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FOREWORD

This report is composed of six volumes: Volume 1
documents the con-

It tuents of highway stormwater runoff and their pollut.ona effects;

Volume it contains detailed procedures for conducting a monitor mg

and analysis program for highway runoff pollutant data; Volume 111

describes a simple predictive procedure for estimating runoff quant.

t

Y

and auality from highway systems; Volume IV is the research report

discuss no re Srch approach and findings; Volume V conta.ns the com-

parers manual for
P

a highway runoff data borage program and

Solume VI is an executive summary. The report will be of mterest to

planners designers and researchers involved in evaluation of h ghway

stormwater runoff contributions to nonpoint sources of water pollut.on.

Research in Water Quality Changed due to Highway Operations is included

in the Federally Coordinated Program of Highway Research and Develop-

I !/t«L * of Proiect 3E, "Reduction of Environmental Hazards to

Water ResourceslueTthe^ ghway System". Mr. Byron N. Lord is the

Project and Task Manager.

Sufficient copies of the report are being distributed to provide a

minimum of one copy to each FHWA Regional office. Division o ice and

State highway agency. Direct distribut.on .s being made to the

Di vi sion offices

.

-}oV Charles F. Scheffey

Director, Office of Research

Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship. of the Department

of Transportation in the interest of information exchange. The

United States Government assumes no liability for its contents or

use thereof. The contents of this report reflect the views of the

contractor, who is responsible for the accuracy of the data pre-

sented herein. The contents do not necessarily reflect the official

views or policy of the Department of Transportation. This report

does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers,

Trade or manufacturers' names appear herein only because they are

considered essential to the object of this document.
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SECTION I

INTRODUCTION

The following report describes the development of a predictive
procedure for determining the quantity and quality of storm generated
runoff from highway areas. The development of the procedure is based
upon the monitoring program carried out in 1976 and 1977 at sites
in Milwaukee, Wisconsin; Harrisburg, Pennsylvania; Nashville, Tennessee;
and Denver, Colorado. Complete details of the monitoring programs at
these sites can be found in Volume IV of this document series (1).

Data summaries and monitoring results related to the development of the
predictive procedure are presented in the Appendices of this report.
(See Table of Contents).

PURPOSE

The purpose of the predictive procedure is to provide highway designers
and other interested individuals or agencies with a simplified tool to

estimate the quantity and quality of storm generated highway runoff.
The predictive procedure is comprised of a series of equations which
can be computerized to form a math model. The procedure is made up

of four components corresponding to the following functions:

Rainfal 1
- runoff

Pol 1 utant bui ldup

Pollutant wash-off
Constituent loadings

The predictive procedure can be used for Environmental Impact Statements
(EIS) or to determine the loadings for analysis of the pollutant
discharge effects of various design storms at a particular site. The
predictive procedure is not meant to be an all-inclusive model which
predicts hydrographs and concentrations versus time but rather an easy
to use method of determining the total volume of runoff and total
pounds of a pollutant discharged from a highway area. The highway
area under consideration is defined as the paved roadway and total

nonpaved area which contributes to a particular discharge point. The
standard data available to highway designers such as average daily
traffic, site length, percent paved and curb type are used to define
each area of investigation.

In addition to EIS applications, the procedure can also be used to

evaluate existing highway systems. Thus, the effects of increased

traffic, changes in the curb or barrier configuration or modifications

to the nonpaved area can be determined as they relate to the total

pollutant loading. Design storm analyses can also be conducted on an

existing highway drainage area using the predictive procedure. The

pollutant loadings, as predicted for these storms, can then be used to

evaluate different water quality impacts through mass balance or
modeling analyses. In this manner, the pounds of a pollutant discharged
from a highway drainage area can be compared to other pollutant sources

1



within the area. Model use for evaluating receiving water impacts

is discussed in Section V of this report.

FORM OF THE PREDICTIVE PROCEDURE

The predictive procedure presented in the following portions of this

report will be available to the user in two separate forms. Because
of the requirement of being easy to use, the first form of the

procedure is presented as a series of equations and tables with a

detailed step-by-step list of instructions for implementation. These
equations require the user to select a number of coefficients
corresponding to particular site characteristics and to select a

rainfall period for analysis. Directions on the selection of
coefficients and examples of the various applications are included.

The second form of the predictive procedure is a computerized version
for use in long term applications which require the analysis of
extended rainfall periods. Here the procedure takes on the form of
a simulation model which performs the calculations based upon the user
supplying the appropriate input data. Again, suitable documentation
is included with the model. Further descriptions of the input require-

ments for each form of the model are presented in Section III. A

listing of the computer program statements is contained in the Appendi-

ces of this report.



SECTION II

PREDICTIVE PROCEDURE DEVELOPMENT

The development of the functional relationships between the individual
sets of data from the monitoring program comprise the framework for
the predictive procedure. The modules of the procedure represent the
build-up of pollutants on the right-of-way surfaces, the wash-off of
these pollutants during runoff and the determination of the discharge
loads for selected pollutant constituents. Although the pollutant
build-up process occurs prior to the rainfall-runoff process, the
latter is discussed first in order to evaluate the length of time in

which the pollutant accumulation actually occurs and to determine the
amount of material remaining on the right-of-way after the previous
rainfall event. The period of buildup and washoff from previous
storms are collectively referred to as the prestorm history throughout
this report.

RAINFALL-RUNOFF RELATIONSHIPS

The volume and duration of runoff from highway right-of-way are cal-
culated within this module of the predictive procedure. The average
runoff rate (volume of runoff per hour) is then used to remove
(wash-off) a portion of the pollutants that have accumulated during
the prestorm history. The prediction of the average runoff rate is

based upon the characteristics of the highway drainage area and the
rainfall volume and duration of each event under analysis.

The rainfall volume (R) for each storm and the associated runoff
volume (Q_) when expressed in the same units, provide a means of

calculating the runoff coefficient which can be written as;

runoff coefficient = volume of runoff = Q/R ratio
volume of rain

The runoff coefficient or Q/R ratio as used in this report, relates

the total volume of runoff from both the paved and nonpaved portions
of the drainage area to the amount of rain causing the runoff. Ap-
pendix Tables A-1 - A-5 on pages 99- 1 1 A present the rainfall and
runoff data from the monitoring sites. Table 1 presents a summary of

the monitoring site characteristics, rainfall data, and runoff data.

These data used to develop the predictive procedure are only for

the nonwinter months, April through October. Runoff during the win-
ter months, November through March, is difficult to characterize,
especially in the northern climates where snowfall and frozen ground
conditions are prevalent. Runoff during the winter months in these
areas is a function of snowfall, snowpack and temperature.



As can be seen from Table 1, some of the Q/R ratios are greater than

1.0, which indicates that the amount of runoff from these sites is

greater than the rainfall that falls on the drainage area. This
phenomenon is, of course, impossible unless an external source of
flow is contributing to the monitoring site. The logical explanation
for these large values is likely due to the accuracy of the instru-
ments used for measuring the rainfall and flow volumes. A 10 to 15

percent error is enough to affect each OVR value at the all-paved
Milwaukee 1-794 site so that the ratios are greater than 1.0. Because
the percent error can be positive or negative for each parameter, the
Q/R values which are greater than 1.0 will remain in the analyses
since the effects of these values will be negligible when averaged
with the remaining data.

Table 1. Site characteristics, rainfall - runoff s umma ry

,

3 3
Drainage area, Percent Average Range

Site ^acres paved Q/R Q/R

100 0.87 0.20-1.21

31 0.40 0.10-0.91

27 0.49 0.02-1.09

37 0.48 0.10-0.90

37 0.42 0.08-0.68

a. April through October
metric units: acres x 0,405 = hg

in. x 2.54 = cm

The site characteristic referred to as percent paved in Table 1 is

a measure of that part of the drainage area which is normally concrete
or asphalt. The driving lanes and most shoulder areas, as well as

exit and entrance ramps that are part of the total drainage area are
considered paved. Since the predictive procedure is meant to be
applied to all highway areas which may or may not have characteristics
the same as those listed in Table 1, a general site characteristics
classification was developed.

Mi lwaukee
1-794 2.1

Mi lwaukee
Hwy . 45 106.0

Harrisburg
1-81 18.5

Nashvi 1 le

1-40 55.6

Denver
1-25 35.3



The Milwaukee 1-79** site is unique in that the elevated bridge deck
that comprises this drainage area is completely paved with impact
barriers containing each set of lanes. This type of site is charac-
teristic of many urban freeway systems which have a number of bridge
decks passing over interchanges or depressed areas.

The Milwaukee Hwy kS site, the Nashville \-k0 site, and the Denver 1-25

site characterize those highway drainage areas which contain paved
roadway and shoulder areas and grassy or nonpervious side areas. These
sites also contain mountable curbs with inlets spaced along the road-
way surface. The percent of the drainage area that is paved generally
ranges from 30 to kO percent.

The final type of drainage area that can be encountered is the rural,
flush shoulder type of highway which is characterized by the Harris-
burg l-8l site. This site has flush shoulders which receive the runoff
from the paved traffic lanes and which conveys the runoff to inlets
spaced along the grassy side ditches of this rural site. Generally
this type of site has a smaller part of the drainage area that is paved
ranging from 20 to 30 percent.

These general site characteristics will be classified as follows for

all remaining predictive procedure applications:

Type 1 sites: Urban, elevated bridge deck, 100 percent paved
with impact barriers containing each set of

lanes; Milwaukee 1-79**.

Type II sites: Mountable curb with paved and nonpaved
drainaqe area; Milwaukee Hwy. k5, Nashville
1-40, Denver 1-25.

Type III sites: Rural sites with flush shoulders, paved and
non-paved runoff through ditches; Harrisburq
1-81.

The predictive procedure calculates the volume of runoff for a

given rainfall event using equations which were developed for each
site type from the monitorina data at the five drainage areas listed

in Table 1. Using this table, the 1-79** site had an average Q/R ratio
of 0.87 which means that for each inch (2.5** cm) of rain that fell on

that site, an average of 0.87 inches (2.2 cm) of runoff were measured
at the outlet of the drainage area. Similarly for the Nashville 1-40

site, 0.48 inches (1.22 cm) would be discharged. The differences
in these values can be accounted for by the site characteristics of

each drainage area with the \-k0 site being 37 percent paved and 1-79**

being 100 percent paved.

The range of Q/R values presented in Table 1 varies from 0.02 to 1.2.

The variation in these ratios between sites is caused by the differ-

ences in rainfall intensities and durations and most s iqni f icantly



the differences in the characteristics of the drainage areas such as

percent paved and soil cover within the unpaved area. The variations
in the ratio at a particular site are related to four possible
sources:

1. Rainfall intensity and duration.
2. Prestorm history.

3. Monitoring instrumentation.
h. Variation in vehicular splash-off.

Two rainfalls at a particular site may have the same volume but occur
over s iani f icantly longer durations which effects the amount of

runoff. For example, one inch (2.5^ cm) in 30 minutes should produce
more runoff than one inch (2.5^ cm) in 5 hours due to the latter
storm having more opportunity to infiltrate the nonpervious portions
of the drainaae area.

The prestorm history relates the conditions of the drainage area prior
to the storm under consideration. Thus, the 5 hour storm above
would Droduce more runoff if it had been preceeded by a large amount
of rain a day earlier than if there were no rain for an extended
period prior to the storm. The prestorm history is thus related to

the soil moisture conditions of the nonnaved portions of the drainaae
area and their ability to provide a base for infiltration of a part

of the potential runoff volume.

The prestorm history of the all-paved 1-79^ site has little effect
on the runoff volumes. Although the surface storage or surface
wetting component can effect the volume of runoff as a function of the
prestorm history, it will be considered constant for each event at

this site (Type 1) and not included in the analysis.

Another source of variation in the Q/R ratios could be attributable
to the accuracv of the monitorinn instrumentation. Small rainfall
and flow volumes can approach the detectable limits of the raingauges
and stage recorders used at the monitoring sites. This may cause
a variation of as much as 20 percent. These variations must be

regarded as implicit to the data collection effort and will be assumed
to be relatively constant for the events monitored in this project.

A final source of variation in Q/R ratios may be due to variations
in vehicular splash-off. Splash-off varies with the velocity (speed)

and quantity of traffic. Generally, the traffic volume and velocity
are highest during daylight hours and lowest at night. Therefore
a storm occurring during daylight hours will probably produce less

runoff (more splash-off) than the same storm occurring at night. In

urban areas, traffic volume is greatest during the early morning and
late afternoon (commuter traffic) while traffic velocity is often
lowest at the peak of the "rush-hour". A storm which occurs just
prior to or immediately following peak "rush-hour" traffic would
probably produce less runoff (more splash-off) than the storm occurring

6



at other times of the day. The effect of splash-off on Q/R ratio

is probably greatest for Type I and Type II sites.

Determination of Runoff Volumes

Tvpe I Sites - Two approaches were initially investigated for pre-

dicting the volume of runoff from the Milwaukee 1-79^ site. The

first approach used an average Q/R ratio of 0.87 (Table 1 ) as a

coefficient which when multiplied times the rainfall volume produced

the volume of runoff. Thus, an equation of the following form was

produced:

Q = 0.87 R

where Q = runoff volume

R = rainfal 1 volume

This form of the equation is similar to the rational formula approach

which predicts that a constant fraction of the rainfall is converted

into runoff for all rainfall events. The data from thissite showed

the volume of runoff to vary from storm to storm as previously

mentioned. In order to account for this variation, the runoff volumes

were correlated to the rainfall volumes using simple regression

techniques. The resulting equation, significant at the 95 percent

confidence limits, was:

Q= 0.969 R " 0.019 0)
where Q_ = runoff volume (inches)

R = rainfall volume (inches)

The correlation coefficient for this equation was 0.95 with an R 2 value

of 0.91 which indicates that 91 percent of the variation in thetotal

runoff at this site can be attributed to total rain using equation 1.

Other forms of the equation using nonlinear techniques produced less

significant relationships. Equation 1 produced runoff volumes and

Q/R ratios which vary with the volume of rainfall as listed in Table 2.

This form of the equation is used in the predictive procedure for all

Type 1 sites.

Table 2. Predicted Q/R ratios for various rainfall volumes.

Rainfall - R

(inches) 0.1 0.2 0.5 1.0 2.0

Predicted Runoff-Q
(inches) 0.078 0.175 0.466 0.950 1.92

Q/R 0.78 0.78 0.93 0.95 0.96

metric units: in. x 2.5^ = cm

7



Type II Si tes - Type II sites are characterized as those sites with both

paved and non paved (pervious) areas. Because of these pervious areas,
dry days are an essential parameter in evaluating the relationship
between rainfall and runoff volumes. Long dry periods prior to a rain-

fall will allow the non paved portions of the drainage area to absorb
more of the rainfall than conditions where rainfall has been recent

or significant enough to saturate those areas. Thus, long dry periods
generally reduce runoff volume and lower the runoff coefficient (Q/R

ratio)

.

Two methods of quantifying the prestorm history were attempted in the
development of the predictive procedure. The first method was to

count the number of days of dry weather prior to the event under
consideration. This "dry days" (DD) value is a measure of the length
of time prior to the event when no rain fell on the drainage area. The
second method measures the number of days prior to the rainfall event
in which the cumulative amount of rainfall equaled one inch (DDI).

DDI takes into consideration the amount of rain that fell in the pre-
storm period as well as the amount of time that was necessary to

accumulate one inch (2.5^ cm) of rain. Other volumes of rainfall were
considered but the one inch value accounted for more of the large rain-
storms than smaller values, while larger cumulative values resulted in

extremely large DDI values for arid sites such as Denver. The two

methods of quantifying the prestorm period may be significantly different
in their estimates.

