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ABSTRACT

Materials which commonly reside on street surfaces have been found to
contribute substantially to urban pollution when washed into receiving
waters by storm runoff. In fact, runoff from street surfaces 1is
similar in many respects to sanitary sewage. Calculations based on a
hypothetical but typical U.S. city indicated that the runoff from the
first hour of a moderate-to-heavy storm would contribute considerably
more pollutional load than would the same city's sanitary sewage during
the same period of time.

This study provides a basis for evaluating the significance of this
source of water pollution relative to other pollution sources and pro-
vides information for communities having a broad range of sizes,
geographical locales, and public works practices. Information was
developed for major land-use areas within the cities (such as residen—
tial, commercial and industrial) . Runoff was analyzed for the following
pollutants: BOD, coD, total and volatile solids, Kjeldahl nitrogen,
nitrates, phosphates, and a range of pesticides and heavy metals.

This report was submitted in fulfillment of Project No. 11034 FUJ,

Contract No. 14-12-921 under the sponsorship of the Water Quality
Office, Environmental Protection Agency.
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Section I

CONCLUSIONS

Under the sponsorship of the Office of Research and Monitoring, U.S.
Environmental Protection Agency, research was conducted to investi-

gate and define the water pollution impact of urban storm water discharge
and to develop alternate approaches suitable for reducing pollution from
this source. At the start of this study, a comprehensive literature
search was conducted to collect existing data regarding the sources,
quantities, and pollutional properties of street surface contaminants

and refuse. It revealed the following:

e a considerable amount of data and information exists
relating to pollutional loads associated with storm
water and combined storm and sewer systems

e the data available on storm water pollutional loads are
not directly relatable to the materials contributed by
street surface contaminants

e information was lacking on relationships between street
surface contaminants, their pollutional characteristics
and the manner in which they are transported during storm
runoff periods.

This study, therefore, focused on three principal areas:

e determining the amounts and types of materials which
commonly collect on street surfaces

e determining the effectiveness of conventional public
works practices in preventing these materials from
polluting receiving waters

e evaluating the significance of this source of water
pollution relative to other sources.

The research led to the following conclusions:

1. Runoff from street surfaces is generally highly contaminated.

In fact, it is similar in many respects to sanitary sewage. Calcula-
tions based on a hypothetical but typical U.S. city indicate that the
runoff from the first hour of a moderate-to-heavy storm (brief peaks



Significant amounts of heavy metals were detected in the contaminant
materials collected from street surfaces; zinc and lead being the most
prevalent, as indicated in the previous table.

Heavy metal compounds have the potential of being highly detrimental to
biological systems, depending upon their specific chemical form. The
samples collected in this study have been analyzed only so far as to
indicate the total quantities of each metal present, not their specific
chemical form. The Office of Research and Monitoring of the U,S.
Environmental Protection Agency intends to develop more definitive
information from the samples collected in this study.

Substantial quantities of organic pesticides and related compounds were
found in the street surface contaminants. On the order of 0.001 1lb/curb
mile total was found for the cities tested, although the data showed con-
siderable variation from site to site. The chlorinated hydrocarbons p, p-DDD
and p,p-DDT were found rather consistently, as were polychlorinated biphenyl
(PCB) compounds (see Table 12 in Section IV). Although these have repeat-
edly been associated with adverse environmental effects in recent contro-
versies, the actual significance of these findings cannot yet be stated

since the environmental consequences of such materisls have not yet been
established with any degree of certainty.

3 The quantity of contaminant material existing at a given test site was
found to depend upon the length of time which had elapsed since the site
was last cleaned; intentionally (by sweeping or flushing) or by rainfall.
The field sampling program focused on collecting materials from street
surfaces at single points in time (i.e., no attempts were made to repeated-
ly sample a given site to develop information on how contaminants accumulate
with time). However, information was collected for each site to define

the elapsed time since the last substantial rain storm and/or cleaning.

Computer analyses of such data revealed correlations between antecedent
cleaning time and loading intensity. 1In general, industrial land-use
areas tend to accumulate contaminants faster than commercial or residen-
tial areas. Accumulation patterns as calculated here are shown in the
figure below (See Appendix I for details).
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4. The quantity of contaminant material existing on street surfaces was
found to vary widely, depending upon a range of factors. However, load-
ing intensities averaged on the order of 1400 1lb/curb mile of street for
the cities tested. The total solid loading intensities for the various

land-use areas tested are tabulated below,

N
LAND USE UME%ICAL WE&%XEED
(1b/curb mi)
Residential 1, 200
low/o0ld/single 850
low/0old/multi 890
med/new/single 430
med/old/single 1, 200
med/old/multi 1,400
Industrial 2,800
light 2,600
medium 890
heavy 3,500
Commercial 290
central
business district 290
shopping center 290
Overall 1,400

Source: Table 2



The principal factors affecting the loading intensity at any given

site include the following: surrounding land-use, the elapsed time since
streets were last cleaned (either intentionally or by rainfall), local
traffic volume and character, street surface type and condition, public
works practices, season of the year, etc,.

Contaminant loading intensities were found to vary with respect to
land-use patterns in the surrounding locale. 1In general, industrial
areas have substantially heavier than average loadings. All industrial
test sites (20 of them) taken together have an average loading of some
2800 1b/curb mile; twice the mean for cities on the whole. This is
probably because industrial areas tend to be swept less often and because
generation rates of dust and dirt tend to be high (e.g., "fallout,"
spillage from vehicles, unpaved dirt areas, streets in poor condition,
etc.). Of these, heavy industrial areas showed the heaviest loadings,
medium industrial the lightest. The loadings varied so widely between
individual sites that it would be speculative to state why one type of
industrial area is dirtier than another.

Commercial areas have substantially lighter loading intensities than

the mean for cities on the whole (290 1b/curb mile average vs 1400),

This is probably because they are swept so often; typically several times
weekly, daily in prime areas.

Residential areas were found to have an average loading intensity compa-
rable to the average for all land uses of all cities taken together:

1200 1b/curb mile. Here again, the loadings varied widely from site to
site, and it would be speculative to state why one city is more heavily
loaded than another or why one type of residential neighborhood is cleaner
than another. The data in Table 2 (Section IV) implies, however, that
there is some tendency for newer, more affluent neighborhoods to be
cleaner; possibly because they are better maintained by residents and/or
are further from sources of contamination.

5. Perhaps one of the most important findings of this study is that
such a great portion of the overall pollutional potential is associated
with the fine solids fraction of the street surface contaminants.
Further, these fines account for only a minor portion of the total loading
on street surfaces. As shown in the following table, the very fine,
silt-like material (< 43 mierons) accounts for only 5.9 percent of the
total solids but about one~-fourth of the Oxygen demand and perhaps
one~third to one-half of the algal nutrients. It also accounts for over
one-half of the heavy metals and nearly three-fourths of the total
pesticides, This concentration of pollutants in a small amount of very
fine matter is of particular importance, considering that conventional
street sweeping operations are rather ineffective in removing fines
(sweepers were observed to leave behind 85 percent of the material finer
than 43 microns; 52 percent of the material finer than 246 microns),



FRACTION OF TOTAL CONSTITUENT ASSOCIATED
WITH EACH PARTICLE SIZE RANGE (% by weight)

<43u 43y — 246u > 246y,

TOTAL SOLIDS 5.9 37.5 56.5

BODg 24.3 32.5 43.2

COD 22.7 57.4 19.9

Volatile Solids 25.6 34.0 40.4

Phosphates 56,2 36.0 7.8

Nitrates 31.9 45,1 23.0

Kjeldahl Nitrogen 18.2__~’ﬂ_\/_ﬁ‘_-#?9.8 41.5

Heavy Metals (all) 51.2 48.7
Pesticides (all) 73 27
Polychlorinated Biphenyls 34 66

Source: Table 47, 48 and 49.

6. Chemical Oxygen Demand (COD) tests provide a better basis for
estimating the oxygen demand potential. It was found that due to

the presence of toxic materials in street surface contaminants

seriously interfered with BOD measurements. Such materials (particularly
heavy metals) were found to be present in many samples at levels far

in excess of those known to cause substantial interference.

7. Street surface contaminants are not distributed uniformly across
the streets. The solids loading intensity across a typical street is
given below.

SOLIDS
STREET LOCATION LOADING INTENSITY

(Distance from Curb) (% of Total)
0 - 6 in. 78
6 -12 in, 10
12 ~-40 in. 9
40 -96 in. 1
96 to center line 2

Source: Table 4



Typically, 78 percent of the material was found within 6 in. of the curb;
over 95 percent within the first 40 in. Presumably this is due to trans-
port by traffic (direct impact plus air currents) and because the curb

is a physical barrier, the gutter a protected zone,

The distribution of debris across a street after sweeping results in the
gutter being much cleaner; however, the sweeping operation moves much of
the material out of the gutter and redistributes it on areas which were
somewhat cleaner prior to sweeping. The redistribution is shown below.

T
"
o

Source: Fig, 42

The present design of gutter brooms is such that they tend to redistribute
the dust and dirt fraction (< 2000 4) over the surface of the street, and

indeed are not particularly efficient in moving the dust and dirt fraction
out of the gutter.



8. The rate at which rainfall washes loose particulate matter from
street surfaces depends upon three primary factors: rainfall intensity,
street surface characteristics, and particle size. Computer-assisted
analysis of data from a special series of field éxperiments revealed
that the wash-off phenomenon can be simulated by a simple, exponential
equation:

-krt
NC = No(l - e )

where N is the weight of material of a given particle size washed off

a stree% initially having a loading of N after t minutes of rainfall at
an intensity of r inches per hour. The proportionality constant k (units
of hr/in. min) depends upon street surface characteristics but was found
to be almost independent of particle size (at least within the range of
sizes of particular interest here; i.e., 10 to 1000 microns).

Street surface characteristics were found to have an effect on the con-
taminant loadings observed at a given site. For example, asphalt streets
had loadings about 80 percent heavier than all concrete streets. Streets
paved partially with asphalt and partially with concrete were inter-
mediate (their loadings were about 635 percent heavier than for all
concrete streets). The condition of street pavement is also important.
Streets in fair-to-poor condition had loadings about 2-1/2 times as

high as streets in good-to-excellent condition.

The design of future systems for controlling pollutional effects of
street runoff should take into account the fact that particulate con-
taminants arrive at point of entry to the sewer system in a manner
which is quite regular and predictable on the basis of a few, easily
measured parameters descriptive of the site and the design rainstorm.
Further studies should be conducted to develop design procedures which
can assure that the performance of such pollution control facilities is
consistent with their cost.

9. Current street cleaning practices are essentially for aesthetic
purposes and even under well-operated and highly efficient street
sweeping programs, their efficiency in the removal of the dust and
dirt fraction of street surface contaminants is low. The removal
efficiency of conventional street sweepers was found to be dependent
upon the particle size range of street surface contaminants as follows:
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Section II

RECOMMENDATIONS

OPERATOR TRAINING

® Street cleaning operations are generally focused on controlling those
types of contaminants and debris which are a nuisance from the standpoint
of aesthetics or public safety. The finer matter, shown here to be of
importance as a water pollutant, is seldom pursued. Although conventional
street sweeping equipment is not particularly effective in collecting
fines, with special attention on the part of operators a considerable
amount of the material normally ''missed”’ could be collected.

T+ is recommended that street cleaning equipment operators be trained
not only in how their equipment can best be operated (i.e., vehicle
speed, broom speed, broom position, etc.) but also in what material
needs to be removed and where this is commonly located. Much of the
fine material which normally lays in the gutters could be picked up
if the operators had an appreciation for its importance relative to
water pollution effects.

EFFORT

e This study has shown that the removal effectiveness of the dust and
dirt fraction of street surface contaminants is a function of the effort
expended in street cleaning operations, and to achieve a greater removal
effectiveness requires several times the effort normally expended in
sweeping operations. Effort is measured in equipment min/1000 sq ft

and effort can be increased by operating at a lower speed or sweeping
more often.

It is recommended that increased effort be expended on street cleaning
operations. Operating speeds should not exceed 5 miles per hour unless
operating on high-speed arterials. Additional cleaning cycles should
be scheduled on streets that are the principal vehicular arterials.

DATA COLLECTION

e Acceptable methods of planning and evaluating the efficiency of street
cleaning programs are not available at the present time. The adequacy
and overall economy of street cleaning programs largely depend upon the
effective utilization of currently available street cleaning equipment.
An effective program planning technique requires accounts and detailed

13



reporting on manpower and ecquipment utilization and equipment maintenance
and operating costs,

It is recommended that public works departments maintain accurate and
detailed records of street cleaning operations, including manpower
utilization, equipment utilization, and equipment maintenance. The
American Public Works Association, in their Special Reports No. 36

and No. 37, have created guidelines for developing standard procedures
to be used in collecting and reporting statistics and for measuring
and evaluating equipment performance. The procedures outlined in
these reports should be utilized in providing the necessary Input data
to a cost-effective street cleaning program. :

STREET MAINTENANCE

® Pavement type and condition were both found to have a substantial
effect on the total amount of loose particulate matter found on streets.
All-concrete streets were typically much cleaner than all-asphalt streets;
mixed concrete/asphalt streets were intermediate. Streets in good con-
dition were substantially cleaner than those in fair or poor condition,.
These findings are as one might expect, although the specific reasons
(cause/effect relationships) have not been established, i.e., the

streets could be cleaner because they are easier to sweep or because they
themselves generate less material. Whatever the reason, it appears as
though there are distinct benefits to keeping streets in good condition,

It is recommended that public works departments pay increased attention
to maintaining pavements in good condition. When the material for
paving is being selected, it is recommended that this difference in
asphalt and concrete be taken into consideration, along with the fac-
tors normally included in such decisions.

AUTO PARKING CONTROLS

e The field tests conducted in this study indicate that the bulk of the
material of primary concern (at least from the standpoint of water
pollutional effects) tends to accumulate near the curb. This is particu-~
larly true where on-street parking is heavy., Discussions with public
works personnel revealed that no satisfactory means have been found

for effectively cleaning streets while cars are parked densely along

the curb.

It is recommended that cities give special consideration to ways of
restricting on-street parking on the days that sweepers or flushers
make their regular rounds. An effective approach (employed in Balti-
more) was to pass an ordinance restricting on-street parking, send

14



public works crews out to educate local residents as to their street
cleaning program (a high degree of public support developed, with
neighbors reminding each other of the need to move their cars on
sweeping days), post signs along the streets, and enforce the ordinance
through citations and/or tow-away of vehicles. The program has allowed
the city to achieve substantially better control of all forms of street
contaminants and debris.

EQUIPMENT ADJUSTMENTS

® A survey of equipment parameters (i.e., main broom speed, strike or
patterns, main broom pressure, gutter broom position, etc.) in various
cities showed a wide range of operational characteristics. The
effectiveness of sweeping can be improved by proper adjustments of main
broom, gutter broom, hydraulic systems, dust deflectors, elevator mech-
anisms, hopper operations, etc.

It is recommended that routine maintenance schedules include proper
adjustments to sweeper operating parameters as specified in Manufac-
turer's, Owner's, and Operating Manuals.

GUTTER BROOMS

® Gutter brooms were found to redistribute the dust and dirt frac-
tion (<2000y) over the surface of the street, and in fact were not
particularly efficient in moving the dust and dirt fraction out of
the gutter.

It is recommended that the role of gutter brooms in street cleaning
be further evaluated and research directed towards the development of
new techniques for the efficient cleaning of gutters.

CATCH BASINS

® Controlled field tests conducted on catch basins indicate that they
are relatively ineffective in preventing pollutant materials washed of¢
streets from entering the sewer system. Thus they serve little construc-
tive function, Further, they tend to accumulate large quantities of
organic matter (from a variety of sources) which subsequently decompose
and constitute a threat of massive slug pollution on being flushed out
during storms.

It is recommended that public works departments give serious consid-
eration to how necessary catch basins are in their particular systems.

Where a simple stormwater inlet structure would suffice, it iIs probably
desirable to get rid of the catch basin (either by replacing it or by
filling it 1in).
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An interim response which would be of considerable value in most com-
munities would be to clean out dirty catch basins on a regular basis.
This would be particularly effective if they were cleaned just before
periods of major rainfall.

SEPARATION OF STORM AND SANITARY SEWERS

® Modern sewer design practice has been influenced by the assumption
that storm runoff is quite clean, relative to sanitary sewage. Thus,
separate systems have been provided; one to convey the storm runoff to
direct discharge into receiving waters, the other to convey the sanitary
sewage to a treatment plant before it is discharged. This study along
with other recent information indicates that storm runoff is far from
being "clean" and probably warrants being treated in many instances.

Many older cities in this country were built with combined systems where
storm and sanitary sewage are not kept separdte. There has been some
pressure for several years to encourage cities with combined systems to
separate their sewers (a very extensive operation, from the standpoint of
practicality and economics), The fact that both types of sewage have
been found to be important pollutant sources casts some doubt as to whether
sewer separation is warranted or treatment of all sewage is required,

It is recommended that further consideration be given to the desir-
ability of separating storm and sanitary sewers.

FREEWAY RUNOFF

e This study focused on the contaminant materials which reside on urban
and suburban street surfaces. It intentionally omitted consideration

of freeways, even though these are a common element in most cities and
are surely heavily loaded. They were omitted because they are typically
subject to a somewhat different spectrum of contaminant sources and
because they cannot be cleaned by the same techniques as conventional
surface streets. Also, the techniques for studying them are necessarily
somewhat different.

It is recommended that special studies be conducted to determine the
amount and nature of materials which can wash off of urban freeways
during storms and identify means for controlling this source of water
pollutants. It would be Important to conduct this study on well-defined
test areas having exclusive existing drainage systems. Since traffic
characteristics and aerial transport of fine solids both have a pro-
nounced effect on contaminant loadings, it is imperative that these be
studied concurrently with the freeway surface itself.

VACUUM WANDS

® Recent developments in street maintenance equipment have provided
public works operations with a new type of equipment for collecting
loose leaves and litter via manually guided, truck-mounted, vacuum

"wands." Such devices or modifications thereof may be applicable to
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collecting street surface contaminants from areas normally rendered
inaccessible by parked cars,

It is recommended that special tests be conducted to evaluate the
feasibility (technical, operational, and economic) of vacuum wand
units in collecting street surface contaminants.

SPECIAL CURB SYSTEM

e Field tests conducted in this study indicate conclusively that the
bulk of the material of primary concern is located near the curb. This
area is often swept only sporadically or missed completely. It is clear
that flusher units could be designed to wash materials over to the curb
with a high degree of effectiveness, If the water and contaminants
could then flow along the gutter to a pickup point, a great improvement
could be made in the control of subsequent street runoff. However, with
parked cars present, the flow of water down the gutter is seriously
impaired by curbed tires. Hence, with conventional curb/gutter con-
struction, the potential benefits of specially designed flushing systems
cannot be realized.

It is recommended that research and development be conducted to
explore special curb/gutter configurations which would allow free flow
of water and flushed debris to a pickup point, even in the presence of
barked cars. Other aspects of this study would be to develop special
mobile flushers (probably evolutionary extensions of the low volume/
high velocity units developed by the U.S. Naval Radiological Defense
Laboratories for removing radioactive fallout materials from street
surfaces), as well as special equipment and techniques for picking up
the water and contaminants after flushing. ‘

COST EFFECTIVENESS

® A cost-effectiveness program for street cleaning operations was
presented in this study which would assist public works directors in
evaluating the efficiency of street cleaning operations. However,
insufficient information was obtained during this study to adequately
prooftest the proposed model program.

It is recommended that a full-scale test program be conducted, in
cooperation with a municipal public works department, to examine the
overall effectiveness of street cleaning operations and the feasibility
of a cost-effectiveness model that could be utilized by municipalities
to upgrade current street cleaning practices. The full-scale test
program should include the evaluation of newly developed street clean-
ing equipment such as vacuumized sweepers, and broom sweepers, and

the general feasibility of adopting special public works practices
involving the use of special flushing units, modified gutter and inlet
designs, catch basins, and extra cleaning cycles for both catch basins
and urban streets.
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SNOW AND ICE

) The sampling program in this study was conducted in several cities -
Seattle, Milwaukee, and Baltimore - that receive considerable amounts
of snow at various times of the year.

It is recognized that considerable quantities of water pollution are
associated with the enormous quantities of snow removed from urban streets
and dumped into nearby bodies of water or onto water supply watersheds.
However, no attempt was made in this study to conduct a sampling program
to measure such pollution.

In addition, large quantities of de-icing agents are applied to urban
streets during winter months for removal of ice and snow. There has been
growing concern over the environmental effects resulting from these
practices.

It is recommended that a study be conducted in several snow-belt cities
located near bodies of water to determine the extent and severity of

this problem. The results of such a study should serve to define possible
requirements for modifying current snow dumping practices and developing
safer means of ultimate snow disposal.
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Section III
INTRODUCTION

BACKGROUND

During the past few years, it has become increasingly obvious that
runoff from storms in urban areas is by no means ''rainwater' in terms of
quality. Rather, storm runoff typically contains substantial quantities
of impurities; so much so that it is a more serious source of pollutants
than municipal sewage in many areas. Numerous studies have been and are
being conducted to help define this problem; to determine the amounts of
pollutant substances involved, their sources, their practical signifi-
cance, and possible means of control,

Urban runoff can contribute to a variety of problems, including direct
pollution of receiving waters, overloading of treatment facilities, and
impairment of sewer and catch basin functions. These problems are caused
in part by hydraulic overloading, but also by the various pollutants
contained within the runoff,.

Previous studies by the American Public Works Association (Ref. 1) and
AVCO Corporation (Refs. 2 and 3) provide much valuable information on

the total problem of water pollution resulting from urban runoff, They
both point out the shock pollution loads which storm runoff from urban
areas can place on receiving waters. Among the sources of pollution in
urban runoff water are debris and contaminants from streets, contaminants
from open land areas, publicly used chemicals, air-~deposited substances,
ice control chemicals, and dirt and contaminants washed from vehicles,
The APWA report (Ref, 1) suggested various means of reducing the pol-
lution problem created by urban runoff and emphasized the need for more
definitive investigations as to the source, cause, and extent of the pol-
lutants; the interrelationships and significance of the variables; and
the development of standard procedures, methods and/or techniques for
measuring the street surface contaminants, Among the concepts proposed
for limiting storm water pollution was the improvement of street clean-

ing methods and operations,

URS Research Company recently conducted a comprehensive literature search
(see Bibliography) to collect existing data regarding the sources,
quantities, and pollutional properties of street surface contaminants

and refuse, which has revealed the following:

® a considerable amount of data and information exists relating
to pollutional loads associated with storm water and com-
bined storm and sewer systems
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the data available on storm water pollutional loads are not
directly relatable to the materials contributed by street
surface contaminants

information is lacking on relationships between street
surface contaminants, their pollutional characteristics
and the manner in which they are transported during storm
runoff periods.

OBJECTIVES

The broad objectives of this study were to investigate and define the
water pollution impact of urban storm water discharge and to develop
alternate approaches suitable for reducing pollution from this source,
The study focused on three principal areas:

determining the amounts and types of materials which
commonly collect on street surfaces

determining the effectiveness of conventional public
works practices in preventing these materials from
polluting receiving waters

evaluating the significance of this source of water pol-
lution, relative to other sources.

METHOD OF APPROACH

The above objectives were accomplished in nine major tasks, as follows:

Task 1. Develop a planning and control technique for the

entire study (this Section)

Task 2, Establish a project review panel (this Section)

Task 3. Determine the current state of the art related to street

cleaning practices, specifically as they relate to water
pollution control (Section V)

Task 4, Determine the characteristics of street surface contam-

inants and refuse (Section IV)

Task 5. Develop means of determining extent and significance

of pollutional materials not usually captured in
normal sampling techniques (Section IV)

Task 6. Develop standard techniques or procedures which can be

utilized for evaluating the performance of equipment
and street cleaning practices (Section V)
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Task 7, Identify the variables involved, their interrelation-
ships and their relative significance in water pollution
terms under most likely real-world conditions (Sections
IV, V and VI)

Task 8. Determine the feasibility of developing a mathematical
model and, if possible, the degree of sophistication

required (Section V)

Task 9, Prepare a final report.

