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Abstract:

Observations of surface-mined areas at Colstrip, located in southeastern Montana, indicate that there is
a potential for severe erosion on minesoils lacking vegetative cover. Quantitative data are unavailable
on the erodibility of these minesoils.

The purpose of this study was to set up an effective mathemetical model, based on physical processes
of rainfall and runoff to predict soil loss or sediment yield generated from these mined areas. The
mathematical relationships of the model were used to describe the dynamics of the erosion
subprocesses, such as soil detachment and transport by rainfall and runoff.

Soil erosion was simulated for several combinations of slope gradient, simulated rainfall intensity,
runoff rate, and soil texture. Results were presented graphically. An interactive statistical analysis
package was used to analyze data collected in the laboratory. A rainfall simulator with 827 tubing tips
was coupled to a specially designed erosion plot (61 X 61 X 10 cm) with slope adjustable from one to
sixty percent. Currently-available empirical equations like the Universal Soil Loss Equation cannot
provide such descriptive simulation of this complex process. However, the proposed erosion model will
also require modification of its mathematical relationships and introduction of some other components
related to the simulated erosion process to adequately predict soil loss. This model lends itself to
expansion into a more comprehensive model if the soil loss data are made available.

It is expected that this study will provide an effective erosion model that can be utilized to improve
future erosion research for surface-mined areas and other disturbed lands, and to predict sediment yield
more accurately for reclamation planning.
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- ABSTRACT

Observations of surface-mined areas at Colstrip, located in southeastern Montana,
indicate that there is a potential for severe erosion on minesoils lacking vegetative cover.
Quantitative data are unavailable on the erodibility of these minesoils.

The purpose of this study was to set up an effective mathemetical model, based on
physical processes of rainfall and runoff to predict soil loss or sediment yield generated

from these mined areas. The mathematical relationships of the model were used to describe.

the dynamics of the erosion subprocesses, such as soil detachment and transport by rainfall
and runoff.

Soil erosion was simulated for several combinations of slope gradient, simulated
rainfall intensity, runoff rate, and soil texture. Results were presented graphlcally An inter-
active statistical analysis package was used to analyze data collected in the laboratory A
rainfall simulator with 827 tubing tips was coupled to a specially designed erosion plot

(61 X 61 X 10 cm) with slope adjustable from one to sixty percent. Currently-available -

empirical equations like the Universal Soil Loss Equation cannot provide such descriptive
simulation of this complex process. However, the proposed erosion model will also require
modification of its mathematical relationships and introduction of some other components
related to the simulated erosion process to adequately predict soil loss. This model lends
itself to expansion into a more comprehensive model if the soil loss data are made available.

It is expected that this study will provide an effective erosion model that can be .

utilized to improve future erosion research for surface-mined areas and other disturbed
lands, and to predict sediment yield more accurately for reclamation planning.




CHAPTER I
INTRODUCTION

Soil erosion is a major problem not only today but will be an even serioué problem in
the future. Research on soil erosion has been the focﬁs of the work of the U.S. Séil Conser-
vation Service (SCS) since erosion was recognized as a serious problem in the late 1920s
(Bennett and Chapline, 1928). Substantially new approaches to soil erosion research have
been developed since 1960. The most significant new development is the much more
detailed re-exanlmination of the geomorphological and hydrological processes of erosion.
Coﬁsequently, the ‘basic aé,sumptions' of the Universal Soil Loss Equation (USLE) are being
questioned, especially in surface-mined areas. Recently, newly developed _s,bil erosion a_md
sediment load prediction models have become very beneficial as design tools in developing
plans to control sediment loads and soil losses in land use plannilig. Sevéral techniques are -
potentially useful for this i)urpose, but little reéearch has been done on soil erosion predic-
tion, processes and sediment transportation in surface-mined areas.

- Erosion and sediment producti;)n from surface-mined argas are extensive, serious
natural problems in watershed management, because surface'miniiig operations like all
other large-scale earth moving oﬁerations, have potential to generate large volumes of
sediments. If the sediment generatgd is contained on the mining site, it will not cause a
serious off-site problem. However, if it washes into adjacent streams, it becomes a pollu-
tion problem. The eroded 'r'nalteria‘ls are detrimental to reservoirs, highway maintenance,
drainage systems, streams and cultivated farmland.

Hill (1971) estimated that 1.2 X 10° hectares of land have been disturbed by surface

mining in the United States. Open-pit mining accounts for about 35% and strip mining for




2 .
56% of the disturbed land. Two-{hirds (8.1 x 10% hectares) require some form of treatment
to reclaim and prevent environmental pollution. Curtis (1971) indicated Ithat land in Appa-
lachia is being disturbed by strip mining at the rate of about 13;006 hectares a year. Re-
cently, incréaéing public concern, combined ‘with the -greater reliance being placed on coal
for energy as America strives for energy indepen'dence, makes it likely that an increased
amount of land will be disturbed in the future. Hence, the severity of the"erosion pr@iblem
will be increasingly recognized by the public. Accurate estimatgs c.>f sediment yields from
surface-mined. areas are essential for erosion control and reclamation planning. In the past,
most soil’ ellosion research has focuséd primarily on agriculture. Very few attempts have
been made to mathematically simulate the i’)rqcess of erosion by water in surface-minea
areas. Also, it is difficult to develop a comprehensive erosion model to be used for surface-
‘mined areas, because of the ‘many possible variations in climate, mining operations and
watershed conditions involved. It is impossible to develop a comprehensive correlation
covering all types and gradations among these variables. Nevertheless, it is necessary to
develop an erosion model to estimate sediment loads and describe the process of erosion
by water in surface-mined areas.
The purpose of this study is to set up a mathemafical erosion model based on physical |
principles of hydraulics, sediment transport, and erosion mechanics. The modification of
this model will be accoﬁnplished through laboratory sfudy. The purpose of the model is to

predict sediment loads and erosion in surface-mined areas.




' CHAPTERI - - o

LITERATURE REVIEW

’

Physical Process of Water Erosion

More than thirty years ago, E,llison defined soil erosion as “a process of dei;achment
and tranéportation of soil material by erosive agents” (Ellison, 1947). For erosion by
water, these agents are rainfall and run-off. He'pointed out that each has both a detaching
and trgnsporting capacity, and that these must be studied separately. Similarly, the soil
erodibility can be divided into its detachability and transportability compc.ments. This
-report also sugéests an approach to erosion simulation that considers (a) soil detachment
by rainfall (DR), (b) transporfc,by rainfall (TR), (c) soil detachment by runoff (D), énd
(d) transport by runoff (Tg) as separate but intérrelated “phases c.>'f the process of soil
erosion by water (Fig. 1). The dynamics of each phase then may be described by funda-
mental hydraulics, hydrology and other physical relationships plus pafamgters describing
the soil properties that influence erosion. Based 6n the definition, the mechanics of erosion
~ are composed of four subprocesses: Dy, DF, TR, Tp. Although not all subprocesses occur
on all source areas, each has its part in the total erosion process. Meanwhile, Meyer et al.
(1975) indicated that erosion processes can be divided into interrill erosion and rill erosion
according td the source of the éroded sediment. In general, ﬁhoff on erodible soil surface
concentrates in many small, definable flow concentrations called rills. Erosion occurring in
these small channels is defined as rill erosion, while erosion occurring on the afeas between
the rills is defined as interrill erosion (Meyer et al., 1975). Based_ on this definition, the

erosion process begins when soil particles or aggregates are détached from the soil mass.




SOIL EROSION PROCESS
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Figure 1. Possible interaction between transport and detachment processes (from Meyer
and Wischmeier, 1969).

Basically, raindrop impact is the dominant factor in the detachment of soil particles
on interrill areas. Raindrop impact is a major producer of sediment and can easily detach
more sediment than overland flow on short slopes. Individual raindrops strike the soil sur-
face, creating very intense hydrodynamic forces at the point of impact. Overland flow
detaches and/or transports soil particles when its erosive forces exceed the resistance of soil
to erosion. Detachment by raindrops occurs over a broad area, transportation by flow is
often concentrated in small definable channels, such as rills. As a result, raindrop impact
and very thin overland flow combine to transport detached soil particles to the concentrated
flow channels. In general, detachment on interrill areas by flow will be small enough to be
neglected since flow’s shear stress is small because of the shallow water depth and small

flow rates which occur on interrill areas. Interrill soil particles will be detached, however,

by raindrop and transported by runoff.
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Erosion and Sedimentation Problems

Erosion and sediment load is the most critical problem in watershed management.

Erosion problems are localized and related to construction, forest harvest, mining, over-

grazing, and other human activity. Erosion and resultant sediment loads from both natural

and man-made sources arewwidely regarded as the greatest source of water pollution in the

United States. Sediment is displaced soil-the smaller particles of displaced soil can be

transported longer distances and remain suspended in water for longer periods of time.

This suspended sediment causes turbidity that degrades the usefulness ‘of water for many

purposes and increases the costs of water quality treatment. The following is a list of some

detrimental effects caused by erosion (EPA, 1976).

1)
(2)
3
“4)

5y

6)

(N
®)
)
(10)

an

Occupies water storage in reservoirs

Fills, lakes and ponds

Clogs stream, channels

Settles on produc_tive land

Destroys aquatic habitat

Createé turbidity that detracts from recreational use of water and reduces photo-_
synthetic activity

Degrades water for consumptive uses

Increases water treatment costs

Damages water distribution systems

Acts as a carrier of other pollutant (plant nutrients, insecticides, herbicides,
heavy metgls) |

Acts as a carrier of bacteria and viruses.

The annual damage from sediment in stre_arﬁs was estimated to be $262 million in 1966

(Stall, 1966). The breakdown of this cost is shown in Figure 2.
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Figure 2. Annual costs of sediment pollution.

Approximately 3.6 X 10° tons of sediment are produced by erosion in the United
States annually. About 1.8 X 10° tons of this amount reaches stream systems. About 1.18
X 10° tons are trapped in reservoirs, and some 0.72 X 10° tons reach tidewater. It is esti-
mated that 50% of the sediment comes from agricultural land, 30% from geologic erosion,
10% from range and forest land and 10% from construction, roads, and mining (Highfill
and Kimberlin, 1977). Construction and surface mining, though not as widespread, can
produce large quantities of sediment to nearby waterways, causing severe adverse effect.
Table 1 lists representative rates of erosion from various types of land use (EPA, 1976). It
can be seen that on the basis of a uniform area of disturbance, active surface mining opera-

tions and construction operations have the highest rates of erosion.
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Table 1. Representative Rates of Erosion from Various Land Uses.

- Metric tons per km? Tons per mi?
Land use : per year - ' per vear Relative to forest = 1

Forest . 85 24 Co 1
Grassland . 85.0 240 10
Abandoned surface mines 850.0 2,400 100
Cropland 1,700.0 - 4,800 200 -
Harvested forest 4,250.0 12,000 500

Active surface mines 17,0000 " 48,000 2,000
Construction 17,000.0 48,000 2,000

Source: Methods for Identifying and Evaluating the Nature and Extent of Nonpoint
Sources of Pollutants, EPA 4030/9-73-014. Washington, D.C., U.S. Environmental Protec-
tive Agency, Oct. 1973.

N

Water Erosion Models Classification and Discussion

Soil erosioﬁ as a problem, and soil erosion mociels, have been concerned with agricul-
ﬁrﬂ areas. Hence, many different types of models have been developed for estimating soil
losses (seé Table 2) (Morgan, 1979). Most. of the models used in éoil erosion studies are of
the parametric gray-box type (where some detail of how the system works is known). They
are based 6n defining the most impoﬁant factors, measuring them, and using statistical
methods, relating them to measurement of soil erosion. Black-box models (where only
main inputs and outputs are studied) most commonly rely on multiple regreésion methods,
usually with logarithms of sediment yield and other variablgs to produce a multiplicative
re:gression form of predégting equation similar to that of the Universal Soil Loss Equation
(USLE). This equationw;; the basic erosion model that has been the most widely applied
énd tested site by site (USDA, 1978; SCSA', 1976). Although the improvement of the
USLE over the past few &ear_s has been sigrfiﬁcant, very few attempts have been made to
apply USLE to soil erosion prediction on surface-mined aréas. Meanwhﬂe, .due to a lack of
knowledge of modern erosion co‘n}rol technoloéy in sﬁrface-mined areas and a lack of infof-

mation from the surface-mined areas, accelerated soil losses from surface-mined areas con-

tinue to be a national problem.




Table 2. Types of Models.

Type

Description

Physical
Analogue

Digital

'(é) Deterministic

(B) Stochastic

(¢) Parametric '

Scaled-down- hardware models usually built in the labora-
tory; need to assume dynamic similitude between model
and real world.

Use of mechanical or electrical systems analogous to system
under investigation, e.g., flow of electricity used to simu-
late flow of water.

Based on use of digital computers to process vast quantltles
of data.

Based on mathematical equations to describe the processes
involved in the model, taking account of the laws of con-
servation of mass and energy.

Based on generating synthétic sequences of data from the
statistical characteristics of existing sample data; useful for
generating input sequences to deterministic and parametric
models where data are only available for short period of
observation. ) ‘

Based on identifying statistically significant relationships

between assumed important variables where a reasonable - -

data base exists. Three types of analysis are recognized:

- black-box: where only main inputs and outputs are studied;

gray-box: where some detail of how the system works is
known; :
whzte-box where all detaﬂs of how the system operates
are known.

After Morgan (1979).

The available models for predicting soil erosion by raindrop impact and overland flow

transportation are mainly based on statistical analysis of observed data from experiméntal

field watershed plots. In recent years, it has been realized that this approach is less than

satisfactory meeting another important objective of models, that is increasing our under-

standing of how the erosion system functions and responds to changes in the controlling

factors. Hence, the model with physical méaning seems to be more useful, effective and

meaningful than the regression model. In addition, since the USLE was designed for use on '

field size areas, even though it was also tested on construction sites (Clyde et al., 1976), it

. can result in errors on surface-mined areas. These errors may be due to mining operations,

top-soiling, overburden selection and other actions associated with post-ﬁline reclamation.
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For land use planning, modification of USLE for prédicting soil erosion on surface-mined
areas is necessary. Greatest emphasis is Being placed foday onl developing deterministic
models or white-box parametric models (where all detéils of how the system operates are
known). As a result, a switch is occurring, from using statistical analysis to employing
.mathematical simulations which freqﬁently require the solution of partial differential
equations.‘ Stochastic. models are needed to generate a sample sequerice of events drawn
_from a known underlying distribution. As a forecasting tool they can be used for generat-
ing sedixﬁent Srield directly (Woolhiser and Todbrovic, 1971). In principle, stochastic
rainfall inputs ma{/ also be linked to many physical bases or black-box paramet‘ric models
to generate the time distribution of sediment yield and extrapolate frpm actual measure-
ment periods to average years. Established hydrology, stochastip sediment models have
tended to predict yields for drainage basins rather than hillslope plots (Kirkby and Mé)rgan,
’ 1980). Their range of application is therefore complementary to that for physically-based
~ models, which have mu\ch more potential for the experimental pldfs study. Hence, before
selecting an approach to modelling, the scale of study must be considered. The _detail
requirementé for modelling erosion over a large drainage basin are different from those
required by a short length of hillslope. or at the point of an individual raindrop impact. So
the success‘of erosion predicting models depends on how .closely énd accurately the
estimate correlates with rates of erosion measured in the field, particularly witﬁ regard to
the physjcal' process of raindrop and runoff (overland ﬁow). . ' |

Mining Reclamation and Water Erosion Related Problems

Coal is one of the major energy sources in the United States whose éxtraction rate
can be increased in the event of a worldwide energy shortage. The United States possesses
about 31% of the world’s known coal reserves. One-third of these deposits can be extracted

by surface mining (Hayes, 1979). Total coal reservés are -estimated at 4,365 billion tons
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(Averitt, 1975). Of this total, 482 billion tons lie less than 300 m below the surfacé and
exceed 0.7 m in thickness. Thirty-two percent of this total, underlying 4 million ha, is
‘ considgred minable by surface mining operations (Ward and Héan, 1980). Almost 50%
of the total US coal reserves is deposited in the Northern Great Plainé (Table 3) (Averitt,
1975). Most coal deposited in this area are either lignitic or subbituminous, both of which
contain less energy than bituminous. coal, however, much of the coal is low in sulfur.
It also occurs in thick seams relatively close to the surfacé. Owing to these features and low
extraction cost, the demand for this coal has precipitated increased mining 6perations.
Hence, extensive areas have been disturbed by surface mining activitjes (Schaller and
Sutton, 1978). Several reéorts indicate that surface ﬁ'ining operations, haul road construc-
tion and timber operations in?:rease sediment production by 100 to 2,000 times that from
a forest area (Ward and-Haan, 1980; EPA, 1976; Curtis, 1971). In the East, erosion rate§
on active mines may average iO ﬁm’es that on cropland and 200 times that 'on grassland

" (Anderson and Briggs, ‘1979).

