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FOREWORD 	This report, NCHRP Report 220, and a companion report, NCHRP Report 
221, "Erosion Control During Highway Construction—Manual on Principles and 

	

By Staff 	Practices," will be of special interest and value to people responsible for the control 

	

Transportation 	of soil erosion during the construction of highway and other types of facilities. This 

	

Research Board 	report describes the adaptation of the universal soil loss equation, originally devel- 
oped by the Agricultural Research Service of the U.S.. Department of Agriculture, 
for estimating the water erosion potential and the-effectiveness of erosion control 
measures on highway construction sites. An equation for estimating wind soil loss 
potentials is also included. The companion report describes many measures for 
control of both water and wind erosion and information that will aid in the selec-
tion of measures to meet specific site requirements. The procedures for estimating 
erosion potential and effectiveness of erosion control measures are suitable for 
immediate implementation. The manual contains appropriate tables, charts, and 
maps to facilitate use of the procedures. 

Uncontrolled water and wind erosion resulting from construction activities 
causes significant damage to the environment. The sediment that is produced pol-
lutes surface water, restricts drainage, fills reservoirs, damages adjacent land, and 
upsets the natural ecology of lakes and streams. Besides harming the environment, 
soil erosion during construction increases costs and causes extensive delays and 
repairs. NCHRP Synthesis of Highway Practice 18, "Erosion Control on Highway 
Construction," documented the need to develop more effective techniques, devices, 
and materials to control erosion during construction activities as well as the exis-
tence of much information on known erosion control measures likely to have appli-
cation in highway construction. The objective of Project 16-3 was the preparation 
of a manual of recommended procedures for control of erosion during highway 
construction based on existing information. 

To accomplish this objective the Utah State University researchers accumu-
lated and evaluated a large volume of information on the subject by a literature 
review, circulation of a questionnaire, on-site visits to construction projects, and 
interviews. A modified version of the universal soil loss equation developed by the 
Agricultural Research Service was selected for use in estimating potential soil loss 
from a specific site by water erosion. An experimental program was conducted to 
verify the applicability of the equation to highway construction sites. An equation 
developed by Chepil and associates was selected for estimating wind erosion. The 
major product of the research is a manual that focuses on techniques for predicting 
erosion potential on highway construction sites and for estimating the effectiveness 
of various erosion control measures. 

The research has resulted in the publication of two documents: NCHRP 

Report 220, "Erosion Control During Highway Construction—Research Report," 
and NCHRP Report 221, "Erosion Control During Highway Construction—Man- 



ual on Principles and Practices." This document (NCHRP Report 220) describes 
the research that was conducted as background for preparation of the manual, 
including adaptation of the universal soil loss equation for highway construction 
sites, experimental verification of the equation, and the results of a limited erosion 
control product evaluation study. The companion document (NCHRP Report 221) 
contains detailed procedures for estimating water and wind soil loss from specific 
sites under various conditions. Maps, tables, and charts are included to provide 
generalized input data for the contiguous United States, Hawaii, and Puerto Rico. 
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EROSION CONTROL DURING 
HIGHWAY CONSTRUCTION 

RESEARCH REPORT 

SUMMARY 	Highway construction.as  it is known today is a high-risk activity with respect 
to engendering soil erosion.. In earlier days of road building, when rights-of-way 
were generally narrow and excavations mostly shallow, erosion was rarely a serious 
problem. Only occasionally was it considered necessary to design and apply spe-
cific measures for erosion control. With the advent of the toll roads and Interstate 
Highway System involving far greater widths of right-of-way, and much deeper dis-
turbance of the natural ground to afford the horizontal and vertical highway 
geometry necessary for high-speed travel, came a several-fold increase in erosion,  
potential and a direct need for specific action aimed at its control. Highway engi-
neers have reacted by revising construction specifications to include many protec-
tive measures. Increasing public awareness of the desirability of protecting the 
environment has been a source of both support and pressure in the application of 
erosion control in highway construction. - 

Although improvement has been significant, unwanted soil erosion and ac-
companying sedimentation resulting from highway construction activity continue to-
be problems. A lack of knowledge within the highway industry of improved erosion 
control measures developed outside the industry, perhaps some resistance to change 
because of a lack of familiarity with erosion control measures, and, in some in-
stances, a need for information not now available anywhere are probably the major 
contributors to continuation of the problem.' 

The present project was directed at improving erosion controlpractice in high-
way construction by providing assistance in all three of the foregoing areas con-
tributory to the problem. The research is documented in two reports: NCHRP 

Report 220, "Erosion Control During Highway Construction—Research Report"; 
and NCHRP. Report 221, "Erosion Control During Highway Construction—
Manual on Principles and Practices." 

The research team found, through questionnaire returns from 177 sources and 
visits to construction projects in 32 states, that: 

Technology is available in the United States to control within reasonable 
limits the erosion and sedimentation that may originate on highway locations both 
during and following construction. 

Erosion control specifications currently being prepared for specific highway 
construction projects are adequate in many instances to maintain erosion within 
reasonable limits if properly enforced and followed. 

More effective means of ensuring compliance with erosion control specifi-
cations during construction are needed. 

Over-all construction costs may be lower if erosion control measures are 
implemented on a project than if they are omitted. 

Erosion amounts can be significant even in areas where the average annual 
rainfall is comparatively low. 
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Numerous small erosion control measures implemented at the proper times 
and locations may be more effective and less expensive than a few large or poorly 
timed ones. 

Written erosion control specifications are effective only if they are enforced 
and followed by design, administrative, and construction personnel. 

Training courses for administrative, design, and construction personnel are 
needed both to create an awareness of the importance of controlling erosion and of 
the advantages that accrue from doing so, as well as to provide information on 
control measures and techniques that are available. 

The universal soil loss equation (1, 52, 56, 57) developed by the Agri-
cultural Research Service is probably the best tool presently available for predict-
ing soil loss caused by rill and sheet erosion during highway'construction and for 
estimating the felative effectiveness of various erosion 'control measures. 

A soil loss equation developed by Chepil and associates (24, 39, 58) 
appears to have application to 'highway construction sites for estimating potential 
soil losses due to wind. 

The manual on erosion control principles and practices (NCHRP Report 221) 
focuses on techniques for predicting the erosion potential of highway construction 
sites, and for estimating the effectiveness of various erosion control measures. A 
wide variety of control measures are listed and described, and information that will 
aid in selecting measures to meet specific site requirements is presented. Design 
standards for control measures, and information on such matters as size selection 
for mechanical control measures, are not included in the manual because these are 
already widely available in highway engineering offices. 

To develop the erosion control manual on which the project effort was cen-
tered, means had to be estabilshed for estimating the water and wind soil erosion 
potentials on highway construction sites and the effectiveness of various measures 
that might be considered for controlling the erosion. The universal,  soil loss equa-
tion (1, 52, 56, 57), developed by the Agricultural Research Service, was modified 
and extended to serve as a basis for estimating water soil loss potentials. An equa-
tion developed by Chepil and Woodruff (24), Skidmore et al. (39), and Woodruff 
and Siddoway (58) was adapted for estimating wind soil loss potentials. Appro-
priate maps, graphs, and tables providing information necessary for the solution of 
the equations for the United States and, Puerto Rico were prepared and included in 
the manual. Nomographs and tables were constructed and included in the manual 
for solving the equations, and the process was illustrated by detailed examples. 

CHAPTER ONE 

INTRODUCTION 

HISTORICAL BACKGROUND 	 some people have always sought, by one means or another, 
since ancient times, men have been aware that rain and 	to prevent this loss. The remains of erosion-control struc- 

wind move soil from bared land. Throughout the world, 	tures that antidate the Christian era can be found in the 



hills above the ancient city of Antioch in Syria. Steeply 
sloping land in Ireland is protected by stone hedges, some 
of which were constructed on contours and which are be-
lieved to have been built with stone cleared from the land 
more than 5000 years ago. The vineyards in the valley of 
the Rhine and the rice paddies in the mountains of the 
Philippines have been terraced for centuries. In Peru 400 
years ago, the Conquistadores found the Incas farming 
steep Andean slopes on terraces walled with stone. Com-
puted on the basis of present labor cost in the United 
States, many of these terraces would be worth more than 
$40,000 per acre. 

In this country, alert people have tried to protect their 
land from erosion since the earliest colonial period. By 
1769, George Washington was experimenting with erosion 
control methods in connection with farming at Mt. Vernon. 
Following the Revolution, Patrick Henry declared that 
"since the achievement of independence, he is the greatest 
patriot who stops the most gullies." The concern about soil 
erosion and its control felt by colonial leaders failed gen-
erally to permeate the ranks of American people. There 
was a misleading abundance of good land, and communica-
tion facilities for diffusing information were grossly in-
adequate. Accordingly, for nearly two centuries the av-
erage American was either unaware of, or surprisingly 
apathetic toward, the progress of destructive erosion on the 
Nation's lands. Conservation practices now regarded as 
fundamentally good land management failed to find a place 
in the exploitive uses of the land that attended the develop-
ment of this country. Not until the last three or four dec-
ades have Americans begun to regard soil conservation as 
being prerequisite to sound land management practices. 
Nevertheless, throughout the history of this country runs 
a thread of erosion-control effort. 

Early attempts to control erosion tended to lean largely 
towards a single method of control.,  In a number of places, 
terracing was regarded as a complete defense against ero-
sion and was employed rather extensively. It is now known, 
of course, that, although terracing is an important erosion 
control measure, it is only one of the many measures which, 
if used in combination, provide the most effective erosion 
control. Until rather recently, vegetative methods of ero-
sion control were given scant attention and were only inci-
dentally applied to the land. The use of mechanical and 
vegetative measures in mutual support of each other was 
infrequent and usually accidental. By comparison, present-
day concepts of soil erosion control involve the integrated 
and systematic use of not one but many mechanical and 
vegetative measures, applied in accordance with the par-
ticular needs and adaptabilities of the various kinds of land 
requiring protection. 

Serious interest in water and wind erosion control in re-
lation to roads began in the United States with the advent 
of the automobile and hard surfaced highways. The fed-
eral government and some states have been concerned for 
several decades about soil erosion caused by highway con-
struction and its deleterious effects on the stability of the 
highway as well as on off-site values. Most states, however, 
have been concerned about soil erosion from highways for 
a somewhat shorter period of time. Current interest and  

activity in erosion control during highway construction 
vary greatly from state to state and seemingly depend to 
a great extent on the customs and values with which people 
have grown up. If their streams have always run clear, 
they wish to keep them clear. If their streams have always 
carried a sediment load, they may be less concerned about 
a little more sediment as a result of highway erosion. These 
philosophies are reflected in present-day regulations and 
restrictions of the various states regarding requirements for 
controlling erosion from construction sites, including high-
ways. A few states have passed restrictive legislation gov-
erning the control of soil erosion even to the extent of 
making it illegal to permit soil eroded as a result of con-
struction to enter a stream. In most states legal require-
ments for erosion control are not very restrictive. In some, 
they are not even regulatory. 

PROBLEM STATEMENT AND RESEARCH OBJECTIVES 

Water that falls as rain and snow on the watersheds of 
America is one of her most important natural resources. 
As this water moves down the great river systems, consid-
erable effort is directed toward regulating its flow to serve 
the numerous uses that depend on it. Increasingly, people 
become aware, often painfully so, that the amount and con-
dition of water flowing in the river systems exert tremen-
dous influences on individual, economic, social, and recrea-
tional affairs. 

Most of the interest displayed over water flowing in river 
systems is related to development of facilities to control it 
and put it to use after it enters larger tributaries and main 
streams. Unfortunately, there has been much less concern 
about controlling water—and the soil erosion it can pro-
duce—where it is most susceptible to management con-
trol; namely, where it first falls on the land. Experience in 
many places has shown that a change in the disposition of 
only a small portion of the water received on the land may 
greatly affect the manner in which it is delivered as stream 
flow. The behavior of water and whether it is beneficial or 
harmful depends, in great measure, on the, condition and 
the uses of the lands from which it drains. 

The placement of a highway in land that is susceptible to 
erosion can be expected, without doubt, to cause erosion 
unless precautionary measures are taken. The general na-
ture of the effects of highways on erosion and sedimenta-
tion are known, and include the following kinds of prob-
lems: (1) development of unsightly cuts and fills that have 
been riddled by uncontrolled erosion and gullying; (2) un-
dermining and collapse of fills, structures, and hillsides; 
(3) unsightly deposition of sediment in streams, channels, 
structures, ponds, reservoirs, and along highway rights-of-
way; (4) destruction of aquatic environments in nearby 
lakes, streams, and reservoirs caused by erosion and/or 
deposition of sediment; and (5) destruction of vegetation 
by burying or gullying. 

Numerous practical measures including the use of berm 
ditches, mulching, vegetation, surface drainage, structures, 
sediment traps, debris basins, and others have been em-
ployed to reduce erosion during highway construction and 
to prevent sediment from reaching streams. Erosive forces 
that are prevalent during construction should be considered 
also following completion of construction activities. 



Much is still to be learned, both within the transportation 
community and elsewhere, about the control of erosion. 
On the other hand, evidence exists to indicate that, either 
because of the difficulty of finding the knowledge that is 
already available on erosion control or because of under-
standing how to use it (and probably because of both), ex-
isting knowledge is not always being employed to the best 
advantage in controlling erosion during the construction 
and operation of highways. 

Research is needed to study the effectiveness of existing 
techniques, devices, and materials to control erosion dur-
ing construction activities, and to develop additional ones 
as new information and materials become available. This 
need was documented in a synthesis study, "Erosion Con-
trol on Highway Construction Projects," conducted under 
NCHRP Project 20-5 (33). 

The synthesis study, although focusing attention on the 
need for a major research effort, also uncovered a large 
quantity of information, often fragmented or undereval-
uated, on known erosion control measures likely to have 
application in highway construction. In recognition of the 
existence of this information, the urgency of the problem, 
and research funding limitations, a first logical step in the 
eventual solution of the total problem was determined to 
be the development of recommendations for an interim set 
of specific guidelines for erosion control based on existing 
information. The development of technology for the con-
trol of erosion and sedimentation has been under way for 
many years, but it should now be put into its most usable 
form and disseminated for application in highway con-
struction. This has been the thrust of the present studies. 

