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ABSTRACT

A model of soil érosion; known as KYERMO, is presented which emphasizes
those prdcesses which.are important on steep slopes. Paftibular emphasis
is pléced on modeling rill development and geometry since this is the least
~ understood process in erosion mechanics. The model requires an inbut rill
. pattern.

Rainfall inputs to the model require the use of breakpoint rainfall

and kinetic energy. Surface storage is calculated 5ased on random rough-
ness data of Linden (1979). Infiltratidn is modeled by use of the two
layef Green—Ampt;Mein-Laréon model as propbsed by Moore and Eigel (1§81},
* 'Runoff is related tq rainfall excess and-surface storage by the exponential
'?felationship of Tholin and Keifer (1960).
Eroéion is modeled séparately as rill and interrill erosion.. Inter-
? rill'erosion'is modeled'by-evaluating‘raindrop'spiash and interrill trans-
port capacity. Raindrop splash is predicted by using the Bubenzer and
Jones (1971) équation which requires kinetic energy, rainfall intensity,
and percent ciay. Interrill transport capacity is modeled by either the
Yalin (1963)ror Xang (1973) equation dependiﬁg on user preference. The rate
of delivery of soil to a rill is a minimum of either the transport rate or
splash rate.-

Rill detachment capacity is calculated using the shear excess equation
of Foster (1982). Transport capacity 1s calculated from either the Yalin
(1963) or Yang (1973)ldepending on user preference. The distribution of
detachment around the rill boundary is -calculated as :a function of the

shear distributien. Shear is distributed by using a modification of the

-iii-



area method of Lundgren and Jonsson (1964). Rill wall sloughing is calcu-
lated by using the procedure of Wu et al. (1982) which uses a critical
wall angle. Flow routing in rills 1s calculated by using the kinematic
. routing procedures of Brakensiek (1966).

Data is presented showing that predictions made with model components
f are reasonable. A limiﬁed sensitivity analysis with the model shows that

predictions follow the trends that one would expect.

DESCRIPTORS:"VErosion*,:Sediment‘Erosion*, Erosion Rates, Sleope Stability,
‘Model Studies, Slppes*;;Slope-Dégradation, Rill Erosion*, Rain,

Rills.

IDENTIFIERS: Long Steep Slopes; Rilling Process, Modeling Erosion.
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CHAPTER 1 INTRODUCTION

Upland erosion, although heavily researched in the last 40 years,
is still.only a partially understood process. The key to understanding
erosion is to understand the individual processes that cause erosion
and the interactions between those processes.

The erosion model developed in this study utilized the basic con-
ceptual model shown in Figure 1.1 and the moisture balance shown in
FigureAl.z. Each block of the figures represents a given set of rela-
tionships that calculate the quantities involved. The framework was
developed in this manner so that new relationships developed by sub-
sequent research can simply be inserted into the model, causing flux
rather than obsolescence.

The m;jor émphasis in the development of this model was toward
the rilling pro;ess. It was belie?ed that a more thorough ﬁnderstand—
ing of this process would allow erosion models to be more accurate and
mcore applicable to spécial circumstances, such as steep and/or long
slopes. A secondary emphasis was on the use of relationships with phy-
sical meaning and measureable parameters, thus allowing the user to
examine the effects of steeper, longer, or otherwise different slopes
and conditions from those in the data base.

Public awareness of the current and potential problems due to
soil erosicn will push government and industry tc deal with the prob-
lem. It is hoped that tﬂis model can further the understanding of soil

erosion and assist in its reduction.
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Figure 1.1 Conceptual model of the erosion process
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CHAPTER 2 RAINFALL CHARACTERISTICS

Water sources for upland erosion are primarily rainfall and snowmelt.
- Since the modeling effort in the report is limited to erosion resulting from
- rainfall, only rainfaill characteriastics will be discussed. Three major
- areas are discussed: 1} rainfall characteristics, 2) raindfop detachment of

801l particles, and 3) raindrop splash transport of water and soil particles.

Characteristics Important to Erosion

Rainfall haé certain characteristics which are important to the erosion
process.'These include: 1} rainfall intensity, 2) temporal and spatial dis-
tribution of rainfall intensity and volume, 3) raindrop size distribution at

:different intensities, and 4) kinetic energy of thep;aindrops during a storm.
;Because upland ercsion is considered a "field-sized" phenomenon, the spatial
'i variation in.rainfall is not considered herein..

Natural r;infall is spatially aﬁd .temporally highly variable. The
Emajof ‘conditions specified to group‘ raitnstorms together are location,
'duration, and return interval. For erosion work, fairly short,-rare events
are of primary interest, i.e. a 5 year return interval storm with a duration
of 1 hour, since most of the erosive energy occurs in these short duration
storms. For example, in Lexington, Kentucky, the average annual erosivity
index, a measure of the pqtential energy for erosion, is 178 whereas the
erosivity index for a one year storﬁ in Lexington is 30. One could thus
conclude, since erosion is proportional to the erosivity index, that an
annual storm will produce'approximately 1/6 as much erosion as would be
expected in a typical year. Typically, one observes that most of the
erosive rainfall occurs in a few storms in a given year {(Foster et al.,

1982). The characteristic of these larger storms need to be known in order

to model the erosion process.
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Time Distribution of Rainfall Intensity

Rainfall intensity is an impeortant parameter, not only because it af-

fects runoff rates, but because other characteristics such as drop size and

. kinetic energy also vary with intensity. Rainfall intensities for natural
-storms are extremely variable, even within a given storm. Historical data
-on average intensities, durations, and return intervals are usually given in
the form of depth-duration-frequency information charts developed from data

by Hershfield (1961) and Frederick et al. (1977) and others. For example,

rainfall volumes and inteénsities are given in Table 2.1 for Lexington, Xen-
tucky, for return periods and durations typically of interest for érosion

modeling. The rare events correspond to intenzsities of one in/hr or great-

4er, which also correspond to storms with a high erosive potential.

The combination of storms of smaller return periods might also be of

1interest, gince a low intensity storm occuring in a soil with a high soil
Emoisture content might be more erosive than a higher intensity storm oc-
:curring on a dry soll. Soil effects will be discussed in detail in a later

section.

Rainfall intensity is highly variable within a given storm, with the
distribution of intensity varying widely from storm to storm. The character-

ization of this distribution is important since the timing of peak intensity

'can have a significant effect on runoff volume. A method frequently used to

characterize storms for hydraulic design purposes 1is known as the Depth

.Duration Frequency (DDF) Method (Barfield et al., 1681). In this method,

‘storms are characterized so that the intensities corresponding to any

duration will have a consistent return period. An example of a DDF storm is

given in Figure 2.1. The 3C3 type storms are simply derivatives of the DDF

method.
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Figure 2.1 Synthetic 100 year, 2 hr storm
pattern developed using DDF method
‘for Lexington, KY
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Table 2.1 Average Rainfall Intensity {in/hr) and
Rainfall Volume (in) for Various Dura-
tions and Return Intervals for Lexing-
ton, Kentucky (From Barfield, Warner &
Haan, 1981)

Return Interval (Years)

Duration 2 10 25 50 100

Intensity

15 min 3.3
30 min 2.3
45 min 1.8
60 min 1.5
120 min ¢.9

15 min 0.8
30 min 1.2
45 min 1.4
60 min 1.5
120 min 1.8

Tﬁe DDf anﬁ 3C3 Type storms are synthetic storms developed for design
_purposes only. The probability of obtaining an actual storm wiﬁh this dis-
tribution is unknown. Huff (1967) presented procedures for evaluating the
distribution of intensities within natural storms. In his analysis of storms
in Illinois, separate distributions were developed for storms with maximum
.intensities in the first, second, third and fourth quarter of the storm as
.shown in Figure 2.2. The frequency of each quartile storm is shown in Table
2.2. Even with this division by quartiles, a wide range of rainfall volumes
will result as shown by the range of cumulative percent of precipitation
versus cumulative percent of storm. Rainfall intensity is equal to the
slope of the curves in Figure 2.2, therefore, one can conclude that a wide
range of intensities exists for a given time within a quartile storm. Thus,

since the rainfall intensity distribution has a significant effect on runoff
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Figure 2.2. Huff's storm distributions (adapted from Huff, 1967)
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Table 2.2 Frequency of Quartile Storms and Storm Duration within
Each Quartile (Adapted from Huff, 1967)

Frequency of Storms Duration of Storms in Each
in Quartile Quartile (%)

Quartile {%) <12 hr 12-24 hr >24 hr
First 20 45 29 26
Second 36 50 33 17
Third 19 35 42 23
Fourth 15 22 26 52
Percentage of Storms 100 42 33 25

énd consequently on erosion it will be desirable for a physically based
model of erosion to accept any arbitrary time distribution of intensity.

Rainfall Drop Size Distribution

Numerous studies have shown that the so0il detachment by impact of rain-
?érops is proportional to the kinetic energy and the intensity of rainfall
(Free, 1960; Wischmeier and Smith, 1958; Foster et al., 1977b; Bubenzer and
;Jones 1971; and others). Kinetic energy for a storm depends strongly on the
drop size distribution since kinetic energy for a given raindrop size is
given by the product of mass times one half the square of the fall velocity
and since both mass and fall velocity increase with increasing drop dia-
meter. A knowledge of the drop size distribution is therefore important.

The characterization of drop size distribuitons has been performed in

.only limited areas of the U.S. Carter et al. (1974) presented raindrop
characteristics for the south-central U.S. based on data collected at Baton
Rouge Louisiana, (181 samples} and Holly Springs, Mississippi (315 samples).

By using the flour pellet method of Bentley Carter et al. (1904) size was

determined as a functicn of rainfall intensity or:

d50 = 1.63 + 1,331 - 0.33i2 + 0.312 (2.1)

where d50 is the median drop diamefer in millimeters and 1 is the average
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rainfall intensity in inches/hour. Carter et al. (1974) contend that a
cyclical effect exists due to drop interactions. At medium intensities,

drops break up due to air friction resulting in a lowered d value, but as

50
the intensity increases further, drops collide and jJjoin, resulting in an
elevated d50 value.

McGregor and Mutchler (1977) also evaluated the drop size distribution
. at Holly Springs, Mississippl, as a function of rainfall intensity. McGregor

and Mutchler used a different form for their regression equation, but found

the same general trend, or:

d50 = 2.76 + 11.40 e“'oui - 13.16 ¢

=111t (2.2)

where d50 is the median drop diameter in millimeters and 1 is the rainfaill
~intensity in inches/hour.

The classic .paper on drop size and intensity is that of Laws and

-Parsons {(1943). Based on data from Washington, D.C., they proposed that:

.0.182
d50 = 2.23 1 (2.3}

The intensities examined by Laws and Parsons were less than 4 in/hr so equa-
tion 2.3 is not necessarily applicable at higher intensities. A comparison
of Equations 2.1, 2.2 and 2.3 is given in Figure 2.3.

The curves shown in Figure 2.3 can lead to the misleading conclusion
that the average drop diameter is uniquely correlated to rainfall intensity.
In fact other parameters come strongly into play. In Figure 2.4, the data
base is shown that was used to develop the McGregor and Mutchler ‘(1977)
curves for Mississippi. From this data base, it is c¢bvious that the range
in average diameters for a given intensity is well over 100% of the average
diameter. The implications of this wvariation will be discussed in a sub-

sequent section.
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Figure 2.4 Relationship of median raindrop size and

rainfall intensity computed from 315 rain-
drop samples collected in Holly Springs,
Mississippi (after McGregor and Mutchler, 1977)
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Knowledge of the median drop size 1s valuable, but a full drop size
distribution for different intensities is needed in order to calculate kine-
tic energy. Data are available for a few intensities for Urbana, Illineois;
Washington, D.C.; the South Central U.S.; and Pullman, Washington. Figure
2.5 is a plot of average data for Washington, D.C. at selected intensities

from Laws and Parsons (1943}). The Laws and Parsons data for Washington,

' D.C. show that average drop size increases with increasing intensity and

that the drop sizes are approximately normally distributed. The Washington,
D.C. data were taken at intensities of 6 in/hr and lower. At higher in-

tensities, the drop size apparently decreases with intensity as shown by

' Carter et al. (1974), Hudson (1981) and others with the drop size distri-

bution becoming skewed toward smaller drops.

' Rainfall Kinetic Energy

A drop size distribution for. rainfall can be converted .to a kinetic

" energy per unit of rainfall under some simplifying assumptions, i.e.

{1) Spherical shaped particles.

{2) Turbulent free air with zero vertical velocity.

(3) Particles have reached their steady state (ferminal) velocity.
Using these assumptions, Laws (1941) and Gunn and Kinser (1949) developed
predictors of the terminal veloclity of raindrops falling in still air as
shown in Figure 2.6, Using these results, McGregor and Mutchler (1977) and
Carter et al. (1974) translated their drop size distributions into kinetic
energy values and developed the average curves shown in Figure 2.7. These
relationships show that the kinetic energy size increases with intensity up
to an intensity of 1.5 to 2.0 inches per hour and then becomes nearly

constant or decreases slightly.
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Wischmeier and Smith (1958) developed an energy equation for the Wash-
ington, P.C., data of Laws and Parsons based on the drop size distribution
data of Laws and Parsons {1943) and the drop terminal velocity data of Gunn

and Kinzer (1949) and Laws {1941). Their equation is:
EK = 916 + 331 log1oi {z.4)

where E is the rainfall kinetic energy in foot-tons per acre-in and i is the

rainfall intensity in inches per hour. According to Wischmeier and Smith,

EK should be held constant at the 3 in/hr value at intensities above 3 in/hr.

Carter et al. (1974) proposed a best fit equation to data collected at Baton

Rogue, Louisiana, and Helly Springs, Mississippi, as:

EK = 429.2 + 534.0 i - 122.5 1?2 + 7.8 i° (2.5)

where EK is the rainfall kinetic energy in foot-tons per acre-in of rain and

‘1 is the rainfall intensity iin inches per hour. McGregor and Mutchler (19779

developed the following relationship to "best fit" their data:

-1.221 _ -1.831

E_ = 1035 + 822 e 1564 e (2.6)

K

The curves shown in Figure 2.7 can lead to the misleading conclusicn that
rainfall kinetic energy is unique;y related to the average storm intensity.
While this may be true when averaged over many storms, it is certainly
not true for a single storm. From the data base for the MeGregor and Mut-
chler (1977) equation shown in Figure 2.8, one can obviously conclude that

factors other than rainfall intensity affect kinetic energy. If an accurate

_model is to be developed on a single storm basis, it should have kinetic

energy as an input, and not rainfall intensity.
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CHAPTER 3 RATNFALL ABSTRACTIONS

Introduction

Abstractions from rainfall include all losses between impact and runoff

ar
Q=P - A {3.1)

where Q is runoff volume, P is rainfall volume and A is the total abstrac-
tions. Abstractions typically include infiltratioﬁ, surface storage, evap-
oration, and interception. For this treatment, only infiltration and
surface storage are considered important.

Surface Storage

Surface storage is. the volume of water required to fill depressions and

- other storages .before surface runoff begins. Actual measurements of surface
- storage. are extremely- difficult  tc make and consequently are praciically

. nonexistent. Wright-McLaughlin Engineers (1969} in a special study of urban

hydrology in the Denver, Colorade area, recommended the values shown in
Table 3.1 for surface storage. Some investigators (Linsley et al., 1949)
recognized that a watershed surface is made up of depressions of various

sizes and that as some of the smaller depressions were filled, surface run-

. off could begin even though the larger depressions were still filling.

Gayle and Skaggs (1978) described two types of surface storage: macro-
storage and micro-storage. They defined macro-storage as the "storage in
larger depressional basins caused by topographic undulation of the land sur-
face." Definable relationships between the volume, surface area, depth and
contributing area of depressions were determined by Haan and Johnson (1967)

for macro-depressions found in the Upper Midwest region of the United States,

-19-
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Table 3.1 Typical Values for Surface Storage -
(from Wright-McLaughlin, 1969)

Surface Storage Recommended
Land Cover (inthes) Value
Impervious
Large paved areas 0.05 - 0.15 0.10
Roofs - flat 0.10 - 0.30 0.10
Roofs - sloped 0.05 - 0.10 0.05
Pervious
Lawn grass 0.10 - 0.50 0.30
Wooded area and open
fields 0.20 - 0.60 0.40

which is an area characterized by depressional topography. Moore and Larson
(1979), Campbell and Johnson (1975) and others have developed watershed
;zmodels.that consider the effects of macro-depressions on flood runeff, parti-
féulariy ih relation to drainage practices associated with these depressions.
. Micro-storage ié.the "storage in small pockets or depressions which may not
?‘be readily observed visually," or in other words, the depressional storage
due to small scale yariations in the surface relief, including those created
by tillage. The depression properties identified by Linsley et al. (1949)
apply just as well to micro-storage as they do to macro-storage.
Agricultural soils have varying degrees of potential miecro-relief sur-
face storage. This storage is highly dependent on the past nistory of the
soil surface and is constantly being modified by the action of rain, wind,
tillage and cultivation practices. Micro-relief storage is most important
in soil conservation measures, particularly those associated with cultiva-
tion, tillage and irrigation practices. These measures aim at both in-
creasing surface storage, which in turn makes more water available for in-
filtration and subsequent plant uptake, and contreolling surface runoff so

that minimal erosion occurs.
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Seginer (1968a, 1968b, and 1971) developed a model to predict both the
drainage pattern and the surface storage capacity of cultivated fields as-
suming that furrows and random roughness can be superimposed over the
general topography of the field. He considered three topographical com-
ponents which affect the drainage pattern on a local scale: (a) the slope of
_the fields, (b) the depth and direction of the furrows, and (c¢) the rough-
ness of the field. Seginer's results show that surface storage capacity
increases with the depth of furrows and roughness and decreases with in-
creasing slopé. Intuitively this is what one would expect.

Several researchers have developed equations for predicting surface
storage. Monteith (1974) developed a regression eguation for predicting
c<surface storage from the roughness index. Davis (1961) proposed an equation
?rfor calculating the surface storage capacity in terms of the shape and slope
of the furrows, and a "puddlé factor," dependent somewhat on roughness and
.ilahd;gréding accuracy. Mitchell and Jones (1976) developed a depth-storage

regression equation of the form:

S=za Db (3.2)

where 3 = storage depth (i.e., volume/unit area); D = depth above the‘lowest
point on the soil surface; and a,b = equation parameters (fitted). This
:equation was used in a later study by Mitchell and Jones (1978) to describe
lthe changes in micro-relief storage with empirical equations, using rain-
fall, surface hydrology, and soll parameters and their cross products as
independent variables.

An exponential relationship has been proposed to predict the volume of

'surface storage as related to precipitation and infiltration (Tholin and
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Keifer, 1960} or:

_ e-Kd(P-F)

V., = sdm ) (3.3)

d

where Vd is the volume of water in surface storage, Sd is the available sur-
face storage, P-F is the accumulated mass of surface storage supply (i.e.,
accumulated rainfall minus infiltration and other losses except surface
~ storage), and Kd is a constant.

The value of the constant K, can be estimated by noting that when P-F

d
is near Zzero, all of the water goes to filling depressions so that dVd/d(P-F)

is essentially one. Based on this reasoning, K, is equal to 1/s

d a’
Neglecting interception losses, the rate at which water becomes avail-
able for surface runoff, o, is i-f-¢ where i is the precipitation rate, f is

the infiltration rate and ¢ is equal to dVd/dt. Based on these assumptions,

“ the surface runoff supply rate becomes:

~(P ~ F}/sd

6 =(1-0)(1-¢e ) (3.4)

The ratio of surface runcoff supply rate to the difference in the rainfall

and infiltration rates can then be written as:

e—(P - F)/sd

/{1 -f}) =1~ (3.5}

which ranges from 0, at the beginning of the precipitation event, (P - F
= 0) to one when P>>F,
Equation 3.5 is plotted in Figure 3.1 for a turf area with an average

overall s, of 0.25 inches or a pavement with s

4 equal to 0.0625 inches. The

d
vertical dashed line in Figure 3.1 represents the surface runoff supply

ratio if it is assumed that the overall average surface storage must be

© e
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filled before any runoff can begin. This would be the case if the abstrac-
tions indicated in Table 3.1 were subtracted directly from the beginning of
a storm before any water was allowed to become available for surface run&ff.

Tholin and Keifer (1960) surmised that the actual situation might be
between that given by Table 3.1 approach and that given by Equation 3.5.
They found that the curve of the normal distribution, as shwow in Figure
3.1, fell within their desired range. This curve can be approximated using
a normal distribution with a mean equal to s, and a standard deviation of

d
1/3 sd. The value of s, might be estimated from the data in Table 3.1.

d

As might be expected, surface storage is of greater importance on flat
surfaces than on steep surfaces. Viessman (1967) found the relationship
shown in Figure 3.2 for U impervious drainage areas. The line in Figure 3.2
“'should be eXtrapoléted'with care. More likely the surface storage would
decrease exponentially with slope reaching zero at .very steep slopes.

If long'durafion féinfalls are being studied, the values of sufface
storage will not appreciably affect estimated runoff rates since the early
part of the storm would fill this storage pricr to the occurrence of the
major runoff producing part of the rainfall. Note that the wvalues in Table
3.1 do not include built-in storage in the form of detention basins.

The simulations shown in Figure 3.2 are for impervious areas that are
typically relatively. smooth. fgricultural lands are typically very noh-
- uniform. A procedure is needed that can define surface storage as influenced
by both slope and random roughness.

The effect of surface roughness and land slope on available surface

storage 1s an important cconsideration for this study. Linden {(1979) re-

ported that available depression storage on an agricultural soil can be



LT

Mean Loss Per Storm (in)

" 0.05F

-25-

1

0.20

O.5F

O.10F

Slope (%)

Figure 3.2 Depression-storage loss versus slope for
four impervious drainage areas.{after
Warren Viessman, Jr., "A Linear Model
for Synthesizing Hydrographs for Small
Drainage Areas™, paper presented at the
Forty-eighth Annual Meeting of the Ameri-
can Geophysical Union, Washington, D.C.,
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estimated from the land slcpe and a surface roughness index, termed random
roughness (see Figure 3.3). Random roughness as defined by Allmaras et al.
{1966) is calculated by measuring a grid of scil heights, performing a natu-
ral logrithmic transformation and then removing the row column and overall
means. The upper and lower ten percent of these net values are eliminated
and the standard error of the remaining corrected heighits is defined as the
random roughness. Random r0ughness.values for various tillage practices
{along with other roughness indices} were reported by Currance and Lovely
(1970). They found that transforming the heights through a natural-log-
arithmic increased the variation of the so0il heights over linear corrections
although the final wvalues of the indices for a given tillage treatment are
very similar.

_The discussions presented thus far have assumed that surface storage is
a static pﬁenomena. Moore et al. (1980) showed that rainfall energy caused
a degradation of surface storage on base plots with much of the degradation
:occurring early in the storm. This degradation typically occurred over a
short period of time after the start of rainfall., Moore et al. {(1980) de-
veloped a complex algorithm that accurately predicted degradation under
simulated rainfall conditions. 3imple relationships have not been developed.

Infiltration

Introduction

Infiltration is the major rainfall abstraction for pervious areas. The
process of infiltration and meisture distribution is highly complex, even
for idealized soils. Moisfure redistribution during a rainfall event, subse-
quent drying, and a following rainfall is shown in Figure 3.%a for an
idealized soil in which vertical moisture movement is by diffusion process
only. Even in this idealized state, prediction of moisture movement is

difficult at best.
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Infiltration is affected by soil physical parameters, vegetative cover,

antecedent moisture conditions, rainfall intensity and the slope of the soil

 surface (Barfield et al., 1981). The effects of these factcrs have beeb

summarized as {Barfield et al., 1981 and Biggerstaff and Moore, 1383):

(1)

{2)

(3)

(%)

(5}

Rainfall Intensity Effects. High rainfall intensities typically
have larger drop sizes which disperse aggregates on the surface
resulting in a washing of c¢lay particles into seoil capillaries and
formation of a surface seal. This surface seal decreases infil-
tration. In addition, the breakup of aggregates and clods results
in a smoothing of the surface and decrease in surface storage.
The net effect is an increase in infiltration.

Antecedent Molsture Effects. An increase in antecedent moisture
results in a decrease in infiltration as a result of lowered capil-
lary suction in the pores.

Vegetative Cover and Mulches. An increase in surface cover
absorbs rainfall energy and reduces the breakup of aggregates and
formation of surface seals. In addition, covers on the surface
intercept moisture which is subsequently evaporated. Decaying
roots of sour vegetation cover tend to increase the porosity of
s0ll and form channels or macropores for  -water movement deep into
the soil. The vegetative roughness decreases the runoff velocity

rand increases ‘the opportunity time  for infiltration. The net

effect of surface cover is to increase infiltration rates.

Soil Physical Parameter Techniques. Scil physical parameters
which effect infiltration can be grouped into hydraulic proper-
ties; size distribution and shear strength. Hydraulic properties
affect the rate at which water can flow through the soil for a
given hydraulic gradient. The size distribution gives the frac-
tion of fines and hence the potential for surface sealing. The
shear strength determines the resistance to dispersion by the
shearing forces of falling raindrops. ’

Slepe Effects. As slope. increases, the overland flow veloeity in-
creases, surface storage decreases, and hence the opportunity time
for infiltration decreases.

If one is to adequately model infiltration, equations should be developed

which include these influences.

Mathematical models of the infiltration process have been categorized

tions.

as (1) empirically derived equations and (2) theoretically derived equa-

A summary of each of these approaches 1s given.
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Empirically Derived Equations

Horton's Equation

Because of the difficulty of using theoretically based equations to de-
scribe the infiltration process, a great many empirical relationships have

been proposed. Horton (1340} found that an equation of the form:

kt

f(t) = fc + (fo - fc) e (3.6)

fit experimentally decreasing infiltration rates as a function of time. 1In
this equation f(t) is the infiltration rate for any time, t; fc and fo are
the final and initial infiltration rates and k is a measure of the rate of
decrease in the infiltration rate. Horton's equation requires knowledge of
3 s0il paramgters, fo’ fc, and k. A plot of Egquation 3.6 for a particular
" set

- 'dflthése:parameters fé shown in Figure 3.5. .There are no general tables or
:guidelinéé'for-éelecﬁing values for thé thbee parameters . of Horton's equa--
i tion. Occasionally, locally derived data are used.

Spatially nonhomogeneous soils require spatial variability in the para-
meter values. Furthermore, if the soil is nonhomogeneous with depth, i.e.
a restricting layer will often exist at some shallow depth, the infiltration
rate will not smoothly decrease as in Figure 3.5, but will have a rather
abrupt drop in infiltration rate as the wetting front reaches the restrict-
‘ing layer. Another difficulty with the Horton equation is that 1t makes
‘infiltration rate a function of time and does not account for variations in
rainfall intensity. The equation has no provision for a recovery of infil-

tration capacity during periods of low or no rainfall.