Brief descriptions of the specific task units conducted to meet the
objectives of each major task are given in Table 1, Figure 1 presents
a systems network showing the interrelationships between the various
task units. The systems network also served as a scheduling tool which
allowed feedback and evaluation as the project proceeded,

PROJECT OVERVIEW AND SCOPE

The study, which required some eighteen months to conduct, involved a
broad range of research techniques, including:

® field measurements and sample collection
® sample analyses

® experimental studies

® literature reviews

e surveys (by questionnaires and interviews).
The major efforts of the study centered around three elements:

® collecting contaminant materials from street surfaces all
over the country

® analyzing those materials to determine their physical,
chemical, and biological properties (insofar as these per-
tain to source identification, evaluating pollutional
potential, and/or possible means of control)

® observing and evaluating various street cleaning practices
in several cities throughout the country.

In this study we have defined street surface contaminants as being
those materials found on street surfaces which are capable of being
washed off during common rain storms, Street surfaces are defined
as being the paved traffic lanes, any parking lanes, and the gutter;

i,e., the area typically bounded by curbs. In urban areas the total
contribution of contaminants comes from a much larger area than just
this "'street surface," For instance, there are surely substantial

contributions from sidewalks, planter strips, yards, driveways,
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parking lots, roofs of buildings, etc. Thus, the quality of the
water entering the storm sewer inlet is only partly a function of the
contaminants washed from the street, per se,

The overall problem of controlling urban runoff pollution is complex
indeed. The general approach involves dividing the overall problem
into discrete segments which can be studied first separately and then
in relationship to each other. This project is but a part of that
overall approach; our "segment'” is the "'street surface.'" As the over-
all problem becomes understood, effective control measures can be

developed and implemented.

The rationale for selecting the '"street surface' as the study area
and excluding various adjacent contributing areas is twofold:

® the street surface receives contaminants from sources
which do not contaminate surrounding areas (particularly
vehicular traffic)

® several of the potential control measures can be applied
to street surfaces but not to surrounding areas (e.g.,
street sweeping).
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Table 1
STUDY TASKS
WATER POLLUTION EFFECTS OF STREET SURFACE CONTAMINANTS
MAJOR TASK
__TASK UNIT OBJECTIVE
1 1.01 Describe the requirements for each major task and specific
task unit comprising this study
1.02 Design a systems network for accomplishing those tasks
1.03 Describe future efforts required to accomplish the
overall mission
2 2,01 Select review panel members
2,02 Conduct 1lst review panel meeting
2,03 Conduct 2nd review panel meeting
2.04 Conduct 3rd review panel meeting
2,05 Conduct 4th review panel meeting
2,06 Prepare project critique
3 3.01 Describe current street cleaning practices including the
descriptions and specifications of equipment
3.02 Determine from available data the performance (effective-
ness and cost) of current street cleaning practices as
these relate to water pollution control
3.03 Conduct field evaluations of current street cleaning
practices to supplement the data found to be available
in task unit 3.02
3.04 Identify and analyze the deficiencies in existing street
cleaning practices as they relate to water pollution
control
4 4,01 Collect existing data regarding the sources, quantities and
pollutional properties of street surfaces contaminants
and refuse
4,02 Identify, on a preliminary basis, those physical, chemical

and biological properties of street surface contaminants
and refuse which are believed to be pertinent to street
cleaning operations, transport of the material by runoff,
and the action of the material as a pollutant
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Table 1 (Continued)

MAJOR TASK
TASK UNIT OBJECTIVE
4,03 Identify requirements for additional or more reliable
information
4,04 Design sampling and analysis program to obtain required data
4.05 Conduct sampling and analysis program
4,06 Determine the manner in which the properties of street
surface contaminants and refuse vary with factors such as
season and land use
5 5.01 Identify materials or objects which are generally excluded
from usual sampling techniques, including those materials
whose undesirable impact is related primarily to factors
such as aesthetics, hazards, or nuisances
6 6.01 Develop a program for establishing perfcrmance criteria for
street cleaning in a given area
6.02 Develop a program for evaluating the performance of street
cleaning equipment and/or practices
6.03 Develop a set of simulants (synthetic street refuse) for
evaluating performance of street cleaning equipment
and/or practices
6.04 Prepare results of task 6 in manual form for use in
evaluating performance of street cleaning equipment
and/or practices
7 7.01 Identify the variables involved, their interrelationships
and their relative significance in water pollution terms
under most likely real world conditions
8 8.01 Develop empirical mathematical relationships to describe
the performance of selected street cleaning methods
8,02 Investigate the feasibility of developing a standardized
methodology for determining least-cost acceptable street
cleaning practice from alternatives using mathematical
modeling techniques
9 9.01 Prepare final report draft
9.02 Review final report draft
9.03 Submit final report
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Section IV
CHARACTERISTICS OF STREET SURFACE CONTAMINANTS

This section deals with answering the basic question, "What are the
characteristics of street surface contaminants in terms of being potential
water pollutants?" This involves the discussion of:

) common sources and constituents
) observed loading intensities

[ transport mechanisms.

COMMON SOURCES AND CONSTITUENTS

In this study we have defined street surface contaminants as being those
materials found on street surfaces which are capable of being washed off
during common rain storms. Street surfaces are defined as being the

paved traffic lanes, any parking lanes, and the gutter; i.e., the area
typically bounded by curbs. Excluded, therefore, are sidewalks, planter
strips, yards, driveways, roofs of buildings, etc. All of these surfaces
contribute both water and contaminants. However, as discussed in

Section III, they have been excluded here because they are not subject

to the same array of sources and because the means of controlling contami-
nants from street surfaces would generally not apply in these other areas.

Street surface contaminants are comprised primarily of particulate matter
but also include non-particulate soluble and suspendable matter which

are capable of being washed off the streets by rainfall (i.e., oils,
salts, saps, etc., are included even though they represent a minor loading
on a mass basis).

The sources of materials found on street surfaces are greatly varied.
However, the bulk of the contaminants commonly found comes from the
sources described in the following paragraphs. Obviously, the material
observed at any given location will be a composite of several sources;
the actual "mix" being a function of such factors as land use, geo-
graphical locale, season, weather, traffic volume and character, local
public works practices, etc.

Pavement

The street surface itself is a source of the materials we have defined

as being contaminants. Included here are asphaltic and Portland cement,
their various products of decomposition, and aggregate materials. 1In
addition, there are typically small amounts of road marking paints, crack
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fillers, and expansion joint compounds. On a weight basis, aggregate
materials account for the largest contribution of contaminants from this
source, Observation of photomicrographs was of particular value here.
The amounts found at any given location vary substantially and cannot be
predicted on the basis of information developed here. Three important
factors have been identified which appear to correliate with observed
generation rates of such materials:

° the age and condition of street surfaces (old, worn,
cracked streets seem to generate more in the way of
contaminants)

e the local climate (cold winters accelerate degradation
through freeze-thaw cycling, +the use of studded tires,
and the use of sand, ash, and chemicals for skid control)

° leaks and spills of fuels and oils which hasten the
degradation of asphaltic pavements.

Motor Vehicles

This source of street surface contaminants contributes a broad range of
materials and in numerous ways. Although the contributions cannot be
quantified, they can be listed by general category:

] leakage of fuel, lubricants, hydraulic fluids, and coolants
° fine particles worn off of tires and clutch and brake linings
° particulate exhaust emissions

[ dirt, rust, and decomposing coatings which drop off of
fender linings and undercarriages

° vehicle components broken by vibration or impact (glass,
plastic, metals, etc.).

The generation rates of these materials have not been determined but
probably correlate with season, geographic locale, and local traffic
conditions.

Their importance as water pollutants varies substantially from material
to material., Fuel, lubricants, and hydraulic fluids degrade asphaltic
pavements, thereby increasing the amount of inorganic solids loadings

on receiving waters. Further, they float, causing films which are un-
sightly and hinder oxygenation. Like many other petrochemicals, they

are damaging to biological forms. The lead, nickel, and zinc compounds
used in their formulation are also harmful but to an undetermined extent.

The purpose of this discussion is not to define the extent to which

motor vehicles contribute to water pollution. That is a complex subject
in itself., Rather, we have listed a number of ways in which they affectt
the amount and nature of the street surface contaminants investigated in

this study.
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Atmospheric "Fallout'

This category has been included to establish a relationship between
street surface contaminants and air pollution. A large fraction of the
particulate matter contributing to the water pollution effects of Street
surface contaminants are of a size fine enough that they could have been
transported by air currents prior to being deposited on the street sur-
face. The extent to which this actually occurs is not known, of course,
for the contaminants as a whole. However, certain contaminants surely
arrived on the street surface following air transport.

Major sources of such materials would be industrial stacks and vents,
construction and excavation projects, agricultural operations, and
exposed vacant land areas. Automotive traffic and heavy commercial air
traffic are also sources of fine airborne particles.

Many such forms of "fallout" are virtually inert and would add only tur-
bidity and suspended solids loadings to receiving waters. Others are
surely reactive and would impose loadings of oxygen demand, algal nutri-
ents, toxic metals, and pesticides.

Vegetation

This source includes leaves and other plant materials (pollen, bark, twigs,
seeds, fruiting bodies, grasses, etc.) which fall onto the street surface,
are blown there by wind, or are dumped or raked there. In any given lo-
cation, the generation rates are clearly a function of season, land use,
local landscaping, and public works practices. However, such materials

are distributed widely; substantial amounts of fragmented vegetative
matter were found in virtually all street surface contaminant samples,
irrespective of season or locale.

These materials are of interest in this study for several reasons. They
contribute to oxygen demand (immediate demand if they are allowed to
accumulate and decompose in catch basins, long-term demand after they
sink to form bottom deposits). Algal nutrients and pesticides are also
generally associated with vegetation.

Runoff From Adjacent Land Areas

A significant amount of both organic and inorganic matter found in street
surface contaminant samples originates in adJjacent land areas and is
transported to the streets by runoff (some also blows there and is tracked
onto the streets by vehicles). The amount and nature of material so
imported varies widely as a function of topography, land use, season,
public works practices, etc. The major sources are, of course, areas
where soil is exposed rather than protected by vegetative cover, paving,
or other means (e.g., vacant lots and fields, unprotected cuts and fills,
ongoing construction and demolition projects).

29



In addition to particulate matter and soil-like material, oils and
greases from parking areas, service stations, and commercial/industrial
operations are transported onto street surfaces by runoff.

Litter

This category of street surface contaminants is notable even though it
is probably not a major source of water pollution in the usual sense of
the term. Included here is the myriad of refuse items which are dis-
carded (intentionally or otherwise) by the public at large. Two major
components of this litter are packaging materials of all sorts (paper,
plastic, metal, glass, etc.) and printed matter (newspapers, magazines,
advertising flyers, etc.). Another source of litter is the intentional
disposal of waste material into the street when nearby occupants sweep
sidewalks and driveways or rake up plant debris and dispose of it in the

street.

As would be expected, litter exists on the street surface intact and in
various degrees of decomposition (photomicrographs of street surface
contaminant samples typically reveal the presence of dust-size fragments
of glass, clearly recognizable as ground-up soft drink and beer bottles).

Litter is of particular importance to this study because of its relation-
ship to conventional street cleaning operations. Most street sweepers
are employed for the primary purpose of cleaning up visible litter and
like-size materials, the intent being to maintain aesthetically pleasing
community streets. Section V of this report discusses the effective-
ness of such operations in controlling the pollutional aspects of street
surface contaminants,

The fact that many components of litter float in receiving waters makes
them a particular nuisance from the standpoint of visual aesthetics (e.g.
styrofoam cups, plastic bags, waxed paper cups, cigarette packages, etc.,
all float well and tend to be concentrated at the surface by eddy currents,
wind, and quiescent water). Because such conditions impair the receiving
water's suitability for certain uses, they are considered here to be a
pollutional effect of street surface contaminants.

Another effect of litter on water pollution is that litter tends to
collect in catch basins where its organic fractions gradually decompose,
causing increased oxygen demand, suspended solids, and turbidity in re-
ceiving waters, once there is sufficient storm flow to flush them out.
Further, litter mechanically interferes with a catch basin's ability to
pass leaves, grass, and fine solids; hence, these also tend to be stored
and to decay, adding to the pollutional shock load on receiving waters.

Organics (food, animal droppings), another source of litter, are generally
present in substantially smaller quantities (on a weight basis) than the
dust and dirt fraction component of street litter and debris. Organics
could affect BOD readings; however, they are generally considered a
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source of nuisance rather than a serious water pollutant. Most of the
fecal coliform bacteria observed in samples of street surface contaminants
are probably associated with bird and animal droppings.

Spills

This category of street surface contaminants is well known but virtually
impossible to describe quantitatively, either in amount or character.

The major source of spills is vehicular transport. The types of materials
vary widely, but include primarily: dirt, sand, gravel, cement, various
bulk commercial and industrial raw materials and products, agricultural
products, and various types of wastes. Although a minor source in most
areas, discharges from backed-up, broken, or overloaded sewers also
contribute contaminants to street surfaces.

Anti-Skid Compounds

These include common salts (NaCl and CaClg) plus a host of specially for-
mulated organic and inorganic compounds which are applied with the intent
of melting ice or inhibiting its formation during cold weather. Included
also are various types of relatively inert materials (e.g., sand and ash)
which are applied to act as sbrasives in reducing skid hazards. The
total amount of anti-skid compounds applied during cold weather in north-
ern communities is considerable. This subject has been covered in detail
in two recent reports (Refs. 4,5) and therefore will be mentioned super-
ficially here and discussed further in Section V,

OBSERVED LOADING INTENSITIES

The major field sampling efforts conducted under this study were directed
toward determining the amount and nature of contaminants actually residing
on street surfaces at the time of sampling. The matter collected corres-
ponds quite closely with that matter which would wash off of a typical
street during a moderate-to~heavy rain of about an hour's duration (the
specifics of the field sampling techniques are presented and discussed

in Appendix A). It is important to note that the values reported herein
are observed loading densities (in weight per unit curb length or weight
per unit street surface area) rather than rates of accumulation, except
where specified. For each sample collected, the data concerning the
elapsed time since prior sweeping and the time since prior substantial
rainfall was recorded. This information, plus a description of each

test area, is given in Appendix B.

At the outset of the study it was recognized that the amount of contami-
nant material residing on the street surface would vary considerably
from place to place and from time to time, depending upon a number of
dominant factors. Much of this study has been devoted to identifying
those factors and establishing their relative importance,
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These dominant factors can be grouped into three major categories:

® time since last cleaning or rainfall
L season of the year

) locale (actually, the activities that go on at the
particular location).

Before getting into the details as to how contaminant loadings vary in
response to these factors, it is important to discuss the issue of genera-
tion rate vs observed loading intensity. Consider a hypothetical area

of street surface which is (for the purposes of discussion) subjected

to a continual and uniform loading of contaminants (uniform with respect
to both time and spatial distribution). If there were no other activities
to disturb the contaminants, the loading intensity would increase linearly
with respect to time, as shown in Fig. 2a.

If the street were cleaned periodically but the cleaning operation were
unable to remove all of the deposit, the curve would be cyclic as shown
in Fig. 2b.
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Fig. 2a. Accumulation of Contaminants - Hypothetical Case
(1inear buildup, no sweeping, no rainfall)
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Fig. 2b. Accumulation of Contaminants = Hypothetical Case
(linear buildup with periodic sweeping but no rainfall)
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In any actual situation it is clear that the plot cannot be linear but
rather would curve over and gradually approach a limit (see Fig. 3a).

If this were not the case, an unswept street would become impassable with
accumulated debris. While the mechanisms of removal cannot be described
quantitatively, they surely include wind, displacement by moving traffic,
and the like. Where periodic cleaning is practiced, the plot looks 1like
Fig. 3b. Note that this represents a case of uniform, continuous load-
ing and a regular cleaning (with the same degree of efficiency each

time and a uniform frequency).
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Fig. 3a. Accumulation of Contaminants - Hypothetical Case
(natural buildup, no sweeping, no rainfall)
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Fig. 3b. Accumulation of Contaminants - Hypothetical Case
(natural buildup with periodic sweeping but no rainfall)

Figure 4 depicts the effect that intermittent rains would give. Large
storms would remove more than sweepers; small storms, less.
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The final task here is to con-
sider how the plot would look
if all of these factors (i.e.,
sweeping efficiency, sweeping
frequency, rainfall frequency,
etc.) were allowed to vary
randomly throughout their
normal range. Its shape would
l j l be very complex indeed, looking
very little like the simplistic
curves of Figures 2b or 3b.
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swept
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T
rain
rain
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The purpose for discussing
this situation is to place into
context the meaning of the
"observed loading intensities"
reported herein. Streets were
sampled to determine their
contaminant loading intensi-
ties. At each sampling location, historical information was obtained as
to when the street had last been swept and when the last rain of consider-
able magnitude (one hour minimum, peaks to one~half in./hr). The thing
to note here is that, while these data are of some value, they are by no
means sufficient to describe the shape of the overall curve. As a matter
of fact, it is impossible to derive the rate of accumulation (the slope
at any point along the rising portion of the curve) on the basis of these
data. However, such was not the intent in this study; that point should
be made clear. What we are interested in is the answer to the question:
"How much material resides on a typical street which is subject to being
washed off by rainfall occurring at a random point in time?" To answer
that, it was necessary to look at streets in every stage representative
of the entire curve; streets which had not been cleaned recently, those
which had just been swept or had just been flushed by rain, etc.

Fig. 4. Accumulation of Contaminants -
Typical Case (natural buildup
with periodic sweeping and
intermittent rainfall)

A limited sub-study was conducted to determine if any consistent trends
could be found to relate the amount of contaminants found on streets

with the elapsed time since the last sweeping or substantial rainfall.
Since areas with widely differing overall characteristics were included

in the study, it was difficult to discern any dominant or repetitive
trends. The efforts involved in this sub-study are reported in Appendix C.

General Observations

Total solids loading intensities were determined by collecting contaminant
materials from street surfaces by a combination of dry sweeping and
flushing with a jet of water. Sample areas of 800 to 1000 sq ft of

street were used (see Appendix A for a complete description of field
procedures and rationale for their selection). The total dry weight

of solids sample divided by the size of the area sampled is reported
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here as the 'loading intensity." Two means of reporting such values have
been adopted:

° the average loading intensity over the entire area
sampled (1b/1000 sq ft)

[ the average loading intensity along the length of the area
sampled (1b/curb mile).

At the outset of the study, it was assumed that the loading intensities
would vary from location to location in response to such factors as
land-use category, season of the year, geographic locale, size of the
city, etc. For this reason, sampling sites were selected to represent

a broad range of all of these factors. In summary , we collected samples
in some ten land-use categories in twelve cities (large and small)
throughout the country. The overall solids loading intensities observed
are reported in Tables 2 and 3., (A summary of data on all observed
pollutant characteristics is presented in Appendix C along with an
analysis of accumulation rates.)

A review of the data reveals that solid loading intensities vary
significantly from city to city and from land use to land use. While it
is presumptive to report a single value representative of such a widely
varying population, the calculated means (weighted over both land uses
and cities) are: 16 1b/1000 sq ft and 1500 1b/curb mile. Obviously,
they should be used only with some caution.

At the outset of the study, it was hoped that trends could be identified
to help relate the amount of street surface contaminants present with
certain local characteristics; in particular, parking, traffic, and
pavement.

The conclusions, after review of all the data collected here, are that
pavement composition and condition have a fairly consistent effect on
the amount of total solids present as street surface contaminants.
Specifically, streets paved entirely with asphalt have loadings about
80 percent heavier than all-concrete streets (streets paved partly with
concrete, partly with asphalt, are about 65 percent heavier than all
concrete). Streets whose pavement condition was rated 'fair-to~poor'
were found to have total solids loading about 2~1/2 times as heavy as
those rated ''good-to-excellent."

The other factors considered: traffic speed, traffic density, and park-
ing density, all surely have an influence, but no consistent trends
could be identified. It is probable that other, more dominant, factors
had greater effects (e.g., land use, season, etc.).

The following paragraphs deal with the factors which influence the loading
intensities observed at any given test site.
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here as the 'loading intensity.' Two means of reporting such values have
been adopted:

° the average loading intensity over the entire area
sampled (1b/1000 sq ft)

® the average loading intensity along the length of the area
sampled (1b/curb mile),

At the outset of the study, it was assumed that the loading intensities
would vary from location to location in response to such factors as
land-use category, season of the year, geographic locale, size of the
city, etc. For this reason, sampling sites were selected to represent

a broad range of all of these factors. In summary, we collected samples
in some ten land-use categories in twelve cities (large and small)
throughout the country. The overall solids loading intensities observed
are reported in Tables 2 and 3. (A summary of data on all observed
pollutant characteristics is presented in Appendix C along with an
analysis of accumulation rates.)

A review of the data reveals that solid loading intensities vary
significantly from city to city and from land use to land use. While it
is presumptive to report a single value representative of such a widely
varying population, the calculated means (weighted over both land uses
and cities) are: 16 1b/1000 sq ft and 1500 1b/curb mile. Obviously,
they should be used only with some caution.

At the outset of the study, it was hoped that trends could be identified
to help relate the amount of street surface contaminants present with
certain local characteristics; in particular, parking, traffic, and
pavement.

The conclusions, after review of all the data collected here, are that
pavement composition and condition have a fairly consistent effect on
the amount of total solids present as street surface contaminants.
Specifically, streets paved entirely with asphalt have loadings about
80 percent heavier than all-concrete streets (streets paved partly with
concrete, partly with asphalt, are about 65 percent heavier than all
concrete). Streets whose pavement condition was rated ''fair-to-poor"
were found to have total solids loading about 2-1/2 times as heavy as
those rated ''good-to-excellent.'

The other factors considered: traffic speed, traffic density, and park-
ing density, all surely have an influence, but no consistent trends
could be identified. It is probable that other, more dominant, factors
had greater effects (e.g., land use, season, etc.).

The following paragraphs deal with the factors which influence the loading
intensities observed at any given test site.
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high aesthetic standards) tends to mask the fact that the accumul ation
rate between sweepings is quite high,

Cities

Another factor expected to affect the amount ang nature of contaminants
(observable at any location) was the particular city. There ig little
doubt that the following factors affect contaminant loadings and that

o geographical locale - a factor with a substantial but
ill-defined effect on climatic conditions (seasonality of
Snow, rainfall, wind, ete.), the community's proximity to
fixed area sources of airborne pParticulatesg (deserts,
blains, tilled fields, etc.), the amount and type of vegetation
(and associated leaf-fall), etc.

refers to the bresence of point sources of airborne bParticulates
from residential, Commercial, institutional, and industrigal

activities (incinerators, power plants, industrial stacks,
construction projects, etc,)

° bublic works practices and controls - g composite of factors
including street cleaning bractices, street maintenance
bractices, snow and ice control bractices, and control over
Such activities ag refuse collection, litter abatement, uge
of studded tires, etc,

e non-specific characteristicsg of the community including land
area, pbopulation, land-use batterns, Population density
and distribution, traffic density and patterns, general over-
all air pollution, and the important factor of bublic attitude

department budget),

While it is Plausible to assume that loadings would vary from city to
city, it had to be established that they do. Figure 6 shows graphically
how these loadings vary , However, the information developed in this
study does not brovide a basis for bredicting their value for g given
city (nor was that the intention of the study). The bPurpose for including
several cities of different types, sizes, and locations was to be sure
that a broad enough range of conditions was represented in the ”sample
population" to assure the reliability and credibility of the research
findings., The eight brincipal citiegs studied were selected on the basis
of differences in their age, size, Beogpraphical locale, land~use
batterns, bopulation and industrial growth batterns, topography, and
types of receiving waters,

40



TOTAL SOLIDS LOADING INTENSITY

I ~-6000

4000
3000
2000

~ 1000

2

‘E

o]

3

iy

= 0

San Jose |
Phoenix |
Phoenix I
Milwaukee
Bucyrus
Baltimore
Atlanta
Tulsa
Seattle

Son Jose i

NOTE: The unusually high value for San Jose II
may be an anomaly caused by an unrepresentative
sample.

Fig, 6, Total Solids Loading on Street Surfaces -
Variations between Cities

41



These were selected for study because of their potential for impairing
receiving water quality and because they are commonly used in characteriz-
ing pollutants from other sources (this obviously facilitates evaluating
the importance of street surface contaminants, relative to other sources

of pollution).

Another important characteristic of street surface contaminants is their
particle size distribution. This is because the size of solids determines
their transport on the street (by wind, water, and traffic effects) and

the ease with which they are removed by various cleaning techniques (sweep-
ers, vacuum sweepers, flushers, even catch basins). Furthermore, parti-
cle size is important in terms of pollutional aspects (i.e., where the
particles end up and what types of effects they will have). In the
following pages information is reported as to the tendency for certain
pollutional aspects to be associated with certain particle size ranges.