The specific objectives of these studies were to: (1) as-
sess the effectiveness of measures that have been or are 
presently being used within the United States to control 
erosion from highway construction; (2) develop a manual 
of recommended techniques and measures for the control 
of erosion; (3) conduct a workshop for selected highway 
personnel to train them in the use of the manual in highway 
construction and 'maintenance work; (4) conduct research 
in the laboratory using a rainfall simulator to determine the 
validity of the Wischmeier erosion equation on steep slopes; 
and (5) identify research needs in the subject area. 

SCOPE OF STUDY 

The intent of these studies was to assemble, evaluate, and 
place in usable form existing information from all possible 
sources that can be brought to bear in the control of ero-
sion and sedimentation resulting from highway construction 
activities. Quantitative data on erosion from highway con-
struction sites are practically nonexistent, because most ero-
sion studies over the years have been associated with agri-
cultural, range, and forest lands. Consequently, much of 
the information presented herein is interpreted from data 
derived from these sourecs. In addition, some new data 
were to be generated under controlled conditions in the 
laboratory using a rainfall simulator to determine the va-
lidity of the Wischmeier equation on steep slopes. 

RESEARCH APPROACH 

A comprehensive review of literature was made that in- 

eluded computer searches of several sources, library re-
search, and correspondence with agencies, individuals, and 
companies where erosion control data and publications 
were thought to exist. 

More than 300 questionnaires were sent to selected agen-
cies and organizations in all of the states to request pub-
lications and information pertinent to the study. A sam-
pling of the questions and the 177 responses are presented 
in Appendix B. 

Some states have already developed their own erosion 
control manuals, which supplement those guidelines that 
had been provided to them by the Federal Highway Ad-
ministration. Information and ideas from these have been 
incorporated in the present study. Additional helpful in-
formation was received from federal and state agricultural 
research and experiment stations where erosion control 
studies have been conducted. 

On-site visits were made to construction projects in 32 
states where first-hand impressions were gained of the ef-
fectiveness of various erosion control measures (see App. 
A). In addition, interviews were conducted at these same 
locations with highway officials, contractors and construc-
tion personnel, landscape architects, representatives of gov-
ernment agencies, .and others to obtain their opinions and 
suggestions as to the strengths and weaknesses of erosion 
control measures with which they were familiar. At some 
of these sites, soil samples were collected for analyis, and 
measuremend were made of actual erosion amounts occur-
ring where climate, soil, slope, vegetative cover, and other 
pertinent factors were known. Each visit was documented 
with photographs. 

The study considers water and wind erosion in the 48 
contiguous states, and in Hawaii, Alaska, and Puerto 
Rico. All of the factors contributing to erosion are con-
sidered, including erodibility of the soil, slope length and 
steepness, rainfall and wind intensity, duration and recur-
rence interval, vegetative cover, and management practices. 

A modified version of the universal soil loss equation de-
veloped by the Agricultural Research Service (1, 52, 56, 
57) and a wind equation developed by Chepil and asso-
ciates (24, 39, 58) were selected as the bases for estimat-
ing potential loss of soil on construction sites and for eval-
uating the effectiveness of control measures. Discussions of 
the equations, together with an explanation of limitations 
of the universal soil loss equation, appear in Chapter 3. 

The equations were adapted and their applicabilities ex-
tended for use over the entire United States for determin-
ing erosion potentials and for comparing effectiveness of 
alternative erosion control systems. To enable the use of 
these equations as tools for evaluating the effectiveness of 
various vegetative and mechanical measures for controlling 
soil erosion and sedimentation, data pertaining to soil 
erodibility, rainfall kinetic energy, and wind magnitude and 
direction were collected and illustrated in map form. Data 
for the various terms of the equations appear in NCHRP 
Report 221. Physiographic data, including slope lengths 
and steepnesses and their effects on soil erosion, are illus-
trated as graphs and tables. Available information about 
the effectiveness of various vegetative covers and mechani-
cal measures on soil erosion has been tabulated. 



Detailed examples illustrating the use of these data in the 
soil loss equations to determine amounts of erosion that 
might be expected from alternative erosion control mea-
sures under given conditions of soil, climate, and physi-
ography are presented in the manual. 

The principal advantages of using the procedures illus-
trated are the ability they provide for assessing the conse-
quences of scheduling and sequencing of erosion control 
measures, and the fact that the entire procedure can be 
computerized. Major disadvantages are the assumption of 
spatial and temporal homogeneity and the paucity of sound 
input data when the equations are used in connection with  

erosion control problems on nonagricultural lands. These 
examples assume that all vegetative measures and the en-
gineering structures are adequately designed and installed 
and function properly. Also illustrated by examples is the 
use of the rainfall energy and soil erodibility maps, together 
with the slope length and steepness graphs and the vegeta-
tive and mechanical measures tables, to determine erosion 
amounts that might be expected from alternative erosion 
control practices. This latter procedure provides a means 
for quick estimation of the effects of alternative control 
practices without the necessity of mathematically comput-
ing all components of the soil loss equations. 

CHAPTER TWO 

FINDINGS 

GENERAL 

Throughout the United States there is a great variation 
in the interest in, and the need for, studies of erosion con-
trol on highway rights-of-way during the construction pe-
riod. Some of the variations are due to differences that 
exist naturally in soils and climate, and others can be at-
tributed directly to differences in attitudes and opinions of 
individuals who are responsible for the work. An impor-
tant fact observed during the numerous visits made to con-
struction sites throughout the country is the importance of 
the attitude of construction personnel toward controlling 
erosion. Written specifications, no matter how rigid or de-
tailed they may be, are not effective unless enforced. 

Technology is available in the United States to control, 
within reasonable limits, the erosion and sedimentation that 
may originate on highways both during and following con-
struction. Most erosion control studies conducted through-
out the country to date have been on surface soils for 
range, forest, and agricultural interests, and, thus, data per-
taining to erosion from construction sites (primarily ex-
posed subsurface soils) are very sparse. Because most of 
the available information on erosion control has been pro-
duced in fields alien to the highway community, state high-
way and transportation departments have found it difficult 
to locate, evaluate, and translate into highway use. This 
became obvious during the visits to construction sites where 
it was found that, with few exceptions, each state highway 
department had tackled the erosion and sediment control 
problems principally on its own without making full use of 
what is already known. This report is intended to fill the 
obvious need with the listing, descriptions, and pictures of 
erosion control measures that are included in the manual, 
and with explanations of how to apply existing erosion 
control technology to highway problems. 

The semiempirical equation, known as the universal soil 
loss equation (USLE) (1, 52, 56, 57), was developed by  

the Agricultural Research Service for estimating gross ero-
sion from rainfall on farmlands east of the Rocky Moun-
tains. A modified equation, based on the USLE, was se-
lected by the research team as the basis for estimating water 
erosion potential and for determining effectiveness of ero-
sion control measures on highway construction sites. Other 
equations have been developed for estimating erosion, but 
probably none has as wide a range of application as does 
the USLE. More information concerning its development 
and limitations is given in Chapter 3. A wind soil loss 
equation developed by Chepil and associates (24, 39, 58) 
was found to have application in highway construction 
work and is the basis used in this study for estimating wind 
soil loss potentials. 

Erosion control measures may be grouped generally into 
three broad categories: structural, vegetative, and chemi-
cal. One could list also a separate heading of management, 
which is important if one is to maintain a viable erosion 
control program. This would include the timing of imple-
mentation of the various measures, which is as important as 
the measures themselves. Also included would be the ini-
tial route selection of the highway because many serious 
erosion problems would never materialize if erosive soils 
were avoided to begin with. The severity of erosion prob-
lems varies greatly with climate and soils, and the designer 
needs to know as many of the facts as possible that may 
influence his decisions. For example, even in areas where 
the average annual rainfall is comparatively low, if much 
of this were to fall in one or even a few storms, significant 
erosion and sediment damage could occur unless adequate 
control measures were implemented. Sometimes, in low 
rainfall areas, wind erosion also may be significant unless 
measures to control it are used. 

The structural controls include such items as sedimenta-
tion ponds, serrated cuts, drop structures, flumes, berms, 
dikes, check dams, gabions, down drains, and the like. 
Vegetative measures include such items as annual and pe- 
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rennial grasses and legumes, shrubs, vines, trees, mulches. 
The chemical controls are fairly recent and new ones are 
being added regularly. These may be used with or without 
vegetative measures and include such items as soil stabiliz-
ers, asphalt, chemical mulches, and soil sealants. Generally 
speaking, the chemicals have been less successful than 
other measures thus far in controlling erosion from con-
struction sites. 

It must be realized that soil and rainfall maps of the 
entire country, as presented in this report, cannot be site-
specific, but are only generally indicative of conditions on 
a large scale. However, the methodologies presented can 
be applied to particular locations simply by substituting the 
data for those particular sites. Several of the states are pre-
paring their own erosion control manuals that include in-
formation supplied by the Federal Highway Administra-
tion and workable measures they have developed from their 
own experience. Some of these also are acquiring rainfall 
and soil data on a county or subcounty basis. The more site 
specific are the data used in calculations, the more precise 
will be the estimates of erosion potentials, and their use is 
encouraged. 

CONTROL MEASURES 

Erosion control measures employed in the United States 
have been categorized according to their various uses and 
included in the manual. Photographs of most of the mea-
sures are presented there also. Some of the measures are 
used nearly universally throughout the country; others may 
be peculiar to a specific location or region. Some measures 
may be essentially the same in different states, but known 
by different names. The unique ones include such things as 
gobi blocks, which are perforated concrete blocks for stabi-
lizing slopes against wave action; reinforced earth embank-
ments, which are concrete blocks stacked vertically to form 
a retaining wall and to which are fastened long metal strips 
that are buried in an earth fill; floating plastic barriers for 
use in lakes. and streams to contain sediment; rock-filled 
tubular fabric "sausages" used for stabilizing ditch bottoms; 
1-ft diameter sand-ifiled tubular burlap containers for pro-
tecting embankments; and concrete blown onto wire-mesh-
covered vertical rock émbankments to stop sloughing. 
Some or perhaps . all of these may serve equally well in 
other parts of the country where they are not now known. 
This project has made a serious attempt to bring together 
under one covera listing of essentially all the erosion con-
trol measures used during highway construction in the 
United States. 

There are relatively few control measures that actually 
prevent or reduce erosion directly by protecting the soil 
surface. These include vegetation, mulches, and chemical 
controls. Other measures serve as slope shorteners that act 
to slow the velocity of overland flow, thus reducing its 
kinetic energy and ability to start soil particles moving. 
Slope shorteners include such things as berms, ditches, 
slope intercept drains, and sod stripping. Another group of 
control measures serves to remove sediment from water 
after it has already started to move: This is accomplished 
by slowing the velocity of the sediment-laden water to such 
an extent that it can no longer keep the sediment particles  

in suspension or moving along the channel bottom. Ex-
amples of these measures are sediment traps, check dams, 
brush barriers, and silt fences. 

Measures such as culverts, down drains, and lined ditches 
serve primarily to transport water along or across the right-
of-way to where it can be safely disposed. Riprapping and 
energy dissipators slow the velocity of the water so that it 
will not erode and can be released safely off the right-of-
way. 

Various kinds of filters, coagulants, and settling ponds 
are used to remove suspended fine sediments from water. 
This fraction of the total sediment of a stream is propor-
tionally small, but is by far the most difficult to remove. 
From the standpoint of economics, in many instances it 
may not be justifiable to remove it, but there are things 
other than economics that must be considered. 

A program for controlling erosion and sedimentation 
during the construction of a highway project may require 
several of the different kinds of controls described previ-
ously. The proper sequencing of their use, their locations 
on the project, the timing of their installation, and their 
proper maintenance are all critical to the successful control 
of erosion and sedimentation. 

Design drawings of all these measures are available to 
state highway departments, and it is not the purpose of the 
present study to provide additional ones. The manual, 
however, presents a listing of most of the control measures 
in use throughout the country, and strongly encourages 
their proper use. 

DISCUSSION OF MEASURES 

The effectiveness of a given control measure employed at 
different locations throughout the country may vary greatly 
because of differences in the erodibility of soils, climatic 
factors, and the time of its installation. The way in which 
it is maintained also influences its effectiveness. For exam-
ple, if'sediment is not removed from detention structures 
after every significant storm, these structures may very 
quickly become totally ineffective and serve only to "short 
circuit" eroded materials through the system. Undermin-
ing or piping must be promptly repaired or mass failure can 
occur, resulting in rnuch"greater damage than would have 
occurred with no controls at all. 

In one observed instance a series of various kinds of 
detention structures and filters had been installed to pre-
vent sediment from entering a lake. They were effective 
for awhi1 in doing this but were not maintained. At about 
the time they were all filled with sediment, a sizable storm 
occurred and washed all of the structures out' together, de-
positing the accum'ulàted sediment in the lake. ,Most of this 
could have been averted had the structures beeh cleaned 
regularly. 	. 	 . 

Many of the measures implemented for control during 
the construction period may be left.in  place as permanent 
controls to function 'throughout the life of the project. A 
continuing monitoring and/or maintenance, schedule for 
these should be implemented if they are to remain effective. 

Erosion control specifications in most states are adequate 
to maintain erosion within reasonable limits on highway 
contruction jobs if they could be more effectively en- 



forced. Better means of ensuring compliance with erosion 
control specifications during construction are needed. In 
many instances, the matter of whether or not to implement 
particular controls is left up to the contractor, and he may 
be reluctant to do them because they may be fairly expen-
sive and may not have been budgeted. They may be han-
dled on a force account, but this too is often a negotiable 
matter that can cause feelings and perhaps no action. 
Those states, generally, that are having the most success 
in getting control measures installed and maintained in a 
timely manner are those in which the desired measures are 
bid items in the contract, and in which monetary arrange-
ments are made for maintaining them. Erosion control 
measures are of no value if they are not installed properly 
in the right places at the appropriate times; and then 
adequately maintained. 