Table 3 presents a hypothetical rainfall record to illustrate the

difference in dry day estimates using the DD and DDI methods. If the

storm prior to the storm under consideration is greater than or equal

to one inch (2.5^ cm), DD and DDI have the same value (storm on April 3).

However, if rainfall events less than one inch (2.5*t cm) occur in the

rainfall record, the two values become significantly different (storms

on April 5,7,9 and 11). The cumulative value DDI provides an estimate
of the length of time that was required to accumulate one inch of
rainfall prior to the event under analysis.

Table 3- Dry day calculations for DD and
DDI using a hypothetical rainfall record.

Storm Rainfal 1

,

DD, DDI,

date in. days days

April 1 1.05 — —
April 3 0.30 2 2

April 5 0.45 2 k

April 7 0.20 2 6

April 9 0.50 2 8

April 11 0.10 2 6

metric units: in. x 2.5^ = cm
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Regression analyses were used to evaluate both methods of charac-
terizing prestorm history (DD and DDl) for each of the three Type II

sites. The results of the regression analyses using both linear and
log transformed data are presented in Table k. All correlation
coefficients (R values) for the resulting equations are significant
at the 95 percent confidence level when compared to a table of critical
values for correlation coefficients (2). The regression analyses also
show that equations using DD or DDl variables for individual sites
are not significantly different in explaining the data variance for
runoff volume (R2 values differ by less than 0.0*0. This indicates
that equations using the DD variable will predict runoff volume as
well as equations utilizing the DDl variable. Because regression
analyses indicate no advantage in using the DD or DDl variable, the
DD variable was used for the predictive procedure since it is the common
way of relating prestorm conditions.

The log form of the equation using the DD variable was used for Type II

sites, because this form of the equation explains slightly more of the
data variation (R2 values) than does the linear form (Table k) . Also,
the regression coefficient of the DD variable in the linear equation
for Milwaukee Hwy. *t5 site is a small positive value (0.001). This
equation will predict larger runoff volumes as the number of dry days
increases, which is counter to what is commonly expected in hydrology.

The form of the predictive equation to be used for Type II sites is

a combination of the Milwaukee Hwy. k$ and Denver sites as determined
through a multiple regression analysis. The Nashville data were not
included in this task because the data from that site tended to skew
the resulting equation away from the high significance levels that

were obtained in the individual correlations. The Nashville data

could be highly correlated as is shown in Table k. However, when

these data were combined with data from the other two sites in one

regression analysis, the Nashville data were different than the other

sites and the resulting equation was unacceptable. Appendix H (page

193) presents a series of scatter diagrams (Figure H-l, H-2, H-3, W-k)

plotting flow versus total rainfall and dry days to show how the

Nashville data differs from the Milwaukee Hwy. k$ and Denver sites

and how the Nashville data tends to cluster. The reason for the

variance in the Nashville data can be explained by two factors. The

storm history for this site occurs such that a dry period of five to

ten days is followed by four or five rainfall events in a short period.

This same pattern is repeated two or three times as can be seen in the

monitoring data of Appendix Table A-3 on pages 106 to 108. Another

factor is the problem of rainfall measurement which was evident in

the early portions of the monitoring program. Because of the length

of the drainage area and since there was only one raingauge at this

site in the initial phase, there were instances where flow was

measured although rainfall was not recorded on the gauge. This could



Table 4. Results of regression analyses3 using
DD and DD1 values for Type II sites.

Mi lwaukee Hwy 45

DD

Denver 1-25

linear 0. = 0.746 R + 0.001 DD - 0.199 0.88 O.78
log = 0.366 RK *3 DD - 06 0.9* 0.89

DDI

U
log = 0.413 R 1 *^ DDI -0.007 0.94 0.89
linear 0_ = 0. 768 R- 0.005 DDI : _0. 099 0.91 0.82

DD
linear Q = 0.509 R - 0.002 DD - 0.026 0.91 O.83
log = 0.565 R 1 ' 34 DD -0.175 .91 0.83

DDI

lii

log = 0.713 R'* z:?H DDI -0.183 .89 0.80
linear Q - 0.482 R - 0.002 DDI +0.033 0.92 0.84

= 0.713 R K25A DDI -0-183 0.89

Nashville 1-40

DD

linear Q « 0.557 R - 0.01 DD + 0.022 0.92 O.85
log = 0.522 rI-028 dd -0.107 0.87 0.75

DDI
'

linear Q = 0.555 R - Q.003 DDI + 0.019 0.91 O.83
log - 0.592 R 1 * 02 DDI -0.109 0.87 0.76

a Al 1 equations are significant at the 95 percent confidence limits

Note : Q_ = runoff (inches)

R - rainfall volume (inches)

DD = dry days to last rain

DDI = cumulative days to one inch of rain

metric units: in. x 2.54 = cm
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account for the variability in the data. Further details of the
monitoring aspects of this site can be found in Volume IV of this
document series (1).

Using rainfall volume (R) and dry day (DD) data for Milwaukee Hwy. hS
and Denver, the Type II site equation to predict runoff volume (Oj

was developed:

The Type II site equation is further explained in Section I I I of this
report and is significant at the 95 percent confidence limits (2).

Tyep I I I Sites - The Harrisburg 1-81 site was used to characterize
Type III sites. Data were investigated in the same manner as Type II

sites with the results of the DD and DDI variables being the same as
Type II and the log equation showing more significance when compared
to the linear equation. Using rainfall volume (R) and dry day (DD)

data for Harrisburg, the Type III site equation to predict runoff
volume (Q) was developed using regression analysis:

»- 0,8* .'••*..-•» £3 ^
The Type III site equation is further explained in Section I I I of this
report and is significant at the 95 percent confidence limits (2).

Runoff Duration

Once the total volume of runoff has been calculated using site specific
equations, the duration of this runoff must be predicted to determine
the average runoff rate. A total of one inch (2.5^ cm) of runoff may
occur at a particular site over a duration of one hour to possibly
six hours. The average intensity of one inch (2.5^ cm) per hour

should wash off more pollutant than a one-sixth of an inch (0.^2 cm)

per hour event, assuming uniform rainfall intensity. The predictive
procedure developed in this report requires an average runoff rate

to remove pollutants from the drainage area. Ideally, discrete rates

at individual points within the runoff event should be used to remove

the pollutants, however, this methodology is too sophisticated for

the purposes of this procedure.

Data for the duration of runoff at each monitoring site are presented
in Appendix A, Tables A-l to A-5. These data were used to develop
an equation relating rainfall duration (RD) to runoff (flow) duration

11



(FD) . Each site's data were analyzed using linear regression
analysis to determine an equation relating the durations. Table 5
presents the resulting equations for each of the five sites, a com-

bination of the Type II sites, (Milwaukee Hwy. 45, Nashville and
Denver) and all sites combined.

The equations of Table 5 are all significant at the 95 percent con-
fidence level (2) and give a good indication of the typical duration
of runoff for a given rainfall event. The last column of the table
presents the predicted runoff duration for a two hour rainfall. These
data show that the shortest runoff duration is predicted for the
Milwaukee 1-794 site (Type I site), while the longest runoff duration
is predicted for the Harrisburg site (Type III site). Runoff dura-
tions predicted for Milwaukee Hwy 45, Nashville and Denver (Type II

sites) are very similar and fall between the predicted values for
Milwaukee 1-794 and Harrisburg. This would be expected considering
the drainage (hydraulic) characteristics for these three site

types.

Table 5. Correlation analysis results for rainfall-
runoff durations.

Correlation Runoff
Runoff duration coefficient duration (FD)

Si te equation R for RD = 2 hrs

Milwaukee 1-794 FD = 1.12 RD + 0.69 0.95 2.93
Mi lwaukee Hwy 45 FD = 1.50 RD + 1.31 0.91 4.31

Nashville 1-40 FD = 1.33 RD + 1.60 0.89 4.26

Denver 1-25 FD = 1.16 RD + 1.72 0.90 4.04
Harrisburg 1

— 3

1

FD = 1.65 RD + 6.27 0.75 8.57
Hwy 45, 1-40, FD = 1.36 RD + 1.63 0.90 4.35

1-25 combined

All sites combined FD = 1.62 RD + 2.10 0.77 5.34

Note: RD = rainfall duration in hours
FD = runoff duration in hours

The determination of the average runoff rate is critical to the

accuracy of the washoff equation of the predictive procedure, there-
fore further investigation of the effects of prestorm history was

undertaken. The data of the Type II and III sites was analyzed to

determine if longer runoff durations were associated with fewer dry

days. This relation was thought to occur since the pervious (non-

paved) areas would contribute more to the total runoff volume as the

number of dry days decreased. Since these areas have significantly
longer time of concentrations than paved portions of the drainage area,

possibly runoff duration would increase for equal duration rainfalls.

12



The analyses were run for two separate groups of data corresponding
to a certain number of dry days thought to show a significant
difference in rainfall/runoff durations. The first dry day estimates
investigated were those events with dry day periods equal or greater
than 5 days and those less than 5 days. Regression analyses were
run on each set of data for each site to determine if there were large
differences in the ratios of the flow duration-to-runoff duration.
The regression equations that resulted showed very little difference
between each of the groups of data. The next analysis was to use the
dry day period of 10 days to determine if any differences resulted.
Regression analyses for these data showed greater differences than the
5 day estimate and the resulting equations are presented in Table 6.
All equations are significant at the 95 percent limits (2).

Table 6 presents the calculated runoff duration for a two hour rain-
fall. The Harrisburg site shows the longest runoff duration for
this storm. The difference in the duration for DD greater than 10

and less than 10 is more than 3 hours. The Nashville site shows the

smallest difference between the DD estimates, but this characteristic
may be a function of the raingauge problems discussed earlier. These
equations will be used to categorize the runoff duration for the site
types which contain nonpaved portions of the drainage area.

Table 7 shows the results of combining the three Type II sites while
the Type I and III sites use the individual equations for the Milwaukee
l~79*» and Harrisburg sites, respectively. The equations for the two
dry day groups in Table 7 are identical for Type I sites because a

completely paved drainage area was assumed to be unaffected by pre-
storm history.

Table "J. General equations relating rainfall
and runoff durations.

Dry days greater
than or equal to Dry days less than

Type of site 10 days 10 days

Type I FD = 1.12 RD + 0.69 FD = 1 . 12 RD + 0.69
Type II FD = 1.06 RD + 1.79 FD = 1 .27 RD + 2. 16

Type Ml FD » 1.92 RD + 4. 18 FD = 1.48 RD + 8.28

Note: FD = runoff duration
RD = rainfall duration

The duration of runoff predicted with these equations is used with
the previously calculated runoff volume to produce the average

13
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volume of runoff per hour for a given rainfall event.

POLLUTANT ACCUMULATION EQUATION

The pollutant accumulation equation of the predictive model is as
fo 1 1 ows

:

P = P + (K, x HL x T) (2)
o I

Where; P = pollutant level after build-up, lb (kg)

P = initial surface pollutant load, lb (kg)

K, = pollutant accumulation rate, lb/mi-day
(kg/km-day)

T =* time of accumulation, days (20 day maximum)
HL = highway length, mi (km)

The pollutant accumulation equation predicts the highway surface
pollutant load (P) which accumulates during a selected time period
(T) at a specified rate (K.). Surface pollutants are those which
accumulate on the surface of all-paved sites (e.g. elevated bridge
sections) and on the paved and unpaved surfaces of highway sections
which have right-of-way areas (e.g. gravel shoulders, grassy areas,
etc.). For purposes of the predictive model, pollutant load refers
to that fraction of the total highway load which is available for

wash-off.

The monitoring data from this study were "end-of-the-pipe" wash-off
data which are not a direct measure of pollutant buildup. Therefore,
monitoring data could not be used to establish whether pollutant
buildup on highways is linear, exponential or some other mathematical
function. The pollutant accumulation equation (2) assumes that

pollutants build up linearly during the accumulation period. This
equation is similar to that used in the Storage, Treatment, Overflow,
Runoff Model (STORM) (3) which is based on a linear pollutant build-
up relationship developed from a study on urban runoff in Chicago (k) .

The surface pollutant accumulation variable, Kj , is the rate at which
the carrier pollutant, total solids, accumulates in pounds per mile
per day (kg/km/day). A carrier pollutant is that pollutant which
exhibits the highest degree of association with all other pollutants
being considered. In many mathematical models, the predicted quantity
of carrier pollutant is used to estimate the quantity of all other
pollutants being modeled. This method eliminates the need for each
pollutant to be predicted separately by the model, greatly reducing

the number of calculations required. Total solids was chosen as the

carrier pollutant for the predictive model developed in this study

because total solids showed the highest correlation with the other
monitored quality parameters when regression analyses were performed.
Volume IV, of this document series, "Characteristics of Runoff From

Operating Highways Research Report", presents the results of these

15



regression analyses (1). In this report the term total solids (TS)

refers to total suspended solids (TSS) plus total dissolved solids
(TDS). Under the new nomenclature of Standard Methods (5), total
solids as used in this study is defined as total residue.

Highway planners usually know in advance the length of the highway and
the design average daily traffic. For this reason, K^ , is expressed
as pounds per mile - day (kg/km-day) . The unit, miles, refers to
the actual length of highway section in the contributing drainage area.
This is in contrast to curb mile or lane mile, which is a multiple of
the highway length. The highway designer then inputs to the model
the highway length (HL) and the appropriate Ki factor. K] is site
specific and its value may be based upon actual monitoring data, if it

exists, or its value can be estimated from average daily traffic. K,

selection based on average daily traffic is discussed at the end of
this section.

The initial surface pollutant load (P ) is the pounds of pollutants
on the surface at the beginning of the accumulation period. The
accumulation period can be intervals within an actual rainfall record,
intervals within a series of design storms, or the period prior to a

single design storm event.

If an accumulation period follows a large storm event, the initial

surface pollutant load will be considered zero (Po=0). The definition
of a large storm is based upon that used in the Stormwater Management
Model (SWMM) for the rate of pollutant removal during a storm event

(6). For purposes of the predictive procedure, a large storm event is

defined as one with greater than one inch (2.5*1 cm) of total rainfall
and having at least one hour in which the average intensity is 0.5
inches per hour (1.27 cm/hr) . For such a storm, it is assumed in SWMM
that approximately 90 percent of the surface pollutants available for
wash-off have been removed. For the remainder of this report, any

storm meeting the above rainfall requirements is referred as to a large
storm event.

For succeeding rainfall events in a continuous rainfall record, PQ is

the surface pollutant load remaining after wash-off from the previous
rainfall event. For rainfall records which do not follow a large

storm event or for design storms, the initial surface pollutant load

must be estimated using a site specific Kj value, site length and a

specified period of build-up. An analysis of monitored wash-off data

and rainfall records during the subject study suggests that dry periods
greater than 20 days over-estimate the surface load. The initial

surface pollutant load for a site with a K, of 80, and a site length of

5 mi les would be:

80 .

] b/ x 5 mi. x 20 days = 8,000 lbs (3,629 kg)
mi -day

16



However, the model user may choose any accumulation period based upon

site specific data or design criteria. For any site, a maximum accumu-

lation period is governed by wind, traffic, curb type, sweeping and

other site specific factors which limit the pollutant load within a

highway system. This analysis will assume 20 days to be the maximum.

The flow diagram of Figure 1 depicts the steps leading to an estima-

tion of the pollutant level after build-up for any period of accumu-

lation. This diagram also shows the various methods of estimating

the initial surface pollutant load, PQ .

Surface Pollutant Accumulation Variable (K^) Development

K] was developed from monitored data using one of the following

methods depending upon available data records:

Method 1. Uses a period between two large storm events in

which all of the storm events were monitored.