Holtan's Equation

Holtan (1961) proposed an empirical infiltration equation based on the

concept that the infiltration rate is proportional to the unfilled capacity
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of the soil to hold watér. The Heoltan model for infiltration is -
f=aF + ¢ (3.7)

where f is the infiltration rate, fc is the final infiltration rate, Fp is
the unfilled capacity of the scil to store water and a and n are constants.
The exponent n has been found to be about 1.4 for many soils. The value of
Fp ranges from a maximum of the available water capacity (AWC) to zero. The
AWC is a measure of the ability of a scil to store water. Values for AWC
are given for many soils in an. Agricultural Research Service publication
{U.3. Department of Agriculture, 1968).
The Holtan model for infiltration has the advantage over the Horton
gmodel in that it has a somewhat physical basis and can describe infiltration
*and the recovery of-'infiltration capacity during periods of low or no

rainfall. Huggins and Monke (1967) modified Heltan's model to give:
f=f +a(s-F)1° (3.8
= f D .

- where f is the infiltration rate, fc is the final steady infiltration rate,
F is the accumulated infiltration, S is the potential storage in the "con-
trol" zone and Tp is the void volume of a "control"™ =zone. Rates are ex-

_pressed in in/hr or cm/hr and volumes are expressed in inches or centi-
meters. The "control" depth is defined as the depth to the impeding layer.
An evaluation of the 'a', 'b', and 'fc' values for four scils reported in
the study by Huggins and Monke indicated that 'a' was 5-6 times 'fc' and 'b'
could be approximated by 0.65. By substituting these results into equation

. 3.8 we obtain:

) 10,65
f = fc + 5fC [(s - F)/Tp] {(3.9)
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where a in equation 3.8 is approximated as Sfc.
If the steady state infiltration rate is approximated by the field
saturated hydraulic conductivity Kfs’ and total saturation is assumed to

fo? then equation 3.9 can be

T written as:

0.65

£= K + 5K [((efs - ei) L - F)/LefS] {3.10)

fs

where Gi is the initial moisture content and L is the depth of the control
zone. The modified model is thus written in terms of soil physical char-

acteristics.

& Index

Over the years many other empirical models have been proposed. Because

of the general lack of values for model parameters ‘and the nonhomogeneity of

-50ils, these models have not been widely applied in storm water management.

. Instead what typically has been done is to define a steady infiltration loss

rate from the rainfall rate to get the effective rainfall rate. Sometimes a

two-stage constant loss rate is used. For example, for the Denver region,
Wright-McLaughlin Engineers (1969) proposed that the following constant

infiltration loss rates be used in the absence of measured data.

Storm ‘Frequency - First 1/2 Hour Remainder
2 to 5-yr. 1 iph 1/2 iph
10 to 100 yr. 1/2 iph 1/2 iph

Wright-McLaughlin Engineers (1969) went on to urge that each area being con-

sidered be field tested for infiltration rates and that the measured values

be used in preference to those shown in the above table. 0Often the constant

-infiltration rate is termed the ¢ index.
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SCS Curve Number Method

The Secil Conservation Service (3CS) (1973) combines infiltratien losses
with surface storage and estimates rainfall excess or equivalently the run-

* of f volume by the relationship:

(P - 0.2)2

P+ 0.83 P>0.28 (3.11)

Q =

.where Q is the accumulated runoff volume or rainfall excess in inches, P is

the accumulated precipitation in inches and § is a parameter given by:

1000
S -W— 10 {3.12)

“where CN is known as a curve number. It should be noted that equation 3.11%

tis a runoff equation and not an infiltration equation. Using it as an infil-
'1tfation*éqUationlcan‘lead-to:erroneous results.. The SCS5 method. is widely

-used to predict.runoff . on a watershed basis. .

% Theoretical Models"

Theoretical models considered in this section are those based on

.. Darcy's Law and the equation of continuity.. These equations require the’
input of measured soil water characteristics that are related to the in-
filtration process via the capillary pressure headwater content relationship
{(s0oil water chéracteristic), unsaturated hydraulic conductivity - water
content relationship, total porosity, and initial water content. Often the
.unsaturated hydraulic conductivity - water content relationship is derived
from the satu#ated hydraulic conductivity and the sc0il water characteristic
curves. An example of these relationships is the Campbell equation (Camp-

bell, 1974).

Richard's Equation and Philip's Equation

Darcy's Law for vertical flow through a porous media can be written as
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: dh o
VZ - =K{¢) Pz (3.13)

_%where Vz is the vertical velocity, K(¢) 1s the hydraulic conductivity which

is a function of capillary potential ¢, and total energy head. Writing h

as:
h=¢+z (3.14)
where ¢ is the.capillary potential, we have:
V= -K(8) X - KL(y) (3.15)

 Using equation 3.15 in the continuity equation one obtains the well known

. Richard's equation. In its simplest one-~dimensional form it is written as:

L : gn- - o
R s GEK(S)az]-_ 3 (K(8)) - (3.16)

ar

iwhere -8 is -the water content (vol/veol), t is time,” K is the unsaturated
‘hydraulic conductivity (K = K(8)}], h is the pressure head (capillary po-
" tential), and z is the distance below the soil surface (i.e., positive in

the downward direction). A more convenient form of Equation 3.16 for-numer-

ical solution, written in terms of the specific water capacity C (C =

ae
ﬁ) is;
ah
] con 2K 5 arkee)) (3.17)
at az az .
or in diffusivity form as:
a6
g0 20 3 sk (3.18)
at dz dz ’

: where

D(8) = K(4) ot (3.19)
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Equations 3.17 and 3.18 are idealized formulations that neglect air move-
ment, compression of air in the profile and non-Darcian flow in macropores.
Philip (1957, part 2) developed an analytic soulticn to equation 3.18
assuming a homogeneous, semi-infinite medium with a uniform initial moisture
content and ponded conditions at the surface, i.e., non-limiting rainfall.

By using the first term of an infinite series solution, Philips proposed

© that:

172
£ = §E—§—— + A (3.20)

or

F = St”2 + At (3.21)

:where [ is infiltration rate, S is the sorptivity, F is cumulative infiltra-
» tion and 4 is a:parameter ‘dependent on physical properties of the soil. The
ﬁfequagion=is not accurate at large t due to the assumption that gravity is
;small compared to capillarity (Morel-Seytoux, 1973). The constants A and S
- have been evaluated theoretically (Whisler and Bower, 1970) but the pro-
cedures are complex. Typically, values are cbtained by optimizing the fit
of equation 3.21 to experimental data.

Green-Ampt Model

Green and Ampt (1911) developed an infiltration equation for ponded
. surfaces based on Darcy's law and a capillary-tube analogy. This equation

can be written as:

£ = KSE(L + 3)/L] (3.22)

where 8 is the capillary suction at the wetting front, L is the depth to the
wetting front from the surface, KS is the saturated hydraulic conductivity

of the wetted zone, and f is the infiltration rate.
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Mein and Larson (1971, 1973) mecdified the Green-Ampt model to account

"for infiltration prior to surface ponding. Their two-stage infiltration

-model, known as GAML, 1s described by two equations. Stage 1, up to the

+time of surface ponding, ts’ is described by:

S(efs -0.)

3 [1/Kfs - 1]

(3.23)

F

where FS is the volume of infiltration at the time of surface ponding. At
the time of surface ponding, the infiltration rate is equal to the rainfall

rate and tS = Fs/1. The second stage of infiltration is described by:
- 'y = - - - .
Kot = b+t ") = F - 88, ei)ln[1 + F/s(8, si)] {3.24)

‘where ts' is the time required to infiltrate a volume equivalent to FS under
éponded surface conditions.

Moore and .Eigel (1981) .developed a solution of the GAML model for a

two-layer soil profile. - A conceptual soill profile for the procedure. is
i ,

illustrated in Figure 3.6. If Darcy's law is applied to the system and the

depth of ponding is negligible, f is determined as:

L + Sw2 -
F = for L> L {3.25)
L L 1
b,k
K1 K2

.where Sw is the capillary drive at the wetting front in the subsurface

2

.soil. At time, t, the volume of water infiltrated is:

F = L1ae1 + L2A62 {3.26)

By substituting f = dF/dt into equation 3.25 and combining equations 3.25

and 3.26, the folliowing expression for dF/dt is obtained:
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F - L.a®g

dF L1+TL_1+SWZ

at L F—2L A0 (3.27)
C, 1%
K, T 786K,

if equation 3.27 is integrated between the limits ¢t = t1 {(F = F1) and £ =

t, the following expression for the infiltration process is obtained:

F-F

]
———~——-)= Kz(t - t1) + F1 (3.28)

F + (E - H)ln (1 5

); and F, = L1A61.

where E = L ASZ(KE/K1); H = A62 (L + 'Sw 1

1 2

Equation 3.28 is the form of the Green Ampt equation for single stage
infiltration through a two-layer system. For the GAML model for two-stage
 infiltrati0n through a two-layer system, the equation can be written in the

_{same form as equation 3.25 or:

_ F - _ ,
F + (E - Hlln G TS F1)) = Kg(t - ts + b ) {3.29)
::ﬁhere Fs is given by the equation:
1
H-E E;
Fszﬁ +F1 (3.30)
K2

Equation (3.30) applies if FS exceeds the storage volume in the surface
layer. If LS > L1, equation'3.28 is used with parameter estimates for the
_surface layer. The procedure is well suited to solution by computer.
Gregory (1977) developed an infiltration equation to include an en-
trance function in which surface effects might be accounted for. This equa-
tion lacks simplicity and manageability. Gregory also presented a meodified
. Green-Ampt equation to account for the effect of surface changes, but this
equation is also cumbersome. The reader is referred to the original paper

for more complete details.
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Moore (1981} and Moore and Eigel (1981) modified the GAML model to
account for surface sealing effects and infiltration into layered profiles.
This approach was similar to Bouwer's (1976) in that a weighted harmonic
mean hydraulic conductivity was also used. It should be noted that Bouwer
(1976) required increasing saturated hydraulic conductivity for his equa-

‘tions to be valid, but Moore (1981) applied a similar technique to a two

’ layer soil with both increasing and decreasing saturated hydraulic con-

Zlductivities. Moore and Eigel (1981) compared this modified GAML model to
observed data and a numerical solution of Richard's equation. Results ranged
from exéellent to fair.

Moore (1982) extended his previous two layer model to soil profiles

7.with "n" layers. The average relative hydraulic conductivity term becomes:

A
J
T 7. {3.31)
‘3 .
K

- where Zj and Kj are the thickness and hydraulic conductivity of the jth

layer, respectively. The resulting Green-Ampt equation for a soil with n

layers is:

,..,’
"
(0}

(3.32)

TR e T TR e T
t
)

.
—_
[N

- where Z 1s the depth to the wettiﬁg front, which is in layer i, and Sw is
the suction at the wetting_front. Moore's equations are restricted by the
. same assumptions as were used to derive the GAML and Green-Ampt equations,
but appears well adapted to simple layering configurations that may be en-

countered in the field. The difficulty with this method is some parameters
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need to be known apriori. For more than two layers, their determination is
 quite difficult.
Summary
Surface storage accounts for rainfall abstractions required to fill
? surface depressions prior to initiation of runoff. Maximum valuesr of
surface storage have been tabulated for a limited number of surfaces. Mod-
“els of surface storage effects on runoff range from simple step function
;approaches which aséume that all surface storages are satisfied prior to
runoff, to statistical or exponential approaches which assume a distribution
of runoff as surface storage is filled. The exponential or statistical
approaches conform closer to field observation than the step function
. approach., Empirical data indicate that surface storége varies with tillage
ﬁtechnique and slope, with surface storage decreasing to near zero at slopes
1greater than 20 percentt"For'the erosion model a technique is needed to
"describe surface storage changes with slope and surface roughness and to
‘define runoff changes as surface storage is filled. The data of Linden
(1979) provide a base for describing slope and surfage roughness effects on
surface storage and the exponential relationship given by equation 3.3 pro-
vides a reasonable framework for predicting runoff as related to surface
storage. Moore's data can be used to predict the effects of rainfall on
surface storage.

Infiltration is the most significant rainfall abstraction for pervious
soils. Mo@els of the process range from simple parametric models of Horton
{1940) and Holtan (1961) to the ﬁore complex theoretical treatments given by
;the Richard’s equation and the Green and Ampt equation. A procedure is

.needed to calculate infiltration which accounts for soil physical and
‘hydraulic properties and is based on physical principles. Since the model

.is being developed for disturbed lands, macropore flow will net be an
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important phenomena. Surface sealing will be an important phenomena and
will need to be modeled. The Green-Ampt relationship as modified by Moore

.and Eigel (1981) for two layers provides an acceptable theoretical framework

- for making these computations,
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CHAPTER # SOIL EROSION: FUNDAMENTALS

The Erosion-Deposition Process

Soil erosion involves detachment, transport and subsequent deposition

- (Meyer, 1974). Soil is detached by raindrop impact and the shearing force

of flowing water. Sediment is transported downslope primarily by flowing

water, although there is a small downslope transport by raindrop splash.

Runoff and resulting downslope. transport do not occur until the rainfall

intensity exceeds the infiltration rate. For this reason, soil erodibility
decreases as the infiltration rate goes up. Once runoff starts, tThe quan-
tity and size of material transported increases with the velocity of runof’f

water. At some point downslope, the slope may decrease, resulting in a

- decreased velocity and transport capacity. At this point, sediment will be
‘deposited with the larger aggregates deposited first and the smaller ag-
. gregates carried further downslope. For this reason the size distribution

“of the eroded aggregates and particles has a large effect on soil erodibility.

Soil eroded from exposed areas comes from rill and interrill areas.
Rills are small channels which form in the exposed scil due to concentra-
tions of runoff1. Erosion in interrill areas tends to occur in uniform

sheets. The primary force causing detachment in this sheet erosion is rain-

drop impact. Detachment in rill erosion is a result primarily of shear
forces from the flowing water. Shear forces and resulting rill erosion
_increase with inecreasing slope and runoff rate. Interrill erosion, con-

versely, is affected much less by slope and runoff rate (Lattanzi et al.,
1974). As shown in Figure 4.1, the relative contribution of rill erosion
increases as slope length increases while the interrill contribution de-

creases (Meyer et al., 1976b).

1. A rill is a drainage channel that can be removed by ordinary till-
age equipment. Anything larger is a gully.
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Also shown in Figure 4.1 is the importance of the rilling process or
total erosion. Both plots R-3 and R-lJ were equally susceptible to interrill
erosion, but R-3 was more susceptible to rill erosion, thus the total erosion
was much greater on R-3 than R-4, This example illustrates the importance of
an understanding of the rilling process tc modeling soil ercsion.

Early models of soil erosion were based entirely upon empirical studies
using parameters developed primarily by statistical techniques. The Universal
Soil Loss Equation (USLE} is the most well known example {Wischmeier and Smith,
1978). In more recent years models have been developed based on physical
concepts. In this chapter, the statistical models, called USLE type models,

swill be discussed first and then followed by a description of the concepts on

which the physically based models are developed. Descriptions of the physi-

- ycally based models are: given in Chapters 5, 6 and 7.

USLE Type Models

USLE Model
| According to Meyer (1682), developments which led to the Universal Soil
Loss Equation (USLE)} started in 1917 with the establishment of the first ero-
sion plot at the University of Missouri Agricultural Experiment Station. Other
stations followed suit and by 1943 a large volume of data had been collected.
The studies were discontinued at that point. In 1946 a basic relationship
known as the Musgrave equation (Musgrave, 1947) was developed at a workshop in
Cineinnati, tho based on the plot studies. The Musgrave equation related
goil loss to slope, slope length, soil cover, conservation practices, rainfall
intensity, rainfall energy and a measure of soil erodibility.

Wischmeier and Smith (1955) improved the Musgrave equation and proposed
procedures and némographs for its use. The resulting procedure became known

as the Universal Soil Loss Egquation since it did not contain geographic
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constraints inherent in earlier equaticns. The procedure has been used in a
useful manner far beyond the expectations of its developers. Since Meyer's
development of the Purdue rainulator in 1958 (Meyer & McCune, 1958), the use
of rainfall simulators on erosion plots has greatly enhanced erosion research,
particularly in the area of sediment control from denuded areas.

The rate of erosion from an exposed area depends on the erosive power of

. rainfall, soil erodibility, slope and slope length, degree of soil cover and

| conservation practices. Based on data from U8 locations in 26 states, factors
have been developed to represent these characteristics and have been combined
inte the Universal Soil Loss Equation (Wischmeier and Smith, 1965} as:

A=RKLSCP (4.1)

:fwhere A is computed soil less per unit of area (tons/acre), R is a rainfall
%factdr usually expressed as the product of rainfall energy times the maximum .

| 30-ﬁinu£e intensity for ‘a given rainstorm, K is soil erodibility (tons/acre

%per R unit), LS is a dimensionless length slope factor to account for var-

iiations in length and slope, C is a dimensionless cover factor relating the

% effectiveness of vegetal cover in reducing erosion and P is a dimensionless
conservation practice faétor.

Gross erosion as predicted by the USLE is the estimated sediment produced
by rill plus interrill erosion from a fleld sized area. To obtain sediment
:'yield at some point beyond the fleld area, additicnal erosion from gullies and
* stream banks must be added and deposition subtracted. Wischmeier (1976) cau-
tioned against the use of the USLE in situations where deposition is likely.
The model is basically a model for detachment, and does not predict deposi-

" tiom.
Erosion values can be predicted for erosion for average annual, average

storm, return pericd annual, or return periocd storm using the USLE by simply
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" utilizing the appropriate R value. Wischmeier (1976) lists several potential
problems when:LSing the USLE for single storm erosion. First, use of the
single stﬁrm EI30 index for R and the crop stage, C, value for C will estimate
: the soil loss averaged over numerocus occurrences of that same event at that
, crop stage. The soil loss in any one event may vary widely. The primary
' peasons for this variation are variation in the energy content in a single
" storm from the value used in the EI30 index and variations in antecedent mois-
‘:ture. A4s shown in Chapter 2, the E value is calculated for an average storﬁ
at fhe given intensity whereas the actual energy in a storm for a given
intensity varied widely about the average. Secdndly, the K valué used in
equation 4.1 is for average moisture conditions. The actual moisture at the
Vlstart of a storm may vary widely from average conditions.

The USLE predicts gross erosion from field sized plots in which deposi-
:{tion is nof‘ocqurring. In order to heasure sediment - yield into a channel, the
_égrosé erosion must be modified by a delivery ratio.  -Methods for predicting
: delivery ratios are given in Barfield et al. (1981).

Williams (1976) proposed that the rainfall energy term, EI30 index, in
the USLE could be replaced with a runoff energy term in the USLE to predict
sediment yield directly, and called the procedure the Modified USLE or MUSLE.
Procedures were developed for homogeneous watersheds using a lumped parameter
_ approach and for nonhomogeneous watersheds using sediment routing procedures.
4 lumped parameter approach is one in which the entire watershed 1s repre-
“sented by one characteristic parameter.

Williams (1975) developed the MUSLE using data from 778 storms on water-
sheds near Riesel, Texas, and Hastings, Nebraska. The drainage areas ranged
_from 2.7 to 4380 acres and the average slope and slope lengths ranged from 0.9

~.to 5.9 percent and 258 to 470 feet. He replaced the R factor in the USLE with

_ various parameters and used the resulting equation to predict the sediment
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yield from the watersheds. The parameter that gave the best estimate was Q x
qp’ the product of runoff volume and peak discharge. Williams denoted this

term runoff energy. The resulting equation is:

0.56 = ===

Y= 95(Q x q;) K LS CP (4.2)

where Y is the single storm sediment yield in tons, Q is runoff wvolume in
. acre-f't, qpi is peak discharge in c<¢fs, and f, LS and CP are standard USLE
. terms, each of which is an area weighted average over the watershed. Typical
prediction accuracy of the MUSLE is shown in Figure 4.2. The spread of the
data is typical of most prediction procedures for sedimentology.

Equation 4.2 is intended for use on a watershed basis. Foster et al.
"(1982) evaluated the use of a similar type equation for single storms on indi-

. vidual plots and found that the EI index was a better predictor of single

30
‘storm ‘erosion than the product (Q,x'qp).

', Combination Type Models of Soil Erosion

"S0il erosion is predicted from the USLE by the rainfall energy term,
EI30, and sediment yield in the MUSLE by the runoff energy term {(Q x qp)'56.
Onstad and Foster (1975} proposed that a combination of these two approaches

would improve erosion predictions. They proposed that the USLE be modified

to:

WKLSCP (4.3)

=
1}

where

1/3

=
]

mR + (1 - m} £(30Q) (qp)] (4.4)

where R is the EI index, m is a constant (typically 0.5), Q is runoff volume

30

in inches and qp is peak runoff rate in in/hr.
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Using the W factor improved the prediction of erosion based on studies
reported by Onstad and Foster, however, the improvements were only slight
(correlation coefficients of .98 versus .991). Further studies by Foster et
al. (1982) aiso showed the same slight improvement over the EI3O index. The

equation only predicts erosion and not sediment yield.

" Foster, Meyer, Onstad Rill-Tnterrill Model

Foster, Meyer, and Onstad (1977) used basic principles and developed an
erosion model which considers rill and interrill detachment separately. These
model techniques will be discussed in Chapter 5.

Physically Based Models of Soil Erosion: Basic Concepts

+ The Meyer-Wischmeier Model

3 Meyer (1974) proposed that the components of the soil erosion-sedimen-
Ftatidn process- for a discrete slope segment are interrelated as shown in Fig-
ure 4.3. The s¢il available at any slope segment is the sum of that carried
ffrom upéiope ﬁlus that detached in the slope increment. The scil carried
idownslope is the lesser of the transport capacity or the material available

“for transport. Preliminary methods proposed by Meyer for predicting each of

the components are:

D, =Sy, A T° (4.5)
D, = Sy A, 5773773 (4.6)
T, =S, ST (%.7)
T, = S, §5/35/3 | (4.8)

where A1 is the area of slope segment, I is rainfall intensity, S is slope,

q is flow rate and SDi’ SDR’ STi’ STR are empirical cooefficients. The
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Meyer-Wischmeier model is a good conceptual base for making computations.
Better equations have been developed for computing each component.

Curtis (1976) added a parameter to the Meyer-Wischmeier model to ac-

count for deposition in previous time steps. His computational methods

are essentially the same as those of Meyer and Wischmeier.

- Foster and Meyer Closed Form Equation

In the Meyer-Wischmeier model, it was assumed that erosion was its equi-

: librium rate at the end of a slope segment. This may not be true. An inter-

action exists between the sediment load and the rate of detachment, given by

(Foster and Meyer, 1972):

b, =C (TC -G

R ) (4.9)

F

where DR is the rate of detachment by flow at X, C is a constant of propor-

tionality, T, is the transport capacity of flow at X, and G, is the sediment

c F

_load at X. Simplifying Foster and Meyer obtained:

D G
% + £ 2 1.0 (4.10)
c C
By letting GF equal zero in (4.10) Foster and Meyer obtained:

DR =z CTC (4.11)
which represented the maximum value for detachment. This maximum value was
denoted as DC’ thus:

D G

R F
o tT * 1.0 (h.12)
C c

Equation (4.10) was presented as a statement of balance between transport

capacity, sediment load, actual detachment rate, and potential detachment
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rate. By assuming that:
D, -c 132 (4.13)

3/2 (4.14)

H
(]
L)

Tc t

and by using the Chezy equation

; v = ¢ q?/3s?/3 (4.15)
'!:

‘Foster and Meyer obtained:

D
c

L1}

CDCrS qQ {4,.16)

3
n

CT Cr S q (4.17)

By assuming steady runoff rates for short time durations, the discharge at any

X was:given by:
=14 (4.18)

‘where qy is the discharge at X equal to LO. Also, by combining CT, Cr’ Lo’

and qO into one constant Foster and Meyer obtained

Do = Cp Xu8 (4.19)

TC = CT X, S (4.20)

where ¥, = El (4.21)
o

"By defining DCD and Tco as the detachment and transport potentials at x = L ,

then

D Cp XS
c. b = X5, (4.22)

C *
co D(1)SD

g*=D

B

was obtained. Likewise
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T,
Ey =7 7 X, Sy
co
where
S
Sg = 5
o

However, since

=

% o_le .
DCO TCO

Tequation (4.25) was modified to

|-}
=)

G

o = g,
TCO

L)

Co

' The equation of sediment continuity for steady state was

as
dG
F
ax - PRt Dy
where GF is the sum of rill and interrill erosion rates,
GF = (DR + Di) dx
Hence,
DR . (DH + Di) dx g
- *
co Tco
Since X, = X dx = L
= -~ i dx = LodXy, then
o)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

given by Bennett (1974)

(4.28)

or

(4.29)

(4.30)



—55-

D { DR + Di) dx,

R
— + L . = 2y (4.31)
DCO ° Tco

Finally, Foster and Meyer differentiated equation 4.3%1 with respect to X, to

- obtain

d EE— + DiLo + DRLO = OEx ' {4.32)
dx, D T T T odxy -
co co co
By defining the terms
LD
6 = (4.33)
co
LoDco
« =2 (4.34%)
co

‘they obtained the differential equation

o

dg .

DH
R il ) (4.35)
co

4 _R_
i3 dx D
- co

The general solution to %4.35 is

o)

R . 1 dg*
DCo eqx* dx,

-0 X% dx, + constant (4.36)

By assuming a uniform slope and constant rainfall, then S = So for all X, and

equation (4.36) was reduced to

R {1 - ©) —ax
T S (1 -c %) (4.37)
co

Equations (4.36) and (4.37) are general relationships which should always hold



-56-

true, regardless of the formulation of Dco’ Tco’ Di' In order to use the

, and

relationships, it is necessary to have auxillary equations for Dco’ Tco

Di' These relationships are discussed in the next two chapters.
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CHAPTER 5: SOIL EROSION: DETACHMENT

Introduction

Soil is detached by raindrop impact and the shear forces caused by

runoff. Detachment in the rill (channelized flow) areas is primarily due to

' shearing forces of runoff while detachment in the interrill areas is primarily

due to raindrop impact, although a small component of interrill detachment is

due to shear from overland flow.
For a given rainfall the actual rate of detachment depends on the pre-
sence of materials to shield the surface from raindrop impact (i.e. crop can-

opy, mulch, ponded water), the presence of material to absorb the shear as a

Vresult of runoff (i.e., mulch, vegetation), the inherent resistance of soil to
. detachment, and the infiltration capacity of the soil. In this chapter, the
;mechanismS'causing'detachment will be discussed along with the resistance of
?soil to detachment. Since thefmodel'béing developed :is  for bare soil, the
;effects of surface cover will not be covered. Infiltration effects are

-covered in Chapter 2.