Proper education of personnel as to the need for control-
ling erosion and sedimentation is one of the best ways of 
improving the effectiveness of an erosion control program. 
If the managers and workers do not understand the pur-
pose of a control measure or are not aware of the problems 
associated with it and how they can be solved, even the 
most carefully prepared erosion control specifications will 
fail to do the job. Many states have training programs in 
which reasons are discussed for controlling erosion, and 
instruction is presented on the use and maintenance of 
various measures. In some instances, the highway depart-
ments collaborate with the Soil Conservation Service, Agri-
cultural Research Service, and other agencies in the pres 
entation of training courses and seminars. Often during the 
off-season, construction personnel and contractors are in-
vited to attend the sessions. People who are knowledgeable 
and enthusiastic about controlling erosion can do more to-
ward solving the problem than even the best written and 
most detailed specifications. 

There exist many varying opinions on the cost of con-
trolling erosion. Estimates in the range of 0 to 33 percent 
of the total project cost were given on the questionnaire 
responses that were received from the states. However, 
some contractors who are doing particularly good jobs of 
controlling erosion believe that the over-all increase in cost 
is near zero when one takes into account the savings in not 
having to come back at the end of a job to refinish slopes. 
Other contractors who have had very little experience in 
erosion control work are sure that all of the added specifi-
cations, if they were to be enforced, would raise the costs 
so high that they would be prohibitive. Thus, it is seen that 
attitude plays an important role in the program. 

On the basis of observations made during field visits, 
interviews, and sample calculations, it is concluded that 
numerous small erosion control measures implemented at 
the proper times are more effective and less expensive than 
a few large or poorly timed ones. This is because gener-
ally it costs less to retain sediment at or near its origin than 
to let it move and then have to collect and dispose of it or 
return it to the construction site. An example of this is the  

construction of large sediment basins, costing several thou-
sands of dollars each, which are designed to catch and re-
tain whatever sediment may leave the site. This sediment 
must then be disposed of or transported at intervals back 
to the site. An alternative would be to scoop out numerous 
small sediment traps costing a few dollars each on the site 
such that nowhere would sediment be allowed to move 
more than a few hundred feet from its origin. To remain 
effective, these would need to be cleaned regularly. 

Included in the manual is a summary of all available 
effectiveness data, together with a reliable method for 
evaluating the effectiveness of erosion control measures at 
any location in the country. With the aid of the method 
and data presented, the user can readily determine the po-
tential erosion of any particular site and the effectiveness 
of most erosion control measures. 

LEGISLATIVE CONTROLS 

It became apparent as a result of visits to the various 
states that there exists very, little uniformity as to the 
amount of interest and effort that is devoted to solving 
erosion and sedimentation problems related to highway 
construction. Federal regulations and guidelines are inter-
preted in different ways, and even state highway specifica-
tions for erosion control are adhered to in varying degrees 
of completeness. 

Some states have enacted laws to deal with the erosion 
problem more specifically and to provide additional incen-
tives to those in the construction industry to protect the 
environment. Some of these laws are very strict and specify 
a degree of control that may not be completely attainable 
in practice, but they produce better results than have ever 
been achieved before. As information about the success of 
these programs becomes known, the trend will no doubt 
continue toward increasingly more states enacting legisla-
tion to protect their streams and lakes from pollution by 
sediment. 

Practically all of the states are updating their specifica-
tion handbooks as they relate to erosion control to comply 
with new federal laws and regulations that have been 
enacted. 

OUTLOOK FOR THE FUTURE 

The increasing pressures of public opinion, the upsurge 
of environmental activists, and increased enforcement of 
clean water and clean air standards by such enforcement 
authorities as the Environmental Protection Agency will, 
no doubt, foster a general movement toward stronger regu-
lations governing the control of soil erosion from all 
sources including highways. Needed to intelligently regu-
late activities capable of controlling soil erosion are better 
criteria to predict the degree of control needed and to assess 
the degree of control obtained. Providing these criteria is 
the principal objective of these studies. 



CHAPTER THREE 

INTERPRETATION, APPRAISAL, APPLICATION 

INTRODUCTION 

This chapter summarizes information that is presented 
in detail in the manual on erosion control principles and 
practices. The manual (NCHRP Report 221) contains in 
one form or another a synthesis of all information that has 
been assembled during the course of the projects, together 
with its interpretation and evaluation. Also included are 
step-by-step examples of how to use the information for the 
solution of practical problems that relate to sediment pro-
duction and control, and how to determine the effectiveness 
of various erosion control measures. 

WATER EROSION 

Processes of Water Erosion 

The processes of soil erosion by water involve detach-
ment of soil particles, their transport primarily by flowing 
water, and their eventual deposition. At least the coarse 
particles will be deposited; colloidal particles may remain 
in suspension almost indefinitely. 

The chief mechanisms for soil detachment are raindrop 
impact and shear forces imposed by flowing water. Al-
though the detachment of soil particles by flowing water 
cannot be ignored, soil detachment by raindrop impact is 
by far the most effective of the two mechanisms. 

The transportation of detached soil particles occurs pri-
marily through channelized runoff of surface water. Rain-
drop impact is a less important transporting agent and 
usually becomes a significant factor only on slopes whose 
steepness is 2:1 or greater. Channelized surface water run-
off will not occur unless the rainfall intensity exceeds the 
soil infiltration rate. However, once runoff begins, the 
amount of soil carried is a function of runoff velocity and 
turbulence which are strongly affected by slope steepness. 
Overland flow will move down a 21/2  : 1 slope at twice the 
velocity of that down a 10:1 slope. However, by doubling 
the velocity, the energy of the flow will increase four times; 
the size of particle that can be transported will be increased 
64 times; and the mass of soil that can be carried is in-
creased 32 times. 

The deposition of eroded soils will occur whenever the 
runoff velocity or turbulence significantly decreases.. Depo-
sition of sediments is usually an ordered process with the 
largest and densest particles settling first and finer ones last. 
Therefore, the original soil materials being eroded strongly 
affect the properties and amount of sediment being 
deposited. 

Soil particles erded from upland areas come from nil 
and interrill areas. Rills form as the result of small vol-
umes of channelized flow. Interrill areas are those surfaces  

between rills that are eroded from raindrop splash and 
from nonchannelized flow (sheet flow). The universal soil 
loss equation provides a method for estimating nil and 
interrill erosion. If the average annual computed soil loss 
is greater than the tolerable soil loss, the highway designer 
will want. to consider some alternatives for reducing it. 
Possibly one or more factors in the soil loss equation can 
be altered such as the slope length or slope steepness to 
achieve a reduction in the topographic (LS) factor. 

Perhaps the entire construction job can be scheduled so 
that a minimum of bare soil will be exposed during the 
period of maximum rainfall erosion potential. Mulching 
and seeding requirements may need to be updated or re-
scheduled to an earlier time. Any one of these actions or 
all of them together will reduce the computed soil loss. 
Because the factors in the soil loss equation are multiplica-
tive, even small changes in several factors can affect the 
computed soil loss to a considerable degree. 

Another way of reducing off-site soil loss is by the use of 
sediment traps and debris basins. The amount of sediment 
caught in a trap depends on the total volume of the trap, 
the amount of sediment and water entering the trap from 
upland areas, and the locations of the trap inlet and outlet 
in relation to each other. Trap efficiency has been dis-
cussed at length in the engineering literature and is beyond 
the scope of this discussion. However, even sediment ba-
sins with high trap efficiencies may discharge very turbid 
water. If the volume of off-site sediment is the major con-
sideration, turbid outflow water may be acceptable. On the 
other hand, the discharge of turbid water into clear lakes 
or streams is usually unacceptable. In that case the use 
of chemical flocculants or water filtration should be 
considered. 

Estimating Water Soil Loss 

Development of equations for calculating field soil loss 
began in about 1940. Improvements were made from time 
to time to include additional factors that might affect ero-
sion, and in 1958 a semiempirical equation was developed 
that became known as the universal soil loss equation 
(USLE) which overcame many of the limitations of the 
earlier equations. The improved equation was developed 
at the Runoff and Soil-Loss Data Center of the Agricultural 
Research Service, established at Purdue University in 1954. 
Improvements incorporated into the new equation in-
cluded: (1) an improved rainfall-erosion index; (2) a 
method of evaluating cropping-management effects on the 
basis of local climatic conditions; (3) a quantitative soil-
erodibility factor; and (4) a method of accounting for ef-
fects of interrelationships of such variables as productivity 
level, crop sequence, and residue management. 



The soil loss equation is 

A=RKL-SCP 	 (1) 

in which: 

A = the computed soil loss per unit area, generally ex-
pressed as tons/acre/yr; 

R = the rainfall factors, which is the number of erosion-
index units in a normal year's rain (the erosion in-
dex is a measure of the erosive force of specific 
rainfall); 

K = the soil erodibility factor, which is the erosion rate 
per unit of erosion index for a specific soil in culti-
vated continuous fallow, on a 9 percent slope 72.6 ft 
long; 

L = the slope-length factor, which is the ratio of soil loss 
from the field slope length to that from a 72.6-ft 
length on the same soil type and gradient; 

S = the slope-gradient factor, which is the ratio of soil 
loss from the field gradient to that from a 9 percent 
slope; 

C = the cropping management factor, which is the ratio 
of soil loss from a field with specified cropping and 
management to that from the fallow condition on 
which the factor K is evaluated; and 

P = the erosion control practice factor, which is the 
ratio of soil loss with contouring, strip cropping, or 
terracing to that with straight-row farming, up and 
down slope. 

In adapting this equation for use in the highway indus-
try the present study eliminated the C and P factors which 
relate specifically to agricultural lands, and substituted in 
their place an erosion control factor VM to be used on con-
struction sites. The VM factor is applied in the water soil 
loss equation as a single unit. It accounts for the effects of 
all erosion control measures that may be applied on any 
given site including vegetation, mechanical means, and 
chemicals. The L and S factors are combined to form LS, 
the topographic factor, which depends on the length and 
steepness of the slope. 

The procedures for determining the erosion of the land 
surface do not constitute an exact science. The physical 
and biological processes governing soil erosion are compli-
cated and interact together in changing and undefined 
ways. These complications have necessitated many simpli-
fying assumptions in order to reduce the problem to man-
ageable proportions. The statistical interpretation of ob-
served data obtained under rigorous conditions is one of 
the approaches that has produced a wealth of information 
on soil erosion processes. It was precisely this procedure 
that produced the universal soil loss equation. However, it 
is probably impossible for any equation, statistical or other-
wise, to correctly express the response of the soil to all of 
the natural or man-imposed forces acting on it. One of the 
basic assumptions of the universal soil loss equation is that 
both the forces acting to cause erosion and the response of 
the soil to those forces are homogeneous in time and space. 
While it is known that this assumption is frequently via-
lated, it is also true that the universal soil loss equation has 
proven its utility through many years. 

The control of soil erosion and the disposition of sedi-
ments is a distinct problem area of its own. But, it is not 
an exact science. Often the desired level of erosion control 
can be achieved in many ways. Practical field people (e.g., 
farmers) have often been successful in controlling erosion 
with only a rudimentary knowledge of the technical aspects 
of soil erosion. Erosion control seems to have an "intui-
tive" aspect to it, and some people are very good at infer-
ring the correct procedures. However, "intuitive" erosion 
control is difficult to assess, and the degree of control can-
not be evaluated. The procedures in this report are an at-
tempt to put the requirements of erosion control and an 
evaluation of their performance on a semiquantitative ba-
sis. The procedures have been designed specifically for 
highway construction sites. 

The calculations involved in evaluating the performance 
of any erosion control system may give the impression of 
a precision that can not be attained on actual construction 
sites. In all soil erosion estimates there is an element of 
art—i.e., an element of skill acquired by experience, study, 
and observation. These skills involve both engineering and 
agronomic estimates. The procedures involved in evaluat-
ing erosion control systems can best be used in the design 
and planning stages, months or even years before actual 
construction. However, it is believed that these procedures, 
whether used in the office or in the field, represent the cur-
rent state of the art in erosion control technology. They 
permit the semiquantitative evaluation of erosion control 
systems that heretofore could be evaluated only qualita-
tively. 

Use of the Universal Soil Loss Equation 
on Steep Slopes 

The USLE was developed on relatively flat slopes and 
few reliable data for evaluating its accuracy existed for 
slopes greater than about 20 percent. One of the primary 
objectives of the present research was to test the equation 
for steeper slopes, up to the maximum 93 percent (430) 
that can be provided by the UWRL erosion control testing 
facility. At about the same time that this research was be-
ing conducted Wischmeier and Smith (56) were collecting 
additional data as well of erosion on slopes steeper than 
those on which the equation had been developed, and their 
results appear also in the manual. 

Data were gathered at the UWRL using the erosion con-
trol testing facility and rainfall simulator described in Ap-
pendix C. Soils used in the test were a washed sand, a silty 
clay loam, and Cecil gravelly clay loam. Test plot dimen-
sions were 19.5 ft long by 4 ft wide, and the plots were 
evaluated at slopes of 9 percent, 25 percent, 50 percent, 
and 84 percent under rainfall intensities of 2.51, 3.95, and 
7.65 in. per hr. 

Results of this testing are presented in Appendix C of 
this report and in the manual and indicate that the uni-
versal soil loss equation is valid for use on steep slopes. 

"VM" Values 

The erosion control factor, VM, is applied in the water 
soil loss equation as a single unit, and accounts for all ero- 
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sion control measures that may be applied, whether they 
are vegetative, mechanical, or chemical. It became ap-
parent from the literature review, field visits, correspon-
dence, and personal interviews that very few data exist for 
determining the effectiveness of control measures. Scat-
tered determinations have been made of VM values for use 
in the water soil loss equation and these are tabulated in the 
manual. Graphs are presented for particular measures of 
the number of tons per acre required plotted against values 
of (R K LS). Explanations are given for their use. 

Limitations 

The universal soil loss equation includes all major fac-
tors influencing soil erosion. It is universally applicable 
wherever locational values of the equation's individual fac-
tors are known or can be determined. About 10,000 
plot-years of runoff and soil-loss data assembled from 47 
research stations in 24 states were analyzed during the 
equation's initial development. In spite of these impressive 
facts, the equation does have limitations that should be 
taken into account when it is used: 

The equation is semiempirical and does not neces-
sarily express its several factors in their correct mathemati-
cal relationships. This limitation is overcome by the use of 
empirical coefficients. The physical data upon which the 
present coefficients are based were limited to maximum uni-
form slopes of 20 percent and lengths of 300 ft. 