Table 3. Coal Reserves in the Northern Great Plains.*

State Total estimate Recoverable by mining.
_ g tons X 10%------eccmnumaaan-
- Colorado 434,211 E 870
Montana — 421,639 o o 42,563
North Dakota 530,602 : . 16,003
South Dakota - 3,185 . - 428
Wyoming . o . 935,943 23,674 .

*Source: Averitt;- 1975.

Surface mining potentially coulci Vcreaté water er.osion pfoblems. The major sources
of these problems in surface mining are (1)’ areas being cleared, grubbed,.aﬁd scalped, (2)
haul and access roads, (3) spoil piles, (4) areas of active rriining, and (5) areas being re-
claimed. Theoretically, the problems related to water ei’dsioh and sedimentation can be

- described (EPA, 1976).
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Areas are being cleared, grubbed and scalped: Factors contributing to water erosion in -

this area are (a) failurg to install. perimeter contro] measures prior to the start of cleaning
and grubbing, (b) the destruction of natural soil strucfure, removal of natural vegefation
and exposure of disturbed soil on steep s;_lopes for an excessive length of time, (c) over-
clearing—clearing too far ébove the high wall or below the outcrop line, (d) ﬁnproper _place-
ment and/or protection of salvaged anci stockpiled tobsoiling material, (e) creafion during
clearing aﬁd grubbing operations of a soil surface that impedes infiltration an&/or concen-
trates surface runoff. Hence, where erosion continues to expose new materials which afe
eas_ily weather’ed, this process m.ay g0 on indeﬁﬁitely, causing serious erosion probiems.

Haul and access roads: Roadways are one of the major sources of sediment from

surface mining operations. They generally remain a source of sediment throughout the life
of the mine. Roadways serve to intercept, concentrate and divert surface runoff. Long dis-
tance roadways significantly disrupt and intercept natural drainage and hydraulic systems.
This results in seYeré soil losses from road‘way surfaces, ditches, and cut slopes. Factors
contributing to soil losses from haul and access roads are: (a) poor l(;cation of the road-
way, resulting in more adverse conditions, (b) improper construction of roadﬁed, (c)
ﬁnproper layout and cpnstruction of drainage structures, (d) poor maintenance practices,
(e)_ inadequate stabilization of cut and fill lslopes, and (f) failure to protect sgfety berms.
Table 4 provides an interesting coinﬁarison i)etween the rates of erosion for different areas
| (EPA, 1976). | )
Spoil piles: At surface-mined areas, the unreclaimed and new rec_lgimed spoil piles are
easily weathered and subjected to water erosion sincg‘loose, disturbeéi materials are less
stable than the qriginal consolidated strata. Also water infiltration and movement through
spoils usually decrease as bulk density increases. Typical bulk density m undisturbed

overburden ranges from 1.4 to 1.7 grams per cubic centimeter; whereas the bulk density of

spoils usually vary from 1.1 to 1.4 grams per cui)ic cen'timetér (Power et al., 1978). Spoil .
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Table 4. Comparative Rates of Erosion. N
Area Yields (tons/mi?) ' Factor

Unmined watershed - 28 ' 1.
Mined watershed 1,930 69
Spoil bank 27,000 . ' 938
Haul road : 57,600 2,065

Sources from EPA, 1976.

piles are usually smoothed with a bulldozer and overburden is commonly removed and
piled with a dragline, both operations cause packing near the center axis of the'piles and
lesser packing on the outslopes, where materials are pushed or slide dpwnslope. This
uneven bull; densits} distribution within spoils may result in uneven settling and erosivity.
Sandy spoils are sometimes; severely compacted'by heavy machinery, but due to the low
water holding capacity of such spoils and to dry climatic situations, heavy equipment
seldom causes severe compaction. The bulk aensity of spoil varies widely as a result of .
compaction. Also steep slope gradient of spoil piles increase the likelihood of runoff and
erosion (Table 5). Slope length on many -smoothed spoilé may reach several hundred
meters. This contributes to concentrated surface runoff and.increases erosion.

Table 5. Run-off Soil Losses* on Unmined Rangeland and on Vegetatéd Mine Spoil
(From Power et al., 1978).

Material Slope (%) Treatment Runoff (in) ~ Soil loss (t/a)
Rangeland 9.0 none 0.59 0.09
Spoils . 4.6 none 1.50 _ 2.2

‘ 10.0 none 1.69 : 5.3
17.0 none 2.21 - 54
104 * topsoil (10) 1.81 31.7

104 . topsoil + straw 0.71 0.8

¥4 of water in 4 hours added with artificial rainfall simulator.

Areas of active mining: Most intensive erosion problems occur during active mining.

Soil disturbance occurs almost daily, and f)rofective cover cannot be maintained. Four

principles have been proposed by Anderson and Briggs (1979) for planning erosion éontrol
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during active mining. The first is to keep clean water clean. Runoff water from undisturbed
areas should be diverted away from the active mining area so that it does not come in

contact with disturbed rriaterials. The second principle js to disturb as small an area as

possible in order to minimize material handling and reduce sedimentation loads from min-

ing areas. The third principle is to provide. temporary cover on areas, such és stockpiles apd
road cuts, that must be dis;curbed for extended periods before final reclamation. The
fourth principle is to provide sedixﬁent removal structures, such as sediment trapé or basins
and rock or vegetative filters, which can keep sedimentation discharge in the disturbed area.

Otherwise, loss of soil from the active mining érea due tq rainfall and runoff can become a
serious problem. Active miﬁing areas can also change surface topography, disturb natural
drainaée systems, and changq microclimates within watersheds at mining areas. Disturbed
stockpiles yield water s‘oiuble prodlicts which are transported by surface runoff and may -
result in water pollution or be leached to degrade groundwater qﬁali;cy.

Areas being reclaimed: In 1;he past reclamation referred to any process necessary to

return the land to a useful purpose or to meet the requirements of state laws. Under the
new federal law, reélamatibn is the process of returning surface mined land to a condition:
and/or use equal to or higher than that prior to mining (Perssé'et al., 1977). Publ_ic; Law
. 95-87, the Surface Mining Control and Reclamation Act of 1977 (Sweeney, 1977), estab-
lished nationwide standairds for surface mining activities requires that all runoff water from
z;reas disturbed by mininé pass through a sediment pond before leévi;xg the permit area.
Although reclamation is a means'of achieving overall environmental benefit, certain recla-
mation activities can be a major source 6f damaging*:sediment if they are not i)erformed
properly. From the standpoint of potential sedjme'nt damage, the most crucial stage in the
reclamafion of spoil aréas is from the start of grading operations to the stabilization of the .
minesoil with végetation or other engineering measures, because the entire grading area ;nd

A

portions of spoil piles along the perimeter become a critical source of erosion. These
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conditions are very significant_. where area mining is performed. Especially tlhe construction
of excessively long steep slopes and the féilure to stabilize grading areas can influence soil
loss and offsite damage. Measqreé taken to revegetate the graded spoil,:control runoff,l
reestablish soil conditions and groundwater hydrology, and stabilize land use capability
will also have a major influence on soil loss. Most of these practices are thus an essential
 part of successful reclamation. 'fhe seriousness of on-site damage caused by erosion usually
is greater on a reclaiméd soil than on natural soil because of the absence of a well-developed
topsoil and the presence of _incompletely leached subsoils, which may become toxic upon
exposure. So the effectiveness of .erosion: and sediment control practices on reclaimed areas
depend on their compatibility with the surrounding tppography and drainage éyster_n anci i

with the projected land use capability',of the reclaimed area.
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CHAPTER III
o METHODS AND PROCEDURES

"Site Characterization

The site seleéted for this study was the Western Energy ‘Conipany.Rosebud Mine (Fig.
3). It was chosen as a study site dﬁe to its recent sedimentation problems and its relatively |
continuous and largely .varied mining history since the Northefn Pacific Railroad beganl
mining coal to supply fuel for its steam Iocomotives in 1923. Also, Western Energy Com-
pany has mined 788 miilion tons of low-sulfur su‘b-bituminous coal and disturbed approxi-

mately 3200 acres of land in Colstrip since 1968 (éoenénberg, 1982)..

Selection of Sites for Sample Collection

In selecting samples for this study, Dr. Frank Munshower, head of the Reclamation
Reséarch Unit at Montana State University and the environmental coordinator in Western
Energy Coal Company were contacted to find out which mining areas might be the best
suited for this study. Three criteria were met to select soil samples: (1) sites should be
undisturbed, (2) soil samples should typically rép;esent the common'soil characteristics of
this research area, (3) the soil sample should be selec’;ed from a benchfnark soil for which
laboratory.ciata are available. Locations of soil sampﬁng sites are shown on Figure 4. The
sampling sites included Chinook-I located a mile northwest of Colstrip and Boxwell-2
located 2 miles northeast. The Chinook-I samples were taken from the A-horizon, and the
B;)xwell-II sample was from the'B;horizon. Soil characteristics data were available for both

soils (Schafer ei al., 1979). These are shown on Tables 6 and 7.
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Figure 3. Map showing Colstrip study area location.
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Site Description

The Westem Energy Rosebud mine Company is located in southeastern Montana near
the town of Colstrip which lies in the norﬂ:lem p'ortibn of the Powder: River Basin in the
Northern Great Plains phys.iographié‘ province: It is about 30 miles séuth of Forsyth,
Montana (see Fig. 4). -

The Colstriia area is located within' the eastern Montana unglaciated sedimc;,ntary
plains. The predominant underlying bédrock is Fort Union Formation which is divided
into the Tullock, Lebo, and Tongue Ri;/er- Memi)ers in sdutheasterh Mdntana. The basal
Tullock member of the Fort Union contains an abundance of sandstone and thin coal
deposits. The Lebo member consists of shale and mudstdnes deposited in a fluvial environ-
meﬁt. The Tongue River memmber 6f the Fott-Union Formation is~'co;pbsed ‘of some of
the most extensive reserves of coal in the world. Claystones in the Tongue River member
contain a mixture of illite and kaolinite with lesser amounts o.f smectite (Schafer et al.,
1979). Therefore, the Fort Union Formation is composed of light colored sandstone,
sandy shale, carbonaceous shale, and sub-bituminous coal. |

The‘soils in the Colstrip area are weakly aeveloped and usually coarse-loamy or fine-
loamy in texture. Most of them ére in ‘a soil transition zone of Aridsols, Alfisols and Molli-.
sols. Aridisols increase in abundance in the southern Powder River Basin where the climate
is drier. Mollisols are common in the moister G;'eat Plains of North and South Dakota to
the east. Alfisols occur in the neighboriné Big Horn Mountains .and Black Hills regions.
Entisols are locally common due to steep slope and recent fluvial activity. Major soil sub-
groups in the Colstrip area are Usti'c Torriorthents, Borollic Camborthids, and_Aridic Haplo-
borolls (Schafer et al., 1979). |

The vegetation in the Colstrip region 1s dominated ’by mixed-grass prairie and Ponder-
osa pine sgvannah vegetation type. Typically the'. area is a mosaic of mixed prairie grassland

and pine woodland with localized areas of riparian vegetation. The major grasses in this
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Table 6. Laboratory Analysis of Boxwell-2 Soil (from Schafer et al., 1979).
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U. S. DEPARTMENT OF AGRICULTURE
SOIL CONSERVATION SERVICE, MTSC
NMATIONAL SOIL SURVEY LABORATORY
LINCOLN, NEBRASKA
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Table 7. Laboratory Analysis of Chinook-1 Soil (from Schafer et al., 1979).
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area are cool-season but some warm-season grasses are also present, especially in localized
areas (Coenenberg, 1982). Mixed prairie sités produce from 1000-1800 kg/ha/yr, with
mean production near 1500 kg]ha/yr (Munshower and Depuit, 1976). |

The primary land use _in the Colstrip area is livestock grazing on the grassland regidn.
A limited amount of native rangeland has been converted to agricultural land uses includ-.
ing hay pasturage and cereal grain production. An iricreasing amount of land around the
townsite is being used for urban development including single and multi-family dwellings,
échools, commercial developments,‘ parks, and roads. Power generating plants and associ-
ated settling ponds, cooling ponds; pipelines, and service roads occupy several hundred
acres (Schafer et al., 1979).

The climate of Colstrip is semi-arid and continental with the mean monthly tempéra-
tures ranging from -5°C (23°F) to 24°C (73°F). The e;ctreme temperature range fluctu-
ated from -40°C to 44°C. The warmest month is July with mean daily temperature of
22°C. Average annual precipitation is 40.1' cm (15.8 inches) (NOAA, nd), abou.t‘30 cm of
this-occurs as rain during the period April to September. Apbroximétely one-half of the
annual precipitation falls in_ the months April through July. Fifteeﬁ cm of precipitation
comes early in the growing season. Summer precipitation occurs as showers and high intens-
ity thunderstorms. During the period 1928-1977, only 21.8 cm (8.6 inches) precipitation
which occurred in 1934, the driest year, whereas 6277 cm (24.7 incﬁes) was recorded in

1944 the wettest year (Table 8).

Data Base Collection and Analysis (Experimental Study)

Soil erosion data collected from simulated rainfall plots consisted of four erosion-
influencing variables at various levels: (1) slope steepness—1, 20, 40 and 60%; (2) rainfall
intensity—1.5, 2.0 and 2.5 in/hr; (3) runoff rate—0, 21 and 42 cm?® /sec; and (4) soil tex-

ture—sandy loam, sandy clay loam and three mixed types of these two soils. These four




Table 8. Annual Precipitation at Colstrip, Montana for the Years 1928-1977.
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Year ppt (in) Year ppt (in) Year " ppt (in)
1941 17.7 1962 153
1942 18.3 1963 17.8
1943 17.7. 1964 18.5
1944 24.7 1965 14.3
1945 13.8 1966 13.0.
. 1946 20.9 1967 17.2
1947 11.3 1968 '19.8
1948 16.4 1969 17.6
1928 12.1 1949 11.9 1970 15.6
1929 12.0 1950 ° 14.6 1971 19.2
1930 12.0 1951 14.8 1972 " 16.6
1931 11.3 1952 10.1 1973 © 16.9
1932 20.4 1953 193 1974 18.4
1933 18.2 1954 11.3 1975 R——
1934 8.6 1955 17.5 1976 12.7
1935 16.7 1956 136 1977 16.1
1936 10.7 1957 18.4 ‘
1937 12.0 1958 17.0
1938 12.3 1959 10.5 Average 15.4 inches
1939 14.3 1960 10.4 (39.1 cm)
1940 19.7 1961 14.7 :

*Source from NOOA, nd, and Schafer et al., 1979.

factors are related, respectively, to Universal Soil Loss Equation (USDA, 1978; SCSA,

1976;.Meyer and Monke, 1965): the slopé steepness factor (S); the rainfall factor (R) and

the soil factor (K). These variables and levels of each were studied as a factorial set of

treatments (Li, 1966). These variables were studied through the laboratofy research which

is described below.

