
3,4 13 + 15 2 hrs 3220 Concentration® 200 180 20 15 155
(3/23) 1b 40 36 4.0 3.0 -
1b/hr 20 18 2.0 1.5 -
mg/kg - 900,000 100,000 75,000 -
spec. cond./TDS®  -- 0.86 - - -
5,6 15 + 17 2 hrs 350 Concentration® 282 257 25 7 155
(3/23) 1b 6.1 5.6 0.55 0.15 -
1b/hr 3.1 2.8 0.28 0.08 -
ng/kg? - 910,000 90,000 25,000 -
Spec. cond/TDS® - 0.60 - - -
9,10 19 » 21 2 hrs 0 Concentration® 338 303 35 7 190
(3/23) 1b 0 0 0 0 -—
1b/hr 0 0 0 0 -
mg/kg - 900,000 100,000 21,000 -
Spec. cond./TDS® - 0.63 - - -
11,12 21 + 23 2 hrs 590 Concentration 2 448 183 265 50 250
(3/23) 1b 16 6.7 9.7 1.8 -
1b/hr 8 3.4 5.3 0.9 -
mg/kg - 410,000 590,000 110,000 -
Spec. cond./TDS¢ == 1.37 - - -
13,14 23 + 1 2 hr 190 Concentration? 430 230 200 - 260
(3/23 1b 5.1 2.7 2.4 - -
and 1b/hr 2.5 1.4 1.2 - _—
3/24) mg/kg - 530,000 470,000 - -
Spec. cond./TDS® — 1.13 - - —
(Continued)
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TABLE F-20. (CONCLUDED).

Flow in
Elapsed Total
Sample Time of Elapsed Time Total Dissolved Suspended Specific
Numbers Samples Time (cu.ft.)| Parameter Unit Solids Solids Solids Conductance
24,25 10 » 12 2 hr 2010 Centcentration? 331 231 100 220 + 70
(3/24) 2
1b 41 29 13 -
1b/hr 21 14 6.5 --
mg/kgP -- 700,000 300,000 -
Spec. cond./TDS®  -- 0.63 - -
26,27 12 + 14 2 hr 19,490 Concentration? 158 78 80 55
1b 192 95 97 --
1lb/hr 96 48 48 -
ng/kg -- 490,000 510,000 -
Spec. cond./TDS® -- 0.71 - -
1,2 15 » 17 2 hr 16,760 |Concentration? 51 26 25 60
(3/24) 1b 53 27 26 -
1b/hr 27 14 13 -
ng/kg -- 510,000 490,000 -
Spec. cond./TDSc -— 2.31 - -
3,4 17 » 19 2 hrs 3490 |Concentration? 136 116 20 75
1b 30 25 4.3 -
1b/hr 15 13 2.2 -
mg/kg - 850,000 150,000 -=
Spec. cond./TDS®  -- 0.65 - -
Flow 11 - 0 25 hrs 71,700 Concentration® 107 66 41 123
weighted (3/23) 1b 476 292 184 e
average 0+ 19 1b/hr 19 12 7.4 -
of above  (3/24) mg/kg -- 630,000 390,000 -
Spec. cond./TDS¢ - 1.9 - -

4Concentration expressed in mg/l except for specific conductance, which is measured in wmhos/cm.

ng pollutant/kg total solids. cSpecific conductance/total dissolved solids.
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TABLE F-22,

MAJOR PARAMETERS FOR APRIL 30 AND MAY 1, 1977 RUNOFF

Flow iu
Elapsed
Sample Time of Elapsed Time Parameter b
Numbers Samples Time (cu.ft.) Unit BODg CoD KN 0PO, T2 DS ss¢
KEYES STREET STUDY AREA
1 4+ 6 1.5 hrs 1200; mg/1 . _ - 1.7 155 80 75
(approx) not com—| 1b - - - 0.13 11.6 6.0 5.6
(5/1) plete 1b/hr - - -— 0.08 7.7 4.0 3.7
storm mg/kg - - -- 11,000 - 520,000 480,00
(total
>2480)
TROPICANA STUDY AREA
1,2,3 18(4/30)* 10 hrs 24,000 mg/1 56 520 25 17.6 870 330 540
14(5/1)- 1b 84 780 37 26.3 1300 490 810
1b/hr 8.4 78 3.7 2.6 130 49 8.1
mg/kg 64,000 600,000 29,000 20,000 - 380,000 620,000
4,5,6 4+ 5 1 hr 24,000 | mg/l 22 157 12 1.0 158 80 78
(5/1) 1b 33 235 18 .5 236 120 120
1b/hr 33 235 18 1.5 236 120 120
mg/kg 140,000 990,000 76,000 6300 - 510,000 490,000
7,8,9,10 5* 14 9 hrs 30,000 | mg/1 11 127 9 0.8 168 100 68
(5/1) 1b 21 237 17 1.5 314 190 130
1b/hr 2.3 26 1.9 0.2 35 21 14
mg/kg 65,000 760,000 54,000 4800 - 600,000 400,000
Flow- 18(4/30)* 20 hrs 78,000 | mg/1 28 260 15 6.0 380 160
weighted 14(5/1) 1b 138 1,250 72 29 1850 800 1100
average 1b/hr 6.9 63 3.6 1.5 93 40 53
or total mg/kg 74,000 680,000 39,000 16,000 - 420,000 580,000
of above

8Total solids.

bTotal dissolved solids
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APPENDIX G

ALTERNATIVE URBAN RUNOFF CONTROL MEASURES AND THE USE OF DECISION ANALYSIS

The first phase in designing an urban runoff control program is to iden-
tify which pollutants need to be controlled. This must be determined by moni-
toring the receiving water, sediments and beneficial uses directly. This moni-
toring can be supplemented with computer modelling by using locally calibrated
runoff and receiving water models. Few, if any, models are available that
can predict actual biological beneficial use impairments. Therefore, if bio-
logical uses of the receiving water are important, actual biological conditions
must be studied. Hydrology, along with sediment and water column chemical anal-
yses would be necessary to estimate cause and effect relationships. Control
areas having acceptable biological conditions must also be analyzed to help
define goal conditions. Those parameters that exceed these goal conditions
for various sections of the receiving water can then be identified. Seasonal
variations of removal goals needed to obtain acceptable discharge limits should
also be determined, as beneficial uses and receiving water assimilative capac-
ities change with season.