The rainfall-erosion index measures only the erosivity 
of rainfall and associated runoff. Therefore, the equation 
does not predict soil loss that is due solely to thaw, snow-
melt, or wind. In areas where such losses are significant, 
they must be estimated separately and combined with those 
predicted by the equation. 

Gully erosion such as is caused by large concentrated 
flows of water cannot be accounted for by the equation 
which applies only to sheet and nil erosion. This means 
that the conveyance of concentrated flows must be ade-
quate or the computed soil loss will be underestimated. 

The equation was developed to predict soil loss on an 
average annual basis. Soil-loss predictions on a storm-by-
storm basis often result in error because of complicated 
interactions between forces governing soil-loss rates. Even 
the computed average annual soil loss may be greatly dif-
ferent from the observed soil loss. This is due to fluctua-
tions of rainfall characteristics from year to year. 

Erosion Control Product Testing 

Throughout the United States many different kinds of 
products are being used for controlling erosion that can be 
classified generally as either mulches or chemicals. Addi-
tionally, many kinds of vegetation are used as well. Vari-
ous claims as to the effectiveness of each product are made 
but very little comparative testing of products has been 
done. The present study provided for the preliminary test-
ing of some of these products under the rainfall simulator 
described in Appendix C. A single test of each was made 
on a 2:1 (50 percent) slope, on a silty loam soil, under a 
rainfall intensity of 8 in. per hr. Particular products in-
cluded in the testing were asphalt emulsion, tackifiers, 
wood fibers, straw, wood chips, and gravel. 

Details of testing procedures and their results are given 
in Appendix D. 

WIND EROSION 

In most areas of the United States the amount of erosion 
attributable to wind as opposed to that from water may be 
equal to or near zero. However, in some places it is sig-
nificant, and ways and means are needed for its control. 
The reader will get a better understanding of wind erosion 
problems by studying the examples presented in the 
manual. 

Wind erosion potential may be estimated in a manner 
similar to that for water by the use of a soil-loss equation. 
The wind-erosion equation, selected by the present study 
for estimating soil loss due to wind on highway construc-
tion sites, resulted from years of work by Chepil, his as-
sociates, and others (5-7, 12-26, 38, 39, 53). The equa-
tion as developed by these researchers is as follows: 

E'=I'C'K'V'L' 	 (2) 

in which: 

E' = soil loss by wind, in tons/acre/yr; 
I' = soil wind erodibility factor; 

C' = local wind erosion climatic factor; 
= soil surface roughness factor; 

V1  = vegetative factor; and 
= length of the unshielded distance parallel to wind 

in the direction of the wind fetch. 

The I value is determined in the field by dry-sieving a 
soil sample through a 20-mesh (0.84-mm) screen. Know-
ing the percentage of particles larger than 20 mesh and if 
there is no crusting, the tons per acre can be read from a 
table. If the soil has a well-developed crust, a different 
table is used. The tons/acre value read from a table be-
comes I' in the wind soil loss equation whenever there is no 
correction required for the windward knoll effect. 

The soil wind erodibility index, I, is the potential soil loss 
in tons/acre/yr from a wide unsheltered, isolated, bare, 
and smooth noncrusted soil expanse. Whenever the slope 
is facing the dominant wind direction so that the wind im-
pinges against the slope, erosion is accelerated. This ac-
celeration is known as the windward knoll effect, and the 
knoll erodibility factor, I, is used to correct the soil wind 
erodibility index, I, for this exposure. Erosion is increased 
also by slope steepness. The relation between the slope 
steepness and I is used to obtain the multiplier to correct 
I for the knoll effect for slopes shorter than 500 ft. When 
these same slopes are to the lee of the wind, the slope is 
completely shielded down to a 10 to 1 grade (10 percent 
slope gradient). 

In order to determine I' for the wind erosion formula, 
the I value is multiplied by 18  

I' = I X I = tons/acre/yr 	 (3) 

The monthly isovalues of the local wind erosion climatic 
factor, C', are given on appropriate maps. C' is the cube 
of the mean wind velocity for each month divided by the 
square of the annual precipitation effectiveness index, PE, 
developed by Thornthwaite (46). It is computed from the 
equation: 
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C' = 34.483 vs 
	

(4) 
(PE) 2  

in which: 

V = mean monthly wind velocity at a height of 30 ft 
for all winds in excess of 12 mph; and 

PE = Thärnthwaite's precipitation effectiveness index 
PE index = 115(P/T— 10)1111  in which P is the 
mean annual precipitation and T is the mean 
annual temperature. 

The C' factor maps on a monthly basis are composed of 
the monthly V5/(annual (PE) 2) X 34.483. 

The prevailing wind direction and preponderance (preva-
lence) are obtained from the wind erosion force vector. 
(See App. D of the manual.) 

If the value of preponderance is 1.0, there is no pre-
ponderant direction so a barrier could be placed in any 
direction with equal results. A value of 2.0 indicates that 
the preponderance is twice as great in total wind force as 
for 1.0. 

In using wind preponderance and direction maps, the 
dominant wind direction is determined for the period of 
time required by assuming that an east dominant wind is 
the zero direction. From this point measurements are made 
in a counterclockwise direction through the 16 principal 
points of the compass, or 360 deg. The direction number 
is multiplied by the magnitude of the preponderance, and 
finally the sum of the products is divided by the sum of the 
preponderance values to arrive at a weighted average re-
sultant wind direction. This direction is the effective pre-
vailing wind direction. 

The surface roughness factor K' is a measure of the 
natural or artificial roughness of the soil surface in the form 
of ridges or small undulations. It can be determined by 
knowing the height of the individual roughness elements 
and then using an appropriate graph. 

The V' factor represents equivalent pounds of vegetative 
matter as a roughness element. The V' value is obtained 
by wet sieving the air-dried soil to separate the organic 
material from the mineral portion. The organic matter is 
then dried and weighed. The weight in thousands of pounds 
per acre is entered on an appropriate graph to determine 
the V' factor. 

The unshielded wind fetch distance, L', is defined as the 
distance parallel to the preponderant wind direction in ex-
cess of the shielded distance. In the field, the preponderant 
direction is layed out with a compass or transit, then the 
distance across the exposed area in excess of 10 times the 
height of any barriers is recorded in feet as the value of L'. 

MAPS 

Numerous maps have been produced to aid in the de-
termination of erosion from wind and water. 

Soil Maps 

Soil erodibility maps were created for the 48 contiguous 
states. These are based on the most recent information 
available as received from individual states and the Soil 
Conservation Service. The maps are color coded with each  

color representing a narrow-range erodibility, or K value, 
as indicated in the water soil loss equation. The soil erodi-
bility factor K is a numeric indicator of the ability of a soil 
to resist the erosive energy of rain. The researchers are 
aware that the values shown on the maps are very non-
specific and that, within each area of color shown, there 
are in reality many different types of soil. Some states are 
completing more detailed soil surveys, such as on a county 
basis or smaller; where these data are available they should 
be used in preference to those shown on the colored maps. 

Wind Maps 

Wind erosion climatic factor, C', maps have been pre-
pared also for the 50 U.S. states and Puerto Rico. The 
wind climatic factor is related to wind velocity, mean an-
nual precipitation, and temperature. These are on a mean 
monthly basis, and values taken from them are used in the 
determination of erosion caused by wind. The manual also 
contains maps of monthly wind direction and preponder-
ance that are necessary for meaningful calculations. 

Isoerodent Maps 

At the time of the development of the universal soil loss 
equation by the Agricultura.l Research Service, an iso-
erodent map was constructed for the area of the United 
States east of the Rocky Mountains. This map has been 
extended by Project 16-3 to include also that area west of 
the Rocky Mountains. In addition, isoerodent maps have 
been prepared of Alaska, Hawaii, and Puerto Rico. The 
isoerodent maps are used in combination with the regional 
maps, next described, to estimate the rainfall factor, R, in 
the water soil loss equation. The rainfall factor is com-
puted from rainfall records, considering the kinetic energy 
of storms and rainfall intensities. The isoerodent maps pro-
vide R factors on a mean annual basis. 

Regional Maps 

A regional map was constructed by the Agricultural Re-
search Service in which the 37 eastern states were divided 
into 33 geographic areas in each of which the monthly dis-
tribution of the erosion index, El, could be considered uni-
form. The erosion index of any particular location can be 
determined by summing El values of individual storms. 
Project 16-3 has extended this procedure to also include 
the western states, producing an additional 18 geographic 
areas. A map showing these areas, as well as those defined 
previously, has been constructed, and the areas are num-
bered in an orderly manner from west to east from 1 to 51. 
Similarly, regional maps have been constructed for Alaska, 
Hawaii, and Puerto Rico. 

Values from these maps are applied to values from the 
isoerodent maps to find R factors for the time period of 
interest for use in the water soil loss equation. 

NOMOGRAPHS 

Maximum use will be made of the manual only if it is 
easy to use. Individuals working in a design office with 
ready access to calculators may take the time to solve 
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complicated equations for determining potential erosion 
amounts, but this is generally not true of field crews. They 
usually prefer short-cut methods and rule-of-thumb pro-
cedures. For this purpose, the authors have attempted to 
present necessary data and information in tabular and map 
or graph form, and to provide for the solution of equations 
by means of nomographs or tables. A brief discussion of 
nomographic procedures is presented in the manual. Each 
nomograph is presented separately with a graphic explana-
tion of its use. A step-by-step example is given to lead the 
reader through each nomograph to particular solutions. 
Nomographs are presented in the manual for the determi-
nation of the soil erodibility factor K, the solution of the 
wind erosion equation, and the solution of the water soil 
loss equation. The only tool needed to use the nomographs 
is a straightedge. Tables give the solution of the equation 
for the LS factor for single and multiple slopes. 

PHOTOGRAPHS 

Photographs have been made of most of the different 
kinds of erosion control measures that are being used in 
the United States and are presented in an appendix to the 
manual. Explanations of each measure are given, includ-
ing special characteristics of each and where it might be 
used in a construction program. 

PROCEDURE FOR DEVELOPING 
EROSION CONTROL PLAN 

The manual provides the appropriate maps, tables, 
graphs, etc., and explains the use of the water and wind 
soil loss equations both for calculating erosion potentials 
for construction sites and for evaluating the effectiveness 
of various erosion control measures. The outlined pro-
cedures also permit one to determine the amount of control 
needed to decrease anticipated soil loss from an area to any 
predetermined level. 

During the planning stage within the proposed corri-
dor of the highway, gather information about erosion-
sensitive zones and adjacent areas wherein sediment, even 
in small amounts, might become a problem. These would 
include such places as streams, ponds, lakes, inhabited 
areas, and other high-value concerns. 

Identify the locations that may produce acute erosion 
problems, such as steep and deep cuts and fills, sandy 
zones, windy areas, springs, hIgh water tables, erodible 
soils, and natural drainages. 

Consider 1 and 2 in selecting the optimum location 
for the highway within the corridor. 

When the route within the corridor is fixed, deter-
mine the parameters in the water soil loss equation, A = 
R K LS VM, for estimating the erosion potential for 
each section of the highway. These data may be obtained 
from appropriate maps, charts, tables, soil samples, and job 
specifications for every section along the right-of-way. Each 
section would normally extend from one drain to the next. 

Repeat 4, where appropriate, using the wind soil loss-
equation, E' =!' C' K' V' L'. 

For every section having erosion potentials in excess 
of those deemed appropriate for its location, designate ero-
sion control measures for reducing the anticipated soil loss 
to acceptable levels. Step-by-step procedures for accom-
plishing this are presented in the manual. 

Include sufficient information regarding the erosion 
control plan in the design drawings so that there will be no 
misunderstanding by construction personnel as to what is 
required. Supplemental instructions and explanations may 
be required. 

Provide adequate means of enforcing the frequent re-
view and implementation of the erosion control specifica-
tions. An effective means of encouraging compliance is to 
foster proper attitudes among contractors by including ero-
sion control measures as bid items in the contract and by 
providing appropriate training sessions for selected con-
struction personnel. 

CHAPTER FOUR 

CONCLUSIONS AND SUGGESTED RESEARCH 

The principal product of this research is the manual on 
erosion control principles and practices that is published as 
a separate document, NCHRP Report 221. The manual is 
concerned primarily with techniques for predicting the ero-
sion potential of highway construction sites and for esti-
mating the effectiveness of various erosion control mea-
sures. Many control measures are listed and described, and 
information that will aid in selecting measures to meet spe- 

cific site requirements is presented. Modification and ex-
tension of the universal soil loss equation for application to 
sites other than gently sloping farmland (e.g., construction 
sites) has greatly expanded its use. 

The following research and training are suggested to al-
leviate the paucity of erosion control research data appli-
cable to construction sites. Priority is suggested by the 
numbers 1 to 4; however, for work suggested under any 
given number, no priority is intended: 



13 

1. Statistically controlled experiments are needed in the 
following areas: 

The verification of the relationship between annual 
El and the 2-yr 6-hr rainfall. 
The development of a snowmelt equivalent R 
factor. 
The development of suitable LS values for long, 
steep slopes (i.e., lengths greater than 300 ft, and 
steepnesses greater than 5:1 (20 perecnt)). 
The development of reliable soil erodibility values 
for highway fill slopes and compacted cut slopes, 
especially on heavy textured soils. 
The testing of the effect of vegetative and mulch-
ing erosion control measures commonly used on 
highway construction sites on a variety of soil 
types. This research should test the effect of straw 
mulch anchoring tools on different soils; also, the 
effect of spacing between the anchoring blades 
should be determined. Straw mulch tacking also 
should be evaluated. Other mulch materials should 
be tested as well. 
Agronomic research to match plant species with 
newly constructed environments is badly needed 
in some states. All vegetative controls need to be 
rigorously tested on long, steep slopes to determine 
what changes occur in VM factor values with in-
creasing length or steepness. These suggestions are 
not exhaustive. 
The development of techniques for predicting gully 
erosion. 
The determination of the efficiencies of small- and 
medium-sized sediment traps. 
The development of technical guides for determin-
ing allowable off-site soil losses and allowable in-
creases in turbidity of nearby water courses. 