Rainfall Simulator

Rainfall simulators have been used for many years by researchers to accélerate and

extend their studies of erosion. Simulators make it possible to produce predetermined

storms or rainfall intensity at any ﬁm‘e and location, and make the replication of research
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éasier and facilitate the study of erosion pioCeéses. But it is difficult to accurafely simulate
raindrop size distribution ‘and the impact velocity of natural rainfall, since the rainfall
energy or momentum and terminal velocities of ﬁatdra.l rainfall drops are too complicated
to control. More complete reviews of rainfall simul'ators_ can be found in other pubiications
(Meyer, 1958, 1965; Smith and Wischmeier, 1962; Mutchler and Hermsmeier, 1965;
Dangler aﬁd El—Swaify, 1976; Bémett and -Dooley,. 1972; Grieson et al., ‘197'7; USDA,
1981; Floyd, 1981). | |

The rainfall simulator used for this study (Figs. 5 & 6) was developed from Univeréity_
of California, Davis (Munn, 1.971). This rainfall simulator is similar in conceﬁt to the poly;
ethylene type d‘rop formed by tubing tips presented by Chow and Harbaugh (1965). The
rainfall unit is supported by a lightweight frame that- provides a drop fall of 2.33-2.67
meters and that can be adjusted to fit slopes of up to 60%. A float system was added to
supply reservoirs so that head pressure could be held constant and adjusted to desired
levels. Water was supplied by a 20-liter carboy that sits above an airtight rainfall chamber
with 827 drop forming polyethylene tubing tips. A carboy reservoir similar to that devel-
oped by Meeuwig (1971) is used to supply water to the rainfall chamber. Water is passed
from the carboy through a 1.3 cm (%2 inch) tube toa 1.3 cm .(1/2 inch) gate valve and is then
siphoned through a Manostat floatmeter into a five outlet manifold where it is distributed
to the rainfall chamber. The plexiglass rainfall chamber is 76.2 X 76.2 X 2.5 cm (30 X 30
X 1 inch) and the drop formers covera 71 X 71 cm (28 X 28 inch) area. The drop fonﬂiné ,
area gives 5.1 cm (2 inches) of-overlap on each side of the plot to overcome possible errors
ip centering the chamber. The polyethylene drc;p formers are 2.2 cm (7/8 inch) long
sections cut from 0.05 8-cm4inside-diameter (ID) and 0.097-cm-outside-diameter (OD)
catheter tuBing. Each tﬁbe éxtends 0.48 cm (3/16 inch) into the rainfall chamber to éll'ow
_larger particles from the water supply to settle below, rather than plug the tubes; and to

slow the _raite of dripping while the valve is shut by reducing the head over the tubes. The
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Figure 5. Sketch of the Tahoe Basin rainfall simulator. Legend: A, main support legs; B,
adjustable legs; C, adjustment collars; D, adjustable pads; E, cross braces; F, ad-
justable side braces; G, side braces; H, adjustable chains; I, rainfall chamber
frame; J, rainfall chamber; K, water supply reservoir; L, gutter trough; M, plot
perimeter shield.
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Figure 6. Picture of the selected rainfall simulator.

five inlets on the top of chamber were mainly used to distribute the flow of water evenly
into the rainfall chamber. The low flow rate through each inlet, which has widely spaced
U-type connections, is necessary to exclude air from tubes supplying water from the
reservoirs. A floatmeter and valve is used to regulate the flow rate to the rainfall chamber
and consequently the rainfall intensity.

Regression analysis, analysis of covariance and a test of homogeneity were used to
develop the equation which describes the relationship between floatmeter reading and
rainfall intensity. The kinetic energy (KE) of raindrop delivered to the soil surface was

calculated through the kinetic energy equation (KE = 1/2 MV?). The falling velocity
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involved in this equation is determined from Laws (1940, 1941). The intensity of rainfall
in relation to the floatmeter reading was determined by measuring the amount of artificial
rainfall collected by 16 aluminum containers each having a radius of 7.75 cm (3.05 inches)

(Figs. 7 & 8).

Figure 7. Rainfall intensity measurement.

Measurement of Runoff and Sediment

" The erodibility study was conducted in the laboratory so that rainfall simulator
conditions and other environmental problems such as wind, temperature, relative humidity
could be controlled. The 61 X 61 cm (2 X 2 ft) plot size with adjusted slope of 0% ~ 60%
(Fig. 9) was selected as the largest area that one person could effectively handle. Two 61-
cm (2-foot) P.V.C. pipes with thirteen holes, 3/32 mm ID, were used to simulate two
different flow rates. They were installed at the topmost edge of the plot. A carboy reser-

voir, which was of the same design as that used to supply water to the rainfall chamber,
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SLOPE DIRECTION

0000

potarea = nr* = 3.1416 (3.05")? = 29in?
sample area = 16(nr?) = 468 in?

16712 468
% of total sample area = £ X 100% = 376 X 100% = 81%

b2

volume (in® /pot)
(area of pot)(time)

400/16.38 _ 2442
(29.00)(10/60) 4.875

= 5in/hr = 127 mm/hr

rainfall intensity =

Example: rainfall intensity =

Figure 8. Rainfall intensity calibration processes.

was connected to the P.V.C. pipe used to simulate runoff. The water pressure in the pipe
was controlled by a vertical plastic tube installed at the top right side. The pressure in the
pipe determined whether the flow rate was evenly distributed to the runoff plot. Hence, if
we maintain positive pressure in the plastic tube then we should have a constant flow rate
uniformly distributed to the erosion plot. Water level changes will also occur with decrease
or increase of slope, but a constant water level and hence a constant flow rate, is necessary

during the test. Therefore, another water level reservoir was also required to keep a con-




28

Figure 9. Erosion plot.
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stant head 1n the carboy in order to maintain constant positive pressure in the pipe. This
is illustrated 1n Figure 10. |

The erosion box (61 X 61 X 10 ¢cm) shown in Figure 9 also served as the soil con-
tainer for the erosion plot. The box has a pattérn milled into the bottom only to allow
water that infiltrates the soil to drain from the box. A nonwoven filter fabric used for
tw;) layers of overlapping window screen at the bottom of the b‘ox prevented passing of
most particles. Runoff and sediment transported across_the lower edge of the plot were
collected by a 61 cm (2 ft) wide aluminum tréﬁgh connected with the erosion plot that
can be adjusted 2.54 cm (1 inch) vertically. The lip'of the collection trough is bent down-
wgird 90 degrees (Figs. 9 & 10). Hence, runoff and sediment were concentrated into a ‘
trough moulded to the edge _of the box and was collected in a 1 liter graduated cylinder.
The erosion plot was placed beneath the rainfall simulator, and each erosion test was
replicated three times; One percent was selected as the minimum slope that w‘ould provide
adequafe control of soil loss. Twenty percént was selected as the maximum allowable slope
by reclamation techniques. Both 40% and 60% were selected to study soil erosion on steep
slopes. The zero ﬂov;/ rate was selected for the study of soil detached by raindrop alone.
Twénty-one_ and 42 cm? /sec flow rate were selected to study overland flow erosion (rill,
interrill and sheet erosion) and .splash erosion. Three ra_ihfall intensities; 3.8.1, 50.8 and
63.5 mm/hr (1.5,2.0and 2.5 in/h1;) were superimposed upon each overland flow rate. Two
soil textures and three mixtures of these two texturés served as representative soil condi-
tions in surface mining areas. Details are illustrated in Figure 11. These soil texture combi-
nations were tested for 30 minutes in a wet state at each combination of thrée flow
rates, three rainfall intensities and four slope steepnesses. The wet state was identified as
the condition of a soil sample 4 hours after a 30-minute rainfall simulator run. The dry
state was the condition of an air dried soil sample when. it was compacted into the erosion

plot. The 30-minute rainfall duration for the test was chosen because overland flow gener-
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Figure 10. Simulated runoff pipe and erosion plot.
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SL LB CL

SL x. SCL

Figure 11. Soil textures and their combinations. (a) Sandy loam, (b) sandy clay loam, (c)
M3: SL mixed with SCL, (d) M1: SL on top/SCL at bottom, (¢) M2: SCL on
top/SL at bottom.

ally occurred uniformly on these 3-inch soil profiles after approximately 28 minutes. Rain-

fall simulator runs of 4 hours were operated on each soil sample at each slope condition.

These runs indicated that 30-minute duration runs were much more representative of the

erosion in the wet state than in the dry state. Hence, rill, interrill and splash erosion

resulting from 30-minutes durations on soil samples in the wet condition are the basic

measures in this study. For all tests the soil loss was determined from the 24-hour oven-dry

weight of sediment. The temperature of the oven-dry process was controlled at 105°C.
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Particle Size Analysis

Sediment particle size analysis is important for several reasons. Sands are transported
differently than fines (silts and clays) and present a special compﬁtationél need. Sand
sizes, generally greater than 0.062 mm travel primarily as bed load in a channel (ASAE, .
1977). Likewise, sand. in sandy soils is more easily deposited near eroded sites in ﬁplaﬁd
portion; of a watershed. If the sediment source is predominantly silt and clay, a simple
relation may Be used to represent frénsport of gross erosion. A combination of sands and
fines in the watershed soils required a more complicated trapsport modeling procedure.
Usually surface soils have different texture than subsoilé. This is particularly siénificant
when chemicals travel attached to clay'. particles,\ whéreas only small amounts of cﬁemicds
are attached to sand.. It is, therefore, very helpful in und‘erstanding erosion dynamics and
chemical transport to measure particle size distribution of the sédiment, and the soil before
and after erosidn. h

A sieve analysis wés conducted on each sample. Size fractions included 4.75, 2.00,
0.85, 0.425, 0.22, 0.15, and 0.075 mm sieve (#4, #10, #20; #40, #80, #100, and #_200
sieve). Hydromeier analysis of sediment particles passing the #10 (2.00 mirf) sieve deter-
mined the finer particle ISize distribution. A corrected sieve analysis was uséd in this study.
Hydrometer analysis is an extension ‘6f the sieve. analysis inforv ﬁné-gréined materials that -
are too small té be accurately measured by sieve analysis. The computations of hydrometer
agnalysis in this study include corrections for tem‘peratﬁre, hydrometer reading and viscos-
ity of thé liquid. The sieve_analysis, corrected sigve analysis apd hy.dromefer analysis Weré )

combined to give the complete sediment particle size distribution.
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CHAPTER IV
EROSION MODEL DEVELOPMENT
‘Basic Principle

Based on the mechanic’s of erosion By water,‘, soil erosion is a fwo-phase pfocess
consisting 6f the detachment of iqdividﬁal particles from the soil mass. aﬁd tl_leir ‘transport
~by. erosive agents such as surface run-off. |
| The- severity of erosion depends both on the quantity of material supplied by defach—
ment and the capacity of the eroding agents to transport it. Where the agents have the
‘capacity to transport more material than is supplied by detachment, the erosion is described
as detéchment-limited. Where more material is supplied than can be transported, the
erosion is trahsport-limited (Mo;gaﬁ, 1979). Regardless, whether é system is detachment-
limited or transport-limited, the energy of the erosive agents ié the most important factor
affecting the erosion process.
The energy avallilable‘ for erosion takes two forms.: potential and kinetic. ]3;th of them
are exchangeable. Potential energy. (PE) is the producf of mass (m), height difference (h)
and acceleration due to gravity (g).
PE = mgh o Y
It results from the difference in height of one body with respect to another. When the
potentlal energy is converted into kinetic energy (KE), the energy of motion, erosion
_increases. It is also related to the mass (m) and ve1001ty (v) of the eroding agents in the

expr es_smn :

KE

N |

my? : 2)
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From equatidns (1) and _(2‘),4 the erosive force is related to the mass (m) and velocity (v)
of the eroding agents. Also, it is time depéndent. If most of the energy'of erosion could be
_ dissipgted,’ the erosion would subsequently be reduced. Several reports indicated (Rubey,

1952; Pe-arc_:_e,‘ 1976) that most of this energy is dissipéted in friction with the surface over
. which the agént'moves so that only 3 to 4 percent of the energy of running water and 0.2
percent of t.hat of falling raindrops is used in erosion. Hence, increasing surface frictidn
(surface roughness) ‘will reduce erosion. The efficiencies of water fefosi-o'n can be obtained

by means of calculation of kinetic enéfgy (Table 9).-

[}

Table* 9. Efficiency of Forrhs of Water Erosion.

Form Mass** Typical velocity (ms™) - '  \ KET Energy for erosionTT
Raindrops R 9 40.5R . 0.081R
Sheet flow" 0.5R 0.01 25X 1075 R 75X 1077R

Rill flow 0.5R 10 25R - 0.75R

“*Source from Morgan, 1979.
#* Assumes rainfall of mass R of which 50% contributes to runoff -

TKE based on 1/2 MV?2. :
T Assume 0.2% of the KE of ramdrop and 3% of the KE of runoff is expended in erosion
(from Rubey, 1952; Pearce, 1976).

. From Table 9, we can realize that the concentratioﬁ of running water in rills affords
the most powerful erosive agent but raindrops are also botentially erosive aéents which .
cannot be neglected. So theré are two critical erosive agents; raindrop and runoff, which

| should be considered in erosion research: o
(1) Raindrops—Most of raindrop energy is ug.ed-in detachment, so that the amount
available for transport is relatively small. Field studies by Morgan (1979) show that the _
transport ;wross a one cm width of an 11° slope amounted to 400 g of sediment by over-
‘land flow, and only 20 g by raiﬁdrpp (Morgan, 1979). The action of a.raindrop on soil
particles is most easily unglerstdod by considering fhe mpmentum of a single raindrop

falling on a sloping surface. The downslope comjponent of this m'omentum is transferred in
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full to the soil surface but only a small proportion of the component normal to the surface

is transferred, the rest being reflected (Fig. 12).

/
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Figure 12; Differential soil movement caused by raindrop splash. (a) Sloping land, (b)
Inclined rainfall, (c) Vertical rainfall (from Kohuke and Bertrand, 1959).

Hence, raindrops falling on level, bare soil in the absence of wind tend to spatter
equally in all directions. Therefore, soil movement out of the area is matched by soil move-
ment into the area from other splashes. Thus, there may be a lot of soil movement by rain-
drop impact, but no net soil loss from a particular unit of soil surface (Fig. 12). On sloping
land the splash moves farther downhill than uphill not only because the soil particles travel
further, but also because the angle of impact causes the splash reaction to be in a downhill
direction (Fig. 12). Components of wind velocity up or down the slope have an important
effect on soil movement by splash (Fig. 12). It has been suggested that the percent of
downslope splash from the point of raindrop impact is equal to 50 percent plus the per-
cent slope of the land (Ekern, 1951 ; Hudson, 1981).

The transferred momentum of raindrop to the soil particles has three effects each of
which is involved in the erosion process. First, it provides a consolidating force, compact-
ing the soil and puddling the surface layer of soil. Second, it breaks aggregates and clods
into small aggregates and individual particles. Third, it imparts a velocity to some of the
soil particles, launching them into the air. On landing, they transfer their own downslope
momentum to other particles and the jumping process is repeated. Thus, raindrops cause
consolidation, dispersion and detachment of soil. They also reduce the soil infiltration rate

and permeability, causing more water to run off the soil surface. Raindrops impact not
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only on soil particles but also on thin water surfaces. Although the impact of raindrops on
shallow overland flow may not splash soil, it does cause turbulence, providing a' greater
sediment carrying capacity. Balmer (1964, 1965) has measured the impact of raindrops ’

beneath a water film, and found first an increasing impact until the water layer thickness

was about 85 percent of the drop diameter, and then a decline as a function of ‘time.

In general, soil detachability is related to the kinetic energy of the raindrop, raindrop
size distﬁgution, soil texture, rainfall intensit&, slope and time. The KE of a raindrop is
commonly correlated with intensity. .The results of these studies have been prgsented as
mathematical equations compared in Table 10. It has also been suggested that splash
Qetachment rate (Ds) can be expressed in terms qf rainfall intensity (I) (Foster and Meyer,
1975). | | | -

Dial’ = | L ®

Recently, a simple relationship to predict, soil detachment due to a single raindrop

" impact has been presented in the International System of Units (UI) (Al-Durrah and Brad-

ford, 1981, 1982): | |
D=a+b (KE/Tf) ' - 4

Table 10. Equations 'Relating KE-and Intensity.