Detachment by Raindrops or Interrill Erosion

Rainfall Factor

Interrill detachment models have typically utilized rainfall rate, momen-
tum, kinetic energy, intensity, or a combination of these parameters as pre-
dictors of erosion.. Numerous investigations have failed to yield a definitive
physical model. In the discussion that follows, a distirdetion must be made
between splash detachment and interrill erosion. The two terms cannot be used
interchangeably. For the purposes of this discussion, the following defini-
tion will be used;

Splash detachment - detachment of soil by raindrop impact including all

particles which are dislodged from the soil matrix and made available for
transport.

-57-
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Interrill erosion - The quantity of soil which is moved from the inter-
rill areas into flow channels known as rills.

Interrrill erosion will typically be equal to or less than splash detachment
-since it is the minimum of that material detached or the transport capacity
of overland flow to the rills.

Young and Wiersma (1973) utilized a rainfall simulator with bare plots
protected by a screen to show that raindrop impact was the primary factor
:causing interrill erosion. In their studies, raindrop energy was reduced by
89% between the screen c¢overed and bare plots without a change in.raihfall
intensity. The interrill ercsion rates were reduced by more than 90 percent
in all cases. Hudson (1971) found similar results with natural rainfall.

Although the Young and Wiersma (1973) and Hudson (1971} studies showed
ithat raindrop impact is the primary factor. causing erosion, the studies do not
elucidate the prediction parameter which should be used to predict interrill
; erosion. In tﬁe following-discussion of'studies which were. oriented  toward
\defining that prediction parameter, a distinction is made between those
studies developing predictors of interrill ercsicn and those developing
' predictors of splash detachment.

Splash Detachment

Investigators of splash detachment have utilized splash cups and cloth
strips to measure detachment rate. Splash cups are typically small circular
cylinders (approximately 3 inches in diameter) which are tilted at the desired
-'slope and exposed to a given rainfall. Splash detachment is measured as the
total material splashed out of the cup and splash transport measured as the
difference between upslope and downslope splash. Where cups are used, a
correction must be made for the effect of the cup rim on splash as the surface

of the soil is displaced below the rim of the cup due to soil loss during the
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test. Cup rim corrections were developed by Bisal (1950) to. compensate for
this problem. |
| Rose (1960) studied splash detachment from 5 soils ranging from sands
&‘to clays under simulated rainfall. Based on his analysis, the most consistent
.1predictor of splash detachment depended more heavily on momentum than kinetic
energy or rainfall volume.
! Bubenzer and Jones (1971) used a rainfall simulator and splash cup to
[
study erosion splash detachment for 5 different soils. No discussion was
given of cup rim corrections. The results of their study given in Table 5.1,
indicate that kinetic energy is highly correlated to splash detachment {cor-
-relation coefficient ranging from .90 to .91 for individual soils) but that a
%slight improvement in prediction is obtained by using both kinetic energy and

i
.painfall intensity (correlation coefficient ranging from .97 to .96}, Other
e . : . .

researchers have also shown that splash detachment is a function of rainfall

‘fehergy {Free, 1960; Mihara, 195f; and Quansah, 1981},
ui

Y

Park et al. (1932) conducted a dimensional analysis of the parameters in-
.volved in splash detachment and concluded that detachment should be a linear
function of impact velocity; however, the data théy present from Ellison (194%)
indicate that detachment is more a linear function of kinetic energy than

velocity.

; Smith and Wischmeier (1957) used data from Ellison (1947) to indicate

iﬁhat splash erosion is proporticonal to rainfall intensity expressed as‘I1'1.

'Since kinetic energy was shown in Chapter 2 to be highly related to intensity,

this correlation is not surprising.

Interrill Erosion

Equations which predict the total sediment flowing into a rill must com-

'bine the processes of raindrop detachment, detachment by thin sheet flow,
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Table 5.1 Results of the Bubenzer and Jones

(1971} Study
Regression Correlation
Soil Equation Coefficient

Regression Equations Relating Soil Splash to the Kinetic
Energy of the Simulated Rainfall

ALl soils ss = 14.49 (kc)}'?? 0.84
Darwin silty clay ss = 13.17 (kc}1'25 0.91
Cisne silt loam 58 = 9.12 (kc)1'03 0.90
Flanagan silt loam s8 = 19.72 (k0)1.40 0.90
Hagener loamy sand 85 = 18.87 (ke)} ° 0.91

Multiple-Regression Equation Relating Soil Splash to the Rainfall
Intensity and Kinetic Energy of the Simulated Rainfall

A1l soils ss = 1.55(1)8';$(kc)1'§g 0.87
Darwin silty clay 58 = 3.10(i)0'u0(kc)0'83 0.92
Cisne silt loam s8 = 0.63(1}0'550(0)1'08 0.96
Flanagan silt loam 88 = 1.011(1)0'37(kc)1'13 0.96
Hagener loamy sand ss = 2.89(i) "7 (ke) T 0.94

'transpOrt by splash and transport by thin sheet flow. Detachment by sheet
‘flow is typically minor ‘and transport by . raindrop splash is minor on' mild

E slopes but can be substantial on steep slopes. Studies of plot ercsion have

related plot erosion to intensity, I, to the following powers:

Researcher Intensity function
Ekern (1950, 1953) I!-?
Neal (1938) 12-2
Wischmeier and Smith (1978) EI3O

.rwhere E is rainfall energy and 130 is the maximum thirty minute intensity.

Foster et al. (1977b) proposed that interrill erosion (which they called

;interrill detachment) could be calculated as

Di = Ki I (b5 + C) (5.1}

where Di 1s the interrill detachment rate, Ki is the interrill erodibility
factor, I is a measure of interrill erosivity, S is slope and b and ¢ are con-

stants. Initially Foster and Meyer proposed the use of the EI index for I.

30
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Subsequently, due to the success of other modelers in defining interrill ero-
sion as a function of intensity alone (Meyer and Wischmeier, 1969; Moldenhauer

. and Long, 1964; and David and Beer, 1975). Foster (1982) proposed that

. interrill erosion be modeled as

0.79

Di = .0138 Ki i2 [2.96 sin 8 ° + .56] c.i : (5.2)

"where 1 is rainfall intensity, © is the slcpe angle and Ci is the interrill
" cover factor.
Meyer (1982b) evaluated erosion from the side slopes of furrows using a

rainfall simulator and found that the erosion rate could be predicted by
D, =ali , (5.3

“where 4 and b are exponents dependent upon the individual seil. He found that
7the'éxponent of 2.0 was a good value for b for silt, loam, silt-loam, and
~ sandy 1loam- soils, but was too large for clay soils. - A good estimate was

;foﬁnd using
b = 2.1 - {clay function). {(5.4)

The coefficient a was found to be dependent on the individual soil.

Resistance to Erosion in Interrill Areas, Resistance to Splash Detachment

For bare soils the resistance tofunction primarily of the soil properties
and slope. Quansah (1981) found that splash detachment varied with kinetic
energy and slope to a variable power depending on the type s0il as shown in

.Table 5.2.

Cruse and Larson (1977) showed that splash detachment for a 4.8 mm drop
falling from a height of 177 cm was closely related to shear strength of a
.soil as ﬁeasured with a triaxial test. Durrah and Bradford (1981) evaluated

splash detachment with drops of 3.0, 4.6 and 5.6 mm diameter as related to
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Table 5.2 Power Equations Relating Splash Detachment (Qdet) and

Transport (Q ) to Slope (8) and Kinetic Energy (XE)

trans
(Quansah, 1981)

KE s
Soil Equation r2 r2 R
1706

Standard sand Q = 0.0002 KE 0.84
det 1.06.0.13
Q. . = 0.0002 kg V%" 0.84 0.06 0.90
det
Sand Q. . = 0.0007 ke°+S* 0.72
det 0.84 0.13
Q. . = 0.0003 KEV-°7g"" 0.72 0.08 0.81
det.
clay loam Q. . = 0.00004 kg ' 18 0.66
det 1.16.0.25
Q. . = 0.00003 ki *1°g0- 0.66 0.14 0.79
det )
1.35
Clay Q. . = 0.00002 KE 074
det 1.35.0.27
Q,, = 0.00001 kg' 375 0.74 0.1% 0.88

.-» shear strength..of an. Ida Silt Loam measured by a Swedish Fall Cone Device.

+Their results showed that detachment could be predicted on a single drop basis

by

DS = 0.36 + 0.007 KE/< (5.5)

where DS is splash detachment and KE is kinetic energy of a drop, and 1 is
shear strength. The correlation coefficient for equation 5.5 was .G7.
Bubenzer and Jones (1971} evaluated splash detachment from 5 soils and

-:found that detachment could be predicted by

1 4 52

b = 7.50 (1) k&) M (pe) 0 (5.6)

where PC is percent clay. The correlation coefficient for equation 5.6 was
.93 as compared to .87 for KE and i alone. Massie (1980) utilized equation

4.6 to model splash detachment, but proposed that PC should not be used
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below values of 6.6%, which is below the Bubenzer et al. data base.
A water film on the surface can absorb the energy of falling drops if the

film is thick enough. Palmer (1965) evaluated the effects of a water film on

- the soil surface and found that the filter increased detachment up to a thick-

ness of one drop diameter and decreased detachment at greater depths up to

“"about 3 drop diameters. The increase at small film thickness was attributed

.to an increase in. mass. entrained by the drop as it fell from the surface to

- the. soil.

Resistance to Interrill Erosion

When one lumps the detachment and transport processes together to form

a lumped interrill erosion, the resistance factor must be considered sepa-

~rately from that for detachment by splash. Typically, for bare sclls, resis-

.tance to erosion in this dumped case is given by an erodibility factor, or

_using the Foster (1981) model.cited earlier as-equation (5.2). In this case

'..;Ki,rthe_interrill erosivity, accounts for the inherrent soil factors affecting

. erosion and Ci accounts for tillage surface roughness, mulching and c¢ropping

effects.

4Sheet Flow Detachment

The detaching capacity of sheet flow is very small. Most of the .soil de-

tached from the areas where sheet flow occurs is by raindrop impact. .- As dis-

cussed earlier, Young and Wiersma (1973} found - that an 89% reduction in

raindrop energy reduced the soil loss on sheet flow areas by 91, 9%, and 90%

for a Barnes loam, a Crofton silt loam, and a Central sandy loam, respec-

tively. Alberts et al. (1980) reported similar results for a Miami silt loam,

These studies indicate that the major portion, if not all, of the soil de-

. tachment on sheet flow areas is due to raindrop impact, not the sheet flow

~itself.

If sheet flow detachment is to be considered, relationships similar to
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those for rill flow will probably emerge. Those relationships will be dis-
cussed in the rill flow section. They essentially are empirical equations
based on the concept of excess shear. The excess of surface shear stress

above the critical shear stress is used as a predictor of detachment. Sheet

- flow detachment is normally considered to be insignificant, however, when

compared to raindrop detachment and concentrated flow detachment.

Rill Detachment

Once rills are formed, the channelized runoff which they contain pro-
vides energy for both detachment and transport of soil particles in the
erosion process. Detachment relationships are few, and usually contain

empirical constants that need to be fitted to actual data. The detachment and

- transport relationships are key compeonents of the processes contributing to

. erosion and sc the available relationships must be considered and adapted if

i

possible.

" Existing relationships for rill flow.detachment are basically similar in

~approach. The most commonly-used relationships are based on USLE parameters.

Other equations are available, but few are based on measurable soil proper-
ties.

Ellison and Ellison (1947) describe the general flow/scil characteristics
that influence surface fiow (and hence, rill flow) detachment. They defined

the soil detachment hazard, D, as a function of the soil detachability, D

1 o

and the detaching capacity of the flow, D The soil factors involved in D2

3*
would be the same as those for rainfall detachment, given by Ellison (1947)
including particle size and aggregate stability. In general, soil, cochesive-
ness and plant residues are also involved. Ellison stated that the detaching
capacity of the flow, d3, is a function of the flow energy gradient, the guan-

tity of abrasive particles in the flow, and the abrasiveness of those par-

ticles.
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"' USLE Basequuatidns

The crité}ion for labelling an equation as USLE-based is its reliance

upon USLE parameters, especially the USLE soil erodibility parameter, K.

ﬂ‘Although the use of a "soil constant" does not mean that an equation is simply

i'an of fshoot of the USLE, many equations specify use of the USLE-K values.

The problem with the utilization of USLE parameters is that the USLE was
E.designed as a long-term management tool, not a storm-based research tool. The
{'parameters, theréfore, are very approximate averages that yield reasonable

long-term estimates and reflect relative effectiveness of practice combina-

tions. To be used for a given site, the soil parameters must be fﬁlly in-

vestigated, as the published values are only averages over varying soil
'&conditions and not applicable for a particular site. These problems were
?ydiscussed in Chapter 4.

. 'CREAMS Rill Detachment Equation

'7-Fbsteriet‘al.~(1980)’broposéd separate detachment ' equations for rill and
?interriil'erosion for the USDA-ARS model for Chemicals, Runoff and Erosion
" from Agricultural Management Systems {CREAMS). Their equations are based on

those developed by Foster, Meyer and Onstad (1977 a & b). The CREAMS rill

detachment equation is
/3 m-1
DFr = 37983 mVu o] (x/72.6) 32 KCP {op/vu) {5.7).

‘where DFr is the rill detachment rate (lb/ft2-s), x is the distance downslope
:(ft), S is the sine of the slope angle, m is the slope length exponent, given
“by m = 1.0 + 5.011/1n x, K is the USLE soil erodibility factor (hr/100 ft-in),
C is the soil loss fatio of the USLE cover-management factor, P is the USLE

Tcontouring factor, Vu is the runoff volume per unit area (ft}, and op is the

peak runoff rate per unit area (ft/s).
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Because the CREAMS equation is derived from the Foster, Meyer and Onstad
{1977b) relationship, the usefulness of the latter should indicate the value
of the CREAMS equation. Foster, Meyer, aﬁd Onstad (1977b) presented a com-
:parison of observed soil loss from 12 events versus estimated éoil loss by
three equations, the USLE, the USLE with modified R factor, and the rill-
,1nterrill equation from which the CREAMS equations were derived. The cor-
{relation between observed and predicted eroslion for these equations were 0.98,
'0.991 and 0.995, respectively. Therefore, the rill-interrill equation is a
slight improvement over the USLE, and the CREAMS equations should reasonably
predict soil loss.

Foster's Rill Detachment Equation

'y Equation 5.7 is for erosion over an entire storm. A detachment function
‘is needed for instantaneous erosion rates.
_Foster {1982) coalesced much of the work done in the area of rill detach-

“ment. ' He assumed:that rill erosioen could be described by:

b
Drc =a (1t - Tcr) (5.8)

where Drc is the rill erosion detachment capacity rate, t is the flow's shear
stress, Ter is the critical shear stress, and a and b are constants. Foster
-then described many additicnal predicticn parameters, most of which are linked

“to the USLE and gave a simpler alternative to equation 5.8 and its subfactors:

e

Drc = CB q s K CSLR {5.9)

where Drc is the rill erosion detachment capacity rate, CB is a constant to

be calibrated, g is the runoff rate, s is the sine of the slope angle, K is
the USLE so0il erodibility factor, and CSLR is the so0il loss ratio from the
USLE. The need to evaluate constants by {itting is a major drawback to Fos-

ter's equations.
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Hughes Scour Probability Study

Hughes {1980) studied ephemeral streams to check the concept of maximum
non-eroding velocity for unvegetated channels. Data was utilized from 300
. sites in Colorado, New Mexico and Oklahoma. His study does not provide a flow
~detachment equation, but it gives relationships to predict when detachment
(scour) occurs. Scatter diagrams of probability of channel erosion versus
é,channel velocity and flow depth were presehted for three soil classes; sandy-
_ silt, silty-clay and clay. Straight lines were fitted to the data for each

probability level. The equation of the lines is
(5.9)

where V 1s flow velocity in ft/sec, ¥ is flow depth in ft, m is the log-log

: regression slope and K is the log 1intercept of the probability lines. The

. ..lines give probability of scour given the peak velocity and corresponding

..depth of .the. event in question.

-The soils to be-dealt with in agricultural and surface mine situations
_typically would mainly fall in the sandy-silt and silt-clay categories. These
soils typically have an n value of 0.2. The K values for given probabilities
are close, indicatiﬁg that an average value might be appropriate. A critical
flow depth for scour can be obtained from these relationships by relating V
and Y using Manning's equation and as assumed channel geometry. For this
analysis, assume a triangular channel with 2:1 sideslopes and a Manning's
roughness value of 0.040. Then the hydraulic radius is:

2y?
R = —r 0.45 y (5.10a)
n Ey\/a + 22

‘and equation 5.10a becomes
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Table 5.3 Critical Depths for Scour Probability Using
Assumed Geometry and Soil (after Hughes, 1980}

-

(N = .040) . (N = .050)
Pscour Kleit Y(in) Q(gpm) Y(in) Q{gpm)
01 2.06 0.21 0.12 1.62 22 .4
.05 2.25 0.22 0.14 1.95 36.0
50 2.83 0.28 0.26 3.19 136.4
.95 3.41 0.34 : 0.4% 4,76 396.5
.99 3.66 0.37 0.55 5.54 594 .2
%4%%-(.45 y)2/3 (sin 9)1/2 = K y2/jo (5.10b)

Rearranging terms,

_ K (.08) 15/7 -
y = 2/3 , . 172 :
1.49 (.45) {3in &)

or
, 15/7
B 1 K o _

sin &

" Assuming a 9% slope (8 = 5.1°),

* 1577
= LE?%TT__ {(5.13)

Table 5.3 gives the critical K' and corresponding depths for the assumed con-
"ditions for various probabilities of scour, using average K' values. The

relationship is extremely sensitive to Manning's n. Therefore if this anal-
) ysis 1is to be used, care must be taken in selecting an 'n' value or the
’résults will be meaningless.

Park and Mitchell Model

Park and Mitchell (1981) expressed flow erosion as a time-series function

of runoff rates:

-1 Ypopr oo Qpp)

wn
—

=

~—

Ef = fetn (Qt, Q
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They then stated that for steady-state conditions,

B, = b Q ' (5.15)

where the , Indicates the steady state conditions. A Taylor-series expansion
of equation (5.15) together with finite difference approximations of the deri-

vatives gives flow erosion as a function of the runoff rates at previous times:

n
E, = .{ b, At -i) (5.16)
i=0

where (t - 1) refers to a specific timg beriod. Equation 5.16 was then
coupled with a similar equation for raindrop detachment and calibrated as an
ercaion model, with n equal to 2. The simulator results showed good fit for

the runs presented, but that is to be expected because the model was call-

_ brated using data from these runs.

- Critical Tractive Force Equations

The parameter most:frequently used to define the resistance of a soil to

‘rill erosion is critical tractive force. Procedures have been developed by

different researchers to relate critical tractive force to measurable soil
parameters. Kelly and Gularte (1981) showed that the critical shear stress
for surface erosion of cohesive solls is dependent upon the interparticle bond

density in a similar fashion to soill shear strength at high stress levels.

. They concluded, therefore that erosion resistance and soil shear strength are

.similar phenomena...

Kelly and Gularte presented data relating critical shear stress as a
function of soll salinity (ppt - NaCl) and moisture ceontent (% by volume).

Multiple linear regression on this data gave the following best-fit equation:
T, = 2.19 (SNaCI) - 0.2565 epv + 15.75 (5.17)

Equation (5.17) explains 83.9% of the variation in the data. The data was also
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analyzed linearly after a log-transformation. The resulting equation, equa-

tion 5.17, explained 84.7% of the variance.

)0.966 0 )-1.711

Tc = 2465 (SNa01 pv {(5.18)

These ﬁelationships could be used to predict movement of clay particles and
to predict break-away of-agéregatés from the soil matrix during rill erosion.
In a similar manner, Smerdon and Beasley (1961} gave critical tractive
forcé as-a function of plastisity index, dispersion ratic, mean particle size,
and peréehp‘clay. Correlation éoefficients ranged in-magnitude from 0.795 to
0.986. Later, Lyle and Smerdon (1965) related eritical tractive force to vold
ﬁyatio and éighﬁ other properties to obtain'eight different equations. The soil
%pfopeftieswere plasticity index, d;spersion' ratio, percent organic matter,
. vane sheaf-sﬁrengths,cation—exchange—capécity, mean particle size, calciuﬁ—
'_isodium ‘ratio, -and _pérqent .ciay. ‘These relationships have pqtential for
.';characterizing the detachment rate during rill flow.

Erosion by Fallure of Rill Banks

So far only shear detachment by rill flow has been considered. This
writer has observed that in the field a major source of detached sediment in
the rills is the undercutting and ultimate failure by sloughing of the riil
walls. Large blgcks of transportable material are input to the rills in this
manner. A void exists in the rill literature on this topic, necessitating
exbloratory reséarch into rill sloughing and the utilization of’guilyrerosion
studies for guidance. The problem with the use of gulley erosion studies to
predict rill erosion quantities is the extreme magnitude and time frame
differenée between gully erosion and rill ercsion. More work needs to be
done on rill wall stability and failure. This phenonmenon will be more fully

discussed in the rill_development chapter.
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Recommendations

The detachment of soil in rills is poorly understood. For the present
~time it can be gualitatively viewed as an excess shear stress phenomenon with
‘additional soil detachment due to seepage forces and rill wall failure. Quan-
“titatively, any of the equations presented above must be fitted at some stage
“to the soil in question. An equation based on s0il physical parameters is
“needed if detachment is to bé included in erosion modeling. The most phy-

sically sound procedure for estimating potential detachment rate appears
to be Foster's shear excess formula given by equation 5.8.

Detachment by splash in the interrill areas was described alternately by
‘a function of rainfall intensity, momentum, and kineticrenergy. The power re-~
+lationship given by Bubenzer and Jones {1971) includes both intensity and
.@kinetic.gnergy. Additionally, predictions of detachment are given as a func-
'_tionroffpercenf%biaf.f Of the relationships given, the Bubenzer-Jones equation

.appears to-be the most adaptable in terms of predictive parameters.



CHAPTER 6 SOIL EROSION: TRANSPORT EQUATIONS

Introduction

Most erosion models that use tran;port relationships utilize river
sediment transport equations. It is important to discuss the assump-
tions and empiricism inherent to each of these equations to ascertain
the applicability of their use for rill and interrill flow. The major
équations considered for use for rill and interrill flow transport are
described in the fellowing sections.

Rill Transport Equation

Yalin Equation

The Yalin (1963) sediment transport eguation was recommended for
overland flow by Neibling and Foster (1980). Their conclusion was that
the Yalin equation could. be used "as is" for computing overland flow
éediﬁent transﬁort rates. They based. the conclusion on compared per-
”berménée‘ﬁf sik differenﬁ sédiment transpoft equations using 176 tests
and six different materials. Their results showed that only the Yalin
equation performed adequately.

The assumptions inherent in the Yalin equation are extensive; vis,

1) steady, uniform flow,

2} turbulent flow, with a laminar sublayer of thickness less
than the size of bed roughness elements,

3) cohesionless, moveable bed,
I} equal sized grains,
5} grain motion by saltation, and

6) Shields' shear-velocity curve is accurate.
Most of these assumptions are not very restrictive. However, the
assumption that grain movement is conly by saltation makes the Yalin
equation a bedload equation that, although suitable for shallow flow,
may not consider enough of the sediment transport processes to handle

~72-
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rapid rill-flow, with its high suspended solids content. Alonso (1980)
tested eight sediment transport equations using seven sets of data and
265 total runs. Field data and flume data were utilized, the depths
ranging from 1.13 inches to 22.7 inches, velocities ranging from C.5 fps
to 4.2 fps, slopes from 0.03 percent to 2.2 percent and sediment concen-
trations from i0 ppm te 61,000 ppm.

The Yalin equation only did an average job while the Yang {1973)
total-load equation yielded the most accurate prediction. The Yang
equation will be discussed in a later section. The Yalin equation's 35%
confidence limits of the mean for predicted load/measured load ratio
deviated significantly from 1.0, and the low limit was in fact about 1.5.

The Yalin equation was presented by Yalin (1972) as:

1

2,
q_p

- 0.635 —= -[1-

—'——?2 : In {1 +as)], (6.1}
(‘Y'SD) - Vq.!

where g is the sediment load in 1b/ft-s, p is the fluid density in
slugs/ft3, Tq is the sediment specific weight in water in 1b/ft?,
D is a typical grain size in ft, ¢ is a reciprocal mobility number given

by:
¢ = 3 {6.2)

where V, is the shear velocity in fps. The other two parameters,

a and s, are given by
(6.3}
and

5= Ty - 1 (6.4)
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(6.5)where Ycr is from the Shields curve and is a function of either

%}
V*ch o YSD
v p vé

depending on the version of the Shields curve available, and W is
the solid/fluid density ratio {psfp). The modified Shields curve
from Yalin (1972) is shown in Figure 6.1. For computerization, the
Shields curve will need to be tabulated, or have functions fitted
to various sections of it.

Modified Yalin (CREAMS) Equation

Foster et al. (1980, 1981) developed a model for estimating
erosion and sediment yield from field-sized areas. They utilized
a modified Yalin equation from Foster and Meyer (1972) for overland
flow and rill flow sediment transport. . The modification was necessary
to take_varying.sédiment sizes and densities. into account. The sedi-
ment transport is calculated using the following steps:

1} Calculate the excess tractive force for each size of particle,
assuming only that size is present (dencted 61).

2} Calculate the non-dimensional transport for each sediment
size, assuming only that size is present {(denoted Pi).

3) Calculate the total excess tractive force for the mixture,
by summing the individual excesses, e.g.

T = E 6, (6.5)

where nS is the number of difficult sediments.

4) Calculate the individual non-dimensional transport of each
size in the mixture by multiplying Pi by 6i/T (denoted (Pe}i)

5) Calculate the individual transport capacity for each size
in the mixture,

wsi = (Pe)i (Sg)ipwgdiv* (6.6)
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where wsi is the transport capacity.

6) Redistribute the transport capacity according to the sediment
load for each size, and calculate the required non-dimensional
transport by,

q_.
si

P, = {6.7)

i, req (Sg)i gpwdiv*

7) Calculate the fraction of transport capacity used by these
particles with Wsi > 9g5 oy,

SPT = - (Pireq/Pi)Ki (6.8)

where K, = 1 for W , > q ., and K, = 0 for W . < g ..
i si= “si i si si

8) The excess transport to be distributed is then

Exc = 1 - SPT (6.9)

.9) Determine the total excess tractive force for those particles

for which W . - q .
S1 31

n
3
SDLT = 2. 6.4, (6.10)
i=1 11

10} Distribute the excess according to 6i fractions and qsi

H
1]

ol (Bi/SDLT)(Exc)(Pi)(Sg}igpwdiV*ﬂi (6.11)

and

Tci = qSiKi , {(6.12)

where Ei and Ki are as above.