Assuming the two large storm events wash off

essentially all of the surface pollutants, then

the wash-off data in pounds (kilograms) from

all the monitored events should account for all

pollutants accumulated during this period.

Method 2. Uses a period between two large storm events in

which only some of the storm events were monitored.
The monitored wash-off data are used to estimate
pollutant wash-off for unmonitored events.
Estimated and actual wash-off data should provide
a reasonable value for total surface pollutants
accumulated between the two large rainfall events.

Method I is preferred for estimating K, because it is based entirely
on monitored data. The required monitoring data and a sample calcula-
tion of a K^ value using Method I for the Milwaukee 1-794 site are
presented in Table 8.

The storm event on 7/30/76, 1.59 inches (4.04 cm) of rainfall, was
large enough to wash off essentially all surface pollutants. The
pounds of total solids accumulated during this period is the sum of

all total solids monitored, ending with the 1.05 inches (2.67 cm) of
rainfall on 8/28/76 which is assumed to wash off all remaining surface
pollutants. Kj is calculated by dividing pounds of total solids
washed off by highway length in miles (kilometers) and the number of
days during the accumulation period. Figure 2 displays this accumula-
tion, wash-off relationship. The second method for developing Kj was
used for sites where runoff quality for all storm events between two

large rainfalls was not monitored, however runoff volume and duration
was available. The first step was to express all pollutant wash-off
data for monitored events in terms of runoff intensity, lbs/(in./hr)
(kg/(cm/hr) ) . Runoff rates were chosen as the units for data normal i-
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LARGE STORM

EVENT

P
q

= K
1

x 20

DAYS x HL

DESIGN STORM
OR NO
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v LEFT
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AFTER WASH-
OFF

CONTINUOUS
RAINFALL RECORD

POLLUTANT LEVEL
AFTER BUILD-UP

lb

KEY

P
Q = INITIAL SURFACE POLLUTANT LOAD

P = POLLUTANT LEVEL AFTER BUILD-UP
K-\ - POLLUTANT ACCUMULATION RATE
T = TIME OF ACCUMULATION
HL = HIGHWAY LENGTH

Figure 1. Estimation of pollutant level after build-up.
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Table 8. Example of rainfall record and monitoring data needed
to develop Kj using Method I.

Maximum intensity
Total du ring any one

rainfal Is, hour of rain fall, Total solids
Date inches in./hr monitored, lb

7/30/76 1.59 1.02 -_

8/5/76 0.05 — 14

8/13/76 0.64 — 94
8/25/76 0.14 — 29
8/28/76 1.05 0.74 135

272 lb

accumulated

Kj = 272 lb/(0.15 mi (highway length at l-794)/29 days) =

62.5 Ib/mi-day (17.6 kg/km-day)

.

metric units: in. x 2.54 = cm
lb x 0.454 = kg

zation because rate of runoff is the control ing mechanism which carries
pollutants within the drainage system. Monitored events with associ-
ated pounds of pollutants per runoff rate, were then grouped into

three rainfall categories as listed in Table 9: 0.05 to 0.10 inches

(0.13 to 0.25 cm), 0.11 to 1.00 inches (0.28 to 2.54 cm) and greater
than 1.00 inch (2.54 cm). Any rainfall less than 0.05 inches (0.13 cm)

is considered a trace of rain which will not produce runoff of
sufficient volume and rate to effect pollutant wash-off. An average
pounds per runoff rate from each of the three rainfall categories
was then applied to the appropriate unmonitored rainfall event for

which runoff rate was calculated. The pounds of total solids,
monitored and estimated, are then summed for the entire period. An

example of K^ development using Method 2 is presented in Table 3. As

in Method I, the assumption is used that the two large storm events
wash off essentially all of the surface pollutants. The summed pounds
of total solids (monitored and estimated) should therefore account for

all pollutants accumulated during this period. Using the sum of pre-

dicted and monitored total solids wash off, (Table 10), the Kj factor
can be estimated as follows:

K] = 1400 lbs v (0.15 mi. (highway length at 1-794 x 153 days)
= 62.7 lbs/mi -day (17-7 kg/km-day)

If the three rainfall categories are not used, pollutant wash-off pre-

dictions for small rainfalls, 0.05 to 0.10 inches (0.13 to 0.25 cm)

are high and pollutant wash-off predictions for large rainfalls,
> 1 . 00 inch (2.54 cm), are low. The range of mean values, total solids

per runoff rate, for the three rainfall categories of Table 9 indicate
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why errors in estimating pollutant wash-off occur if only one average
is used.

The minimum runoff duration that can be used in calculating average
runoff intensity is 0.5 hours. Short duration flows, less than 0.5
hours, are often the result of small storms producing less than 0.1

inches (.25 cm) of flow. Using the high average runoff rates calcu-
lated from such storms gives more weight to the pollutant wash-off
ability of a small storm than occurs. For this reason, all storms
used in the predictive procedure were considered to have a duration of
at least 0.5 hours, eliminating overestimates of total solids wash-off
for short duration storms. For example, a storm producing 0.05 inches
(.12 cm) of runoff in 0.17 hours (10 minutes) would have an average
runoff rate calculated using an adjusted runoff duration of 0.5 in./hr
as follows:

Average runoff rate = 0.05 inches of flow * 0.5 hours
= 0.10 in.hr (0.25 cm/hr)

Otherwise the average rate calculated from the actual runoff duration
(0.17 hr) would be 0.29 in./hr (0.73 cm/hr) and would cause a large
overprediction of pollutant wash-off.

Comparison of predicted total solids wash-off to monitored total

solids wash-off of Table 10 shows that values comparable to estimated
total solids are obtained using the rainfall category breakdown and
short duration storm adjustment for wash-off of unmonitored events.

K^ factors developed from monitored data during the subject study are
1 isted in Table 1 1

.

Method 1 (all events monitored) and Method 2 (all events not monitored),
give comparable results at 1-79** and Hwy 45. Use of Method 2 appears
to give reasonable estimates of pollutant accumulation (K^) when
Method 1 cannot be implemented. However, Method 2 does not provide
good Kj estimates when dry periods of greater than 20 days are con-
tained within the period of analysis. The factor, pounds of pollutants
per runoff rate, does not account for dry days. Using Method 2,

estimated total pounds of pollutant wash-off for an unmonitored event
with a 0.5 in./hr (1.27 cm/hr) runoff rate and one dry day will be

the same as an unmonitored event with a 0.5 in./hr (1.27 cm/hr) runoff

intensity and forty dry days. Method 2 wi 1 1 under-predict where long

dry periods are involved.

Denver, having an arid climate, is an example of a site where Method 2

cannot be used with confidence. During the summer monitoring period
of 1976, only two large storms appeared in the rainfall record. This
period was used to calculate K^ , 1 39 • 3 lb/mi-day (53 • ** kg/km-day)

.

Within this rainfall record was a 42 day dry period. K^ is probably
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Table 11. Kj values for monitoring sites

Average
dai ly

Ki value, Ib/mi-day
1 976 1977

All events Al 1 events
traffic, All events not Al 1 events not

Site vehicles moni tored monitored monitored monitored

1-794 53,000 63-5 62.7 96.3 100.0
Hwy 45 85,000 172.5 120.2 367.7 368.9
Harrisburg
1-81 24,000 * 270.2 * 62.8

Nashvi 1 le

1-40 88,000 J. 210.8 * 347.3
Denver
1-25 149,000

J.
189.3

j-
90.0

Kj = lb/mi -day = (0.28 kg/km-day)
* - The rainfall record did not contain a period between two

large storms for which all events were monitored.

underestimated as this site has an average daily traffic almost three
times that of 1-794 in Milwaukee. During 1977, there was only one
large storm event in the Denver rainfall record. The calculated Kj

value of 90.0 lb/mi-day (25.4 kg/km-day), was estimated using the
largest available rainfall, 0.65 inches (1.65 cms) over a 13.5 hour
duration, at the start of the analysis period. Because of the long

dry periods and lack of large storms in the rainfall record, the site
specific Ki values for Denver were not acceptable for use in the
predictive procedure, rather, a general K^ for Type II sites was used.

Construction activity occurred near the monitoring sites at Hwy. 45
(Milwaukee) and 1-40 (Nashville) in 1977. K^ values for this period
reflect this construction activity, and these values were not used

in the development of the predictive model. At Harrisburg, 1976 was
the first year of highway use after construction and this probably
influenced the high K] value for this site. The Kj value appears to

reflect some residuals from highway construction, and therefore, was

not used in the development of the predictive model.

The 1976 K
1
value for Nashville, 210.8 lb/mi -day (59.4 kg/km-day), is

based upon the only available data for the year, the month of October.

Findings at Milwaukee 1-794 indicate little variation in accumulation
rates during summer periods. At 1-794 the K] calculated using Method

for the period 6/18/76 - 7/30/76 was 64.1 Ib/mi-day (18.1 kg/km-day)

and the Ki for the period 7/31/76 - 8/28/76 was 62.5 lb/mi -day (17.6

kg/km-day). Therefore, the Nashville 1976 K-j value is probably
representative of the entire summer period. The 1976 Kj value is used
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at Nashville for predictive procedures because of the construction
activity which occurred during 1977. Based upon average daily traffic
(Table 11), the 1976 Kj value at Nashville appears reasonable.

The K] values used in predictive model for nonconstruction events are
1 isted in Table 12.

Table 12. Predictive procedure Kj values.

_
Site lb/mi -day Value obtained by:

Milwaukee I-794 75.6 Weighted average for Kj

values (Method 1), 1976-77
Milwaukee Hwy 45 172.5 1976 K] value (Method 1)

Harrisburg 1-81 62.8 1977 Ki value (Method 2)

Nashville I-40 210.8 1976 Ki value (Method 2)

metric units: lb x 0.454 = kg

mi x 1 .609 = km

Wherever possible the Method I K] value is used to the exclusion of

Ki values estimated using unmonitored events (Method 2). It is felt

that the K^ values in Table 12 best represent the total solids accumu-
lation within the monitored highway systems under normal maintenance
and operation.

K^ Values in the Literature

The total solids accumulation rates for streets and highways which
appeared in a literature review of water quality impacts of highway

operations and maintenance (7) are presented in Table 13«

When making comparisons of the above total solids accumulation data,

two things must be kept in mind: 1) city streets generally accumulate
more total solids because of increased sources from which total solids

may be obtained, and 2) sweeping or a combination of sweeping and

flushing usually accounts for more total solids than an analysis of

surface runoff. The K^ values developed in this report reflect total

solids available to be washed off in surface runoff.

Previously developed K^ factors (Table 12), which ranged from 62.8

lb/mi-day at the Harrisburg site to 210.8 lb/mi-day at the Nashville

site (17.7 to 59-4 kg/km-day) were derived from runoff analysis data.

These Kj factors appear comparable to the total solids accumulation

values reported in the literature (Table 13).
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Table 13. Published K^ values

Total solids
accumulation rate, Sol ids col lection

lb/mi -day Location techniques Ref.

1580 Chicago City Sts. Sweeping (4)

1180 11 U.S. City Sts. Combined sweeping
and flushing

(8)

10.4 Seattle Highway Runoff analysis (9)

382 Washington, D.C. Vacuuming and (10)

Hwy. flushing
69.4 Seattle Highway Runoff analysis (11)

26.6 Seattle Highway Runoff analysis (12)

metric units: lb x 0.W = kg

mi x 1.609 km

A total sol ids a

was calculated f

study in Dal las,

The Texas study
section at this

The total sol ids

75-6 lb/mi -day (

accumulation rat

53,000 vehicles
vehicles per day

ccumulation rate of 54.5 lb/mi-day (15.4 kg/km-day)
rom runoff analysis data reported in a highway runoff
Texas (13) using an average Q/R of 0.90 and Method 1.

site is characterized as Type 1. The elevated highway
site drains slightly more than two acres (0.8 ha).

accumulation rate at the I -794 site (Milwaukee) was

21.3 kg/km-day) which appears comparable to the Texas
e if the differences in average daily traffic of
per day at Milwaukee are compared to the 30,000
at Texas.

Kj Selection Based on Site Characteristics

A comparison of total solids accumulation values (K^)

characteristics for four of the monitoring sites is p

Table 14.

with site
presented in

These accumulation rates represent those that are derived from "normal"
highway operation and maintenance. As explained previously, Kj

factors for years which had construction activity on or near the
monitoring site were not used. The rainfall record at the Denver site
prevented a reliable estimate of Kj , and therefore, those total solids

accumulation rates will not be used in the regression analyses to

develop equations relating Kj to site characteristics. The selection
of a Kj value for sites other than those listed above require some

type of relationship for the predictive procedure to calculate a site

specific Kj . Regression analyses using the data from the sites

monitored during this project were used to develop an equation to

predict Kj . The results of regression analysis using K-\ as the depen-
dent variable, and average daily traffic (ADT) and dustfall as the
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independent variables are presented in Table 15.

Table 14. Comparison of total solids accumulation rates and
site characteristics.

Total sol ids Average dai ly
accumulation, traffic, Dustfal

1

,

Barrier
Site lb/mi -day vehicles/day g/mVday type

Harrisburg
1-81 62.8 24,000 0.06 Flush

Mi lwaukee
I -79^ 75.6 53,000 0.43 Barrier

Mi lwaukee Mountable
Hwy 45 172.5 85,000 0.21 curb

Nashvi 1 le Mountable
1-40 210.8 88,000 0.31 curb

metric units: lb x 0.454 = kg

mi x 1.609 = km

Table 15. Regression analysis results for K, (dependent variable),
and ADT and dustfal 1 (independent variables).

Variable
relationship

Independent
variable

Sign of
regression
coefficient

Linear

Semi log

Log

ADT + 0.93 0.87
Dustfal

1

+ 0.17 0.03

ADT, Dustfal

1

+ ,- 0.96 0.93

ADT + 0.87 0.75
Dustfal

1

+ 0.41 0.17
ADT, Dustfal

1

+ ,- 0.95 0.91

ADT + 0.90 0.81

Dustfal

1

+ 0.14 0.02

ADT, Dustfal

1

+ ," 0.97 0.95

Because of the small number of cases (n-4) , nothing can be said

statistically about the correlation of K, with average daily traffic
and dustfal 1. The purpose of performing the regression analysis was

to provide the best equation with the available data. However, average
daily traffic appears to show a strong relationship with K-j values

27



when these two parameters are graphed (Figure 3). The computed Kj

for Dallas (13) was included as an additional point for comparison.
Based upon the graph, ADT within the range of 25,000 to 90,000 vehicles
per day appears to give reasonable estimates of Kj

.

Regression analyses using the monitored dustfall data obtained during
this study, show dustfall to be a poor estimator of K^ (low R2 values).
In fact, when analyzed in combination with ADT, the regression analyses
show a negative relationship to Kj (negative regression coefficient).
This means that as the dustfall increases the accumulation of total

solids decreases. This relationship is contrary to the positive
relationship which would be expected between dustfall and K^ . These
results are probably due to the small number of sites (n=4) which
could be used in the regression analyses. Therefore, no equation is

used in the predictive procedure to predict Kj from dustfall alone
(because of low R2 values) or in combination with ADT (because of
negative regression coefficients).

Barrier type is difficult to quantify, but probably has some effect
on total solids accumulation. With a flush shoulder on a highway,
there is nothing to restrict total solids from being blown off.

Mountable curbs provide some restriction while side barriers help to
retain a greater proportion of the total solids than mountable curbs
or flush shoulders. Because of the limited data, an evaluation of the
effect of curb type on Ki values estimated for the study sites cannot
be made.

For those cases in which a site specific K« value is not available,
the predictive procedure uses ADT to calculate the appropriate total
solids buildup rate using the following equation;

K, = (ADT
* 89

) 0.007 (3)

WASH-OFF COEFFICIENT (f<
2

) DEVELOPMENT

The coefficient K£ is used in the predictive procedure to remove a

portion of the carrier pollutant from the surface of the drainage area.