Equation . : Energy units Intensity units
1. E=916+331logl ft-tons/acre-in : in/hr
2. E=210+891ogl - " ton-m/ha-cm cm/hr
3. E=119+8.7logl J/m2-mm ' . mm/hr
4, E=30-125/1 : J/m?-mm mm/hr
5. E=9.81 +11.251o0g1 J/m2-mm mm/hr

Sources: 1) Wischmeier et al., 1958; 2 and 3) Wischmeier & Smith, 1978;4) Hudson, 1965;
5) Zanchi and Tom, 1981.

D is the ambunt of soil detached (mg/drop), KE is the réi‘n;lrop kinetic energy (J is a unit
of KE; J = Joule), 75 s the soil shear strength (]cPa) and a,b are constants. On the other

hand, some research has shown that the rate of raindrop detachment seems to be a time-
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dependent fﬁnction (Kirkby and Morgan, 1980). In some casés, the detachability increaseé
rapidly at the beginning, reaches a peak and decays through time to a steady state. More-
over, the detaéhment rate.has been found to increase with an increase in particle size but
the transportability increases as soil particle size decreases. That is, clay particles are more
difficult to detach than sanld, but clay is more easify transported. Meanwhile, Laws (1941.)'
studied the. relationship l;etween dr’op diameter and terminal velocity o.ver a range of drop -
sizes from 0.2 to 6.0 mm. Natural rain contains drop diameter from less than 0.25 mm to
7 mm (Laws and Parsons, 1943). He found that smaller drops reach “still air” terminal
velocity in a shorter distance but that all nbrmal drops reach still air terminal velocity after
falling 10 m or less. La_lrger drops have larger KE than small drobs due to larger mass and
faster rate of fall. Laws (1941) also presented his dataina g;aphic; form (Fig. 13).

A high-speed photographic study of raindrop impact by Mutchler (1967) shows that
splash shape geometry could be described by the parameters shown on the vertical cross- -
section of splash in Figures 14 and 15. The sheet angle « and the sheet radius r which
describe tﬁe profile of thé cylindrical shell of flowing water, has not been particularly use-
ful. The angle 8 which descﬁbes tﬁe direction which droblets trayel away from the splash
sheet, has been useful in computing énergy dissipation under thé impacting water drop.
The parameters H and W describe the splash sheet height and the cra’tér width of the splash
shape respeétively. ‘The successive steps that take placg in drop-crater formation are illus-
trated in Figure 16. Two-thirds of the energy o’f the raindrop is. expéndéd forming an
im‘p.ac‘:t crater’ and rﬁoving soil par_ﬁcle;s, the remainder to fprming’ sp_fay (Mihara, 1 952)._
Hence, the interactions of raindrop size, velocify and shape, the duration of the storm, the
wind speed and the shape and steepness of the slope, contrql the erosive power of rainfall.

Duﬁng a storm, rain may fall on surface water iﬁ the form.of.’pud‘ciles or overland
flow. Palmer (1964) studied the inﬂuence of a thin water layer on wéter drop impabt |

forces. He found that drop impact is more effective when a thin fi'lm‘of water covers the
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Figure 14. Parameters for describing the geometry of splash shape (from Mutchler, 1967).
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soil surface and maximum dispersion of soil particles occurs when critical water depth is

about the same as three raindrop diameters. The reason for this is the turbulence which
i;nplalcting raindropé impart to the water. However, when a critical water depth is reached
the raindrop energy is dissipated in the water, not affecting the soil _surface. Also, rain-
drop splash imparts turbulence to laminar flow thué increasing the transporting potential
of the flowing water by lifting detached soil pérticles into the flow. Splash erosion decreases‘
where the flow deptﬁ exceeds about three drop diémeters which is the critical depth of

flowing water to protect the soil from raindrop impact. - -

Surface Runoff (Overland Flow)

Ovefland flow is defined as the flow of Water over the land surface toward a stream
channel and is the initial phase of surface rﬁndff: It is sometimes referred to as sheet flow
because the water is envisioned as moving in a sheet downslope ovér a plane surf£ce to the

nearest concentration point. But sheet flow is usually considered to be a special description

of overland flow. Almost all surface runoff starts as overland flow in the upper reaches of a

watershed and travels at least a short distgnce in this manner before it joins a rill or gully
(Fig. i7). In modelling overland flow, the variablés are more difficult to define precisely
and the use of a siﬂaple hydraulic procedure for predicting o§er1and flow and its charactler-
izations is also difficult because Qvérland flow is both unsteady and spatially varied since it
ié supplied by rainf:l;ll and depleted by i_nﬂltra{t’ion.' More'OVer,, the flow may be eitﬁer
laminar or turbulent or a.combination of these t§vo cdnditipns which can be called tr'ansi-y
tional ﬂow. Fiéw depth may be varied with fespecf to time and lgcation; That ié, the flow
depth may be either above or below criticélé or the depth may change from subcritical to

!

supercritical. Under certain conditions the ﬂow may'become unstable and may give rise to

" the fonnatioxi of roll waves, Qr rain waves as they _ére often called. Iwagaki ’(19_55 ) was the

N
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first to use the kinematic-wave method incorporating a continuous lateral inflow to ana-

lyze in detail the hydrograph of overland flow.
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Figure 17. Typical erosion and deposition occurrences (Vanoni, 1977).

The hydraulic characteristics of overland flow depend on many factors or parameters
these include the intensity and the duration of precipitation (or melting snow and ice),
soil texture and structure reflected by its influence on infiltration rate and permeability;
the antecedent soil moisture content; the density and type of vegetation; and topographic
characteristics including the number and size of surface depressions and mounds, the shape,
steepness and length of slope. The geomorphic characteristics are dependent on the hydrau-
lic characteristics, but no simple description of the hydraulics of overland flow is possible
because hydraulic parameters vary rapidly with respect to time and space.

Hence, detailed observations of overland flow under actual field conditions seems to
be necessary. Application of field observations to draw generalizations about hydraulic
flow parameters are also significant. On the other hand, the verification and modification
of the hydraulic characteristics of overland flow by means of laboratory experiments is
also required to provide generalizations for the effects of each variable despite the difficul-

ties of direct transfer to the field case. As more and more general observations of overland
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flow are available, the mathematical modelling of overland flow becomes critical. Analyti-
cal and theoretical solutions to the hydraulics of overland flow are still partially incom-
plete, primarily due to the paucity of physical observation of overland flow. Hence, the
real-phenomenoh research become important. It is ‘not only to provide correct input
informatién to the modeiling attémpts,-but also to pro{lide modiflication of model and
verification of the theoretical prediction. |

. From Newton’s viscosity equation, the shear stress for detachment and transport can

be expressed:

v
- 5
“ay (5)

where 7 is shear étress, u is dynamic viscosity, v is particle velc;city and y is depth position.
For convenieﬂce in the. fields of hydraulics and ph'ysics, the dynalﬁic viscosity can be
“expressed in the equation form:

n=py | 1 | (6)
where 7y is kinematic yiscpsity and p is density of fluid. But unfortunately, the equation

(5) can only be usgful for laminar flow, because turbulent flow is controlled by eddy cur- .

rents (vortex). So equation (5):mus't be modified by the following expression: ~
| ‘ v ' :
T =(ut+n) — )
_ oy .
where o is the eddy viséosity. When raindrops impa_xct a wet soil surface or a thin sheet flow
on the soil surface, muddy flow can be seen on the surface. Mud flow does not have New-

ton flow characterlstlcs (lammar flow) due to the 1mpact of the ramdrop Hence, the

general form of mud flow shear stress (CSCHE, 1975):
= u (—) : (8)

Thus, the larger the impactive force of raindrop 'the greater the turbulence due to large

shear stress caused by the. velocity of particles in the flow. The greater the turbulence, the
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greater is the erosive power generated by the flow. Repbrted velocity of oVerland flow
f;orri laboratory and field plot studies has shown a range from 1.5 ~ 4.0 cm per second
_(Young and Wierama, 1973) to 30 cm per second (Ellison, 1947). Velocity of 16 cm per
second are reéluired to erode soil particles of 0.3 mm diameter (Hjulstrom, 1935) and
velocity as low as 2 cm per second will carry 0.002 mm particles in suspension (Morgan,
1979). Recently, based oﬁ the energy standpoint, Schwab et al. (1981) pointed out that
overland flow velocities are about 0.3 ~ 0.6 m per second when raindrops 'have velocitigs
of about 6 ~ 9 m per second. Hence, the transporting capacity of flowing water is func-
tion of velocity.

In general, the hydrauiic characteristics of flow are aescﬂbed by its Reynolds number

(Re) and its Froude number (Fr) (Chow, 1959) defined as follows: -

vL VR
Ry=—=— - | ©)
v 1 4
v v

F, = =
VeL D

where v = the mean velocity of the flow

(10)

g = acceleration of gravity

L

characteristic length

R = hydraulic radius

D= hydraulic depth

v = kinematic viscosity
The Reynolds number is an index of the turbulence of the flow. Laboratory studies
(D’Souza and Morgan, 1976) have been shown that soil loss varied with the Reynolds
number. At numbers less than 500 laminar flow prevails and at value above 2000 flow is
fully turbulent. Values between 500 and 2000 are indicative of transitional or disturbed

flow (Chow, 1959). g{Studies by Emmett (1970) show that raindrop impact will impart tur-
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bulence to otherwise laminar ﬂow.‘ In general, a Froude number of more than 1.0 denlotes
supercritical or rapid flow which is more erosive thén subcritical 6r tranquil flow in which
the Froude number is less thar.l 1.0. Field studies of overland flow in Bedfordshire reveal
that Reynolds numbers are between 1 and 50 and Froude hgmbers between 0.01 and 0.1
(Morgan, 1979). The regime of this flow in the field can be defined as sﬁ_iwritiéal—laminar
flow which is not commonly encountered in applied open channel hydraulics, but occurs
frequently where there is very thin flow depth (sheet flow). Another supercritical-léminar
regime, may occur in laboratory studies of overland flow, which is rafely generated in open
channel hydraulics.

‘The important factor in the overland flow studies is flow vechity. ﬁl"he flow veloéity
is dependent on the hydraulic radius (R) of the channel, flow depth (d);' the roughnéss of
the surface (n) and the slope including gradient, shape and length. This ;eiationship can be

expressed by the Manning equation (Chow, 1959).

v = % Rr2/3 gl/2 an

The Manning equation assumes that the flow is fully turbulent, uniform, and moving over a
rough surface. Where the flow does not satisfy this condition, the exponents in the equa-

tion change in value and Savat (1977) recognized the following variation with Reynolds

number. .
vaRI78095 gor R,=.250 - 12
VaRO95807 for R,= 500 -_ (13)
' VaRO5804 for R =1000. (14)

Using the Manning’s eqﬁation and continuity equation, Meyer (1965) showed that .

VaslBo 3 S as




~ - 45
where Qw is the water discharge or flow rate. In 1969, Meyer and Wischmeier (1969)
assumed that the detachment (Df) and transporting (Tf) capacities of flow vary respec-

tively with the square and fifth power of velocity. They found the relationship between-

these parameters can be expressed by the following equation
Dsa §2/3Q,,2/3 . (16)
Tea $5/3Q5/3 | an

More recently, Carson and Kirkby (1972) derived the equation ;fror_n consideration of the

hydraulics of sediment transport:
Q; = 0.0158 Q,, 175k 111 (sin 6 cos )1-625 (18)

where Qs is the sediment dischargé per unit width and k is the particle size of the sur_face
material with 84% of the grai.nsl being finer. It c:an be s;een from the above that the amount
of soil loss resulting from erosion by runoff (overland flow) varies with the flow velocity,
state and regime of flow, fluid viscosity, surface ropgﬁness, soil particles and slope.
Another important charac;teristié o'f’ flow is the flow; profile which is defined as the
‘surface curve of the flow. The flow 'prc.>file of overland flow can be used for describing
water surface variat‘ions with r;espect t.o tirr;e and space. The gene;al sdlution to these
overland flow problems is thus contained in the continuity and momentum equation with

lateral inflow (qL) assumed eciual to zero (Eaglesen, 1970)

9y | 9q . ‘
—_ —_ = - f= : . 19
ot  ax ! ‘o S (19)

and ' . o,
| q=a§‘?‘. o - (20)
where y = depth of ﬂéw

t = time

q = discharge per unit-width
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the direction 6f flow

X =
i = rainfall intensity

f = infiltration rate

i = net inflow rate to surface runoff (rainfall excess)

This quasi-steady approach was developed by Lighthill and Whitham (1955) and is known
as the kinematic wave approximation, since any wavelike behavior must enter thrbugh the
continuity equation. Also, the dynamic uniformity of the approach precludes ;olutions
which exhibit changes in water surface profile ciue to dynamic variation. Meanwhile,
boundary and initial conditions are imposed only for solution of the continuity equation;
therefore, changes in water-surface prbfile will be caused only by changes in local flow rate
and will be transmitted in the direcr‘tion in which a khematic wave propagates, that is -the g
downstream direction. Hence, the characteristic of a kinematicAwave can be illustrated by
Figure 18. These charécteristic curves trace out the space-time path of any flow disturb-
ance. Also, we can find the limiting characteristic curve AB in Figure 18 which explains the
water flow in the x-direction from upslope and begin at x=0, whgre: there is no inﬂow from
upsteam. In other words, as the rgin be;ins to fall at t=t,=0, which t is time and t, is initial
time,‘ the local depth will increase everywhere at the rate“of eduatioq (2‘1) and travel down-

~

stream

dy

—_—=1

= "o Q1)
along the limiting characteristic curve AB, where lo’.calvdepth continues to grow until the
limiting characteristic point in question is reached. It will remain constant after reaching
the point in question. From the kinematic wave equation_ solved by the method of Eaglesen
(1970), we can find the relationships between variables affec;ting'overlan& flow, such as

YL 9L e b and tp, and construct the entire water surface profile at any time > tc_

/(Fig. 19) (Case I)
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Figure 18. Characteristics diagram for kinematic wave.
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Figure 19. Water surface profile during buildup.

qp = eyp (20a)
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" £ i i
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Suppose at Case II t, < t., the entire water surface profiles can be sketched in Figure 20

and illustrated by the following equations

q, = ¢y ' (20a)
\ Lo o<ttt <t . - (26)
YL = ‘ ) '
et > <t<t, - @7
L = ayy™ypi T+m-t)1 ' (28)
Li I-m
T o= l I/m . ;
t, —— 1/ . (29)
L t, ,
tp = tl’ + _——m-l - —— (30)
amyp, m .
where t . = time (t)
tp = g characteristic overland-ﬂo‘w time at peak (t)
t. = time of duration during a storm (t)
t. = ﬁmc of concentration (t)
i, = magnitude of constant rainfall excess (Lt'l) '
y = flow depth (L)
vy = flow depth at x = L(L)
Vir = flow depthat x =L, t=1t.(L)
qp = laterial inflow (L t_l)
Xy = position of disturbance wave (L)
X = flow direction at x-axis (L)
X =

wr %ch wave for t =t (L)
L = length of overland O‘WK
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kinematic-wave parameter (L2 M¢1)

a =
m = kinematic-wave constant (dimensionless)
CASE I : t>1,

Y

T yl;nclx

o

Wr

Figure 20. Water surface profile during decay.

From Figures 19 and 20, curves AB, C,, AB, C; represent water surface profiles at succes-
sive time less than t, during the storm. Curve AC, is the limiting, steady-state profile
which is reached, for long storms, at time te At this time, the outflow reaches its maxi-
mum values, which must equal the inflow point B, on Figure 20 on the profile AB, C, at
time t=t.. Curves AB,C, and AB,B,C, are the limiting profile for long storms and the
curve AB, C, on Figure 20 is a subsequent profile for a time following cessation of rainfall.
On Figure 20, when point B, moves to B, by constant depth at a later time, the end depth
yLr=i,,,tr is the maximum depth reached during the build-up phase and remains constant

until these two points are coincided. This occurs at time t=tp. For the time t > t_, the

p ¢

decay (recession) phase occur, this can be illustrated from equations 26 and 27. If we
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assume t > tp, t-> oo, m> 1, then let 49 - 0, we can see L -~ 0 as the depth y approach to
zero. Thus, the erosive power of overland flow va;ied enormously during the decay and
build-up processes. This is because of variations qf flow depth, velocity, rain_drop impactive
force, regime and state of flow in the processes of decay and buildup involved. |

B;clsed on the prevjous discussion of raindrop impact .and runoff transporting capacity
and the definition of the water erosion process by Ellison (1947), the mechanics of soil
erosion by water is composed by detachment and transporting. capacities of runoff and
raindrop. In general, most raindrop energy is used in detaching soil particles and incre;tsing
t;@nsportingf capacity of .runoff, while the energy \of mnoff is used for transporting the
detached soil particles. The physical functions of these two erosive agents can be either
separated respectively, or interactions related to each other. Both of them are dependent

on time and spacé which can be described by Figure 21 (Kirkby and- Morgan, 1980).