Data to support the issues are presented along with the discussion in
most cases, However, for convenience, the bulk of the data for the
study has been reduced and summarized, with pertinent excerpts presented
in Appendix C,

Suspended and Settleable Solids

Microscopic examination has revealed that the bulk of materials, loose
contaminants found on street surfaces, consist of "inert" minerals

of various types (quartz, feldspar, etc.) which reflect components of
street paving compounds and local geology. This inert portion of the
total contaminant loading is similar in size, shape, and composition to
the materials geologists classify as ''sediments' and will henceforth

be referred to simply as sediments.

Sediments entering receiving waters fall into two major categories on
the basis of size; both categories have environmental effects associated
with them. Depending upon local flow patterns and velocities, a portion
of the sediments will be suspended, while the remainder, by virtue of
size and weight, will enter receiving waters by saltation, traction or
decreased transport energy (reduced flow velocity). The mechanisms by
which these materials act as pollutants may be direct, indirect, or
both.

The indirect effects of high sediment loadings on biologic systems can

be very great. Such mechanisms include the physical burial of plants

and animals and changes in the nature of the substrata causing alteration
of fauna and flora. High suspended sediment concentrations reduce water
transparency, inhibiting the transmission of light required for photo-
synthesis. This also interferes with predator/prey hunting relationships.
High sediment loads increase the probability of transporting pesticides,
nutrients, various organic pollutants and many microbiological forms

by acting as a mobile substrate on which they adsorb, absorb, or other-
wise adhere.
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The direct effect of gediments includes actual damage to biological
structures, burial of organisms, and the clogging of respiratory, feed-
ing and digestive organs. High sediment loadings can also contribute

to the possibility of clogging sewer lines, increased solids loadings at
treatment facilities, and the shoaling of waterways.

Table 5 presents data on the particle size distributions of composite
samples from representative cities. The data were determined by summing
values obtained by dry sieving, wet sieving, and sedimentation pipette
analyses. (This is a common method used for determining particle size on
the basis of settling velocity, via Stoke's Law relationships.) Analytical
procedures utilized are described in Appendix E.

The classifications "sand,” "silt," and "clay" have been included here to
help communicate the general properties of street surface contaminants.
These classifications also roughly correspond to the behavior of the
materials in water; that is, sand will generally settle out at low
current velocities, clay will remain suspended, and silt will be inter-
mediate (some will settle, some will not).

It seems likely that the materials in suspension will have a long-range
environmental effect; the coarser materials, a short-range effect (they
will be removed locally by sedimentation). Although the percentages of
suspended material are small compared to the total loading, their actual
weight on a curb-mile basis may be of some significance in increasing
the suspended sediment concentration of the receiving waters. For
example, consider the case of Milwaukee. By estimating the amount of
runoff for a 0.5 in. rain of 1 hour duration over a distance of 1 mile,
the loading per size range data for Milwaukee (from Table &) has been
employed to develop an estimate of the concentration of suspended
material in the runoff. Runoff velocities are assumed to be high enough
to suspend most silt and all clay~size material. The greatly reduced
flow rates that this material will subsequently be exposed to will still
probably be high enough to maintain a state of transport. Complete
suspension will result in an average runoff concentration of around 100
ppm. Several case studies are presented in Section VI to help put the
pollutional potential of street surface contaminants into perspective.

In reality, the initial sediment slug may be many times higher. This
concentration will be diluted substantially by the receiving water
through a factor governed by its volume and initial suspended sediment
concentration. Depending on circumstances, the concentration may be
elevated to levels which could interfere with various organisms.

In the interest of helping orient the reader, we can compare the
information in Table 5 with street sweeper performance data (details
of which are discussed in Section V). The thing to note here is that
given a conventional sweeper operating at maximum efficiency, on the
order of 70 percent of material sand-size and larger can be removed.
Smaller materials are not removed well at all, however. From the
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standpoint of normal public works objectives (i.e., keeping the street ‘rela-
tively free of large aesthetically displeasing debris), conventional sweep-
ers do an effective job. However, from the standpoint of controlling

the fine particulate matter which contributes so heavily to water pollu-
tion, conventional sweeping is relatively ineffective. This is espe-

cially true, of course, when sweepers are poorly operated. Photographs
showing street surface contaminants after dry sieving into particle

size ranges are shown in Fig. 8.

Table 5

PARTICLE SIZE DISTRIBUTION OF SOLIDS
SELECTED CITY COMPOSITES

SIZE

RANGES MILWAUKEE BUCYRUS BALTIMORE ATILANTA TULSA
> 4,800 1 12, 0% - % 17.4% - % - %
2,000-4,800 u 12,1 10.1 4.6 14.8 37.1
840-2,000 u 40,8 7.3 6.0 6.6 9.4
246~-840 1 20,4 20,9 22,3 30.9 16,7
104-246 p 5.5 15.5 20.3 29.5 17.1
43-104 U 1.3 20.3 11.5 10.1 12,0
30-43 U 4.2 13.3 10.1 5.1 3.7
14-30 2,0 7.9 4.4 1.8 3.0
4-14 1.2 4.7 2.6 0.9 0.9
<4y 0.5 - 0.9 0.3 0.1
Sand %,

43-4,800 u 92,1 74.1 82,1 91.9 92,3
Silt %,

4-43 | 7.4 25,9 17.1 7.8 7.6
Clay %,

<4y 0.5 - 0.9 0.3 0.1
Lb Sand/curb mi 2,480 1,020 845 394 300
Lb Silt/curb mi 200 356 176 33.5 30
Lb Clay/curb mi 13.5 - 9.3 1.3 0.3
Note: || = microns,
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246-840 microns (3X)

104-246 microns (3X) 104 microns (3X)

Fig. 8. Street Surface Contaminants After Dry Sieving
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Oxygen Demand

One of the most significant detrimental effects a pollutant can have

on receiving waters is to depress the dissolved oxygen level. Minor
depressions can usually be tolerated by a free flowing, relatively un-
polluted stream without any serious effects, although some shift in the
aquatic ecological balance will result. However, in many situations
where receiving waters are already.subject to the physical and chemical
effects imposed by urban areas, the ambient or "usual case" oxygen resource
is only marginal to begin with. Therefore, substantial loads of oxygen-—
demanding substances often lead to undesirable conditions; perhaps the
most notorious being fish kills, foul odors, unsightly'discoloration,
and slime growths.

In short, then, materials which depress receiving water oxygen resources
are considered pollutants. For the most part, such pollutants are
organic substances which are consumed by the stream biota as food. Con-
current with their consumption, the biota (primarily aerobic bacteria)
"breathe in' oxygen that was initially dissolved in the water. This

has the effect of stabilizing the organic matter (which is a "plus") but
leaves the rest of the aquatic life with less oxygen to fill their needs
(this being the "minus'").

The amount of such organic matter present in polluted water or in a

waste can be measured and is broadly described in terms of "oxygen demand. '
Three indices of such demand or waste strength which are in relatively
common use are BOD, COD, and volatile solids. BOD stands for biochemical
oxygen demand and is a reasonably direct measure of what goes on in the
receiving water (actually the test employs conditions which are quite
similar to what happens in nature, i.e., the waste is "fed" to bacteria
and the oxygen "breathed" during a 5-day test period is measured).

COD stands for chemical oxygen demand, an index which is measured by
reacting the sample at high temperature with strong chemicals (a boiling
mixture of concentrated sulphuric acid and potassium dichromate) to
determine how much oxidizable matter is bresent. The COD test is rapid,
precise, and less subject to certain interferences than the BOD test,

and was therefore indicated here. A third index of waste strength is

the volatile solids test which involves merely "burning" a dried portion
of waste solids at very high temperature (600°C) under controlled con-
ditions. This test is rapid, even simpler and less subject to the fac-
tors which interfere with the BOD or COD tests. It has been included
here for that reason.

Oxygen demand loadings on street surfaces were found to vary over a

very wide range depending upon the city, the land use, time since last
rainfall or sweeping, ete, This, of course, was expected. Loading
intensities varied from a high of over 60 to less than 2 1b/curb mile

for BOD and from 400 to 13 for COD (see Table 6). While the importance
of this is difficult to judge directly, the case studies developed in
Section VI should help put the findings in perspective. 1In summary, they
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indicate that the oxygen demand attributable to street runoff is quite
substantial indeed. This source contributes large quantities of oxygen-
demanding materials in "slugs" which unquestionably causes a short-term
impairment of receiving water quality in perhaps a majority of locations.
These conditions have been substantiated by actual observations (see
Refs. 6 and 7). Perhaps the most notable case would be where the Sandus-—
ky River, loaded with street runoff, has turned a murky black and lost
most of its fish life as it flows past Bucyrus, Ohio.

Table 6
OXYGEN DEMAND LOADING INTENSITIES ON STREETS

SAN JOSE-1 PHOENIX-I MILWAUKEE BUCYRUS BALTIMORE SAN JOSE-II ATLANTA TULSA PHOENIX-II SEATTLE

BOD

(1b/curb mi) 16 6.5 12 2.9 61 53 1.9 14 10 4.8
COoD

(1b/curb mi) 310 30 48 29 20 400 13 30 54 17

Note: Tabulated values are computed average extrapolated from observed loading intensities
in several land-use areas having different antecedent accumulation periods.
For this reason, the values should be used with caution.

It should be noted that while BOD tests were run for many samples collected
from street surfaces, the data should be viewed with some skepticism.

This is primarily due to the fact that the presence of toxic materials

can seriously interfere with measured BOD results. Such materials (par-
ticularly heavy metals) have been found to be present in many samples

at levels far in excess of those known to cause substantial interference.
Note that the interference is in the direction of yielding low results,

so that our measurements should probably all be raised somewhat (by

how much we would not speculate).

The COD test provides a better basis for estimating the oxygen demand
potential, primarily because it is not subject to interference by
toxic materials. COD tests were run on the bulk of the samples colleated.

Oxygen demand values were measured to evaluate the pollution potential

of street runoff but also to reflect suspected differences and trends with
respect to such factors as land use, geographic locale, particle size
range, etc. For the most part, the data are not very informative (i.e.,
differences are notable but rather inconsistent). Numerous cross—checks
were run to verify test data and point up any errors in procedure and/or
computation, but to little avail. Apparently, even though many large
samples were collected in many areas and multiple tests run on each, the
heterogeneous nature of the material collected inherently yields high
deviations.
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This lack of regularity is particularly evident in comparing oxygen de-
mand loading from city to city. Figures 9, 10, and 11 plot the loading
intensities for the same ten tests in terms of three indices of organic
matter (or oxygen demand); e.g., BOD, COD, and volatile solids.

Some trends are apparent where loading intensities are compared on the
basis of land-use category, as shown in Figs. 12 and 13. Specifically,
over the ten city samples included, light industry tends to be heavily
loaded with both BOD and COD and the commercial areas (suburban shopping
centers and central business districts) only lightly loaded. The reason
for this pattern is not understood. However, there is a tendency for
public works departments to concentrate sweeping efforts in commercial
areas. Spillage of loads from trucking operations could account for the
high values in light industrial areas (these are often dominated by
warehousing operations, bulk materials storage, and light manufacturing).
It is of interest to note that, on a total solids basis (organic plus in-
organic solids), heavy industry is far dirtier than light industry (see
Fig. 5 and Table 7). Obviously, the dirt from heavy industry contains far
less organic matter (as would be expected).

Table 7
LOADING INTENSITIES ON STREETS -~ VARIATION BY IAND USE

MEDIUM/ MEDIUM/ CENTRAL SUBURBAN
LOW/OLD/ LOW/OLD/ NEW/ OLD/ LIGHT MEDIUM HEAVY BUSINESS SHOPPING
SINGLE MULTI SINGLE MULTI INDUSTRY INDUSTRY INDUSTRY DISTRICT CENTER

BOD
(1b/curb mi) 8.6 20 5.1 10 39 10 13 2.4 2.5
COoD
(1b/curb mi) 27 23 17 34 190 53 58 8.7 6.0
Total Solids
(1b/curb mi) 1000 LU00 480 1300 2300 900 3900 280 290

As reported later in this section, it was found that rainfall washes
streets fairly clean, removing a substantial fraction of the contaminants.
Following a rain, contaminants build up, increasing with respect to time.
A subject of interest here was to determine the manner in which oxygen
demand loadings build up following a rain. BOD and COD loadings in 1b/
curb mile were first plotted vs time since last rainfall. These increased
rather steadily, as would be expected, Of more interest, however,

are the plots of Fig. 14 which show how the oxygen demand strengths of
unit amounts of solids samples increase with time ﬁ.e., percent by
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weight of total solids, not pounds per curb mile (percent by weight
equivalent to pounds of BOD per 100 1b of total dry solids)]. The trend
is that the oxidizable fraction of the contaminants continually increases;
COD at a greater rate than BOD. Recognizing that the data are limited

and quite scattered, we refrain from speculating on the exact shape of
these curves (other than to say that they probably level out somewhat,
given sufficient time). The conclusion to be drawn here is that the

data support our initial assumption that organic materials (the oxidizable
fraction) tend to accumulate on the streets faster than inorganic materi-
als (otherwise the curves would have a negative slope). This conclusion
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leads back to the issue of the sources of street surface contaminants.
Whatever the sources, it is clear that they must be contributing organic
matter more rapidly than inorganic matter. Another way to say this is
that vehicular inputs, leaves, litter, etc. are dominant over sand

and dust-like material. Further, these data seem to indicate that fixed,
constant sources of material containing both organics and inorganics (the
street surface itself is the prime example) must be insignificant contrib~
utors to the total load since their curve (if considered alone) would
plot as a straight horizontal line on Fig. 14. Note also that there is
no evidence that the pollution strength of the solids decreases with

time of exposure (through weathering) even up through as much as 60 days.

As discussed previously, an important characteristic of street surface
contaminants is their particle size distribution. This is because the
size of solids determines their transport on the street (by wind, water,
and traffic effects) and the ease with which they are removed by various
cleaning techniques (sweepers, vacuum sweepers, flushers, even catch
basins). Furthermore, particle size is important in terms of pollutional
aspects (i.e., where the particles end up and what types of effects they
will have).

Figure 15 shows how the organic matter in street surface contaminants

is distributed between particle size ranges (here, volatile solids is
being used as an indicator of organic matter). Composites representative
of various cities and groups of cities were analyzed. Note that in all
cases the finer sizes tend to contain more organic matter than the coarser
sizes. This is reasonable since organic matter is typically low in
structural strength and can easily be ground into fine particles. Fur-
thermore, since non-particulate organic matter often adheres to the surface
of particles, the finer the particles involved the more organic matter
will adhere (because fine particles have greater unit surface areas than
coarse particles). This association of higher volatile solids with fine
particle size ranges is quite consistent from composite to composite as
shown by the shaded zones for each plot in Fig. 15.

BOD and COD were also analyzed to identify any relationships between
oxygen demand and particle size. The resulting trends (the data are
tabulated in Appendix C) are similar to Fig. 15, although somewhat less
consistent (presumably due to interferences in the chemical interactions
in the analyses).

Differentiation into size ranges is important because it allows compari-
son with the efficiency of street cleaning devices, as determined in
Section V. The size ranges at which sweepers are essentially ineffective
( < 246 microns) are observed to contain 33.9 to 99.5 percent of the

total BOD and COD loading. In other words, the majority of the oxygen
demand observed will run off the street with rainfall.
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Algal Nutrients

An important aspect of water quality is its aesthetic appeal. Any

yisual evidence of pollution therefore limits a water's beneficial uses.
While algal nutrients generally do not in themselves affect the appear-
anece of water, the aquatic growths which they stimulate do by increasing
color, turbidity, abjectionable floating matter, and slimes. The ultimate
effect of nutrient discharges to receiving waters 1is eutrophication.

This is the term used to describe waters in which there is a high level
of phytoplankton activity, the results often being highly turbid, colored
waters having objectionable tastes and odors. When significant amounts
of nutritents are present in the water system, it is virtually impossible
to reverse the process and lower the nutrient level. This is due 1in

part to the fact that plant activity results in the conversion of nutri-
ents into plant matter and proteins, but, upon decomposition, the
nutrients are released back into the water system in a closed cycle.

With phytoplankton activity, the surface layers become supersaturated

in dissolved oxygen during periods of photosynthesis. Then, during
periods of low illumination, the algae consume OXygen. Eutrophied bodies
of water can therefore exhibit marked fluctuations in oxygen content, a
situation which is unfavorable to most aquatic 1ife. DPossibly the most
notorious aspect of eutrophic waters is the occasional occurrence of an
algae "bloom,'' wherein the waters become loaded with tremendous amounts
of algae. Natural byproducts of algae metabolism often include substances
which can produce tastes and odors along with possible toxic substances.
Normally, such substances are too dilute to be of much concern. During

a bloom, however, they become a problem. Further, when the bloom dies
out, large quantities of decomposing algae can exert tremendous oxygen
demand, possibly leading to anaerobic conditions and stratification of
relatively quiescent waters.

Nitrogen and phosphorous compounds are generally'ccnsidered to be the
most important common algal nutrient compounds in receiving waters. In
this study these were measured as total Kjeldahl nitrogen, soluble nitrates,
and total phosphates. Phosphate compounds exist in several chemical forms
in nature. The most available form is orthophosphate (organically bound) ,
while polyphosphate 1is of only minor consideration. Polyphosphates are
comerted with orthophosphates in aqueous environments within several

days (usually within several hours). Therefore, total phosphates is a
valuable measure of phosphorous nutrient impact. Nitrogen also exists

in several forms in nature, but the forms of primary interest in terms

of availability are nitrates and ammonium nitrogen. Again, since the
nitrogen in an aqueous system can be converted in various ways to one

of these two forms, the total nitrogen test is indicative of nitrogen
nutrient availability.
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Limitations on nutrient levels of receiving waters are established to
prevent concentrations from building up which would

o lead to uncontrollable algal activity
® cause harmful physiological effects among consumers

© interfere with certain water treatment systems.

While there is much controversy as to how much nutrient is too much,
the following maximum levels have been recommended by the Committee on
Water Quality Criteria (Ref. 8) to prevent eutrophication:

Phosphates - 0.015 mg/{ (ppm)
Nitrogen - 0.3 mg/Y(ppm)

The U.S. Public Health Service (Ref. 9) recommends the following limit
on nitrogen in surface and drinking waters:

10 mg/f of nitrate nitrogen

It has been found that the consumption of water having nitrate levels
exceeding this limit by infants may lead to a serious blood disease:
methemoglobinemia ('blue babies'). The Committee on Water Quality
Criteria (Ref. 8) points out that difficulties with coagulation in
water treatment plants often result when concentrations of complex
phosphates exceed 0.1 mg/§ . (mg/f = milligrams of substance per liter
of water, on a dry weight basis.)

The eutrophication and methemoglobinemia problems are usually encountered
when pollutants enter the water system constantly (assuming the system

is not quiescent). Shock loadings (as might occur from street runoff)
would be of less consequence in well mixed, free-flowing rivers. In

the case where street runoff enters lakes or swamps, however, nutrients
could accumulate, eventually reaching and Passing recommended levels.

Data on loading intensities of nutrients found on street surfaces are
summarized in Table 8. Percent-by-weight values can be thought of con-
veniently as the "strength” of the dry solids collected from the street
surface. These strength values vary somewhat from one land-use cate-
gory to another, but only over a moderate range. This is evident from
the plots in Fig. 16. These data, based on the analysis of samples from
numerous cities, imply that all street surface contaminants are similar
in composition from site to site (at least from the standpoint of phos-
phates, nitrates and Kjeldahl nitrogen). It would be pure speculation
to extend this conclusion very far, but it is interesting. It was assumed
at the outset of the study that algal nutrients would probably be found
in greatest concentration in residential areas because of the use of
fertilizer in domestic gardening. The data here do not support this
hypothesis.
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Table 8

NUTRIENTS IN STREET SURFACE CONTAMINANTS -
VARIATION WITH LAND-USE CATEGORY

STRENGTH LOADING INTENSITY
(% by weight) (I1b/curb mi) (1b/1,000 sq ft)
Phosphates
Residential 0.113 1,07 12,3
Industrial 0.142 3.43 39.4
Commercial 0.103 0.29 3.41
Kjeldahl Nitrogen
Residential 0.218 2,04 23.8
Industrial 0.163 3.94 67.1
Commercial 0.157 0.45 5.17
Nitrates
Residential 0.0064 0.063 0.70
Industrial 0.0072 0.178 2,00
Commercial 0.0600 0,172 1.96

Note: The term "strength," as used here, refers to the amount of
contaminant contained in the dry solids collected from the
street surface (on a weight basis), i.e., a phosphate value
of 0.1 percent would be equivalent to 1 1b of phosphate per
1,000 1b of sample.

Table 8 reports information on nutrient loading intensities as well as
strength, These values, expressed in terms of both pounds per curb mile
and pounds per 1000 sq ft, vary considerably with respect to land

use. However, the variations are due primarily to differences in total
solids loading intensities. Figure 16 indicates the range over which
values of loading intensity differ.

The distribution of nutrients by particle size is shown in Figs. 17, 18,
and 19. Note that phosphates exhibit a distinct pattern, most being in
the smaller size ranges. The values for total nitrogen vary widely,
exhibiting no definite pattern. Nitrates show a pattern similar to
phosphates but less pronounced. The discrepancy between total nitrogen
and nitrates may be due to the pbresence of other nitrogen species which
were not measured.
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Coliform Bacteria

The presence and quantity of pathogenic bacteria in natural waters are
difficult to determine by routine analytical methods. It has, there-
fore, become common practice to test for other bacteria which are known
to be associated with pathogens. The coliform group of organisms is
widely used for this purpose. These "indicator organisms' are found
naturally in the intestines of warm-blooded animals. Thus, when analysis
of water reveals the presence of these indicators, it is assumed that
contamination by feces has likely occurred. However, coliform organisms
also live naturally in common solids, although the particular type of
coliform is different. This difference can be determined readily through
routine bacteriologic analyses.

Two terms commonly used in describing the bacteriologic quality of water
are "total coliforms” and "fecal coliforms." These terms are actually
descriptive of test procedures rather than classes of organisms, but

are often used to describe both. '"Fecal coliforms" are those types

which are found in warm-blooded animals and do not include soil bacteria.
Their presence has been found to correlate quite consistently with the
presence of various pathogenic organisms. 'Total coliforms," on the other
hand, include both fecal coliforms and common soil bacteria. They are
not, therefore, considered to be as reliable an indicator of pathogenic
bacteria, given a water contaminated by an unknown source.

It is generally assumed that the presence of fecal coliform bacteria

in a water supply signifies contamination by sewage and, therefore, the
possible presence of pathogens. It has been shown (Ref. 10) that swim—
ming in water containing high total coliform counts increases the
probability of contracting paratyphoid, diarrhea-enteritis, minor gastro-
intestinal disturbance, and eye, ear, nose and throat infections.
Drinking from a water supply which has a high total coliform count
obviously increases the likelihood of contracting any of these illnesses.

The Public Health Service has established drinking water standards which
are accepted by many state and local regulatory agencies. The standards
for bacteriological quality are expressed as the maximum permissible
number ot total coliform organisms measured per volume of water sample,
If the supply has less than 2.2 total coliforms/100 ml it is considered
generally acceptable. If greater than 4 per 100 ml, immediate remedial
action is required (Ref. 9).

In this study, both total and fecal coliforms were measured during the
field test series using standard membrane filter techniques almost
immediately after samples were collected. Table 9 summarizes the total
and fecal coliform counts observed on street surfaces, expressing them
by land-use categories.
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Table 9

COLIFORM BACTERIA IN STREET SURFACE CONTAMINANT -
VARIATION WITH LAND-USE CATEGORY

STRENGTH(a) LOADING INTENSITY
(106 org/1b) (106 org/curb mi) (108 org/1,000 sq ft)
Fecal Coliforms
Residential .15.4 6,100 70
Industrial 1.82 2,600 30
Commercial 175 34,000 390
Total Coliforms
Residential 80.8 60, 000 696
Industrial 187 150,000 1,760
Commercial 79.9 116,000 1,300

Note: The term "strength,' as used here, refers to the number of
coliforms observed in street surface samples, related to the
amount of sample collected (on a dry-weight basis). Standard
membrane filter techniques were used throughout for identify-
ing and enumerating coliform organisms, The abbreviation
"org" refers to "number of coliform organisms' observed in
the analysie.