The general wash-off equation that is used in the Corps of Engineers
STORM model (3) and EPA Stormwater Management Model (H) is used in

this procedure in the following form:

P
D

= P (1-e" K2
r

) (k)

Where: P_ = pounds (kilograms) of pollutant discharged
P = surface load at start of the runoff event

(Equation 2)

K2 = wash-off coefficient
r = average runoff rate, in./hr (cm/hr)
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EQUATION OF CURVE :

ACC = ADT°-89 x 0.007
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Figure 3« Selected total solids accumulation rates versus
average daily traffic.
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The terms of Equation k were determined in the following manner. P

is the calculated pounds of the carrier pollutant, total solids, on the

surface of the drainage area from Equation 2. The average runoff rate

(r) is calculated using Equation 1 and the equation for flow duration.
K2 is selected based upon the drainage area configuration (Type I, II

or III). Equation k utilizes the average runoff rate because it

showed the best correlation to discharge loads monitored at each site.

A sensitivity analysis based upon a comparison of predicted and
measured total solids was used to develop K2 values for each site.

For a series of monitored events at a particular site, the build-up
and wash-off equations (2 and k) were applied using different K2 values
to determine the best fit for the total of all events. For the pre-
liminary analysis, a range of K2 values from 1 to 20 was selected
because this range was thought to include the wash-off potential that

could be expected for highway sites. A K2 of 1 will remove 22 percent
of the available pollutant land when r is equal to 0.25 inches per
hour (0.63 cm/hr) , while a K2 of 20 removes 99 percent with the same
r value.

Table 16 presents the results of applying a K2 value of 1 and 20 to

actual runoff and dry day data for the Milwaukee 1-79^ site. The K]

value used in this analysis was 63 lb/mi-day (17.2 kg/km-day) as

developed previously. This sensitivity analysis shows that a K2 value
of one washes off 777-3 lb (352.6 kb) of total solids, while a K2

value of 20 approximately doubles the pounds washed off.

Figure k shows a graph of the measured total solids discharged for

nine monitored events and the corresponding computed values during
1976 at Milwaukee 1-79^ To determine the operating range of K2,

values (1, 5, 3 and 20) were selected for analysis in order to under
and over predict the measured data. From the Figure, it can be seen

that the K2 values of 1 and 20 did not provide good estimates of the
total solids washed off, while K2 values of 5 and 8 provided better
estimates. This same procedure was used for the other monitoring
sites. The monitored rainfall events in which total solids were
measured at each site were compared to predicted total solids using
K2 values that ranged from 1 to 20. Those values that were closest
to the sum of the measured values were then graphically compared to

individual events as shown in Figures k to 11. The range of K2 values
that were selected for each site are presented in Table 17-

For purposes of the predictive procedure, a single K2 value was
required for each of the three site categories. The values in Table
17 are generally in the range of 5-8 with the exception of Harrisburg.
Based upon the comparison of individual K2 values with actual monitor-
ing data, the K2 value of 6.5 was selected as representative of the
Milwaukee Highway 45, Nashville and Denver sites which contain some
type of curb or barrier, structured drainage and grassy right-of-way
(Type II). For the Harrisburg site a value of 12 was selected as
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Table; 16. K2 sensitivity at Mi lwaukee 1-794.

K2=1, K2=20,
Runoff, Dry pounds pounds

Date in. days washed-off washed-off

5/10/76 0.187 5 8.1 46.1

5/15/76 0.07^ 5 6.2 37.4
5/28/76 0.240 13 43.3 132.8

5/30/76 0.290 2 5.0 8.7

6/13/76 0.138 14 39-3 134.4
6/18/76 0.213 5 60.3 55.6
6/24/76 0.021 6 6.4 19.5
6/27/76 0.027 3 8.6 27.4

7/28/76 0.093 31 54.6 280.0

7/30/76 0.341 2 167.7 70.7
8/5/76 0.053 6 24.4 37.2
8/13/76 0.107 8 51.0 77.7
8/25/76 0.062 12 34.6 88.3
8/28/76 0.225 3 114.1 63.1

9/1/76 0.091 4 42.7 32.3

9/9/76 0.124 8 61.0 75.0
9/9/76 0.031 10 17.1 47.2

10/5/76 0.064 16 42.9 148.5
Total » — ™ — 777.3 1371.9

metric units: lb x

in. x

0.454 = kg

2.54 = cm

Table 17. Range of l<£ values for each monitoring site,

Site *2

Milwaukee 1-794

Mi lwaukee Hwy 45
Harrisburg 1-81

Nashville I -40

5-8
5-8

4-20
5-8
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representative of a rural, flush shouldered site which uses grassy
ditch conveyance for the surface runoff. A K2 value of 5.0 was
selected for the Milwaukee 1-79^ site. This value will be used for
all elevated bridge decks which are completely paved. A summary of
these values for each site type is presented in Table 18.

Table 18. K2 values used in predictive procedure.

Site type K2

Type I 5.0
Type II 6.5
Type I I I 12.0

The Type III site requires the highest K2 value in order to wash off
larger amounts of the pollutant load per runoff volume than other
sites. The flush shoulder and the nonpaved drainage conditions which
characterize this site type probably account for the high value in

that more pollutant wash-off is required per event to remove the
pollutant load contained within the grassy areas adjacent to the road-
way. The Type I site has the lowest K2 value which indicates that it

is easier to wash off pollutants from a site which is all paved than
a site which has both paved and unpaved areas (Type II and III).

The data used in the selection of these K2 values are listed in Appendix
B, Tables B-1 - B-4. These tables present the predicted and measured
total solids values for each K2 in the selected range of values on

Table 17. It must be pointed out that the values in these tables are
based upon nonwinter conditions and that more emphasis is placed upon

nonconstruction years (1976 at Milwaukee Hwy. 45 and 1977 at Nashville).
Small differences between individual total loads for each K2 value were
neglected in assigning the three site specific K2 values.

CONSTITUENT LOADINGS

The final component of the predictive procedure transforms the pounds
of total solids washed off into pounds of lead, COD, suspended solids
or any other of the 16 quality constituents available in the model.

The resulting loadings may be used to evaluate the impact of these
discharges on the receiving water or to evaluate the loads as required
by special model application. A general approach for determining the
relative impact of these loadings on the receiving water is discussed
in Section V (page 88).

The prediction of heavy metals, nutrients, solids and other parameters
for individual storm events relies upon the correlation of measured
total solids loads to the measured loads for each of the remaining
parameters. Tables 19 and 20 present the results of each of these
linear regressions in the form of an equation for predicting each
parameter as a function of the total solids load for each site. For
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Table 19. Constituent equations developed for Type I

and Type I I I sites.

Paramete r

Type 1

Milwaukee 1-794
Type III

Harrisburg 1-40

SS s 0.53TS - 3.2* 0.32TS - 36.8*

VSS S 0.191TS + 0.2* 0.061TS-3.3*

TVS S 0.221TS + 13.3 0.32TS - 32.3*

TKN S 3.3xlO" 3 TS + 0.16 3.lxlO
_3
TS+ 0.55*

BOD S 0.023TS + 1.5* N/A

TOC = 0.057TS + 0.80* O.O68TS - 5.85*

COD as 0.202TS + 5.47* 0.087TS + 0.65*

TN s 1.37xl0" 3 TS + 0.12 1.83x10 TS+0.054*

TPOi, s l.OxlO" 3 TS + 3-OxlO"
11

2.15xlo"
3
TS - 0.245

Cl~ = 0.034TS + 2.59 0.135TS + 2.6*

Pb s 5.6xlO~ 3TS - 0.02*4 4.1xlO
_Zt

TS - 0.029*

Zn B
-4

8.4x10 TS + 0.014 2.67xl0"
4
TS-0.0ll*

Fe

Cu

0.015TS + 0.59

-4 -2,
2.9x10 TS+7.3xlO 4

0.014TS - 1.61*

-c "3*
7.4x10 5TS+8. 78x10

Cd S 1.4x10 TS-1.4xl0~ 3 4.0xlO
_5
TS+0.007

Cr B
-4 -3

1.6x10 TS+1.2xlO
-4

2.3x10 TS-0.028

Hg S
-7 -4

-7-6x10 TS+8.8x10 -5.8xlO"6TS+0.015*

Note: TS = total solids (lb)

* - Variables correlate at the 95 percent confidence level,

metric units: lb x 0.454 = kg
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example, the determination of the COD load for the Milwaukee 1-79**

site is as fol lows:

COD (lb) = 0.202 TS + 5.^7
where: TS = total solids in pounds

The asterisk in Tables 19 and 20 next to some equations indicates sig-

nificance at the 95 percent confidence limits (1). This indicates
that one can be 95 percent confident that the sample was not selected
from a population for which no correlation exists (i.e. that the
coorelation coefficient R is equal to zero). An equation may still
provide good estimates even if the variables in that equation do not
show a significant correlation at the 95 percent confidence level. In

fact, an equation developed using regression techniques is the best
fit model of the data being analyzed. For this reason, all the
equations developed to predict various pollutant parameters from total
solids will be used in the predictive procedure. The asterisks were
used in Tables 19 and 20 only to indicate the relative strength of
the correlation between the variables in each equation. However, most
of the variables did show a correlation at the 95 percent confidence
level

.

The predictive procedure will use a separate constituent equation for
each general site type. Individual equations are required to account
for differences between sites in drainage and solids retention
characteristics. Table 21 provides the calculated loading for each of
the five monitoring sites using individual constituent equations from
Tables 19 and 20 and a general site equation for Type II areas.
Suspended solids, COD, lead, iron, and TPO4, are listed to evaluate the
individual loadings. A given range of total solids loads varying from

500 to 10,000 pounds is used to determine the constituent load for the
above parameters. The numerical average of the three locations com-
prising Type II sites, as well as the results for a general Type II

site equation from Table 20 are also listed to provide an indication
of the accuracy of each approach. The site specific equations provide
zero loadings for the Milwaukee Hwy. A5 site for some parameters when
less than 500 pounds of total solids are available. The regression
equations used to develop these relationships are based upon actual

monitoring data which did not include a runoff event with less than

490 pounds of total solids. In the same manner, the TPOjj loads are
not accurate at the 2,000 to 10,000 pound load range since no actual

data points of this magnitude were available to produce the predictive
equation. To account for these differences, the average equation of

Table 22 will be used in the predictive procedure for the Type II

si tes.

The use of the general Type II site equation as compared to individual

Milwaukee, Nashville and Denver equations was checked by comparing
the general equation to the site specific equation using the t test.

The two equations did not differ at a 95 percent confidence level and
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Table 22. Constituent equations developed for Type II sites

Parameter Equation

SS 0.63TS - 188

VSS 0.152TS +13.5

TVS 0.263TS + 243

TKN 5.^6x10"3ts +1.28

BOD 3.0xlO"2TS +28.3

TOC 5.6x10"2TS + 25.2

COD 0.193TS + 275-3

TN 1.3xlO" 3TS + 0.713

TPO4 2.25x10" 3TS - 0.32

CI 0.042TS + 87

Pb 1.02x10"3tS + 0.04

Zn 5.84xlO"^TS + 0.103

Fe 1.96xl0_2TS - 5-0

Ni N/A

Cu 3.l6x10-2fTS + 0.064

Cd 4.l6x10~ 5TS + 0.021

Cr 4.3x10~5tS + 0.036

Hg 2.44x10" 6TS + 1.006x1
0" 6

Note: TS - total solids (lb)

metric units: lb x 0.454 = kg
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are used in the model for Type II sites. Large differences in the

equations for suspended solids, especially at the Milwaukee 45 site,

presents difficulties at low total solids levels. For those events

in which the total solids load is less than 300 pounds (136 kg), the
suspended solids equation results in negative numbers or zero load.

Construction activity at this Milwaukee site during 1977 is the primary
reason for the large discrepancy between sites.

Tables 23, 24 and 25 list the calculated and measured lead, and
suspended solids values for some of the sites using the Type I site

specific and Type II general equations. These data points are deter-
mined using the actual measured total solids load for determining
each of these parameters. Later discussions in Section IV show how
the computed total solids, lead and suspended solids data using the
model compares to the corresponding measured data.

Applying the Type I site equation to Milwaukee 1-794 monitored total

solids data (Table 23) produced calculated values for suspended solids
and lead which Were comparable to measured values on an event basis.

A comparison of the sum for all events of calculated and measured
values shows that the Type I site equation over-predicts lead by 3

percent. Similar results were obtained for the Milwaukee Hwy. 45 site
(Table 24) using the general Type II site equation. Summing the values
for all events showed that suspended solids and lead were over-pre-
dicted by 7 and 6 percent respectively.

The Nashville data (Table 25) present a worst case example where a

general equation (Type II site) is applied to construction year data.
The data show that calculated suspended solids are generally lower than
measured suspended solids on an event basis, especially for those
events which had low monitored total solids wash-off (less than 100 lb

(45 kb)). However, when calculated and measured values for suspended
solids were summed for all events, calculated suspended solids were
only 8 percent lower than measured. Although considerable variation
between calculated and measured suspended solids wash-off occurred
on an event basis, the general equation still provided reasonable
estimates of suspended solids for the construction year. Overall pre-
dicted lead values were 14 percent lower than measured values. A
14 percent difference is acceptable for model prediction.
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Table 23. Milwaukee 1-794 calculated suspended solids and

lead loadings using Type I site equations.

Total solids,
lb measured

Suspended
Measured

sol ids, lb

Calculated
Lead, lb

Date Measured Calculated

6-18-76 87 62 43 0.69 0.46
7-23-76 45 15 21 0.14 0.23
7-30-76 a * -- * —
8-5-76 14 2 4 0.02 0.05
8-13-76 94 40 47 0.85 0.50
8-25-76 29 10 12 0.10 0.14
8-28-76 135 97 63 1.00 0.73
9-9-76 98 36 49 0.37 0.52
9-19-76 28 8 12 0.11 0.13
6-8-77 35 21 15 0.19 0.17
6-10-77 12 3 3 0.03 0.04
6-11-77 173 69 88 0.66 0.94
6-17-77 119 49 60 0.61 0.64
6-28-77 12 4 3 * —
6-28-77 62 42 30 k —
6-30-77 84 39 41 0.40 0.45
7-3-77 27 10 25 * —
7-17-77 115 21 58 * ~~

8-13-77 143 * 73 A

8-28-77 96 48 48 * —
9-23-77 5 3

— * --

9-23-77 28 13 12 ft --

9-24-77 62 34 30 k --

Total 623 669 5.17 5.00

Note: * No data available.
metric units: lb x 0.454 =f kg
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Table 24. Milwaukee Hwy 45 calculated suspended solids
and lead loadings using Type II site equations.

Total solids,

lb measured
Suspended

Measured
solids, lb

Calculated
Lead , lb

Date Measured Calculated

6-18-76 5886 4306 3520 6.67 6.04
7-28-76 943 518 406 1.43 1.00
7-30-76 2371 1290 1306 2.76 2.46
8-5-76 470 127 108 0.20 0.52
8-14-76 2120 805 1148 2.04 2.20
8-25-76 4029 601 2350 1.56 4.15
8-27-76 2490 1636 1381 4.27 2.58
9-9-76 3498 2010 2016 4.67 3.61
9-19-76 1109 492 511 0.80 1.17
5-4-77 742 135 279 0.40 0.80
6-5-77 6149 3891 3686 8.40 6.31
6-5-77 8670 6151 5274 7.30 8.88
6-6-77 490 82 121 0.20 0.54
6-8-77 1123 428 519 0.80 1.19
6-11-77 3524 1402 2032 1.80 3.63
6-17-77 4849 2974 2867 4.60 *».99

6-27-77 3388 859 1946 2.50 3.49
6-30-77 3173 1416 1811 3.20 3.28

Total 29123 31281 53.60 56.84

metric units: lb x 0.454 = kg
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Table 25. Nashville 1-40 calculated suspended solids and
lead loadings using Type II site equations.