1) Repeat steps 6-10 until either all T , < gq_, or all T . <

=q_..
If all T . = q . then proper T . s Rave 5%en found.t 1 511

Tci" q F hen gil of the excess %ill be given tec the particle
siZe, sO redistribute by
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n
S i .
SMUS = '[ (Pi,reqlpi) (6.13)
i=1 .
and
T, = dg;/SMUS (6.14)

Data presented by Foster and Meyer (1972) shows that this method does a
fair job for 7 - and 10% slopes and 70 and 100 foot refined plots the
prediction for shorter plots and shallower slopes was poor at best.

The Yalin equation in its original form and in its modified form
utilize the Shields' diagram to relate the critical shear Reynolds'
number to the critical dimensionless 1lift force. A problem arises be-
cause Shields' curve was developed for coarse, cohesionless granular
" solids. Mantz (1977) extended the Shields' diagram te include fine
-éraiﬁs an&'flékes.'-Thg grains tested ranged in diameter from 15 p to
66 u: aMahtzrplbtted”his‘own déta together with data from the literature

as a Shields~type diagram. The regression line of the low Reynolds'

number data is greatly different in slope from the Shields' curve,
crossing at a Reynolds' number of about 1.2. The extended Shields’
diagram presented by Mantz has a confidence limit that would allow a
multitude of curve shapes including two straight lines intersecting at a
boundary Reynolds' number of about 8. Mantz's extended curve is shown
in Figure 6.1. Foster et al. (1980) used the Mantz (1977) relationship
for the Shields curve for their modified Yalin equaticns.

Yang Equation

Yang (1973} proposed a sediment transport equation based on unit-

stream- power concepts. In a previous study, Yang (1972) found through
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regression that the most dominant flow characteristic for sediment transport
is unit-stream-power, defined as the product of the average flow velocity
and the energy slope of the flow. Unit-stream-power as defined by Yang (1973,
pg. 1680) is:

" ..the time rate of change of potential energy expenditure per unit
weight of water in an alluvial channel,..." (Yang, 1973, pg. 1680).

He expressed the sediment transport concentration as
1n Ct = a + B 1In (VS - Vcrs) (6.15)

where Ct is the sediment concentration, VS is the unit-stream-power, VC;S
iz the critical unit stream power required at incipient motion, a and 8 are
parameters. The difference, (V3 - Vch)’ is denoted the effective unit stream
power. Yang states that the equation was verified by 1,225 sets of labora-
tory data and 50 'sets of field data and that most of the data exhibits a
correlation'coefficienﬁ of 0.98 of higher. ° Yang (1973) -improves -on this
equation by making the unit-stream-power parameters dimensional.

The Yang equation was developed for noncohesive sand with a median sieve

diameter greater than 62 um and a specific gravity of 2.65. The energy slope

is approximated by the water surface slope. Yang's final proposed equation
is wd Vr
In C, = 5.435 - 0.286 1n [—-] - 0.457 1n (—) +|(1.799 - 0.19 1n(ﬂ)
t v W v
Ve v 8
- 0.314 1n (——)] ln(-yé - = ) (6.16)
W W W

where w is the particle fall velocity, d is the particle diameter, v is th:

kinematic viscosity, and V, is the shear velocity. The dimensionless quanti-
V*

ties, E% and ~ might be denoted the fall Reynolds' number and the dimen-

sionless shear velocity, respectively.



kS

-7G-

Alonso (1980) and Alonso et al. (1981) found that- the Yang equation
yielded the most accurate prediction of eight transport equations tested,
especially for sand transport. In Alonso {1980) the mean ratio of predicted
and measured load for the Yang equatiocn fell close to 1.0 for both field and
flume data with the 95% confidence interval including unit for all three
groups of data. Yang's equation yielded predictions for field data (ratio
mean = 1.01) and the flume data with depths greater than 70 particle dia-
meters (ratio mean = 0.99).

The Yang equation uses a single particle size for its determination. An
algorithm must be developed to utilize this equation for multi-partiéle size

transport. A Foster et al, (1980, 1981) style approach might be utilized,

but more research is necessary to validate the procedure. Once that al-
}'gorithm'éan be developed, the Yang equaticn  shows promise . for- accurately . -
' estimating sediment transport in ¢hannelized flows.

::'Ackérs.and White Equation

Ackers and White (1973) developed a sediment transport equation based
upon sediment mobility considerations and dimensional analysis. In the de-
velopment, noncohesive sediments and steady-uniform flow are assumed. The

data used for verification excludes supercritical and transition flows. The

_ maximum Froude number is 0.8. The calculation procedure is spelled out in

Appendix II of Ackers and White (1973).
The- Ackers and White equation procedure is as follows:

1) Calculate the dimensionless particle size, D . for the representa-
tive particle diameter by: g

] 2173
Dgr z D(g(SS - 1)/v2} (6.17)

2} Determine the transition exponent, n; the initial motion Froude
number, A; the sediment transport function exponent, m; and the
sediment transport function coefficient, C; by:
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n :1.00 - 0.56 log, D (if D > 601 =0.0) - (6.18)
ao- 2223 o1y (ir Dgr > 60, & = 0.17) (6.19)
/D
gr
- 9566 +1.34 (if D > 60, m = 1.50) (6.20)
gr &r

- - 2
log1OC = 2.86 log10 Dgr (log10Dgr) 3.53

(if D > 60, C = v.025) (6.21)
gr
3) Compute the particle mobility, Fgr’ by:

n
F o= —v v (6.22)

gr
ad)
g D(SS - 13132 log10 (_5

where V is shear velocity, d is flow depth, a -is rough-turbulent
equation coefficient equal to 12.30/ks, where k 1is a linear mea-
sure of grain roughness, and V is the new'velocigy of the flow.

4) Calculate dimensionless sediment transport rate, Ggr’ by:
Fgr m
Ggr = C( el 1) (6.23)

5) Convert Ggr to sediment flux X, by

(G r) SSVD N n
A (-— ) (6.24)
Vg

Equations (6.18) through (6.21) are based on measured data from almost
1,000 flume experiments. Uniform sediments were used, with flow depths up to
0.4 m (15.75 inches). One problem with the method is that no guidance is
given for choosing ks. No term for slope is ﬁtilized, although it 1is in-

trinsic to the velocity and shear velocity. The relationship is only good

. for sand size and larger particles, as Dgr must be > 1 by Ackers and White's

recommendations (D = G.04 mm at 15°C).
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Laursen Equation

Laursen (1958) developed a total sediment load equation for streams. His
procedure is a combination of a multiple particle size average concentra-
tion equation and a graphical representative of total lcad/bed load relation-
ship for dimensionless critical velocity. His equation.

_ T ! T /p
ceTp STt (o _pyr

T
yO C

(6.25)

where p is the percentage of particles in fraction with representative
diameter, d in feet, Yo is the depth of flow in feet, T, is the particle
boundafy shear, T, is the critical tractive force. and f { tO/p/w)ﬂis given
' graphically as a function of profp/w). where T is the average boundary shear
p is the fluid density and w is the sedimént fall velocity in fps. The par-

/- ticle boundary shear is given by

s g2 1/3 } ,
L4 (6.26)
Q 30 y_1/3
o}
and the critical tractive force is given by
T =0Cd (6.27)

where C is a coefficient dependent on the sediment characteristics and the
flow near the boundary. A C value of 4 was used for most of the development
analysis.

The data used for the development of this relationship included particle
" diameter from 0.011 mm to 4.08 mm, with ¢ values from 0.001 to 11.1 in
percent by weight {(parts per 100) or 10 ppm to 111,000 ppm.

Ranga, Raju, Garde and Bhardwaj Equation

Ranjga Raju et al. (1981) presented sediment transport relationships for

the total load in alluvial channeis- They defined total load as bedload
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plus suspended load originating from the bed. Wash load was assumed to be
negligible. The data for the analysis were taken from the literature and
ranged from 0.017 m (0.7 inches) to 10.0 m (33 ft) in depth, velocities of
0.126 m/s (0.413 fps) to 2.5 mf/s (8.2 fps), and slopes of 0.0001 to 0.0229.
Their final equation,

T ! -3m
9y = 60 (7})3 (;0—) (6.28
o
is ¢laimed to be applicable for the range
' 10' —~nt
0.05 < 1, (T) > 1.0 (6.29)
where ro’ is the average bed shear stress corresponding to grain roughness,

T is the average bed shear stress, t!

x 15 the dimensionless grain shear stress.

m is a constant based on dimensienless shear velocity., v, /w, and ?p is the

dimensionless total load transport.

The dimensionless grain shear stress is given by

Y. R ° 8 T !
NI o i e o e (6.30)
Ts Yf Ts Yf
where Rb’ is from
24 2/3 172
U = d1/6 Rb‘ 5 . (6.31)

and Yp is the fluid unit weight. Vg is the sediment unit weight. S is the
slope, d is the sediment diameter, and U is the average velocity. The

average shear stress is

T, = Y Rb S

where Rb is the flow hydraulic radius. Therefore. equation 6.37 becomes
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t i -
o= 60 S0 i e 2O (6.32)
T (YS - Yf)d e Rb S

The exponent., m, is fitted from channel data. For a dimensionless shear ve-
locity less than 0.5, m is equal to zero. For large values, the equation is:

v * .
m=0.2-—-0.10 (6.33)

The fall velocity equation of Ruby is used,
36vz 2 (S5 - Sp)d
W o= d2? 3

6v
- (6.34)

and Vv, is taken as E RbS. No units were given for any parameters. Calcu-

lations by this writer indicate that overland flow and fine particles are

outside of the range of applicability given by equation 6.34.

Other Equations and Conclusions o

| Other equations could be cited for use in an erosion model, i.e. Li et
al. (1977}, Einstein (1950), and numerous others. Most, if not all, exhibit
the same general trends and have common constraints, such as non-cohesive
sediment and shallow slopes. Their basis 1s theoretical, but all are em-
pirical in their final form. making applications outside of their range of
verification questionable at best.

Based on the above analysis, it can be recommended that a physically-
based erosion model should utilize the Yalin equation as modified by Foster
and Meyer (1972). This should only be done until such a time as data col-
lection for steep slopes (< 3%) and shallow flows be used to develop a Yang
(1973) style equation for multiple particle sizes. The stream-power concept

seems to have the most promise for sediment transport prediction.



CHAPTER 7 RILL FORMATION
The formation of rills is indicative of a severe erosion hazard.
The rills provide channels for concentrated runoff, with high detail-
ing and transporting capability as compared to non-rill overland flow.
Accordingly, a major portion of this study is devoted to developing
relationships to. predict rill formation.

Rill Equilibrium Properties

It is important to know the rill properties after the rills
have developed to equilibrium. This knowledge guides examination
of the processes producing sucﬁ a shape.

Mosley (1972, 1974) used a layer bin of a sand-silt mixture
under artificial rainfall to examine areal rill netwofk properties at
equilibriumi He related sediment discharge from each rill network-ﬁo
rive;—morphology—style’parameters calculated from the rill network geo-
ﬁetry.énd fouﬁd thaf the rill network pattern is dendritic in nature,
with a strong resemblence to a watershed drainage network of rivers
and streams (see Figure 7.1). The equilibrium sediment discharge
was most strongly related to the total length of the rill network, while
the equilibrium sediment concentfation and the equilibrium sediment
contribution were most strongly related to the original scil surface
shape. He concluded that rill drainage density, or the length of
rill per unit area, is a crucial consideration in both analysis and
contrel of soil erosion. His reascning for this conclusion is based
on the analysis-of-variance for sediment yield in his study and the
realization that a higher rill drainage density indicates that a greater
proportion of the ercding surface is under direct influence of channel-

ized flow.

84
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Figure 7.1 6.9% surface from. Mosley (1972) showing
a sample rill distributiocon
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Li, Ponce, and Simons (1980) proposed a model to estimate the rill
density, defihed as the percentage of plot width that is within riill
walls. They developed equations for rill density under both laminar
and turbulent flow assumptions. Unfortunately, the equations contain
numerous empirical constants, requiring fitting. In addition. the develop-
ment of the equations utilizes the concept of armoring of the surface
due to large. untransportable particles. Foster and Lane (1981) com-
mented that agricultural soils do not armor in this fashien. and that
the Dgu criteria used in the Shields’ diagram {as proposed by Li et
al.) is also not appropriate for agricultural soils. It must be noted
that agricultural soils do armor through development of a surface
seal or crust, but the DBH criteria of Li et al. would not account for
that armoring.

It can be concluded from Mosley's work that the areal equilibrium
 _shapQ_is dendritic and that thin shape affects the sediment delivery
characteristics of the network. The work of Li et al. indicates that
the equilibrium density of this pattern at any cross section on an erod-
ing plane can be estimated if the appropriate parameter values can be
determined.

The cross sectional pattern of the rills at equilibrium must also
be considered. It is this shape that dictates the shear stress distri-
bution and the flow conditions that prevail at equilibrium. Lane
and Foster (1980) stated that the rill shape can be taken as rectangular

with the width related to the flow by:

Wz ag® (7.1)

where W is channel width, Q is flow rate. and a and b are constants.

For the CREAMS model, however, Foster et al. {1980) stated that:
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g triangular cross section, a reasonable approximation to most
field channels, was used to develop the friction slope curves
because the equations are simpler." (Page 52).

Rohlf (1981) utilized a channel cross section composed of straight-
line segments. If the number of segments is allowed to be large,
a very general shape will be formed. Hohlf examined Foster's rectan-
gular section as defined in equation 7.t along with the segmented
section. He found that the segmented section formed a semi-circular
shape at equilibrium unless an erosion resistant layer is encountered.
in which case the shape goes to rectangular. Comparing his predictions
to experimental results from other researchers, Rohlf indicated that the
equation developed for sediment discharge utilizing a rectangular cross
section yielded a better prediction than his segment-cross section mod-
el. It must.be . noted that there are many differences between the two
algorithms, other than cross section shape, so shape conclusions must be
drawn w.ith cautibn.

Schwab et al. (1966) state that the equilibrium shape of a natural
stream is parabolic rather than a rectangle. It seems appropriate,
then, to utilize a line- segment shape more similar to parabolic for
rill analysis, such as a trapezoidal shape or some higher order polygon.
On that basis and on the basis of BRohlf's work. a segmented cross
section is used in the study under consideration,

Rill Development

The development of a rill network is one of the least understood
processes in hydrology. Very little work has been attempted in this
area and it is the major emphasis of the study at hand. Both the

initiation and the propagation of rills will be considered.
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‘Initiation of Rills

An excellent qualitative discussion of the initiation of rills
is given by Leopold et al. (1964), in which they describe the concept
of micropiracy. This concept was explained by Horton (1945) as a
consequence of the overtopping of ridges between adjacent microrills.
to unify their watersheds, and to form a layer channel.

As indicated through Horton's ideas, the topography of the soil
surface greatly affects the overland flow, and hence, the soil erosion.
The watershed divides on the surface dictate the volume of water avail-
able for concentration in that watershed. Therefore, if a surface is
very smooth, much water can concentrate because the entire area runs
to one channel. At the other extreme, if the surface is very rough,
little water can initially concentrate, so erosion is initially low,
and rilling is slight.

For a.given type of surface roughness, a change in slope will
affect the erosion through a reducticon in the sediment transporting
power of the concentrated flows. Foster and Wischmeier (1974) reccg-
nized the importance of such a slope change and developed an algorithm
to calculate an LS factor for the USLE for Iirregular slopes. Their
factor gives much higher erosion for a convex shape slope than for a
concave shape. This trend has also been cobserved in the field.

Seepage faces are important whenever moisture and a steep soil
face are found together. 1In the case of soil erosion. as mini water-
sheds on the so0il surface fill, the soil "walls" containing the flow
saturate (or nearly saturate}, reducing their stability. "Failure!
of these soil walls allows more rapid concentration of flow than through

micropiracy alone. Seepage is also important when considering rill
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wall stability. The sloughing of rill walls into the flow adds a
large, easily detached mass to the flow and changes the shape of the
rill channel.

Propagation of Rills

After rills begin, they grow in areal influence and depth. The
major mechanisms that cause this growth are flow shear and rill wall
sloughing. Both mechanisms change the cross sectional shape of the
rills and hence, affect the rill flow and sediment carrying character-
isties.

The shear stress applied by flowing water has been a topic of
research for many years. Average bed shear stress is given by Morris
and Wiggert, 1972):

T, = 'YRhS ) (7.2a)

i fdf shallow slopes and

- i ( -
T, 7Y Rh'51n B (7.2b)

for general slopes, where To is the average bed shear stress, v is the

specific weight of the fluid, R_ is the hydraulic radius of the flow.

h

S is the bed slope and ® is the bed angle. Both equations assume

uniform flow and are obtained by setting the gravitational component

in the flow direction equal to the bed frictional resistance and solv-
ing for T Equations 7.2a and 7.2b give no indication of the distri-
bution of this shear. The velocity distribution largely dictates
the shear stress distribution, at least on the average. Raudkivi
(1376} states:
"It is generally assumed that the orthogonals to the isovels are
surfaces of zero shear. This is true only on the average.
At any instant, however, there 1s a turbulent shear stress

on these orthogonals caused by the turbulent momentum transfer."
(pp. 247-248).
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Raudkivi goes on to state that, assuming that the isovels are surfaces

of zero shear, the bed shear stress between isovels is given by,

s Qléﬁziiﬂg (7.3)

where T, is the average bed shear stress between the chosen orthogo-
nals, L is the bed length between those orthogonals, AA is the area
of water contained between those orthogonals and & is the bed angle.

Many researchers have examined the shear distribution using
this concept aﬁd each has used a slightly different manner to calcu-
late AA. For example, Leighly (1932) developed a graphical methed to
obtain this area by drawing a cross section of the channel, superim-
posing a net formed by the isovels and their orthogonals, and measur-
ing the area contained by the channel bottom, tﬁe isovel orthogonals
and the linem(or'point} of maximum velocity.. Lane (1953, 1955) utilized
a power equation to fepresent the velocity with respect to the distance
from the bed. A membrane analogy and numerical solutions were utilized
to calculate the shear distribution for triangular, rectangular and
trapezoidal c¢ross sections. Rohlf (1981) utilized Lane's power func-
tion concept along with the assumption that the orthogonals to the iso-
vels are perpendicular to the channel boundary. Using straight 1ine
channel segments, Rohlf derived an equation for the incremental shear
stress.

A simpler method for calculating incremental shear stress was
put forth by Lundgren and Jonsson (1964}. They found that. for shallow
channels, a method using channel bottom normals proved sufficient.

Essentially, lines normal to the channel bottom extending to the surface
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are calculat?q for each channel segment in question and the area formed
by the normals, the surface and the channel bed is easily calculated,
especially for strailght line segmented channels, Their numerical
solution showed little difference in prediction between their area method
and the velocity distribution method, wilth much simpler analysis.
The authors state that the channel must be smooth, not polygonal.
However, it would seem that a polygon wifh a large number of segments
would apprdach their method. Figure 7.2 shows thelr results for 5 dif-
ferent methods of analyses. Figure 7.3 shows data from Replogle and
Chow (1966) and the prediction of Foster's (1982) equation, Rohlf's
(1981) equation and Lundgren and Johsson's method using a segmented
channel (two to ten gegments) to represent the semi-circular channel
of Replogle and Chow. The shear distribution found using the latter
method is ‘discussed in more detail in the sedfment generation.compon-
ent verification section df this report.

Rill wall sloughing is the other major mechanism by which the
rills propagate. Few erosion models have considered this phenomenon.
but we have observed it to belvery important during erosion events.
Rohlf (1981) observed rill wall failures in motion pictures takén of
rills and states that the rill wall stability could be added to his
model. Wu et al. (1982) included rill wall stability by setting an
uppe? limit on the rili wall gradient (their rills are triangular).
Once that gradient is reached, it is assumed that the wall falis.to a
new, stable slope gradient and the soil material is deposited inte the
rill. Deposition must be considered in detail, so Wu et al. ignore the

sloughed mass in their model. Wu et al. stated that the limiting and
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equilibrium gradients could be set by experience. It would seem that a
detailed slope stability analysis is needed to derive simple relation-
ships for rill wall stabillity consistent with so0il mechanics principles.
At the present time, however, the Wu et al. approach is the bést avail-
able.

Density Effects on Rill Formation

The effect of density changes in the soil profile on rill develop-
ment have been observed by many researchers. The bottom of a tillage
layer, for example, usually has a much lower erosion potential due to
its higher density. Lane and Foster (1980) stated that a rill will
erode downward until it reaches a nonerodible (or less erodible) layer
and then widens. Rohlf (1981) used some unpublished data of Foster
and observed the same phenomenon. A segmented c¢ross section, as dis-
cussed in the shear stress section, would require keeping track of which
sections have reached the less erodible layer and would change shape
dramatically, eventually approaching the rectangular shape assumption
used in the CREAMS model (Foster et al., 1980).

CONCLUSIONS
The following conclusions can be drawn about rill formation:

1) A detailed representation of the soil surface is necessary
to determine the number of rill channels that will form.

* 2) A multi-segmented rill cross section can be used to calculate
the shear distribution causing rill formation and propagation.

3) The layering effects of tillage must be taken into account
to determine rill propagation, and

4) A "limiting gradient" approach to rill wall stability can
describe the sloughing phencomenon, albeit greatly simplified.
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CHAPTER 8 MCDEL DEVELOPMENT

The Kentucky Erosion Model (KYERMO) was developed as a research
tool to isolate the important aspects of the rainfall/runoff/erosion
process. The development goals were to:

1) Include as many known aspects of the processes as possible,

even if complete development will not be undertaken immed-
iately.

2) Utilize measureable parameter relationships whenever possible.

3) Minimize limiting assumptions, such as shallow slopes for
flow equations, to allow applicability to steep slopes. :

The model consists of a main program and 27 subroutines. It is
written in Microsoft FORTRAN for ﬁse on an IBM PC, requiring approxi-
mately 200K of random access memory to run, a disk drive for input and
a printer for output. . It must be noted that this model is in constant
flux and is continually being improved as experience is gained in its
use and as more research data becomes avallable.

Main Program and Support Programs

The MAIN program of KYERMO provides the framework for the model.
The support programs (INITIA, PRINTO, RAINFA. MOVE, PRINT1, PRINTZ,
PRINTR) provide initiaiization, boockkeeping and output capabilities.
The support programs are_called from MAIN (except for PRINT . which
is cglled from INITIA). Each will be discussed in detail in subsequent
paraéraphs. A software listinf for all programs is given in Appeﬁdix I.

The structure of the MAIN program can be represented by the flow
chart in Figure 8.1. The generation and routing calls are to sub-main
programs rather than to the actual subroutines to facilitate changes

in program structure as the program is improved through experience and

further research. A list of all variables is given in Appendix VI.
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The INITIA subroutine is the parameter input and initialization
routine forf'KYERMO. In this subroutine parameter values are read
from disk and set up as variables for use by the rest of the model.
In addition, the subroutine PRINTO is also accessed by INITIA. PRINTO
can be used to print all of the input parameters if desired. A list
of INITIA inputs is shown in Table 8.1.

The RAINFA subroutine is a second input subroutine. It reads
rainfall intensity drop size distribution and energy data as the pro-
gram runs. It is accessed at timés that are input during the previously
read operation. A future modification will be to have options for 1)
natural rainfall energy and drop;size distribution fer the given in-
ténsity, or 2} Kentucky Rainfall Simulation energy and drop-size dis-
tribution, 3} Rainulator enérgy and drop-size distribution. or %) the
option to specify all rainfall characteristics. ,At the preseht time the
only option-is (4). RAINFA accesses its own print routine to output
the input parameters. A list of the inputs for RIANFA is given in Tab-
le 8.2. |

The MOVE subroutine is utilized before each space or time incre-
ment to reset those variables that are to be utilized again. It also
calculates statistics for the PRINTI1, PRINT2, and PRINT3 subroutines.

The output subroutines (PRINTt, PRINT2 and PRINT3) are used
to print the statistiecs and run information for KYERMO. All have,on/pff
options specified in INITIA. The PRINT1 routine outputs after every
slope increment. The PRINTZ2 routine outputs after each time increment,
The PRINT3 routine is used to generate output after the run is com-
pleted. The output parameters are given for PRINT1, PRINT2, and PRINT3

in Table 8.3. A listing of PRINT1 is given in Appendix I.
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Table 8.1 INITIA Inputs

Variable Name Dimension Variable Description/Units

HPL Horizontal Plot Length (m)

PN, Plow Width (m)

NJ 1 Number of Plot Increments (-)

NR(J) 10 Number of Rills in Each Increment (=)
NSEG(J,M) 10,10 Number of Initial Sediments in Each Rill (-)
NSS(J,M,MJ) 10,10,10 Number of Sub=-Segments for Each Segment (-}

so(J)
BLINC(J)
TS

DTM
ITRS
TCELS
KS(L)
SMC(L)
B(L)
XI(L)
DMM(I)
538(I)
FDMM(I)
RDFDMM(I)
DS(L}.
MC(L)
PCL(L)
EV
N{J,M)
NS(J,M)
RWSW(J,M)
138D
IRSD
RR(J)}

cc

E1

E2

E3

PSM

PS3
ARDET(L)
BRDET(L)
POp

PO

P02

PO3
R1(J,M)
K2(J,M)
K3(J,M}
RX{J,M,MJ)
RY(J,M,MJ}

_l-—l—-!—l‘ — ol
“ 2NN SRV N S a2

10,10
10,10
10,10

_.n_n_-ml\)_l_.n..a.a_u_na_n_n

1
10,10
10,10
10,10

10,10, 10

10,10, 10

Plot Increment Slope (m/m)

Horizontal Plot Increment Length (m)

Simulation Time (min)

Time Step (min)

Time of Initial Rain Start (min)

Ambient Temperature (°C)

Lab Saturated Hydraulic Condition (em/hr)

Lab Saturated Moisture Content (cc/ec)

Log-Log Slope or Moisture Rel. Curve (-)
Log-Log Intercept of Moisture Rel. Curve (cmHzo)
Sediment Type Diameter (mm)

Sediment-Type Specific Gravity (-)

Matrix Fraction of Sediment Type (-)

Rain Detached Fraction of Sediment Type {-)
Final Degree of Saturation (-)

Initial Moisture Content {cc/ee)

Percent Clay (%)

Infiltration Rate Criterion (cm/hr)

Infiltration Volume Criterion (ecm)

Rill Manning 'n' (-)

Sheet Manning 'n' (-)

Rill Watershed Width (-)

Sheet Trans Ed Choice (=)

Rill Trans Ed Choice (-)

Plot Increment Random Roughness {cm)
Bubenzer-Jones Coefficient (g/min)
Bubenzer-Jones Intensity Exponent (-)
Bubenzer-Jones Energy Exponent (-)
Bubenzer-Jones Percent Clay Exponent (=)

Maximum Potential Soil Splash (=)

Potential Soil Splash at 3 Drop Diameters (-)
Foster Detach Ed Coefficient (g/min)

Foster Detach Ed Exponent (-)

Print Option ¢ (-)
Print Option 1 (=)
Print Option 2 (-)
Print Option 3 (-)
Flow ICTN Indicator
Flow ICTN Indicator
Flow ICTN Indicator (-)

Initial Rill Cross-Section (K Value) (cm)
Initial Rill Cross Section (K Value) (em)

(-}
(=)
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Table 8.2 RAINFA Inputs

Fortran Data Item
Variable Units Format Line #
Rainfall Rate cm/hr F 1 1
Rainfall Energy - Joules/em F 1 2
Rainfall Duration Min I 1 3
Next Rainfall Start Time Min I 1 4
Rainfall Drop Size Bistribution:
Drop Class 1-12 Decimal Fraction 12F 2 112
Drop Class 13-24 Decimal Fraction 12F 3 1-12
Drop Claszs 25-28 Decimal Fraction 4F 4 14

In addition to the initialization and print routines, the frame-

work formed by thelMAIN program and its support routines includes the
fellowing four components:

1)_ Runoff generatioﬁ component.