Mathematical Simulation Prqcess

Mathematical simulations useful for evaluating soil erosion systems o;igirlatéd more’

than forty years ago. Zingg (1940) published .aﬁ ‘emr')irical equation expressing soil l.oss.as a

function of slope length and steepness. Other researchers used this equat{on as a basis to

develop many erosion mathematical models ahd equations applicable tb some specific

. climatic regions and ‘t_opégrap’hical areas. Wischmeier (1960, 1962) developed a.usefui
technique for bringing effects of local rainfall distribution and topo’graip.hical ﬁaraméters

into practicé evaluations. He overcame regional boundaﬁes and developed‘ an Universal

Soil Loss Equation (USLE) (Wischmeier and Smith, 1960, 1965) which has been widely

applied to actual _field conditions. More recently, some mathematical simulation models

have been proposed to simulate physical process of wa.ter.erosion and to describe soil

~movement along the slope at any time (Meyer & Wischmeier, 1969).
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Figure 21. Transport/detachment interaction models. (a) Initially clean flow of constant
(C) and detachment (D) capacities, flowing down a plot and eroding soil as it
flows. (b) Rainfall on a plot with increasing flow and transport capacity, but
with constant detachment capacity. Actual sediment transported (S) predicted
by two models:

(i) Transport/detachment comparison (Meyer and Wischmeier, Wischmeier,
1969)
(ii) Transport deficit model (Foster and Meyer, 1972)

The purpose of these equations was to provide a planning tool for soil and water con-
servation technicians, but they were not designed to meet the present need for a detailed
mathematical model to simulate soil erosion as a dynamic process based on hydromechani-
cal theory. Few equations have been applied to surface-mined areas due to a shortage of
available data.

To fully define this mathematical simulation model, some basic conditions must be

assumed:
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the state an_d regime of the region of flow
the basic equations of flow within this region
the boundary 'an.d_ini';ial conditions around the boundaries of. this flow region
the kinematic-wave fheory, must be valid, which deséribes the water surface; pro-
files increase a]dng the lifniting characteristic curve (Fig. 18)_ and remain éonstant
after this curve reached the point in question
the erosion system is a steady-state system an;i satisfies continuity equation of
flow

a mathematical solutidn to this model

Therefore, a five-step process is involved including:

1.
2.

5.

an examination of the physical processes of erosive agents

replace this ph.ysical process by an equivalent mathematical equation

solution -of tﬁe méthematicél equation with the accepted techniques of mathe-
matics

superimpose boundary conditions upon the general soliltipn c;f this model to
make a simplified mathematical equation

interpret the mathematical results in terms of the physical process

Based on these assumptions and simulation processes ;che state of overland flow is

laminar uniform steady. Its conceptual explanation is given by Figures 22 and 23. In addi-

tion, we also assume that short-term erosion, inter-rill-erosion, and rill erosion are the

major erosion types in this approach. Thus, the basic equation of overland flow is devel-

oped on the basis of the equation for sediment transport continuity (Fostef and Meyer,

1975) which states that the net ‘rate of fluid mass flow into any elemental control volume

within a porous media must equal the time rate of change of fluid mass storage within the

element (Kirkby, 1978). Neglecting dispérsion and assuming un'iform steady state, the

‘

continuity equation is:




—~ = D +D; 31

where p, = the mass density of deposited sediment

yp = the elevation of deposited materials

t = time

G = sediment load (mass/unit time/unit width)

x = distance downslope

Dy = detachment rate of rill erosion

D. = delivery rate of particles detached by interrill erosion to rill flow (mass/unit

time/unit width)
Equation 31 is the mathematical description of the conceptual model of Foster and Meyer
(1975), which is shown in Figure 24.
Another equation used in the model is the first order equation proposed by Foster

and Meyer (1972)
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C=—C

Figure 23. The cross-section of rill, force acting on submerged soil particles and rill flow
conditions assumed for theoretical analysis.
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Figure 24. Flow detachment-sediment load interaction (Foster & Meyer).

Dr =a (T, - G) (32)
where « is kinetic coefficient (1/unit width) and T, is transport capacity (mass/unit time/
unit width). By arranging:

Dgr
T

+ e 1 (33)
TC

R

c
According to the definition of G, we know that it is impossible to be negative, i.e., G> 0;

when G=0, then Dp = a T = Dpjax ™ D.. Hence, equation 33 can also be rewritten:

o

R

—+
DC

e
Il

(34)

that is:

detachment rate by flow & sediment load in flow o
detachment capacity by flow transport capacity of flow

Based on the assumption of steady uniform flow in this study, Chezy’s formula can be

used for calculating the mean velocity of flow. The Chezy’s formula is:

V=C+VRS 35)
where V is mean velocity (fps), R is hydraulic radius, S is slope and C is Chezy’s constant,

a factor of flow resistance.
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Since surface runoff (overland flow) in surface-mined areas is relativély wide and that

~the’ flow, in general, is uniform and steady. The discharge per unit width of channel (over-

land flow) may be represented by Chezy’s formula:

q' =c sl/2 y3/2 | ~G6)
where q is the discharge per unit wid'th, C and S was the same as equation (35) and y is the
flow depth. By following the Darcy-Weisbach formuia, for uniform and nearly uniform

flow, the friction factor (f) can be expressed:

. = 8553 37)
where g is the accleration due to gravity, R, V, S are hydraulic radius, velocity and slope
gradient, reépectively.

Whe_n water flows on the surface or in a channel, a force is developed that acts in the
direction .of flow on the channel bed or ground surface. This force, which is simply the pull
of water ona wetted area, is known as the tractive force. This is illustrated in Figure 23. In
a uniform form the.tractive force is apparently equa'lilto the gravity force acting 'on tﬁe
body of water parallel to the éhann‘el bottom or ground surface and equal to ¥ ALS, where

v is the unit weight of water, A is the wetted area, L is the length of channel or surface

ground and S is slope. Thus, the average value of the tractive force per unit wetted area or

.the so-called unit tractive force (7):

R 7 = yALS/pL = yRS (38)
and |
Ap = R .
where p is the wetted perimetef. In the very wide channel; the hydraulic radius (R) is equal
to the depth of flow (¥)- Eqilatiqn 38 can be rewritten: o
r=9y8 E (39

~

Solving equations (36) (37) (39) for y, the flow depth (y) can be éxpressed:
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f
= ' 1/3 2/3
C
y (Sgs) q

Then substitute y for equation 39:

and

. f '
¢ =y (D
8g

For the simplification of analysis, we can set:

D, = C, 312

T, = C,r3/2

where C; and C; = constant

D

Te

We also assume

= the amount of soil being detached by runoff. - ‘

© = the amount of soil being transported by runoff.

(40)

“1)

(42)

43)

(44)

that the rainfall intensity is fixed and the duration of fainfall is long

enough to create a balanced condition between input rainfall amount and the quantity of

output surface runoff. Hence, the amount of surface runoff is:

and
where ¢
X
L
Yo

q = qo Xo

X, =

(gl 3

the runoff discharge per unit width
pdrtial slope length between any two point
total slope length -

the runoff discharge per unit width at the toe of the slope

To rewrite Dc and Tc asa non-diménsion variable:

45)

46)




—_—= =X, = 8, X,
D, G Spa-1 § = 7*7°
T. C,S.qX, S
..E.:-.i.-.:-c_xo =S*:)(0
Tb C, SbQ‘l Sb

where Dy, = = the amount of soil being detached by runoff at the toe of the slope

@7 .

48)

Tb = the amount of soil being transported by -runoff at the toe of the slope

By substitution equations 47 and 48 into equation (34):

— +—= =8,%,
¢ Dy Ty

By taking the partial derivative of equation 49 with respect to X, :

»_ R, ¢25-~?—-—()-w
X, Dy b X,
and
. LD,
6= 5
LD,
w"Tb
u = S, X,

By integration of equation 50:
D

R y
= = o 9% E(— - w)et%Xo 0%, +C]
Db Xo
By replacement of DR/Db in equation 49:
G . -0X X
T =u-e O[E(—-w)e > 39X, +C]
T, 2%,

49)

(50)

(51)

(52)

(53)"

(54)

(55)




59
C is an integration constant which depends on the boundary conditions that We superim-
1 posed. When S, = Sy, then S, is equal to one and 8u/8 X, is also equal to oné. Hence,

equation 55 can be rewritten:
1 - 3 .
G=Tb[xo‘;(1'¢/)(1'e_¢xﬂ : (56)

This is the equation that we can use for predicﬁng soil loss on surface-mined areas. When
the partial slope length, which we suppose td measure, is equal to the total slope length,

then the X, is equal to unity. ‘Equation 56 can be sixﬁpliﬁed in this study.
1 ' .
.G=Tb[1—5(1—w)(1—e‘¢)1 (57 -

Hence the G/Tb ratio is only a function of two constants, ¢ and ¢, which are the key con-

stants used for modification and verification of this mathematical model.

Model Modification

To obtain as much accuracy as possible from this model, we must'becéme as familiar
as possible with the derivation of these factors and how ﬁhey are determined in practicg.
U_nfortunately, m most minéd areas sufficient data does not exist to test this type of model.
Also, it is generaliy too expensive to apply a complicated mathematical'model repeatedly
to predict the‘ sediment yie;ld from storms. On tﬁe other hand, a weakness of any model
and even a theoretical system,.such as the model described previously, is that it is not the
real system but a mirﬁic of it. It is no.'better, than the degree to wﬁich it actually résponds
as the true sysiem. For significantly different watersheds or mined areas we cannot expect
the data to fit ;che same equation.-Hence, a modification of this moc_lel is not only neces-
sary but also imp'ortant,. However, if the mathematical model is calibrate for each st'oml_,
accurate data can be génerated from this modified model to fit a real sYst'em.' From this

model rapid soil loss estimates can be made.
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Most of the parameters of f:h_is dynamic simulation system are based on measurable
factors which can be directly or indirectly obtained by means of laboratory experimenta-
tion. After all parameter values have been obtained, the model should be thoroughly tested
and modified. These tests and mc;diﬁcations should be designed to answer such questions
as: how sensitive is this mbdel to both variable and parameter values, and how accurate is
the expected estimatién? In addition to testing the model, it must be validated and checked
with data that have been collected in the field or in the laboratory. This inll‘ not only
provide a check on the sensiti\}ity analysis but will also help to evaluate the éccuracy and
stability of the simulated system. Hence, if the sysfem is conceptually sound, there should .
be very little difference between its response and that of the real system. A key assumption
that we rﬁade is that the soil loss by- measurement (G, ) should be equal to that by estima-
tion (Ge)' It can be explained in terms of mathemétical expfession:
EE.
Gm

MF=— =1 | (58)

The ratio of Ge and Gm can be defined as the Modification Factor (MF) of this
model. The soil loss (G,) can be obtained by using a rainfall simulator that can épply a
rangé of rainfall intensities to a soil erosion plot with adjustable slope. Because lthe plbt
length is relétiyely short, a small simﬁlator can be used to obtain different éoil lossés in the
laboratory. It can also be used té evaluate losses‘under‘ 3X3X4X 5 treatment combi- ‘
nations "(Intensity X Runoff X S'lope.x Soil Texture). Thus, in one experiméntal cycie it
may be possible to obtain the information needed to study a given soil texture. Becaus;e
the model is conceptually sound, data collected for shqrt time periods from several differ-
ent soil types, slopes, rainfall intensi.ties and runoff .patterns covering the extremes of
possible field condition should provide the infofmation'needed to modify the model and

1

to analyze many field conditions.
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Values of ¢ and V¥ were calculated by‘numerical analysis techniques and were used to
calculate value of G (i.e., Ge) for the erosion plot under different treatment combinations.
The distribution of modification factor (MF) which. is the ratio of Ge and Gm, with
respect fo ¢ and ¢ as given by equation 57 is graphically explained in Figuies 29 through
34. From ecjuation 57, the value of ¢ cannot be zero. Hence, the value of ¢, x,b' and MF

should be identified at a reasonably limited range. This can be shown in Table 11.

Table 11. Limited Range of ¢, ¥ and MF-for Different Soil Texture and Runoff Rate.

Runoff ‘
Soil texture (cm3 [sec) ) MF ¥
* Sandy loam 0 ‘ 0<o¢<1 1<MF<O0 0<y¥<4.78
Sandy loam 21 " o 0< ¢y <10.02
Sandy loam © 42 " " 0<y.<12.08
Sandy clay loam 0 " A T 0< ¥y <200
Sandy clay loam 21 " " ' 0<y <5.52

Sandy clay loam 42 " ‘ " 0<y < 6.53_
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CHAPTER V
RESULTS AND DISCUSSION o

Soil erosion by rainfall and runoff is a complex process that has been sﬁnuiated by
empirical equations (Meyer and Wischmeier, 1969). The proposed mathematical model o'f ‘
the erosion—sedimentati(;n process cbnsi’ders the relative contributions of four individual
subprocesses and déscribes.soil movement along a slope. However, each of these subpro-
cesses is a function of complex interrelations between pafafneters. Tableé 12 through 51
and Figures 25 through 34 illustrate typical results of this experimental application of the
model. These accompanying tables and graphs show how vérious pﬁysical parameters affect
the results obtained by using this simulation system. They illustrate the individual and
collective effects of detachment ar.xd transport of soil by rainfall and runoff, based on the

assumed relationship.

Rainfall Simulation

Chow and Harbaugh (1965) indicated that tubing tips of the selected rainfall simula-
tor produced drops of 3.20 mm diameter. This was confirmed by collecting and weiéhing a
known number of drops and then calculating the average drop size (3.30 mm diameter)
which is shown in Table 12. ,Fig\ure 25 shows the relationship between rainfall intensity
and.floatmeter reading. This was determined by mealsuring the amount of artificial fainfall'
in 16 containers over a known time interval and at a fixed floatmeter reading (Tables 13
anq 14). During the calibration, the intensity of rainfall was found to vary at different
points over the plot area (Table 14). At rainfall intensity of 64.01 mm (2.52 inghe;) pér |

hour, the factor of water pressuré inside the rainfall-chamber for all the tubes becomes




Table 12. Raindrop Size Calculation.

63

Can +

Tare Water _ Dia. of Drop
No.of Can  No. of Tridl (g) Water (g) (2) No. of Drops . (mm)
261 1 8.626  11.203 2.577 - 150 3.200
152 2 8.505 10.343 1.838 ' 100 3.274
240 . 3 8.605 10.379 1.774 150 3.236
286 4 8.646 11.606 2.960 150 3.353
161 5 8.525 10.869 2.344 150 3.102
273 -6 8.636 12.354 3.718 200 3.287
- 251 7 8.635  10.505 = .1.870 100 3.293.
106 8 8.647 11.556 2909 150 3333
278 9 8.697 11.717 3.020 150 3.375
6 10 8.657 10.424 1.767 100 3.232
231 11 8.435 10.334  1.899 - 100 3,310
279 12 8.737 12.586 3.849 200 3.325
100 13 .8.616 12.253 3.637 200 3.263
191 14 8.717 11.455 2.738 150 3.267
310 15 8.726 11.657 . 2931 150 3.342
264 16 8.404 12.192 3.788 200 3.307
236 17 8.666 10404 - 1.738 100 3.214
181 18 8.657 12.808 4151 200 3.410
137 19 8.596 12.454 3.858 200 3.327
261 20 8.465 11.313 2.848 150 - 3.310
242 21 8.768 10.697 1.929 100 3.327
142 22 8.656 11.344 2.688 150 3.247
146 23 8.546 . 12.737 4.191 200 3.421
110 24 8.738 12.809 4,071 200 3.388
147 25 - 8.647  10.666 - 100

2.019 -

3.378

¥ (Dia. of raindrop)

? (Dia. of raindrop) ~ 0.07 mm.