The next phase in an urban runoff control program is to determine the
sources of the problem pollutants in the watershed. Table G-1 summarizes poten-
tial significant sources of various pollutant groups of an urban watershed.
Again, these sources must be verified and quantified through actual field moni-
toring for the identified problem pollutants. Runoff samples, along with neces-
sary dry samples from these and other appropriate source areas, should be
analyzed. Source strengths should be estimated by season for the problem pol-
lutants. The source areas associated with each problem pollutant can be iden-
tified and assigned priorities.

The third phase in developing an urban runoff control program is to determine
what control measures can be used in the identified "problem" source areas.
Table G-2 summarizes those control measures that are most suitable for control-
ling pollutants from various source areas. These control measures have been
examined in many 208 studies. The effectiveness of the various control measures
in the different source areas must also be determined by local studies. Some
literature information, including the street cleaning results presented in this
report, can be used to make a preliminary control design that can be modified
with local experience. The following discussion summarizes available literature
information pertaining to various erosion control and runoff treatment methods.
Many of the other potential control measures listed on Table G-2 are regulatory
in nature and would be 100 percent effective if complete compliance was possible.

Table G-3 shows the suitability of various control measures for controlling
common urban runoff pollutants. It combines the information Presented on Tables
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G-1 and G-2, and also considers relative source strengths and approximate control
measure effectivenesses. Any one of the control measures shown is highly suitable
for only a few of the pollutant groups, while many of the control measures
can be partially suitable for many of the pollutants. Even if a potential
problem is confined to a single pollutant, a combination of control measures
will most likely be needed.

The most appropriate control measure combination can be selected
knowing potential removals and unit costs for each control measure. As an
example, consider the hypothetical situation presented in Table G-4 for the
Tropicana Study Area. This table presents a selection of possible control
measures and estimated potential total solids removals(ton/year) and associated
unit costs.,. Not considering the other objectives or partial control of the
other pollutants, one would simply start with the least costly control measure
until the desired removal is obtained. If less than 1 ton is all that must
be removed, the 1least expensive erosion control option would be sufficient.
However, if greater quantities must be removed, then a combination of control
measures is needed, as illustrated in Table G-5. The selected mixture of control
measures could vary, depending upon the parameter of concern and the total
control needed .

TABLE G-4. ESTIMATED CONTROL MEASURE COSTS AND USE POTENTIALS FOR
TROPICANA STUDY AREA

Potential Total Solids Unit Cost

Control Measure Removal (ton/year) ($/1b)
Minimal (2 times/month) 3 0.14
Street cleaning*
Minimal (2 times/month) 5 0.14%%
Street cleaning with
parking controls*
Increased (4 times/week) 15 0. 25%%
Street cleaning with
parking controls*
Erosion control 1 0.03%*%
Runoff control 25 1.00

*These three levels of street cleaning use are alternatives; only one can be
selected.




TABLE G-5. CANDIDATE CONTROL MEASURE PRIORITY LISTING
FOR TROPICANA STUDY AREA

Potential Total

Solids Removal Unit Cost Total Annual
Control Measure (tons/year) ($/1b) Cost ($/year)
Erosion Control 1 0.03 60
Minimal street 5 0.14 1400
cleaning (2 times/
month) with park-
ing control
Alternate street 15 0.25 7,500
cleaning program:
increased street
cleaning (4 times/
week) with parking
controls
Runoff Control 25 1.00 50,000

More sophisticated procedures can be used to select the appropriate mix
of control measures that consider a variety of parameters, control objectives
and partial fulfillment of the objectives. The following paragraphs present
very brief descriptions of other potential control measures. One type of decision
analysis procedure is also briefly described in the following discussion.

EROSION CONTROL ALTERNATIVES

Ef fective erosion control practices applied within an urban area can decrease
the particulate and pollutant loadings in urban stormwater runoff. Possible areas
for erosion control include vacant lots, construction sites, and other denuded
soil areas. Bare soils erode during rains and the runoff carries solids and
particulates into the receiving waters. Vegetative and structural controls
are the two types of controls generally used.

When rain energy is transferred to the soil, it brings about soil particle
detachment. These particles are then transported by surface runoff. Vegetation
protects soil from the initial impact of falling raindrops and further runoff.
Vegetation also retards wind erosiomn.

If seasonal or other short—-term adverse soil conditions exist, soil erosion
may be reduced through the use of temporary soil binders. Certain mulches,
generally applied at time of seeding, may provide temporary soil stabilization
until the vegetation can become established. Wood chips and chemical soil binders
are generally preferred because they are readily available and easily applied.
Grasses and sod may also provide sufficient protection for denuded soils.
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Wood chips,umdefromtheprocessing of scrap wood in wood-chipping machines,
seem to be the most favorable product for short-term erosion control because
of their low cost and availability. They are long lasting and (because of
their geavy weight) require little or no tacking to stay in place. Approximately
100 yd”/acre may be necessary.

The application of chemical soil binders can also temporarily reduce
erosion. These products are designed to be sprayed and are available from a
number of manufacturers in either liquid or powder form. The chemical spray
penetrates the soil and binds it at or near the surface, pProtecting it from
wind and water erosion. These chemical binders do not necessarily preclude
the growth of vegetation. The stabilizer usually becomes effective from 2 to
8 hours after application; drying time is affected by temperature, humidity,
type of soil, and the specific product. Application requirements range from
2000 to 5000 gal/acre,depending on the dilution ratios required for the specific
soil. This type of erosion control is increasing in demand and decreasing
in cost.