é) Runoff routing component,

‘3) Sediment generation component, and

4) Sediment routing component.
Each of these components will be discussed in subsequent sections.

Runoff Generation Component

The runoff generation component consists of its sub-main program,
RUNGEN, and three subroutines: SURSTO, INFILT, and RUNOFF. These three
subrputines calculate surface storage, infiltration rate, volume. runoff
rate: and RUNGEN. respectively. All of the subroutines are.'listed
in Appendix II.

In order to predict surface storage, the subroutine SURSTO util-

izes the plot slope and an index of surface roughness termed "random

roughness" (Allmaras et al., 1966) to estimate total available surface
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Table 8.3 PRINT2 Outputs

Variable Variable Description (Units)

J Current Slope Increment (-)

T Current Time (min)

HDDSL Horizontal Distance Downslope (m)
F(J) Infiltration Rate (cm/hr)

V(J) Infiltrated Volume {cm)

Q0 Interflow Out of Increment {(cm/hr)
QI Interflow into Increment {cm/hr)
RO(J) Runoff Rate {cm/hr)

S8TO0(J) Potential Surface Storage (cm)
sso(d) Surface Storage Filled (em)

M Rill Watershed under consideration (-)
QSHEET (J,M) Sheet Flow Rate (cc/sec)
QRILL(J,M)} Rill Flow Rate (ec/sec)

I Sediment Particle Type (-)
RDET(I,d) Raindrop Detachment Rate (g/min)

DETOTM(I,J,M)
DETOTD(I,J,M)}
ST(I,M)
RT(I,M)}
DEP(I.J.M)
QSRILL{I.2.M)
T

RORTOT
SEDRTO
TSPWFR
QRILL(NJ,M)
QSRILL(I,2,M)
ROTL

ROTCM

SDKG

SDMTHA

SDTAC

WSDL

WSDKG

RTOT

RTOTL

NUM(I)

PFW(I)

HPL _

PN H
NJ

HLINC(J)
30(J)

TS

DTM

IMD1

IMD2

RIOT

RTOTL

ROTL

ROTCM

CN

SDKG

SDMTHA

SDTAC

Rill Flow Matrix Detachment Rate (g/min)
Rill Flow Deposited Detachment Rate (g/min)
Sheet Flow Transport Rate (g/min)

Rill Flow Transport Rate (g/min)
Deposition Rate (g/min)

Sediment Delivery Downslope (g/min)
Current Time (min)

Total Runoff Rate (2/min) :

Total Sediment Delivery Rate (kg/min)
Total Sediment Plus Water Flow Rate (1/min)
Rill Flow Rate (cc/sec)

Sediment Delivery Rate {(kg/min)

Cumulative Runoff (2)

Cumulative Runoff (em)

Cumulative Sediment Delivery (kg)
Cumulative Sediment Deliver (mt/ha)
Cumulative Sediment Delivery (t/ac)
Cumulative Water and Sediment Delivery (L)
Cumulative Water and Sediment Delivery (kg)
Cumulative Rainfall (cm)

Cumulative Rainfall (L)

Sorted Sedimetn Type (-)

Percent Finer by Weight (%)

Horizontal Plot Length (m)

Plot Width {m}

Number of Plot Increments {-)

Horizontal Increment Lengths (m)

Increment Slopes (m/m)

Total Simulation Time (min)

Time Step (min)

Initial Moisture Deficit Layer 1 (ec/ec)
Initial Moisture Deficit Layer 2 {cc/ce)
Total Rainfall (cm)

Total Rainfal (L)

Total Runoff (L)

Total Runoff (cm)

Equivalent Curve Number (-}

Sediment Delivery (kg)

Sediment Delivery (mt/ha}

Sediment Delivery (t/ac)
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storage using curves developed by Linden {1979). These curves were
presented eafiier in Figure 3.3. The representation of these curves for
use in KYERMO was developed by fitting a four-point Lagrangian function
through the inflection points on Linden's curves. Linden found that no
appreciable storage exists on slopes above 20% (in the range of random
roughness examined), so 20% is used as an upper limit.

The subroutine INFILT is the most involved subroutine in the run-
off generation component. It is based upon the Moore (1981a) and Moore
and Eigel (1981) extension of the Green-Ampt-Mein*Larson (GAML) model
which was developed by Mein and Larson (1971) as an extension of the
Green and Ampt (1911) equation. A modification of the Moore (1981a)
work for use in this model is the use of the "field saturation™ concept
as outlined by Hirschi, Larson and Slack (1980} and Hirschi (1980).

- The GAML model is an approximation to the infiltration process

developed by combining Darcy's equatlon,

dh
V:K-a? (8.1

and moisture continuity. The derivation is taken as the hydraulic head

over the distance it acts, or

dh _ dpond+L+Sav 8.2)
dz ~ L .
where dpond is the depth of the surface ponding (usually taken as

zero and is assumed to be zero in KYERMO), L is the depth to the wetted
front (moisture is assumed to move as piston flow) and Sav is the
average capillary suction across the wetted front. Therefore, Darcy’s
equation can be represented by

L+35
av

V= K - {8.3)
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The piston flow assumption leads to a simple representation for contin-
uity. The infiltrated volume must equal the product of the total
fillable porosity minus the initial moisture content and the depth to

the wetted front, or
F = (Bs - Bi)L (8.4)

where F is the infiltrated volume expressed as water depth, Bs is the
total fillable porosity, and Bi is the initial volumetric moisture con-
tent, assumed to be uniform. The difference between Bs and Bi is termed

the initial moisture deficit (IMD). Solving for L,
L = —— (8.5)

Therefore, substituting for L and letting V be the infiltration rate, f,

F/IMD + Sav
f =K F i ' (B.6a)
™MD
or
F + SaV(IHD)
f =K —"'-'-'F—'— {(8.6Db)

Simplification leads to the familiar GAML rate equation

IMD(Sav)
£f=K 1+ N (8.7

At ail times, if the rainfall rate is less than the infiltration rate,
the value of f is limited to the rainfall rate.

The "field saturation™ concepts put forth by Hirschi, Larson,
and Slack (1980) use an unsaturated upper 1limit for so0il moisture
content. This condition is probably caused by air entrapment in the

soil due to surface sealing (Moore, 1981b). The level of saturation in

r
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the field is specified by the user, with a 90% moisture level being
a good estimate if the actual value is unknown. as recommended by
Slack (1978). The relationship between K and © is given through the
use of Campbell's (1974) method, which utilizes the moisture retention
curve, the saturated hydraulic conductivity, and the saturated moisture
content of a s0il to estimate the K - € relationship. Through the use

of Campbell's equation,

_ 2b+3

K = Ks (e/Bs) 7 (8.8)
where b i3 the absolute value of the log-log slope of the moisture re-
tention curve, Kfs (conductivity at "field saturation”) and Sav can
be estimated. Moore (1979). using Campbell's concepts, developed a

general equation for Sav which can be stated as,

' a a
s = Se(krfs ~ kri) _ (8.9)
av a(krfs - kri) '
where S_ is the air entry suction, k and k . are respectively the
e rfs ri

relative conductivities (k!ks) at "field saturation" and intitally,

and a is a constant given by,

b+ 3
a = 50— 3 7 : (8.10)

A reasonable estimation of Se can be obtained using the log-log inter-
cept: of the moisture retention curve. Therefore, from Hirschi (1980).

10072 (k2 _ k3

s = 8 rfs ri (8.11)
av a (k -k ,) :
r ri

fs
where x 1s the log-log Intercept of the moisture retention curve.

Moore and Eigel (1981) modified the GAML model to account for
a two-}ayered system. Their final rate equation was used in KYERMO,

-

after hfield saturation" substitutions, or
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Sav1 IMD1
f=Kf'S'| 1:——f'.—"'"'— f'()l“]..‘<L1
(8.12}
H+F - F.I
f = KfsE E + F - E1 for L >-L1
where K and K are "field saturation conductivities for layers

fs1 fs2
1 and 2, respectively, F and f are as previously defined, L is the depth
to the wetted front, L1 is the depth of the upper layer (the lower layer
is assumed infinite), F1 is the infiltrated volume stored in the upper

layer, and H and E are as follows:

H = IMD2(L1 + Sav2) (8.13a)

K
E.= L1IMD2 fs2/KfS1.

(8.13b)
Note that the subseripts 1 and 2 denote layers 1 and 2, respectively.
The final equations are solved at each time interval by iteration
uritil the values of f and F change by less than small, user-selected
amounts. A small amount of numerical instability was found at the layer
interface, but this is remedied by recalculaiing Vthe values using
the upper layer equation if the rate immediately after crossing the
interface is larger than the previous value. An example output is shown
in Figure 8.2 .

" The RUNOFF subroutine utilizes an exponential relaticnship presented

by Barfield, Warner and Haan (1981). which can be stated as.

-{P-F)/ss

RO = (R -1} (1 -e ) (8.14)

where RO is the runoff rate, f and F are as defined above., R is the

rainfall rate, P is the accumulated rainfall volume and ss is the total

-
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Figure 8.2 Example output of the infiltration routine in KYERMO
compared with the Djavan (1977) data
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available surface storage. If there is no surface storage {(i.e. ss =
0), RO is assumed equal to (R - f).

The runoff rate on each slope increment during each time step
is assumed to be inflow to the rill system. Runoff in the rill system
is computed in the runoff routing component, along with other runoff
variables and statistics.

Runoff Routing Component

The runoff routing component consists of a sub-main program, RUNROT,
and three subroutines, RILLFL; RLFLOW, and RLCSSH. All are listed in
Appendix III. The runoff is routed through a rill network initially
set up in INITIA. The rill channel cross section is assumed as a
series of segménts, with ﬁhe segment endpoints initially specified in
INITIA. The cross sections are changed in the sediment generation com-
ponent, reflecting detachment of sediment..

Ther subroutine  RILLFL calculates the flow in each rill oé a
slope increment using Manning's equation. The flow routing breaks the
model time step into smaller parts to gain accuracy and stability.
RILLFL averages flow characteristics from the previous time step to set
the routing time step at or below the critical time step required
for routing method stability. RILLFL then calls the subroutine RLFLGOW,
which calculates the routing.

! The subroutine RLFLOW uses a four-point kinematic routing pro-
cedure as outlined by Brakensiek (1966). The procedure uses a finite
differencing method with Manning's equation as the rate equation and
utilizes the-known flow rate and area at previous time and space steps
to calculate the flow rate and area at the current location and time.

This concept is shown in Figure 8.3, The procedure is essentially an
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Figure 8.3 Grid for 4-point kinematic routing
used in KYERMO (after Brakensiek,
1866)
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initial value problem in two dimensions. Briefly the development is as

foliows:
. Q8
Continuity Equatlon: 5t 3t - @ (B8.15a)
Rate Equation: Q = —n1—-R§/3 (sin v)%a (8.15b)

where Q is flow rate, A is flow area, q is lateral inflow, n 1s Manning’s
coefficient, Rn is the flow hydraulic radius, and 4 is the slope angle.
The continuity equation (8.15a) is discretized by using finite difference
approximations for ail the terma. Brakensiek found that a central dif-

ference eguation was best for %%. but & forward difference equation was

best for g%. The representations are
ST Nl Bl Bl (8.16a)
at " 25t -1ha
Q- Q,
aQ 4 2
3x - A {8.161b)
The continuity equation then becomes,
Ax 2At =4 .
or
by
:__AQH+ > =« + B (8.18)
where:
A = At/ax {8.19a)
« = (A1,+ A3)!2 (8.19b)
Az
B = 1Q2 + Atg - e (8.19¢)
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In RLFLOW the known quantities are calculated and the subroutine RLCSSH
called to calculate the depth of flow, area of flow, wetted perimeter,
and hydraulic radius for the multi-segmented channel cross section. The
new flow rate is then calculated and the routing is continued.

The RLCSSH subroutine iz a complex subroutine used to calculate
the depth of flow in a channel cross section represented. by straight.
segments. A Newton-~Raphson technique i5 used to iterate to the new
depth. Model points of the channel are redefined so that they begin and
end at the new water's edge. In the algorithm small areas are essentially
summed in an attempt to match the unknown left-hand-side to the known
right- hand-side of the continuity equation. The depth estiméteris then
revised and the iteration is repeated until a 0.01% or smaller chaﬁge
1s found between iteratives. - The wetted perimenter, hydraqlic radius,
and area -in RLCSSH are then calculated and the values returned to RLFLOW
through COMMON blocks.

After the flow rates are obtained ﬁhrough the RUNROT routines,
the sediment generation routines are called by the main program.

Sediment Generation Component

The sediment generation component consists of its submain program,
SEDGEN, and five subroutines: RADET. RLDET, SHDIST, RLSHAP, and SLUFF.
Raindrop detachment, rill flow detachment, rill wall sloughing, and the
change of the rill channel cross section due to detachment and deposi-
fion are all computed in this routine.

In the RADET subroutine sediment detachment due to rainfall
impact is evaluated. A base soil detachment rate is calculated using
the final equation of Bubenzer and Jones (1971) which can be stated

as, : -
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e, e, e
ss = CR E %p 3 (8.20)
cl
where ss is the soil splash rate in g/min, C is a coefficlent, e e,

and e3 are exponents, R 1s rainfall rate in cm/hr, E iz the rainfall .

energy .in joules/em® , and Pc is the percent clay of the surface layer.

1
Coefficient and expenent wvalues are input by the user, with Bubenzer
and Jones' values being gocd estimates if actual values are not known.
The base soil detachment rate is'usedrfor areas not covered by surface
ponding, but the'value must be adjusted to consider those areas covered
by water. A pqtential soil splash coefficient is calculated for éach
- drop size class to asseés the drop detachment on ponded areas. Paimer
(1965) examined the effect of surface water on seil detachment due to
various sizes of raindrops and found that detachment rose to a maxi-
'mum at a depth of about one drop diameter and was Almost zero at a depth
of three drop diameters. This phenomenon is provided for in RADET by
allowing the user to specify a maximum ccefficient (suéh as 1.5) and the
coefficieht at three drop diameters (such as 0.1) énd then by fittingra
function teo the shape of Palmer's data through those points. ‘.The
28 raindrop size classes specified in RAINFA are considered separatély.
with their individual potential splash coefficieﬂt weighted by their
fraction of the rainfall. The weighted individual coefficients are
then:summed and the’resultant "average" coefficient is used to adjust
for the surface ponding. A final raindrop detachment rate is thus ob-
tained. The particles on the soil surface are assumed to be detached
according to the fraction specified in INITIA.

The RLDET subroutine and the other subroutines called from RADET

were the longest subroutines in development. Foster's (1982) empirical

-
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equation utilizing excess shear is used as the basic equation, with user
specified coefficient and exponent for each soil layer. Foster's

equation can be stated as

B

D=aif(t-1 ) (8.21)

cr

where t is the channel bpundary shear stress in N/m®* and Top is the
critical shear stress for detachment in N/m?. The critical shear
stress was found to be a strong function of percent clay by Smerdon
; and Beasley (1961). Their relationship is used in RLDET for Topt
Matrix and deposited material were treated separately with a critical
shear stress of 0.5 N/m? used f&r deposited material. The fracﬁion
of the surface covered by deposition and the particle size distribution
exposed on the bed were considered in calculating the detachment rate
for each sediment type.

_The RLDET subroutine values for the bed shear. are required for
;ach segment of the rill cross section. These values are provided in
the subroutine SHDIST through the use of the "area method" of Lundgren
and Jonsson (196&). Essentially. each segment of the rill cross section
was divided into a user-specified number of sub-segments and the area of
water exerting stress on it was calculated. The lines of "zZero stress"
were assumed to be the bisection of the angles between the cross section
segmentss The water area over each sub-segment was summed to obtain the
total area above a segment. The shear was then calculated based on the
weight of the water, the length of the segment and the bed slope at that
point. The nodal points in the RLSHAP subroutine were reset by defining
the channel boundary according to the matrix detachment between the

points. Continuity was obtained by matching the volume of soil removed
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through detachment with the volume change in bed location. The new
coordinates were then transferred to the subroutine SLUFF teo consider
rill wall sloughing.

in the SLUFF subroutine an algorithm similar to Wu et al. (1982)
- was used to calcﬁlateArill wall sloughing. In this subroutine the ex-
-posed slopes above the new water surface were evaluated for stability.
T If their slope exceeded a user-specified value, the area above an
. equilibrium slope line (also specified bj the user) was calculﬁted and
added to the detachment of that flow situation. New channel nodal points
were then calculated.

The SEDGEN sub-main and its subroutines were used to calculate the
- sediment detached and available for transport downslope. The sediment
; routing component was thén used to evaluate sediment transportation and

- deposition.

. Sediment Routing Component

’ VThe sediment routing component consists of its sub main, SEDROT
-and four subroutines: SHEET, RILLTR, SEDTRA, and YANGSE. In this
component transport and deposition of sediment in the sheet and rill
flow were evaluated. Two sediment transport equations were provided
as options for each. After this component was considered, KYERMO
prepares to move to the next slope segment or time step, and outputs
9statis?ics when instructed by the user.

In the SHEET subroutine the sheet flow transport of material
detached by rainfall were evaluated. The sheet flow rate, wetted peri-
meter, and depth were calculated based on the runoff rate and a sediment
transport routine called teo calculate the transpert. All se&iment not
transported was considered to be deposited and had to be re-detached.

The sheef flow was assumed to flow at an angle to the rill, giving a
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wider wetted perimeter than if it were parallel or perpendicular to the
rill. It was further assumed that the rill was in the center of its
watershed so that the runoff was input equally to each side of the rill.

The RILLTR subroutine was used for essentially the same calcula-
tions for rill flow as SHEET was for sheet flow, except that there were
more sources for detachment. In RILLTR boundary shear detachment, sedi-
ment delivery from upslope, sediment delivery by sheet flow. and de-
tachment due to sloughing of rill walls was calculated. Sediment
transport capacity was then calculated by one of the transport equatiohs
and deposition was calculated.

In the SEDTRA subroutine the sediment transport capacity of either
sheet or rill flow was‘calculated using a modified Yalin (1963) equa-
tion. The modification is that of Foster and Meyer (1972) and involved
distributiné'the_transport capabiiity among various particle sizes. A
full development of the modification algorithm is given by Foster et al.
(1980) as part of the CREAMS model documentation. The Shields curve
was used in SEDTRA. Shield's curve was represented by four straight
lines and included the extension by Mantz (1977). The curve and the
segments are shown in Figure 8.4,

The YANGSE subroutine was used to calculate the sediment transport
using a modification of the Yang (1973) equation. The modification
to Yang's equation involved the distribution of the sediment transport
among particle typeé by first calculating a transport for an "average"
particle type and then distributing that transbort among the types ac-
cording to their fraction of the whole lbadﬂ At the current time. the
priority for transport was given to the small particles. allowing then

to fill the transport capacity first. However, a probable improvement

-
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of the algorighm would be to use an iterative procedure similar to that
of the SEDTRA algorithm. Each of the sediment transport equations in
this model have been shown to be accurate in shallow flow applications.
The user should evaluate the situation and choose which equation is more
appropriate. Alonzo {(1980) and Neibling and Foster (1980) presented
data supporting the use of either of these equations in small-scale
sediment transport situations.

The Kentucky Erosion Model has been and will be in constant
flux throughout its development. verification, and use. It must be
noted that the listings given in the appendices may be out-of-date at
the time of final publication, due to improvements and corregtions made

in conjunction with its use.

KYERMO Uniqueness

It seems appropriate to outline some of the unique algorithms
and interrelationships used in this model. Most of the components have
relationships that have not been used in an erosion model or at least
have not been used in the manner used in KYERMO.

The runoff generation routines that are unique to KYERMO are the
surface storage calculations based on random roughness and slope,
and the two-layer modified GAML model used to calculate infiltration.
Both of these relationships allow great flexibility in the estimation
of run;ff from varying surfaces and soils. Because the surface stbrage
and infiltration were calculated for each slope increment, some changes
in the surface or so0il could be handled directly.

The runoff routing routine that is unique in the model is the
rill-cross sectional-shape routine that was used to calculate the flow

depth through a Newton-Raphson numerical technique. which allowed

-

complex geometries to be used for the rill channels.
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The sediment generation component contains many unigue routines.
The raindrop detachment routine was used to calculate detachment under
ponded conditions due to each drop size class utilizing input sizes and
fractions; By using the Bubenzer and Jones style detachment equation
intensity. energy and the were taken soil Into account. The shear dis-
tribution relationship was used to calculate the shear on each face so
that bed materlal removal and rill shape changes could be considéred.
The rill wall sloughing routine, coupled with the rill geometry change
routine provided a tool for rill development research not seen pre-

viously.



CHAPTER 9 KYERMO COMPONENT VERIFICATION

Each component of KYERMO has been run with its own main program
to check the output for consistency before all the components were linked -
together in the unit. A limited sensitivity analysis was performed
on each to give insight about the problems and assumptions within
each algorithm.

Runoff Generation Component

The runcff generation component was tested using the basic data
inputs shown in Table 9.1. Each parameter was varied to give a range
of outputs to demonstrate the "appropriateness" of the component calcu-
lations. Each set of runs is presented in chart form in Figures 9.1
through 9.5. In each case, the trends were consistent with observed
natural behavior.

The first variable examined was the plot slope. The surface storage
algorithm indicates that, for a given random roughness, available
surface storage and plot slope are inversely related. Therefore,
as the slope increases, the surface storége should decrease and the
runoff rate should approach the rainfall excess rate more quickly.
This relationship is shown in Figure 9.1.

The next variable checked was random roughness. The surface storage
algoriphm indicates that, for a given slope, as random roughness increases,
surfa;; storage decreases and the rate of change of runoff rate siows.
Thhis relationship is shown in Figure 9.2.

Another variable examined was the rainfall rate. Because the infil-
tration rate was limited at the upper end by the rainfall rate, the speed
at which the soil profile was wetted up. and hence the infiltration rate

change, would be slowed. This phenomenon is indicated in Figure 9.3
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Table 9.1 Runoff Test Input Data

Variable Dimension Variable Description {(Units)
Rain 1 Rainfall Rate (em/hr)
T8 1 Simulation Time (min)

DTM 1 Time Step (min)

- TR 1 Rainfall Duration (min}

RR{1) 1 Random Roughness {(em)

. IMD1 1 Initial Moisture Deficit (cc/ee)

IMDZ 1 Initial Moisture Deficit (cc/cc)

SAV1 1 Average Suction Along Wetted Front (em-H,0)
savz2 1 Average Suction Along Wetted Front (em-H
KFS1 1 Field Saturated Hydraulic Condition (cm/
KFS2 1 Field Saturated Hydraulic Condition (ecm/hr)
EF 1 Infiltration Rate Criterion {cm/hr)

EN 1 Infiltrated Volume Criterion {(cm)

30(1) 1 Plot Slope {m/m)

A fourth variable checked was the upper layer depth. The effect
of this variable was influenced by the other parameters. In this case,
the effect of a change in upper layer thickness was quite noticeable
because the ﬁpper layer was dominating the infiltration. process, as
shown in Figure 9.4.

The next parameters checked were the initial-moisture deficlits
of each layer. The results were affected by the depth of the upper
layer and other factors, but for a reasonably thin upper layer, both
layers were important as shown in Figures 9.5a and 9.5b.

The limited =ensitivity analysis shown in the above figures all
indicated that the trends were correct. It was then necessary to show
_accuracy using measured data, if available. D from Idike et al. (1980}
was available to check the infiltration routine. A comparison of
predicted and observed values in Figure 9.6 shows that the infiltration

routine works very well for the Idike et al. data.
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Runoff Routing Component

The runoff routing component in this model has been checked for
stability and continuity. The methodology itself has been checked for
accuracy by others. In Figure 9.7. the U4-point kinematic routing
prediction of streamflow was compared with the inflow data of Rice and
Larson (1972) and predictions by the method of characteristics. Note
the good agreement between the two prediction methods and the appro-
priate shift from the inflow hydrograph.

The runoff routing component was linked to the runoff generation
component to examine the sensitivity of routing to varying inputs. A
plot of the moisture balance for a 9 percent plet is shown in Figure
3.8. The first input varied was plot slope. The plot slope should
affect both the runoff rate (due to higher surface storage for a éiven
roughness), and the rill flow rates as calculated using Manning's
This effect is shown in Figure 9.9, On high slopes where surface
storage is' essentially zero, there is very little difference due to
different slopes because flow is limited by the delivery rate. Note the
good continuity performance listed in Figure 9.9.

The next parameter varied was the rainfall rate. The major item
of interest was the flow continuity. In Figure 9.10 the routing for
four rainfall rates, with one hour durations is shown. The contin-
uity ;erformance was excellent for each.

The third parameter varied was the number of inecrements into which
the plet was divided. The number of rills on each was set to 2 and
the cross sections of all the rills were set to be identical. Flow was

assumed to run straight down the rills with no junctions between rills.
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The results are shown in Table §9.2. It seems that if the rill number
is constant, as few as 2 slope increments can be used and still main-
tain accuracy in the flow routing.

Sediment Generation Component

The major algorithms to be checked in the sediment generation
component were the raindrop detachment, rill flow detachment., and the
shear stress distribution algorithms. Each was examined individually
for accuracy.