~ 3.301 mm ~ 3.30 mm.
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Y=0.754+0.072X
R%. 0.96

Rainfall Intensity(in/hr) B>

Floatmeter Readings >

Figure 25. Linear relationship between rainfall intensity and floatmeter reading.
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Table 13. Floatmeter Reading vs. Variation of Rainfall Intensity Over the Plot Area.

T

g4 [ )
Ry (ml) (inch) (ml) (inch) (ml) Ginch)  (ml)  (inch)
10 15075, 197  58.66 0.76
10~ 159.56 2.08 59.30 0.77
10 14188  -1.85 51.59 0.67 150.73 1.96 7.35  0.095
20 163.56 2.13 58.38 0.76
20 158.75 2.07 60.04 0.78 '
20 164.68 - 214  60.38 0.79  162.33 2.11 257 0.033
30 195.63 2.55 57.36 0.75 :
30 193.43 2.52 56.06 0.73 _ , _
30 19093 2.49 56.93 074  193.33 252 2.05 0.057
40 248.13 3.23 49.65 0.65
40 266.25 3.47 47.81 0.62. . ,
40  259.69 3.38 50.08 0.65 258.44 3.36 334 0.043
50 318.75 4.15 4771 0.62
50 329.38 4.29 48.54 0.63
50 331.33 4.31 49.24 0.64  327.50 4.26 553  0.072
60 399.38 5.20 53.32 0.69 '
60 298.44 5.17 54.71 0.71 :
60 - 389.06 506  57.67 0.75  395.63 5.15 4.66 0.06
70  480.31 6.25 69.92 0.31
70 4545 592 ° 65.84 0.86
70  463.75 6.04 55.66 0.72. 466.27 6.07 10.58 0.138

R4 = Floatmeter reading.
1 = Mean of each trial.

o, = Standard deviation within each trial.
7 = General mean rainfall intensity (3 trial).

g, = Standard deviation among each trial.




Table 14. Rainfall Intensity Calibration Data* (see Fig. 8, referred to the # of container).

Amount of Measured Simulated Rainfall (ml/can)

u

Time 11* 12 13 14 21 22 23 24 31 32 33 34 41 42 43 44 g oo

R4y (min) (ml) (ml) (ml) (ml) (ml) (ml) (@ml) (@l) (ml) (@ml) (ml) (ml) (ml)) (@) @) (@) (ml) (mb)
10 10min 220 235 225 185 200 205 200 130 135 145- 145 95 8 80 65 60 151 59
10 " 225 250 225 195 225 215 200 130 160 150 150 98 100 90 70 70 .160 59
10 N 200 225 200 165 190 190 180 120 140 135 140 90 85 -8 65 60 142 52
© 215 237 217 182 205 203 193 127 145 143 145 94 90 85 67 63 151 57
20 " 230 255 230 185 210 215 200 135 180 162 170 110 110 90 70 65 164 59
20 " 225 250 230 180 210 220 205 130 165 150 160 100 100 85 70 60 159 60
20 " 250 255 220 180 220 230 200 140 175 150 165 110 110 100 .70, 60 165 60
I 235 253.227 .182 213 222 202 135 173 154 165 107 107 92 70 62 162 63
30 " 280 290 250 210 250 250 220 170 200 180 195 130 160 140 105 100 196 57
30 " 280 285 245 210 240 240 220 170 200 175 200 140 160 130 100 100 193 56
30 ! 270 280 240 215 -240 245 230 160 "200 170 200 130 150 125 100 100 191 57
277 285 245 212 243 245 223 167 200 175 198 133 157 132 102 100 193 57

40 " 300 320 290 280 300 300 300 240 270 260 280-200 240 200 190 170 288 65
40 " 320 320 310 290 310 300 300 230 290 260 300 200 250 210 190 180 266 48
40 ! 310 320 300 290 310 300 290 220 290 250 290 200 240 200 180 165 ' 260 50
u 310 320 300 287 307 300 297 230 283 257 290 200 243 203 287 173 261 49
50 " 380 380 400 360 320 380 350 300 310 295 300 260 270 265 260 270 318 48
50 " 380 390 400 380 340 380 -380 '320- 320 320 290 260 300 260 260 290 329 49
50 " 400 400 400 400 330 380 380 310 320 320 300 260 300 270 280 300 331 49
7 387 390 400 380 330 380 370 ‘310 317 312 297 260 290 265 267 287 327 43
60 " 440 440 450 430 380 480 450 400 450 390 400 280 380 330 320 370 399 53

60 " 490 440 450 400 410 470 440 380 440 365 390 280 380 380 310 350 398 55.
60 " 490 440 450 420 380 460 430 395 440 360 360 270 360 340 300. 330 389 58
u 457 440 450 417 397 473 443 392 445 375 390 283 377 350 317 353 396 53
70 " 540 600 590 500 480 550 490 440 500 450 490 330 445 480 360 440 680 70
70 " 535 530 520 430 516 555 468 390 500 412 464 350 440 445 336 385 455 66
70 " 530 530 540 460 500 540 480 420 480 440 480 340. 440 440 400 400 464 56
u” 535 553 550 463 548 479 417 493 434 478 340 442 455 365 408 466 65

499

99
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critical. The variation between trials, beyond thi§ critical point begins Fo increase (Table
13). For this reason, thé minﬁnum intensity for this simulator is suggested to be 6.4 cm/hr
(2.5 in/hr) at a minimum height of 2.33 m. The maximum intensity that the unit can
deliver depends on the difference in elevation betwe'en the tops of the drbp forms and the
basé of the bubbler tube. The maximum intensity of 21.6 cm/hr (8.5 in/hr) was investi-
gated by increasiﬁg elevation diffe;ence up to 20 cm (8 inches) (Munn, 1971). The relation-
ship between simulated tainfall intensity and floatmeter reading was analyzed by using
statistical techniques including linear regression analysis, analyéis of covariance and test of
homogeneity of adj'usted means (Tables 15 through 17). The purpose of this statistical
analysis was to determine whether differencés exiéted among four linear xjégressions which
wer% shown in Table 15. These linear regressions had similaf slopes (8; =5 =83 =84 #0)
and Y-axis intercepts. For this reason, the fourth fegression in Table 15 was chosén to
explain the relationship betw;een‘ floatmeter reading and simulated rainfal} intensity (Fig. |
25). ' ~ |

The kinetic gneréy produced by this simulator for a 30 minute event wifh a 2.33 meter
fall height, a drop size of 3.30 mm diameter, and a 5.8 meter per second velocity, is 3.17 X
104 Joules per drop and 207.5 tbn-m/ﬁacm- (699.7. ft-tons/ac;e—in) per volume \.avhich is

equivalent to a natural intensity (D) of 0.56 cm/hr (0.22 in/hr) (Table 18) by using the

' relationship presented in Wischmeier et al. (1958):

KE = 916 + 331log;, 1 (58)
In general, the rainfeﬂf simulator yields a lower energy, mainly because simulated raindrops
have not rea;chéd their terminal velocity.- In this étudy, this simu}ator produced approx.i-
inétely 87% of the terminal velocity produced by a natural rainstonﬁ with a 2.54 cm/l_ir
(1 in/hr) intensity. Table 18 shows that the KE per volume of rainfall fér this simulator is
greatér than that of any of the' hand portabie units which were reviewed and compares very

favorably to the larger nozzle operated units. The KE variation due to slope is determined
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Table 15. Linear Regression Analysis of Intensity vs. Floatmeter Reading.

No. Regression r? F H,
1 . Y,=00736X+0694 095 - 9601*  p@=0
2 7, = 0.0696X +0.653 0.96 115.98%* 8, =
3 'Y, =0.0723X +0.720 0.97 168.74%* B85 =
4 Y, =0.0720X +0.754 0.96 131.41%* Ba =

**Significant difference at « = 0.01.

iy x = @ + B8X is to be estimated by ?x =a+bX.

t

Table 16. Analysis of Covariance for Test of Homogeneity of Regression Coefficients.

SV SS DF MS F H,
Regression due to b 57.83 1 57.83 4900.85%*  §=0
Variation among b’s 0.05 3 0.017 0.144 ﬁl =ﬁ2 =Ba =B,
Pooled residual 2.35 20 0.118
Total 60.23 24

**Sjenificant difference at a« = 0.01.

Table 17. Test of Homogeneity of Adjusted Means with Equal Regression Coefficients,

SV SS - DF- MS F - H,
Variation among Y, 0.84 3 028 238 uy=ws=ps=Ha.
Pooled residual 2.35 20 0.12 ‘

Total . 319 23
N




. Table? 18. KE vs. Drop Diameter and Velocity fc')rrselected Rainfall Simulators.

Fall Height KE/drop® . KE/vol.® Equivalentd
Simulator D(mm) ( '(r_n) . V(m/sec) (10‘4 D ft-tons/acre-in Natural I (in/hr)
" Meeuwig 30 0.38 - 2.5 0.365 118.8 0.004
Adams et al. 5.56 . 1.00 429 . 6.85 359.7 0.019
McQueen 5.61 1.50 : 5.17 10.20 507.8 - 0.058
Type-F Nozzle " pressure - . — 571.9 0.091°
Tahoe Basin; Ca" . 3.30 - 2.33-2.67 5.86.2 1 3.17~3.62 699.71799 .8 0.22~0.45
‘Rainulator _ Nozzle pressure — — 786.4 ' ] 0.40

-‘-'-é"-Data from Meyer, 1965.
‘DK E/drop = (2.618 X 10°7) D* V2 Joules.
:CKE/vol. = 20.8 X V? ft-tons/acre-in.

A From Wischmeier and Smith (1958)
KE (ft-tons/acre-in).= 916 + 331 log;, I
I = Natural Storm Intensity (in/hr).
~*Selected rainfall simulator in this study.

(=2}
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‘by the difference in drop fall distance Between the top.and bottom of the plot. This causes

drop fall velocitigs to increase, with a resultant increase in KE from the top to the base of

' the plot. Total KE variation due to slope is only 3.5% from the top to the base of the slope

'(Tables 19 and 20), because the rate at which drop fall velocity increases lessens as the

" height of fall becomes greater. Also, the uniform drop sizé and lower energy produced by

the simulator make it impossible to simulate the rélationship between energy, intensity,
terminal velocity, drop size and fall height that exist in natural storms. There are other
factors, such as momentum, spatial distribution of momentum, velocity and ehergy that

further complicate the simulated problem.

Particle Size Distribution

An improved method of representing the different particle sizes in a soil is the loga-
rithmic chart shown in Figures 26 through 28. The entire range in particle sizes, plotted on
a logarithmic scale, forms the horizontal divisions, while the percentage by weight of the
soil particles that are finer-than a given size forms the vertical divisions. In Figures 26, 27,
and 28, curve A represents tile eroded sediment from the sandy loam, sandy clay loam and
mixed soil respectively. Curve B represents the barticlé size curves bf those soils before
erosion. The gaps between these two curves can be explained in terms of relative soil erodi-
bility of different particle size‘s.‘ The gaps increase with an increase in soil erodibilitsl. For
this reason, the géps shown in Figure 26 are larger than that of Figure 27. Hence, the soil
erodibility of the san%iy loam is larger than that of sandy clay loam. Also, notice that the
finest particlg sizes and the coarsest particle sizes are much more registant to soil erosion.
This can be confirmed because the smallest differenqe between curves occurs at the coarse
and fine particle size ranges (Figs. 2_6,‘27, and 28). Fine .particl.es are more cohesive than
coarse ones and resistl soil erosion. Coarse particleé are not readily transported by runoff. '

The intersection p’oints on Figures 26 'i:hrough 28 represents the critical particle size in
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Table 19. Variation in Plot Dimensions vs. Percent Slope.

% of Area  Variation in
(%) ) Cos 6 L(cm)  Area (cm?) Variation  drop fall (in)
1 0°34' =10 , 610 3721 ' 0 ' 0
20 11°19' 0.9806  62.2 3869 ‘ 2.0 +2.4
40 21°48' 0.9285 65.7 4316 7.7 +4.8
60 30°58' 0.8575 . 71.1 5055 16.6 - +7.2
Table? 20. KE Variation Due to Slope Changes.
' - KE/drop
. H(cm) 1041,
- S (%) Sin ¢ L (cm) AH (cm) max - min max min
1. 0 . 60.96 0 233 267 3.17 3.62
20 0.1961 60.96 1195 - 221.1 225.1 2.95 3.50
40 0.3714 60.96 22.64 2104 244.4 2.85 3.17
60 05145 60.96 31.36 201.6 235.6 2.74 3.06

2 Assumptions: : :
1) Raindrop should be sphere and rigid,
2) Air friction is small enough to be neglected,
3) Vertical rainfail due to still air condition,
4) No energy loss during simulation process,
5) At room temperature.
Y9 of KE variation: - '
233<H<2.67(m)"
5.80 < V < 6.20 (m/sec)
3.17 < KE, < 3.62 (10™* J) (by changing fall height)
2.74 < KE, < 3.17 (10 J) (at H,,,;,, by changing slope)
3.06 < KE, < 3.62 (107* J) (at Hy,axs bY changing slope)
3.17 < KE; < 3.06 (107* J) vs. KE, e = 3.12x 104 7]

~ £0.11X 104
= 3.5% of variation

1§
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Figure 26. Particle size curves for sandy loam after erosion and before erosion.
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Figure 27. Particle size curves for sandy clay loam after erosion and before erosion.
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Figure 28. Particle size curves for mixed soils (SL mixed with SCL) after erosion and before erosion.
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terms of erodibility. In the studsl, the critical sizes are 0.05 mm, 0.18 mm and 6.5 um for
sandy loam, sandy clay loam and mixed soil respectively. The thre;e soils have‘steep particle
size curvés in the sand rangé that graﬂually become long, flat cﬁrves in thé fine range. This
may indicate that the soils were formed by mechanical weathering and later altered by
chemical weathering (Sowers, 1979). Hence, those soils can be ten;1ed weathered-uniform

soils. ! .

Sediment Yields Estimation

A hydromechanical erosion model woﬁld providé a comprehensive expression of the
ﬁnderlying physical and mechanical processes involved in erosion and sedimentation. Witﬁ
it, data needed for a thorough study of the effects of important linteractions among soil
texture, rainfall intensity,-rﬁnoff and topographic variables (Tablg 21) could be evaluated
rapidly.’ Statistical techniques, such as factorial analysis of variance, individual degree of
freedom, multiple comparisons among treatment means and Duncan’s multiple raﬁge test
(MRT) would be helpful to analyze these data collected from the completely randomized
experiments (CRD). The MSUSTAT program, an interactive statistical analysis package,
was used to analyze the data (Lund, 1979). Throughout this study, «=0.05 and/or «=0.01
probability level of significance were selected to evaluate whether or not an individ-
ual independent variable would be significant in the experiment. In order to evaluate
whether an independent variable, such as slope, intensity, soil, and ruﬁoff, is significantly -
related to -a dependent variable, sedimenf yield, in the' completely randomized experi-
ments, one must consider the t.otal number of independent variables and the interacétions
among these inde_pendent variables. Significant variables were compared to previous

research results as a means of verification.
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Table 21. Average Sediment Yield for Each Soil Under 36 Treatment Combinafions.