Vegetation provides permanent soil stabilization. In addition to climate,
soil type, and nutrient availabiity, the choice of vegetation depends on the
erodibility of the soils, the Steepness of the slopes, and the desired aesthetics
for the area. Unless young trees or partly mature plants are used, various
planting aids such as mulches, mulching stocks, and fertilizers may be required.

The erosion control benefits of vegetation are caused by the dense root
mats that stabilize the soil. Foliage can also filter sediment in overland
flow. In addition, vegetation increases infiltration of precipitation, reducing
runoff volumes. Hardy strains of grasses and plants have also been developed
for areas containing adverse soil conditions. Robust strains of grasses that
germinate quickly and form thick undermats and uniform surface covers are avail-
able. Growth begins 5 to 7 days after planting, and the soil may be stabilized
within 21 days after planting. Depending on the type of seed, 60 to 300 lb/acre
are required.

Mulches are placed during or after seeding of an area to ensure seed pro-
tection from wind and rain. A mulch is either an organic or an inorganic
material that conserves moisture in the ground, serves as an insulator, dis-
sipates energy from falling rain drops, and reduces erosion caused by overland
sheet flow. Wood chips, hay (or straw), and wood fiber (paper) are the main
organic mulches. Mulching requirements are: 60 to 100 yd”/acre for wood chips;
1 to 2 ton/acre for hay; and 1000 to 1500 1b/acre for wood fiber.

Organic mulches, except wood chips, generally need to be tacked down. When
applied in a spray, added chemicals can tack down the mulch, but they can then
cure more slowly. Crimping and netting are two other methods of tacking. Crimp-
ing, used on straw and hay mulches, requires punching the mulch into the soil.
Netting is used on steep slopes, where crimping is not possible. Jute, plastic,
fiberglass, and paper are used as netting materials. Jute and paper have a
short life span, are biodegradable, and are therefore preferred when promoting
the growth of fast-germinating grasses and plants. Where fiber mulches are not
sufficient, mulch blankets are available for use on swales, ditches, and steep
slopes.
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Hydroseeding is a process that combines the application of all the pre-
viously described materials. The sprayed slurry consists of mulch, soil stab-
ilizers, seed, fertilizer, and water. Costs vary with choice of seed and mulch.

Erosion control, temporary or permanent, may be accomplished through veg-
etative growth and soil stabilizers. Table G-6 summarizes the alternative pro-
cedures and illustrates the comparative costs for the kinds of material designed
to protect the ground surface from erosion. The costs vary widely, depending
upon the area to be covered, the choice of specialized products, and the distance
from the manufacturer. Hydroseeding can range from $850/acre for 1 acre to
$400/acre for 30 acres (Thronson 1973). The least expensive combination appears
to be the one that includes chemical soil stabilizers. Wood chips or the combi-
nation of hay or straw with tacking are reasonable alternatives for many appli-
cations. Straw and hay usually require tacking; the low cost for straw or hay
without tacking is not considered justifiable.

Other combinations of materials are possible. The effectiveness of the
erosion control practice should approach 100 percent if materials are properly
chosen and applied. It is extremely important that specific needs and conditions
are considered when choosing the best erosion control method.

It was estimated, using a modified universal soil loss equation and ap-
propriate South San Francisco Bay Area factors, that the erosion yield to
urban runoff associated with new construction in the San Jose area is about
10 ton/acre/year*. This is low when compared with normal construction site losses
in other parts of the United States (ranging from about 40 to 200 ton/acre/year).
Table G-7 presents the amounts of pollutants that can be controlled by using
various erosion control practices and the unit costs. Some of the least costly
erosion control practices may not be applicable to certain situations, requiring
the more costly alternatives. Most of these costs could be the responsibility
of the builders and not the public.

RUNOFF TREATMENT ALTERNATIVES

The runoff treatment methods discussed here are only a few of the avail-
able technologies for treating combined sewer overflows or stormwater runoff.
The treatment. procedures described have been or are in the process of being
tested for applicability and feasibility. The treatment systems descriptionms,
which are very brief, are only intended to introduce these systems to the reader
and to define the systems as summarized in the tables accompanying this section.
Excellent descriptions of these runoff treatment alternatives can be found in
Lager and Smith (1974) and other literature listed in the bibliography.

In general, the physical units are the simplest to operate. Biological
facilities are vulnerable to variable flow rates and the physical-chemical
systems, although highly effective, are costly.

The following paragraphs describe some of the treatment systems that have
been shown to be effective in removing pollutants found in urban runoff. The
operating principles are briefly described. All the system designs are sub-

*See Metric Conversion Table 0O-1.
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ject to the individual natures of the pollutant loads. The waste loads must
be assessed during the design of a system. Pilot plant studies are recom-
mended.

Swirl Concentration

The swirl concentration process uses a relatively new regulating and con-
centrating device that operates within the sewerage system. The device uses
rotational fluid flow motions to split the storm flow into a low-volume concen-~
trate and a high-volume, relatively clean stream. A channel attached to the
bottom of the unit carries the concentrated settleable solids to an interceptor
during wet~weather flows.

The main advantage of this process is that there are no moving parts, and
and it can be used for the dual purpose of flow regulation and solids concen-
trations. Therefore, maintenance and adjustment requirements are minimal. A
separate chamber, with a gate on the channel to the interceptor, provides fine-
tuning control.

This process promises to give more cost-effective treatment (on a cost-per
unit weight removed basis) than that provided by conventional primary treatment
because the detention time is decreased by 90 percent, even though it is less
effective. The process shows a good potential for control of stormwater runof £
in combined sewerage systems.

Sedimentation

Sedimentation, the simplest system, 1is a physical process that removes
settleable solids by gravity. Removals are good. When combined with slant
tube settlers or separators, the detention times can be decreased while the
solids removal can be increased.

The advantages of sedimentation include these factors:

® The process is familiar to design engineers and operators.

® Facilities can operate automatically.

® Sludge collection equipment, when added to storage facilities,
requires a minimal incremental cost.

e The process provides for storage for at least part of the overflow.