2. A computer program for use in highway design offices 
should be developed. The program suggested would be 
based on the soil erosion equations and not on the meager 
data presently available. It would be used to optimize slope 
angle and length combinations, types of vegetative and 
mechanical measures and their extents and timing, dis- 

tances between erosion control structures, and all else 
necessary to enable the design of any given project for 
minimum erosion. It would be used also for defining fu-
ture data collection requirements for efficient erosion con-
trol. Such a research study would be a natural successor 
of the current projects and would use information and 
techniques developed thereon. 

Additional testing of erosion control products should 
be undertaken to provide the user with reliable informa-
tion on their effectiveness under various conditions. At 
present, performance claims are made by individual com-
panies or salesmen, often without substantiation. The re-
searchers are aware of limited tests that have been made 
at various locations of erosion control products, including 
those undertaken by state highway and transportation de-
partments and included in the AASHTO-FHWA document, 
"Special Products Evaluation List," dated August 1974. All 
of these are incomplete and make it difficult to compare the 
effectiveness of one product against another for a particu-
lar use. 

To accelerate the testing of erosion control products and 
to assure uniformity throughout, many of the measure-
ments should be made indoors using a rainfall simulator, 
an adjustable test bed, and controlled laboratory condi-
tions. Each product could be tested all the way to failure 
under the same conditions of soil, slope, rainfall, etc.; and 
everything could be completed in the laboratory in a much 
shorter time span than in the open, waiting for natural rain-
fall to occur. The most effective products could then 
undergo final testing in the field under natural conditions. 
Testing of products in the laboratory by the UWRL is a 
beginning, but sufficient replications should be made of 
each product test so that some statistical significance in the 
results is obtained. 

Additional research is needed to determine the ac-
celerating effect of wind on erosion on steep slopes that 
face the dominant wind direction. This acceleration is 
known as the windward knoll effect, and the knoll erodi-
bility factor, l,  is used to cOrrect the soil wind erodibility 
index, I, for this exposure. 

Published information includes values only up to 10 per-
cent slopes, and these should be extended to include steeper 
slopes. 
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APPENDIX A 

SUMMARY OF FIELD SITE VISITS 

Members of the project staff made on-site visits to high-
way construction projects in 32 states to view temporary 
erosion control measures and to interview experienced indi-
viduals at each location as to the effectiveness of various 
measures used. Repeat visits were made to particular proj-
ects in 5 states. The selection of states to visit was made 
on the basis of their being representative of the different 
climates and soil areas of the 48 contiguous states. The 
ad hoc committee appointed to Project 16-3 determined 
that site visits would not be made to Alaska, Puerto Rico, 
or the Hawaiian Islands. In some instances the decision to 
visit a specific site was made because it was known that a 
particularly good jOb :was being done there in the use of 
temporary erosion control measures; or that special erosion 
and! or sedimentation problems existed there; or that an 
individual specializing in temporary erosion control mea- 

sures was working there. Because the project did not pro-
vide for the generation of any new research data, it was 
important to include visits to as many on-going construc-
tion projects as possible as well as interviews with recog-
nized erosion control experts from throughout the country. 

Visits were made to highway construction projects in 
each of the states listed in Table A-i, and second visits were 
made to those indicated. In every instance, the initial con-
tact was the state Transportation Research Board represen-
tative. He, in turn, recommended the individuals to be 
contacted for arranging the visit. These individuals se-
lected the specific construction sites, arranged for knowl-
edgeable people to accompany Project 16-3 personnel, and 
provided necessary transportation. In every case complete 
cooperation and assistance were provided by the state high-
way department, and their help and suggestions were 
sincerely appreciated. 



16 

TABLE A-i 
STATES VISITED FOR INTERVIEWS 

Alabama Missouri 

Arizona Montana 

California'  New Hampshire 

Colorado New Mexico 

Connecticut New York 

Florida North Carolina 

Georgia1 	 North Dakota 

Illinois 	 Oklahoma 

Indiana 	 Pennsylvania 

Iowa' 	 Tennessee 

Louisiana Texas 

Maryland' Utah 

Massachusetts Vermont 

Michigan Washington 

Minnesota West Virginia 

Mississippi Wyoming 

1Visited twice. 

One of the original intents of site visits was to measure 
actual erosion occurring on particular slopes, for which 
precipitation data were available, and then to compare 
these amounts with those calculated for the same slopes, 
using the water soil loss equation. This part of the study 
could not be pursued extensively because of the nonavail-
ability of on-site precipitation data in most of the areas 
visited. On those sites where data were available a fair 
correlation existed between the calculated and measured 
values. 

On some construction projects, measurements were made 
of actual erosion amounts, specific soil samples were ana-
lyzed to determine their erodibilities, and calculations were 
made of predicted erosion using rainfall data from nearby 
weather stations. These tests were not satisfactory because 
of the temporal and spatial variability existing in natural 
rainfall. Erosion and precipitation measurements must be 
made at the same site to be of value. 

Another difficulty encountered in making erosion mea-
surements was in finding where the material was deposited 
so that the measurements taken on slopes could be verified. 
At only two locations was it possible to measure the erosion 
that had occurred on a slope and then go downslope and 
measure the deposited material that had originated on that 
particular slope. 

The primary values of the field trips are the following: 

They provided first-hand information to project per-
sonnel of the kinds of erosion control measures that are 
being used throughout the United States. 

They enabled interviews to be conducted with erosion 
control experts throughout the country and with others who 
are working in the field to solve erosion control problems. 
Ideas and suggestions put forth by those individuals have 
been incorporated into the manual and will upgrade erosion 
control efforts everywhere. 

During the course of the field visits and interviews, 
many papers, reports, and publications have been discov-
ered and included in the list of references and bibliography 
of the final report and manual, which probably could not 
have been included otherwise. 

The visits and interviews verified the fact that there is 
a great sparcity of quantitative data relating to erosion on 
construction sites and particularly on highways where steep 
slopes are encountered. Much could and should be done to 
provide these kinds of data. 

Many of the available data pertaining to the effective-
ness of various erosion control measures were found to be 
very site-specific and are often not valid at other locations, 
even under similar conditions. For this reason Project 16-3 
has devised and presented in detail in the manual a dif-
ferent method of expressing effectiveness that is more uni-
versally applicable. 

APPENDIX B 

SAMPLING OF QUESTIONS AND ANSWERS TO QUESTIONNAIRES 

QUESTIONNAIRES 

Soon after the initiation of the project a questionnaire 
was prepared and mailed to agencies and individuals in the 
50 states and Puerto Rico, requesting information from 
them concerning erosion control activities in their particu- 

lar,  areas. Table B-i indicates where the questionnaires 
were sent and the number of responses received. At least 
one completed questionnaire was received from every state 
and Puerto Rico, and only one of the 52 highway depart-
ments contacted failed to respon4 at all. 

The following are representative of answers received to 
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TABLE B-i 
QUESTIONNAIRES AND RESPONSES 

Recipient Questionnaires Replies Percentage 
of Questionnaires Sent Received Response 

State Highway Departments 110 95 86 

Special Interest Groups 10 3 30 

Regional Forestry Offices 10 6 60 

Bureau of Land Management 12 5 42 

Corps of Engineers 37 13 35 

Soil Conservation Service 52 41 79 

U.S. Bureau of Reclamation 7 5 71 

Associated General Contractors 68 9 13 

TOTAL 306 177 58 

some of the general interest type questions that were in-
cluded in the questionnaire: 

Question: Do you feel that additional legislation is neces-
sary in your state for controlling erosion? If so, 
what kind? 

Answers: 	1. There is a need to require that erosion po- 
tential hazards be made an integral part of 
the Land Use Plan for planning purposes. 
Some areas should not be considered for 
transportation routes. 

 There is a need for more uniform specifi- 
cations. 

 Structures and other improvements includ- 
ing vegetation need to be cost-shared or 
made reimbursable to the lessee of state- 
owned lands, also erosion control or dis-- 
turbed areas of surface-mined land. 

 Supplemental legislation is needed to make 
enforcement of existing legislation more 
timely and responsible to needs. 

 Sediment and erosion control is needed for 
commercial, industrial, residential, recrea- 
tional, and governmental construction sites. 

 We need regulations to control sediments 
in subdivisions, shopping centers, etc., and 
in all road construction, not just that which 
is federally financed. 

 We need to establish regulatory functions 
over individuals and agencies. 

 We need statewide erosion control stan- 
dards in dealing with land. 	Also needed 
are means of enforcing legislation. 

 The Sedimentation Pollution Control Act 
should include also agriculture, forestry, 
and impoundments. 

Need to increase the quality of control and 
need also to control the quantity of sedi- 
ment that is produced at a particular site. 

ii. Need more controls for strip mining. 
12. Need to minimize the-time that soil can be 

exposed and that sediment can be en-
trapped. 

Question: Do you use the Universal Soil Loss Equation to 
estimate potential erosion from highway con-
struction sites? If not, what do you use? 

Answer: 	1. Twenty-one of the states indicated they are 
using the Universal Soil Loss Equation in 
whole or in part. The remainder either do 
not try to estimate erosion or they base 
their estimates on things such as Mus-
grave's equation or their own professional 
experiences. 

Question: In your state, is any training related to erosion 
control being provided for state employees and/ 
or construction personnel? Who is invited to 
attend and who conducts the training? 

Answers: 1. Training sessions are given for design and 
material engineers. Engineers, landscape 
architeëts, and maintenance specialists at-
tend lectures and seminars from time to 
time that are sponsored by the University, 
the Soil Conservation Service, and the Ag-
ricultural Extension Service. 

2. All Forest Service inspectors certified for 
earthwork inspection receive some training 
in erosion control.. Courses are conducted 
(1) in-service by Forest Service materials 
and construction engineers and (2) out-of-
service by technical institutes or universi-
ties under contract with the Forest Service. 
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Yes, formal training programs are under 
contract to inform and involve various lev-
els of construction personnel in environ-
mental awareness, i.e., erosion control. 
Yes, technical training pertaining to ero-
sion control and turf establishment makes 
up one of our training modules at our 
Highway Construction Workshop., 
Training sessions are provided by FHWA 
and the state for design and construction 
personnel. 
Two sessions are conducted annually by 
the construction division and another is 
conducted by instructors selected by the 
Construction Division, Material Section, 
and training supervisor for grading inspec. 
tors, design engineers, project engineers, 
and resident engineers. 
Training sessions are conducted by the 
State Highway Department for construc-
tion personnel. 
Sessions are provided on an irregular basis 
for designers. In-house training is provided 
during the winter for field personnel. 
Training is available for all Soil Conserva-
tion Service employees, and for others who 
may be interested, beginning 1974. 
Members of the trosion and Sedimentation 
Task Force conduct training for designers 
and construction inspection personnel. 
We regularly show erosion control films to 
our personnel. 
Construction Standards Engineers provide 
training for Assistant District Engineers, 
ConstructiOn District State Aid Engineers. 
Training is sponsored by ASCE and con-
ducted by the university: 
Training meetings are held during the win-
ter months to instruct inspectors on up-to-
date methods of controlling erosion. This 
meeting is usually conducted by the Area 
Landscape Engineer with assistance from 
the State Office. 
Short training courses are provided by the 
state, university, and all federal agencies; 
local governments and private companies 
are invited to attend and participate. 
Monthly meetings and a yearly seminar are 
conducted for our district construction en-
gineers where erosion and pollution control 
are usually discussed. Each district is re-
quired to include this subject in its winter 
training seminar for project engineers/ 
supervisors and other key construction 
personnel. 

Question: Do you feel that overall construction costs have 
been or will be increased by employing erosion 
control measures during construction? If so, 
approximately how much? 

Answers: 	1. We believe the overall cost will increase 
since the contractor must maintain almost 
continuous dressing and grassing crews be- 
cause we require this work to be done now 
in stages. 

 No overall increase anticipated. 
 We anticipate an overall increase of 10 per- 

cent. 
 Seven to ten percent increase. 
 Three to five percent increase. 
 Yes, the overall construction costs will in- 

crease by employing any erosion control 
measures during construction. 

 If there is an increase, it will be less than 
5 percent. 

 Good planning will prevent increased cost. 
 Construction costs will increase from S to 

10 percent, but overall project costs will 
decrease in view of possible damage suits. 

 It is our estimate that the full requirements 
of OSHA and EPA will increase normal 
construction costs by 20 to 25 percent. 

 On the first few projects the contractor 
reacts to "something new" by bidding very 
high. Later as experience is gained in ap- 
plying 	erosion 	control 	measures 	during 
construction, he bids at a normal or no 
increase cost. 	However, the most unique 
situation occurs when experience shows the 
contractor that the environmental protec- 
tion 	provisions 	actually 	reduce 	overall 
costs, 	i.e., 	early 	stabilization 	of 	slopes 
through temporary grassing reduces shoul- 
der reworking, and he saves. 

 Approximately 1 percent. 
 The cost of erosion control and turf estab- 

lishment has gone from a range of $243- 
$41 1-$800 per acre in 1968 to an average 
of $594 per acre in 1973. We figure that 
our concept of "grade-a-mile/grass-a-mile" 
has added approximately $130 per acre to 
our turf establishment prices. 

 Very minimal increase. 	Contractors are 
aware that erosion control measures reduce 
finishing costs. 

 Two to five percent on grade and drain 
projects. 

 Depends on contractor. 
 Yes, definitely, by approximately 2 percent 

of overall project construction costs. 
 Not increased unless temporary measures 

are used unnecessarily. 
 The addition of temporary erosion control 

items in the proposals has increased the 
total awarded contract prices about one- 
tenth of one percent. 

 Yes, greatly! 
 It is estimated that we can expect construc- 

tion costs to increase by one-fourth to one- 
third when a full program is initiated. This 



19 

increase in cost would include additional 
personnel, training, and more stringent de-
mands taken in the location, survey, and 
design phases. 
Yes, from one-fourth to one-half of one 
percent. 
From 0 to 10 percent. 
Minimal. 