ﬁ _ Soil loss ,
%@ N 3 Sog] o Average Sediment Yield (g/plot)
e (-Jb R jOp > Xtul‘e D - T v
B\ BNz '
o\ Y %) SL SCL SL/SCL SCL/SL SL X SCL.
0 0.09f  0.07 0.10 0.06 0.08
15 20 3.13 3.14 348 291 3.03
) 40 8.36 7.17 8.98 6.55 7.32:
60 29.79 " 13.13 30.03 1244 . 24.94
\ 0 0.12 0.10 0.15 0.08 0.09
0 2.0 20 . 4.18 3.66 4.89 348 3.93
.o 40 12.84 8.36 14.19 7.88 12.23
60 36.08 16.46 39.15 . 15.06 32.44
0 . 0.18 0.14 0.22. 0.12 0.15
2.5 20 6.42 461 - 656 4.32 © 593
T 40 15.79 10.60 - 16.61 9.62 12.74
60 45.77 19.59 47.57 18.27 39.98
0 0.33 0.25 047 0.19 . 0.32
1.5 20 13.46 9.40 14.93 8.68 12.58
) 40 39.60 24.10 40.69 22.89 39.23
60 . 125.50 48.70 129.38 45.80 121.00
0 0.42 -037 058 0.28 0.39
21 2.0 20 1648 12.54 17.84 11.21 16.16
’ 40 54.40 37.80 56.59 35.31 53.17
.60 . 151.80 86.80 156.31 77.40 144.20
0 0.47 0.42 0.63. . 0.33 045
2.5 20 18.63 14.70 19.54 14.31 . 16.97
) 40 70.50 40.20 73.78 - 35.74 67.02
60 18494 106.60  194.29 102.94 171.93
0 0.50 0.39 0.67 0.36 0.47
15 20 1577 11.18 16.22 10.35 15.04
) 40 - 55.62 36.39 56.74 36.15 54.26
60 - 189.32 74.89 . 197.01 72.13 178.39
0 0.68 0.53 .0.82 0.48 0.57
42 20 20 20.03 14.58 21.06 - 1372 18.68
) 40 88.44 45.72 ° 90.04 42.40 - 84.25
60 220.48 102.78 232.66 91.10 204.86
0 084 0.71 1.03 0.62 0.81
25 20 25.13  16.86 25.73 15.22 22.24.
' 40 103.44 4881  112.75 44.33 - 98.18
259.24 238.84 27344 114.84 241.98

TEach number is the mean of three replicate trials.
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Tables 22 and 23 show the analysis of variance~(ANOY) between the indepéndent
variables, soil texture, and soil losses. The comparisons among soil textures using the multi-
ple range test indicated that soil losses from two soil textures ('S‘L and SCL) wefe signifi-
cantly different. The following soil comparisor_ns wére not significantly different: sandy
loam < M1 type soil, sandy clay loam «+ M2 type soil, M1 type soil <+ M3 type soil (Tables
24 and 25). There were no significant difference between layered soils (M1 and M2) and
natural soils (sandy loam and sandy clay léam) as shown in Table 22. The resul\t's of factor;
ial ANOV for each soil are shown in Tables 26, 30, 34, 38 and 42. All independeﬁt varia-
bles and interactions among them héd significar}t aifferencqs at the 1% probability level.
Therefore, previous erosion research resixlts can be confirmed by this study. To determine
if the three factors were different with respect to soil losses based on each soil texture, the
multiple comparisons among each factorial groups were used (Tables 27 through 45). The
results of this test showed that all three factors, slope, runoff, anci intensity, were signifi-
.cantly diffefent at either «=0.05 or a=0.61 with respect to soil loss for each soil texture
base. Tables 26 through 45 also strongly indicate that plots with s'teeper’slopes and higher
rainfall inteﬁsity and runoff rates were more sensitive to erosion by raindrop and runoff. In
each soil type, as the slopé, intensity, and runof:'f ﬁncreased, the sediment yield -also in-
creased significantly. . .

Tables 46 through 51 give the resuits of flow regimes when runoff occurs. In general,
a Froude number (Fr) of mc;re than 1 can ch descri;oe'd as supex;critical flow which is more
* erosive than subcritical flow. A Reynolds number (Re) vlevss than 500 denotes 1aniinar flow
which is less erosive. than turbulent flow. Fie!d studies by Morgan '( 1979) indicate that
most of runoff is lami’nar with an R, between 1 and 50 and F are bei:ween 0.01 and 0.1.
All of these researph results were confirmed by the study shown in Tables 46 through 51.
In this study most runoff flow regimes were subcritical-laminar (R, = 3 ~ 70, Fr,= 0.02 'w

0.41 X 107).
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Equation 55 is a non-linear hyperbolic partial differential equation. Even though it
can be simplified by superimposipg boundary conditic;ns, a considerable number of numer-
'ical schemes are still required for its solution (Burden et al., 1981). The solution of this
equation can best be explained graphically as they are shown on Figures 29 through 34.
which show the distribution of solutions with respect to two unknown constants ¢ and ¢
referred to in the previous discussion. Tai)le 52 and Figures 35 through 40 show that the
differences in soil loss of éctual meastvlrem_en‘t and model prediction are not highly signifi-
cant. Figures 35 througﬁ 40 indicate that the effects of erosive factors (slope, s,c;il texture,
rainfall intensity, runoff) on simulated soil loss are xion-linear, because sediment yields are
not orily dependent upon individual erosive factors but. also upon the interaction of these
féctors. Therefore, a hyperbolic equation would be ex;;ected to describe the mechanical
processes of erosion. The application of this model, which has been drawn graphically, will'

be discussed in more detail in the following section.
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Table 22. ANOV of Comparisons Among Soil Texture.

SV SS DF MS F
TRT : 151.34 4 37.835 33.54%*
SL vs. SCL 83.85 1 83.85 74.34%%*
M13vys. M2b 62.86 1 62.86 55.73%%
SL & SCL , .

vs. 2.51 1 2.51 . 2.23
Ml &M2 :

Residuat - 212 1 ‘ 2.12
ERR _ 11.28 10 '1.128
TOT 16262 14

**Gjsnificant difference at « = 0.01.
4 M1:SL/SCL layered soil
bM2:SCL/SL layered soil

Table 23. ANOV of Comparisons Among Soil Texture.

SV h . SS DF MS F
TRT 151.34 4 37.835 33.54%*
SL vs. M12 3.01 1 3.01 2.67
SCL vs. M2P 0.26 1 026 . 0.23
SCL vs. M3© . 26.71 i 27.61 23.68%*
Residilal C 12136 1 121.36
ERR 11.28, 10 1.128
TOT 162.62 . 14

**Significant difference at @ = 0.01.
4M1:SL/SCL layered soil
bM2:SCL/SL layered soil
®M3:SL mixed with SCL
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Table 24. Duncan’s Multiple Range Test

g Varieties " Difference SSR3 Conclusion
5 SL- « M2 7.89 209 o
4. SL « SCL 7.48 2.02 *
3 SL « M3 . 3.26 - 2.01 #
2 SL « Ml 142 192 . NS
4 Ml < M2 . . 6.47 2.02 ' *
3 M1 « SCL ' 6.06 2.01 -
2 Ml « M3 1.84 1.92 NS
3 M3 « M2 4.63 ' 2.01 ' *
2 M3 « SCL 4.22 1.92 *
2 SCL «+ M2 . 0.41 1.92 NS

48SR = significant student range.

* = gignificant difference at « = 0.05.

NS = non-significant difference.

SL = sandy loam; SCL = sandy clay loam.

M1 = SL/SCL layered soil; M2 = SCL/SL layered soil; M3 = SL mixed with SCL.

Table 25. Results of Duncan’s Multiple Range Test.
Varieties M2 SCL M3 M1 ~SL

Means

Table 26. ANOV of Factorial Experiment for Sandy Loam.

SV DF SS MS F

TRT 35 .

Runoff (R) 2 85240 42620 - '63430%*
Intensity (I) 2 7804 3902 5308%*
RXI 4 2003 500.7 745.3%*
Slope (S) 3 311500 103800 . 154500%*
RXS 6 97240 16200 24120%*
IXS. 6 6735 " 1123 1671%*
RXIXS 12 1827 152.3 226.6%*

ERR 72 . 48.37 0.6719
#*Gjgnificant difference ata =0.01.
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Slope Base:

Table 27. Multfple Slope Comparisons of Sandy Loam.

Varieties : Mean Difference t
1% + 20% 13.29 59.55%x
1% < 40% , 49 .48 221.80%*
1%« 60% - . . 137.70 617.20%*

20% < 40% C ; 36.20 '162,2 *%*

20% + 60% 124.40 " 5577 #*

40% <+ 60% _ 88.21 395.4 *%
**Significant difference at « = 0.01. .

Intensity Base:

Table 28. Multiple Intensity Comparisons of Sandy Loam.

Varieties (in/hr) Mean Difference t

1.5 <20 - ‘ 10.37 53.69%*

1.5 «2.5°. 20.82 107.80%*

20 «2.5 10.45 54.,09%*
**Significant differenceate =0.01.~ o

Runoff Base:

Table 29. Multiple Runoff Rate Comparisons of Sandy Loam.

Varieties ‘ :

(cm? [sec) : Mean Difference ot .
0 «21 . 42.82 221.6 **
0 <41 68.06 352.3 **

21 e 42 25.25 130.7 **

**Significant difference at « = 0.01.
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Table 30. ANOV of Factorial _Experiment for Sandy Clay Loam.

SV + DF SS MS F
TRT 35
Runoff (R) 2 21050 10525 15460%*
Intensity (I) 2 3387 1694 2488%*
RXI 4 1114 .278.4 409.]1 **
Slope (S) 3 68920 122970 33760%*
RXS ' 6 21230 3539 5201 %%
IXS . 6 4310 718.3 1055%*
RXIXS 12 1629 135.7 199 4% %
ERR 12 : 49 0.6806 .
**Significant difference at« =0.01. -
Slope Base: ‘
Table 31. Multiple Slope Comparisdns of Sandy 'Cllay-l;oam.
Varieties Mean Difference t
1% < 20% 9.736 43.36%*
1% <« 40% 2845 126.70%*#*
1%+ 60% 66.08 294.30%#
20% < 40% ~ "18.72 83.36%*
20% <« 60% 56.34 - 250.90%*
40% « 60% , . 37.63 167.6 **
"* *Significant difference at ¢ = 0.01.
In tensity Base:
Table 32. Multiple Intensity Comparisons of Sandy Clay Loam.
Varieties (in/hr) - Mean Difference t
1.5 <20 8.40 43.20%*
1.5 2.5 - 13.59 69.90%*
20 «25 5.19 26.70%*
A#Gionificant difference at'a = 0.01.
Runoff Base: . - ‘
Table 33. Multiple Runoff Rate Comparisons of Sandy Clay Loam.
Varieties o
(cm? [sec) . Mean Difference t .
0 <21 ‘ i - 2457 126.4 **
0 «42 32.89 169.1 **
21 42 _ 8.31 42.76%*

*%Gjenificant difference at.o =0.01. . B

7
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Table 34. ANOYV of Factorial Experiment for M1 (SL/S_CL)- Soil.

SV DF _ SS MS F
TRT 35 . ’ .
Runoff (R) 2 93570 46785 69640%*
Intensity (I) 2 9381 4691 6982%*
RXI 4 2549 637.2 948 .4 %%
Slope (S) 3 340400 113400 168800%*
RXS . 6 107500 17930 26690**
IXS . 6 8213 1369 2037 **
RXIXS . 12 2262 A 1_89.3 281.8%*
ERR 72 48.37 - 0.6719
*%Sjgnificant difference at « = 0.01. ‘
Slope Base:
Table 35. Multiple Slope Comparisons-of M1 Soil.
Varieties . Mean Difference t
1% + 20% 13.95 62.53%*
1% <+ 40% 51.74 - 231.90%*
1% < 60% 144.00 645.30%*
20% < 40% : 37.79 169.40%*
20% < 60% _ 130.00 582.80%*
40% «~ 60% 92.22 . 413.40%*
#*Sjonificant difference ata = 0.01 - )
Intensity Base.:
Table 36. Multiple Intensity Comparisons of M1 Soil.
Varieties (in/hr)) Mean Difference t
1.5 «20 . ©11.30. 58.49%%*
15 «2.5 ' ' 2283 118.20%#*
20 «2.5 ' . 11.53 59.67%*
**Significant difference at « =0.01.
—Runoff Base: . -
Table 37. Muitiple Runoff Rate Comparisons of M1 Soil.
Varieties
(cm3 /sec) Mean Difference t
0 <21 ‘ - . 44 43 230.0 *=*
0 +42 71.39 359.5 **
21 < 42 -0 2697

139.6 **

**Significant difference at & = 0.01.
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Table 38. ANOV of Factorial Experiment for M2 (SL/SCL) Soil.

Sv DF SS MS F
TRT 35 .
Runoff (R) 2 13760 . 88835 25080%*
Intensity (I) 2 2527 1263.5 3567%*
RXI 4 872.0 218.0 615.5%*
Slope (S) 3 58360 19450 54920%*
RXS 6 17610 2936 8278%*
IX S 6 3456 576.0 1626**
RXIXS 12 1387 115.6 326.5%%
ERR 72 25.50 0.3452
*%Gjonificant difference at & = 0.01. )
Slope Base: _
Table 39. Muitiple Slope Comparisons of M2 Soil.
Varieties Mean Difference t
1% < 20% 9.059 55.93%*
1% <+ 40% 26.46 163.40%*
1% < 60% 60.83 375.50%*
20% <« 40% 17.40 107.40%
20% <+ 60% 51.77 319.60%*
40% < 60% 34.37 212.20%*
**Gjonificant difference at a = 0.01. )
Intensity Base:
Table 40. Multiple Intensity Comparisons of M2 Soil. ,
Varieties (in/hr)’ Mean Difference ot
15 20 6.656 47 45%*
1.5 «25 11.820 84.24% .
20 2.5 5.161 36.79%%
**Si@iﬁqant difference at a = 0.01. I B
_Runoff Base:
Table 41. Multlple Runoff Rate Compansons of M2 Soil.
Varieties
(cm? [sec) Mean Difference. t
0 «21 22.86 163.0 **
0 «42 o -30.09 214,5 **
21 <42 7.228 - - 51.53%%

**Significant difference at « = 0.01.

r
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" Table 42. ANOV of Factorial Experiment for M3 (SL mixed with SCL) Soil.

SV ' DF SS MS F
TRT 35 ' _ ‘
Runoff (R) 2 77840 38920 6824 %%
Intensity (I) 2 6581 3290 576.9%%
RxI - 4 1708 427.0 74.87%*
Slope (S) 3 269700 89900 15760%*
RXS 6 87790 14630 2566%*
IXS 6 5150 8584 150.5%*
RXIXS 12 1485 - 123.7° 21.69**
ERR ' 72 ' 410.6 5.703 :

**Sjgnificant difference at a = 0.01. ' '

Slope Base:

Table 43. Multiple Slope Comparisons of M3 Soil. . "

Varieties - . Mean Difference t
1% + 20% ' 1322 20.34%%
1% < 40% ' . 47.22 76.65%*

1% < 60% 128.50 197.70%*

20% <+ 40% : 34.00 © 52.32%%*

20% <+ 60% ’ 115.30 . 177.30%*

40% < 60% A 8126 125.00%*

#*Gjgnificant difference ata = 0.01.” = =~ T

Intensity Base:

Table 44. ‘Multiple Intensity Comparisons of M3 Soil.

Varieties (in/hr) . Mean Difference t

1.5 +20 9520 16.91%*

15 « 2.5 19.120 33.97*%*

20 <25 o 9.601 17.06%#*:
**Sjgnificant difference at a = 0.01.-

Runoff Base: —_— L

Table 45. Multiple Runoff Rate Comparisons of M3 Soil.

Variéties _

(cm® /sec) Mean Difference t
0 «21 - . 42.37. 75.27%%
0 «+42 64.74 115.0 **

39.74%*

21 « 42 - 22.37

o Significant difference ata = 0.01.
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Table 46. Runoff Over Sandy Loam Surface With R = 0 cm? /sec.

I S Q \4 F, Ty,

(in/hr) (%) (in®f/sec) (10™ ft/sec) R, (10™*)  (Ib/ft?) Flow-Regime
1.5 1 010 2.89 2.68 1.61 4.7 X 10 Subcritical-Laminar
" 20 - 026 8.21 6.96 4.78 1.52x 107 ‘ "

" 40 031 11.95 8.30 6.56 3.31x 107 N
" 60 045 17.36 12.06 11.16 5.98x 107 "
2.0 1 016 3.97 428 2.05 5.95x 107 "
" 20 035 9.35 9.37 5.00 1.76 x 107 "
" 40 037 12.77 991 7.08 3.61x107 "
" 60 049 18.90  13.13 11.34 6.24X 107 "
2.5 1 0.8 4.17 481 2.08 632X 107 "
" 20 041 10.17 1098 525 1.90x 107 "
" 40 043 12.44 11.52  7.65 3.90x 107 "
" 60 059 1581 12.50 6.85x 107 "

20.49

Table 47. Runoff Over Sandy Clay Loam Surface With R =0 cm? /sec.