The distribution of coliforms by particle size was not determined
because the heterogeneous character of the material, the necessity of
performing the tests in the field to restrict any growth and reproduc-
tion of the coliforms, and the chance of physically disturbing the
clumps of fecal matter which would change the size distribution.

Comparing the coliform counts obtained from the dry swept samples and

from the flushed liquid sample indicates that the coliforms do not associ-
ate preferentially with either the liquid or the solids. This may imply
that the coliforms are distributed randomly throughout the size ranges.
The cleaning efficiency for the coliforms would therefore closely resemble
the cleaning efficiency of the solid material.

Note that the data for total coliforms are more consistent than those
for fecal (by land use as well as the spread of values found). This may
be because the fecal coliform test is more complex or because fecal
matter tendg to be located in high concentrations in small areas (there-
by reducing sampling reliability). The strengths of the street dirt may
be the most important issue here. The observed strengths vary with

land use for both total and fecal coliform counts. The total counts
show little variation by land use, with the residential and commercial
areas showing the lowest counts. The fecal coliform counts show a wider
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spread, with the industrial being the lowest and commercial the highest.
The loading intensities per unit area or length of curb reflect the
total amount of dirt collected.

It should be noted that these values cannot be used as a basis for
estimating the coliform levels in the receiving waters. In most instances,
coliforms die off rather rapidly in receiving waters (although notable
exceptional cases have been observed where rapid regrowth has occurred).
For this reason, given data for the amounts found on streets, it is un-
wise to speculate at all as to the coliform levels in receiving waters.

Heavy Metals

Heavy metals are of concern because of their high potential toxicity

to various biological forms. Samples collected from street surfaces

in many cities were analyzed for the following metals: =zinc, copper, lead,
nickel, mercury, and chromium (samples were preconcentrated before analyz-
ing for mercury)., Atomic absorption techniques were used, Early in

the sampling program tests were run for arsenic and cadmium but, since
only insignificant amounts were detected, these tests were discontinued.

The samples were composited in various ways and analyzed to reflect
trends of particular interest. Table 10 reports the heavy metals loading
intensities (in pounds per curb mile) found in each of the cities tested.
Figures 20 and 21 show how the heavy metals are distributed between major
land-use categories (considering all cities together). Figure 22 shows
distributions by particle size (for composites prepared from samples
collected in several cities).

The thing to note here is that, from the standpoint of concentration
alone, zinc and lead have the heaviest loadings, chromium and nickel the
lightest. These trends are borne out in all of the cities tested. It
should not be concluded, however, that these metals are necessarily the
worst polluters; they may be, but this cannot be stated at the present
time. The toxic effect of a given metal on an aquatic environment is
dependent upon a number of complex and rather poorly understood factors.
One of the most important factors is the form of the particular metal.
The data reported here are the total amounts of such metals present,
without regard to their chemical/physical states (i.e., their valence,
whether they are tied up into complex inorganic or organic compounds,
etc.). Analyses of such materials should be performed as part of a more
definitive future study. At this time it is possible only to consider
the significance of finding such metals in their most toxic form,
recognizing the dangers inherent in making such speculations. It is
strongly urged that the conclusions drawn below be adequately qualified
if ever quoted out of context.
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Table 10

HEAVY METALS LOADING INTENSITIES (1b/curb mile)

ZINC COPPER LEAD NICKEL MERCURY CHROMIUM

San Jose-1 1.4 .49 1.85 .19 .20 .10
San Jose-II .28 .020 .90 .085 .085 .14
Phoenix-I1I .36 .058 .12 .038 .022 .029
Milwaukee 2.1 .59 1.51 .032 - . 047
Baltimore 1.3 .33 .47 .077 - .45
Atlanta .11 .066 .077 .021 .023 .011,
Tulsa .062 .032 .030 .011 .019 .0033
Seattle .37 .075 .50 .028 .034 .081
Arithmetic

Means .75 .21 .68 .060 .080 .12

Before proceeding to a discussion of the potential significance of each
heavy metal, consider their distribution by land use and particle size.
Figure 20 shows how heavy metals are distributed by major land-use
category. For all metals except mercury, loading intensities (in 1b/curb
mi) are heaviest in industrial areas and lightest in commercial areas,
Before any conclusions are drawn regarding the implications of these
data, it is well to consider Fig. 21 which expresses the distribution in
terms of the "unit strength' of the street surface materials (percent

by weight; i.e., pounds of metals per 100 pounds of dry solids). Here
the distinct trends as to land use disappear. This is probably because
the dominant patterns in total solids loadings overshadow patterns in
concentration levels of metals.

Figures 22 and 23 show the distribution of heavy metals between particle
size ranges. The plots, which are based on data for samples collected

from five cities, show little trend except for lead. There seems to be

a distinct tendency for lead to be associated with fine particles. If it
is assumed that antiknock gasoline additives are the principal source of
lead found on street surfaces, then these results are as would be expected,
since particulate exhaust emissions would be very fine indeed.

The following paragraphs provide specific information on each of the
heavy metals found here.
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ZINC - Most common zinc compounds are not particularly
toxic in low-to-moderate concentrations; nor are they
particularly soluble in water. It is estimated that
people consume on the order of 10 to 15 mg of zinc
daily in their diets (Ref. 11)., From the standpoint
of water supplies, 5 ppm is the USPHS drinking water
limit (Ref. 9) (Concentrations of 25 to 30 ppm have

an objectionable taste and appear milky,) Aquatic
organisms are more sensitive than humans to zinc.
Concentrations as low as 0.1 to 1.0 ppm have been found
lethal to fish and other aquatic animals (Ref. 10).
Copper is reported to have a synergistic effect with
zinc toxicity (i.e., a given concentration of zinc
becomes more toxic to certain species when copper is
present in the solution),

Analysis of street surface contaminant samples
indicates that zinc is present in higher loading
intensities than other heavy metals (see Table 10).
Observed values range from a low of 0,062 1b/curb mile
(Tulsa) to a high of 2.1 (Milwaukee); the mean for all
cities tested was 0,75 1b/curb mile. Zinc was not found
to associate with any particular size range of particles,
Sources of zinc in street surface contaminants have not
been identified specifically; however, substantial
quantities of zinc are used in formulating tire rubber
compounds,

COPPER - In humans and other higher organisms, copper

is not particularly toxic., It does not exhibit cumulative
effects, as do many other heavy metals, USPHS drinking
water standards limit copper to 1.0 ppm (Ref. 9). Recom-
mended limits for irrigation water are 0.1 ppm, 0.05 ppm
for salt water organisms, and only 0.02 ppm for fresh-
water organisms. These values recoghize the fact that
copper is toxic to lower biological forms (indeed,

copper compounds are typically used in low concentrations
to control aquatic weeds and algae).

Loading intensities for copper on street surfaces
loadings of zinc and lead and the light loadings of
chromium and nickel (see Table 10), Observed loadings
range from a low of 0.02 1b/curb mile (San Jose II) to a
high of 0.59 (Milwaukee); the mean for all cities tested
was 0,21 1b/curb mile. Copper was not found to associate
with any particular range of particle sizes., The sources
of the copper in street surface contaminants have not
been identified.
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LEAD -~ The effects of lead on biological forms are also
quite varied. In vertebrate animals, lead is a cumulative
poison which typically concentrates in bone. It is esti-
mated that humans consume on the order of 0,33 mg daily

in their diets. USPHS drinking water standards limit

lead to 0,05 ppm. At somewhat higher concentrations, it
has been reported to be moderately toxic to fish and

other aquatic organisms (Ref, 10),

Loading intensities for lead in street surfaces were

quite high, second only to zinc (Table 10). They ranged
from a low of 0,030 1b/curb mile (Tulsa) to a high of

2,0 (San Jose II); the mean for all cities tested was

0.68 1b/curb mile. Figure 22 reflects the very strong
tendency lead has for being preferentially associated

with small particle size range solids (nearly 90 percent

of the total lead found was with particles smaller than

246 microns, the size of a fine, silty sand). The term
"associated" is used here because it is not known whether
the lead exists in a compound whose particles are this size
or if the lead is somehow adhering to particles of this
size. Probably both situations exist. If the primary
source of lead is gasoline antiknock compounds (a plausible
speculation, but one that should be investigated), then it
is consistent that the bulk of material found would be associ-
ated with very fine particles.

NICKEL - This heavy metal is not considered harmful to man
in normal concentrations; no USPHS 1limit for nickel in
drinking water has been established. It is, however, mod-
erately toxic to aquatic organisms and can be very toxic
to plant life, depending on the chemical form (Refs.
12,13),

Of all the heavy metals tested here, nickel was found
to have the lowest loading intensities, ranging from a low
of 0,011 1b/curb mile (Tulsa) to a high of 0.19 (San

Jose I); the mean for all cities tested was only 0.060
1b/curb mile. Nickel was not found to be concentrated
appreciably in any particular size range of particles.

The sources of nickel in street surface contaminants have
not been identified,

MERCURY -~ In both its free state and in many of its com-
bined forms, mercury can be highly toxic to a broad range
of biological forms. Indeed, this element has recently
been the subject of much controversy, in public as well
as technical circles. Many studies are presently under-
way to develop a better understanding of mercury's role
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in various environmental problems. Thus, a definitive
discussion at this point would probably be of little
long-term value. However, it is probably safe to state
that mercury can be expected to be detrimental to aquatic
ecosystems at concentrations as low as 0.005 ppm,

Mercury was found to have only moderate loading

metals (Table 10), Observed values ranged from a low of
0.019 1b/curb mile (Tulsa) to a high of 0,30 (San Jose 1);
the mean value for all cities tested was ,081 1b/curb
mile. Mercury was not found to associate with any par-
ticular size range of particles. The source of mercury
in street surface contaminants has not been identified.

CHROMIUM - The toxicity of chromium is distinctly dependent
upon its chemical form, The metal form Cr® is extremely
common but virtually inert, whereas the hexavalent ion Cr™t
is extremely toxic. USPHS drinking water standards limit
hexavalent chromium to 0.05 ppm but state no limit for
trivalent forms (Ref. 9). While its physiological effects
are poorly understood, chromium is not known to be a cumu-
lative poison to humans (Ref., 10), Toxic effects on lower
biological forms are variable, Limits of 100 ppm for
fisheries and 5 ppm for irrigation water have been recom-—
mended,

Chromium was mnot found in substantial quantities in

street surface contaminants (only nickel was lower).
Observed loading intensities ranged from 0,0033 1b/curb
mile (Tulsa) to 0.45 (Baltimore), the mean value for all
cities tested being only 0,12 1b/curb mile. These values
were for total chromium (i.e., all chemical forms taken
together), Considering the fact that vehicle bumpers and
trim are typically plated with chromium, these low values
would suggest that the amounts of trivalent and hexavalent
chromium present on street surfaces are probably very low
indeed.

Pesticides

The widespread presence of pesticides in the environment has recently
caused much public and private concern because of their poten-

tial for upsetting ecological balances. Gas chromatographic techniques
have revealed the presence of various combinations and concentrations
of organic pesticides in all the street surface samples tested.

Organic pesticides in particular were examined because of their

high persistence in the environment (Ref, 14). The specific
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substances analyzed for are listed in Table 11 along with their respective
detection limits (i.,e., the lowest concentrations which can be measured
quantitatively by the gas chromatographic methods employed here). Not
all, however, were found to be present in street surface samples., Tables
12 and 13 report the loading intensities for all pesticides found in the
samples tested, In the interest of obtaining maximum benefit from
available funds, samples collected from land-use areas of several cities
were combined into composite samples prior to analysis (the analytical
costs for pesticide determinations are quite substantial). Several con-
clusions can be drawn from the data in Table 12, First, the chlorinated
hydrocarbons: p,p-DDD, p,p-DDT, and dieldrin are typically found in
highest concentration, Also, PCB's (polychlorinated biphenyls) are pres-
ent in higher concentrations than pesticides per se. Finally, the amount
of these materials (taken all together, pesticides and PCB's) is really
rather high, being on the order of 0,00125 1b/curb mile for the cities
tested.

It is well to discuss the role of PCB's here. While these industrial
chemical compounds are not used as pesticides, they do share many of
their properties. They are included here because they, like the chlorin-
ated hydrocarbons, are the subject of much controversy. They have
repeatedly been found to correlate with detrimental environmental effects
(primarily birth defects in wildlife). They have also been found to be
extremely long-lived and are believed to be widely distributed through-
out domestic and worldwide ecosystems (Ref. 15), Another important reason
for including PCB's here is that their presence can cause interference
with analyses for other pesticides. The magnitude or significance of
that interference cannot be estimated, however.

Samples from Milwaukee, Bucyrus, and Baltimore were analyzed to show
variation with respect to land use and particle size. Table 14, which
reports the concentration of each pesticide by major land-use category,
reveals no consistent patterns. Figure 24 indicates that DDD, DDT and
dieldrin all tend to associate with finer particles but that PCB's
associate with coarser particles., The association of pesticides with
fine particles supports the speculations made at the outset of the
study. No explanation is given for why the PCB's favor the larger
particles,.

The interpretation of observed pesticide levels is difficult indeed,
It should be appreciated that, at the present state of the art, accept-
able levels of pesticides in the environment at large are very much a
matter of speculation (i.e., no one can say how much is too much).
Further, it should be understood that while we conducted many tests and
had many analyses run, this effort should be still considered as
"spot-checks' rather than an accurate representation of situations in
the country as a whole, The important factor, however, is that these
materials are present in rather significant quantities. Organic
pesticides are normally measured in parts per billion by weight (values
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Table 11
DETECTION LIMITS FOR PESTICIDE ANALYSES

Chlorinated Hydrocarbons

Liquid Dry
Samples Samples
(ppb) (ppm)

DDE 0,1 0.01
p, p-DDD 0.1 0.01
o, p~DDT 0.1 0.01
p, p=DDT 0.1 0.01
Chlordane 0.5 0.05
Dieldrin 0.1 0.01
Endrin 0,2 0.02
Lindane 0.1 0.01
o~BHC 0.1 0.01
Heptachlor 0.1 0.01
Aldrin 0.1 0,01
Kelthane 0.2 0,02
Heptachlorepoxide 0.1 0.01
Methoxychlor 1.0 0.10
Toxaphene 2,0 0.20
Thiodan 0.1 0.01
Polychorinated biphenyl 1.0 0,10

Organic Phosphates (Methyl Parathion)

Liquid = 0,01 - 0,001 ppm
0.05 - 0,005 ppm

Dry
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Table 12

PESTICIDE LOADING INTENSITIES
(106 1b/curb mi)

p,p-DDD p,p-DDT DIELDRIN ENDRIN LINDANE METHOXY- METHYL PCB's TOTAL OF ALL
CHLOR PARATHION PESTICIDES

AND PCB's

San Jose I 67 110 11 2 17 0 20 1,200 1,427

San Jose II )

and Seattle 120 170 27 0 0 0 v 1,100 1,417

Phoenix II,

Atlanta

and Tulsa 34 13 24 0 0 o 0 65 136

Milwaukee 0.5 1.0 10 0 3.1 8500 0 3400 12,000

Bucyrus 83 60 17 0 [¢] 1600 0 650 2,451

Baltimore 100 30 3.0 o] o] 170 0 1000 1,300

Table 13
PESTICIDE CONCENTRATIONS
(1072 1b of pesticide/lb of dry solids)
p, p-DDD p, p-DDT DIELDRIN ENDRIN LINDANE METHOXY~- METHYL PCB's
CHLOR PARATHION

San Jose 1 73 120 12 2.2 19 0 22 1,300

San Jose I1 20 28 4.4 0 0 0 o] 180

Phoenix I = > - - = o - -

Phoenix II 37 14 26 0 0o 0 0 71

Milwaukee 0.19 0.38 3.8 0 1.2 3,100 0 1,300

Bucyrus 61 43 12 0 ¢ 1,200 0 470

Baltimore 100 30 3.0 0 0 170 0 1,000

Atlantae 79 20 55 0 0 0 0 150

Tulsa 100 39 74 (0 0 0 0 200

Seattle 270 380 59 0 (1] 0 0 2,300
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Table 14
PESTICIDE CONCENTRATIONS IN TOTAL SOLIDS (ppm)

p,p-DDD p,p-DDT DIELDRIN ENDRIN LINDANE METHOXY- METHYL PCB's
CHLOR PARATION

Residential

San Jose 1 0.082 0.15 0 0 0 0 0 0,81

Milwaukee 0 0 0,009 0 2.5 0 2,0

Baltimore 0.11 0,030 0 0 0 0,19 0 0.99
Industrial

San Jose I 0,060 0,091 0.031 0 0,031 0 0,037 1.5

Milwaukee 9. 0 0 0 0.001 3.6 0 2.0

Baltimore 0.020 0.020 0.018 0 0 0 ¢} 1.0
Commercial

San Jose I 0.040 0.030 [} 0,058 0 ' 0 0 : 0,60

Milwaukee 0.020 0.031 0 0 [0} 1.8 0 0.99

Baltimore 0.020 0.031 0 0 0 0 0 0.51

Dieldrin DODD Polychlorinated p,p-DDT

Biphenols (PCB)

840-2000 {

ASSOCIATED WITH EACH SIZE RANGE

FRACTION of TOTAL PESTICIDES
(% by wt )

<104
104- 246
246-840
840-2000
<104
104-246
246-840
840-2000
<104
104-246
246-840

840-2000 |
<104
104-246
246-840

PARTICLE SIZE (microns)

Fig, 24. Pesticide Concentrations - Variation with Particle Size
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of several ppb are not uncommon but are cause for some concern when found
in the environment). Street surface concentrations, when present, all
range in parts per million (on the order of a thousand times higher).

The fate and relative significance of the various pesticides must

be considered both in terms of residence on the street surfaces and
ultimately in the receiving waters. While pesticides' effects in soil
systems have received considerable study, aquatic mechanisms have not
been well documented to date.

While they reside on street surfaces (the site of net accumulation),
pesticides are subject to a number of degrading actions. Among these are
volatilization, decomposition by ultraviolet light and other radiation,
chemical degradation, microbial degradation, and sorption and desorption
by soil particles. Thus, depending on resident time and the above fac-
tors, a certain amourt of in situ decomposition will occur on the street
surface., The importance of all this on the pollutional effects of street
runoff is questionable. When pesticides enter receiving waters, the
mechanisms listed above can apply to reduce their effect. However, at the
same time, biological "magnification” can occur, Degrading effects are
overshadowed by concentrating effects. Chlorinated hydrocarbons are
increasingly concentrated by many types of organisms with successive
steps up the food chain, This is especially true in the upper trophic
levels. Numerous cases of fish kills and damage to invertebrate popu-
lations have been reported (Refs. 16, 17, 18, 19). In addition, pesti-
cides tend to concentrate in sediments by adsorption, concentrating them
in regions containing additional biologic communities.

TRANSPORT OF CONTAMINANTS

Street surface contaminants are washed into receiving waters via
the route illustrated in Fig, 25, Contaminants are

® freed from the street surface itself

e carried transversely across the surface to the gutter
by the overland sheet-like flow

e carried parallel to the curb line to the storm
sewer inlet by the gutter flow

e dropped through a stormwater inlet and transported to
the receiving waters via storm or combined sewers
(where catch basins are present, some of the denser
particulates are caught by simple sedimentation).

The fact that contaminants move through this sequence is well known.

However, the relationships between the contaminants and the various
mechanisms involved are only poorly understood., Given this as a
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Fig. 25. Transport of Street Surface Contaminants by Runoff

starting point for this study, it was necessary to conduct a series of
substudies which would provide a basis for understanding (at least
empirically) what happens to elements of street surface contaminants on
their way to receiving waters,

The first such substudy was designed to experimentally determine

the manner in which contaminants are flushed from the street surface by
typical rainfall. A portable rain simulator was designed and built

(see Figs. 26 and 27). The simulator applies water uniformly over a fixed
section of street at various controlled flow rates. The water, supplied
from nearby hydrants, sprays vertically (4 to 8 ft) through hundreds of
small jets (0.018 in, dia), which break up into discrete droplets about
the size of common raindrops before they fall to the street. The device
produces a pattern on the street surface which has the appearance of a
moderate~to-heavy rainfall.

It was found that contaminant materials are removed via two mech-
anisms which operate simultaneously:

® Soluble fractions go into solution; the impacting
raindrops and the horizontal sheet-flow provide good
mixing turbulence and a continuously replenished
clean "solvent,"
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Fig. 26 . Mobile Rain Simulator

® Particulate matter (from sand size to colloidal size)
is dislodged from its resting place by the impact of
falling drops. Once dislodged, even reasonably heavy
particles will be maintained in a state of "pseudo— .
suspension' by the repeated impact of adjacent drops
creating a reasonably high general level of turbulence.
(A substantial amount of the contaminants was found to he
located down inside small pits, cracks, and other irregu-
larities in the streét surface.)

The sheet-like flow of water across the surface carries the contaminant -
materials to the gutter. These mechanisms are easily discussed and
understood, but only on a qualitative basis.

Experimental studies were conducted in Bakersfield (California) to
determine the rate at which contaminants are washed off of streets, given
various levels of rainfall intensity. (Bakersfield was selected as a
site for the field tests because it was the nearest sizable city which
had not experienced any significant rainfall since the precedihg summer
and therefore had a moderate-to-heavy loading of solids of all sizes
available to observe.) The influences of street surface characteristics
were also of interest here. Field tests were conducted wherein three
typical street areas (two asphalt and one concrete) were flushed by a
simulated rainfall for a period of 2-1/4 hours. Every 15 min during
that period, samples of liquids and particulates were taken for
subsequent analysis. At the end of the period, the streets were flushed
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10.00 = = in mathematical terms as:
= DISSOLVED + COLLOIDAL
+ SUSPENDED MATTER dN
i = KrN
— ==
- - ::ﬁﬁi_ d where:
£ —S
g f/D::giiﬁziﬁme" N is the amount of particles of
< ® the given size which remain on the
f ] street surface at time t (expressed
ey in sq ft
g % r=in./hr g/ 4 )
iz a . Concrete 0.2 r is the rainfall intensity over
ZE b Concrete ' 0.8 the area (expressed in in./hr)
8§ ¢ Aged Asphalt 0.2
3 d  New Ashalt 0.2 t is time (in min)
£g o New Aspholt 0.8 . .
g3 | L | k is a proportionality constant
: 3 (having the units of hr/in.min)
FLUSHING TIME (howrs)
With the mobile rain simulator,
the intensity r is uniform with
Fig, 32. Particle Transport respect to time and space (at
Across Street Surfaces - least within the bounds of the
Variation by Street test site). The above can then be
Character and Rainfall treated as an ordinary differential
Intensity equation whose solution is:
~krt
N = N,e

In the experiments, we measured the amount of matter removed with time,
rather than the amount remaining (indeed, the total amount, N,, was never
measured directly. The equation then becomes:

-krt
NC = No(l"e )

where:

Ne is the amount of material oi a given particle size
which has been removed during time interval t by a
rainfall of intensity r

No is the initial loading intensity of that material of
that particle size which could ever be washed from the
street by rain of intensity r (even as t approaches
infinity)

k is a proportionality constant dependent on street

surface characteristics.

The experiments carried out in Bakersfield were of sufficient duration to
establish the asymptotic values of Ng,. These experiments established
the appropriateness of the developed relationship as shown in Figs.

28 through 32.
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Based on the exponential function that was derived from the prelimi-
nary flushing data, certain conclusions can be drawn on the rate and
amount of material that could be removed from a street by a given
rainfall,

¢ The proportionality constant k for material removed from
a street surface by rainfall is dependent on street
surface properties but is not dependent upon rainfall intensity.
This means that the type of street (e.g., asphalt or con-
crete, coarse or fine surface, roughness, etc.), and the
condition of the street (i.e., old and cracked or new and
smooth) is a major controlling factor on how fast such
material would enter a storm drainage system,

¢ The amount of material (N,) which is capable of being
removed from a street varies with the rainfall intensity r.
This means that for a given rainfall intensity on a street
surface for which the proportionality constant k is known,
the relative amount of material flushed into the sewer over
a given time period could be predicted.

It appears from the data that all particles of the size ranges examined
are removed from the street at approximately the same rate, given the
same rainfall conditions, Therefore, the street surface constant k is
virtually independent of particle size (i.e., dN/dt is not a function of
particle size). This is substantiated by the fact that the plot in Fig.