Total solids,
lb measured

Suspended
Measured

solids, lb

Calculated
Lead, lb

Date Measured C«alculated

4-21&22-77 1559 .922 794 2.23 1.63
4-22-77 1265 626 609 1.27 1.33
4-28-77 156 77 0.22 0.20
6-13-77 134 28 0.11 0.18
6-14-77 605 278 193 0.78 0.66
6-19-77 1943 1272 1036 4.73 2.02
6-22-77 1246 555 597 1.05 1.31

6-23-77 2944 1630 1667 4.10 3.04
6-24-77 1486 777 748 1.52 1.56

2.866-25-77 2767 1835 1555 4.05
9-5-77 427 220 < 81 0.46 0.48
9-6-77 78 30 0.09 0.12
9-13-77 170 66 0.19 0.21

9-13-77 595 135 187 0.52 0.65
9-14-77 368 161 44 0.42 0.42
9-14-77 3378 1504 1940 1.89 3.48
9-16-77 597 249 188 0.33 0.65
9-19-77 555 327 161 0.80 0.61

Total 20273 10692 9800 24.76 21.39

metric units: lb x 0.454 = kg
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SECTION II I

INPUT REQUIREMENTS AND OUTPUT FORMAT

This section of the report contains the detailed listing of the pre-
dictive procedure, as well as the description of the output. Recom-
mendations for use of the procedure in both single event and long term
application are included.

GENERAL INPUT REQUIREMENTS

The predictive procedure requires input data describing the highway
system under consideration and the rainfall record being evaluated.
The procedure can be manually operated using a calculator or run on a

small computer for each application. The description that follows
will concentrate on the desktop approach since the computer application
follows the same procedure but relies upon the computer to manipulate
constants and equations. Appendix C (page 119) lists the computer
program and Appendix D (page 13*0 lists the step-by-step input

requi rements.

Site Description

The highway system that is to be analyzed must be defined as to its

total drainage area. Total drainage area for an existing system can

be that area comprising both paved and nonpaved surfaces whose runoff
contributes to a single storm sewer or drainage ditch discharge. Thus,
the evaluation of an existing highway system may be comprised of a

series of small drainage areas within the discharge point. This type
of evaluation is important in those applications which are meant to

compare actual flow measurements with the output of the model. For

more general evaluations, the total area contained within the highway
right-of-way will be sufficient for analysis.

The length of the highway system must also be defined, ie. the actual

distance of the highway section from one end of the drainage area
to the other end. This is in contrast to curb mile or lane mile,
which is a multiple of highway length.

Curb Configuration

This parameter describes the general type of drainage configuration
used to remove the paved area runoff from the surface of the highway.
Within the development of the model, the monitoring data showed con-

siderable differences in hydraulics between sites which were found to
be related to these drainage structures. Harrisburg 1-81 is charac-
terized by flush shoulder areas which disperse the paved runoff to

drainage ditches alongside the highway and then by overland flow to

the inlets of the storm sewer system. Milwaukee Hwy kS, Nashville
l-AO and Denver 1-25 have mountable curbs which channel the runoff
alongside the curb to inlets of the storm sewer system. Figure 12
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presents typical cross^sections for Harrisburg l-8l and Milwaukee Hwy

45. A more complete description of each of these sites is available

in Vol. IV, "Characteristics of Runoff From Operating Highways,
Research Report", of this document series (1).

For purposes of analysis, three types of curb or drainage types are
used in the predictive procedure; the flush shoulder which charac-

terizes the rural Harrisburg site, mountable curbs with inlets along
these curbs for removal of the paved surface runoff, and the mountable

curb with impact barriers adjacent to each set of lanes as is charac-
teristic of the elevated bridge deck at the Milwaukee 1-79** site.

These three configurations are used throughout the predictive procedure
appl ication.

Average Daily Traffic

ADT or average daily traffic refers to that volume of vehicles which
passes through the highway system on a per day basis. The average
value as used is determined over a long period of time to account for

weekday, weekend and seasonal variations. ADT is used to select the

proper accumulation rate for the runoff quality predictions. The
average volume of traffic is used since the build-up of pollutants
before a rainfall event is a result of an unknown time period to the

last storm exhibiting 100 percent wash-off. Further descriptions of
ADT and pollutant accumulations have been discussed in the Kj component
development.

CONTINUOUS APPLICATIONS

The application of the predictive procedure or model can be utilized
for single rainfall events or for a continuous simulation of annual
or seasonal rainfall. The continuous mode of operation using the
computer model will be explained first since the single event proce-
dure relies upon the same data requirements.

An effective evaluation of highway runoff water quality includes the
simulation of a number of continuous rainfall events. The time period
spanned by these rainfall events depends largely on the climatic region
of the highway area. An arid climate might require several to many
years of rainfall data to evaluate highway runoff water quality, while
a single year of continuous rainfall data might be sufficient in

humid areas, depending upon the objective of the simulations. Since
the procedure is not meant to evaluate winter snow melts and frozen
ground conditions, only nonwinter periods should be evaluated. An
example would be in the Milwaukee area where frost and snow cover
conditions are possible between November and March of each year. In

areas of the country where frost and snow cover is not present, the
simulation can be used for the entire year.
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Rainfall Selection

The rainfall data required for the model are total volume of rainfall
and the corresponding duration for each event. The date of each event
is also required so that the days of pollutant accumulation between
storms can be evaluated. These data are usually available from the

local weather service, or listings of hourly rainfall may be obtained
from the U.S. Department of Commerce. (Address: U.S. Department of
Commerce, National Climatic Center, Federal Building, Asheville, N.C.

28801).

The selection of a period of record to be used to evaluate the water
quality affects of the highway can become quite complicated if ten or

twenty years of record are available. In order to assist the highway
engineer in selecting which period should be utilized for the simula-
tion, the following suggestions are provided:

1. Analyze with the predictive procedure as many continuous,

complete periods as budget and time allow.

2. Based on a ranking of total rainfall volumes for each
period, average rainfall per storm and number of storms

with average intensities greater than one inch (2.54 cm)

per hour, select one or two periods of high, medium and
low rankings in each category. This provides a representa-
tion of the rainfall record from which one or two periods
can be quickly analyzed.

3. The highest loadings to the receiving water may not be

associated with those periods of highest rainfall but

rather those of highest intensity after long buildup

periods. Selection of extreme periods should reflect
these criteria.

An example of the selection of one or two years of rainfall record for
analysis with the predictive procedure can be found in Table 26. Ten
periods of rainfall for a hypothetical area are listed according to
total rain, number of storms, average rain per storm and storms with
average intensities greater than one inch per hour. According to the
data in this Table, 1969 contained the highest volume of rainfall and
number of storm events, while 1976 contained the lowest volume of rain-

fall and lowest average rain per storm. The year 1974 contained the
highest average rainfall per storm. The average values for each of
these columns provide an indication of typical conditions and the year
which most closely represents typical conditions is marked by an
asterisk.

Based upon the data of Table 24, a typical and extreme year can be
selected for each of the categories. The extreme year representing
the number 1 ranking in each category can be used to evaluate the most
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Table 26. Nonwinter rai nfal 1 summaries for a

hypo thetical area.

Number of
Total ra in, Number of Average rain events

Year (in .) events per event, in. >1 in./hr

1968 15.8 38 (5) 0.42 2

1969 16.4 (1) 48 (1) 0.34

1 970* 14.3 (5) 35 0.41 1

1971 15.9 41 0.39 3

1972 11.4 32 (10) 0.36 (5) 1

1973 12.8 39 0.33

1974 15.6 35 0.45 (1) 2

1975 11.1 38 0.29

1976 10.2 (10) 37 0.28 (10) 1

1977 16.0 37 0.43 3

Average 13.95 38 0.37 1.3

Note: (1) = extreme - high

(5) = typical

(10) = extreme - low
" = typical year

metric units: in. x 2.54 = cm

significant water quality impact. The category of average volume of
rain per storm would best represent this need and, therefore, 1974 would
be selected. The year 1977 also might be selected for the same
purposes since it has the second highest volume of rain per storm but

also has three storms of average intensity greater than one inch. A
typical year such as 1970 and 1972 can be used to represent the entire
period of record. Thus, if time or budget do not allow the analysis
of all 10 years, then a typical year could be analyzed to provide an

indication of the annual load. For the example in Table 26, the
typical year selected would best be represented by 1970 since it has

values very close to the average values for the period of record for
categories of total rain and average volume of rain per storm. Also,
there were not a large number of storms with an average intensity of
greater than one inch per hour during 1970.

The period of rainfall selected for analysis is used to evaluate the
response of the existing or proposed system for the total period and
for individual rainfall events within the period. Later descrip-
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tions of individual storms will require a look at the long term rain-

fall to set prestorm conditions as close to the actual prestorm surface
load as possible.

MODEL OPERATION AND INPUT REQUIREMENTS

The detailed input data formats are listed in Appendix D (page 13*0
to provide the model user with a step-by-step procedure. A more
general approach is discussed in this section of the report. Figure
13 represents the flow diagram for the model operation.

Site Characteristics

The first requirement of the model is to specify the size and type of
site that is to be analyzed. The site description is as follows:

Description Uni ts

1. Size of total drainage area Acres (ha)

2. ADT Vehicles per day

3. Type of site
TYPE I

- All paved, bridge or overpass
Type II - Paved and unpaved with curbs

and inlets along the paved
area.

Type III - Rural sites with flush
shoulders, grassy ditch con-
veyance to inlets.

k. Site length, i.e., distance from one Miles (km)

end of drainage area to the other end.

Rainfal 1 Record

The rainfall record selected for analysis is input to the predictive
procedure in the following manner:

Description Units

1. Number of rainfall events to be evalu-
ated (1 to N).

2. Month, day and year of each event.

3. Rainfall for each event. Inches (cm)

k. Duration of each rainfall. Hours

5. Dry days prior to each rainfall. Days

The rainfall record relies upon the total volume of rain for each

event and the date on which the rainfall started. Thus, even though

the rainfall may extend over two days, the starting date is the

reference point. The dry day variable refers to the number of days
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prior to this event in which accumulation occurred. For example,
a rainfall on Saturday, July 22th that was preceded by a rainfall

that ended on Sunday, July 16th, would have six days of accumulation.

Model Operation

The actual operation of the model or predictive procedure is as follows:

Runoff Volume - The volume of runoff in inches (cm) is determined by

the solution of one of following equations depending on site type.

Type I

0_ = 0.969 R -0.0187

'T^R^DD' ' 0858 * 0.470

Type I I I

Q = R 1 - 892 DD" -^ * 0.845

where; Q_ = runoff in inches (cm)

R = rainfall in inches (cm)

DD = dry days to last rainfall (minimum = 1 dry day)

For example, a TYPE II site having 0.25 inches (0.63 cm) of rain (R)

after 6 dry days (DD) would produce the following total runoff (Q)

:

= R
1 ' 369 DD" * 0858 * 0.470

0_= (0.25
K369) (6"" ' 0858

) (0.470)

Q = 0.06 inches of runoff (0.15 cm)

Runoff Rate - The duration of the rainfall event is used to determine
the length of the runoff period for that event. The following
equations (dependent on site type) describe this procedure:

TYPE I

FD = 1.12 RD + 0.69

TYPE I I

Dry days ^ 10

FD - 1.06 RD + 1.7.9

Dry days < 10

FD - 1.27 RD + 2.16

Type III

Dry days £ 10

FD = 1.92 RD + 4.18
Dry days < 10

FD = 1.48 RD + 8.28

57



where; FD = runoff duration in hours

RD = rainfall duration in hours

Thus for the example above, if the 0.25 inches (0.63 cm) of rainfall

lasted for 50 minutes, then the duration of runoff for TYPE II and
six dry days would be:

FD - 1.27 RD + 2.16

=3-22 hours

The average runoff rate (r) for this event would be calculated as

fo 1 1 ows

:

r = Q/FD
0.06 in.

r =
3.22 hr

= 0.019 in./hr (0.05 cm/hr)

Runoff Qual i ty - The next block of equations in the model is related
to pollutant quality determinations. The first step in this process
is to determine the pollutant accumulation rate for the site being
modeled. The general equation for this variable is defined as:

Kt = (ADT ' 89
) * 0.007

where; Kj = pollutant accumulation rate, lb/mi -day (kg/km-day)
ADT = average daily traffic, vehicles/day

Continuing with the example application, if the site has an ADT of

30,000 vehicles per day, the Kj value that results would be:

Kj = (30,000°- 8 9) * 0.007
= 67-6 lb/mi -day (19.1 kg/km-day)

The calculated Kj value is next used to predict the pounds of total

solids on the surface of the drainage area at the start of the storm
event.

P = Po + (Kj x HL x T)

where; PQ
= initial surface pollutant load, lb

P = pollutant level after build-up, lb

K] - pollutant accumulation rate, lb/mi -day (kg/km-day)
HL = highway length, mi (km)

T = time of accumulation, days (20 day maximum)
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The variable PQ is a function of the amount of pollutants left on the
surface after the last runoff event. In the long term program, this
loading is carried through the calculations on an interative basis by

subtracting the pounds washed off from the previous pollutant load.

The build-up rate, K^ is then used for each dry day to add to this
initial level until the pollutant level at the storm start is deter-
mined.

The initial estimation of a PQ is made easier if the first storm to

be evaluated follows a storm of average rainfall intensity greater
than 0.5 inches (1.27 cm) per hour. This large storm is assumed to

wash-off essentially all of the available total solids load on the
surface. The succeeding dry days are then used to build up the availa-
ble surface load to the start of storm conditions. Further descrip-
tions of P and K-\ are included in the components description of this
report.

Continuing with the example application, if the accumulation period is

six days, the highway length is 6.5 miles, K^ is 67.6 lb/mi-day (19.1

kg/km-day) (predicted from an ADT of 30,000 vehicles/day) and PQ is

zero (assume accumulation period started with a large storm), the
pollutant level after build-up (P) would be:

P = P + (K] x HL x T)

= 0.0 + (67.6 x 6.5 x 6)
= 2,636 pounds (1,196 kg) of total solids available at

the start of event number one

If a large rainfall event does not occur at the beginning of the initial

accumulation period, PQ must be estimated. One method is to evaluate
local climatic data to determine the average number of dry days between

rainfall events. PQ can then be estimated using average number of

dry days, K] and highway length. In the example above, if a large

storm did not precede the initial accumulation period, and if the

average number of dry days between storms was determined to be four,

an estimate of P could be calculated as follows:

P = K| x HL x T
= 67.6 x 6.5 x k

- 1,758 lb (797 kg)

The next step in the predictive procedure is to remove a portion of

the surface load P using the average runoff rate (r) calculated
previously.

The standard wash-off equation that is used in the model is:

P D
= P (i- e-K2<-)

where; Pp = pollutant load discharged (total solids), lb (kg)

P = pollutant load at the storm start, lb (kg)
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I<2 = wash-off coefficient
r = average runoff rate - in./hr (cm/hr)

K2 is selected based upon site characteristics as follows:

K2 = Type 1 Type I I Type I I I

5.0 6.5 12.0

Continuing with the example for a Type II site, the pounds of total

solids removed would be determined as follows based upon the values
previously calculated for P and r:

Pd
:U3m^-(6. 5)(o.o. 9))

= 306 lb of total solids discharged (139 kg)

The surface load after the storm would be calculated as follows:

Po " P " P D
~ 2,636 - 306
= 2,330 lb of total solids remaining (1,057 kg)

PQ for event number two is 2,330 lb (1,057 kg). Another cycle of
calculations can now begin.