I S Q Y F, Ty,
(in/hr) (%) (@n®/sec) (107 ft/sec) R, (1) (Iv/ft?) Flow-Regime
1.5 1 012 2.97 322 1.53 5.15X 1075 Subcritical-Laminar
" 20 0.31 9.00 830 5.01 1.66X 1073 "
" 40 035 12.15 9.37 17.41 3.52X 107 "
" 60 045 19.53  12.06 13.33 5.98x 107 "
2.0 1 0.20 434 535 2.10 6.65X 107 . "
" 20 © 035 9.35 937 5.00 1.76x 1073
" 40 039 12.31 1044 7.16 3.71x 1073 "
" 60 ~ 0.55 19.09 1474 11.64 6.62X 1073 "
2.5 1 0.24 4.90 643 229 7.28X 107 "
" 20 043 1066 11.52 5.50 1.95x 107 "
" 40  0.49 14.17 13.13 7.89 4.16 x 1073 "
" 60 061 21.18 16.35 "

1 6.97 X

1073

12.91
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Table 48. Runoff Over Sandy Loam Surface With R = 21 cm? /sec.

1

(in/hr) (%) (in/sec) (107*ft/sec) R

S

c

r

(107%)  (b/ft?)

F Ty

Flow-Regime

1.5

2.0

© 2.5

on
"

Q v
0.77 15.11
1.50 3472
1.67 44.60
1.79 62.15
0.81 15.63
1.79 38.85 .
1.91 4737
2.07 65.34
0.87 16.78
1.93 39.42
2.03 50.35
2.16 68.18

20.70
40.31
44.69
47.94

21.80
47.94
51.22
55.57

23.43
51.76
54.48

. 57.76

7.07 130X
1729 3.64 X
23.86 7.69 X
37.9111.92X

7.11 1.34X
18.76 3.97 X
2444 8.20X
38.03 12.82 X

7.63 1.38 X
1845 4.13X
25.98 8.48X
39.68 13.13 X

10* Subcritical-Laminar
1073 "
1073 "
1 0—3 "

10-4 "
10~ "
1 0-3 "
10—3 "

107 "
1073 S
1073 .
1073 "

Table 49. Runoff Over Sandy Clay Loam Surface With R = 21 cm3 /sec.

IS Q v F, Ty,
(in/hr) (%) (in®/sec) (107 ft/sec) R, (107%)  (b/ft*) ' Flow-Regime
15 1 081 1562  21.70 7.1 134X 107*. Subcritical-Laminar
"200 167 36.24  44.74 17.50 3.85x 107 " |
" 40 195 45.14 5224 2329 832X 107 "
" 60  2.03 64.08 5439 37.9412.72X 107 "
20 1 085. 1640 © 2276 746 137X 107 "
" 20  1.83 39.71  49.04 19.18 4.02X 10 "
" 40 199 47.65 5331 24.59 8.40X 107 "
" 60 234 6771 6269 39.4013.67X 107 "
25- 1 - 089 17.17  23.85 7.81 1.40X 107 "
" 20 199 4064 5331 19.22 4.20X 107 "
" 40 216 50.00  57.87 25.80 8.75X 107 "
" 60 244 70.60 6537 41.09 13.95X 107
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Table 50. Runoff Over Sandy Loam Surface With R = 42 cm® /séc.

1 S Q v F, T, T
(in/hr) (%) (in®/sec) (107* ft/sec) R, (107™) (Ib/ft2) Flow-Regime
1.5 1 1.38 28.19 |, 37.06 13.19 1.74 X 10"* Subcritical-Laminar
" 20 1.91 41.45 51.22 20.02 4.10x 1073 ' "
" 40 1.95 48.36 52.31 2495 8.29x 1073 e
" 60 2.46 85.71 65.89 -35.15 4.00x 1073 "
2.0 1 2.09 38.19 56.09 1692 2.15x 1074 "
" 20 2.43 46.88 65.24 21.33 4.63x 1073 "
" 40 2.61 53.31 69.93 2496 9.60X 1073 - "
" 60 2.95 68.29 78.93 36.01 15.33x 1072 "
25 1 2.41 - 41.84 64.57 17.61 231X 10°% "
" 20 2.63 53.62 70.44 25.14 4.81 X 1073 "
" 40 2.79 60.55 76.69 29.25 9.92x 1073 "
" 60 73.67 79.59 1073 "

2.97

38.01 15.35 X

Table 51. Runoff Over Sandy Clay Loam Surface With R =42 cm? /sec.

37.15 1441 x 107

I S Q V- Fr Tb
(in/hr) (%) (in%/sec) (107* ft/sec) R, (1 04) (1b/ft?) Flow-Regime
. 1.5 1 1.32 25.46 3542 11.58 1.71 x 10~* Subcritical-Laminar
" 20 2.07 . 4248 55.57 19.78 4.27x 1073 "
" 40 2.32 53.70 62.11 26.74 9,07 x 1073 "
" 6Q 2.40 64.10 64.30 34.2913.84X 1073 "
2.0 1 1.65 30.15 44.12 13.35 191x 10°¢ "
" 20 2.16 44.12 57.76 20.65 4.38%-107® "
" 40 2.44 52.95 65.39 25.57 9.30x 1073 "
" 60 248 66.24 66.44 35.44 14.06 X 1073 "
2.5 1 1.87 32.47 50.09 14.03 2.04x 10°* "
" 20 2.24 45.75 5994 2141 4.45x 1073 "
" 40 2.52 54.69 65.72 2642 9.44x 107 "
" 60 2.60 69.44 69.67 "




Figure 29. MF distribution with respect to ¢ and ¢ for sandy loam with R = 0 cm? /sec.
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Figure 30. MF distribution with respect to ¢ and y for sandy clay loam with R = 0 cm? /sec.
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Figure 31. MF distribution with respect to ¢ and ¥ for sandy loam with R = 21 cm? /sec.
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Figure 32. MF distribution with respect to ¢ and y for sandy clay loam with R = 21 cm? /sec.
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Figure 33. MF distribution with respect to ¢ and ¢ for sandy loam with R =42 cm? /sec.
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Table 52. Sediment Yield Difference Between Actual Measurement and Model Prediction.

Soil Loss
S Average Sediment Yield (g/plot)
oi] Texwre
_ . SL (measured) SL (predicted)
0 0.09 0.10
Is 20 . 3.3 13.57
’ 40 8.36 9.02
60 29.79 _ 33.46
0 0.12 0.16
‘ 20 4,18 . 5.26
0 2.0 40 ©10.84 - 13.86
60 . 36.08 34.29
0 0.18 , 0.26
2.5 20 ' 642 - . 8.09
) 40 o 15.79 : 16.71
60 45.77 43.74
0o 0.33 0.40
1.5 20 1346 . 13.90
) 40 39.60 - 43.78
60 125.50 ' -132.68
0 042 - o 0.49
: 20 16.48 : 19.29
21 2.0 40 54.40 60.45
60. ’ 151.80 164.76
0 0.47 : 0.54
2.5 20 18.63 . ! 21.34
) 40 70.50 76.86
60 184.94 191.32
0 0.50 0.63
1.5 20 15.77 ) 18.85
) 40 T 55.62 60.35
60 189.32 180.28
0 ‘ 0.68 : 0.84
: 20 20.03 23.70
2 20 40 88.44' - 94.64
60 . 22048 228.66
"0 0.84 ' 1.04
’s. 20 2513 2961
’ 40 103.44 111.55

- 60 259.24 271.19
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CHAPTER VI
"EROSION MODEL APPLICATION AND DISCUSSION S

The hydromechanical erosion model, primarily conceptual at prese_ﬁt, needs to be
applied to field conditions. Application of the model described above may be clarified by
an example.

EXAMPLE:

Assume water erosion occurred at a Colstrir; mined-area which is located in south-
eastern Montana, a storm intensity = 3.8 cm/hr (1.5 in/hf) for 30 minutes, S (slope) = 40%,
and soil texture of sandy loam. No inflow will be aﬁdgd from upslope (R = 0). (a) What‘
soil loss could be expected for this area before reclamation if you use the model described
in this study. (b) What soil loss would be predicted by the USLE? (Crop factor C, and
practice factor P = 1.) Assume other fac.tors are th‘e same, the organic matter content of -
this sandy loam is 1.93%,L (slope length) is 61 m (200 ft) and traﬁsportif;g capacity Ty, is
16.20 X 107 kg/m? (3.31 X 1073 1b/ft?). |
Solution:

(a) 1) Assume ¢ = 0.5 (¢ ranges from 0 to 1 in this model) .
' 2) 'From'Figure 29, read MF = 064 and ¢ = 0.95 for the given conditions. (Follow
dashed line). |

3) From given assumption, Ty, = 3.31 X 107® 1b/ft>.

4) Substitution in equation 57.




b)

5)

2)
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(9!
n

1
e = Toll= —(1-9)1 -e™9)]

1 S
331X 107 [1 - —=(1 - 0.95)1 —e~0:5)]

3.18 X 107® 1b/ft?

IR

155.18 kg/ha

Since MF = 0.64 = Ge/Gy = 155.18/Gy,
G, =155.18/0.64 =242.47 kg/ha

Since crop factor (C) and conservation practice factor (P) fd£ bare ground are
equal to one, the CP factor is equal to 1 (CP = 1).

K factor:

" From nomograph of USLE, read -

3)

4)

K =0.23, when organic matter content is 1.93%

R factor: » |

R factor can be estimated by

R=Z2El; - ; I3 = maximum 30-min intensity (in/hr) '
E=916+logl ; I =natural intensity (in/hr)

Ripatural) = (O79(0.75)=7.31 ;1= 1.5 in/hir
R(simulate) = (6-98)(0.11)=0.77 ; 1=0.22 in/hr

LS féctor: o

LS factor can be calculated by

LS = (A/72.6)™ (65.41 sin?6 + 4.56 sind + 0.065)

where . A = slope length (ft)
9 =" angfe of slope (degree)
m = 0.5 for slope > 5%
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LS(fielay = (200/72.6)0:5 (65.41 sin® 21.8° +4.56 sin 21.8° +0.065)

17.89 (for 200 ft field)

LSploty = (2/72:6)0-3 (65.41 sin? 21.8° +4.56 sin 21.8° +0.065)

= 183 (for2 ft plot)
5) Substitute in USLE
A = RKLSCP
= (7.31)(0.23)(17.89)(1) ,.
= 30.08 tons/acre
= 67424 kg/ha |
6) Comparison betWeen USLE and Model: ' !
It would be necessary ‘to, adjust both LS factor and R factor to field condition
when the comparison was made between USLE and Model. ;
Hence: |
R(natural) /RGSimulate) = a ; a = coefficient for R adjustment
Ls(ﬁeld)/Ls(plot;' = B ; B=coefficient for LS adjustment
So: . o
a=731/077=9.49
p=17.89/1.83=9.78

7) .Adjust soil loss estimated by model to field condition:

Table 53. Soil Losses Comparison Between USLE and Model. :
Soil Loss o Adjusted Soil

No. “Varieties ‘ (kg/ha)  a 8 Loss (kg/ha) = Ratio
1 USLE prediction 67424 1 1 67424  3.23
2 - Model estimation 242 949 9.78 22504 1.08*

3 Laboratory measurement - 225 9.49 9.78 - 20888 1.00
*Accuracy % = (1 < 1.08 - 1.00/1.00) X 100% = 92%. o
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Using these data, the soil loss estimated by the model can approximately reach accu-

racy of 92% which is described by the given example. However, the predicted sediment -

yields derived from. the USLE were poorly correlated with actual loss (Ferrell 1982 Table

52). Several reasons are suggested to explain the disparity between predlcted and actual

losses:

1)

2)

3).

4)

5)

6)

The USLE mi'gﬂt overpre&ict soil loss because fhe “LS" factor for this equation is
not truly represehtative for a miqro plot whose length is only 61 cm (2 f"eet).
Even though R factor has been adjusted, the differences in intensities and patterns
of rainfall (R factor) in t_he fwo models are not likely to agree in all fespects.
Because thg topsoil in the constructed micro plof is éompacted, the soil particles
are not readily detached and transported by the runoff. This resﬁlts in a smaller
soil‘lqss than wa\s predicted by the model.

The USLE is a ée_mi-empirical' équation based on statistical analysis. Soil loss pre-
dicted by this equation could result in e.rrorldue to the complicated interactions
between mecharical forces.governing soil loss.rétes.

The truly transport-limited o.verland ﬂbw did not occur on this micro piot,
because thére was‘ not enough flow depth developed during the simulated prd-.
cesses in the laboratory. Therefore the disparity betwéen predicfed and actuai
losses was expected. |

Runoff rate is an important factor iﬁﬂuencing sediment yield. For any given sef
of cond_itions,'a doubling of the runoff rate will more than double the sed’iment
yield. Laboratory constraints (slope leng_th and soil profile depth) preventéd a

comprehensive evaluation of the effects of the runoff rate.
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

Beca'use of the importance of predictjpg sediment yields and changes in yields due to
land use conversions, such as mining operations, and because of the pr.ohibitive costs of
using complicated mathematical models, a need arises for the development of a simple, '
effective model .for estimating sediment yield with sufficient accuracy for engineering and
reclamation of surface-mined areas. The method presented here provides a basis for soil
loss and total sediment yield prediction. Tt is also possible tc'> extend or modify the coeffi-
cients, ¢ and ¢, used here for a given surface-mined areas or watershed through the use of
da.ta collected from field or laboratory.

In summary, the factors controlling the soil erosion system are the magnitude of the
eroding agents, the ‘erodibility of the soil, the slope of fhe land, the surface roughness and
the climatic conditions. In order to understand when, wﬁere, what and how much erosion
is possible', the major fac.tors that influence erosion musf be examined in detail and the
interrelationship between them should be identified. A lack of field experimental informa-
tion from surface-mined areas must be overcome. As more data are made available, the
model presented here can be modified and updated to make it more generally applicable to
all types of mined areas and watersheds. As a result, the following conclusions and recom-
mendations can be made:

1) The proposed soil erosion model mlust be verified and studied through actual field
| testing in the future. |
2) S‘tudies by other investigators (Sherard et al., 1973) indicate that the chemical proper- ‘

ties of eroding water can‘ affect erosion rate especially in soils that are subject to dis-




3)

4)

5)

6)
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pérsion by high sodium le;rels. Hence, it is suggested that distilled water be used to
more closely simulate the chemical properties of ngtural rain.

The main advantage' of using a rainfall simulator is close monitorihg and control of
the energy, intensity and quantity of rainfall. The apparatus is easily bortable and can P
be opérated by one person. Economic water consumption is another advantage of this
simulator.

Further research should make it possible to develop a yearly average prediction of
erosion from this model becausg the total annual yield is glso important for planning. -

Future studies should consider the time required for soil and water to move down-

slope and the manner in which some of the soil properties that affect detachment and

trainspo_rt change with respect to time.

Other important items that should be taken into acc;)unt in future gtudies include:

a) Land togography and niicrotopography as they affect storage, overland flow, and
depression. .

b) Vegetatibn and crop residues as they affect the erosive. poteptial‘ of rainfall and
runoff. .

¢) Other natural or man-made actions such as regrading, tillage systerhs and soil
manipulation, as they influence soil detachment and transportation.

d) Freezing and thawing actions as they affect soil erodibility.

e) Seepage and other sub-surface flow phenomena as they affect soil erosion. -

f) Surface water depth as it affects rainfall detachment and runoff transportation.

. g) Surface roughness and rill geometry as they influence the hydraulic characteris-

tics of erosion. "

h) Additionél interrelationships among the subprocesses.
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