33 is essentially a horizontal line. Analyses of the liquid samples
showed that soluble, colloidal, and suspended materials removed from a
street surface show the same functional behavior as the settleable solids,
However, since no further separation of these fractions was made, it was
not determined if this is true for each of these fractions independently.
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Runoff carrying street surface contaminants flows across the street,
reaches the gutter, and moves down the gutter toward the storm sewer
inlet, as shown in Fig., 25. While moving down the gutter, it mixes

with runoff from other sources (i.e., off sidewalks, driveways, surround-
ing land area, building drains, etc.). Thus, the runoff which arrives

at the storm sewer inlet is not street surface runoff, per se, This
study focuses on street surface contaminants only. The field techniques
employed here were carefully designed to include only those contaminants
which reside on street surfaces.

Since street surface contaminants are but a single source of all
contributions to storm runoff, we have attempted to determine how
important they are, Their "importance" can only be expressed relative
to all sewered storm runoff since the myriad of other contributions have
not yet been isolated for study (nor has unsewered storm runoff been
studied to any great extent). Table 37 in Section VI compares the
street surface runoff (calculated for a hypothetical city) with storm
sewer discharges observed in several U.S. cities,
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SECTION V
EFFECTIVENESS OF CURRENT PUBLIC WORKS PRACTICES

Current public works practices may, in some instances, result in a
reduction of pollution of receiving waters from storm water runoff,
Practices that may influence the pollution of receiving waters include:

® street cleaning

@ catch basin cleaning

® refuse and litter collection

® street maintenance

® sewer cleaning

® snow and ice control

® air pollution control

® open area maintenance

® construction

® parking regulations.
Of the above mentioned practices, the role of street cleaning and the role

of catch basins in controlling or reducing the pollutional effects of
street surface contaminants were included within the scope of this study,.

This section, therefore, deals with answering the question 'How effective
are current public works practices in controlling pollution of receiving
waters from street surface contaminants?' More gpecifically, this in-
volves the discussion of:

® existing street cleaning practices

® street sweeping effectiveness

® catch basin effectiveness.

EXISTING STREET CLEANING PRACTICES

Street cleaning practices throughout the nation were evaluated through

a review of the literature, and by conducting a detailed survey of current
practices in several sample cities. The effectiveness of current street
cleaning practices was also determined in each of the test cities and a
series of control tests was conducted utilizing a street surface contam=-

inant simulant. (A description of the test areas utilized in each city
is given in Appendix B.) Effectiveness data from previously conducted
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street sweeping tests were evaluated and correlated with data obtained
in this study.

Present methods of cleaning streets fall into two categories: sweeping
and flushing. These methods, for the most part, are carried out by
machines specifically designed for that purpose - street sweepers and
street flushers. As an ancillary function, most municipal street clean-—
ing departments are also responsible for catch basin cleaning and leaf
collection in the fall. 1In most northern cities a spring clean-up of
streets which have been snowbound all winter is common. Because the
bulk of accumulated trash and sand can be very great, this clean-up
often utilizes front end loaders, trucks, and hand crews which are
followed by sweepers and/or flushers. The following paragraphs will
describe the procedures and the equipment used for the above-mentioned

functions.

Street Sweeping

Mfchlne sweeplng accounts for the great majority of street cleaning
peqTormed in most communities., This effort may be assisted by a limited
amount of manual - sweeping in areas that machines cannot reach. Hand
cleaning is prlmul]ly used to clean those streets where the presence of
cars prevents the use of mechanical equipment. It is most often employed
in business districts where the emphasis is placed on keeping ''visible"
pollution (such as papers, tin cans) under control. Manual methods are
also useful in supporting mechanical operations. For example, a hand
crew can follow a street sweeper and clean out catch basin inlets, sweep
up missed debris or assist in transferring debris from the sweeper to

trucks.

Motorized street sweepers are designed to loosen dirt and debris from the
street surface (this debris is normally most concentrated in the gutter
area) , transport it onto a moving conveyor and deposit it temporarily

in a storage hopper; the sweeper also typically contains a dust control
system. Three basic types of sweepers are in use; as shown in Table 15,
the most common is a design which utilizes a rotating gutter broom to
move materials from the gutter area into the main pickup broom which
rotates to carry the material onto a belt and 1nt0 the hopper. This

type of sweeper relies upon water sprﬂy "T0 control the dust problem. A
wide variety of sweepers of this type T& avaiTaBle. Included are those
which are self-dumping and those which have 3 wheels or 4 wheels. Three-
wheel sweepexsﬁﬁYﬁ“Eﬁﬁbrally considered more maneuverable while 4- wheel
sSweepers can generally travel at _higher road speeds when not sweeping.
SR R e oo

The second class of sweepers includes those Wthh use a regenerative air

systum. These sweepers are designed to blast the dirt and debris from

the road surface _into the hopper with a portlon of the air being recycled.
A portion of the air is venTEﬁFLhrough the dust separation system. Such

sweepers may also use water spray for dust control.
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A third type, vacuum sweepers, has been in use in Europe for many years
and in limited ﬁse'in'fﬂiﬁ—tountry for some time, Considerable interest
has recently been generated by the introduction of new models. These
vacuum sweepers operate using both a_ broom for loosening and moving
street dirt debris and a vacuum system to pick up the debris. All
material picked up by the vacuum nozzle is saturated with water on entry
and passes into a vacuum chamber where the water=laden-dust and dirt
drop out of the air stream.

Small, industrial-type sweepers may be considered as a subclass to the
vacuum sweepers since they generally utilize an enclosed vacuum system
for dust control. These small sweepers are most useful for cleaning
parking lots and parking garages. In industry they are used to sweep
factory floors and sidewalks, Since these machines are of very limited
use on city streets, no data are included here.

The basic procedure used when operating a street sweeper is for the
sweeper to travel next to the curb, cleaning one swath along the length
of the street and then returning on the other side. (Litter normally
gccumulates in the gutter because of currents created by passing traffic
obviating the need to sweep the center portion of the street.) In some
cases, a second pass is made by the street sweeper along the curb to
increase the effectiveness of sweeping.

When the hopper of a street sweeper is filled, the material must be
dumped. It can be taken in the sweeper to a storage or disposal site or,
as is the more common practice, simply dropped in a convenient place

along the street sweeping route, preferably an inconspicuous side street.
In the latter case, the dirt and debris is later collected by truck crews
and usually a front-end loader. The majority of street sweepers dump
their hoppers from the bottom. However, several manufacturers make street
sweepers in which the hopper swings up on arms and can be dumped into a
truck directly, thus negating the necessity for a separate pickup crew.

The operating speed of most street sweepers falls in the range of 4 to

8 mph. This is an acceptable speed for performing sweeping operations

in residential and commercial areas where a sweeper has to maneuver

around cars which are blocking access to the curb. However, for cleaning
main arterial streets or freeways, an operating speed of 4 to 8 mph is not
only dangerous to the driver in the vehicle but can cause severe traffic
tieups. Therefore, several manufacturers offer a 4-wheel street sweeper
with an auxiliary engine to drive the brooms that can be used in sweeping
arterials (streets or freeways) at speeds up to 15 mph, thereby reducing
the danger somewhat.

Auxiliary engines provide constant speed and power to brooms and elevators,
thus allowing the operator to vary sweeper speed as necessary for street
conditions (i,e,, traffic, debris type and loading, etc,) and maintaining
broom speed, This is advantageous in minimizing debris left on streets

at intersections.
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One of the most serious problems encountered in street sweeping concerns
vehicle parking. Increases in the use of vehicles and unavailability of
off-street parking result in the occupancy of the gutters by parked
vehicles. 1In congested urban areas, it is not unusual to find virtually
the entire curb sides of streets occupied by parked vehicles. The City
of Baltimore has instituted a no-parking regulation during scheduled
street sweeping hours and has found that public acceptance (especially
residents of the street in question) has been encouraging.

Street Flushing

Street flushing as presently conducted serves only to displace dirt and
debris from the street surface to the gutter. The volume of water uti-
1ized is insufficient to transport the accumulated litter to the nearest
draip. Most public works agencies use flushers for: (1) aesthetic pur-

pgfgf_gfgjg)_mgving material out of travel lanes quickly,

A street flusher consists of a water supply tank mounted on a truck or
trailer, a gasoline engine driven pump for supplying pressure, and three

or more nozzles for spreading the water as directional sprays. The large
nozzles on the flusher are individually controlled and are usually placed
so that one is directed across the path of the flusher and one on each

side is pointed out toward the gutters. This arrangement makes it possible
to flush an entire street and also provides flexibility in operation.

The capacity of the water tank on a street flusher varies from 800 to
3500 gallons. The nozzle pressure of the water usually is between 30 and
55 psi. The amount 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. Specifications of street flushers are given

in Table 16,

During normal operation, a street flusher will travel to its assigned
route, fill its tank at a fire hydrant, and proceed along the length of a
street flushing material into the gutter. On narrow streets, the whole
street can be flushed in one pass. However, on wider streets (those
wider than about 22 ft) multiple passes are needed.

Catch Basin Cleaning

The major purpose of a catch basin is to intercept grit and other
materials which, if allowed to enter the sewer system, could form deposits
and clog the sewer., Catch basins, which are typically located under the
inlet structures, act as sedimentation basins and collect large objects
that enter the inlet structure. Over a period of time, these catch basins
become full and have to be cleaned. The material in a catch basin then
has to be periodically removed and hauled off to a selected dump site.
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Table 16
COMMONLY USED STREET FLUSHERS AND EDUCTORS

FLUSHING PUMP
COMPANY MODEL TANK CAPACITY WIDTH SIZE COMMENTS
(gal) (ft) (gpm)
Etnyre Leader 800-3, 000 Variable 750 Flusher only,
Etnyre Clipper 800-3, 000 Variable 750 Flusher only.
Etnyre Superliner 800-3, 000 Variable 750 Flusher only,.
Rosco MTA 1,200, 1,600 Variable 750 Flusher only,
2,100
M S Vactor 2,500 42 650 Used as a vacuum truck,
Wayne Sanivac 1600 3,300 45 600 Used as a vacuum truck,
capacity - 16 cu yd.
Wayne Sanivac 1300 2,600 45 600 Used as a vacuum truck,
capacity - 13 cu yd.
Central
Eng. Co, VAC~ALL 1,700-2,200 42 650 Used as a vacuum truck,

capacity - 10-16 cu yd.

There are three principal methods used to clean catch basins: manual,
eductor, and a clam-shell or orange-peel bucket. The most common manual
method is to bail out the water and then dip out the material deposited
in the catch basin, piling it on the pavement so it can be hauled away.
Long-handled dippers are generally used for 1lifting the material, The
catch basin material is then shoveled into trucks and hauled to dumps
and sanitary landfills,

The eductor method of cleaning catch basins consists of using a large
vacuum truck with a sewer jet hose which is lowered into the catch basin
from the inlet. The vacuum pump on the truck is utilized to suck the
catch basin material up into a large watertight tank on the truck., Most
of these trucks can serve a double purpose in that when they are not being
used for catch basin cleaning, their tanks can be filled with water so
they can be used as street flushers, The vacuum method is the most
sanitary of those in general use as there is little leakage and the catch
basin material does not run on the street; however, some material, such
as very large rocks and boards, cannot be picked up by the vacuum hose
and has to be removed manually. Specifications of eductors are given

in Table 16,

The second mechanical method employs a bucket machine or hoist. The

process consists of lifting the solid catch basin material with an
"orange-peel' or clam-shell bucket operated by a hydraulic crane which
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dumps the material into a truck. This operation is comparatively fast.
However, some catch basin inlets are too small to allow the passage of the
bucket through them and the loose, runny catch basin material tends to

run out of the bucket as it is transferred to a waiting truck, thereby
dirtying the street.

Special Problems

Keeping streets clean also involves various ancillary operations, in-
cluding leaf pickup, snow removal, and, in some cases, removal of aban-
doned automobiles and the disposal of dead animals., The following
paragraphs will present brief descriptions of these various operations
as they are generally practiced.

Leaf Collection, 1In parts of the country where deciduous trees abound,
street cleaning departments have the seasonal problem of collecting the
fallen leaves., The collection and removal of leaves is important for
several reasons: wet leaves on a pavement surface impair vehicular trac-
tion and create slippery conditions that may be almost as dangerous as
icy pavements, Also, leaves clog catch basins and inlet gratings and,
unless removed, impede the transport of runoff and can cause major

flood damage.

The collection and disposal of leaves is done by a variety of methods,
depending on the job conditions and equipment vailable to the municipal-
ity. Municipal collection schedules also vary widely. Some cities clean
frequently during the leaf season so that a relatively small amount of
leaves is picked up during each cleaning period. Other cities will pick
up leaves:at regular intervals throughout the leaf season, while still
others will collect the leaves only once at the end of the season.

The methods of collecting leaves include manual and several types of
machine collection, In the manual method, street crews simply sweep the
leaves into a pile and load the pile on a truck, Machine methods for
leaf collection include using a street sweeper alone, a street sweeper
with a trash screen mounted on the front to push the leaves ahead of it,
and front-end loaders either to load collected leaves or to gather leaves
in their buckets., The method used by a front-end loader or a street
sweeper with a leaf blade in front to collect leaves is for the vehicle
to proceed down the street pushing the leaves in a pile ahead of it

until the leaves begin to overlap the front of the blade. At this point
the vehicle leaves the pile, proceeds around it, and starts pushing up a
second pile for collection. When the machine is operating as a sweeper,
it collects leaves (the same as it does other street debris) in a hopper
and dumps the -hopper in a convenient location when full. Collection of
the piled-up leaves can be done using either a front-end loader or a
vacuum truck, In the case of the front-end loader, the leaves are

picked up by the front-end loader bucket and deposited into an accompany-
ing truck which hauls the leaves off for disposal. The vacuum truck
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uses a suction hose to suck the leaves into the body of the truck where
they are further compacted, then proceeds to a dumping place when the
turck is filled,

Snow Removal., The presence of snow on streets, of course, prevents normal
cleaning operations, This suspension of normal cleaning operations over
the winter months can in itself lead to the buildup of heavy deposits on
streets, However, snow and ice control procedures can also add to the
presence of pollutants on streets. Most highway authorities in the
United States have a policy of maintaining ''bare pavement' to protect
lives and promote safety. Thus, ice and snow are removed as quickly as
possible from roads and highways., Deicing compounds (road salts) are
usually applied at rates of 400 to 1,200 1b per mile of highway per
application. Over the winter season, many roads and streets commonly
receive on the order of 20 tons of deicers per lane mile., This is equiv~
alent to 100 tons of salt or more applied per mile of roadway for
multiple-lane highways.

The reported use of sodium chloride (Refs., 4 and 5), calcium chloride and
abrasives in the United States for the winter of 1966-1967 amounted to
6,320,000 tons sodium chloride, 247,000 tons calcium chloride and
8,400,000 tons of abrasives,

While most of the deicing salts applied in urban areas will eventually be
channeled into the sewer system with the runoff water in the spring
thaws, insoluble abrasive materials tend to remain on the streets and
gutters, Thus, the spring cleanup is a routine practice in many northern
cities and may involve the use of manual crews and front-end loaders to
help in digging out the heavy deposits,

Another concern, however, is the presence of dirt and debris and particu-
larly deicing compounds which are incorporated into the snow, slush and
ice which is picked up and removed. Ultimately, this finds its way into
local receiving waters, Usually this is done by carting the snow
directly to a body of water, dumping it in, and allowing it to melt.

Some cities, however, use snow melting machines which melt the snow as

it is collected. The melt water, including any salt, then flows directly
into the sewer system,

Abandoned Cars, Abandoned or ''junk' cars are a problem in most cities,
but the problem is most obvious in those communities where parking regu-
lations are used in support of street cleaning operations. However, the
problem of parked cars, in general, is a major deterrent to street
cleaning so that the inclusion of the additional junk cars normally is
not of major concern. A survey conducted as part of this study indicated
that, in most cities, the police are responsible for removal of ''junkers'
once notified by the street cleaning department.
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Disposal of Animals, Although many small animals and a few larger ones
are killed on streets and highways in the course of a year (thereby cre-
ating a concentrated source of pollution) they are generally not dealt
with as part of the street cleaning program. Rather, some organization,
either within the city government or under contract to the city, is
responsible for removing such bodies and ultimately disposing of them.
Hence, although such a function is found within some city governments
under the street cleaning program, it will not be considered further in

this report.

Survey of Street Cleaning Practices in Selected Cities

One of the subtasks in this study was to determine the type and extent of
various street cleaning practices across the nation. To this end a
9-page questionnaire (see Appendix F) based on one used by the American
Public Works Association was prepared and used as the basis for inter-
views in selected cities. The sample includes most of the cities where
the street surface sampling program was conducted (in a few instances
questionnaires were not returned) plus a few cities which were selected
for special characteristics (such as extreme winter conditions). The
cities for which data were obtained are listed in Table 17. The table
includes the miles of streets which are regularly swept, population data
and climatological data. A summary of the data obtained is given in
Tables 18 through 22. Although the cities selected generally fall in
the moderately large population category, they do represent a wide spec-
trum of climatic conditions and street cleaning programs.

This survey of street cleaning practices was not intended to be compre-
hensive, since other excellent data sources are available. These

include a recent survey undertaken by The American City magazine (Refs.
20 and 21) and the Western Pennsylvania Chapter of the APWA and Institute
for Urban Policy and Administration, University of Pittsburgh (Ref. 22).
In the following analysis of street cleaning practices, these sources
will be referenced where appropriate.

Table 23 lists cleaning practices in selected cities. All cities were
found to have a comprehensive sweeping program. About one-half of the
cities also had a flushing program; most of the remainder used flushers
to some small extent. Several cities relied heavily upon manual cleaning
programs (which includes both gang and "white wing" crews), and all but
one city used manual crews to some extent, Normally the use of manual
crews is restricted to downtown areas or small business areas and to
daytime hours on a daily basis. One interesting exception is San
Francisco where manual crews are used in many of the residential areas,
the reason being that parking is extremely limited in the city. In many
neighborhoods sweepers can never get to the curb (this also accounts

for the high use of flushers in San Francisco).
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Table 17

CHARACTERISTICS OF CITIES SURVEYED
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San Jose 1,165 95 536,965 138 12 T 62 20
Phoenix 1,450 100 580, 275 187 7 0 51 7
Milwaukee 1,701 75 709,537 920 33 30 124 162
Bucyrus n.a n,a 13, 200 n,a 37 29 135 123
Baltimore 2,000 75 895,222 75 43 23 102 108
Atlanta 1,750 85 487,553 136 44 2 107 73
Tulsa n.a, n.a. 328,219 49 30 12 82 95
Seattle 1,280 16 524,263 82 34 45 150 28
Minneapolis 1, 000 50 167,685 53 19 74 127 152
St. Paul 896 67 107,848 52 25 44 133 160
San Francisco 850 80 704,217 45 28 0 69 0
Lawrence, Ka, 150 28 45,143 n.a 34 20 98 98

NOTE :

Source of Population data:

Source of Weather data:

Bureau of Census.

National Climatological Summary of Data,

Statistical Abstract of U.S., 1970,

U.S. Weather Bureau, Vol. 20, 1969

In San Jose the area has increased from 56 sq mi in 1960 to 138
sq mi in 1970,

The information for Lawrence, Kansas, is from Ref. 23.

T = trace.

n.a. =

not available,
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Table 18

STREET SWEEPING EQUIPMENT IN SELECTED CITIES

SELF- AVERAGE AVERAGE
3- 4- DUMP ING VACUUM LIFE DOWNTIME
WHEEL  WHEEL (3-Wheel) TYPE (yr) %)
San Jose 1 14 - - 9 15
Phoenix - 21 - - 7-8 17-22
Milwaukee 13 9 - - 12-15 Varies
w/season
Baltimore - 26 - - 5 25
Atlanta - - 24 - @ 10
Seattle - 18 - - 8 20
Minneapolis 1 17 - - 5 25
St, Paul 2 5 7 - 5 25
San Francisco 11 3 - - 10 25
Lawrence 3 - - - 4 5
Note: Ref. 20 indicates that of some 250 cities surveyed, 68 percent

use 3-wheel sweepers, 27 percent use 4-wheel sweepers, while
5 percent use "others' (either 3- or 4-wheel) which include
air- or vacuum-type sweepers.

Table 19

OPERATING SPECIFICATIONS FOR SWEEPERS IN CITIES SURVEYED

GUTTER GUTTER
OPERATING MAIN BROOM MAIN BROOM PATTERN BROOM BROOM MAXIMUM
SPEED MATERIAL LIFE WIDTH MATERIAL LIFE ROUTE
(mph) (in.) (curb mi/
shift)
San Jose 6-10 P-P 800-900 mi 6-8 Wire 300 mi 34
Phoenix 5-7 Wire 927 mi 6 Wire 1-2 wk 32
Milwaukee 5-6 P-P 80-120 hr 4-6 Wire 140~160 hr 22
Baltimore 5-6 P-P 1,200-1,500 mi 6-8 Wire 50-60 mi 32
Atlanta [ P-P 4-6 wk 7 Wire 2 wk 30
Seattle 7-8 P-P 1,000 mi 5-7 Wire 600 mi 33
Minneapolis 2-15 P-P 500-800 hr 5-6 1in. Wire 2 wk 28
St. Paul 2-15 P-P 4-6 wk 4-6 Wire 1-2 wk 30
San Francisco 4-8 P-P 1,000-1,200 mi 6 Wire 350 mi 35
Lawrence 43-5 p-P 1,300 mi 2-6 Wire 350 mi 30

NoTE: P-P =

polypropylene or other plastics,
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Table 20
FLUSHERS IN CITIES SURVEYED

AVERAGE AVERAGE

TOTAL LIFE DOWNTIME ROUTE

FLUSHERS (yr) (%) (curb mi/shift)
San Jose 0 - - -
Phoenix 1 6~8 5 .
Milwaukee 2 Phasing Out
Baltimore 11 8 25 5-6
Atlanta 3 7 3 -
Seattle 8 8 3 30
Minneapolis 3 n.a. n.a. 5
St. Paul 7 10 5 n.a.
San Francisco 10 9 20 45-night

35~-day

Lawrence 2 10 5 =

NOTE: n.a. = not available,
Table 21
CATCH BASIN CLEANING IN CITIES SURVEYED
TOTAL NO. NUMBER NUMBER NUMBER COST,
CATCH FREQUENCY OF CLEANED/ OF OF MEN/ 8/ CATCH
BASINS CLEANING YEAR METHOD EDUCTORS CREWS CREW BASIN
San Jose n.a, as required 3,600 Eductor 1 1 2 9.52
Phoenix 3,100 6/yr 18, 600 Hand - 12 2 -
Eductor 1 2 2 -
Baltimore 32,200 1/yr or as about Hand - 6 4 15,00
required 68,000 Eductor 4 2 3 3.00
Seattle 20,000 1/yr . 20,000 Eductor 8 7 2 5.64
Minneapolis 35, 000 as required n.a, Eductor 1 1 2 n,a,
St, Paul 10,000 as required n.a, Hand - 1 2 15,00
Eductor 2 1 1 n.,a,
8an Francisco 50,000 as required 12,000 Eductor 10 8 3 9,12

NOTE: n,a. = not avallable,
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Table 23 also lists the number of sweepers and flushers in the various
cities; from these data has been calculated the number of sweepers and
flushers per 1000 miles of street. In all cases sweepers are more nu-
merous than flushers., Since the results of the URS survey indicate that
route miles per shift covered are about the same for the two types of
equipment , then it certainly follows that sweepers provide the major
portion of street cleaning programs. Reference 21 indicates that in a
survey of 152 cities virtually all cities with a population in excess

of 500,000 use [lushers extensively with the percentage dropping with
decreasing city size, ultimately reaching an average of 16 percent for
cities of under 25,000 population. This same study also shows that a
significant number of cities (estimated at about 20 percent of all cities)
use street flushing in direct support of sweeping operations. This operation
is usgually performed only on selected streets (i.e., streets located in
central business districts) during selected times of the year.