On bids, an increase of from 10 to 15 per-
cent, but to the contractor only 2 to 3 per-
cent. 
From 10 to 13 percent. 
From 10 to 25 percent. 

Most of the remaining answers stated there would be a 
slight increase, but no indication as to how much. 

APPENDIX C 

RAINFALL SIMULATOR AND TEST OF USLE 

RAINFALL SIMULATOR 

The rainfall simulator is a drip-type device in which in-
dividual raindrops are formed by water emitting from the 
ends of small-diameter brass tubes. The rate of flow is con-
trolled by admitting water into a manifold chamber through 
fixed orifice plates under constant hydraulic pressure. Five 
separate inlet orifices are used in each chamber or module. 
The ratios of the areas of orifices are 1:2:4:8:16. By con-
trolling the flow to the orifice with an electrically operated 
solenoid valve it is possible to vary flow in on-off incre-
ments with 31 equal steps. Outlet from the chambers or 
modules is through uniform equally spaced brass tubes. 
Each module is a 24 in. square box about 1 in. deep and 
oriented so that the tubes or needles form a horizontal level 
plane from which the water drips. Each module contains 
672 needles spaced on a 1-in, triangular grid pattern. The 
simulator is shown in Figures C-i, C-2, and C-3 and has 
been fully described by Chen (PRWG106-2, Utah Water 
Research Laboratory, Utah State University, Logan, Utah 
(1975) 56 pp.—an urban storm runoff inlet hydrograph 
study; also laboratory studies of the resistance coefficient 
for sheet flow over natural turf surfaces). 

The rainfall simulator consists of 100 modules spaced 
and supported to form a square horizontal surface contain-
ing 400 ft2. Each module has separate controls so that a 
spatially moving storm with time-changing intensities can 
be simulated. Its 500 control switches are operated man-
ually or by a programmed computer, as desired. 

Raindrop sizes and velocities of impact represent the en-
ergy of typical high intensity storms. The spatial distribu-
tion of rainfall is essentially uniform and the control of 
application rates is within the accuracy requirement of 
most experiments. 

Tilting Flume 

The tilting flume or test bed is positioned directly be-
neath the rainfall simulator, and both units are located in-
side the laboratory. The flume is square, measuring 20 ft 
on a side, and contains a i-ft thick layer of soil. Hydraulic 
hoists beneath the flume enable it to be tilted to any angle 
up to about 430  from horizontal. The flume is designed 
with a vacuum chamber beneath the soil to aid infiltration, 
and flowing water can be maintained over the top of the 
soil in addition to the rainfall from the simulator. 

Calibration of Rainfall Simulator 

The calibration of the rainfall simulator was done in an 
indirect manner for convenience and control. This was 
carried out by first calibrating two tipping bucket raingages 
against weighing raingages which had been calibrated with 
weights. The tipping bucket gages recorded remotely on an 
event recorder located beside the rainfall simulator control 
panel, so any change in intensity, during a run could be im-
mediately recognized by the operator. The following equa-
tion represents the actual rainfall in inches per hour for 
each apparent intensity on the tipping bucket gage: 

Y = 0.73497 X1.19832 	(C-i) 

in which Y = true rainfall intensity; and X = intensity in-
dicated on tipping bucket gage. The confidence band is 
±0.59. 

The intensity read from Eq. C-i in conjunction with 
drop size and fall distance is used to determine ElI 100 or 
the value called R in the universal soil loss equation 
(USLE). 
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Figure C-i. Computer-controlled rainstorm simulator with tilling flume. 
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Figure C-2. Typical rainstorm simulator module. 
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Figure C-3. Block diagram of storm flow experimentation system. 

Energy of Drops 

Drop sizes delivered by the rainfall simulator were deter-
mined by measuring the volumes of replicates of 10 drops 
ach. The drop diameter as determined in this manner was 

4.0 mm, which is slightly larger than the mean drop diame-
tdr of natural rainfall. 

The heights of fall from the simulator were all somewhat 
less than required for the drops to reach terminal velocity. 
Also, the fall heights were variable according to the slope 
steepness. When the test bed is tilted to the desired slope, 
its upper edge is closer to the horizontal rainfall simulator 
than is the lower edge, so that raindrop fall, distance in-
creases with distance down the slope, and is different for 
each slope. It was necessary to carefully measure the fall 
distance for the drops at each slope setting of the test plots, 
and from this distance to calculate the velocity of the drops 
on their impact with the soil. The experimental values pub-
lished by Laws . (C-i) for 4-mm drops at different fall dis-
tances were used to. determine this velocity for each bed 
slope used. This relationship is: 

V = 16.00204 log H + 5.49695 	(C-2) 

in which: 

V = velocity, ft per 5cc; and 
H = fall height, ft. 

Individual values are converted to energy by the relationship 

E=1.76082V2 	 (C-3) 

in which: 

E =rainfall impact energy, ft tons/acre in.; and 
V = velocity, ft per sec. 

E values at the top and bottom of each test plot were 
averaged to obtain the mean E for the plot. 

Values of El! 100 were calculated for each slope, rain-
fall intensity, and duration. These R values are somewhat 
lower than those for the same mean drop size in natural 
rain because of the lesser fall height under the simulator. 
On the other hand, the simulated rain consists of drops that 
are slightly larger than,  the average for natural rain, and 
thus the impact energies are slightly greater as well, making 
the over-all simulated effect very nearly the same as natural 
rain. Table C-i shows a comparison on a 9 percent slope 
of energy values obtained with the UWRL rainfall simula-
tor with those obtained by other methods. 
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TEST OF UNIVERSAL SOIL LOSS EQUATION 

The USLE was developed on relatively flat slopes, and 
few reliable data for evaluating its accuracy exist for slopes 
greater than about 20 percent. One of the objectives of the 
present research was to test the equation for steeper slopes 
using the UWRL erosion control testing facility. 

The universal soil loss equation as proposed by Wisch-
meier and Smith (C-2, C-3) and modified for this study can 
be expressed by the relationship 

A=RKLS - VM 	 (C-4) 

in which 

A = soil loss, tons/acre; 
R = a rainfall factor (R (EI/100) mean annual 

value); 
K = soil erodibility factor (ratio); 

LS = slope length steepness factor or topographic fac- 
tor; and 

VM = erosion control factor (ratio). 

In the field, the only parts of Eq. C-4 which are manage-
able are LS and VM. Wischmeier and Smith (C-3) devel-
oped and tested Eq. C-4 and found that the topographic 
factor could be expressed by 

LS = 

/ 1 \ tm /65.41s2 	4.56s 	
5 726) 's+ 10,000 + Vs2+ io,000+0.065 (C- ) 

in which: 

LS = topographic factor;  

s = slope gradient, percent; 
= slope length, ft; and 

m = exponent depending on slope steepness (0.2 for 
slopes <1%, 0.3 for slopes 1-3 percent, 0.4 for 
slopes 3.5-4.5 percent, and 0.5 for slopes >5 per-
cent). 

The erosion control factor VM accounts for the effects 
of all erosion control measures that may be implemented on 
any particular site, including vegetation, mechanical ma-
nipulation of the soil surface, and chemical treatments. A 
partial listing of VM values is given in Table 2-2 (Chap. 2 
of the manual). 

Testing Procedures 

Assuming that the universal soil loss equation is valid as 
used by Wischmeier and Smith (C-2, C-3), then A = 
R -K LS VM and K VM=A/R LS should be in-
dependent of slope. In order to test this hypothesis K VM 
values were measured for four soil conditions, four slopes, 
and three rainfall intensities. 

The tilting flume was divided into test plots each one 
19.5 ft long and approximately 4 ft wide, separated from 
the others and from the flume sidewalls by 2-ft-wide buffer 
strips. The plots were filled with three different soils as fol-
lows: (1) a washed sand commercially available in Logan, 
Utah; (2) Nibley silty clay loam from North Logan,Utah; 
(3) Cecil gravelly clay loam from Watkinsville, Georgia 
Experiment Station of U.S. Department of Agriculture and 
University of Georgia; and (4) the same Nibley soil as (2) 
except it was compacted and not tilled. The first three soils 

TABLE C-i 

VALUES OF KINETIC ENERGY, E, OBTAINED BY THREE DIFFERENT METHODS 

E (ft tons/acre inch) 
Rainfall Rainfall 
Duration Intensity Wischmeier McGregor- UWRL 
(minutes) (in/hr) Mutchler 

0% slope 9% slope 	25% slope 50% slope 84% slope 

30 2.51 1310 1322 1294 1248 - 	1160 819 651 

15 3.95 1102 1083 1018 982 	913 809 643 

8 7.65 1233 1056 1051 1014 	943 835 664 
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were tilled up and down the slopes to simulate the treat-
ment defined by Wischmeier and Smith (C-2) as having a 
C value of 1.0. Number 4 was not tilled except when soil 
was replaced and then it was recompacted as originally. 

After the soil had been prepared, the plots were tilted to 
the desired slope and rain was applied. Runoff from each 
plot was split, and M2 was caught in a polypropylene bottle. 
The sediment in each was separated from the water, dried 
and weighed. The aliquot weight was multiplied back to 
the original erosion rate and divided by the plot area to 
obtain the A value for the universal soil loss equation in 
tons per acre. (All areas considered were measured on the 
slope, and are not the slope areas projected to a horizontal 
plane.) 

Results and Discussion 

Table C-2 gives the rainfall and test plot characteristics, 
the soil lost in tons per acre, and the computed K VM 
values for each plot and run. The K VM values for the 
9 percent slope are not significantly different from those 
for the steeper slopes, indicating that the universal soil loss 
equation is equally valid for all slopes. 

Figure C-4 shows curves of topographic factor LS plotted 
against slope gradients in percent. LS values shown as 
crosses are those measured for the various slopes in the 
UWRL test plots. LS values shown as circles are those  

computed for various slopes using the USLE Eq. C-5 
(Wischmeier and Smith, C-3). Figure C-4 provides further 
indication that the universal soil loss equation is valid also 
for steep slopes. 
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TABLE C-2 

PLOT AND RAINFALL CHARACTERISTICS, SOIL LOSS, AND K VM FOR RUNS TESTING USLE 

Tilled for Each Rain 
Percent Rain Rain R.LS 

A 
R.LS A = R.K.LS.VM (Tons/Acre) 

Slope Intensity Duration on Plot  
Nibley Nibley 

in/hr minutes 
Sand Nibley Cecil (Not Sand Nibley Cecil (Not 

Tilled) _ ________  Tilled) 

9 2.51 30 16.29 0.00163 0.02169 0.07502 0.06838 0.00010 0.00133 0.00461 0.00420 9 3.95 15 10.08 0.00163 0.40635 0.15614 0.19172 0.00016 0.04031 0.02902 0.01902 9 7.65 8 10.75 0.00163 0.90696 0.17565 0.11001 0.00015 0.08437 0.03055 0.01023 

25 2.51 30 75.71 0.00081 0.04926 0.14024 0.04163 0.00001 0.00065 0.00185 0.00054 25 3.95 15 46.88 0.00081 0.41383 0.44436 0.49214 0.00002 0.00882 0.00949 0.01050 25 7.65 10 50.02 0.00081 1.06294 0.78068 451493a 0.00002 0.02125 0.01567 0.09026 

50 2.51 30 203.04 0.00163 0.32292 0.95062 578311 0.000001 0.00159 0.00468 0.02848 50 -3.95 15 125.76 0.00489 0.12094 2.04497 2.80682 0.00004 0.00096 0.01626 0.02232 50 7.65 10 134.03 0.08146 0.15605 0.38546 5.66263 0.00061 0.00116 0.00288 0.04225 

84 2.51 30 319.55 0.00081 4.30263 2.14862 6.87730 0.000002 0.01346 0.00672 0.02152 84 3.95 15 197.87 0.00163 5.18789 1.89246 3.49365 0.000008 0.02622 0.00956 0.01766 84 7.65 10 211.11 0.00899 4.76652 1 2.44047 18.37585 0.000042 0.02258 0.01156 0.03968 

ai value not included in the analyses 

Note: 	Differences in KVM values at 9% slope and steeper slopes are not significant as tested by "Students" t 
test and Brandts unique sample test. 
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APPENDIX D 

EROSION CONTROL PRODUCT TESTING 

INTRODUCTION 

In preparation for the testing of erosion control products 
the 20-ft by 20-ft test bed described in Appendix C was 
partitioned into three separate plots with walkways between 
them and filled with a Nibley silt loam soil. Each plot was 
4 ft wide and 19.5 ft long, and the walkways were 2 ft wide. 
Each product was applied according to the manufacturer's 
recommendation while the test bed was in a horizontal posi- 

tion. Then it was tilted to a 2:1 slope before rainfall was 
applied. Each test was run and timed until a visible in-
cipient failure of the plot surface occurred and/or signifi-
cant amounts of sediment began running from the plot, and 
it was allowed to continue until rills formed. After each 
test, soil loss was made up with fresh soil and the plot was 
smoothed ready for the next application. Recording rain-
gages were used beneath the simulator to verify rainfall 
rates. 
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TABLE D-1 
PRODUCT TEST RESULTS 

Run Prduct Application Finished Rainfall Time Until Time Until 
Control Product 

Co
osta Rate Condition  Rate 

Incipient Formation 
Failure of Rills 

1. Straw $25/ton 2 tons/acre Punched in 

EPer 

 8 in/hr 10 mm 	5sec 10 mm 	5 sec 
2. Straw $25/ton 2 tons/acre Punched in  16 in/hr 10 mm 	12 sec 10 mm 	12 sec 
3. Straw $25/ton 2 tons/acre Punched in  24 in/hr 7 min 30 sec 7 min 30 sec 
4. Straw $25/ton 2 tons/acre Disked with slope 24 in/hr 1 min 10 sec 7 mm 	0 sec 
5. Straw $25/ton 2 tons/acre Diskedacrossslopc jQ 24 in/hr 3 min 38 sec 5 min 30 sec 
6. Straw $25/ton 2 tons/acre Tacked & punched $150 24 in/hr No failure No failure 

within 3 hrs within 3 hrs - Tackifier 1 **$2.50/gai 10 gals/acre - 
7. Straw $25/ton 2 tons/acre Tacked $ 80 24 in/hr No failure No failure 

within 3 hrs within 3 hrs - Asphalt $0.10/gal 300 gals/acre  
8. Straw $25/ton 2 tons/acre Tacked $275 24 in/hr No failure No failure 