The detachment of s0il by raindrops was calculated using a Bﬁbenzer
and Jones {(1971) style equation tied to a T"potential =so0il splash”
function based on the Palmer {(1965) data and the analysis of Massie
{1980). The main relationship to be checked was the representation-of
the effect of a water layer on the surface. This effect was taken

into account through the "potential soil splash" function. The func-

tion was:
p D D
PSS = C,Iexp (C2 a4 + C3—a— + Cu e ) (9.1)
where P38 is potenital soil splash, C1, CE’ C3. and Cu are constants

to be fitted, D is the surface water depth, and d is the raindrop

diameter. The boundary conditions were as follows:

PSS = 1.0 when D = 0 (9.2a)
;PSS = K, when D = Ro (9.2b)
PSS is a maximum when D = Ro (9.2¢c)
PSS = K2 when D = 3 7 (9.2d)

where K1 is the maximum value for P33 (=1). Ro is the water depth-drop

diameter ratio at which the maximum occurs, and K2 is the value of PSS
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Table 9.2 Effect of Number of Increments on Routing Continuity

Total Flow

, Outlet Flow Outlet Flow Volume Total Volume
# of at 30 min at 60 min {Cut off at Runoff Error

Increments {ec/s) {ee/s) 72 min) Volume (£) %
1 936.20 1319.68 27168.3 2838.0 2.4
2 939.70 1320.16 2927 .9 2838.0 3.2
4 940.32 1320.31 2923.7 2838.0 3.0
10 941,27 1320.46 2923.5 2838.0 3.0
with a water layer depth of three drop diameters. These boundary

conditions were adequate to solve for the constants in terms of the in-

put parameters K1, K and Ro' If the maximum detachment was assumed

21‘

to occur at a depth of one drop diameter, the constants weré as follows:

c, = 1.0 (9.3a)

1
1
_ 3/2.,1/6
C3 = - 1ln (K1 K2 ) (9.3c)
g/4 1/12
CM = 1n (K1 K2 ) (9.3d)

Predictions from equation 9.1 with constants defined in equations 9.3a
through 9.3d are shown in Figure 9.11 for five different parameter com-
binations aiong with the Palmer (1965) data. The assumption of Ro equal
to one is reasonably consistent with Palmer's data, although the data
are q;ite scattered. However. Mutchler and Larson (1971) concluded that
the maximum detachment would occur with a water layer of 1/5 of the drop
diameter. Accordingly, Equation 9.1 was solved using R0 as an input.
The equations are very complicated., but they will allow the user to

specify the water layer-drop diameter ratio at which the maximum will

occur. When RO is set to 1, the new equations reduce to equations 9.3a

-
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Figure 9.11 Comparison of potential relative splash function with data from Palmer {1965)
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through 9.3d, as expected. Massie (1980) stated that Palmer's data
should show the right shape, but the magnitude of his soil splash data

is questicnable due to lower kinetic energy during his experiments

. than that which would occur during natural rainfall.

The rill flow detachment equation used in KYERMO was presented
by Foster (1982). The coefficient and exponent were fitted by Meyer
et al. (1975} for furrow erosion with and without a canopy. The com-
parison presented by Foster (1982) is shown in Table 9.3. The agreement
is excellent.

The shear stress distribution along a channel cross section
was calculated in order to calculate the erosion on each channel cross
section segment and to estimate the resulting geometry change. The
relationship utilized was based upon the work of Lundgren and Jonsson
(196H§.' In Figure 7.3 the algorithm results for the Replogle and Chow
data were compared with the algorithm of Rohif (1981) and Foster (1982).
The agreement with measured data was very good.

Sediment Routing Component

The final component to be considered is the sedimeﬁt routing com-
ponent! The two sediment transport equations provided in KYERMO have
already been shown as the best available for erosion work. The user
can specify either the Yalin (1963) equation as modified by Foster and
Meyer:(1972) or a modification of the Yang (1973) equation for sheet
flow transport and for rill flow transport. 1In Table 9.4 the results
presented by Alonzo (1980) are shown and in Table 9.5 the results
presented by Neibling and Foster (1980) are shown. The Z parameter in
Table 9.4 is a dimensionsless flow depth.. In each table a specific

relationship is shown to be superior. In Table 9.4 the Yang (1973)

-



SR

-135-

Table 9.3 Comparison of Observed Erosion Rates with
Erosion Rates from Equation Fitted to Data
From Rill Eroslon Study of Meyer et al.
(1975a) (From Foster, 1982)

Dischﬂrge Shear Rill Erosion Rate
x 10 Velocity* Stress Observed Fitted
m /s m/s N/m2 g/m rill length x m wetted
permiter x s
.85 0.27 3.76 2.4y 2.41
3.51 0.33 4,97 6.50 6.58
5.49 0.39 6.06 10.74 10.43
T.97 0.44 T.12 15.02 15.59
4,36§ 0.36 5.48 2.88 3.02
B.22§ 0.44 T.23 6.63 6.19
10.78% 0.48 8.17 8.50 9.56

*From Meyer et al. (1975a) velocity vs. discharge regression equa-
tion fitted to measured data.

§A three layer screen canopy just above the soil covered these
rills.

equation is spown to be better, while in Table 9.5 the Yalin equation

is shown to be better. Both equations can be utilized in the model.



Table 9.4 Sediment-Transport Equation Comparison of Alonzo (1980)

.

No. of Ratio between predicted and measured load Percentage of
Formula tests 95%-confidence limits Standard tests with ratio
Mean of the mean deviation between 1/2 and 2
: Percent
Field Data
Ackers and White~e—aeaaa— 4o 1.27 1.05 1.48 0.68 87.8
Engelund and Hansen--—--- 40 1.46 1.28 1.64 .56 82.9
Laursen-~=~—ee—emm e 40 LBl 49 .80 .48 56.1
MPME——mmmcmm s e 4o .83 .50 1.15 1.02 58.5
Yang-=——mmmmmm—— e e 40 1.00 .89 1.13 .39 2.7
Bagnold--—reeemecmmm e ho .39 .31 A7 .26 32.0
Meyer~FPeter & Muller-wao-- 4o 24 .22 .27 .09 0
Yalinew——rmecmma e 40 2.59 2.08 3.11 1.62 6.3
Flume data with Z < 70
Ackers and White——ewaa——- 77 1.34 ' 1.24 1.54 1.29 73.0
Engelund and Hansen-we—-- 177 13 .63 .83 .68 51.1
Laursen-——mecamecccaaean. 171 .81 13 .88 .51 T1.4
7105 R — 177 3.1 2.95 3.52 2.75 42.1
Yang-mec oo m e e 177 .99 .93 1.08 .60 79.8
Bagnold-memmmmmmme e e—mee 177 .85 .81 1.22 2.50 20.8
Meyer-Peter & Muller—---- 177 .40 .39 A7 .49 18.5
Yaline—emm—m e e 177 1.62 1.38 2.23 4.08 32.6
Flume Data with Z > 70

Ackers and White-ewemmmaaoo 48 1.12 .93 1.28 52 89.6
Engelund and Hansen--—-—-w- 48 .75 .59 .90 .50 66.7
LAUPSeN-—— e e ———— y8 1.04 16 1.32 .99 79.2
MPME= = e e 48 1.34 1.04 1.64 1.04 66.7
LT e —— 48 .90 79 1.05 .51 85.4
Bagnold=mmw— e 48 1.53 1.46 1.87 t.14 45.8
Meyer-Peter & Muller—————- 48 1.03 1.00 1.27 .83 72.9
Yalin-eemmmmm e 48 1.92 1.45 2.4 1.65 64.6
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Table 9.5 Percentage of Occurrences Where the Ratio of Calculated to Observed Sediment

Discharge Was Between 0.75 and 1.5 (From Neibling and Foster, 1980)

Test

0.432 mm
0.265 mm
0.342 mm
0.342 mm
0,156 mm

sand
sand
sand
coal
coal

Soil aggregates
(D50 Approach)

Soil aggregates
(T size classes)

Specifie Method
{number) (%)

2.64 22 0 0 23 32 10 10

2.64 40 10 0 65 23 5 15

2.64 4o 0 0 25 0 78 13

1.60 31 0 0 87 O 87 16

1.67 38 3 0 T1 29 45 0

1.8 3 33 0 67 0 67
t

1.8 3 0 0 67 0 67 0 w
]
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Causs
Ceane
Crsssx
Canns
Chsus
Cosus
Crans
Cants
Chuss
Ceans
Chess
Caeds
Crazs
Casns
Crsus
Ceuis
€
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FEER SRR SRR RBDA R E RN RN R SRR RBERNERE AN ERE R R RN
FRERRRRF RN R A AR ARR R RA R RN PR R RN RN R AR AR RN RRER RN

SERES
KENTUCKY ERDSION MODEL RABE
NERER
BY YY)
TII Y
MICHAEL C. HIRSCHI YYYY)
RESEARCH BPECIALIBY “REdN
RRERE
DEPARTMENT OF ASRICULTURAL ENBINEERING BERRR
UNEIVERBITY OF KENTUCKY TIYY
LEXINGTON, KY 405440073 YY)
Ty Y)

lllIillililliliIIIil!!il*ll&lllillill*ll‘ﬁiﬁi*illl!il!!
FHAS AR RN ER R R E R AR RN R RN R R R LR R R ARG NG R RN SRS

CONMON/BDILMP/KE (2) ,EMC(2) ,B{2)} ,X1(2) ,NC(2) ,D8(2)
X,BAV{2) ,KRF§(2)

COMMON/PLOT1/NJ,NR (10) ,NRR,BD(2) ,HDDSL
COMMON/GEDPAR/DMN(10) ,88(10) ,FDMN(10) ,FOMMRD (10} ,
XDEP(10,10,10)

COMMON/TIMEP/T ,DTN,BTB, TS, TRE, TRG, TR, ITRS
COMMON/RAINP/RAIN,EKRAIN ,EK,RDMN (28} ,FRDNM{28) ,RTOT
COMMON/INFISP/KFS1,KF82,8AV1,BAV2, IND1 , IND2 ,EF ,EV
X,LI{10)

COMNON/INFP/F (10} ,V(10)

COMMON/BURFAC/RR(10),88T0(10) ,FCOV(10),8TOD,DBURF ,BT0(10)
COMMON/PLOT/HPL , PH,BLINC (10} , SD(IOI BINE(10} ,COBINE¢10)
X,PCL (2)  HLINC (10)

" LONMON/ENVIR/8, TCELS , VK, BF ,P1
CONNON/FLOW/GRILL (10, 10) , YRILL (10,100 KRRILL (10,10}
X,PHRILL(10,10) ,ARILL{10,10,2)
COMMON/PRINT/PO0,PO1,P02,P03
COMMON/RILLP/IKS (10} ,1K2(10),IK3(10},K1(10,20) ,K2(10,10)
X,K3(10,10)

COMMON/RADP/PSM,PES,CC,E1 ,E2,ES,B80,RDET(10,10)
CONNON/RLDP/ARDET (2} , BRDET (2) ,8HEAR(10,10,10) ,REH,CBH
%,DRILL(10,10) ,EX8,DRR{10)

- COMMON/WATER/RD(10) ,QRO, QEHEET (10,10} ,ROP (10)
CONMON/BHEF/8T¢10,10) ,FCD(10,10,10)

COMMON/STATS/VWF ,BEDR,SEDVR,8EDRTO, TBPWFR

X,ROTCH,ROTL ,8DK8,EDHTHA, BDTAC, WBDL ,RTOTL
COMMON/RLBL/@BR{10) ,@8RILL¢10,2,10) ,RT(10,10) ,RTR{10)
COMMON/BHEEF /186D ,N8(10,10)

CONMON/NANE/BEDEQ(2)

CONMON/INTE/QO, Q1

CONMON/RILLPA/IRSD N(10,10),2(10,10,10) ,RHEW(10,10)
X,LAYER(10,10,10) ,NBEB (10,10} NBS{10,10,10)
CONNON/SEDDIS/PFN{10) ,NUN(10) ,SEDDNN(10)
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COMMON/DETR/DETOTD(1G,10,10} ,DETOTH(10,10,10)
COMMON/BEDDEP/FDMNB(10,10,100}
COMMON/RLSHA/RX(10,10,30) ,RY(10,10,30},XDL(10,10)

COMMON/SLUF/XBR(10,10),YBR(10,10) ,X8L(10,10),YBL{10,10)
COMMON/RLEH/X (10,10} ,YB(10),Y(10,10),XL{10},XR(10),IL(10}

f,IR(10),XB(10)

COMMON/RLLINE/SLO(10,10),YIN(10,10)
COMMON/MISC/IIN,ITIN,SUNQ,SUNGP

REAL N,NS,MC.KRFS,KB,KRI,KFS!,KF52,IMD1,IND2,LI,Lt

INTEBER T,TR,TR@,TRS,DTM,TB,P00,POL,PD2,P0O3,DTS,TCH,TO

OPEN(5,FILE="RUNDAT")
OPEN{&6,FILE="PRN")
c
Cs#s INITIALIZE PRCGRAM AND INPUT PARAMETERS
c
CALL INITIA

ROTL=0.0
RTOT=0,0
c
Cess BEBIN BIMULATION
c
DO 10 T=DTM,TB,DTN
c

C##s CHECK TIME FOR RAINFALL AND INPUT IF NECEBSARY
c .
IF(T.LT.TRE)E0TD20
" CALL RAINFA
20 CONTINUE
RTOT=RTOT+RAIN®DTN/50.

8DKE=0.0
WeDL=0.0
c
Ce#x BESIN AT TOP OF PLOT
c
25 CONTINUE
HDDEL=0.0
D0 30 Jsi,NJ
NRR=NR(J)
RORTOT=0.0
c

Ce#s CALCULATE RUNOFF BENERATION DUE TO RAINFALL
c
] CALL RUNBEN(J)

c
C#s& ROUTE RUNOFF
c
CALL RUNROT(J}
c .
Cees CALCULATE SEDINENT GENERATION
c

CALL SEDBEN(J)
c
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Cees ROUTE BEDINENT

c
CALL BEDROT(J)
c
Ces# PREPARE TO MOVE TO NEXT INCREMENT
c
CALL MOVE(J)
IF{(PO1.NE.1)60TO30
c

Cens PRINT INTERMEDIATE BLOPE RESULTS IF DESIRED
c
CALL PRINTI(J)
c
Ca#s INCREMENT SLOPE
c
30 CONTINUE
"IF(PO2.NKE.1)60T010
c
Cass PRINT INTERMEDIATE TIME RESULTB AT BOTTON OF PLOT
Ce#s [F DESIRED
c
CALL PRINT2
10 CONTINUE

IF(PO3.NE. 1)BOT040
c
Ce#s PRINT SIMULATION SUMMARY IF DEBIRED -
c .

CALL PRINTS
40 CONTINUE

sTOP

END
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c

RN B F RS F A RN R RN RN RN R RN RGN R BN N B RGN R R RN RN RGN RN

CHoeR e E Rt R R e R R R R RN AR RN SRR R E RN AR R SRR G R G RREHRE RN RN E
BUBROUTINE INITIA

CH RN R RN RN RN R NN RN R RN NN RN RGN RN RN BRE RN R RN

R R R RIS R R AR R AR RN LR R R R R R AR RN R RN AR RN AR R NG RO R R

C
COMMON/SOILMP/KE (2) ,BMC(2) ,B(2),X1(2) ,KC(2),D8(2)
¥,8AV{2) ,KRFB(2)
COMMON/PLOT1/NJ ,NR(10) ,NRR,BD(2) ,HDDSL
CONMON/SEDPAR/DMM (10} ,86(10) ,FDHM (10} ,FDMNRD(10) ,
XDEP(10,10,10)
COMMON/TINEP/T,DTN,DTS, T8, TRE, TR, TR, ITRB
CONMON/RAINP/RAIN,EKRAIN,EK,RDMM(28) ,FRDNM(2B) ,RTOT
COMMON/INFISP/KFS1,KFE2,5AV1,5AV2, IND1, IND2,EF ,EV
X,LI(10)
COMMON/INFP/F (10) ¥ (10)
CONMON/SURFAC/RR (10) ,88TO(10) ,FCOV(10) ,8TOD, DSURF,ET0(10)
COMNON/PLOT/HPL ,PW,ELINC(10) ,80(10) ,EINE (10) ,COSINE(10)
X,PCL{2) HLINC (10)
COMMON/ENVIR/6, TCELS, VK, 8F,P1
COMMON/FLOW/QRILL (10,10} ,YRILL(10,10) ,HRRILL(50,10)
X,PWRILL (10,10} ,ARILL{10,10,2)
CONMON/PRINT/P00,POY,P02,PO3
' CONMON/RILLP/IK1 10) | 1K2£10) , IK3 (101 ,K1 (10, 10),K2(10,10)
X,K3(10,10)
CONNON/RADP/PEM , PE3,CC,E1,E2,E3,880 ,RDET (10, 10)
COMMON/RLDP/ARDET (2} ,BRDET(2) , EHEAR (10, 10, 10} , REH, CoH;
X,DRILL(10,10) ,EXS, DRR (10
"CONMON/WATER/RB(10) ,QRD, ASHEET (10,101 ,ROP(10)
COMMON/EHEF/6T{10,10) FCD(10,10,10)
CONMON/STATS/VNF, SEDR ) SEDVR , BEDRTO, TBPHFR
X,ROTEM; ROTL , 6DK8, BONTHA, BOTAC, H8DL,RTOTL
" CONMON/RLSL/QBR (10 ,BERILL (102,10} {RT(10,10},RTR{10)
CONMON/GHEEF /188D, N8 (10,10)
COMNON/NAME /SEDER(2)
COMMON/INTE/Q0,01
CONMON/RILLPA/IRED,N{10,10),2(10,10,10) (RNSH(10,10)
X,LAYER(10,10,10) ,NSEB(10,10) ,NEB(10,10,10)
COMMON/BEDDIS/PFN(10) NUN(10) ,SEDDNN(10)
COMMON/DETR/DETOTD(10,10,10} ,DETOTH(10,10,10)
COMNON/BEDDEP/FDNNB(10,10,100)
COMMON/RLSHA/RX (10,10,30) ,RY(10,10,30},XDL(10,10) ,
CONMON/BLUF/XSR(10,10) ,YSR(10,10),X8L(10,10) ,YSL{10,10}
COMMON/RLBH/X (10,10 ,YB{10) ,Y (10,10} XL(10) ,XR(10} ,IL(10)
X,IR{10) ,XB(10)
COMMON/RLLINE/BLG(10,10) ,YIN(10,10) BLNB(10,10)
CONMON/MISC/IIN, 11IN,BUNG,BUNQP
REAL N,NB,MC,KRFS KS,KRI,KFB1,KF62,IND1,IND2,LI,L1
INTEGER T,TR,TR@,TRE,DTN,T8,P00,PO1,PD2,P03,DTE,TCH,TO
OPEN(S,FILE= ‘RUNDAT*)
OPEN(6,FILE='PRN’} -
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GPEN(4,FILE=‘BURDAT )
DPEN{7,FILE="CON")

READ (5, 1) HPL ,PN

FORMAT (2F7.2}

READ(5,12)INJ

FORMAT(12)

READ(3,13) (NR(J) ,J=1,NJ)

DO 107 J=1,NJ
READ(%,13) (NBEG (J M) ,N=1 ,NR{J))

D0 107 M=i,NR{J)
READ{S,13) (NBB(J N, M) ,NJu1 ,NSEB(JI,N))
CONTINUE

FORMAT (1013)

READ(S,4) (BO(J) ,d=1,NJ)

READ(5,4) (HLINC(J) ,J=1,NJ)
READ(S,2) 78,DTH, ITRS, TCELS
FORMAT(3I5,FS.2)

READ(5,3) (KS(L) ,ENCCL) ,B(L) XT(L},Lm1,2)
FORNAT (BF7. 4)

BD(1)={1,~BNC(1}) 92,85

"BD{(2)=(1.-BMC{2))#2.463

READ(5,4) (DMM (I} ,In=}, 10}
READ (5,4} (BS(I},I=1,10}
READ(5,4) (FDHN(I) ,I=1,10)
READ(5,4) (FDNMRD(I},I=1,10)
FORMAT(10F7.4)

" READ(S,5) (DE(L) MC(L) ,PCL(L},L=1,2),EF,EV

130

FORMAT(BF7.3)

READ(S,6) (LI(J),Jul,NJ)
B0 130 J=i,NJ :
NRReNR(J}
READ{5,10) (N(J,H) ,Hu1 ,NRR)
READ(%,10)(N8(J N} ,M=1,NRR)
READ(%,4) (RNEW(J,M) ,M=1,NRR)
CONTINUE

FORMAT (10F7.2)

READ (5,7} 165D, IRBD

FORMAT (215)
READ(S,4) (RR{J) ,J=1,NJ)
READ(5,9)CC,E1,E2,ES,PEN,PB3

-READ(S,8) (ARDET(L}) ,BRDET (L) ,L=1,2)

FORMAT (4F7.4)
FORNAT (4F7.4)
FORMAT (10FS5.3)
READ(S,11)P00,PO1,P02,P03
FORNAT (412)
NRiaNR(1)

DD 100 H=1,NR1
Ki(1,M)=0
K2(1,M) =0
K3(t,N) =0
I0L(1,M)=0,0
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100 CONTINUE
00 101 J=2,NJ
NRR=NR{J)
READ (5,132 (K1(J,H) ,K2(J, M) ,K3(J, M) ,M=1,NRR)
15 FORMAT(10(1X,311)}
DO 104 M=1,NRR
NEG=NSEG (J M)
XDL(J, M) =0.0
DO 101 MJ=1,NSB
FCO(J,N,HJ1=0,0
INe1O%N+N]
101 CONTINUE
DO 102 J=1,NJ
F(J)=0,0
V(J)=0.0
6T0(J)=0.0
RO{J})=0.0
ROP(J)=0.0
BINE(J)=BINCATAN(S0(I)))
COSINE(J)=CO8(ATAN(BO(J)))
SLINC(J) =HLINC(J) /COBINE(Y)
102 CONTINUE
D0 103 1=1,10
D0 103 J=i,NJ
NRR=NR (J)
DO 103 Ms1,NRR
DETOTM(I,J,M)=0.0
DETOTD(I,J,M)=0,0
DEP (I ,J,4)=0,0
@SRILL(I,1,M)=0.0
QBRILL(I,2,M}=0.0
§T(I,H)=0,0
RT(1,M}=0.0
103 CONTINUE
g=981.
DO 110 Le=1,2
BAE=10. #4XI (L) #EMC(L) ##(-B(L))
En2.#B({L)+3,
A= (B(L)43.)/E
DEI=NC(L) /BKCIL)
DEF=D§ (L)
KRI=DEI4#E
KRFE(L)=DSF##E
8AV (L) =BAE® (KRFE (L) ##A-KRI##A) /A/ (KRFS (L) -KRI)
110 CONTINUE
SAVI=EAV(1)
BAVZ=EAV(2)
KFE1=KRFS(1) 4KB(1)
KF52«KRFS (2} #K8(2)
IMD1=DE (1) #GNC(§)=HC(1)
IMD2=DS (2) #BNC(2) ~NC(2)
NRITE(7,151) INDY,IND2
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151 FORMAT(SX,2(FB.4))
YK=0, 029084 TCELS## (-0,3704)
SF=1.06143+ (TCELS+273. ) # (-2, 1B3E-04}
RTOT=0.0
ROTL=0.00
TRE=ITRS
SUNQ=0.0
SUMQP=0.0
[IN=0
111N=0
Ple3, 14139
1F(BF.67.1.0)6F=1,0
DD 105 J=1,NJ
NRR=NR{J)
DO 105 M=1,NRR
GRILL(J,M)=0.0
QBHEET(J,M}=0.0
RX(J,M,1)=0,0
NEG=NSES(J, M) +1
READ(4,20) (RX(J , M NJ) ,RY (J M ,MJ) MI=2,NEG+1)
RY(J,M,1)=RY{J,N, 2]

105 CONTINUE

20 FORMAT{(20(FS.1))
IF (PO, NE. 1)60T0120
CALL PRINTO

120 CONTINUE -

END
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c

CHRR RN SRR RN NN R SRR AR RN RN B R HER ARG I RN RES RS RRRRERN LS

CREassRitastttnitRatIRssstssttania st st ibsaassindaiistsinsasd
BUBROUTINE PRINTO