Disinfection can be administered concurrently in the same tank.

The disadvantages of sedimentation include these factors:

e The land requirements are high.

e The cost for this process alone is high.

o The wastewater receives only primary treatment.

® Periodic cleaning of the sedimentation basins is required to
remove the settled material.
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Dissolved Air Flotation

Dissolved air flotation, another physical process, operates by introduc-
ing super-saturated dissolved air into wastewater. As air bubbles are formed
and rise, they attach to suspended solids and cause the solids to float to the
surface, where they are subsequently skimmed. There are two procedures for
introducing the air into the wastewater: (1) dissolved air under pressure is
added, and the pressure is then relieved to allow bubbles to form and rise;
or (2) the waste is saturated with air and a vacuum is applied at the surface,
causing bubbles to form and rise.

Facilities include saturation tanks in which air is dissolved into part
of the flow; a small mixing chamber that recombines the pressurized flow with
nonpressurized flow; and flotation tanks or cells housing scrapers, with or
without screens, for removing the floating solids.

Advantages of the dissolved air flotation process include these factors:

Suspended solids (SS) and BOD removals are moderately good.

The separation rate can be controlled by the rate of air influx.
The inflow loading rate is higher than for sedimentation.

The process is well suited for the high SS concentrations found in
combined sewer overflows.

The system can be automated.

e The process aids in o0il and grease and floatables removal.

Disadvantages of this process include these factors:

e A common disadvantage for all primary sedimentation devices is that
removal of dissolved solids requires chemicals and therefore higher
operating costs than for solids removal alone.

e Operating costs are high relative to other physcial processes.

e Greater operator skill is required.

e Provisions must be made to ensure protection of float from wind
and rain.

Microscreening

Microscreening is a physical process that uses finely woven stainless-
steel fabric screens to remove fine suspended materials. The microscreen is
the only screen that can serve as a main treatment device in treating combined
sewer overflow. The microscreen may be used instead of sedimentation tanks in
conjunction with disinfection, or as a polisher for treatment-plant effluent.
Removal efficiencies are affected by the size of the screen opening and by the
mat formed on the screen by particles unable to pass. The screen must be back-
washed almost continuously by washwater jets. Commercial sodium hypocholoride
is used for washing oil and grease off the units.

The advantages of microscreening are:

o Head losses are relatively small.
e Maintenance costs are low.
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e Screens can have a life of 7 to 10 years.
e Low installation land requirements as compared to many other
systems.

The disadvantages of microscreening are:

e Washwater will not remove o0il and grease without the aid of
detergents.

® Prechlorination or ozonation tends to corrode steel screens,
which reduces screen life.

Filtration

Filtration, a more refined screening process, removes suspended solids by
straining, impingement, settling, and adhesion. A dual-media material commonly
used to remove a wide range of particle sizes consists of anthracite and sand.
Fiberglass media may also be used. The filter must periodically be backwashed
to remove clogging materials.

Advantages of filtration are:

e Removals of SS and BOD are relatively good.

e Non—compressible, discrete particles in stormwater will not clog
filters as much as the compressible solids usually found in san-
itary wastewater; therefore, loading rates are higher.

e Operation is easily automated.

o Land requirements are small.

® The process is versatile enough to act as an effluent polisher.

Disadvantages of filtration are:

e Costs are high.

® Dissolved materials may not be adequately removed unless polyelectro-
lytes are added; this requires the filter to be backwashed more
frequently than when not using polyelectrolytes.

® Storage of backwash water is necessary.

Contact Stabilization

The equipment required for contact stabilization is a contact basin with
return flow and aeration capabilities. The flow is first mixed with returned
activated sludge for about twenty minutes, the sludge than settles in a clari-
fier, and is finally aerated for several hours in a stabilization tank where
organisms use the organic material for growth. Part of the sludge then returns
to the contact chamber where it mixes with new flow.

For biological treatment in general, the biomass used to assimilate organic
material must be kept alive during dry-weather flow or be allowed to develop
for each storm. One solution is to operate the contact-stabilization plant
in conjunction with a dry-weather plant and treat sanitary sewage during dry
periods.
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Advantages of the contact-stabilization process are:

e A high degree of treatment is obtained.

e Location of maintenance personnel and equipment is centralized.

e Loadings on dry-weather plants are reduced by the dual use of
facilities.

The disadvantages of the process are:

e Initial costs are high.

Facilities should be located near a dry-weather plant.

e Varying loads may shock the system. Storage can control the flow
volumes (with added costs and increased land requirements), but it
is difficult to equalize the BOD5 and SS inputs.

Trickling Filters

The trickling-filter process operates biologically rather than physically.

Flow is applied intermittently or continuously over crushed rock, plastic, or

other suitable material. A biological slime, allowed to build up on the media,

metabolizes soluble organic material and adsorbs colloidal organic material.

An upward movement of air, created by a temperature gradient, maintains aerobic

conditions. The filter design is based on both hydraulic and organic loading

conditions. Peak hydraulic loadings may wash established biomass off the media.
A varying organic load may also decrease optimum removals because the utiliza-
tion rate of microorganisms is limited.

The trickling filter has three flow classifications: 1low rate, high rate,
and ultrahigh rate (for plastic media). Each design determines the hydraulic
and organic loading. High-rate facilities are operated in series with recir-
culation. This allows greater removals because of increased contact time.
During wet-weather conditions, filters can work in parallel to relieve the
extra load. Large flow variations will still achieve significant removals of
SS and B0D5.

The advantages of trickling filters are:

e Filters are simple to operate.
o Filters will recover rapidly from high flows.

The disadvantages of the process are:

e A continuous base flow is required to keep the biomass alive,
requiring combined use with a sanitary wastewater treatment facility.
e The percentage removal will decrease when high SS and BOD5 loads
are applied.
o Problems may occur with a diluted flow.