Table 23
CLEANING PRACTICES IN SELECTED CITIES

MAJOR CLEANING PROGRAMS EQUIPMENT EQUIPMENT/1, 000-mi STREET
SWEEPER FLUSHER MANUAL SWEEPER FLUSHER SWEEPER FLUSHER

San Jose X 0 0 15 0 12,9 -
Phoenix X M M 21 1 14.5 0,7
Milwaukee be M X 22 2 12.9 1.2
Baltimore X b X 26 11 13.0 5.5
Atlanta x M x 24 3 13,7 1.7
Seattle X X X 18 8 14.1 6.3
Minneapolis X M M 18 3 18.0 3.0

. St. Paul X X M 14 7 15.6 7.8
San Francisco X X X 14 10 16.5 11.8
Lawrence x b M 3 2 20.0 13.3

NOTE :
Manual cleaning normally used in business districts only.
b4
0
M

major use,
none.
minor use.
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Reference 21 also shows that smaller cities have, on the average, more
sweepers per thousand miles of streets than do larger cities; the median
value for cities under 25,000 population is 20 sweepers/1,000 miles of
streets whereas for the cities of over 500,000 population the equivalent
value is 15, This, of course, is not to imply that smaller cities
necessarily have cleaner streets since both the loading on streets and
the frequency of sweeping must be taken into account. In fact, an
interesting area for research would be to ascertain how effectively various
cities do utilize their sweepers; that is, what fraction of the time does
the sweeper actually engage in sweeping. For example, cities which uti-
lize their sweepers for both day and night operations show better utili-
zation than those that sweep only at night.

Another variable is dOwntime, which the URS survey indicated to average
about 25 pbercent; however, some cities reported downtime as low as 10
percent. This variation is partly attributable to the life expectancy

of the equipment which was found to range from 5 to 15 years. (Downtime
does increase with equipment age and presents an interesting problem in
optimization: that is, when does downtime rise to the point where replace-
ment becomes the desired mode?). Not surprisingly, flushers have a
considerably longer average life span than Sweepers, and their downtime

is much lower, averaging about 5 percent,

In the cities that URS surveyed, 4-wheel sweepers were predominant;
however, in Rer, 21 the reverse is true, As will be discussed later,

no appreciable differences appear (o exist between the cleaning effec-
tiveness of the two types of sweeper, although the Supposedly better maneu-
verability of the 3-wheel Sweeper might improve overall effectiveness
somewhat. The admitted advantage of the 4~wheel sweeper is higher travel-
ing speed which normally allows off-street dumping of collected debris,
Two interesting trends were also encountered. The first is that self-
dumping sweepers seem to be gaining wider acceptance, possibly because
they eliminate the need for street-side dumping and supbsequent transfer,
The other even more recent trend is the development and acceptance of
vacuum-type sweepers, Several major manufacturers are now marketing such
sweepers and, based upon tests conducted previously (Ref. 24, which will
be discussed later), vacuum sWeepers do indeed pick up more dirt and
debris than conventional sweepers, However, because such sweepers were
not available in the test cities, they were not evaluated during this
research study,
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Variables in sweeper characteristics and operations which are known to
affect sweeping effectiveness include main broom fiber, strike or pattern,
and sweeping speed. Main broom fiber as found in the URS survey was
predominantly polypropylene. However, a number of cities (25 percent as
reported by Ref. 21), do use steel bristle main brooms and about 16
percent of the cities use natural fiber brooms. Broom life, even for the
same type broom, is extremely variable and is difficult to compare since
it may be reported in different units. Steel wire bristles are generally
used in gutter brooms (all cities in the URS survey utilized steel

wire gutter brooms). Gutter brooms last somewhat longer than main brooms,
with cities reporting gutter broom 1ife averaging from 300-600 curb miles
swept.

Strike (i.e., that fraction of broom circumference which touches the
pavement)averaged about 5 in. However the range was from 2 in. to 8 in.
and seemed to vary with both sweeping conditions and broom wear. Sweeping
speed was reported to range from 2 to 15 mph (the latter for sweeping

of main arterial streets during daylight hours). The average operating
speed was closer to 6 mph. Reference 21 also found that the median
operating speed was between 5 and 5-1/2 mph.

Sweeping costs have been long reported in dollars/curb mi swept. Reported
costs range widely. For example, The American City survey (Refs. 20 and
21) found average costs, by city class, to range from a low of $2.18 to

a high of $8.42. Variations for individual cities can be even greater
than this. This very wide range is partly attributable to labor rates

and labor utilization. For example, the URS survey revealed that equip-
ment operator's pay scales range from a minimum of $2.60 to a maximum

of $7.00 per hour. Another variable is equipment costs, with depreciation
and maintenance costs likely to differ considerably between cities.
Finally, cities typically use different overhead rates and accounting
procedures. The final result then is that attempts to compare

costs between cities is difficult and may lead to erroneous conclusions.
For this reason, we did not pursue the dollar costs per curb mile,

Rather, the URS survey focused on information relating to the number

of miles swept and the amount of debris picked up.

The most pertinent information found in the URS survey includes:
e the average number of sweepers in use
e the number of miles of city streets swept

e the number of curb miles swept per unit time (usually
per month)

e the quantity of debris collected per unit time.

The manhner in which these four factors can be assessed is shown in Fig.
34 (data are shown in Table 99). Figure 34a shows the sweeper utilization,
based on the curb miles swept (per year) by each sweeper (that is, the
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total number of curb miles swept was divided by the number of sweepers in
active use). The variation is considerable and shows that Phoenix utilizes
its sweepers more effectively than Baltimore. Figure 34b illustrates

the unit pickup per sweeper, determined by dividing the total quantity of
debris collected (per year) by the number of sweepers. Again, Phoenix 1is
much higher than the other cities. The reason can now be deduced by
considering Fig. 34c which shows the average number of times streets in
the city are swept each year. This value is obtained by dividing the curb
miles swept per year by the total number of miles of swept street in the
city multiplied by 2 to approximate total curb miles. It must be pointed
out that this average includes streets that are swept daily along with
some that are swept only occasionally. Figure 34c then shows that Phoenix
sweeps 1its streets much more frequently than any of the other cities;
consequently, the number of curb miles swept per sweeper is higher. More
importantly, the amount of debris picked up per sweeper is higher. Data
presented in Table 21 show that street cleaning operations in Phoenix
remove the largest quantity of debris.

Another way in which the data may be expressed is shown in Fig. 34d

which shows the pickup rate for debris (determined by dividing the total
guantity of debris collected by the total curb miles swept). Again, there
exists considerable variation, but in this case Phoenix is in the middle

of the group. While the pickup rate does not constitute an absolute measure
of effectiveness(because it does not consider the debris loading on the
street surface) it might well provide a valuable comparative measure for
similar neighborhoods and land uses. For example,the output of two sweepers
and operators over an extended period of time could be recorded and
assessed to determine any relative differences, However, if

pickup rate could be used as an absolute measure of effectiveness, it
would be simple to say that the sweeping operation that picked up the

most debris per mile of curb was the most effective.

At this point we are not attempting to impute any great significance to
any one of these particular forms of expressing sweeper utilization, but
we do believe that with a sufficiently broad data base from a number of
cities such a presentation would be most useful to an individual

city in determining the efficiency of its sweeper performance. AS
suggested in a recent APWA publication (Ref. 25), frameworks for per-—
formance evaluation need to be developed for street cleaning which will
allow the public works engineer to maximize performance and to minimize
cost.

STREET SWEEPING EFFECTIVENESS

The effectiveness of existing street cleaning practices, as related to
water pollution control, was researched in the following manner:

® published data were reviewed and information obtained
from street cleaning equipment manufacturers
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° in situ evaluation tests of street sweepers were
conducted in cities where the street surface sampling
program was conducted

° controlled tests were done utilizing a simulant of
street surface contaminants.

The results of each investigation are described in the following paragraphs.

Review of Pertinent Literature

Information needed to establish the effectiveness of existing street
cleaning practices as related to water pollution control was obtained from
a review of published data and interviews with street cleaning equipment
manufacturers. The pPrimary sources of data containing pertinent informa-
tion are in a series of reports (Refs, 26 through 29). These describe a
comprehensive series of tests conducted to determine the effectiveness of
street cleaning practices when utilized to remove dry particulate matter
from paved areas (synthetic fallout material), The particle size range of
the material utilized in these tests approximated the dust and dirt fraction
of street surface contaminants found to constitute the major portion of
the street pollution load.

Little or no data relating to cleaning effectiveness were obtained from
the major manufacturers of street cleaning equipment. References 30, 31
and 32 were provided by the Newark Brush Co., which has conducted tests
on the performance of various broom types. Reference 33 reports the
results of the sweeper efficiency study conducted by the Wayne Manufac~
turing Co. for the American Public Works Association in connection with
the APWA study (Ref. 1) on urban runoff,

A considerable amount of data relating to the cost of street cleaning
is available; however, the data are usually dependent upon the street
cleaning practices followed by the reporting city, the accounting prac-
tices followed by the city and the prevailing labor rates, fuel costs,
etc. As indicated previously, a recent APWA report (Ref. 25) describes
procedures for determining costs for street cleaning operations. A
summary of the pertinent findings obtained from the various sources
follows.

The usefulness of street sweepers and street flushers to decontaminate
paved areas was evaluated in a number of full-scale test programs conduc-—
ted by the U. S. Naval Radiological Defense Laboratory (NRDL) during

the 1960's. The tests were designed to:

(a) determine the effectiveness of motorized and
vacuumized street sweepers and conventional
street flushers when removing dry particulate
matter of various particle size ranges and
initial mass levels
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(b) establish the limitations of existing street
cleaning equipment with respect to the removal
of dry particulate matter

(c) reveal equipment design or operational improvements
which would increase their effectiveness.

The various test parameters included:

e Machine type
motorized sweeper (Wayne 450)
vacuumized sweeper (Tennant 100)
motorized flusher (Etnyre Nozzles)

X ® Operational procedures
forward speed (1st, 2nd and 3rd gear)

—

® Mass loading
20-600 g/sq ft (44-1300 1b/1000 sq ft)

i e Particle size
I six particle size ranges (44 micron to 2000 micron)

e Surface type
. asphalt
\ concrete

The measurement techniques for determining mass loadings in these studies
utilized a radioactive tracer which allowed the direct measurement of
residual mass levels of less than 1 percent of the initial mass. This
technique is much preferred over a material weight-balance technique
which is subject to error when the residual mass levels are low.

The NRDL studies are perhaps of most interest because a theoretical
explanation of street sweeper performance has evolved from them. In

the studies undertaken at Camp Stoneman (Ref. 27), an equation was evolved
based upon results such as those shown in Fig, 35, The equation, which

ig found to express well the variables under consideration, is:

Mo= M+ - M) o KE
where M = the mass remaining after sweeping (g/sq ft)
Mo = the initial mass before sweeping (g/sq ft)
M¥ = an irreducible mass remaining after any amount

of sweeping (and dependent upon the type sweeper,
the surface, and particle size)
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k = a dimensionless empirical constant dependent upon the
sweeper characteristics

E = the amount of sweeping effort involved (equipment minutes/1000
sq ft swept)

1,000 |

100

M= 118.6 g/f?

M (g/sq ft)

3% R S R N B S N B I R R

EFFORT (man—min/lO‘sq ft)
SOURCE: Ref. 27

Fig., 35. Effectiveness of Conventional Motorized Street
Sweeping on Portland Cement Concrete at Three
Mass Levels

This study showed that the amount of mass remaining on the street can be
effectively reduced by making repeated passes over the same area with the
sweeper. Also, certain operational changes can improve performance.

For example, it was found that a sweeper moving at 2-1/2 mph removed
almost as much dirt in one pass as a sweeper moving at 5 mph removed in

2 passes. This initial NRDL study gave rise to other similar studies
which, for economy, were of the strip test variety (Refs. 24 and 29).
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TOTAL SAMPLE (% by wt)

FRACTION of

Fig. 41.

€
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PARTICLE SIZE

(microns)

Particle Size Distribu-
tion Initially: For a
Composite Sample

ranges decreased somewhat. The
results indicate that removal
effectiveness is actually greater
than 70 percent for the larger
fractions (greater than 246 microns),
dropping somewhat for the middle-
size fraction and decreasing to an
insignificant amount for the small-
est fractions, This finding,

which was corroborated by the NRDL
studies, has serious implications;
namely, that the smallest fractions
are the most poorly removed by con-
ventional street sweeping procedures.
This is particularly significant
since the principal pollutant materi-
als have been found in highest con-
centrations in association with

the fine fractions.

Table 32 summarizes the removal
efficiency of the dust and dirt
fractions by particle size range as
determined by the in situ tests and
as determined throﬁgh utilization
of the NRDL equation:

* *  ~kE
M=M +(MO'-M)€
The following assumptions were
utilized in calculating the
removal efficiencies:

1. Paved surface - asphaltic concrete, fair condition

2. Equipment - conventional

motorized street sweeper with

three or four wheels, utilizing a polypropylene main
pickup broom and steel bristle gutter brooms

3. Effort - Based on average operating speed of 6 mph and

an 8 ft wide swath:

mile

(8 ft) X(G miles\ _[ 1 nr \ X (5280 ft) - 4224 sq ft/min

hr ) *\ 60 min)

or E = 0,237 equipment min/1,000 sq ft
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Table 32
ESTIMATED STREET SWEEPER EFFICIENCY

REMOVAL EFFICIENCY, (%)

PARTICLE SIZE COMPOSITE
(u) IN SITU TEST EQUATION (estimate)
> 2,000 78.8 - 79
840 - 2,000 66.4 - 66
246 - 840 69.5 49,2 60
104 - 246 47.7 48.7 48
43 -~ 104 <0 22.2 20
< 43 <0 15.8 15
NOTE: In-situ tests are average removal efficiencies from test results

given in Table 25, The equation utilizes the relationship:

* * 0 -
M=M + (Mo -M) e KE

Proportionality constant, k, is dependent upon sweeper
characteristics., For conventional sweepers, k = 0,330
(see Ref. 27)

M* is the irreducible mass which would theoretically

remain after an infinite amount of sweeping (dependent

upon sweeper type, surface and particle size of con-
taminant). For particles of 43 to 194# , M = .75 g/sq ft

and for particles of 104 to 840u , M = .14 g/sq ft (estimated
from data in Refs. 26 through 29)

My = the initial mass loading before sweeping in g/sq ft
Average loading from selected cities = 7.26 g/sq ft
Note that 1 g/sq ft = 2,20 1b/1000 sq ft

From Table 5, average particle size distribution of
solids in selected city composites:
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Particle

Size Range Distribution Loading
(%) (g/sq ft)

> 2000 20.1 1.46

840 - 2000 6.8 .49

246 - 840 20.2 1.46

104 - 246 19.8 1.44

43 - 104 18.0 1.31

< 43 15.1 1.06

Table 33 summarizes the calculated removal effectiveness values for
particle size ranges for which equation constants were available.

Table 33
SUMMARY OF CALCULATED REMOVAL EFFECTIVENESS VALUES

* *x —-KE
Based on: M =M + (Mo - M e

M- M
Efficiency = —p— x 100%
o]

EFFEC-

PARTICLE SIZE (1) (23( 3) 4) (5) M TIVENESS
M, M (MO—M*) o-KE (3)x(4) (2)+(5) (%)

)

246-840 1.46 0,14 1,32 0.457 0.604 0.744 49,2
104-246 1.44 0.14 1,30 0.457 0.594 0,734 48,7
43-104 1,31 0,75 0.56 0,457 0,266 1.016 22,2
< 43 1,06 0.75 0.31 0.457 0,142 0.892 15.8

The URS in situ tests also show the nonuniform distribution of debris
across streets. Figure 42 shows the variations in mass loadings

(g/sq ft) found across the street both before and after sweeping. As
might be predicted, the gutter was found to be the most heavily loaded
zone on unswept streets. Loading then drops rapidly moving out from
the curb. However, after sweeping, the gutter is much cleaner; this is
not so for some of the other areas. In short, it appears that the
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sweeping operation has moved much of the material out of the gutter but
has tended to redistribute it on areas which were somewhat cleaner prior
to sweeping., The function of gutter brooms on conventional motorized
sweepers is to move material out of the gutter into the path of the main
pickup broom. Dirt deflectors are utilized to assist in directing the
material for pickup. Since the distribution of material on streets is
such that a large portion (70-80 percent) of the material is located within
6 in. of the curb, a device such as a gutter broom is required for
efficient street debris and litter removal, However, the present design
of gutter brooms is such that they tend to redistribute the dust and

dirt fraction (< 2000 y) over the surface of the street, and indeed are
not particularly efficient in moving the dust and dirt fraction out of the
gutter,

14 84 _Initial loading 2
18 Final loading (g/ft%)

Fig, 42, Initial and Final Loading Across Swept Streets: Composite
Sample



Consider now surface type as a 'fixed" parameter. Only the NRDL and

URS studies have attempted to differentiate between asphaltic concrete
and Portland cement surfaces. Relatively small differences were found.
However, surface condition, which was an important factor in the present
tests, does affect removal effectiveness. We have been unable to quanti-
tatively describe surface conditions although it is obvious that sur-
faces in poor condition, with large cracks, depressions, etc., are more
difficult to sweep and removal effectiveness suffers. Likewise, it is
difficult to assess the effect of curb type, street slope and street
contour., Further studies should probably be undertaken so that this
parameter can be considered in the design of new streets.

The final "fixed" parameter is sweeper type. A variety of tests con-
ducted on conventional 3-wheel and 4-wheel sweepers does not indicate
great differences between various models or types. Vacuum and air-—
sweepers have been evaluated only on controlled tests and strip tests.
Sweepers of this type were not available in the test cities for in situ
tests.

Moving now to "controllable'' parameters, we find a variety of machine
characteristics which can be varied by the operator to change the
cleaning characteristics of the machine. Historically, considerable
study has been done on the parameters listed in Table 30. Cited litera-
ture indicates that best cleaning performance is obtained with a steel
pickup broom, followed closely by. the natural fiber brooms and finally
by plastic pickup brooms. However, despite the apparent superiority of
the steel-type and natural fiber-type pickup broom in removal effective-
ness, the trend is definitely toward the adoption of plastic—type brooms,
since they do perform satisfactorily (at least on litter and larger

dust and dirt fractions).

The effect of broom diameter (that is, wear) has been studied by several
investigators, but results are ambiguous. One claim is that a new broom
sweeps cleanest whereas another claim is that shorter fibers are better,
In either case, (he evidence suggests that the differences in performance
are rather small (perhaps the point is academic sgince brooms are generally
used until worn out anyway).

Pickup broom strike has been found by all investigators to be an
important consideration in cleaning efficiency. The greater the strike,
the better the cleaning efficiency. However, increasing the strike also
increases the wear on the broom.

The rotational speed of the pickup broom has not been demonstrated to

be a highly critical aspect of cleaning performance. However, for sweepers
with auxiliary engines, increasing the rpm of the pickup broom does seem

to improve pickup efficiency somewhat. Forward speed of the sweeper,
especially when it is geared directly to the rpm of the main broom, does
seem to have an important effect on cleaning performance. As previously
noted, the slower the machine moves, the better the cleaning performance
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appears to be. However, for machines in which the pickup broom rotational
speed is geared to forward speed, it appears possible that effectiveness
may actually drop since at the slower speed the main broom speed also
drops.

A final variable which has not been assessed by any researchers is that
of operator performance and competence. However, the URS test team did
conclude from a subjective evaluation of operations in various cities
that the skill and competency of the operator is a very crucial factor.
While it is difficult to conceive of a test procedure that would identify
and quantify the skills required of a good operator, perhaps at some
point in the future such an index may be developed.

Turning again now to the equation developed by NRDL to explain removal
effectiveness, we see in Fig. 43 how such a curve would look for the
conditions that are normally encountered in street sweeping. The first
pass removed approximately 50 percent of material on the surface, the
second pass removed about 50 percent of that remaining for a total

removal effectiveness of 75 percent, Subsequent passes remove effectively
less of the remaining mass, although the overall effectiveness does
approach 100 percent with increasing number of passes, so we see that

one procedure for increasing removal effectiveness is to sweep the same
area two or more times.

A comparison of the

effort required to achieve
lower residual mass levels
and increasing removal
effectiveness, as compared
to the effort expended
during typical street
cleaning operations, can
be illustrated by utiliz-
50 = ing the NRDL equation

Based on: and the sweeper parame-—
M=M*'+(M0-M*')e'|<P ters assumed in deriving

_ the calculations given
MO_IQOQAJ — in Table 33.

M* = 0.5 g/ft2

100 ——

25 —

Table 34 compares the
effort required, as de-
0 : l | l termined from the NRDL
0 ! 2 3 4 5 equation, to achieve
NUMBER OF PASSES (P) different degrees of
effectiveness at several
initial mass levels for
Fig. 43 Removal Effectiveness with a motorized sweeper on
Number of Passes asphaltic concrete. It
can readily be seen that

REMOVAL EFFECTIVENESS (percent)
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the amount of effort required to obtain greater than 90 percent effective-
ness is several times the effort normally expended in sweeping operations.

Table 34
EFFORT REQUIRED TO ACHIEVE RESIDUAL MASS LEVELS

M, M EFF E INCREASE OVER
(g/sq ft) (g/sq ft) % (equip min/1,000 sq ft)  NORMAL (.237)

20 1.0 95 1.50 6.3
2.0 90 .85 3.6
5.0 75 .50 2.1
50 2.0 96 1.35 5.7
5.0 90 .80 3.4
120 2.0 98 2.00 8.4
5.0 96 1.10 4.6

CATCH BASIN EFFECTIVENESS

Although most of this study is focused on street surface contaminants

and various means for removing them from street surfaces, a special
substudy was directed toward catch basins. The primary goal here was

to develop an understanding of how catch basins affect the quality of the
runoff water which passes through them. It should be noted that the
study was quite limited in scope and should not be viewed as being com-
prehensive in breadth or depth. Nonetheless, some of the information
developed should prove valuable in understanding the pros and cons of
catch basins as they relate to the pollutional aspects of street runoff
discharged to receiving waters.

To summarize our conclusions based on field testing and laboratory
analysis, we found that catch basins can be reasonably effective in pro-
tecting sewers from loadings of coarse granular material but have a defi-
nite potential for contributing to water pollution problems. The
following paragraphs describe the catch basins we studied, our test
procedures, and the rationale for these conclusions.
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In the way of background, it is of interest to note that catch basins
became quite popular appurtenances in sewerage systems during the years
before sound, well-engineered, paved streets were common and before
mechanical trenching made it practical to lay sewers on reasonably steep
grades. Catch basins were included in sewer design as a means of pre-
venting sewers from becoming clogged by the rocks and gravel—-like material
which commonly entered the sewer system. Another function was to provide
a waterseal to control the escape of sewer odors and gases. In recent
years, public works and design engineers have questioned the merit of
routinely including catch basins in modern systems.

The subject of catch basins is included here not so much in the sense

of what their eventual fate should be, but rather to determine what effect
those currently in use might have on receiving water quality. Note that
the term "catch basin' is rather nonspecific; devices of a very broad
variety of sizes and shapes are in general use, Their primary common
feature is that they act as miniature settling basins for removing dense
solids via simple sedimentation, The catch basins which were studied here
are located in a residential area of San Francisco. They are true catch
basins in that they were specifically designed and installed for this
purpose (many are not). They are of a standard design, minor variations
of which are found in urban and suburban areas throughout the country.

The experimental program can best be understood after considering that
two phenomena occur simultaneously in a typical catch basin during periods
of storm runoff:

e Dissolved and particulate solids initially contained in
the catch basin (as a result of prior deposit) are stirred
up and swept out by the water flowing through

° Particulate solids carried in the influent settle out and
are retained in the catch basin.

Clearly, the relative balance between these two phenomena determines
whether the unit is a benefit or a detriment. The fact that these

act simultaneously accounts for why so little quantitative information
on performance is available. Our study approach involved separating the
two phenomena so they could be examined independently. Two types of

tests were employed:

® Clean water was run under controlled conditions into
several previously 'dirty' catch basins (ones which had
not been cleaned for several months). The discharge
from these was sampled and analyzed. Several flow rates
were used to cover the conditions of light, moderate,
and heavy storm intensities
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e Dirty water was run under controlled conditions into a
"clean'" catch basin and the discharge sampled and analyzed
to establish the unit's removal efficiency under different
flow rates. The 'dirty" water was made up by carefully
introducing solids which had previously been collected
from street surfaces. (This '"dirt" was mixed with water
from a fire hydrant supply with a time-varying concentra-
tion to simulate the variation in storm water solids con-
tent with time from the onset of a storm.)

During the course of the tests, numerous water samples were collected;
most of them shortly after the onset of the simulated storm to reflect
the "shock' loading effect. Subsequent analysis was directed primarily
toward determining the amounts and size distribution of solids.