The determination of any of the remaining 16 parameters available in

the model is based upon the equations of Tables 19 and 20. Thus, to
determine the pounds of lead for this storm, the equation is:

Pb = 1.02 x 10"3 (P D ) + 0.04
= 1.02 x 10~3 (306) + 0.04
= 0.35 lb of lead discharged (0. 1 6 kg)

The remaining quality parameters can be calculated using the appropriate
equations.

The above example of the predictive procedure provides the methodology
for calculating the pounds of total solids and lead for one storm event.
The event under consideration may be a design storm or single rain-
fall event which was monitored for flow and quality. In either case,
the prestorm history for determining the surface total solids load

at the start of the storm is as important as the rainfall data. Con-
tinuous records of rainfall are important in any application and
should be used to set the individual prestorm conditions.
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SECTION IV

PREDICTIVE PROCEDURE RESULTS

Previous descriptions of the ability of the predictive procedure to

match measured data have been presented for individual components.
Within this portion of the report, the entire model is applied to

the sites which were used to develop the relationships of the model

as well as one site independent of this project's data. The final

portion of this section presents a discussion of the limitations of

the predictive procedure.

MODEL APPLICATIONS

The use of rainfall records from each of the five monitoring sites

within this project, as well as the data from another study at

Dallas, Texas (13) will be used to evaluate model accuracy. Those
events which have been monitored for various quality parameters will

be compared with the model output to determine its accuracy. Summaries
of the input data and output results are listed in the Appendix G

(page 1^6) for all storms used in the continuous simulation. Input

data for each site is volume of rainfall, duration of rainfall, and
number of dry days prior to each event. The K^ values calculated in

Section II for each site will be input to the model for all sites except
Denver where the model will calculate Ki . The rainfall record at

the Denver site prevented a reliable estimate of K^ . Differences
between user supplied and calculated K] values will be discussed.

Milwaukee I-79**

The predictive procedure was run for the nonwinter rainfall events in

1976 and 1977- Each simulation was started, after a significant rain-
fall event occurred which was assumed to wash off the surface pollutant
load to base conditions. There are a total of 33 events used for
comparison of the predicted and monitored runoff quality. Appendix G

(pages 146 to 15*0 presents the model output data for these events
with the rainfall volume and duration plus the K^ value determined
in Section II as the model input. The model output provides rainfall
and runoff summaries, as well as surface loadings before and after
each event

.

Table 27 lists the measured and computed quality results for total and
suspended solids, TP04, COD, lead and iron. Figures 14 and 15

graphically represent the total solids and lead comparisons. The
total solids data for these events shows reasonable accuracy when
the two year total of 1862 lb (845 kg) is compared to the predicted
value of 1640 lb (7^5 kg). Individual events within this period
however, show a substantial variation between predicted and monitored
values. For example, the first three events in 1976 show large
variations in the predicted versus monitored total solid values.
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The total solids comparisons of Figure 14 show five storms which

account for the majority of the differences between the predicted and

actual data. These storm events occurred on 6/18, 7/28, and 7/30/76

and 6/11 and 8/13/77- The first two dates show the model to over-

predict while the remaining dates underpredict the measured loadings.

The event which occurs on 6/8/77 represents the first nonwinter

monitored event of 1977 and thus, is subject to the initial pollutant

estimation of zero pounds preceeding this event after total washoff

from a storm of 0.54 inches (1.3 cm) in one-half hour. The first two

events of 1977 are reasonably close to the measured and reflect the

accuracy of this total washoff assumption.

The suspended solids loadings of Table 27 show the total pounds dis-

charged for monitored events to be 570 lb (259 kg) and the predicted
to be 658 lb (299 kg). Suspended solids data was not collected for

events that occurred on 7/30/76 and 8/13/77- Zero predicted suspended
solids result when the surface total solids load is less than 6 lb

(2.7 kg) as in events of 6/8 and 6/10/77-

The total phosphorus loads (TP04) listed in Table 27 show very close
correlation with the total monitored load being 1.03 lb (0.46 kg)

versus a predicted load of 0.86 lb (0.39 kg). Small variations are

present in the individual storms. Similar trends are found for COD,

lead and iron loadings. The lead data is graphically presented in

Figure 15 where those events that show the greatest variation are

the result of the large differences in monitored and predicted total

solids. Table 27 shows the monitored totals to be 5-17 lb (2.34 kg)

and the predicted to be 4.55 lb (2.06 kg).

Mi Iwaukee Hwy. 45

The Milwaukee Hwy. 45 monitoring data contains 18 events which will

be compared to the predicted values in the following figures. A

total of 39 events were simulated during 1976 and 1977 with the

results of the model output presented in Appendix G (pages 155-162).

Table 28 presents data for total and suspended solids, lead, iron,

COD and TP0. , while Figure 16 and 17 present graphical comparisons
of total solids and lead. The 1976 simulation period uses the K^

value associated with nonconstruct ion , 172-5 lb/mi-day (48.6 kg/km-day)

,

while the 1977 simulation period (construction) requires a K1 of

367.7 lb/mi-day (103.6 kg/km-day) as determined in Section II. Using
these K-\ values for the appropriate years, the predicted total solids
for the two years was 63,478 lb (28,794 kg) while the measured values
were 55,024 lb (24,981 kg). A few of the individual runoff events
within the simulation period show large variations, but the overall
accuracy of the model is relatively good.

67



r--

ca

c
CO

MO
r-».

en

la
-a-

x
<u

fD

2

inM

in

"O
o

CO
CM

-a
a>
4->

o
•—
TJ

-O <D
f— 1_

Q_
•l

-a-o
Q_
h-

_
fD

3
4-»

O
<

-Q "O— <L)

4-J

•> a
in •—
TJ T3
•— <U
§— l_

O Q_
in

-a
<u

-a
c
<u t—
ci- fD
in 3
3 4->

CO o<

-o
<D

JO •M
-— O

ft o
in 0)

"O l_
•— Q_
*—
O
in

,__

fD
+J i—
O fD

I- 3
4-1

o<

a)
*J
fDQ

t- LA
-3" CO

la ro
CM i- 00

r>. o LA MOo «-
LA
-a-

la
MO

in o> N in ia r-
CM MO OO <— CO OO

CA

ca -a- ca o •— vo ca la CM t- r-
CM CM

t— vO MO CA »—

<D
3
C

CO

MO
-3- o

vD
CM CM

oo CA
vOO CA o

MO
-3-

CM
LA
CM

O
CM

LA LA
-3"

-3"

CA
O -3"

CA
OO MD

LA o "- O o O CM *- o O -3" vO O O — CA — CM -a-

MO CA CA
LA i— OO
CO r- LA

i— CA

CA O O -3"
.— r-«. LA »—
_a- r-%. -3- ca

r- CM *—

-

r*» CO CA CA -3- vO -3- CA r^ CA LAo O vO vO r>» CM CM r^ vO -3- MD
LA CA CA CM CA -3- MO -3- CA CM vO

LA r*« """ -3* CA MD
CA

MO CO OO i- CA
CA LA CM
-3- —

r-^LA«-M0OCMLA«— »- CMCMOOCA»— CACACALAOO
r- COMOMOO-3-»— CO»—

•—CM CA MO

00
CM
-3-

CM -3" CA MOO (->. LA «—
-3- CA CO -3"
»- CM «-

CA
CM

CA
CM

LA
MO

LA

o
CM

LA
CA
CA
LA

ca -3- r-^ co -a- -3- f*^ -a- r>» t-OLAOOOCOOCOMOCMCA
cm ca «— «— ca«— r^r^coco

CA -3" CM i— CA »—

-a- mo

CA oo
CM

r^. ca voO CA -3"
-3- oo -a-
r-^ »- la

r-«.

CA
No

MO
oo
oo
LA

M0

CA
-3-

CA

t- O O
r-» r*». cm
ca -a- «—
CM CM

CA
CM
O
-a-

O O0 CA
CA CA O
-3" -3" «-
CM CA i—

CM CA O
-a- -3- r>*
r^. »- mo

mo oo

O CA -3" CA OO CA
CA CM CM -3" oo r-*
-3" •— LA OO CA «-

«— CA -3" CA CA

-3-

CMO
LA
LA

OO 00
»- CM

MO

o
CA

-3"

LA i-
LA 00
CM CM

CA
CA *-

fD

CA

cn
c

L.

3
"O

to cn

i_

L- II

3
O -3"

O LA
o -a-

>>o
4->— X
>— J3
4-J —
o
fD

c in

O -m

4J C
O 3
3
»- O
4J •—
in l.

C 4-1

o a)o 2:
fD

00 «- r- CM
o
CA

r«» 00 00 00 00

-3- LA LA MO

CACALAvOvOvOvOvOvOvO^O

68



LA vO LA
OO

CA O CO
vo ca o

-3-

CM
CA

o
CM

LA CM
fA r-

CA LA
«— LA T^ -3-

vO

ca r^
-3" fA

O vO
r- CO

o r^ o oo ca CA LA -T
oo -3- «"" fA *— CA r^. —
vO CM -3- r— o O r— LA
CM r— r— LA -3- CA o LPv

CM '— ' 1

c
o
1_

<

CM
CA vD

CM
1^.

LA
CA

CA
OO

OO
-3"

CAO
-3-
-3" CA

oo oo oo oo oo oo OO oo OO
LA

CA
CA

OO O
LA

CA CM
CM

O
CM

ca
-3-

LA
\0

OO -3" o OO
OO

-3- r^- CM
-3"

fA
CA CA

CM
LA

CA
CM
ca

"O

a;

CA vo vO LA
CM o CM CA -3-

r^ -3"

oo
oo o LA

CA
CAO

1^
CA

O
vO CA

o
vO

r--

-a-

«- CM vO O T CA -3" CM •- o o CM O — CM r-» «- LA LA
vO

<

1^.

vO
CA
-3"

vO O
CM

-3"

O
vO
LA CM vo

O
OO

o
-3-

o
-3"

o
CA

o
CM

O
OO

o
OO

o
vO

o
LA

O
CM VO

vO — CM O CM •- -3- -3" o O oo r-» O o — -3- CM CA CA
LA

r-.

CA

CD
C

-Q

OOO

"O

CO

o<

COo

LA vO CM vO
CA r^ CA r-
LA vO -3" CA

CA LA -3"

LA r-~ OO
-3" oo o

LA OO
OO
-3"

l^~
CM

CA CA CM
LA -3- O
-3- CM -3"

O
LA r-.

CA

vO

oo oo
i— CM

O
CA

vO

LA «—

oo oo

o
CM

LA CO
LA CA
-3" LA

LA CO
CM CM

OO OO CA

CA
CA

1^
CA

O OO
VO LA
i— LA
CM CM

1^
-3"
-3"

CA
VO
-3"

O
CA
OO

LA CA VOO CM CM
P^ VO CA

LA CO
LA CA
CO vO

CA
CA r-

ro

-3"^ "v.
CA LA

LA

vO

CA
VO CM
1^ CA
«— CA

LA

vO vO

-3" vO
ca vO
LA LA

vO CO — -— CM

vO vD vO vO

O
LA
vO

O
CA

vO

LA
O
CM

CA
vO
oo
vO

x> en
a) .*:

s_

L- II

O -3-

O LA
O -3"

>-o
+J— X
>
._ _a
+-> .

—

o
CO

c to
4J

M C
O 3

L- O
+j ._
in i-

c +j

O <Uo 2:
CO

d)

O

69



MEASURED

P5 COMPUTED

6/18 7/28 8/5 8/14 8/25 8/27

1976 STORM EVENTS

c/) g, 13000

1000

MEASURED

YA COMPUTED

5/4 6/5 6/5 6/6 6/8 6/11 6/17 6/27 6/30

1977 STORM EVENTS

Figure 16. Measured versus computed total solids at
Milwaukee Hwy. k$ , 1976 and 1977.
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Nashville I -kO

A total of 18 events at this site were used to compare the monitored
and predicted quality estimates of the model. A total of kd events

were used in the analysis. The results of the model output for Nash-

ville are presented in Appendix G (pages 163 to I69). The Nashville
site was affected by construction during the entire 1977 monitoring

period so the K-| value of 3^7-3 lb/mi-day (37-9 kg/km-day) corresponding

to this activity was applied (Section II). A simulation for 1976 was

not performed because only four events were monitored that year.

Table 29 lists the computed and actual values for six parameters, while

Figures 18 and 19 present the total solids and lead comparisons. The

total solids measured for the 18 events totalled 20,273 lb (9204 kg)

while the computed values equalled 23,325 lb (10,580 kg). The TPO^

and COD comparisons show the greatest variation in computed and actual

data. The overall predictions for all parameters, however, are

acceptable.

Harrisburg 1-81

A total of 67 rainfall events were simulated with the predictive proce-

dure at this site with 12 of these events having been monitored for

quality parameters. The 1976 events use the K1 value associated with
the construction aspects of that year while 1977 uses the nonconstruc-
tion Type III, K^ . The model output is listed in Appendix G (pages 170

to 130) while Table 30 lists computed and measured values for total
and suspended solids, lead, iron, COD and TPOij. Figures 20 and 21

present lead and total solids values in graphical form. The monitored
total solids for the period was 3655 lb (1659 kg) while the predicted
load equalled 3689 lb (1673 kg). The remaining parameters are also
extremely close on a total pounds basis with a few individual events
showing large variations. The quality comparisons were much more
accurate than anticipated, considering the complexity of the drainage
configuration and base flow conditions at this site.

Denver 1-25

The application of the predictive model to the Denver 1-25 site is

somewhat different because the arid climate and resulting long dry
periods complicated the calculation of a site specific K] value. The
model calculates a K, value based on the ADT data and associated site
characteristics. The model output data is listed in the Appendix G

and shows the calculated K] value to equal 378.9 lb/mi-day (106.

8

kg/km-day). Table 31 lists a few selected parameters comparing the

computed and actual values. Figures 22 and 23 present a graphical
representation of the total solids and lead data. The accuracy of
the model for this site is poor for all parameters because of the
difficulties discussed in the K] components discussions. Except for
suspended solids, the model consistently overpredicts the measured
values totalled for those parameters.
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Table 30. Model results for Harrisburg 1-81, 1976 and 1977

Total

Actual
solids, lb

Predicted
Suspended
Actual

sol ids, lb

Predicted
TP0A, lb

Date Actual Predicted

5/16/76 189 373 20 83 0.27 0.56

7/7 227 627 86 164 0.27 1.10

7/7 1344 1427 509 420 3.13 2.87

9/10 204 287 11 55 0.19 0.37

10/20 632 312 21 63 1.97 0.43

4/24/77 337 37 56 0.22 0.00

6/6 30 18 0.6 0.01 0.00

6/9 53 38 0.4 0.004 0.00

6/14 275 201 8 27 0.07 0.19

6/17 105 63 5 0.04 0.00

6/25 92 157 19 13 0.11 0.09

6/25 167 149 31 10 0.15 0.08

Total 3655 3689 7*7 535 6.43 5.64

COD, lb Lead
,

lb I ron , 1 b

5/16/76 ;V 0.04 0.12 0.62 3.62

7/7 20 55 0.06 0.23 4.06 7.17

7/7 * 26 0.61 0.56 20.86 18.37

9/10 21 26 0.06 0.09 0.52 2.41

10/20 77 28 0.35 0.10 2.11 2.15

4/24/77 29 4 0.09 0.00 1.95 0.00

6/6 2 2 0.01 0.00 0.03 0.00

6/9 2 4 0.01 0.00 0.01 0.00

6/14 13 18 0.06 0.05 0.14 1.20

6/17 6 6 0.03 0.00 0.11 0.00

6/25 10 14 0.03 0.04 0.61 0.59

6/25 33

2T2

13

f70

0.05

1 .40

0.03

1 .22

0.95

31.97

0.48

Total 36.59

Note: *Not monitored
Metric units : lb x 0.454 = kg
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Table 31. Model results for Denver 1-25, 1976 and 1977.