CHERERER R BN R R RN SRR N BRI AR RE RN BN NS E RN R RE R AN IARRRRR AN

CREstuttiatrindttiRaaiRes bt iRt A A RN RRRRARNES

c
COMMON/PLOT1/NJ,NR{10} ,NRR,BD (2} ,HDDBL
COMMON/SEDPAR/DNM(10) ,68(10) ,FOMN(10) ,FDNMRD{10)
%,DEP{10,10,10)
COMMON/PLOT/HPL,PH,SLINC(10) (80(10) ,EINE(10) ,COSINE(10)
X,PCL(2) ,KLINC(10)
CONNON/BOILNP/KS(2) ,BNC(2) ,B(2) X1 {2) ,HC (2} ,DB(2)
X, 8AV (2} ,KRF5 (2}
COMMON/TINEP/T,DTN,DT8,T8,TRS,TR@, TR, ITRE
CONNON/ INFISP/KF81 | KF82,BAV1 ,BAV2, 1HD1, IHD2, EF ,EV
X,LI1(10)
COMNON/SURFAC/RR(10) ,86TD(10) ,FCOV(10) ,8T0D,DEURF,870(10)
COMNMON/ENVIR/S,TCELS,VK,8F ,PI
. CONNON/PRINT/PO0, PO P02, PO3
COMMON/RILLP/IK] (100 ,1K2(10) , IK3(10) ,K1(10,10),K2(10,10)
X,K3(10,10)
CONMON/RILLPA/IRSD,N(10,10),2(10,10,10) RNSW(10,10)
X,LAYER(10,10, 10) ,NSEBL10,10} , N8BS (10,10,10)
COMMON/RADP/PSM, PSS, CC,E1 (E2,E3,880,RDET(10,10)
CONMON/RLDP/ARDET (2] , BRDET (2) , SHEAR(10,10,10) ,REH,CBH -
X,DRILL(10,10) ,EXS, DRR(10)
COMMON/GHEEF/188D,N8(10,10)
CONMON/RLSHA/RX (10,10,30) ,RY(10,10,30),XDL(10,10)
COMMON/NANE/BEDER(2)
CHARACTER®S SEDEQ
CHARACTER#S PO(2),POP(4)
INTEGER T8,DTN,P00,PO1,P02,P03,DTS
REAL KS,MC,LI,N,NB
OPEN(6,FILE="PRN')
WRITE(4,1)
KRITE(6,1)
{ FORMAT(IX, 710 ¢"'))
WRITE (6,2}
2 FORMAT(' #°',23X, INPUT PARAMETERS:',29X,'#")
WRITE{4,1)
WRITE(6,1)
WRITE(4,3)
3 FORNAT( #°,89%,°8')
WRITE (4,100) HPL
NRITE(4,110)PW
WRITE(4,120)NJ
WRITE(4,130) 78
WRITE(6,140)DTN
MRITE(b,143) ITRS
WRITE(4,150) TCELS
100 FORNAT( #°,10X, ‘HORIZ. PLOT LENGTH (M)s ' F6.2,28X,"#’)
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110 FORMAT(' @', 10X, 'PLOT WIDTH (M}1 *,F5.2,37X,°#")
120 FORNAT(* #°,10%, 'NUMBER OF PLOT INCRENENTB: °‘,12,29X,°'s")
130 FORNAT(' #',10X, TOTAL SINULATION TIME (MIN): *,14,25X,°#‘)
140 FORNAT(' #°,10X, 'TIME STEP (MIN)1 ', 12,39X,°s")
143 FORNAT{(’ #' 10X, 'INITIAL RAINFALL BTART TINE (MIN)s *,13,20X
X, ‘%)
150 FORMAT(' ®°,10X, AMBIENT TEMPERATURE (DEG. CELBIUB): ',F4.1,1BX
X, #')
WRITE(4,3)
WRITE(4,5)
5 FORMAT(' # PLOT INCREMENT PARAMETERS:’,42X,'#')
WRITE(6,3)
WRITE(4,140)
WRITE(4,170)
NRITE(4,180)
WRITE (6,3}
151 FORMATC' 4 *,69%,°9°)
160 FORNAT(* ' ,1BX, 'HORIZ 4 OF,6X,°TOP LAYER',7X, 'RANDOM*,9X
X,'®")
170 FORMAT(® & INCR S8LOPE  LENGBTH RILLE’,7X, "DEPTH' ,7X
X, ‘ROUBHNESB  ,BX,"#')
180 FORMAT(' #* ,BX,  (N/M)* 6%, " (M) ' 18X, (CN)* 11X,  (CH) ', 10X, %")
00 40 J=1,NJ
WRITE(6,3633,80(3) ,HLINC(J) (NRCJ),LI(J} ,RRUJ)
40 CONTINUE
36 FORMATC' & ' I3,3X,F5,3,4X,F6.3,6X,13,8%X,F4,1,11X,F4.1,10%,°s")
WRITE(&,3) : - .
WRITE(6,37)
NRITE(6,3)
WRITE(6,38)
WRITE (6,39} (X, H=1,10}
D0 50 Je=1,NJ
NRI=NR{J}
. WRITE(&,41)J, (NEEB(J,M) ,N=1,NRJ)
WRITE(4,151)
50 CONTINUE
37 FORMAT(* #°*,18X,‘¢ OF RILL CHANNEL SEGMENTE:1’,24X,°%’)
38 FORMAT(* #°,28X, 'RILL*,37X,"#’)
39 FORNAT(® & INCR *,10(I15),13%,’#")
41 FORMAT(' ® *,12,2X,10(15))
WRITE(4,3)
WRITE(4,42)
42 FORMAT(' #°,18X,°# OF RILL CHANNEL BEGMENT SUB-EEGMENTS:’,12X
"“"
WRITE(6,3)
00 80 Jei,NJ
WRITE(4,45)J
45 FORMAT(' # INCR #1°,13,58X,"+")
WRITE(4,3)
WRITE(6,38)
WRITE(&,47) (M, K=1,10)
A7 FORMAT(' & SEB *,10(I%5),13X,"#")
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NRI=NR(J)

DO 40 M=1,NRJ -

NEGNSES (J , 1)
NRITE(6,41) M, (NES(J,N,H3) ,NI=1,NEB)
WRITE(4,151)

CONTINUE

WRITE (4,3

CONTINUE -

WRITE(4,3) "

MRITE(6,43)

WRITE(S,3)

WRITE(5,38)
WRITE(S,48) (N N=l,10)
DO 70 J=1,NJ

"NRJ=NR{J)

WRITE(&4,44)0, (RWEW(JI M) H=2 NRJ)

WRITE(S,131)

CONTINUE

FORMAT(' #° 18X, RILL WATERSHED NIDTH (CM)1’,25X,#’)
FORMAT (' #°,14,2X,10Fb.1,° ¢°)

WRITE(6,3)

WRITE(S,&)

FORMATC' #°,18%, ‘RILL FLDW MANNING Ni‘,31X,°#")

-WRITE(6,3)

WRITE(6,38)-
NRITE(6,48) (N,M=1,10) . .
FORMAT(* & INCR  *,10(12,4%X),°#")

- WRITE(4,3)

DO 90 J=1,NJ
NRI=NR{J)
WRITE (6,463, (N(J,N) ,Mul ,NRD)

"WRITE(4,131)

CONTINUE

FORMAT(" #°,14,2X,10F5.3," ')

WRITE(4,3)

WRITE(S,7)

FORMAT(* #°,18X, 'BHEET FLOW MANNING Ni',30X,°'#")
WRITE(4,3)

WRITE(&,38) -

“HRITE(6,48) (N,N=i,10)

WRITE(4,3)

00 95 Jei,NJ

NRI=NR(J)- -
WRITE(H, 4610, (NS (J,H) ,N=1 NRJ)
WRITE (6,151}

CONTINUE

WRITE (4,3}

MRITE(4,4)

FORMAT(’ &°,18%, 'FLON JUNCTION INDICATORB1 ' 24X,‘#")
WRITE(4,3)

NRITE(6,38)

WRITE (4,49} (N, M=1,10)
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49 FORMAT(' &  *,1016,3%, #")
WRITE(4,51)
S1 FORMAT(‘' # INCR',30(° LCR') ,4X,‘#")
WRITE(5,3)
D0 10% Jmi,NJ
NRI=NR (]}
WRETE (6,%52)3, (KL (J M) K20, H) K3 (I, M) ,H=1,NRD)
" MRITE (5,151}
105 CONTINUE
52 FORMAT(' & ',12,1X,10(3X,311))
WRITE(5,3)
WRETE (6,53)
$3 FORMAT(® ®',18X, ‘RILL WATERSHED BURFACE COORDINATES: ‘18X, %)
WRITE(4,3)
. p0 115 Jui NI
WRITE(6,45}J
NRITE (6,55)
WRITE(4,54) (M, N=1,10)
S4 FORMAT(’ # RILL *,1016,° &)
" NRJ=NR{J)
S5 FORMAT(' #°,33X, BEBNENT',29X,'s")
DO 125 M=1,NRJ
NSB=NEEB (J,N)+2
WRITE(4,56)M, (RX(J,M,NJ) ,MI=2,NSB)
NRITE(4,151)
WRITE (4,57) (RY(J ,N,NJ) ,MI#2,NEB) "
WRITE(4,151)
125 CONTINUE.
115 CONTINUE
S5 FORNAT(® ® *,12,° X3 *,10Fb.1)
57 FORMAT(® # Ys °,10F6.1)
WRITE(4,3)
WRITE (4,58)
- 88 FORMAT(* # BOIL LAYER PARAMETERS:®,23X, ‘LAYER 1°,6X’
"X, 'LAYER 2 #°)
NRITE(4,3) -
WRITE(5,59)ARDET(1) ,ARDET{2)
WRITE(4,41)BRDET (1) ,BRDET(2)
WRITE(4,42)KB(1) ,KE(2)
“NRITE(6,463)BMCLL) ,BNC(2)
“MRITE(6,64)B(1),B(2)
NRITE (4,45)
WRITE(6,69)X1(1),X1(2)
WRITE(6,71)
WRITE(4,66)DE(1) ,DB(2)
WRITE(S,67)MC(1} MC(2)
WRITE(&,68)PCL (1) ,PCLI2)
59 FORMAT{' » RILL DETACHMENT EQ. COEFF. (B/CH/CN/NIN}:  *,
XF7.3,6X,F7.3," &)
&1 FORMAT(' # RILL DETACHMENT EXPONENT',21X,F7.3,6X,F7:.3," #')
82 FORMAT(® # LAB BATURATED HYDRAULIC COND. (CM/MR}s',7X,F7.3,6X
x|F7|3|' "} .
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43 FORMAT(' % LAB BATURATED MOIST. CONT. (CC/CC):‘,10X,F7.3,46X,F7.3,
X e)
44 FORMAT(® & ABS OF L-L BLOPE OF MOIST. REL. CURVEs',7X,F7.3,bX
X,F7.5," &)
45 FORMAT(’ #',4X,° (LDB(CM-NATER)/LOS(CC/CC)) *,37X, %"}
49 ‘FORMAT(* # INTERCEPY OF L-L MOIST. REL. CURVE:',10X,F7.3,6X
X,F7.3,° &%)
71 FORMAT(® #°,8%,‘ (LOB(CH-NATER)) *, 48X, ¢}
.44 FORMAT(* # FINAL DEBREE OF SATURATION:I‘,1BX,F7.3,8X,F7.3,' #")
47 FORMAT(* & INITIAL MOISTURE CONTENT (CC/CC)’',13%,F7.3,6X,F7.3
x'l *l’ -
48 FORMAT.(' ® CLAY FRACTION (%)',28X,F7.3,6X,F7.3,° ¢')
"WRITE(6,3)
WRITE(6,72)
72 FORMAT{(' ¢ SEDIMENT PARTICLE PARAMETERB1’,39X,‘#')
WRITE(S,3}
NRITE(&,73)
WRITE(4,74)
WRITE(4,3)
DO 135 I=1,10
WRITE(&,75)T,DMNCI) ,68(I) FOMMCI) ,FONNRD(I)
135 CONTINUE
73 FORMAT(’ #°,8X, DIAMETER BPEC. BRAV.’,7X, NATRIX‘,10X
X, 'RAINDROP DET. #')
74 FORMAT(' # TYPE (MM) * ,24%, ‘FRACTION'; 11X, 'FRACTION  #*)
75 FORMAT(® % *,12,5%,F6.3,8X,F5.2,11X,F7.3,12X,F7.3," - &)
WRITE(&,3)
PO(1)=’ NO'
PO(2)= YEG"
“POP(2)=PO(PO1+1)
. POP(3) =PO(PO2+1)
POP (4)=PO(PO3+1}
WRITE(6,76)
WRITE(&,3)
WRITE(4,77)CC
“NRITE(4,78)EL
WRITE(6,79)E2
WRITE(4,B1)E3
WRITE(6,82)PBN -
WRITE(6,83)P83
WRITE (4,B84)EF
WRITE(4,85)EV
WRITE(4,3)
“WRITE(4,86)
WRITE(4,3)
NRITE(4,87)POP(2)
WRITE (&,88) POP(3)
WRITE(4,89)POP(4)
WRITE(4,3)
BEDEQ(1) = YALIN'
8EDEQ(2)=' YANB'
1Xw1
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IF(188D.EQ. 1) IX=2
WRITE(6,91) SEDER(IX)
1Xs]
IF (IRBD,EQ. 1) IX=2
WRITE (4,92} BEDER(IX)
WRITE(&,3)
WRITE(&,1)
WRITE(4,1)
76 FORNAT(’ « BOIL SPLASH AND INFILTRATION PARAMETERS:',28X,°'#’)
77 FORMAT(* #°,10X,'BPLAGH EQUATION COEFFICIENT (B/CM/CM/MINIs °,
XF7.3,8%,"'#")
78 FORMAT(’ ®°,10X,'BPLASH EQ. INTENSITY EXPONENT: °,F7.3,20X,°s’)
79 FORMAT(’ #°,10X, SPLASH EQ. ENERGY EXPONENT: ‘' F7.3,23X,'#')
61 FORMAT(' #°, 10X, 'BPLASH EQ. CLAY PERCENTAGE EXPONENT: ‘,F7.3,14X
x',.') -

" 82 FORMAT(' #°,10X, 'MAXINUM POTENTIAL SOIL BPLABH: *,F3.2,22X,°#")

83 FORMAT(’ #',10X,'POT. BOIL SPLASH AT 3 DROP DIAMETER DEPTH:
X E6.3,9%, %)

" 84 FORMATL' #',10X, ' INFILT. RATE CDNVERS. CRITERION (CM/HR)s ' ,F7.4

X, 10X, #*) _
85 FORNAT(® #°',10X, INFILT. VOL. CONVERS. CRITERION (CM)s ' F7.4
X, 13X, %)
86 FORMAT(' # RUN PARAMETERB1',53X,’'#’)
87 FORMAT(’ #°,10X,'PRINT AFTER EACH BLOPE INCRENENT?',&X,A3
X, 17K, °%%)
88 FORMAT(' #°,10X,'PRINT AFTER EACH TIME INCREMENT?',7X,A3,17X,'®¢’)
89 FORMAT(® #°,10X, "PRINT FINAL BUMMARY?',19X,A3,17X, s’}
91 FORMAT(’ #°,10X,'BHEET FLOW SED. TRANBPORT EQUATION? *,AS,17X
X, #)
92 FORNAT(" #°,10X, RILL FLOW SED. TRANSPORT EQUATION?  ',AS,17X
X, %)
END
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c
CHtRERAER e RN E AR R SRR E R IR SRR RS AR SRR R RN RSO R R B HRRRRRNARAE

Cllllliilllii{li*‘l'**lii!iiliiil!&l!ii!'ll{'*i*lllill!llili
SUBROUTINE RAINFA -
CREBRERBRERRBERRRA AR R E ARG RERESRERTRREE RGN RERREARERREROERE
c!I|iiIllIG!llflllll!fll!llll}lliiilifllll!llf’liiiliilll‘!i
c
COMMON/RAINP/RAIN,EKRAIN,EK,RDNN(28) ,FRDNM(28) ,RTOT
COMNON/TIMEP/T,DTH,DTB, T8, TRS,TRA, TR, ITRS
INTEBER TR,TRO,TRB,T,DTM
READ(S,1)RAIN,EXRAIN, TR, TRS
TRA=T+TR-DTH
"EK=EKRAIN#RAIN#DTN/60.
DO 10 Kei,28
' RDNM(K) =K#0, 25-0. 125
16 CONTINUE
READ (5,2} (FRDMN(K) ,K=1,12)
READ (5,2} (FRDMM{K) jKu13,24)
READ (5, 3) (FRDMM{K) ,Kn25,28)
CALL PRINTR
1 FORNAT (2F6.2,216)
2 FORMAT{12F4.3)
3 FORNAT(4F6.3)
END
c i
Cllillilliiilliil‘l!liliI!illll!li!lllillli!iilliiiilililll*”
) c*l*lliili*ililliilliiilIl{illiiiiiliililiilililllililiiiii‘

SUBROUTINE -PRINTR

(TS YS IR RS2SRRSR IIRRIRILRZARA IS LR LS 22 A 2l ddl L AN

"G!iiliililii!ll!ll!lllilili'iill!iilfiliilillil{i'li!lli‘l.l
>
COMNGN/RAINP/RAIN,EKRAIN,EK,RDMN (28) ,FRDNN (28) ,RTOT
COMMON/TINEP/T,DTH,DTS, T8, TRS,TRA, TR, ITRS
INTESER TR,TRQ,TRE,T,DTN
OPEN(b6,FILE«'PRN")
WRITE(4,1)
WRITE(6,1)
WRITE(4,5)T
WRITE (4,1}
WRITE (4,1}
"WRITE(6,3)
WRITE(6,10)RAIN
WRITE (4,20 EKRAIN
WRITE(4,30) TR
WRITE(4,40) TRB
WRITE(6,3)
WRITE (4,50}
WRITE(4,3)
WRITE (4,5%5)
00 100 K=1,28
WRITE(4,50)K,RDMN(K) , FRDHN (K) #100,
100 CONTINUE
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WRITE(6,3)

WRITE(4,1}

WRITE(6,1)

FORNAT{1X,71("#’))

FORMAT(® #°,69%,'8")

FORMAT(® #°,19X,"RAINFALL INPUTE AT TINE *,13,° MIN',19X,‘s’)
FORMAT(* #°,10%,‘RAINFALL RATE (CM/HR)1’,F5,2,32K,%8°)
FORMAT(® #°,10X, RAINFALL ENERBY (JOULES/CN/CM)1°,F5.3,23X,°#")
FORMAT(' #°,10X, ‘RAINFALL DURATION (MIN}:® I3,32K, %)
FORMAT(* #°,10X, 'NEXT RAINFALL START TINE (MIN)s‘,I3,25X,'s‘)
FORMAT(’ #°,10X,'DROP SIZE DISTRIBUTION: *,36X,°#")

FORMAT(® #°,10X, SIZE CLASS’,11X,'DIA. (NM)', 14X, % VOLUNE®
X,10%,°%) '

FORMAT(' #° ,14X,12,17X,F5.2,14X,F5.1,12X, '#")

END
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c

CHM BN R RS R RN RN RN R NN R RS RN RN RN E RN BB NGB R RS

CRHRE R R R R R RN R RN R R R R R R RN R R RN R RSN RR SRR AR R RN
SUBROUTINE MOVE(J)

CRAEERRR RN RN RN RSB R RN R AR R NIRRT N SRR R AN RREEN SO

CEBRANE RN R RN R TR AR R RGN R RN R RN R R R R R R R AR R NR RN R RN

c
COMMON/PLOT1/NJ ,NR(10) ,NRR,BD(2) ,HDDSL
COMMON/RAINP/RAIN,EXRAIN,EK ,RDHM (28) ,FRDMM (28) ,RTOT
COMMON/BTATB/VNF ,8EDR, BEDVR,BEDRTO, TAPWSR, ROTCH
X ,ROTL,8DKG ,SDNTHA,8DTAC ,WEDL ,RTOTL
COMMON/FLOW/@RILL(10,10) ,YRILL (10} (HRRILL(§0,10)
X,PHRILL (10,10} ,ARILL{10,10,2)
CONMON/RLSL/@BR(10) ,Q8RILL¢10,2,10) ,RT{10,10) ,RTR(10}
COMMON/SEDDIE/PFW(10) ,NUM(10) ,EEDDMN(10)
COMMON/EEDPAR/DAM (10) ,EE(10) , FOMM{10),FDNMRD (10)
X,DEP(10,10,10)
COMMON/PLOT/HPL ,PH ,SLINC(10) ,80(10) ,8INE(10) ,COBINE (10)
X,PCL(2) JHLINC(LO)
CONMON/ENVIR/G,TCELS,VK,8F ,P1
DIMENSION DM(10)
IF(J.EQ. NJ)6OTOZ20
DO 10 M=1,NRR
DO 10 I=1,10
QERILL(I,1,M}=@SRILL{I,2,N)
10 CONTINUE : -
HDDSL=HDDSL+HLINC (J
80T040
. 20 DO 30 M=1,NRR.
DO 30 I=1,10
@BRILL(I,t,N}=0.0
BEDDNM(1)=0,0
30 CONTINUE
HDDBL=HDDSL +KLINC(J)
VWF=0.0
8EDR=0.0
§EDVR=0. 0
DD 102 Mei,NRR
DO 103 I=t,10
SEDDNM (1) =BEDDNM (1) +QSRILL(I,2,M) /1000, #DTH
SEDR=BEDR+QSRILL (I,2,K}/1000.
, BEDVR=SEDVR+QSRILL (I,2,M) /BS {1} /6F/1000,
: 103 CONTINUE
VHF=YRF+QRILL (J M)
102 CONTINUE
SEDRTO=SEDR
TSPWFR=VNF+BEDVR
ROTCH=ROTL/10. /HPL/PW
GDKG=8DKG+EEDRTOSDTM
SDMTHA=EDKE/HPL/PW
SDTAC=SDMTHA#2,20446/2. 47105
WEDL=NSDL+TSPNFR4DTH
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RTOTL=RTOT#HPL#PH#10.
NSDKB=8DKE+ROTL #EF
D0 110 Iw=1,10
DM(1)=DMM(T)
NUM(D) =1
110 CONTINUE
DO 120 ie1,9
J1e10-1
D0 130 JKst,Jd1
IF(DN(JX).LT.DN(JK+1))807TD130
TE=DH {JK}
DM{JK) =DM (IK+1)
DM(IK+1) =TE
TEN=NUH (JK)
NUM (JK) =NUM (JK+1)
NUM (JK+1)uTEN
130 CONTINUE
120 CONTINUE
PFN(1)=SEDDNM (1) /SDKE#100.,
DO 140 I=2,10
PFN(1)=SEDDNM (1) /6DKE#100. +PFN{I-1)
140 CONTINUE
40 CONTINUE
END
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c
Ch R R AR RN R R RN R RN R RN PR EN SRR RN BN RR AR

CRr R R R RN RN R R R R R RS R R R R R IR RN AR R R E R RN RN SRR RERRRERRGR
SUBROUTINE PRINT1{J)

RN NSRRI R R R R R R R R R R AR R RN RN R RGN RN RO R

N FE R R R RN F RN F R R RN AR R RN R R RN RN R AR R SRR R R R B ER R BN R RS

c
COMMON/BTATS/VNF ,BEDR ,SEDVR,SEDRTO, TBPHFR,ROTCH ROTL
X ,SDK6 ,SDMTHA,BDTAC,NSDL ,RTOTL
COMMON/TINEP/T,DTM,DTS, TS, TRS, TRR, TR, ITRE
CONMON/ INFP/F (101 ,V{10)
COMNON/BURFAC/RR{10) ,88TD(10) ,FCOV(10) ,BTOD,DSURF,ETO(10)
COMMON/RLEL/QSR(10) ,@SRILL(10,2,10) ,RT(10,10) ,RTR(10)
COMMON/SHEF /8T (10,10 ,FCD(10,10,10)
COMMON/INTE/QO, QI
COMMON/WATER/RB(10) ,QRO, QBHEET (10,10} ,ROP (10}
CONMON/FLOK/@RILL(10,10) ,YRILL(10,10) ,HRRILL (10,10}
X,PWRILL{10,10) ARILL(10,10,2)
COMMON/RADP/PSH, P83, CC,EL1,E2,ES,580,RDET(10,10)
COMMON/RLDP/ARDET (2) ,BRDET (2) ,BHEAR(10,10,10} ,REH,CEH
X,DRILL(10,10) ,EXE,DRR (10}
COMMON/PLOT1/NJ,NR(10) ,NRR,BD {2} ,HDDSL
COMMON/PLOT/HPL ,PW,SLINC(10) ,80(10} ,BINE(10) ,CABINE(10)
X,PCL (2} HLINC (10}
COMMON/SEDPAR/DNN(10) ,5S (10) ,FOMH (10} ,FDMMRD (10)
X,DEP(10,10,10)
CONMON/DETR/DETOTD(10,10,10) ,DETOTN(10,10,10)
INTEBER T :
WRITE(&,1)
WRITE(6,1)
1 FORMAT(1X,71('#*})
WRITE(6,2)J,T
WRITE(6,1)
WRITE (6,1}
2 FORMAT(’ #° 18X, INCREMENT',I3,* RESULTB AT TINE *,I3,’ MIN'
X 15X, ' #°)
WRITE (6,3)
3 FORMAT(® #°,69X, %"}
WRITE (6,4)HDDSL
4 FORMAT(’ #°,10X, ‘HORIZ. DISTANCE DOWNBLOPE (M)1 *,F&.2,21X,'%")
WRITE(6,5)F(3)
WRITE(b,8)V(J)
WRITE (6,7)01
WRITE(4,68)Q0
WRITE (&,9)RO(J)
NRITE(6,10)65T0(J)
WRITE(4,11)6T0(J)
WRITE(4,3)
5 FORMAT(' #°',10K, INFILTRATION RATE (CM/HR)1 *,F6.2,25X, %)
& FORMAT(® #°,10X, INFILTRATED VOLUME (CMb1 ' ,F6.2,27X, &'}
7 FORMAT(' %' 10X, INTERFLON INTO INCREMENT (CM/HR)s ' ,F&,2,18X
X, %%)
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@ FORMAT(* #° 10X, INTERFLOW OUT OF INCREMENT (CM/HR)1 *,Fé.2,18X
X, %)

9 FORMAT(' #*,10X, 'RUNOFF RATE (CN/HR)1  * F6.2,31X,°%")
10 FORMAT(® #',10X, 'POTENTIAL SURFACE STORABE (CM)s *,F6.2,20%,°#")
11 FORMAT(' #', 10X, BURFACE STORABE FILLED (CM)s *,F4.2,23K,"%")

WRITE (4,3}
IF(ROTL.BT.0,0)80T0170
WRITE(&,171)
171 FORMAT(* #°,31X,'NO FLOW',31X,"%")
80TO300
170 WRITE (4,12}
12 FORMAT(' #',10X,'FLON RATES (CC/BEC)s RILL SHEET FLON
X, 'RILL FLOW',5X,°#‘) /
NRI=NR(J)
DO 100 M=1,NRJ
WRITE(4,13)H,QSHEET(J M) #2,GRILL(J, M)
100 CONTINUE
13 FORMATC' #° 31X,12,BX,F6.2,9X,F6.2,7%, %"}
WRITE(6,3)
WRITE(6,14)
14 FORMAT(' #°,BX, ‘DETACHMENT RATES (B/MIN)s',34X, #°)
WRITE(6,3)
WRITE(6,15)
15 FORMAT(' #°,24X, ‘PARTICLE TYPEs' .zex.'n-)
WRITE{6,22) (I, 1=1,10} -
22 FORNAT(: #°,6%,1006," ®°)
WRITE(6,16) (RDET(I,d),Ia1,10)
16 FORMAT(' * RAIN ',10F6.0,° #')
WRITE(4,3)
WRITE(6,17)
17 FORMAT(' # MATRIX',&2K,"#")
WRITE(6,18)
18 FORMAT(’ % RILL‘,43X,’#°)
DO 110 M=1,NRJ
WRITE(6,193M, (DETOTM(I,J,M),I=1,10)
110 CONTINUE
19 FORMAT(' &  *,12,2X,10F6.0,° #°)
NRITE(4,3)
NRITE(6,20)
20 FORMAT(' ® DEPOS.’,62X,"#°)
WRITE(6,18)
DO 120 N=1,NRJ
NRITE (5,19)M, (DETOTD(I,J,M),1%1,10)
120 CONTINUE
WRITE(6,3)
WRITE(4,21)
21 FORMAT(: &',8X, TRANSPORT RATES (BIHIN)'.:BX.'G'I
WRITE(6,3)
WRITE (4, 15)
WRITE(6,22) (1,In1,10}
WRITE(6,23)
23 FORMAT(' # SHEET',42X,'#°)
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WRITE(4,18)
D0 130 Hel,NRJ
WRITE(6,19)M, (BT(I, M), I=1,10)
130 CONTINUE
NRITE(4,3)
WRITE(4,18)
B0 140 H=1,NRJ
WRITE(4,19)M, (RT(I,M) ,I=1,10)
140 CONTINUE
WRITE(6,3)
NRITE(4,24) .
24 FORMAT(' #°,8X,'DEPOSITION RATE (B/MINM)1',37X,'%")
WRITE(4,3)
WRITE(6,15)
WRITE{&,25} (I, I=1,10)
25 FORMAT(' # RILL',1014,° #')
DO 150 M=1,NRJ
WRITE(&,19) M, {DEP(I,J,N),I=1,10)
150 CONTINUE
WRITE(6,3)
NRITE 6,261
25 FORMAT(' #°,BX, BEDIMENT DELIVERY DOWNSLOPE (B/NIN)1',25X,°#')
WRITE(4,3) |
NRITE(5,15)
NRITE(4,25) (1,I=1,10)
DD 160 H=1,NRJ
WRITE(6,19)M, (QSRILL(I,2,M) ,In1,10)
160 CONTINUE
300 WRITE(S,3)
WRITE(4,1)
WRITE(4,1)
RETURN
END
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c
CRHERF RSN N ER R RN RN E R RN BN BA SRR AR NERDRRRZ AR ERARRERN