Test results on the initially clean catch basins indicate that they are
reasonably effective treatment units for removing heavy solids from

storm runoff, The curves of Fig. 44 show that virtually all of the solids
larger than 246 u diameter were removed. On the other hand, only a

small portion of the fine solids was removed. These curves were for a
test wherein a heavy rainfall intensity (1/2 in./hr) was applied over a
rather sizable catchment area (25,000 sq ft). (A word of caution is in
order here regarding the subsequent use of reported values. It must be
recognized that these catch basins are of a standard design and are

used routinely in a broad variety of situations. This means that virtu-
ally no consideration is given toward sizing them to be appropriate to
the expected flow [i.e., the same unit is used to receive runoff from
both large catchment areas and very small areas]. The net result of

this practice is that retention times vary tremendously from basin to
basin; likewise, turbulence levels vary and removal efficiencies vary.)
Other tests indicate that higher flow rates through the same basin result
in lower removal efficiencies, and lower rates give higher efficiencies
(as would be expected). Catch basins function as very simple sedimenta-
tion units and are, therefore, limited by the same factors that limit

any sedimentation process: turbulence and retention time. The catch
basins tested have no turbulence-controlling baffles at either their
inlets or outlets and operate under complete mixing during all but the
lowest flows. The retention time is extremely short, less than a minute
even for rather low flows. These facts explain why catch basins are
effective only in removing coarse materials. Since other phases of

this research project have identified the fine particle size ranges as
being most relevant to receiving water pollution, we conclude that even
the best conventional catch basins are ineffective in reducing pollution.

The curves of Fig. 44 show that removal efficiencies varied during

the test, generally decreasing with respect to time. Presumably this is
due to unstable conditions of hydraulic turbulence and resuspension
(although further tests would be required to support this speculation).
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The other issue examined
in this substudy has to
do with catch basin po-
tential for adding pol-
lutants to the flow
passing through themn.
This was studied by
running clean water at
bprescribed flow rates
through several catch
basins which had not
been cleaned for sever-
al months. The discharge
was sampled repeatedly
over a period of about
Jog, an hour (with most of
the samples taken short-
20— ly after the '"storm'" on-
set). The catch basins
all had several thousand
pounds of solids in them,
g : : | | I ! o with a layer of water
(and floating debris) up
to the outlet level.
The water first dis-
charged was very dirty;
composed primarily of
Fig. 44. Removal of Street Surface Contaminant this supernatant water,
Solids - Variation with Particle Size some of the floating
matter, plus particulgate
matter suspended by the
turbulence flow. Within a few minutes, the water became reasonably clear
but still contained particulates. Even after nearly an hour's flushing,
the discharge contained much particulate matter. At the end of an hour,
inflow was stopped and the volume of basin contents was measured.. It was
found that only about 1 percent of the initial solids in the basin was
removed by the flushing action of any of the simulated storms (light,
moderate, or heavy). On the other hand, the material which was flushed
out as the initial slug would have a substantial pollutional impact on
the receiving wa‘é?ETF-EﬁZE_Ig_borne out by analyses of catch basin
contents. B

40 [~

AMOUNT RETAINED IN CATCHBASIN (% by wt)
A
A
(%)
®

0 2 4 6 8 10

TIME SINCE FLUSHING BEGAN (min)

The City of San Francisco Public Works staff provided URS with data devel-
oped as part of their studies of combined storm/sanitary sewers. URS
sampled and analyzed the content of several catch basins in Baltimore

and Milwaukee. Pertinent data on these catch basin contents are reported
in Tables 35 and 36, While these data reflect conditions during winter
and spring months, the "catch basin operation' can be considered essen—
tially uniform during all seasons of the year. In terms of operational
mode, the catch basin. acts as a short-term sedimentation basin and its
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efficiency, measured in terms of solids removal and retention, is generally
constant. A recent study (Ref. 34) indicates that the sedimentation
process does show improved efficiency when operated at elevated tempera-
ture, but, in the case of short term detention systems, such as catch
basins, this effect must be considered negligible. However, recognizing,
that pollutant loads (in terms of specific constituents) do vary seasonaily,
it would be expected that during summer months the pollutant load on

catch basins and the resultant effluents from them will be higher in
nitrates and phosphates due to increased use of fertilizers. It should

be stressed that this change in pollutant character and quantity is not

a function of catch basin efficiency but rather a function of increased
pollutant load to the environment.

Table 35

SUMMARY OF DATA ON CATCH BASIN CONTENT ANALYSIS
(from City of San Francisco)

CATCH BASIN FIRST SAMPLING SERIES SECOND SAMPLING SERIES
LOCATION COD BOD TOTAL N TOTAL P COD BOD TOTAL N TOTAL P
(mg/L)  (mg/)  (mgA)y  (mgA) (mg/t)  (mg/A) (mgA)  (mg/h)

Plymouth and

Sadowa 3,860 190 10,9 < 0.2 8,610 122 2.8 0.3
7th and Hooper 15,000 430 33.2 < 0.2 2,570 170 2.0 < 0.2
Yosemite 739 11 1.8 < 0.2, 21,400 120 4.6 < 0.2
40th and Moraga 9,060 40 16.1 < 0.2 51,000 130 12,0 < 0.2
Mason and

O'Farrell 8,100 130 29,7 < 0.2 7,720 85 16.5 < 0.2
32nd and Taraval 153 5 0.5 < 0.2 708 15 1.4 < 0.2
Haight and

Ashbury 37,700 1,500 1.4 < 0.2 143,000 420 , 14.6 < 0.2
Marina Area 701 100 7.0 < 0.2 8,600 40 < 0.5 < 0.2
Montgomery Street 6,440 390 18.8 < 0.2 8,160 300 3.9 < 0.2
Webster and Turk 1,440 44 14.0 < 0,2

Lower Selby 288 6 1.4 < 0.2

Upper Mission 5,590 50 12,0 0.3

NOTE: Both sampling series were conducted in winter 1970. All values based on analysis of
total basin contents after complete mixing.
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Table 36
ANALYSIS OF CATCH BASIN CONTENTS

TEST SITE LIQUID SAMPLES (Supernatant) SOLID SAMPLES (Sediments)
CODE COD PHOSPHATES NITRATES CoD PHOSPHATES NITRATES
(mg/L) (mg/L) (mg/L) (mg/g) (mg/g) (ng/g)
Baltimore
BA-6 150 1.10 4.0 31.0 0.60 0.50
BA-8 - - - 12,0 0.17 0.90
BA~2 175 2.2 5.5 = - -
Milwaukee
Mi-5 8,250 1.5 9.0 7,750 3.0 16.0
Mi-8 - - - 11.75 0.09 0.70

NOTE: See Appendix B for site code key, giving cities and land-use categories. Both
sampling series were conducted in April/May 1971.

The successful operation of a catch basin, as a sedimentation process, is

a function of the solids retention capacity of the system. Basins which
are frequently cleaned have the capacity for operating at design efficiency
and retaining solids (with associated pollutants); however, effluents

from dirty catch basins (most basins in urban and suburban areas are
cleaned less than once per year and are categorized as ''dirty') exert a
significant pollutional load on receiving waters and/or waste treatment
plants. A portion of the solids found in catch basins is not deposited
there by runoff. Rather, catch basins may act as convenient receptacles
for litter, leaves and garden cuttings, crankcase drainings, etc.
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Sectien VI

SIGNIFICANCE OF STREET SURFACE RUNOFF
AS A SOURCE OF WATER POLLUTION

The intent of this section is to place the information obtained in this
study in perspective and to help ‘answer the question of how important street
surface contaminants are, relative to other common sources of water pollu-
tion. To accomplish this, we have compared a city's street runoff with
both its treated sanitary sewage discharge and its storm water discharge.

In the interest of simplicity we have made these comparisons using a hypo-
thetical city, rather than a real one. This city's street surface contam-
inants have the properties determined in this study (means of the values
actually observed have been employed in the comparisons). The hypothetical
city has the following characteristics:

™ Population - 100,000 persons

° Total land area - 14,000 acres
° Land-use distribution:
residential - 75%
commercial - 5%
industrial - 20%
® Streets (tributary to receiving waters) - 400 curb miles

® Sanitary sewage - 12 x 105 gal/day.

The comparisons made here are for the first hour of a moderate-to-heavy
rainstorm; one which involves brief peak rates of at least 1/2 in./hr
during that first hour.

Table 37 compares the pollutants in street runoff (generated by that 1l-hr
storm) with the pollutants which the city's municipal sewage treatment
plant would contribute during a typical hour's discharge (the plant is
assumed to be a well-operated secondary facility). Obviously, the street
runoff is a much greater source of short-term "slug' loadings. It should
be noted that, if this comparison were to be recomputed using the total
pollutant loading over an annual cycle, the street runoff would likely be
less than the treated sewage load. We have not made such comparisons
because of the difficulty of establishing meaningful weather patterns for
a hypothetical city.
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Table 37

COMPARISON OF POLLUTIONAL LOADS
FROM HYPOTHETICAL CITY -
STREET RUNOFF vs GOOD SECONDARY EFFLUENT

OM

CONTAMINANT LOAD ggggugggogﬁARY

ON RECEIVING WATERS TREATMENT PLANT

STREET SURFACE RUNOFF (a) (b) RATIO ()

(1b/hr) (% removal) (1b/hr) (STREET/SEWAGE )
Settleable + )
Suspended Solids 560,000 20 130 14,300
BOD(d) 5,600 90 110 51
(d)
COD 13,000 90 120 110
12 10

Total Coliform 40 x 10 4.6 x 10
Bacteria Organisms/hr 99.99 Organisms/hr 870
Kjeldahl a
Nitrogen( ) 880 90 20 414
Phosphates (1) 440 95 2.5 180

(a) Typical removal efficiencies for waste treatment plants.

(b) Loadings discharged to receiving waters (average hourly rate).
(c) Ratio of loadings: street runoff/sanitary discharge.

(d) Welghted averages by land use, all others from numerical means.

This type of comparison involves a number of assumptions as to raw sewage
loading and treatment plant performance (all of which affect the computed
relative importance of the street runoff).

A similar type of comparison has been made using raw sanitary sewage as
the base. Table 38 gives the properties of the raw sewage used in this
example, along with computed ratios of how the street surface contaminants
compare. Note that even raw sewage contributes less pollutants than
street runoff during the first hour (coliform bacteria being a notable
exception).

By using storm runoff data collected in a number of cities throughout the
United States, it was possible to develop at least an approximate idea

of the relationship between street surface runoff and the discharge from
actual (i.e., not hypothetical) storm sewers. This information, presented
in Table 39, is not particularly consistent, however, so any conclusions
drawn therefrom would be speculative, at best.

SUMMARY OF CONTAMINANT LOADS

Investigations of the characteristics and quantities of urban and suburban
street surface contaminants included conventional parameters of water
pollution such as total and volatile solids, biochemical oxygen demand,
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Table 38

COMPARISON OF POLLUTIONAL

LOADS FROM HYPOTHETICAL CITY -

Street Runoff vs Raw Sanitary Sewage

CONTAMINANT LOADS

ON RECEIVING

RAW SANITARY

WATERS STREET RATIO
SEWA
SURFACE RUNOFF OF C)) STREET{b)
(1b/hr) (mg/4) (lb/hr) SEWAGE
Settleable + (©)
Suspended Solids 'C 560,000 300 1,300 430
(c)
BOD5 5,600 250 1,100 5.1
(c)
COD 13,000 270 1,200 11
(e)
Total Coliform 40 x 1012 250 x 10 4,6 x 1014
Bacteria Organisms/hr Organisms/  Organisms/hr 0.0087
liter
Kjeldahl
Nitrogen ‘) 880 50 %) 210 4.2
5 (d)
Phosphates 440 12 50 8.8
Zinc 260 0.20(h) 0.84 310
(h)
Copper 80 0.04 0,17 470
(h)
Lead 230 0.03 0.13 1,800
. (h)
Nickel 20 0.01 0.042 480
(g)
Mercury 29 0.07 0.27 110
h
Chromium 44 0.04( ) 0.17 260

(a) Loadings discharged to receiving waters (average hourly rate).

(b) Ratio of loadings:

street runoff/sanitary discharge.

(c) Weighted averages by land use, all others from numerical mean.

(d) Ref. 10.
(e) Ref, 35.
(f) Ref. 36.
(g) Ref, 37,

(h) San Jose-Santa Clara Water Pollution Control Plant, averages for January
1970, personal communication.
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chemical oxygen demand, Kjeldéhl nitrbgen; soluble nitrates and phosphates.
Also included are less common parameters; e.g., heavy metals (including
chromium, copper, zinc, nickel, mercury, lead and cadmium) and both
chlorinated hydrocarbon and organic phosphate pesticide compounds. However,
only the following were found: dieldrin, DDD, DDT, methoxychlor, endrin,
methylparathion, and lindane. Polychlorinated biphenyls (PCB's) were also
sought and found in significant quantities in all cities studied. Addition-
ally, studies were conducted concerning the presence of both total and

fecal coliform bacteria on the streets.

Table 39

COMPARISON OF STREET SURFACE CONTAMINANTS
WITH STORM SEWER DISCHARGES

KoELDAHL TOTAL COLIFORM
BOD (a) CcOoD NITROGEN PHOSPHATES BACEERIA (0)
SOURCES OF POLLUTANTS (% by wt) (% by wt) (% by wt) (% by wt) (10~ org/1b)
Storm Sewer East Bay
Samples Sanit. Dist. (c) 6.2 - - - 4
(reported by Cincinnati (c) 4.6 42,3 - - -
others) Tulsa (d) 2.2 16 .16 .21 73
Bucyrus (e) 11 40 1 .93 4,400
(a combined
sy8tem storm/
sanitary)
Street Surface Tulsa 4,2 8.8 .2 .17 200
Contaminants Bucyrus .21 2,1 .087 .018 -
(collected in Average over
this study) ten cities 1.7 8.4 .18 .092 104
Street Surface Chicago (c) 5 4.0 .048 - -
Contaminants
(reported by
others)

(a) Concentrations of pollutant as a percent of total solids (dry weigh base).

(b) Concentrations of viable organisms associated with total solids (dry weight basis).
(c) Ref. 1,

(d) Ref. 2,

(e) Ref, 35,

Tables 40 through 43 summarize the quantity of pollutants identified in
the investigation in terms of the parameters cited above. Reviewing the
information in Table 40 reveals the rather extensive potential problem
posed by these pollutants. As an example, the weighted average of 5-day
BOD is shown in Table 40 to be 13.5 pounds per curb mile. 1In a typical
(hypothetical) community of 100,000 population having 400 curb miles of
streets, this would represent a potential load on the receiving water of
5,400 pounds of BOD estimated from an average 2- to 10-day buildup period
since last sweeping or rain. The same city with a well-run municipal
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sewage treatment plant would have a daily BOD discharge of only about 1/30
this figure. While this is, of course, a hypothetical calculation and does
not reflect the time span over which the street contaminant would be dis-
charged to the receiving water, it nevertheless reflects serious concern
over the non-point pollutant described.

Table 40

POLLUTION LOADS BY SELECTED COMMUNITIES
(1b/curb mi)

CURB TOTAL  VOLATILE BOD CoD KJELDAHL SOLUBLE
CITY MILES SOLIDS SOLIDS 5 NITROGEN  NITRATE PHOSPHATES

San Jose I 2,300 910 66 16 (310) 2.1 - 0.70
San Jose II 2,300 6,000 460 53 (400) 11.0 0.27 4.5
Phoenix I 2,900 650 40 7 30 1.5 0.29 0.22
Phoenix II 2,900 910 92 10 54 2.9 0.12 2.8
Milwaukee 3,400 2,700 180 12 48 1.4 0.052 0.27
Baltimore 3,900 1,000 96 - = 1.9 0.038 1.0
Seattle 2,600 460 29 5 17 0.9 0.027 0.49
Atlanta 3,500 - 430 18 2 13 0.5 0.024 0.26
Tulsa 3,600 330 19 14 30 0.7 0.012 0.54
Bucyrus 200 1,400 150 3 29 1.2 0.12 0.25
Weighted

Average 27,600 1,400 100 13.5 95 2.2 0.094 1.1

gef

aExcluding San Jose I and II
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Table MQT

|

PESTICIDE LOADS BY SELECTED COMMUNITIES

(1b/curb mile)

METH- METHYL TOTAL
CITY DIELDRIN PCB BP-DDD OXYCHLOR P,P-DDT ENDRIN PARATHION LINDANE PESTICIDES
San Jose I 11 1,200 67 0 110 2.0 20 17 1,460
San Jose II 27 1,100 120 0 170 0 0 - 1,417
Phoenix I # = = 2 = = - - =
Phoenix II 24 65 34 0 13 0 0] - 136
Milwaukee 10 3,400 0.5 8,500 1. 0 0 [} 11,910
Baltimore 3 3,400 100 170 30 0 0 - 3,700
Seattle 27 1,100 120 0 170 0 0 - 1,420
Atlanta 24 65 34 0 13 0o 0 - 136
Tulsa 24 65 34 (o} 13 0 0 - 136
Bucyrus 17 650 83 1,610 61 = - - 2,410
Median 24 1,100 87 i 61 - = - 1,420
NOTE: All values by 10-6.
Table 43

TOTAL AND FECAL COLIFORM LOADING DISTRIBUTION BY LAND-USE CATEGORY

TOTAL COLIFORMS
(10° org/ (number/

FECAL COLIFORMS
(109 org/ number/

AREA curb mile) gram solids) curb mile) gram solids)
Residential 60 160,000 5.8 16,000
Industrial 150 82,000 1.6 4,000
Commercial 120 110,000 18. 5,900
Combined
(Total) 99 130,000 5.6 14,000

Note: The per curb mile ratio is not equal to the per gram solids ratio

because extreme values in each matrix were eliminated prior to

determining the weighted averages for each land-use area.

The

eliminated values from each matrix were not always representing
the same city and land use, hence the discrepancy.
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Based on information available concerning antecedent street cleaning and
rainfall patterns, an attempt was made to calculate accumulation rates in
terms of pounds of pollutant per curb mile per day. These summary figures
are shown in Table 44. It should be appreciated that these 'daily" values
are somewhat artificial in that there was no way to account for either the
effectiveness of street cleaning operations or the extent of the rainfall
and associated pollutant runoff prior to the street sampling procedures.
Nevertheless, it is apparent from Table 44 that the relative pollutant load
is significant, although the relationship between specific pollutants does
change. In the case of BOD, the mean value of 4.5 1b/curb mi/day (or

1800 1b for 400 curb miles for the hypothetical city) is roughly equivalent
to the amount of BOD discharged to the receiving waters daily by the sewage
treatment plant.

Table 44

AVERAGE RATE OF ACCUMULATION OF POLLUTANTS
(1b/curb mi/day)

TOTAL
TOTAL VOLATILE KJEDAHL HEAVY  TOTAL
CITY SOLIDS  SOLIDS BOD;  COD  NITROGEN NITRATES PHOSPHATE METALS  PESTICIDES
San Jose I 70 5.3 1.2 24 0.16 - 0.054 0.34 110 x 1078
San Jose II 860 65 7.6 56 1.5 0.038 0.64 0.22 200
Phoenix I 92 5.9 0.93 4.3 0.21 0.041 0.031 - -
Phoenix II - - - - - - - - -
Milwaukee 2,700 180 12 48 1.4 0.052 0.27 4.3 12,000
Baltimore 260 24 - - 0.48 0.0095 0.25 0.68 940
Seattle - = = = o = = = -
Atlanta 220 9.3 0.95 6.5 0.24 0.012 0.13 0.21 68
Tulsa = = - = = o = - =
Bucyrus 690 74 1.4 25 0.60 0.060 0.12 - -
Xsiizzzd 730 51 4.5 26 0.66 0.029 0.37 1.3 200
Note:

1. No sweeping data available for Phoenix II, Seattle, and Tulsa.

2. Based on number of days since cleaned, either by rain or by sweeping,
whichever occurred closest to the test date.

3. Heavy metals include chromium, copper, zinc, nickel, mercury, lead, and
cadmium,

4, Pesticides include dieldrin, PCB, DDD, methoxychlor, DDT, endrin, methyl
parathion, and lindane. '

In summary, all other identified characteristics exhibit similar relation-
ships in terms of wastes emanating from domestic treatment plants.
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The information in Table 41 deals specifically with heavy metals. The
metals included here were found in sufficient concentration to be detect~
able in all cities of the study. This of itself is not a surprise due

to the sensitiVity of the analytical pbrocedures. However, the fact that
the weighted average of the total heavy metals is as high as 1.6 pounds
per curb mile is rather alarming,

Considering that the subject of individual heavy metal's effects on the
enviromment is only slightly understood at best, and considering further
that so little conclusive work has been done regarding the synergistic
effects of combinations of metals, there is every reason for concern over
the high quantities found in this investigation.

Information concerning pesticides is presented in Table 42. The concern
over pesticides has reached such proportion that many states have banned
their use and sale and the Federal government has taken an active role in
prohibiting extensive use of DDT and other long-lived synthetic pesticides.
The information in Table 42 is significant on two counts. First, the fact
that the median value for total pesticides found in the study is high
enough to be reported in terms of pounds (albeit a rather small number -
0.0014 1b/curb mile). For the hypothetical community of 100,000 pbopulation,
the calculated pesticide loading was in excess of 1/2 1b ber precipitation
incident, which represents approximately 0.1 1b/day. Secondly, about three-
fourths of the total weight of such materials were found to be polychlori-—
nated biphenyls, a class of compounds over which there has been much recent
concern due to the high incidence of wildfowl deaths correlatable with high
PCB levels. 1t is bremature at this point to speculate on the implications
of how PCB are being introduced to the enviromment or why there is such

a high incidence of PCB identified. However, recent studies have shown
PCB concentrations as high as 0.2 ppm in soft-shelled clams taken from
Chesapeake Bay and as high as 1.5 ppm in Atlantie Ocean zooplankton.

Based on an estimated 42,500 tons of PCB commercially produced in the U.S.
in 1970 and assuming a closed system use of approximately 60 percent, the
accumulation on urban and suburban streets, as reported in this study,
represents 0.15 percent of the total PCB production,

Table 43 summarizes the total and fecal coliform distribution found in

the study. For pburposes of summary, values are given for the three major
land-use classifications within a community (i.e., residential, industrial,
and commercial), as well as a combined figure representative of the average
municipality. Two observations can be made here. The first concerus the
overall magnitude--more than 100 billion total coliforms and over 1 billion
fecal coliforms ber curb mile. The second concerns the relative magnitude
of total to fecal counts.

The number of fecal coliforms found in the street samples is about 1
thousand-fold less than densities commonly associated with the discharges
from domestic animals. The figures in Table 43 indicate that fecal coliforms
range from 4,000 to 16,000 per gram of solids. Comonly accepted figures

for animals are in the range of 8 to 23 million fecal coliforms per gram

of feces.
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Data reported in Table 43 indicates that the highest ratio occurs

in the industrial areas, the lowest in central business districts (which
are typically swept daily). On a comparative basis, reported ratios of
total to fecal coliform in raw sewage have been found to range from 2.1

to 12, while ratios for storm runoff (uninfluenced by domestic sewage
discharges) range from 10 to 300. Studies concerning the relationship
between total and fecal coliforms as a function of time indicate that the
fecal coliforms exhibit a more rapid die-off (they are much more sensitive).
Therefore, the greater the ratio of total to fecal, the greater the time
interval since deposition. In other words, the high ratios exhibited in
industrial areas may well be attributed to a longer residence time on the
streets. In any case, all of the ratios seem to indicate that the bacteria
have resided in the test sites for some time and are probably not indicative
of fresh bacterial discharge.

However, the total impact of the non-point pollutants must be assessed

in terms of the product of the pollutant load per land-use category and the
actual amount of land area represented by the designated land-use category.
Thus, although Table 45 and 46 show the industrial category to have the
highest loading of pollutants per curb mile, there may be no problems in a
small community with minimal industry.