Wood Fiber 1 185/ton 400 lbs/acre within 3 hrs within 3 hrs 
Tackifier 2 *125/lb 150 lbs/acre  

9. Wood Fiber 1 $185/ton 1500 lbs/acre Tacked $289 8 in/hr 4 min 	0 sec 8 min is sec - Takifier 2 *1.25/lb 120 lbs/acre  
10. Wood Fiber 2 $200/ton 1500 lbs/acre Tacked $300 8 in/hr 2 min 25 sec 2 min 25 sec 

Tackifier 3 *3.75/lb 40 lbs/acre  
11. Wood Fiber 2i $200/ton 1200 lbs/acre Tacked 9499 8 in/hr 2 min 	8 sec 8 min is sec 

Tackifier 4 *3.79/gal 100 gals/acre  
12. Tackifier5 **$0.80/gal80 gals/acre Tacked $264 8 in/hr 4 min 	o sec 4 min 	0 sec - Wood Fiber 2 200/ton 2000 lbs/acre I 
13. Tackifier 6. **$1. 20/gal 80 gals/acre Tacked 9296 8 in/hr 2 min 30 sec 3 min 	0 sec 

Wood Fiber 2 200/ton 2000 lbs/acre 

14. Tackifier lt $2.50/gal80 gals/acre Tacked $400 8 in/hr 4 min 40 sec 6 min 	0 sec - Wood Fiber 2 200/ton 2000 lbs/acre  
15. Tackifier 1 **$2. 50/gal 40 gals/acre Tacked $300 8 in/hr S min 40 sec 9 min 	0 sec - Wood Fiber 2 200/ton 2000 lbs/acre  
16. Wood 91ber 2 $200/ton 2000 lbs/acre Tacked $781 8 in/hr No failure 

'Tackifier 5, **0.80/gal 726 gals/acre 24 in/hr within 32 min 33 min 30 sec 
17. WoodFibr 2 $200/ton 2000 lbs/acre Loose $200 8 in/hr 3 mm 	45 sec 3 mm 	45 sec 
18. Wood Fiber 1 $185/ton 400 lbs/acre Tacked $574 8 in/hr 2 min 38 sec 3 min 10 sec - Tackifier 7 *3.58/gal 150 gals/acre 
19. Wood Chips $10/ton 9 tons/acre Loose 	 - $ 90 8 in/hr 48 sec 9 min 44 sec 
20. Wood Chips $10/ton 9 tons/acre Tacked 24 in/hr 31 mm 	o sec 40 mm 	0 sec - Tackifier 11 **$2.50/gal80 gals/acre  ____  
21. Wood Chips $10/ton 9 tons/acre Tacked 

_
24 __in/hr 1 hr. 37 min 1 hr. 37 mm - Tackifier 1. **$2.50/ga 120 gals/acre  - ___  

22. Shredded Paper $9.00/cwt 2200 lbs/acre Tacked $298 24 in/hr 1 min 	3 sec 1 min 	3 sec - Tackifier 1 **$2.50/gaj 40 gal/acre  
23. Crushed Stone $2/ton 238 tons/acre Loose $476 24 in/hr No failure No failure 

within 3 hrs within 3 hrs 

24. Asphalt $0.10/gal 600 gals/acre Bare soil $ 60 8 in/hr 3 min 58 sec 4 min 	ô sec 

25. Portland Cement $60/ton 545 lbs/acre Bare soil $128 8 in/hr 2 min 20 sec 3 min 20 sec - Tackifier 8 8/gal 14 gals/acre  ________ _____________ _____________ 
26. Portland Cement $60/ton 1090 lbs/acre Bare soil 23T 8 in/hr 7 mm 	30 sec 8 mm 	30 sec - Tackifier 8 8/gal 28 gals/acre ________ 
27. Portland Cement $60/ton 1635 ibs/adre Bare soil $385 8 in/hr 11 mm 	0 sec 16 mm 	20 sec 

Tackifier 8 8/gal 42 gals/acre  
28. Tackifier 1 **$2.50/gaj 40 gals/acre Bare soil $100 B in/hr 1 min 30 sec 1 min 30 sec 
29. Tackifier'5  **$0.8 /gal 126 gals/acre Bare soil S58 8 in/hr 5 min 45 sec 5 mm 	45 sec 
30. Tackjfier 6 **$1.20/gal 726 gals/acre Bare soil B in/hr 2 mm 	30 sec 2 mm 	30 sec 
31. Asphalt $0.10/gal 1200 gal/acre Bare soil $120 8 in/hr 4 min 	o sec 1 4 min 30 sec 

aThese are costs of products delivered to Logan, Utah, unless identified with asterisks. Single asterisk 
indicates cost at site of manufacturer. Double asterisk indicates product is experimental and cost figure is 
only approximate. 

bThese figures do not include application costs. 

cAfe 32 min at 8/hr. the rate was increased to 24"/hr. 

TEST RESULTS 

A summary of the tests performed and their results is 
given in Table D- 1. The order of appearance of a product 
in the table does not indicate its effe&iveness in controlling 
erosion in relation to other products in the table, but it is 
simply the order in which the testing was done. Because 
no replications were made of any of the tests, it is not pos-
sible to rank the products inbrder of their effectiveness in 
controlling erosion. A brief description of the preparation 
of each test, its performance, and the end result are as 
follows. 

Run 1 

Slope: 50 percent 
Plot area: 0.00158 acre 
Product tested: straw-punched 
Application rate of product: 2 tons! acre 
Pretest soil conditions: packed 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 10 min S sec 
Time to formation of rills: 10 min 5 sec 

Punching of the straw was accomplished by use of a 
three-pronged cultivator. With the straw covering the plot, 
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it was impossible to determine when rills were formed. 
Consequently, failure was assumed when a "significant" 
amount of sediment began leaving the bottom of the plot. 
At the end of the test, the straw was carefully removed, 
thus exposing some rills and pockets of erosion. 

Run 2 

Slope: 50 percent 
Plot area: 0.00158 acre 
Product tested: straw—punched 
Application rate of product: 2 tons/acre 
Pretest soil conditions: packed 
Precipitation intensity: 16 in./hr 
Time to incipient failure: 10 min 12 sec 
Time to formation of rills: 10 min 12 sec 

Comments are the same as for Run 1. 

Run 3 

Slope: 50 percent 
Plot area: 0.00158 acre 
Product tested: straw—punched 
Application rate of product: 2 tons/acre 
Pretest soil conditions: packed 
Precipitation intensity: 24 in./hr 
Time to incipient failure: 7 mm 30 sec 
Time to formation of rills: 7 min 30 sec 

Comments are the same as for Run 1. 

Run 4 

Slope: 50 percent 
Plot area: 0.00165 acre 
Product tested: straw—disked down slope 
Application rate of product: 2 tons/acre 
Pretest soil conditions: packed 
Precipitation intensity: 24 in./hr 
Time to incipient failure 1 min 10 sec 
Time to formation of rills: 7 min 0 sec 

The straw was "disked" into the soil in the direction of 
the slope. Disked rows were approximately 1-ft apart. 
Water quickly ran down the slight furrows made by the 
disk and carried sediment from the plot. Failure was as-
sumed when a significant amount of soil had left. 

Run5 

Slope: 50 percent 
Plot area: 0.00 165 acre 
Product tested: straw—disked across slope 
Application rate of product: 2 tons/acre 
Pretest soil conditions: packed 
Precipitation intensity: 24 in./hr 
Time to incipient failure: 3 min 38 sec 
Time to formation of rills: 5 min 30 sec 

The straw was "disked" into the soil across the plot, nor-
mal to the slope. Rows were approximately 6 in. apart. 
Water gathered in the furrows until they overflowed, then 
ran in streamlets downslope. Failure came more slowly 
than in Run 4, but quicker than in Runs 1, 2, and 3. 

Run6 

Slope: 50 percent  

Plot area: 0.00158 acre 
Product tested: straw—punched and tacked with 

tackifier 1 
Application rate of product: straw = 2 tons/ 

acre, tackifier 1 
= 40 gal/acre 

Pretest soil conditions: packed 
Precipitation intensity: 24 in./hr 
Time to incipient failure: None within 3 hr 
Time to formation of rills: None within 3 hr 

Straw was applied at the rate of 2 tons/acre and punched 
into the soil with a 3-pronged cultivator. The tackifier was 
mixed at the rate of 40 gal with 360 gal of water per acre, 
and a proportionate amount of this mix was applied to the 
straw on the tst plot with a hand-operated sprayer. The 
prepared plot was allowed to dry for 24 hr before rain was 
applied. 

After 3 hr of running time the rain was turned off and 
the straw carefully removed. No rills had formed except 
along the borders of the plot, and very small "pockets" of 
erosion were noted elsewhere. 

Run 7 
Slope: 50 percent 
Plot area: 0.00169 acre 
Product tested: straw tacked with asphalt 
Application rate of product: straw = 2 tons/acre, 

asphalt = 300 gal/ 
acre 

Pretest soil conditions: tilled 
Precipitation intensity: 24 in./hr 
Time to incipient failure: None within 3 hr 
Time to formation of rills: None within 3 hr 

Straw was applied at the rate of 2 tons/acre, then cov-
ered by an asphalt emulsion mixed at the rate of 300 gal/ 
acre mixed with an equal amount of water. After the matt 
dried it appeared to be well bonded, and was still intact 
after 3 hr of 24-in./hr rainfall. When the straw was re-
moved, there were a few pockets of erosion where the straw 
cover had been thin, but a negligible amount of sediment 
left the plot. 

Run 8 

Slope: 50 percent 
Plot area: 0.00158 acre 
Product tested: straw tacked with wood fiber 1 

and tackifier 2 
Application rate of product: straw = 2 tons/acre, 

wood fiber 1 = 400 
lb/acre, tackifier 2 
= 150 lb/acre 

Pretest soil conditions: tilled 
Precipitation intensity: 24 in/hr 
Time to incipient failure: None within 3 hr 
Time to formation of rills: None within 3 hr 

Straw was applied at 2 tons/acre followed by a hydro-
mulch application of 400 lb/acre of fiber, 150 lb/acre of 
tackifier, and 800 gal of water/acre. After drying for 
48 hr, it was noted that the straw was dry and bonded 
strongly together. Precipitation was applied for 3 hr with 
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no failure of material observed. However, a small amount 
of sediment transport was detected during the initial period 
of the test and decreased with time. Posttest observations 
indicated that a' small amount of erosion had taken place, 
resulting in pockets of soil being removed and formation of 
rills along the borders of the plots only. It was noted that 
the pockets of erosion were greater where the straw was 
less dense. 

Run 9 
Slope: 50 percent 
Plot area: 0.00169 acre 
Product tested: wood fiber 1 tacked with tackifier 2 
Application rate of product: wood fiber 1 = 1,500 

lb/acre, tackifier 2 = 
120 lb/acre 

Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 4 min 0 sec 
Time to formation of rills: 8 min 15 sec 

The fiber was applied with a hydromulcher at a rate of 
1,500 lb/acre. Next, a solution of 120 lb/acre of tackifier 
and 800 gal/acre of water was sprayed on the fiber. After 
48 hr the fiber and soil were still damp. When precipita-
tion had been applied for 5 min heavy sediment transport 
was observed, but definite rills did not form until 8 mm 
15 sec. Posttest observations Indicated numerous pockets 
of erosion. 

Run 10 
Slope: 50 percent 
Plot area: 0.00165 acre 
Product tested: wood fiber 2 tacked with tackifier 3 
Application rate of product: wood fiber 2 = 1,500 

lb/acre, tackifier 3 
40 lb/acre 

Pretest-soil conditions: tilled 
Precipitation intensity: 8. in./hr 
Time to incipient failure: 2 min 25 sec 
Time to formation of rills: 2 min 25 sec 

The tackifier, at a rate of 40 lb/acre, was mixed with 
1,500 lb/acre of the fiber and 10 gal of water, and a pro-
portionate amount of the mix was applied to the plot with 
a hydromulcher. After 48 hr the fiber and soil were still 
damp. When precipitation had been applied for 2 min and 
25 sec massive failure occurred as evidenced by severe 
slumping of soil and material. 

Runil 
Slope: 50 percent 
Plot area: 0.00158 acre 	' 
Product tested: wood fiber 2 tacked with tackifier 4 
Application rate of product: wood fiber 2 = 1,200 

lb/acre, tackifier 4 
100 gal/acre 

Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 2 min 8 sec 
Time to formation of rills: 8 min 15 sec 

The fiber was applied with a hydromulcher at a rate of 
1,200 lb/acre on bare soil. Next, one part of the tackifier 
(at a rate of 100 gal/acre) mixed with 6 parts of water was 
sprayed on the fiber using a hand-operated sprayer. After 
48 hr the fiber and soil were still damp. When precipitation 
had been applied for 5 mm, heavy sediment transport was 
observed, but definite rills did not form until 8 min 15 sec. 

Run 12 
Slope: 50 percent 
Plot area: 0.00165 acre 
Product tested: wood fiber 2 tacked with tackifier 5 
Application rate of product: wood fiber 2= 2,000 

lb/acre, tackifier 5 = 
80 gal/acre 

Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 4 min 0 sec 
Time to formation of rills: 4 min 0 sec 

The fiber was applied at a rate of 2,000 lb/acre. The 
tackifier was mixed at a rate of 80 gal/acre with 720 gal of 
water/acre, and a proportionate amount was applied to the 
fiber on the plot. After 48 hr it was noted that the surface 
was damp but not sticky, with the fiber appearing to be 
bonded together. Noticeable amounts of sediment began 
leaving the plot after 4 mm. Precipitation was allowed to 
run for 15 mm; at this time substantial, erosion had taken 
place creating numerous shallow rills. 