Rotating Biological Contactors

The rotating biological contactor is a cross between a trickling filter
and an activated sludge process. A biomass builds up on rotating discs that
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are supported on a rotating shaft. The shaft rotates the partly submerged
discs to maintain an aerobic environment. Organic matter is adsorbed by the
growthe. Excess biomass may shear off the rotating discs, so secondary clari-
fication should follow to remove discharged flocs. Because biomass has a limited
utilization rate, the organic loading is limited. Reserve biomass, however,
reduces the importance of maintaining a uniform organic loading. Contact time,
effluent settling, and the number of units in series affect removals.

The advantages of rotating biological contactors are:

e Power requirements are low.
® A moderate degree of flow variation will not shock the system.
e There are no fly or odor problems.

The disadvantages of this process are:

® A base flow is required to keep the biomass alive.

e The biological process is not controllable.

e In cold climates the facilities must be enclosed.

e More study is needed to define the system's capabilities for
treating stormwater.

e Storage and equalization of the inflow is usually required.

Oxidation Ponds

Oxidation ponds, also referred to as stabilization ponds or lagoons, are
designed to promote the symbiotic relationship between algae and bacteria. Photo-
synthetic processes of algae provide the oxygen that bacteria use to assimilate
wastes. Removal also depends on the principle of sedimentation. These shallow
earthen basins are generally used in series for greater SS and BOD5 removals.

A number of factors will afffect removal efficiencies: oxygen must be
in sufficient supply; organisms and algae must be removed from the effluent;
the effect of temperature on biological activities must be considered; and suf-
ficient sludge storage is needed to maximize detention times and reduce carry-
over of sludge into the effluent.

The advantages of oxidation ponds are:

e Little maintenance is required.

e Detention times are relatively short for stormwater treatment.
e Operation and maintenance costs are low.

e Ponds have the capability of acting as storage units.

¢ Ponds can act as a polishing lagoon during dry-weather flows.

The disadvantages of this process are:

o Land requirements are high.

e Discharge facilities must include a unit for removing algae from
the effluent.

o The degree of treatment is.difficult to predict.

o There are potential nuisance problems.

e Sludge deposits will reduce treatment capability.
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Aerated Lagoons

The aerated lagoon operates on the same principle as the oxidation pond,
except that mechanical equipment rather than an algae population ensures an
adequate air supply. The system may be designed for either complete mixing
or partial mixing (when enough oxygen is supplied for biological activity).
The ponds are usually set in a series with alternate parallel operation making
it possible to treat large flows. System performance is affected by DO con-
centration, adequate mixing, control of biological solids carry-over, short-
circuiting, and temperature. A detention time of 2 to 4 days should provide
good settling. Although sludge buildup is not generally a problem, additional
units for removing biosolids may be included to ensure good removal for SS and
BOD:-

5

Physical-Chemical Systems

Physical-chemical systems are generally used for tertiary treatment of
wastewaters. These systems typically include separation, filtration, carbon
adsorption, and disinfection. The result is a high-quality effluent.

Chemicals provide for the majority of pollutant removal. The use of lime,
iron, aluminum salt (alum), polyelectrolytes, or combinations of these will re-
sult in flocculation or coagulation of chemical materials in the water.

The principle of filtration has been discussed previously. Its place in
the physical-chemical scheme depends on the type of adsorption unit.

The carbon adsorption unit removes soluble organic matter by either a down-
flow packed-bed or an upflow expanded-bed design. Either granular or powdered
carbon can be used for carbon adsorption.

The feasibility of multiprocess physical-chemical systems will depend mostly
on desired treatment standards and the use of the facilities during dry-weather
conditions.

The advantages of the physical-chemical system are:

e Adaptability for automatic operation, including instantaneous
startup and shutdown.

e Excellent resistance to shock loads.

e Low susceptibility to biological upsets or toxicity.

e Ability to consistently produce a high quality effluent.

The disadvantages of the system are:

o Costs are high.
e Skilled operators are required.

Summary

Table G-8 compares the treatment techniques discussed. The information
is normalized for a 12 million-gal/day (MGD) wet-weather flow treatment plant
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receiving sanitary wastes and urban runoff, which would serve a town with a
population of 100,000 in an area with an annual rainfall of 20 in. No costs
for separation or storage are included. Determinations were made for capital
cost on an annual basis, for annual operation and maintenance costs, and for
percent removals for each technique. The annual cost is based on a 30-year
life at 6 percent interest.

Table G-9 presents estimated unit costs for treating urban runoff charac-
terized by the measurements shown in Section 4 of this report by various run-
off treatment operations and processes. Costs for the optimum (least cost)
storage/ treatment combination are also shown. These costs were determined
by calculating the appropriate storage and treatment costs for various capac-
ity storage and treatment combinations necessary (instantaneous treatment with
no storage to continuous treatment with 12-months storage). When flow equali-
zation (storage) and collection facility costs are excluded, the unit costs
are all significantly less than the unit costs for street cleaning operations.
However when flow equalization costs are included, the unit costs for removal
of a pound of the various pollutants are all much larger than similar costs
for street cleaning operations. If collection facilities are also necessary
(such as collection trunklines), these unit costs would be much greater. The
costs utilized in these calculations include the annual operation and main-
tenance costs, depreciation costs, and interest costs over the expected life
of the project. Estimated average cost and labor effectiveness values are
also shown in this table. The operation and maintenance labor unit effec-
tiveness for these runoff control processes are all about one-half to one-
hundredth of the unit labor requirements for street cleaning operations.

The most effective treatment system appears to be the physical-chemical
system. Choice of the optimum unit must be made on an individual basis. The
choice depends on the specific trade-off between required removal rates and
cost. Procedures for selecting the most appropriate treatment system are dis-
cussed in the following decision analysis section of this report.

Tables G-10 and G-11 present operational and cost information for the San
Jose-Santa Clara Water Pollution Control Plant. Unit costs and unit labor
requirements are also shown. It is assumed that these costs and labor require-
ments would remain approximately the same if the facility began treating com-—
bined urban runoff and sanitary wastewater. These costs are, for the most part,
less than the unit costs for the special treatment facilities without flow
equalization and collection processes. Unfortunately, there are no adequate data
to compare the unit removal costs and labor effectiveness for treating heavy
metals in the runoff systems. It is expected that these unit requirements for
the important heavy metals (Pb, Zn, Cu) would be much greater than requirements
for street cleaning programs.