Total

Actual

sol ids , lb

Predicted
Suspended
Actual

solids, lb

Predicted
TP0Z,, lb

Date Actual Predicted

8/2/76 7*1 20 361 1.03 0.00

9/25 529 443 370 91 0.86 0.68

9/26 2293 1437 1652 717 3.12 2.91

V1 1/77 756 211 566 0.68 0.15

4/12 389 65 248 0.43 0.00

4/15 733 286 501 0.77 0.32

4/19 1628 512 927 134 1.55 0.83

5/7 421 732 324 273 0.45 1.33'

6/6 119 355 79 35 0.15 0.48

6/9 149 226 79 0.15 0.19

6/23 64 210 31 0.15 0.15

7/5 1823 6548 1366 3937 2.66 14.41

7/20 807 1540 445 782 0.92 3.15

7/24 235 1420 122 707 0.25 2.88

1/15 329 1113 192

7263

513

7189

0.49 2.19

Total 11016 15118 13-66 29.67

COO, lb Leac1, lb 1 ron , 1

b

8/2/76 302 279 0.63 0.06 13.72 0.00

9/25 213 361 0.72 0.49 13.81 3.68

9/26 700 553 3-53 1.51 62.32 23.16

V1 1/77 317 316 0.81 0.26 17.66 0.00

V12 179 288 0.36 0.11 9.71 0.00

V15 312 331 0.79 0.33 18.49 0.61

V19 738 374 1.69 0.56 36.61 5.03

5/7 170 4-17 0.57 0.79 10.28 9.36

6/6 50 344 0.13 0.40 3.06 1.55

6/9 120 299 0.13 0.27 2.90 0.00

6/23 40 316 0.05 0.26 1.26 0.00

7/5 590 1539 1.18 6.72 38.94 123.33

7/20 387 573 0.84 1.61 14.29 25.19

7/24 108 549 0.26 1.49 3.31 22.84

7/25 112

4133"

490

7029

0.30 1.19 6.07 16.82

Total 11.99 16\ 04 252.43 231.97

Metric units: lb x 0.454 = kg
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Dallas 1-45

The predictive procedure was applied to another study area independent

of the subject project. The rainfall record and monitoring data were
used as an indication of the models ability to predict pollutant loads

from a site which was not used to develop the model parameters. This

site will then serve as a verification of the model for a Type I site.

The model used the ADT of 33,000 to calculate a Kj value of 73-5
lb/mi-day (20.7 kg/km-day) . The simulated rainfall record for 1977

contains 12 rainfall events with 8 events sampled for various quality
parameters. Appendix G (pages 1 89 to 192) lists the model output for

these events. Table 32 provides the monitored and predicted compari-
sons while Figure 2k and 25 present total solids and lead values.

The monitored total solids load equalled 468 lb (212 kg) while the

predicted value was 627 lb (285 kg). All of the remaining computed
parameters generally over-predicted except COD. These over-predictions
are related to the methods used to determine total flow volume for

this site. Because the detailed hydraulics data for this site
was not available at the time, individual flow records were estimated
assuming 90 percent of the rainfall resulted in runoff (Q/R = 0.9).
This estimation has a significant impact on events that occurred on
7/21 and 8/28 where 90 percent of the total variation between predicted
and monitored total solids occurs.

if the data as calculated by an average Q/R is used for evaluation,
and two listed events are dropped, then the model can be considered
verified for a Type I site. As further data becomes available, the
remaining site types can be similarly verified.

MODEL LIMITATIONS

The ability of this predictive procedure to represent the runoff
process from various highway systems will be determined in future
applications. The predictive procedure or model is a tool for
evaluating the effects of increased traffic, changes in the highway
configuration or other design aspects on the loading of solids or
other constituents to the receiving water.

Because of the complex interactions of rainfall, runoff and traffic
on a highway, the predictive model has certain limitations which
must be recognized before its use can be fully evaluated. The most
obvious limitations are as follows:

1. The model assumes the highway area to be uniformly
characterized by the three site types that are listed.
Significant variations in a site may have widely varying
resul ts .
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Table 32. Model results for Dallas 1-45, 1977.

Total sol ids, lb Susperided solids, lb COD, lb

Date Actual Predicted Actual Predicted Actua' I Predicted

6/15/77 56 23 10 9 39 10

6/23 23 74 2 36 27 20

7/9 55 79 19 38 27 21

7/21 172 309 112 161 157 68

7/26 62 65 26 31 38 19

7/27 49 13 24 4 20 8

8/14 25 15 7 5 21 8

8/28 26 48 4 23 16 15

Total rar 52T 20? W 345 169

Lead, lb I ron , lb

6/15/77 0.07 0.10 0.44 0.93

6/23 0.10 0.39 0.30 1.70

7/9 0.06 0.42 0.21 1.77

7/21 0.56 1.71 2.79 5.23

7/26 0.17 0.34 0.98 1.56

7/27 0.13 0.05 0.61 0.78

8/14 0.05 0.06 0.16 0.81

8/28 0.04

1 .18

0.25

3.32

0.11

5.60

1.32

Total 14.10

Metric units: lb x 0.454 = kg
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2. The predicted pounds of total solids washed off during a

rainfall event are dependent upon the model prediction of
the surface load at the start of the storm. If the surface
load is underestimated, the pounds discharged will be low.

3. The use of average runoff rate to remove surface pollutants
is the quickest and easiest method. Peak runoff intensities
during the runoff hydrograph may be more accurate, but are
too complex for this procedure.

k. Long dry periods and overlapping storms present predictive
problems in determining the prestorm surface load.

5. Construction activities are difficult to simulate unless
monitoring data is available to determine K^ values.
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SECTION V

RECEIVING WATER IMPACT

The intended use of the predictive procedure eventually may involve the
determination of the impact of highway runoff on a receiving body of

water such as a lake or stream. The complex determination of the
resulting water quality is beyond the scope of this analysis, however,
the relative comparison of urban runoff to highway loads can be used

to evaluate the anticipated impact.

ANNUAL HIGHWAY LOADS

In order to compare the impact of highway runoff with other pollutant
sources, the data collected from the monitoring program at the five

sites has been reduced to an average pounds (kg) of pollutant per acre
(ha) of contributing area per inch (cm) of runoff. This data \s

summarized in Table 33 for nonwinter conditions at all sites. The
unit lb/ac-in. of runoff allows the comparison of different types of
drainage areas with different perviousness and runoff characteristics.
Other units of this table include concentrations in mg/1 and loadings
in pounds per acre (kg/ha).

In order to generate an annual load for the monitoring sites, the

weighted average annual rainfall volume for the sites was calculated as

approximately 32.5 inches (82.5 cm), and the percent of imperviousness
as a weighted average was approximately 34 percent. Using this data,
approximately 12 to 14 inches (30-36 cm) of runoff will be generated
during the nonwinter periods of the year over these sites on an

average basis. The average drainage area size is 43.5 acres (17.6 ha).

The data of Table 33 provides the Ib/acre-in. (kg/ha-cm) of runoff
column so that the annual load from the highway system can be expressed
as a yearly load as shown in Table 34.

Table 34.. Yearly highway runoff loads.

Pollutant loading, Pollutant loading,

Parameter lb/acre- in. runoff 1 b/acre-yr

TS 260 3,380
SS 59 767
B0D

5
5.4 70.2

Pb 0.22 2.86
Fe 2.3^ 30.4
COD 33 429

metric units: lb/acre x 1.12 = kg/ha
lb/acre/in. x 0.441 = kg/ha/cm
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Table 33. Summary of highway runoff quality data for
all six monitoring sites - nonwinter 1976-77.

Pol lutant
concentration, Pol lutant loading, Pollutant loading,

Parameter mg/1 Ib/ac-event lb/ac- in. runoff

TS 1.1*7 51.8 260

SS 261 14.0 59

VSS 77 3.7 17

TVS 242 9.4 55

B0D
5

24 0.88 5.4

TOC 41 2.1 9.3

COD 147 6.9 33

TKN 2.9 0.15 0.68

TN 1.1 0.07 0.26

TPO^ 0.8 0.05 0.18

cr 386 13.0 88

Pb 0.96 0.06 0.22

Zn 0.41 0.02 0.04

Fe 10.30 0.5 2.34

Cu 0.10 .0056 0.02

Cd 0.04 .0017 0.009

Cr 0.04 .0028 0.009

Hg 3.22 x 10"3 5-9 x 10-7 7.3 x 10- 2*

Ni 0.02 0.27 2.25

metric units: lb/ac x 1.12 = kg/ha

lb/ac-in. x 0.441 = kg/ha-cm
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The yearly loads listed above are generalized for 13 inches (33 cm) of
runoff per year. Similar calculations can be made for any of the
parameters listed in Table 33.

IMPACT EVALUATIONS

An early task of the subject project was to sample a small receiving
stream (Pine River) near the Harrisburg I

— 8 1 site prior to, during
and after a rainfall event. The purpose of this effort was to quantify
the effects of the highway runoff on the stream. Samples of both the
instream quality and bottom sediment material were acquired upstream
and downstream of the highway runoff discharge point. Analysis of the
samples showed nearly uniform contamination of the bottom material
for various parameters which were thought to be sensitive to highway
runoff. Factors such as upstream sources of highway runoff, residual

effects from construction activities and overall contamination of the
stream forced curtailment of further monitoring efforts. Appendix F

contains the results of this sampling effort. Future phases of Federal
Highway Administration research will be directed toward the collection
of such data and the quantification of receiving water impacts.

Concentrations and loadings for each parameter are provided in this

section so the user of the predictive procedure can compare the magni-
tude of various loads to a receiving body and then evaluate the impact
of the highway. Table 33 allows for a comparison of highway loading

data to other pollutant sources affecting receiving water quality in

a number of different ways. The most common (but least accurate)
method is comparison of highway runoff concentrations with urban runoff,

industrial, municipal, and nonpoint discharge concentrations.

In order to obtain a suitable average concentration which is represen-
tative of the entire country, the data listed in the "Urban Stormwater
Management Technology" publication of EPA is used. This publication
lists average concentrations of stormwater for 15 cities with combined
sewer overflow (CSO) and II cities with storm sewer data. Table 35
presents an average of these values for both CSO and stormwater.
These values represent the average concentrations for the 11 and 15

cities presenting data.

Comparison of this data with the highway runoff data (Table 35) show
the storm sewer BOD and COD to be almost equal to highway concentra-
tions. The CSO data are much higher in concentration as are the
suspended solids data for storm sewers. A simple comparison of con-
centrations for these three sources to receiving water shows the
highway runoff constituents to have generally lower concentrations
for these parameters. Comparisons such as these are inconclusive since

the sampling methods have a significant influence on the magnitude of

the concentrations. The highway data is a result of flow proportioned
composite samples which reflect the entire discharge period. Other
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BOD
5

119

COD 265

Total suspended
sol ids 408

Table 35. Average concentrations for combined sewer,
storm sewer and highway discharges.

Combined Storm water (15) , Highway,
Parameter sewer (15), mg/1 mg/1 mg/1

27 2k

176 147

639 261

values may be the result of discrete samples taken during the first

flush portion of the overflow which would tend to overpredict the
composite concentration, or discrete samples taken late in the runoff

period which would tend to underpredict the composite concentration.
Many other factors enter into the comparison of concentrations. For

purposes of the receiving water impact, however, the runoff concentra-
tion may not effect the receiving water. The pounds of pollutant
discharged is a more significant determination. For example, if

discharge A has half the concentration of discharge B, but A has twice

the total flow of B, then both discharges release equal loads to the

receiving body. Thus, concentration alone is meaningless unless some

estimate of flow is available to determine total load and resulting
concentrations in the receiving water body.

A more meaningful representation of the impact potential of various

discharges can be determined by expressing the loads on an annual

basis. This procedure accounts for variation in rainfall, flows and

concentrations of individual events by generating the annual loading.

To overcome these discrepancies the runoff or discharge data is

normalized to the pounds per acre per year values presented previously

in Table 34. A comparison of loads can now be made which better

represents the relative impact potential of highway runoff. Data

available from the literature can then be used to compare various

pollutant sources.

An EPA report (16) entitled, "Nationwide Evaluation of Combined Sewer

Overflows and Urban Stormwater Discharges, Volume III" presents

annual loads for municipal and urban sources which are listed in

Table 36. Since ultimate BOD values were not determined in this

project, a comparison of BOD values between these data sources requires

the transformation of BOD5 highway data to ultimate BOD. The ultimate

BOD value for highway runoff in Table 36 was obtained by assuming

BODc to be 70 percent of the ultimate.

Highway runoff values are significantly lower than published urban

runoff values in all categories listed. Similarities exist between
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Ultimate
BOD

Suspended
sol ids COD

61 50 92

470 6690 938

15.7 186 88

Table 36. Annual loads for highway, municipal and urban
runoff sources - lb/ac-yr.

Municipal effluent (16)

Urban runoff (16)

Highway runoff

metric units: lb/ac/yr x 1.12 = kg/ha/yr

municipal effluent and highway runoff data for ultimate BOD and COD.

CONCLUSIONS

The data presented in this section has been limited to BOD, COD and

suspended solids. These parameters are the only readily available
data on urban runoff normally published as an annual load. For

purposes of determining receiving water impacts these parameters pro-
vide an indication of the impact potential of highway runoff.

Parameters such as lead or other heavy metals, which are normally not

evaluated, may be more significant for highway runoff.

The brief data comparisons of this section indicate that highway
runoff is similar in loading per unit area for the example parameters
to storm sewer discharges but much less significant than combined
sewer loads. Urban runoff loads which contain both storm and combined
discharges exhibit much more impact potential for the three parameters
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

Equations were developed relating runoff volume to rainfall volume
for three highway site types as follows:

Type I - urban elevated bridge decks with 100% paved areas

0_ = 0.969 R - 0.019

Type II - urban paved and nonpaved drainage areas
Q = 0.470 R 1 .369 dd -0.086

Type III - rural flush shouldered highways
= 0.84'; Rl-892 nn -0.654Q = 0.845 R'-w dd

where; Q = runoff volume (inches)

R= rainfall volume (inches)
DD = dry days to last storm event

2. Pollutant accumulation rates developed in this project are com-
parable to other highway studies.

3. Pollutant accumulation rates are related to traffic using the
following equation;

Kt = 0.007 (ADT0.89)

where; K-| = pollutant accumulation rate (lb/mi-day)
ADT = average daily traffic (vehicles/day)

4. Total solids showed the highest correlation with other monitored
parameters and is therefore used as the carrier pollutant in the

predictive procedure to estimate 16 other parameters.

5. The wash-off coefficient (K2) used in many surface water quality
models and used in this procedure can be written as:

P - P (l-e"
K2 r

)

where; P = pounds washed-off
PQ = pounds at start of rainfall event

K2 = wash-off coefficient
r average runoff rate, in./hr

The wash-off coefficient developed for the three highway site

types used in this study are:

K£ 5.0 for urban elevated bridge decks with 100 percent

paved areas (Type I)

l<2 = 6.5 for urban paved and nonpaved drainage areas (Type II)

K2 = 12.0 for rural flush shouldered highways (Type III)
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6. The predictive model is better suited to continuous simulations
using daily rainfall records covering periods of at least one
month than design events, due to its inability to predict surface
loads prior to individual events.