Run 13 
Slope: 50 perceht 
Plot area: 0.00158 acre 
'Product tested: wood fiber 2 tacked with tackifier 6 
Application rate of product: wood fiber 2 = 2,000 

lb/acre, tackifier 6 = 
80 gal/acre 

Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 2 min 30 sec 
Time to formation of rills: 3 min 0 sec 

The fiber was applied at a rate of 2,000 lb/acre. The 
tackifier was mixed at a rate of 80 gal/acre with 720 gal of 
water/acre, and a proportionate amount was applied to the 
fiber on the plot. After 48 hr the surface was still damp 
and somewhat sticky, with the fiber appearing to be bonded 
together. When precipitation had occurred for 3 mm 
movement of fiber was detected and rills began to form. 
After 15 min substantial erosion had taken place creating 
numerous rills. 

Run 14 
Slope: 50 percent 
Plot area: 0.00169 acre 
Product tested: wood fiber 2 tacked with tackifier 1 
Application rate of product: wood fiber 2 = 2,000 

lb/acre, tackifier 1 = 
80 gal/acre 

Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 4 min 40 sec 
Time to formation of rills: 6 min 0 sec 
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The fiber was applied at a rate of 2,000 lb/acre. The 
tackifier was mixed at a rate of 80 gal/acre with 720 gal/ 
acre of water. A proportionate amount of the mix was 
applied to the fiber on the plot. After 48 hr it was noted 
that the surface was damp and the fiber was strongly 
bonded together. When precipitation had fallen on the plot 
for 5 min and 5 sec, material was observed to begin slump-
ing off the bottom allowing for substantial erosion by 6 mm. 
Throughout the test, it was observed that the material failed 
in spots only, then these chunks of mulch flowed down-
slope, lodging against other chunks and creating small 
dams, thus impeding erosion. After 15 min substantial 
erosion had occurred and deep rills existed. 

Run 15 

Slope: 50 percent 
Plot area: 0.00169 acre 
Product tested: wood fiber 2 tacked with tackifier 1 
Application rate of product: wood fiber 2 = 2,000 

lb/acre, tackifier 1 = 
40 gal/acre 

Pretest soil conditions: packed 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 5 min 40 sec 
Time to formation of rills: 9 min 0 sec 

The fiber was applied at a rate of 2,000 lb/acre. The 
tackifier was mixed at a rate of 40 gal/acre with 320 gal of 
water/acre and applied to the fiber. Forty-eight hours of 
drying time were allowed before precipitation was applied. 
After 5 min and 40 sec the mulch began to slip off the plot. 
After 9 min small rills were evident at the bottom of the 
plot, which became larger with time. Substantial erosion 
developed by 10 min and 10 sec. At the end of the test it 
was noted that the mulch had been removed from the lower 
20 percent of the slope. 

Run 16 

Slope: 50 percent 
Plot area: 0.00165 acre 
Product tested: wood fiber 2 tacked with tackifier 5 
Application rate of product: wood fiber 2 = 2,000 

lb/acre, tackifier 5 = 
726 gal/acre 

Pretest soil conditions: packed 
Precipitation intensity: 8 in./hr and 24 in./hr 
Time to incipient failure: None within 32 mm 
Time to formation of rills: 33 min 30 sec 

The fiber was applied at the rate of 2,000 lb/acre. The 
tackifier was mixed at the rate of 1 part to 4 parts water 
and applied at 3/4  gal/yd2. After applying precipitation at 
8 in./hr for 32 mm, no noticeable sediment was detected 
in the runoff waters. At this time, the intensity was in-
creased to 24 in./hr and after 1 min and 30 sec massive 
failure occurred with soil and mulch slumping off the lower, 
portion of the plot. 

Run 17 
Slope: 50 percent 
Plot area: 0.00158 acre 
Product tested: wood fiber 2 

Application rate of product: 2,000 lb/acre 
Pretest soil conditions: packed 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 3 min 45 sec 
Time to formation of rills: 3 min 45 sec 

Precipitation was applied to the plot after 'it had dried 
for a 48-hr period. A uniform density of cover on the plot 
is difficult to achieve, and it was in the lighter covered areas 
that failure began, and then progressed rapidly. 

Run 18 

Slope: 50 percent 
Plot area: 0.00169 acre 
Product tested: wood fiber 1 tacked with tackifier 7. 
Application rate of product: wood fiber 1 = 400 lb/ 

acre, tackifier 7 = 150 
gal/acre 

Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 2 min 38 sec 
Time to formation of rills: 3 min 10 sec 

A hydromulch solution mixed at the rate of 400 lb/acre 
of fiber, 150 gal/acre of tackifier, and 800 gal of water/ 
acre was applied to bare soil. After 48 hr the fiber and 
soil still appeared damp. When precipitation had been 
applied for 3 min and 10 seconds rills began to form. 

Run 19 

Slope: 50 percent 
Plot area: 0.00 169 acre 
Product tested: wood chips—loose 
Application rate of product: 9 tons/acre 
Pretest soil conditions: packed 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 48 sec 
Time to formation of rills: 9 min 44 sec 

The wood chips were formed by running spruce trees, 
which included large amounts of needles, through a chip-
per. During the test, distinct movement of the chips was 
evident prior to formation of rills. 

Run 20 

Slope: 50 percent 
Plot area: 0.00169 acre 
Product tested: wood chips tacked with tackifier 1 
Application rate of product: wood chips 9 tons/ 

acre, tackifier 1 = 80 
gal/acre 

Pretest soil conditions: packed 
Precipitation intensity: 24 in./hr 
Time to incipient failure: 31 min 0 sec 
Time to formation of rills: 40 min Osec 

The chips were applied at the rate of 9 tons/acre. The 
tackifier was mixed at the rate of 80 gal/acre with 720 gal 
of wateE/acre, and applied to the chips with a hand sprayer. 
The material was allowed to dry for 24 hr before rain was 
applied. There was not enough tack material to bind all the 
needles in the chips together, and they soon began to float 
away. After 31 min a significant amount of material be-
gan moving, and after 40 min.rills began to form. 
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Slope: 50 percent 
Plot area: 0.00169 acre 
Product tested: wood chips tacked with tackifier 1 
Application rate of product: wood chips = 9 tons/ 

acre, tackifier 1 = 
120 gal/acre 

Pretest soil conditions: packed 
Precipitatibn intensity: 24 in./hr 
Time to incipient failure: 1 hr 37 mm 
Time to formation of rills: 1 hr 37 mm 

The chips were applied at the rate of 9 tons/acre. The 
tackifier was mixed at the rate of 120 gal/acre with 1080 
gal of water/acre, and applied to the wood chips with a 
hand sprayer. The material was allowed to dry for 24 hr 
before rain was applied. It was noted that the chips tended 
to float downslope, then lodge against other chips forming 
small dams which slowed erosion. Eventually the soil and 
chips became saturated, and rills began to form after about 
1 hr and 37 min of time had elapsed. 

Run22 

Slope: 50 percent 
Plot area: 0.00165 acre 
Product tested: shredded paper tacked with tacki- 

fierl 
Application rate of product: shredded paper = 

2200 lb/acre, tackifier 
1 = 40 gal/acre 

Pretest soil conditions: packed 
Precipitation intensity: 24 in./hr 
Time to incipient failure: 1 min 3 sec 
Time to formation of rills: 1 min 3 sec 

Paper mulch was applied at 2200 lb/acre. The tackifier 
was mixed at a rate of 40 gal/acre with 360 gal of water/ 
acre, and applied to the shredded paper with a hand sprayer. 
The plot was subjected to a 24-hr drying period before ap-
plication of precipitation. Failure occurred by a sudden 
movement of the paper and almost instantaneous formation 
of rills, which, in turn, led to substantial erosion. 

Run 23 

Slope: 50 percent 
Plot area: 0.00158 acre 
Product tested: crushed stone—loose 
Application rate of product: 238 tons/acre 
Pretest soil conditions: lightly tilled 
Precipitation intensity: 24 in./hr 
Time to incipient failure: None within 3 hr 
Time to formation of rills: None within 3 hr 

Crushed stone, which had been screened and consisted of 
a mixture of stone particles varying in size from /8 in. to 
11/2  in. diameter, was applied on bare soil at a rate of 238 
tons/acre. After applying precipitation at 24 in./hr for 
3 hr, no movement of the crushed stones occurred during 
this period. 

Run 24 

Slope: 50 percent 
Plot area: 0.00169 acre  

Product tested: asphalt—bare soil 
Application rate of product: 600 gal/acre 
Pretest soil conditions: lightly tilled 
Precipitation intensity: 8in./hr 
Time to incipient failure: 3 mm. 58 sec. 
Time to formation of rills: 4 min o sec 

Asphalt was mixed at a rate of 600 gal/acre with an 
equal amount of water and applied to the soil with a 
sprayer. After 48 hr the soil and asphalt were still damp. 
Rills began to form almost immediately after the asphalt 
film failed. 

Run 25 

Slope: 50 percent 
Plot area: 0.00169 acre 
Product tested: portland cement and tackifier 8 
Application rate of product: portland cement = 545 

lb/acre, tackifier 8 = 
14 gal/acre 

Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 2 min 20 sec 
Time to formation of rills: 3 min 20 sec 

Portland cement was mixed at the rate of 545 lb/acre 
with water and 14 gal/acre of tackifier 8, and then the 
mixture was applied to the freshly tilled soil and allowed to 
dry for 6 days. At that time the soil surface appeared damp 
and there was little evidence of the cement. Rain was ap-
plied at a rate of 8 in./hr, and after 2 mm and 20 sec sedi-
ment began to move. A minute later rills had begun to 
form. 

Run26 

Slope: 50 percent 
Plot area: 0.00158 acre 
Product tested: portland cement and tackifier 8 
Application rate of product: portland cement = 1090 

lb/acre, tackifier 8 = 28 
gal/acre 

Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 7 min 30 sec 
Time to formation of rills: 8 min 30 sec 

Portland cement and tackifier were mixed the same as 
for Run 25, but applied to the test plot at twice the rate. 
Warm air was blown across the test plot and it was allowed 
to dry for 6 days. At that time it had a white tint to it 
where the cement had dried. This covering was less than 
Ma in. thick and was brittle to the touch. After an applica-
tion of 8 in./hr rainfall for 7 min and 30 sec, sediment be-
gan to move down the slope, and about a minute later sheet. 
erosion was noticeable near the bottom of the slope. 

Run 27 

Slope: 50 percent 
Plot area: 0.00165 acre 
Product tested: portland cement and tackifier 8 
Application rate of product: portland cement = 1635 

lb/acre, tackifier 8 = 42 
gal/acre 
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.Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 11 min 0 sec 
Time to formafion of rills: 16 min 20 sec 

Portland cement and tackifier were mixed the same as 
for Run 25, but applied to the plot at 3 times the rate. 
Warm air was blown across the test plot and it was allowed 
to dry for 6 days. At that time the entire surface appeared 
dry and white, and had a brittle layer of cement approxi-
mately Mo in thick. After 11 min of rain at the rate of 
8 in./hr, some sediment began moving down the slope. 
After 16 min and 20 sec distinct rills had formed on the 
soil surface. 

Run '28 

Slope: 50 percent 
Plot area: 0.00 169 acre 
Product tested: tackifier 1 
Application rate of product: 40 gal/acre 
Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 1 min 30 sec 
Time to formation of rills: 1 min 30 sec 

The tackifier was mixed at the rate of 40 gal/acre with 
360 gal of water/acre, and applied to bare soil in the test 
plot. After 21/2  days the plot was not yet dry. Rain was 
applied at the rate of 8 in./hr, and after 1 min and 30 sec 
noticeable sediment began to move and rills formed. After 
the test, very little product could be found on the soil 
surface anywhere on the plot. 

Run 29 

Slope: 50 percent 
Plot area: '0.00158/acre 
Product tested: tackifier 5 
Application rate of product: 726 gal/acre 
Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 5 min 45 sec 
Time to formation of rills: 5 min 45 sec 

APPENDIX E 

BIBLIOGRAPHY 

The bibliography contained in Volume III of the agency 
report is not published herein, but is available on a loan 
basis upon request to the NCHRP Program Director. 

The tackifier was mixed at the rate of 1 part tackifier to, 
4 parts water, and the mixture was applied to the soil at the 
rate of 3/4  gal/yd2. After 7 days of drying the surface was 
like "sticky" matting. After 5 min and 45 sec of 8-in./hr 
rainfall noticeable amounts of sediment began to move, but 
it was sheet erosion and no ntIs formed. After the test there 
was no observable tackifier on the soil surface but the soil 
was very compact. 

Run 30 

Slope: 50 percent 
Plot area: 0.00165 acre 
Product tested: tackifier 6 
Application rate of product: 726 gal/acre 
Pretest soil conditions: tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 2 min 30 sec 
Time to formation of .rills: 2 min 30 sec 

Application was made at the same rate as described for 
Run 29. After drying for 6 days the material appeared as 
"sticky" matting on the soil surface. After 2 min and 30 sec 
of 8-in./hr rainfall sediment began to move and rills 
formed at the lower end of the test plot. After the test, a 
sticky layer still was noticeable on the soil and penetrated 
the surface about ¼ in. Scraping the surface resulted in 
many "threads" of the tackifier attached to soil particles. 

Run 31 

Slope: 50 percent 
Plot area: 0.00169 acre 
Product tested: asphalt—bare soil 
Application rate of product: 1200 gal/acre 
Pretest soil conditions: lightly tilled 
Precipitation intensity: 8 in./hr 
Time to incipient failure: 4 min o sec 
Time to 'formation of rills: 4 min 30 sec 

Asphalt was mixed at a rate of 1200 gal/acre with an 
equal amount of water and applied to the soil with a hand 
sprayer. Rills began to form very soon after incipient fail-
ure was noted. 
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dent—advisor to the federal government in any matter of science and technology, 
although it is not 'a government agency and its activities are not limited to those on 
behalf of the government. 

To share in the tasks of furthering science and engineering and of advising the federal 
government, the National Academy of Engineering was established on December 5, 
1964, under the authority of the act of incorporation of the National Academy of 
Sciences. Its advisory activities are closely coordinated with those of the 'National 
Academy of Sciences, but it is independent and autonomous in its organization and 
&ccl ion of members. 
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