DECISION ANALYSIS APPROACH TO THE SELECTION OF AN URBAN RUNOFF CONTROL PROGRAM

Decision analysis (Keeney and Raiffa 1976) may be used as an important
guide in selecting an urban runoff control program. Decision analysis is a
systematic procedure that enables one to study the trade-offs among multiple
and usually conflicting program objectives. An alternative procedure is to
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TABLE G-10. SAN JOSE-SANTA CLARA WATER POLLUTION CONTROL PLANT
EFFLUENT CONDITIONS

Influent Effluent
Concentration Concentration
(mg/1, except (mg/1, except Percentage Tons/Year Tons/Year $/1b Man-Hours/1b

Parameter as noted) as noted) Removal Removed Ef fluent Removed Removed
Fl 6 -—— — —_— —— —— p—

ow 89x10

gal/day*

Total solids - 1040 - -— 141,000 - -
Suspended solids 610 26% 93.8% 53,300 3520 0.01 0.003
Settleable solids 24 0.05 99.8 3390 6.8 0.65 0.04
Total dissolved

solids - 1010 - - 137,000 - -
Specific conductance - 1850 umhos/cm - - - - -
Turbidity - 20 JTU - -- - - --
pH - 7.6 pH units -- - - -- -
Alkalinity (as HCO,) 312 233 25 10, 500 31,500 0.21 0.014
Hardness (as CaC04 - 289 - - 39,100 - -
BODg 395 21% 94.2% 46,100 2840 0.05 0.003
TOC - 30 - - 4060 ~= -
0il and grease 73.0 3.1% 96 10,100 419 0.22 0.015
Total phosphate (POA) 42.6 19.2* 55 3180 2600 0.69 0.047
Organic nitrogen 26.8 5.1% 81 2940 690 0.75 0.051
Ammonia (NH3) 28.0 18.8% 33 1250 2540 1.76 0.12
Kjeldahl nitrogen 54.8 23.9% 56 4110 3230 0.52 0.037
Nitrates (N03) 1.5 4.9% - - 663 - -
Nitrites (NO,) 1.3 1.4% - - 189 -— -
Total coliform 108 organisms

bacteria - 100 ml - - - - -
Fecal coliform 8 organisms/

bacteria - 100 ml - ~- - - -
Sulfates (SO“) 105 148 - - 20,000 - -
Chlorides (Cl) - 330 - - 44,600 - -
Silica (SiOZ) 36 31 14 680 4190 3.22 0.22
Sodium (Na) 215 218 - - 29,500 ~-- -
Potassium (K) 18.4 23.8 - - 3220 - -
Calcium (Ca) 59 65 - - 8790 - -
Magnesium (Mg) 37 35 6 300 4690 7.34 0.50
Phenols 195 2.9 99 38,600 390 0.06 0.004
Cyanide (CN) 0.06 0.06 - - 8.1 - -
Fluoride (F) 2.0 1.3 35 95 176 23 1.6
Boron (B) - 0.9 - - 122 - -
Arsenic (As) - 0.0004* - - 0.05 - -
Cadmium (Cd) -- 0.002* - - 0.27 - -
Chromium (Cr) - 0.016% - - 2.2 - -
Copper (Cu) - 0.081%* - - 11.0 -— -
Lead (Pb) - 0.0098* - - 1.3 - -
Mercury (Hg) - 0.0019* - -— 0.26 - -
Nickel (Ni) - 0.038% - - 5.1 - -
Silver (Ag) - 0.002* - - 0.27 - -
Zinc (Zn) - 0.087% - - 11.8 - -

*These values are from routine analyses (several grab samples per month). The remaining values are from only a few
data points (1 to 4) collected during the spring of 1977.
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TABLE G-11. SAN JOSE-SANTA CLARA WATER POLLUTION CONTROL PLANT SUPPORT
REQUIREMENTS (1975-76 data)

Units/10® ga1 Units/32.5 x 107 gal
Parameter Unit Treated (annual requirement)
Total cost $ 135 4e4 x 10°
Labor cost $ 55 1.8 x 106
Electricity kwh 120 3.9 x 10°
Natural gas therms 69 2.2 x 10°
Domestic water gal 3700 120 x 106
Labor man-hrs 9.3 0.3 x 106

separately determine the programs necessary to meet each objective and to use
the least costly program that satisfies all the identified objectives. This is
an acceptable procedure most of the time, but it may not result in the most
cost-effective program. Decision analysis considers the partial fulfillment of
all the objectives. It translates these into their relative worths to the deci-
sion-maker or other interested parties. Although this discussion will not enable
a novice to apply decision analysis procedures, it will introduce the technique
and advantages of the system.

To illustrate the basic elements of decision analysis as it may be used to
select a street cleaning program, consider a community of 100,000 people. The
objectives of such a program might include maximizing air, water, and aesthetic
quality and minimizing the noise and cost of cleaning operations. Unfortunately,
some objectives (such as cost and environmental quality) tend to conflict with
each other. The community must choose the system that makes the best tradeoffs
among the competing objectives. To aid in the selection process, the techniques
of decision analysis are employed.

The first step consists of defining the alternatives and quantitative
measures (attributes) for the objectives. How well each alternative achieves
its objective is measured. In this example, five attributes were chosen to
reflect major considerations indeciding which street cleaning system to select.
These attributes, their units of measurement, and the associated ranges are
shown in Table G-12. To get a better feel for these measures, descriptions
of certain attribute quantities are provided below:

o Aesthetics: <300 pounds total solids/curb-mile; not very
noticeable.