7. Highway runoff shows less impact potential than urban stormwater
as measured by BOD and suspended solids.

RECOMMENDATIONS

1. Verification of the predictive procedure should be continued
using data from other sites.

2. Measure the actual pollutant buildup on highway surfaces to

determine the relationships between site characteristics and
accumulation rates.

3. Investigate the effects of highway runoff on receiving waters in

a separate, comprehensive study.

k. Investigate the pollutant characteristics of nonpaved runoff for
various vegetative and side-slope configurations. Additional
hydraulic information from nonpaved areas could lead to the
development of a more sophisticated procedure to predict total

runoff volume in which paved and nonpaved runoff are estimated
separately.
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SECTION VI I I

GLOSSARY

Carrier pollutant
Pollutant exhibiting the highest degree of association with all

other pollutants; used in the model to estimate the quantity of
all other quality parameters.

CSO
Combined sewer overflow.

Dry days
The number of days in which less than 0.05 inches of rain fell

prior to the event under consideration.

Highway length
The actual length of highway section in the contributing drainage
area; this is in contrast to curb mile or lane mile, which is a

multiple of the highway length.

JiL
The variable used to represent the rate at which surface pollutants
accumulate, expressed as pounds per mile - day.

The constant used in the wash-off equation which removed the
surface pollutant load; the wash-off coefficient.

Nonpaved
That portion of the highway drainage area that is partially or
completely pervious.

Paved
That portion of the highway drainage area composed of concrete
or asphalt traffic lanes, exit ramps or shoulder areas.

Pre-storm
That period of time prior to the rainfall event under consideration
which contains the pollutant build-up period, measured in days.
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Q/R
Runoff (Q) to rainfall (R) ratio; relates the total volume of runoff
from both the paved and nonpaved portions of the drainage area to

the amount of rain causing the runoff.

Type I

Urban highway site, elevated bridge deck, 100 percent paved with impact
barriers containing each set of lanes.

Type i

I

Urban highway site, mountable curb with paved and nonpaved drainage
area.

Type 1 I I

Rural highway site with flush shoulders, paved and nonpaved runoff
through ditches.
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APPENDIX E

MODEL VARIABLES AND DESCRIPTION

VARIABLE LIST AND DESCRIPTION
Variable

name Description

ACRES Area of siite in acres.

ADT Average daily traffic.

BBOD Value for BOD5 (mg/1)

BOD Value for BOD5 (pounds)

BCD Value for Cadmium (mg/1)

BCL Value for Chlorides (mg/1)

BCOD Value for COD (mg/1)

BCR Value for Chromium (mg/1)

BCU Value for Copper (mg/1)

BFE Value for Iron (mg/1)

BPB Value for Lead (mg/1)

BSS Value for Suspended Solids (mg/1)

BTKN Value for total KJELDAHL Nitrogen (mg/1)

BTN Value for total N02 + NO3 (mg/1)

BTOC Value for Total Organic Carbon (mg/1)

BTPO Value for Total Phosphorus (mg/1)

BTVS Value for Total Volatile Solids (mg/1)

BVSS Value for Volatile Suspended Solids (mg/1)

BZN Value for Zinc (mg/1)

CD Value for Cadmium (pounds)

CL Value for Chlorides (pounds)

COD Value for COD (pounds)

CR Value for Chromium (pounds)

CU Value for Copper

DDAYS Dry Days

FE Value for Iron (pounds)

ITYPE

I MO
I DAY

I YEAR

Type of site (Value of 1, 2 or 3)

Month of rainfall event
Day of rainfall event
Year of rainfall event

continued
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Variable
name

APPENDIX E

MODEL VARIABLES AND DESCRIPTION (continued)

VARIABLE LIST AND DESCRIPTION

Description

Kl IN

Kl

K2

User supplied K^ (pounds of total solids/mile-day)
Accumulation rate, (pounds of total solids/mile-day)
Washoff constant depending upon I TYPE

LENGTH
NUM

Length of site in miles
Number of rainfall events to be analyzed

PB

PENIT

PINIT
POLBUP

PWSHOF

Value for Lead (pounds)

Initial total solids load or remainder from
previous washoff

Initial total solids load

Total solids buildup from the equation P=PQ +

(Kj x HLxT)

Total solids washoff

R

RAIN
RDURAT
REMA

ROFFCF
ROFFIN

Average runoff rate
Rainfall in inches

Rainfall duration in hours

Total solids remaining (total solids buildup -

total solids washoff)
Runoff in cubic feet
Runoff in inches

SS Suspended solids (pounds)

TITLE
TKN
TN
TOC
TOTRAN
TPO
TPWSHF

TRUNCF
TRUNIN
TVS

Title of simulation (user input)

Total KJELDAHL Nitrogen (pounds)

Total Nitrogen (pounds)

Total Organic Carbon (pounds)

Total rainfall (inches) for the entire record

Total Phosphorus (pounds)

Total solids washed off (pounds) for the entire

record
Total runoff (cubic feet) for the entire record

Total runoff (inches) for the entire record

Total Volatile Solids (pounds)

continued
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APPENDIX E

MODEL VARIABLES AND DESCRIPTION (continued)

VARIABLE LIST AND DESCRIPTION
Variable

name Description

VSS Volatile Suspended Solids (pounds)

XDD Dry day value used to calculate total runoff

XYD Dry day value used to calculate pollutant build-up

Y1 Runoff Duration (hours)

ZN Value for Zinc (pounds)
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APPENDIX F

RECEIVING WATER IMPACT SAMPLING

PURPOSE

The sampling effort carried out at the Harrisburg 1-81 site receiving
stream (Pine River) was intended to provide a preliminary overview of
the existing instream conditions before and after a runoff event. The
results of this sampling effort provide direction for the receiving
model and data needs for future sampling efforts.

Sampling of the receiving stream on July 1, 1976 included a prestorm
and poststorm effort at the same locations to quantify changes in

biological, chemical or physical stream characteristics. Locations
of the sampling points are approximately 50 ft (15.2 m) upstream of
where the highway runoff channel entered the stream and 150 ft (45.7
rn) downstream. Runoff from the highway discharges to the stream
through an unlined channel and appeared to be completely mixed by the
time it reached the downstream sampling site.

Prestorm (dry weather) samples were taken approximately two hours
before the start of the July 7th rainfall which produced 0.49 inches
(1.24 cm) of rain in 30 minutes. Four days of dry weather preceeded
this storm, insuring no highway runoff loads were contributed to the
stream during the prestorm monitoring. The flow within the stream
during this sampling interval was 0.2 cfs (0.006 m3/sec) as compared
to a high of 9-0 cfs (0.25 m3/sec) during the wet weather sampling.

RESULTS

Samples of the stream and bottom materials were acquired on a grab
sample basis during the prestorm period in order to determine the
effects of the single discharge point of highway runoff. Sediment
samples were taken at upstream and downstream locations to determine
if highway runoff altered the chemical or physical properties of
bottom sediments at the downstream location as compared to upstream.
Table F1 presents the bulk analyses for these sediment samples. Dry
weather samples show little difference between upstream and downstream
locations. Wet weather samples show more significant variation between
locations for certain parameters. Comparison of the analyses for the

upstream site between dry and wet weather shows significant change
for oils, total phosphorous and COD. Iron concentrations were high

at all locations, however, iron is a regular component of surface
water in that area.

The general conclusion regarding sediment analysis is: no significant
impact at this sampling site can be determined. Long term build-up
of metals or oils and grease on the downstream portions have not

been seen nor can any impact be related to the small volume of highway

runoff present.
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At the same time the sediment samples were obtained, instream samples
were taken to determine if immediate impacts could be quantified. Dry

weather grab samples were taken to provide background concentrations.
During the runoff period of the July 7th storm, grab samples were again
taken at the same locations. Similar samples were also taken after
the surface runoff and high in-stream flows had subsided. These samples
were used to determine possible decrease of in-stream concentrations
after the runoff had subsided. Table F-2 shows the analysis results
for these grab samples. Again, little variation is encountered between
sites or samples except for the noticeable increase in BOD after the

storm. The relatively low concentrations of BOD and the increase in

concentrations upstream of the discharge, however, negate further
investigation as to the source or impact of this load.

Table F-3 presents the results of the in-stream samples taken during

the dry and wet weather monitoring periods. Also included are compo-
site sample results from the highway runoff on July 7th. On a simple
concentration basis, the relative quality between upstream and down-

stream locations is consistent. Mass balance analysis of wet weather
data, however, is required in order to determine the relative magni-

tude of the loads in the system.

Mass balance analysis using the wet weather data was calculated with
stage measurements at a downstream gage and the highway runoff values.

Although detailed (multiple sample) composites of the stream flow were

not taken, the following mass loadings using the rough composites will

provide some insight into the relative contribution of the highway

runoff.

1. Highway runoff flow data 7/7/76
- duration of overflow 150 minutes
- average flow 1.13 cfs (0.032 m3/sec)
- total flow to river 10,145 ft3 (287-3 m3)

2. Downstream receiving stream
flow

- duration of sampling 150 minutes
- average stage reading 2.165 feet (0.660 m)

- average flow 7.25 cfs (0.205 m3/sec)
- total flow 65,235 ft3 (1,847.5 m3)

3. Upstream receiving stream
flow

- assume downstream flow - highway = upstream
- 65,235 - 10,145 = 55,090 ft3 (1,560.1 m2)

Using Table F-3, the kilogram loadings of Table F-4 are, derived by

multiplying total flow times composite quality (wet weather values).

Columns 1, 2 and 3 of Table F-4 present the measured kilograms of each

parameter from the instream and highway runoff composites. Column 4 is
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the sum of columns 1 and 2 which should be approximately equal to the

downstream load of column 3 if the system is relatively free of other
withdrawals or loads. Column 5 is the difference between columns k

and 5 while column 6 is the percent change.

The results presented in Table F-k indicate an extremely wide variation
in loads. Suspended and volatile solids loads indicate either a large
amount of scour within the stream or lateral inflows while t°tal solids

indicates settling or outflows between sampling points. Only TOC
shows a fairly reasonable consistency. The monitoring sites were
checked to insure no other in-flows or branches in the stream occurred.
The only conclusion to be drawn from the data is that the upstream
loads are all less than the downstream loads. However, the highway
runoff contribution alone is not of sufficient magnitude to even
approach a reasonable "mass balance". Other types of monitoring
including benthos description were attempted but the results were also
inconclusive.
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APPENDIX H

FLOW, TOTAL RAIN AND DRY DAYS SCALLERGRAM FOR TYPE II SITES

Scatter plots are presented in this appendix to:

1. Show the tendency of the Nashville dry day and rainfall

data to cluster.

2. Show why the Nashville data tended to skew the Type II

equation for predicting runoff volume with total rain and
dry days since the last storm event.

The scatter plots in this appendix (Figures H-l to H-k) present all

log transformed data using log scales on both the X-axis and Y-axis.
Data points on each graph are represented by the letter "A" for

single data points and by the letter "B" if two values fall on the

same data point. These scatter plots were produced using the
scatter plot option of the Statistical Analysis System Program (SAS)

during regression analyses of monitored data.

Figure H-1 shows the scatter plot of Nashville dry day and flow data.

The data form two distinct clusters. One cluster forms around the

X-axis and represents the numerous data points for rainfall events
which occur after no dry days. The second cluster which appears in

the center of the plot represents rainfall events occurring after a

dry day period. This scatter plot shows the atypical rainfall pattern
of Nashville as compared to the Milwaukee and Denver sites. At

Nashville a dry period consisting of 5 to 17 dry days was normally
followed by a rain period lasting 3 to 6 days. Data collected at the
Milwaukee and Denver sites did not consistently exhibit these
extended rainfall periods.

Figure H-2 which plots the Nashville rain and flow data shows a strong
relationship between these two parameters. Figure H-3 also displays a

strong relationship when these same two parameters are plotted for

the combined Milwaukee Hwy. 45 and Denver data. However, when the
data from all three sites is plotted (Figure H-k) , the strong relation-
ship observed on the previous two plots is lost due to a skewing
of the data to the lower portion of the scatter.

The scatter plot analyses explain, at least partially, why the
significance of a Type II equation predicting runoff volume from total

rainfall and dry days decreased when the Nashville data was combined
with the Milwaukee Hwy. k$ and Denver data.
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FEDERALLY COORDINATED PROGRAM (FCP) OF HIGHWAY
RESEARCH AND DEVELOPMENT

The Offices of Research and Development (R&D) of

the Federal Highway Administration (FHWA) are

responsible for a broad program of staff and contract

research and development and a Federal-aid

program, conducted by or through the State highway

transportation agencies, that includes the Highway

Planning and Research (HP&R) program and the

National Cooperative Highway Research Program

(NCHRP) managed by the Transportation Research

Board. The FCP is a carefully selected group of proj-

ects that uses research and development resources to

obtain timely solutions to urgent national highway

engineering problems.*

The diagonal double stripe on the cover of this report

represents a highway and is color-coded to identify

the FCP category that the report falls under. A red

stripe is used for category 1, dark blue for category 2,

light blue for category 3, brown for category 4, gray

for category 5, green for categories 6 and 7, and an

orange stripe identifies category 0.

FCP Category Descriptions

1. Improved Highway Design and Operation

for Safety

Safety R&D addresses problems associated with

the responsibilities of the FHWA under the

Highway Safety Act and includes investigation of

appropriate design standards, roadside hardware,

signing, and physical and scientific data for the

formulation of improved safety regulations.

2. Reduction of Traffic Congestion, and
Improved Operational Efficiency

Traffic R&D is concerned with increasing the

operational efficiency of existing highways by

advancing technology, by improving designs for

existing as well as new facilities, and by balancing

the demand-capacity relationship through traffic

management techniques such as bus and carpool

preferential treatment, motorist information, and

rerouting of traffic.

3. Environmental Considerations in Highway
Design, Location, Construction, and Opera-

tion

Environmental R&D is directed toward identify-

ing and evaluating highway elements that affect

• The complete seven-volume official statement of the FCP is available from

the National Technical Information Service, Springfield, Va. 22161. Single

copies of the introductory volume are available without charge from Program

Analysis (HRD-3), Offices of Research and Development, Federal Highway

Administration, Washington, D.C. 20590.

the quality of the human environment. The goals

are reduction of adverse highway and traffic

impacts, and protection and enhancement of the

environment.

4. Improved Materials Utilization and
Durability

Materials R&D is concerned with expanding the

knowledge and technology of materials properties,

using available natural materials, improving struc-

tural foundation materials, recycling highway

materials, converting industrial wastes into useful

highway products, developing extender or

substitute materials for those in short supply, and

developing more rapid and reliable testing

procedures. The goals are lower highway con-

struction costs and extended maintenance-free

operation.

5. Improved Design to Reduce Costs, Extend

Life Expectancy, and Insure Structural

Safety

Structural R&D is concerned with furthering the

latest technological advances in structural and

hydraulic designs, fabrication processes, and

construction techniques to provide safe, efficient

highways at reasonable costs.

6. Improved Technology for Highway
Construction

This category is concerned with the research,

development, and implementation of highway

construction technology to increase productivity,

reduce energy consumption, conserve dwindling

resources, and reduce costs while improving the

quality and methods of construction.

7. Improved Technology for Highway
Maintenance

This category addresses problems in preserving

the Nation's highways and includes activities in

physical maintenance, traffic services, manage-

ment, and equipment. The goal is to maximize

operational efficiency and safety to the traveling

public while conserving resources.

0. Other New Studies

This category, not included in the seven-volume

official statement of the FCP, is concerned with

HP&R and NCHRP studies not specifically related

to FCP projects. These studies involve R&D
support of other FHWA program office research.
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