Table 45

DISTRIBUTION OF CONTAMINANT LOAD BY LAND-USE CATEGORY
(1b/curb mile)

RESIDENTIAL INDUSTRIAL COMMERCIAL

Total Solids 1,200 2,800 360
Volatile Solids 86 150 28
BOD5 11 21 3

COD 25 100 7
Kjeldahl Nitrogen 2.0 3.9 0.4
Nitrates 0.06 0.18 0.18
Phosphates 1.1 3.4 0.3
Total Heavy Metals 0.58 0.76 0.18

Total Pesticides —- —-_ -
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Table 46

DISTRIBUTION OF CONTAMINANT LOAD BY LAND-USE CATEGORY
(1b/curb mile/day)

RESIDENTIAL INDUSTRIAL COMMERCIAL
Total Solids 590 1,400 180
Volatile Solids 44 77 14
BOD5 3.6 7.2 0.99
COD 20 81 5.7
Kjeldahl Nitrogen 0.60 1.2 0.12
Nitrates 0.019 0.055 0.055
Phosphates 0.37 1.1 0.10
Total Heavy Metals 1.2 1.6 0.34

Note: Based on number of days since cleaned, either by rain or by
sweeping, whichever occurred the closest to the test date.

The figure reported here as 'Residential' was computed by
combining all of the observed data for the four residential
land-use categories sampled in each city. '"Industrial''

and '"Commercial' figures were computed similarly.

Normally, pollutants are associated with liquid discharge and are, therefore,
in terms of concentration (e.g., mg/4 or ppm). This is both reasonable and
proper in that treatment facilities operate in pbhysical, chemical, and/or
biological modes to remove pollutants from the liquid stream so as to
minimize their concentration and total impact on the receiving water.
However, the pollutants associated with street surface comtaminants are, by
and large, in the dry state until such time that they are hydraulically
conveyed to and through storm or combined sewer systems to the receiving
water. Treatment of this type of pollutant can take place either at the
source, at the point of discharge, or more typically, not at all. If
treatment (and in the broad context this means removal of constituents) is
attempted at the point of origin, then it is apparent that it is most
appropriate to characterize the pollutants in the dry state. For this
reason, extensive studies were conducted to establish relationships. A
review of Table 47, 48, and 49 summarizes these relationships. A review

of Table 47 clearly indicates that efforts to control or remove particles
larger than 2,000 microns from streets will generally remove no more than
10 percent of a broad spectrum of pollutants, even if the removal of

these large-size particles were 100 percent effective. Putting it in
somewhat different terms, approximately 75 to 100 percent (depending on the
specific pollutant) of the pollutants are associated with particles smaller
than 2,000 microns; perhaps of even more significance, between 40 and 90
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percent of the pollutants are associated with particles of less than 246
microns in diameter. Clearly then, the design of any treatment method for
controlling street surface pollutants must necessarily be effective at
removing a rather broad spectrum of particle sizes.

Table 47

FRACTION OF POLLUTANT ASSOCIATED WITH EACH PARTICLE SIZE RANGE
(% by Weight)

PARTICLE SIZE ()
> 2,000 840 - 2,000 246 - 840 104 - 246 43 - 104 < 43

Total Solids 24.4 7.6 24,6 27.8 9.7 5.9
Volatile Solids 11.0 17.4 12,0 16,1 17.9 25.6
BOD5 7.4 20,1 15,7 15.2 17.3 24,3
CoD 2.4 4,5 13.0 12,4 . 45,0 22,7
Kjeldahl Nitrogen 9.9 11.6 20.0 20,2 19.6; 18,7
Nitrates 8.6 6.5 7.9 16.7 28,4 31.9
Phosphates 0 0.9 6.9 6.4 ' 29.I6 56,2
Total Heavy Metals 16.3 17.5 14,9 23.5 i 27,8

Total Pesticides 0 16,0 26,5 25.8 31,7

Table 48

FRACTION OF HEAVY METALS ASSOCIATED WITH EACH PARTICLE‘SIZE RANGE
(% by Weight)

PARTICLE SIZE (),

> 2,000 840 - 2,000 246 ~ 840 104 - 246 < 104
Chromium 26,1 13.6 16.3 16.3 27,7
Copper 22,5 20,0 16,5 12,0 22,0
Zinc 4.9 25,9 16,0 26,6 26.6
Nickel 26,2 14.2 15,3 17.2 27,1
Mercury 16,4 28.8 16.4 19.2 19,2
Lead 1.7 2,6 8,7 42,5 44,5
Average 16.3 17.5 14,9 23.5 27,8
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Table 49
FRACTION OF PESTICIDES ASSOCIATED WITH EACH PARTICLE SIZE RANGE
(% by Weight)
PARTICLE SIZE (u)
840— 2,000 246 — 840 104 — 246 < 104
Dieldrin 0.9 21.3 36.0 41.8
PCB 33.5 32.4 15.7 18.4
DDD 10.7 29.3 30.3 29.7
Methoxychlor 35.0 27.0 11.0 27.0
DDT 0 22.3 36.1 42.1
Average 16.0 26.5 25.8 31.7

Table 48 shows the distribution of heavy metals relative to particle size,
and Table 50 shows how these heavy metals are distributed by land-use
category. A review of Table 50 indicates that chromium, nickel, and cad-
mium are probably of less concern than the other heavy metals, at least
on the basis of total quantities. However, as stated earlier, the lack of
definitive information concerning the individual toxic effects of these
metals (and particularly their synergistic effects with each other or
other compounds) precludes the assumption that, although chromium, nickel,
and cadmium represent an insignificant amount of total heavy metals, they
have no serious impact on receiving waters.

Table 50

DISTRIBUTION OF HEAVY METALS BY LAND-USE CATEGORY
(% by Weight)

METAL RESIDENTIAL INDUSTRIAL COMMERCIAL TOTAL
CHromium 5 8 5 7
Copper 10 14 20 11
Zinc 38 44 24 40
Nickel 1 5 3 3
Mercury 10 4 20 4
Lead 36 25 28 35
Cadmium e - = -
100% 100% 100% 100%

Note: The figure reported here as "Residential' was computed by com-—
bining all of the observed data for the four residential land-
use catagories sampled in each city. 'Industrial and
Commercial" use were computed similarly,
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The results of the investigation to date emphasize several points. The
data presented here indicate rather clearly that a broad spectrum of
pollutants exists in significant quantities in all of the cities investi-
gated and in each of the land-use areas designated therein. Further,

these data provide a basis for estimating the anticipated uncontrolled
pollutant discharge to the receiving waters of other communities. Finally,
it i1s now possible to make realistic and meaningful comparisons concerning
the relative impact of this non-point pollutant source on a comparative
basis with discharges from municipal and industrial sources as well as
other non-point pocllutant sources as they become quantified. The study
reveals, for the first time, the dominant relationships between pollutant
properties and the particle size distributions with which they are associ-
ated. This is an extremely important relationship because it allows a
sound engineering evaluation to be made concerning the value of various
means of street litter control in reducing this non-point pollution

source. It also allows quantification of the pollutant load to a receiving
water under a wide variety of water pollution control technologies. In
fact, the identified relationships give perspective to the impact of street
cleaning practices in terms of controlling street surface pollution runoff.

THE EFFECTIVENESS OF STREET CLEANING PRACTICE

It is apparent from the preceding discussion and supporting tables that
conclusive evidence now exists confirming not only the wide spectrum of
pollutants present on urban and suburban streets, but also the order of
magnitude of the loading intensities of these pollutants. This section
concerns means of controlling the quantity of pollutants which actually
reach the receiving water. This is clearly a function of the daily accu-
mulation of pollutants on the streets and their transport, by runoff, to
streams, lakes, bays, etc. The daily accumulation, in turn, is determined
in part by street cleaning operations. Obviously, if cleaning removed all
pollutants on the streets daily then this non-point pollution source would
be reduced to insignificance.

Street sweepers (brush or vacuum) are intended to remove those types of
materials which are of concern to the public, primarily because they are
aesthetically objectionable. Almost by coincidence, street sweepers also
remove particle-related pollutants. Studies were conducted in the 1950's
and early 1960's on sweeper efficiencies (using sweepers which still
represent the current state of technology). Those studies are

valuable in that they allow estimates to be made concerning sweeper effec-
tiveness in removing pollutants. Using information developed in those
prior studies, it was possible to establish relationships between sweeper
performance and particle removal. With these data it is possible to cal-
culate the hypothetical maximum removal of selected pollutants for any
given community. As an example, consider the hypothetical community
described earlier in this section for which it is possible to compute the
resultant pollution load after sweeping. The initial step involves cal-
culating sweeper effectiveness using data in Section V.
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The resulting calculations are shown in Table 51. It is significant to

note that the range of removal efficiencies is from a high of only 79

percent to a low of 15 percent. These figures are of particular interest
when it is realized that these efficiencies represent optimum operation of
carefully adjusted equipment and are probably seldom achieved with muni-
cipally operated sweepers. Even assuming these relatively high efficiencies,
there would still remain a residual street surface contaminant loading of
about 3200 1b of BOD on the city's streets (this assumes that the contaminants
have had about 5 days to accumulate since the last sweeping or rain).

This is equivalent to about three times the daily output from a well-run
manicipal treatment plant.

A limited sub-study was conducted to determine if any consistent trends
could be found to relate the amount of contaminants found on streets with
the elapsed time since the last sweeping or substantial rainfall. Since
areas with widely differing overall characteristics were included in the
study, it was difficult to discern any dominant or repetitive trends.

The efforts involved in this sub-study are reported in Appendix I.

SIGNIFICANCE TO STREET CLEANING PROGRAMS

The conclusion is inescapable: even under well-operated and highly
efficient street sweeping programs, the broad spectrum of pollutants
accumulated in urban and suburban streets represent a non-point pollution
potential well in excess of the presently allowable discharge from munici-
pal treatment plants. Either more efficient sStreet cleaning equipment must
be developed and put into operation or storm water must be treated prior

to discharge to the receiving waters.

Attempts to treat storm water at the point of discharge have been made in
certain instances, such as in Chicago, New York City, Washington, D.C.,
etc,; generally by storing the storm water in ponds, lakes, or underwater
bladders, removing floating and suspended matter by screening and sedi-
mentation, then releasing the water at a controlled rate. Where the storm
water contains large quantities of suspended silt and sediment, this
approach is effective. The enormous volume of water which can originate
in an urban watershed in a single storm, however, requires extremely large
and expensive storage facilities.

The cleaning of urban streets has long been a routine function of munici-
pal government. The operation was developed to meet relatively subjective
cleanliness criteria, based on individual perceptions of satisfactorily
cleaned streets. Urban sociologists have observed that this perception is
subject to large variations, in part related to socio-economic status.
Even when the goal of an adequately clean street is defined and accepted,
municipal street cleaning operations differ in their ability to achieve
that goal.
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Effective methods of planning and evaluating the efficiency of street clean-
ing practices are not available at the present time to assist those public
works personnel responsible for street cleaning programs.

Figure 45 presents a cost effectiveness program which would assist public
works officials in evaluations and/or selecting the combination of equip-
ment and operational procedures which will provide the desired cleaning
effectiveness.

As shown in Fig. 45, cost-effectiveness indices should be derived for each
street cleaning practice and for the important particle size ranges of
street surface contaminants. For each combination of equipment and opera-
tional practice there is associated:

) A total cost, including fixed and variable costs

° A level of effectiveness represented by a particle
size removal efficiency for specific particle size
ranges

° A relationship between the particle size range and the
the pollutional properties of street surface contam-
inants,

Operational practice is composed of two elements: the operator

and the equipment type being utilized. Operator skill and training
and crew size are important inputs to operational practice, Equipment
parameters include:

o Equipment type

broom

vacuum

air

combination
) Number of cleaning cycles
° Speed of operation
® Broom parameters

type of bristle
rotation speed

contact pattern (strike)
broom pressure
condition of broom

° Pickup mechanisms
hopper size
gutter brooms

° Auxiliary systems
vacuum
air spray
water spray
filtration system
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STREET CLEANING PROCEDURE PI

Operator OPERATIONAL PRACTICE Equipment

-

ENVIRONMENTAL PARAMETERS

v

CURB-MILES CLEANED/HOUR

_ v -
Cost/Man-Hour  Cost/Equipment Hour Size Removal Efficiencies
C+M CE* E-l o o @ EN

Cost/Operating Hour Pollutional Removal Efficiencies
C’ P-I e o @ PN
Cost-Effectiveness Indices for
Water Pollution Control
C,,/P] G /2
Fig. 45. Cost Effectiveness Program for Street Cleaning
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Environmental parameters include:

® Quantity and amount of contaminants and
refuse on street surface

® Pollution potential of the various com-
ponents (dust, dirt, litter, leaves, etc.)
of comtaminants and refuse

® Particle size distribution of the dust and
dirt fraction

° Street type, surface characteristics
o Curb and gutter configuration

° Pavement type and condition

° Street repair practices

° Catch basin design.

As discussed in the previous section, the state of the art regarding
management information systems for public works is not very far advanced.
Existing cost accounting, work reporting, and equipment maintanence
recording systems are fragmentory and produce disparate comparative
statistical data. There is a need for a system which will aid in providing
public works personnel with accurate cost data associated with street
cleaning practices.

The technique of measurement of street cleaning effectiveness as related

to the pollutional properties of street surface contaminants was adequately
demonstrated in this study. The techniques described in Appendix A for
collection of street surface samples could be utilized to determine the

size removal efficiencies and corresponding pollutional removal

required to determine the overall cost-effectiveness indices for each street
cleaning practice evaluated.
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APPENDIX A
SAMPLE COLLECTION METHODS

The goals of the sampling program were fourfold:

® To determine the manner in which contaminants are
flushed from street surfaces by rainfall runoff

e To determine the quantity as well as the physical/
chemical/biological characteristics of street surface
contaminants which are removed from street surfaces
by rainfall runoff and/or by sweeping

® To determine how these quantities and characteristics
vary with respect to factors such as land use,
geographical locale, and season

e To examine correlations between pollutants and the
physical fractions with which they are associated.

To fulfill these goals required the development of several sampling
and testing programs, The first conducted was the simulation of rain-
fall removal effects. From the results of these early tests, pro-
gressively simpler and more efficient procedures were evolved. The
following is a summary of the sample collection techniques and test
procedures utilized during the study:

Test Procedures

Initial field tests were conducted wherein three typical street

areas (two asphalt and one concrete) were flushed by a simulated rain-
fall, (Bakersfield, California, was selected as a site for the field
tests because it was the nearest sizeable city which had not yet
experienced any significant rainfall since the preceding summer,)

The system designed and built by URS to accomplish this is shown in
Figures 26 and 27, It sprinkles fine sprays of water which cover

an area approximately 40 x 25 ft (1000 sq ft) and is constructed

of four 16-pipe manifolds mounted on a small trailer. Each manifold
has four 8 ft sprinkler booms attached at 4~ft intervals plus a

4 ft boom at the outer end of the manifold,

The rainfall simulator is wheeled into position over the designated
sample area and connected by firehose to a nearby fire hydrant; a
flow-meter, pressure gage, and valve system controlling and measur-
ing water flow rate were also connected into the system. The rainfall
simulator was calibrated experimentally to relate rainfall intensity
to pressure. Simulated rainfall flushing was conducted for a period
of 2-1/4 hr at each test site. Every 15 min during that period,
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samples of liquids and particulates were taken for subsequent analy-
sis. At the end of the period, the streets were flushed thoroughly
with a firehose to wash off any remaining loose or soluble matter,
Samples of this remaining material were also collected. Two rain-
fall rates, 0.2 in./hr and 0.8 in,/hr, were used.

The runoff collection system consists of several watertight vacuum
boxes of 160 gal capacity, a large industrial vacuum cleaner, two
vacuum hoses and several sandbags. The sandbags are used to make

a small dam in the gutter a short distance downstream of the test
area, The vacuum cleaner is connected to one of the vacuum boxes,
drawing a vacuum on the box. A pickup hose from the box is placed

in the gutter in front of the dam and picks up all the water runoff
coming down the gutter, When one box is filled the vacuum cleaner
and pickup hoses are switched to another box and the runoff collection
is continued. The box is fitted with a cloth filter bag to collect
all but the finest particulate matter to be saved for subsequent
analysis; the water in the box was discarded after noting its volume,
A smaller (5 gal) vacuum can was used to collect liquid samples for
analysis; the inlet nozzle was withdrawn periodically from the gutier
to assure that the 5 gal were obtained throughout the 15 min

period.

In addition, dry samples were collected with an industrial-type vacuum
sweeper (Tennant Mfg, Co. Model HD-42, Figure A-1), The dust collec-
tion system on the sweeper has been modified somewhat to simplify

Fig. A-1. Motorized Vacuum Sweeper
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sample handling. This was done by removing the dust filter collector
and substituting a special replaceable dust filter bag. Note that

the unit is not intended to simulate the effect of cleaning strets
using conventional municipal sweepers; rather, it is intended to
simulate the results which could be attained by advanced state-of-the-
art equipment employing a combination of brush sweeping and vacuum.
Tests to date have shown the small unit to be quite effective in
removing all visible debris and all but a small amount of the very
fine particulate matter.

The preliminary flushing tests in Bakersfield provided much valuable
information. On the basis of that experience, we were able to make
several important modifications on our equipment and field testing
procedure. A primary reason for conducting the tests was to determine
an appropriate sprinkling time and rate to be used as fixed parameters
in subsequent test series.

Results of initial testing in Bakersfield allowed improvement of the
sampling technique. The following program was developed:

Test A: Sprinkling unswept street area with simulated
rainfall
Test B: Vacuum sweeping an unswept street area

Test C: Sprinkling a previously vacuum swept street
area by simulated rainfall

Test B': Hand sweeping an unswept street area
Test C': Flushing a previously hand swept street area

using a jet of water,

All tests were conducted on adjacent sections of street using the
following standardized procedure:
1

Test area: 25 ft x 40 ft of level street
oriented parallel to curb

Rainfall intensity: 1/2 in,/hr uniformly for one hour

Vacuum sweeping: Two passes with Tennant HD-42 (8 to
10 min)
Hand sweeping: Two passes with a stiff-bristle

street broom

Flushing: Water applied in a high-intensity jet
until street surface foaming ceases.

In San Jose only Tests A, B and C were conducted. These tests were
carried out on streets representing seven different preselected
land-use areas. 1In Phoenix all five tests were conducted on each
of the streets representing each of the eight land-use areas.
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Routine Sampling Procedures

Modifications of the preceding sampling program were developed since
it was found impractical to transport the rain-simulation and other
bulky equipment across country. The standard sampling routine was
essentially reduced to a combination of Tests B' and C', that is,
hand-sweeping and hose flushing combined with a small-scale vacuum
recovery system, The procedure consisted of three phases, locality
data taking, hand-sweeping, and flushing-vacuum recovery of remain-~
ing material,

Locality Data Collection

After setting up traffic control in the chosen test area, informa-
tion was gathered as to: location, date, land use, parking and
traffic characteristics; street, gutter, and curb composition, con-
dition and texture, test area and description of the adjoining area.
At this time photographs of the area were taken,

Hand Sweeping

Hand sweeping, or dry solids collection, utilized a standard stiff
bristled broom sweeping towards the curb while moving laterally
along the street, After concentration in the gutter, samples were
collected by whisk broom and dustpan and normally placed in clean
paint cans.

Hose Flushing

Flushing was conducted after sweeping to remove adherent soluble
films and otherwise nonsweepable material, The downslope gutter

was dammed with sandbags to create a collection area for flushing
water. A small vacuum collector was constructed using 5 gal paint
cans and connected to a rented industrial wet/dry vacuum cleaner,

The test area was first slightly wetted to facilitate removal of sol-
uble materials, Flushing was then commenced at the road crown using
a garden hose and spray nozzle connected to fire hydrants., All water
used was collected by vacuum box and measured. The samples were then
mixed by vigorous stirring and split to 1 gal volume, If pesticide
analysis was to be conducted, an additional sample was taken in quart
size glass containers., Plastic gallon bottles were used for all
other samples,

Across the street sampling and sweeper testing were conducted in con-
junction with routine sampling as required,

Distribution of Street Surface Contaminants Across a Street

The test procedure involved dividing a one hundred ft long section of
street into swaths from the center line to the curb. Widths of the
parallel swaths were as follows:
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S-5 6 in. (nearest to curb)
S-4 6 in,
S-3 28 in,
S-2 56 in,

S-1 remaining distance to street centerline (variable
from site to site)

The width of swaths varied, decreasing from the center line to the
curb, in order to more closely define contaminant loading in the
areas where heavy accumulations of contaminants are known to exist,
Each swath was vacuum swept twice with the Tennant HD-42 Vacuum
Sweeper to collect the samples in San Jose I and Phoenix I, while
remaining collections were by hand sweeping. With the exception of
very large samples which were split, all of the material collected in
each swath was returned to the laboratory in plastic bags., Analyses
were for total dry solids,

Equipment Performance Tests

Two methods were employed to determine the performance of street
cleaning equipment., The first relies on measuring the amount of a
street refuse simulant left on a clean street after the bassage of the
equipment to be tested. The second method compares before and after
Sweeping loadings of adjacent dirty streets,

Simulant Test

Test areas 50 ft by 8 ft were laid out at the test site., Each test
area was vacuum swept twice and then hosed down until all foaming
ceased., These test areas were then allowed to dry.

A street refuse simulant (see Appendix G) of realistic specific grav-
ity, size distribution and shape was applied to test areas at a pre-
scribed loading density for each specific test. A pre-weighed amount
of simulant was placed in g calibrated lawn fertilizer cart and dis-
persed over the test area, Several shallow pans of 1 sq ft area were
blaced on the test area, collected after distributing the simulant,
and weighed to check the initial loading density. The street sweeper
tested made one pass over the test area, operating under the conditions
designated for the specific test. Following each test, the test area
was again hose flushed and all the water collected. Solids were sepa-
rated by settling and subsequent decantation and weighed to determine

yield,

Routine Tests

Routine equipment evaluation tests were usually conducted in conjunc-
tion with across street sampling as previously described. To conduct
a sweeper test, two areas were used. The first was swept (usually

173



using across the street methods) and hosed to determine the total
initial loadings. The second area, adjacent to the first, was swept
using a street sweeper, It was then hand swept, using across the

street procedures to determine any change in distribution of loadings,
and then hose flushed with vacuum collection.

Sample Handling and Preparation Procedures

All solids and liquid samples (except for San Jose) were shipped by
air from the test sites to the laboratory. Upon receiving the ship-
ment, the laboratory technicians placed the samples in a cold room
maintained at 5°C, and placed the dry samples in a room at ambient
temperature (about 20°C)., The solids were stored in new unlined metal
paint cans, while the liquids were stored in plastic containers. All
samples designated for pesticide analysis were collected and stored in
glass containers.

All individual solid samples were dried under heat lamps (less than
100°F) and weighed.

A composite solid and liquid sample for each city was then prepared by
the following technique:

Solid Composite - Each individual land-use sample for a given
city was thoroughly mixed and an aliquot of a given weight
removed., The aliquot size was based on the land-use percent-
age of the city multiplied by the amount of material found on
the sample street in that land use.

Liquid Composite - Each individual land-use sample was thor-
oughly mixed and an aliquot taken based on the land-use
percentage of each city.

Size classification of solid sample was performed by standard sieve
analysis. Sieve analysis was run on all city, land-use and area com-
posites and on all street sweeper evaluation tests, The dried solid
sample to be analyzed was placed on top of the 2000 micron screen in
the nest of 5 screens (sizes 2000 microns, 840 microns, 246 micro :s,
104 microns, 43 microns and the pan). The screens were then plac.d in
a roto tap unit and agitated for 1/2 hr, The screens were then
removed and the material on each screen weighed.

Special sample preparation was used for the heavy metal analysis of
the liquid samples. All liquid samples were cotton filtered prior to

analysis to remove large settleable solids.

Solid Sample Preparation

Prior to chemical analysis aliquots of each solid composite sample
were taken and placed in a blender with a known amount of distilled
water (varied according to strength of pollutant) and homogenized,
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Appendix B

SUMMARY OF CHARACTERISTICS OF TEST SITES
IN SELECTED CITIES

GLOSSARY OF TERMS USED IN TABLES B-1 through B-11
(Self-explanatory terms omitted)

Street e Pavement: Type of surfacing
® Condition: Excellent - Very smooth surface, no cracks,

essentially new condition.
Good - Few cracks, near new condition.
Fair - Cracks, some pavement deterioration.

Poor - Many cracks, moderate to extensive

deterioration.
Volume of Water: The amount of water utilized for collecting
street surface sample (in gallons).
Parking Density: Heavy - Parking mostly continuous.
Moderate - Around half of available areas
filled.

Light - Very few vehicles parked.

Traffic: Predominantly automobile, trucks, or mixed.
Density: Heavy - > 10,000 AADT (annual average daily
traffic.

Moderate - 500~10,000 AADT
Light - < 500 AADT

Minimum distance from curb (ft): The distance between the curb and traffic
flow.
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