>300 pounds total solids/curb-mile; may be
objectionable.
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Table G-12. DECISION ANALYSIS ATTRIBUTES, MEASURES, AND RANGES

Range of Values
Attribute Description Units of Measurements Best Worst

1. Aesthetics

(residual loading) 1b/curb-mile 68 525
2.  Annual cost $/curb-mile/year 350 3600
3.  Alr quality g /m> 100 200
(particulates)
4, Water quality mg/1 200 1500
(total dissolved solids)
5. Noise Level dBA 65 82
e Cost: $14/curb-mile/cleaned

e Air Quality: Federal primary air quality standard (to pro-
tect pub&ic health) for suspended particulates:
260 ug/m

Federal secondary air quality standard (to pro-
tect pub&ic welfare) for suspended particulates:
150 ug/m”.

e Water quality: U.S. Public Health Service recommended drinking
water limit: 500 mg/l for total dissolved solids

(TDS).
Irrigation and stock watering criteria 5000 mg/1
TDS.

e Noise: 68-78 dB, normally "acceptable."

78-90 dB, normally "unacceptable.”

The second step consists in decribing each alternative in terms of the
attributes defined in step one. The value of each attribute for each of the
alternatives must be determined. The attribute levels may be described either
in terms of probabilistic forecasts, where uncertainties are quantified, or by
point estimates representing the level expected for each attribute. In this
example, five alternative street cleaning techpiques are considered. They consist
of combinations of equipment types and their frequencies of use. The alternatives
are defined in Table G-13. Point estimates for illustrative purposes are used
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TABLE G-13. DEFINITION OF ALTERNATIVES

Al ternative Description
1 Conventional mechanical cleaner, one pass every week
2 Conventional mechanical cleaner, one pass every weekday
3 Vacuumized cleaner, one pass every week
4 Flusher, one pass every week
5 Conventional mechanical cleaner followed by a flusher,

one pass every week

TABLE G-14. ESTIMATED ATTRIBUTE LEVELS FOR EACH ALTERNATIVE*

Attributes
Aesthetics Noise
(1b. total Annual Cost Air Quality Water Level
solids/ ($/curb-mile/ (Mg suspended Quality (dBA/
Alternatives curb-mile) year) particulates/m”) (mg TDS/1) pass)
1 340 700 200 1000 65
2 68 3600 120 200 65
3 470 700 150 1400 70
4 525 350 200 1500 80
5 150 1000 150 400 82

for this example and summarized in Table G-14. Considering the-estimates for
alternatives one and two, it shows that all attributes except cost are better
than equal for alternative two.

The third step consists of quantifying the preference and tradeoffs for
the various attribute levels. The concepts of utility theory provide a con-
sistent scale to quantify how much one gives up when choosing one attribute
over another. First, utility curves are assessed for the individual attri-
butes. These curves quantify the preferences that exist for the total range
of each attribute. They also quantify attitudes toward risk. This is im-
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portant when alternatives yield uncertain consequences. The curves are defined
from a series of questions that determine points on each of the utility curves.
The most preferred point is defined as having a utility value of 1.00 and the
least preferred a utility value of 0.00. The utility assessments establish
where the intermediate points fall on the utility scale. An example of an as-
sessed utility function for a water quality attribute is shown in Figure G-1.
Each of the other attributes can be assessed on a similar curve.

The questions used to define the individual attribute utility curves con-
sist of asking the decision maker to choose one of two possible situations.
One situation is uncertain and describes a 50-50 chance for a successful out-
come of one of the two possible levels of the attribute; the second situation
occurs with certainty and consists of achievinga specified level of the attribute.
The level of the attribute in the second situation is somewhere between the
two equally possible levels of the first situation. The utility assessment
for each point on the curve is determined by the attribute level in the second
situation, where the decision maker is indifferent to the choice of the two
situations. Since, at the point of indifference, each choice is equally accep-
table, the expected utility values of the two situations must be equal, and
a point of the utility curve can be established.

1.00

0.751
Z
o
-
Q
Z
)
W 0.501
>
e
=
[
)

0.25-

0 ! T T T T
1500 1250 1000 750 500 250 0

WATER QUALITY, TDS (mg/l)

Figure G-1. Example utility function for a water quality attribute.
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Considering, for example, a situation with a 50-50 chance of achieving
water quality at either 1500 or 200 mg TDS/1, what level of water quality (if
known with certainty) would be equally preferable to the uncertain situation
above? After a series of trial choices, it was determined that a water quality
level of 650 mg TDS/1 would be indifferent to the uncertain situation. Thus
the utility of a water quality level of 650 mg/1l must equal the expected utility
of the uncertain situation with a 50-50 chance of achieving either 1500 or
200 mg/1l. Since the utility values of 1500 and 200 mg/1l are known to be 0.00
and 1.00 respectively, the expected utility of the first situation can be cal-
culated to be 0.5 (0) + 0.5 (1.00) = O0.5. Therefore, the utility value of
650 mg/1l must equal 0.5. This point is plotted onFigure G-1. Similar questions
were asked to define the other points shown on Figure G-1.

The trade-offs that exist among the attributes are established next. This
is accomplished by first ranking the attributes in order of importance. The
rank order is established by answering the following type of question: "Given
that all attributes are at their worst levels, which attribute would one first
move to its best level?" The question is repeated to determine which attribute
would next be moved to its best level. This process is continued until the
complete rank order of the attributes is established. 1In this example, the
following rank order of the attributes was established:

Water Quality
Annual Cost
Air Quality
Aesthetics
Noise Level

The trade-offs among attributes are addressed next. This is accomplished
by considering the choice between two possible situations for a pair of attri-
butes. Both situations are certain but consist of different levels for the
pair of attributes. The- levels for the pair of attributes are in the form
of "worst, best" compared with "?,worst". The unknown attribute level is estab-
lished after repeated trials until the decision maker is indifferent to the
two situations. Considering the water quality/annual cost attribute pair, the
two situations would be "1500 mg/l, $350" and "?, $3600". In this example,
it is established that if the water quality were 650 mg/l, the second situation
would be indifferent to the first situation. Similar questions were asked for
other pairs of attributes. These results are sumnarized below, using the no-
tation (®) to indicate indifference.

e (Water quality, annual cost) = (1500 mg/1, $350) = (650 mg/1,
$3600)

e (Annual cost, noise level) = (83600, 65 dbA/pass) = ($3000, 82
dB,/pass)

[

e (Annual cost, aesthetics) = ($3600, 68 1b/mile)

(83000, 525
1b/mile)

[}

o (Annyal cost, air quality) = ($3600, 100 ug/m3) = ($1500, 200
)

Hg/m
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The above information concerning the preferences for achieving levels for
the attributes can be used to establish a multiattribute utility function. A
multiattribute utility function is a mathematical expression that summarizes
attribute utility functions and the trade-offs between attributes. The mathe-
matical form of the multiattribute utility function is established by verifying
several reasonable assumptions regarding preferences. To illustrate, an addi-
tive multiattribute utility function is used. It is represented as:

Mo

u(xl,XZ,X3,X4,X5,) = ki vy (Xi) (1)

i=1
where:
x; = the level of the i'® (i-1,5) attributes

ui(xi)= the utility of the jth individual attribute

u = the multiattribute utility
ki = tradeoff constant for ith attribute
and 5
I Ki=1
i=1

The trade-off constants in equation (1), k., are calculated based on the
individual attribute utility functions and indifference points for pairs of
attributes. Although the utility functions actually assessed would normally
be used to illustrate this example, it is assumed that each of the individual
attribute utility functions is linear.

The multiattribute utility values for assessed points of indifference be-
tween pairs of attributes must be equal because they are equally preferable.
Holding all attributes not considered in the pair trade-offs at their worst
level so that their utility value is zero, the k, values (where the subscript
i for each attribute is in accordance with Table G-12) in equation (1) can be
calculated. The ratio between the trade-off constants for any two attributes
(such as kz/k4, the ratio of the cost and water quality trade-off constants)
is therefore equal to the utility value of the attributes that is the denom-
inator for this worst-case comparison.

As an example, the water quality attribute value of 650 mg/l relates to
the worst case cost attribute value of $3600. The corresponding utility value
for this water quality attribute value is 0.65, the ratio between the cost and
water quality trade-off constant (k /k4). The following relationships show
the ratios of the other trade-off values:

k
2
k% (650 mg/1) = 0.65 (2)
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o

Eg = u, ($3000) = 0.23 (3)
k)
K = up ($3000) = 0.23 (4)
k3
K T U2 ($1500) = 0.46 (5)
5
Using equation (2): Ik; = (0.23 + 1.00 + 0.46 + 1.54 + 0.23) k, = 1.00  (6)
i=1
ky, = 0.29 (7)
Therefore:
k; = 0.07 (8)
ks = 0.13 (9
k, = 0.42 (10)
kg = 0.07 (11)

The above trade-off constant values, the individual attribute utility func-
tions, and the original equation completely define the multiattribute utility
function.

The fourth step consists in synthesizing the information. The multiattri-
bute preferences, when combined with the attribute levels associated with each
alternative, allow a ranking of the five alternative street cleaning systems.
The estimated attribute levels for each alternative shown in Table G-14 and the
individual attribute utility functions are used to determine u. (x,) for each
alternative. The individual attribute utility values associated with each alter-
native are summarized in Table G-15.

The information given in Table G-15 is then substituted into equation
(1) to define the multiattribute utility associated with each alternative.
These utility values provide the basis for determining the rank order of
the alternatives and the degree to which one alternative is preferred over
another. The utility values associated with each alternative are shown in
Table G-16.

The most preferred alternative is that with the highest utility value. For
this example, examination of Table G-16 reveals that alternative five (conven-
tional mechanical cleaner followed by a flusher, every five days).is the best
alternative. This is followed closely by alternative two (conventional mechanical
cleaner, one pass every day). The least desirable was alternative four (flusher,
one pass every five days).

267



TABLE G-15. INDIVIDUAL ATTRIBUTE UTILITY VALUES FOR EACH ALTERNATIVE

Attributes
Alternatives Aesthetics Annual Air Water Noise
Cost Quality Quality Level
1 0.40 0.90 0 0.38 1.00
2 1.00 0 0. 80 1.00 1.00
3 0.12 0.90 0.50 0.08 0.71
4 0 1.00 0 0 0.12
5 0.82 0.80 0.50 0.85 0

TABLE G-16. UTILITY OF EACH ALTERNATIVE

Alternative Utility
1 0.52
2 0.66
3 0.42
4 0.30
5 0.72

It should be noted that changes in preferences for the attributes or esti-
mated attribute levels associated with each alternative may alter the order
of preference for the alternatives. The decision analysis methodology sum-
marized here would allow such changes to be rapidly investigated by a sensi-
tivity analysis of the rank order of alternatives. For example, if the trade-off
between annual cost and water quality were changed so that the annual cost is
somewhat more important than in the previous tradeoff, alternatives one and
two can become equally preferred, but alternative five is still the most pre-
ferred. New attributes may be added to the analysis if so desired and the
alternatives ranked again.

The decision analysis approach has the flexibility of allowing for variable
levels of analytical depth, depending on the problem requirements. The prelim-
inary level of defining the problem explicitly in terms of attributes often
serves to make the most preferred alternative clear. The next level might con-~
sist of a first-cut assessment and' ranking as described in this example. Utility
functions were assumed to be linear and an additive model was employed. Hand
calculations with such a model are easily performed. The deepest level can
utilize all the analytical information one collects, such as probablistic fore-
casts for each of the alternatives and the preferences of experts over the
range of individual attributes.
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In summary, decision analysis has several important advantages. It is
very explicit in specifying trade-offs, objectives, alternatives, and sensi-
tivity of changes to the results. It is theoretically sound in its treat-
ment of trade-offs and uncertainty. Other methods ignore uncertainty and often
rank attributes in importance without regard to their ranges in the problem.
It canbe implemented flexibly with varying degrees of analytical depth, depending
on the requirements of the problem.
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