CEERREERANNRRNERRERERR R AR RARAREERNERERRERERERERIRINNRRRRNES

SUBROLUTINE RUNGEN(J)
CREceuttatRestbananantanuiabitaeiatsasatiiintinanapanesnnaese -
CCRERERE AR R R RN R R AR RN R R RN RN E R ER R ARG R R ARER PR ERORE
c _

CONMON/STATS/VWF,BEDR,BEDVR,EEDRTD, TEPWER ,ROTCN,ROTL

X ,8DK8,8DMTHA, 5DTAC,WEDL ,RTOTL

COMNON/PLUT1/N3 NR(10) ,NRR,BD (2) ,HDDSL

"COMMON/TIMEP/T,DTM,DTE,T8,TRE,TRQ, TR, ITRS

CONMON/RAINP/RAIN,EKRAIN, EK,RONM (28) ,FRDNM(28) ,RTOT

"CONMON/INF18P/KFS1,KF82,8AV1,8AV2, IND1,IND2,EF ,EV

X,LI(10) |

CONMON/INFP/F (10} ,V(10)

CONMON/BURFAC/RR(10) ,86T0(10) ,FCOV(10) ,ETOD,DEURF,BTD(10)

COMNON/PLOT/HPL ,PH,SLINC(10) ,80(10} ,8INE(10},COSINE(10)

X, PCL (2} \HLINC(10)

COMMON/WATER/RO (101, QRO, QBHEET (10,10) ,ROP (10)

COMMON/ INTE/QO, @I

REAL KFE1,KFE2,IMD1,1NDZ,LI

INTEGER DTN

c -
C#as CALCULATE SURFACE STORASE
c .
-CALL BURSTO(J)
. c - r

Cesa CALCULATE INFILTRATION RATE AND INFILTRATED VOLUNE -
c

CALL INFILT(D)

C

Cassa CALCULATE RUNOFF RATE

c
CALL RUNOFF(J)
ROTL=ROTL+RO(J} #DTH/ 60, SHPL#PW
RORTOT=RORTOT+RO(J)
RETURN
END
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c :
CHESNS R B AN RN BN RER RN AN R R AR R RN R SRR R B RS TRRRARRAERERRERRS

CEaua s Bt R AR R RSN F R R RN R RN R R RN RN E RN RN R RO
BUBROUTINE SURBTO(J)

CHUERt NS R BN RARE RO R R F R R E AR R R R R RS R RN RN RRNERBR RN RIS ERS

CRaE R R R RPN R R R R R R R R RN RN R R R RN E SRR RRANS

c
c
I I I I Ty R R R Y R Y R R RIS R TR ISR LA L
Cees THIS SUBROUTINE USES A RELATIONSHIP DEVELOPED BY L
Ce#s LINDEN(1979) TOQ EVALUATE POTENTIAL SURFACE STORAGE  ##
Cess VOLUME AS A FUNCTION OF LAND BLOPE AND SURFACE e

C#+% RANDOM ROUGHNESS. THIS RELATIONSHIP IS STATE-OF-THE-##
C#s+ ART AND HAS NOT BEEN WIDELY TESTED. THIS SUBROUTINE ##
C#s# WILL BE REVISED IN THE FUTURE. e
CREn BN R RN R AR R RN E R RN R RN RR RN RN RN RN RS LRI R RN RIS
€
COMMON/PLOT1/NJ,NR(10) ,NRR,BD(2) ,HDDEL
COMMON/PLOT/HPL ,PW,SLINC(10),50(10),6INE(20),CDSINE(10)
X,PCL(2} HLINC(1O)
COMMON/SURFAC/RR(10) ,88TO(10) ,FCOV(10) ,8T0D,DSURF,STO(10)
DIMENSION RRE(&)
DATA RRE(1) ,RRE{2),RRE(3) ,RRE(4) ,RRE (5),RRE(&)/
X0.,.8,1.6,2.4,3.2,4./

C#%# LINDEN (1979) PRESENTED CURVES FOR SURFACE STORAGE

C#s+ VERSUS LAND BLOPE FOR EACH OF THE RANDOM ROUGHNESE

Ca#=# VALUES IN THE ARRAY RRE. THESE CURVEBE WERE FIT :
Ce++ USING A LABRANBIAN TECHNIQUE, MATCHING AT FOUR POINTE.
Ce##% THE FUNCTION SE DUTPUTS THE APPROPRIATE SURFACE STORASE
C#s# VALUES FOR LINEAR INTERPOLATION BETWEEN THE CURVES

§=50{J)#100,
[I=INT{(RR{J})+1)
IF(II.LT. 1) II=}
IFCIT.BT.S) D=3
SETO(J)=(RR{J)I-RRE{II))/{RRE(II+{)-RRE(II))#(EE(II+},8)
X-SE{II,E))+BE(1I,B)
10 CONTINUE
END
c
R RN R R R RN NN RN R RN RN RN AR R RN R NSRRI RERRRE
FUNCTION SE(II,S)
RN NN BN R RN E RN F RN R R RR AR E RN DR R RBRERF N
c
DIMENSION CI(6),C20(86),C3(6),CH(6},C3(8)
DATA CI(1),C1¢2),C1(3),C1¢4),CL{3),C1(8)/
X0, ,1.042E~03,8.394E-04,4,00BE-04,3.147E~04,3,056E-04/
DATA C2(1),C2(2),C2(3),C2(4),C2(5),L2(4)/0.,1.20BE-02,
X1.319E-02,1.144E-02,1.165€-02,8.328E-03/
DATA C3{(1),C3(2),C3¢(3),C3(4),C3(%),C3(4)/0,,5.E-05,0.018E~-03,
X5.153E-04,3,833E-03,-3.278E-03/
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DATA C4(1),C4(2),C4(3) ,CA(4),CA({5),C4(6)/0.,0.2,0.4,0.82
X,0084,1.054/ ) '

DATA C5(1),C3¢(2),C5(3),C5(4),C5¢(5),C5(4)/0.,B8.,10.,12,,15.
X, 19./

BEsCI{TI)#5#x3.-C2(II)#Sx5+CI(11)4S+CA(II])
IF(8.6T.CS(I1})SE=0,0

RETURN

END
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C

Ty N Y TR I I Y ILY
Wy Yy Y Yy Yy Yy Y YR Y PRI YRy Y Y
SUBROUTINE INFILT(J)

(L N Y Y Yy e yyeY]
g Yy Yy Yy Yy Ty T YT Y
c

c

L Yy Yy Yy Ty Xy T E Y I Y Ty
Ce#s THIS SUBROUTINE UTILIZES A MODIFIED BREEN-AMPT-MEIN- ##
Ce#sw LARSON INFILTRATION MODEL TO CALCULATE INFILTRATION #«
C#s+ ON EACH INCREMENT AT A BIVEN TIME. THE MODIFICATION ##

C#s#x INVOLVES USING A TWO-LAYER SYSTEM AS DEFINED BY *#
Cees MOORE (19B1) AND THE FIELD BATURATION CONCEPTS .
Cxe# UTILIZED BY HIRSCHI, LARSON, AND SLACK (1980) FOR 1)
Cs##s THE MODEL PARAMETERS, L1

Ci!l’ll!'{l‘**illlIlilillil*lliiilIliiiiillilliiiiﬁﬁﬁiiiiI‘llli'l
c
COMMON/TINEP/T,DTH,DTS,T5,TRS,TRA, TR, ITRS
COMMON/RAINP/RAIN,EKRAIN,EK,RDMM(28) ,FRDMM(26) ,RTOT
COMMON/INFISP/KFS1,KFS2,5AV1,5AV2, IMD1, IND2,EF ,EV
X,LI(10)
COMMON/INFP/F(50) ,V{(10)
CONMON/INTE/Q0, 01
REAL IMD1,IMD2,KFS1,KFS2,LI
INTEGER DTM
IF(RAIN.GT.0.0) 607080
F{J)=0.0
807090
B0 DTH=DTN/40,
LisLI(D)
Fl=F(J)
VIeV(J)
VimINDL#LL (3)
c
C### BRANCK FOR WETTED FRONT IN UPPER GR LOWER LAYER
c
IF(VI.BE.V1)60T040
c
Ce#e DETERMINE INFILYRATION RATE AND VOLUME FOR END OF TIME
Co#s STEP WITH WETTED FRONT {N UPPER LAYER BY CONVERGING
C### SUCCESBIVE APPROXINATIONS WITHIN PRESCRIBED LIMITS FOR
Coss RATE AND VOLUME
c
45 UN=VI+FI&DTH
FNsKFSL#(1,+IMDI#5AV]/VN)
c
Cess COMPARE INFILTRATION RATE AND RAINFALL RATE AND BET
Ce## INFILTRATION RATE TO LESSER VALUE
c
1F (FN.BT.RAIN) EN=RAIN
DO 10 I1=§,10
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UN1=VI+(FI¢FN)/2.#DTH
FNI=KFS1#(1. +INDI#EAVL/YNE)
C
Cess COMPARE INFILTRATION RATE AND RAINFALL RATE AND SET
C### INFILTRATION RATE TO LESSER VALUE
c
IF (FN1.B6T.RAIN)FNi=RAIN
IF (ABS(FN1-FN} /FN.BT.EF}B0T020
IF (ABB(VN1-VN) /VN,BT.EV) 607020
80T030
20 YN=UN1
FN=FN1
10 CONTINUE
c -
C#s® PRINT MESSABE IF CONVERGENCE DOES NOT OCCUR WITHIN 10
Cee# TRIALS AND ACCEPT FINAL APPROXIMATION AS CLOSE ENOUBH
c
" WRITE(6,1000)
WRITE(&,1010)
WRITE (46,1020}
30 UN=VN1
FNsFN1
80T0100
c
Cwa% DETERMINE INFILTRATION RATE AND VOLUME FOR END OF TIME
Cess STEP WITH WETTED FRONT IN LOWER LAYER BY CONVERGING
Cu## SUCCESSIVE APPRDXINATIONS WITHIN PRESCRIBED LIMITE FOR
Cass RATE AND VOLUME

c
40 VNsVI+FI#DTH
FN=KFB2# (IMD2#(L1+SAVZ) +VN=-V1)/(L{#IND2#XFE2/KFE1+UN-V
n
£

Ca### COMPARE INFILTRATION RATE AND RAINFALL RATE AND SET
Ceex INFILTRATION RATE TO LESSER VALUE

¢
IF(FN.GT.RAINJFN=RAIN
D0 30 Ii=1,10
VN1=VI+{(FI+FN)/2,#DTH
FNi=KFS2% (IMD2#% (L1+48AV2) +VN-V1) /(L1 #IMD2%KFS2/KFE1+VN~
v
C

s4% COMPARE INFILTRATION RATE AND RAINFALL RATE AND SET
Cass INFILTRATION RATE TO LESSER VALUE
c
IF(FN1,8T.RAIN)FNI=RAIN
IF (ABS (FN1-FN} /FN.BT.EF}1G0TO070
IF (ABB(VN1-VN}/VYN.GT.EVIBOTO70
-GOTOD&0
70 VN=VN{
FN=FNt
S0 CONTINUE
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c
C##s PRINT MESSAGE IF CONVERGENCE DOES NOT OGCCUR WITHIN 10
Ca#s TRIALS AND ACCEPT FINAL APPROXIMATION AS CLOSE ENOUBH
c
WRITE(4,1000)
WRITE(6,1010]
WRITE(&,1020))
40 YN=VNI
FN=FN1
c
Ceas CHECK FOR INSTABILITY DUE TD ARTIFICIAL LAYER INTERFACE
C#+# AND USE UPPER LAYER SEQUENCE IF FGUND
c
IF(FN.GT.FI)GOTO43
c
C#s¢ ACCOUNT FOR INTERFLOW IN APPARENT INFILTRATED VOLUME
c .
100 CALL INTERF
F(J)=FN
V(J)=YN+(GI-Q0D) *DTH
90 RETURN
1000 FORMAT(S(/),5X,5('#"), 'RATE AND/OR VOLUME DID NOT CONV
XERGE ")
$010 FORMAT(10X, WITHIN PRESCRIBED LIMITS AFTER 10 ITERATIOD
INS. ") '
1020 FORMAT(10X, VALUES AFTER 10 ITERATIONS USED FOR SEGMEN
mor,12,2X, 5( *),5¢/))
END
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c
CHERRERRRERR AR R RN NS B RR R RN NN R R RN R R AR RRR RN R,
CRRRENE PR RN R E R RN R RSB R R R RS R E R G R FER RN R RO RAGERER RS

SUBROUTINE INTERF
CHERE RN R R R RN R RN R R RN AR R R TR RN AR R R R RN
RN R R LR R ER AR R E R SRR R RN R R RN RN R R ERR RN R R R RER RN R RS
c
Ce#% DUMNY SUBROUTINE TO BE FULLY DEVELOPED AT A LATER DATE
c

COMMON/ENTE/QO, Q1

QI=1.0

Q0=1.0

RETURN

END
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c

R R R E R RN RN R R R AR RN R RN AR RN G NGB RSB RS

CHB BRI R AR F RN SRR R R AR AR RN RN RN R R R R R R R R R RO R R R RY
SUBROUTINE RUNOFF (J)

CESRERERNERR SRR E R E R R RN R R RN RE R R F R AR RN RN ER R RN ER RGNS

CHEERRRARNE SRR R RN RN RN AR O R R R R BN R RGNS R R RN B RN ARE SRR IR

c
C
Cllllllllilliillllllllliil'l'*i‘l!iilﬂl*iii*l'iliillllliillil
Ce#s THIS SUBROUTINE USES A RELATIONSHIP PRESENTED BY *
Ceas BARFIELD,WARNER,AND HAAN (198%1) TO CALCULATE THE e
Ces+ RUNOFF SUPPLY RATE ON A BIVEN SLOPE INCREMENT AT A  #&
Ceaw GIVEN TIME. 1T USES AN EXPONENTIAL RELATIDNSHIP TO s
Ce¢# REPRESENT THE SURFACE STORABE DETENTION. *e
CiliiIlll'*!i*!l!!iilliill*l!il{l*lI'I"I'liIllliiiiillliillillii
c

COMMON/TIMEP/T,DTM,DTS,TS,TRE, TR, TR, ITRE

COMMON/RAINP/RAIN,EKRAIN,EK,RDMM(28) ,FRDNM(28) ,RTOT

COMMONZ INFP/F (10) ,V(10)

COMMON/SURFAC/RR (10) ,88T0(10) ,FCOV(10) ,STOD,DSURF ,8TD(10)

COMMON/WATER/RO(10) ,QRO,QSHEET(10,10) ,ROP{10)

INTEGER DTHM

1F(BS8T0(J).LT.0.1}60TOLO

RO(J)=(RAIN-F(J))# (1, -EXP (- (RTOT=V(J))/SSTD(I)))

§T0(J)=ET0(J) +(RAIN-F(J)=RO(J} ) #DTH/40, -

FCOV(J)=STO(J) /85T0(J)

607020

10 RO(J)=RAIN=F ()
FCOV(J}=0.0
§T0{J)=0.0
20 CONTINUE
RETURN
END
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c

-178-

CHUBRRARERRRERE RN RN RERBER RN RE BB RE RN RERRE RN EREERARRRRRE
CRERAFRAFRRERARABEREREBRRRAERIREETRAERAREFER RN RN RRERRGRES

SBUBROUTINE RUNROT (J)

CHEREARE TR RER ARG RN SRR R B EER AR AR EENRERAN RN
CHERREERRPER R AR ERERRE R ERE R AR REFRRERE AR RAE R AR FRRERERGE

c

c

COMMON/PLOT!/NJ,NR{10) ,NRR,BD(2) ,HDDSL
COMMON/TIMEP/T,DTN,DTE,TE, TRS, TRA, TR, ITRS
COMMON/PLOT/HPL ,P#,SLINC(10),80(10) ,SINE (10} ,COSINE (10}
X,PCL (2} HLINC (10)

COMMON/ENVIR/G, TCELS,VK,SF,PI

CONMON/FLOW/QRILL(10,10) ,YRILL(10,10) KRRILL{10,10)
X,PNRILL(10,10) ,ARILL{10, 10,2

CORMON/RILLP/IKIC16) ,IK2(10) , IK3(10) ,K1 {10,101 ,K2(10,10)
X,K3(10,10)
COMMON/WATER/RD (10) , @R, QSHEET (10,10) ,ROP (10)
COMNON/STATS/VNF ,SEDR, SEDVR, SEDRTO, TSPWFR
X,ROTCM,RGTL,5DKE,SDMTHA,SDTAC, WEDL,RTOTL
COMMON/RILLPA/IRSD,N(10,10),2(10,10,10) ,RNSN{10,10}
X,LAYER(10,10,10) ,NSEB(10,10} ,N§§(10,10,10)
COMMON/RLSHA/RX(10,10,30) ,RY(10,10,30},XDL (10,10}

REAL N

INTEGER T,DTH,DTS

Coxs CALCULATE WATER FLOW IN RILLS

c

CALL RILLFL{J)
RETURN
END
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¢
CHERER AR R R RN B R AR RN AR R R FRERRARERERERRARERDURRRE

CRr e R R R RN R R R R RN R R R R R RN R R AR RO R BRI R RR RIS
SUBROUTINE RILLFL (D)

R B RN E R RN SRR R R R R AL R R R R RS RN R RN N RN R BB R R

RN AR R R R R R R R R R RN RN N RSN RS R RN R R RN PR R RN RN AR R RN RS

c

c
R R AR R BB R R R R R E R ERE R RN ERE RSN ESERF R RN RN RN RRNEERNRRRN

C#s#¢ THIS SUBROUTINE CALCULATES THE FLOW IN EACH RILL UBINS#
Cess MANNING'S EGUATION AND A SPECIFIED SEGMENTED CHANNEL
C### CONFIGURATION., IT THEN CALLES UP A BEPARATE SUBROUTINE#
Ce#% TD ROUTE THE FLOW THROUEH THE RILLS. .
EililIiii‘*li"li*l!**lii*i*ii*l*l*iillIliﬁlﬂil‘lﬁll*i!iilli
C :
COMNON/STATS/VWF ,SEDR,SEDVR,SEDRTO, TEPNFR
X,ROTCM,ROTL ,5DKE,EDMTHA,8DTAC, WSDL ,RTOTL
COMMON/PLOTI/NJ ,NR (10} (NRR,BD (2) ,HDDSL
COMMON/MIBC/IIN, ITIN,SUNQ,EUMQP
CONMON/RILLPA/IRSD,N($0,10),2(10,10,10) ,RWBN(10,50)
X,LAYER(10,10,10) ,NSEG(10,10) ,N§6(10,10,10)
COMMON/RILLP/IKL(10),1K2(10)  IK3(10) ,K1{10,10) (K2(10,10}
X,K3(10,10)
COMMON/PLOT/HPL ,PW,SLINC(10) ,E0(10) ,SINE(£0) ,COSINE (10}
X,PCL{2} HLINC(10}
COMMON/ENVIR/G, TCELS,VK,8F ,PI
COMMON/TIMEP/T,DTM,DTS,TS,TRS,TR@, TR, [ TR
CONMON/WATER/RO(10) ,GR0O,QSHEET (10,10} ,ROP(10) .
COMMON/FLOW/QRILL (10,10}, YRILL (10,10} ,HRRILL(10,10}
X,PHRILL (10,10} ,ARILL(10,10,2)
INTEGER DTM,T,DTS
IF(ROTL.ER.0.0)BOTD200
IF(1IN.EQ. 1)GOTO7S
QME=0. 0
* AMB=0,0
YME=0. 0
DO S50 N=1,NRR
AMB=GMB+QRILL (I, M)
ANS=ANS+ARILL(J,N,2}
YME=YME+YRILL (I, H)
S0 CONTINUE
AM=ANS/NRR
AM=AMS /NRR
YN=YNS/NRR
81=8INE(J}
IF(I1IN.EQ.1)60TD&0
IF(YN.LE.0.0)BOTO7S
1F (VM. LE.0.0)B0TO7S
YH=QM/AN
DTS=INT(BLINC(J) #100. / (VH+BRRT (G#YN)))
IF (DTS.BT.DTM#60) DTS=DTH#50
65 CONTINUE
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IF (DTB.LT.1)0T8=1
TA=INT (DTN#60. /DTS)
1F (1A.EQ. DTH#40. /DTE)6OTD70
DTE=DTE-1
BOTO4S
60 DTS=10
ILIN=t
70 CONTINUE
ITS= (T-DTN) #40+DTS
ITET=T450
p0 80 1T=IT8,ITET,DTS
ROP(J)=RO(J)
CALL RLFLOW(J)
BUNG=0. 0
DO 110 M=1,NRR
SUMR=SUNG+QRILL (J,M) #40,
110 CONTINUE
80 CONTINUE
60T0150
75 CONTINUE
DTS=DTH#60
CALL RLFLOW(J)
ROP(J)=RO(J)
120 CONTINUE
140 CONTINUE
SUMR=0.0
DO 145 M=1,NRR
SUKQ=SUNQ+GRILL(J, N} %80,
145 CONTINUE
150 CONTINUE
DO 160 M=1,NRR
ARILL (J,M,1)=ARILL(J N, 2)
IF(J.EQ.1)B0TOL40
QGRILL(J-1,M)=0,0
160 CONTINUE
T1INe0
1F (SUMQ.LE.0.0)60T0200
IF (ABS (1, -5UMQP/SUMA) . LE. 0,001} IIN=1
200 CONTINUE
SUNQP=SUNQ
RETURN
END
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c

It e ey Y R R R SR SRR R LA R Rt gl

CHraEat R bR R RPN R R R R E R R RN EER R R R RN R R RN BN R AR RE OB RES
SUBROUTINE RLFLON(J)

CHF R F RN R RN R R R R R R R RN R AR R RN RN ERERERRESE NSRS

CHEFERERRRR AR R R R IR RN R RN RN RN ER R AR RN R AR R R R RN

c
c
Ciliil*!llll*lill‘llﬁill-l'illiﬁl!lilil!iill‘ii'il‘l*liIll'll'i'll
Cess THIS SUBROUTINE USES A FOUR-POINT KINEMATIC ROUTING ¢
Cxs# PROCEDURE AS DESCRIBED BY BRAKENSIEK (1967} TO ROUTE ##
Co#* THE RUNOFF THROUGH THE RILLS. THI8 IS THE ONLY e
Cses SUBROUTINE THAT USEE DTS AS ITS PRIMARY TIME-BTEP.  #&
CIilrlrl\lli*ii**i*ii*!lilliiill*li*lIilililﬁ'ii*iilll"l*!illiii
c
COMMON/PLOT1/NJ NR(10) ,NRR,BD{2) ,HDDSL
COMMON/FLOW/QRILL(10,10) ,YRILL(20,£0) HRRILL(10,10)
X,PHRILL (10,10} ,ARILL(10,10,2)
- CONMON/RILLP/1K1(10) ,1K2¢10),1K3¢10),K1(10,10),K2(10,10)
X,K3(10,10)
COMMON/PLOT/HPL ,PW,SLINC(10) ,80(10) ,8INE(10) ,COSINE (10}
X,PCL (2) JHLINC {10}
COMMON/WATER/RO(10) ,@R0,QSHEET (10,10} ,ROP(10)
COMMON/TIMEP/T,DTN,DTS, TS, TRS, TR, TR, ITRS
CONMON/RILLPA/IRSD,N(10,10),Z(10,10,10) ,RNSW(10,10)
X,LAYER(10,10,10) ,NSEB(10,10},N85(10,10,10)
INTEGER DTS
REAL LHS,LAM,N
LAN=DTS/SLINC(J) /100,
D0 10 M=1,NRR
QRO=RO(J) #RWSW (J, M) #HLINC (J) #100, /3400,
G41IN=0.0
IF(J.EQ.1)6OTO1S
ALPHA= (ARILL (J M, 1} +K2¢J,N) #ARILL (3-1,M,1) -K2(J M)
X#ARILL(J-1,M,2)) /2.
IF (M.EQ.1)60TO25
IF (M. EQ. NRR) GOTO30
R4IN= (K1 (J,M) #QRILL (J=1,H-1)+K3 (J, M) #@RILL (J-1,M+1))
60TO3S
25 QAIN=K3(J M) #GRILL(I-1,H+1)
60TO3S
30 O4IN=K1{J,M)#QRILL(J-§ H-1)
80TO3S
15 ALPHA=O0, 0
BETA=LAN#QRD
§0T017
35 BETAsLAN# (GRILL (J=1,M)#K2(J,M) +Q4IN+QRO)
17 RHS=ALPHA+BETA
IF (RHS.LE.0.0)B0T043
CALL RLCSSH(J,M,D,RHS,LHS,LAM}
60TO45
43 Y4=0,0
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A4=0.0
P4=0,0
HRRILL (J,M)=0,0
PNRILL(J,M)=0.0
YRILL(J,M)=0.0
QRILL{J, M) =0,0
507050
45 A4=ARILL(J,M,2)
PA=PNRILL (I, M)
GRILL(J M) =1 /N(J, M) % (AR/PA/100. 188 (2,/3.)450RT (SINE(J)) #Ads
X100.
S0 CONTINUE
10 CONTINUE
RETURN
END
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RRE R RN R RN RN AR R R AR R RN NI N RS R R RN SRR RN
FEER R RER R R EE RN RN RN RN R R R RN R AR RN R
SUBROUTINE RLCSSH{(J,M,D,RHS,LHE,LAN)

FREERE R R AR R R R R RS R R R RN N RS R R RN R RN AR
R RN AR RN RN R RN I R RR AR R RN IR ERIIRE

RS RA RN RN R AR NN R R R RN RN ERRR N RN
THIS SUBROUTINE UTILIZES THE FINAL CHANNEL NODAL PTE #+
FROM THE PREVIOUS TIME STEP TG CALCULATE THE DEPTH OF &
FLOW FOR A 4-PT KINEMATIC ROUTING PROCEDURE. THE LR
CHANNEL EDBE PT5 ARE THEN RESET TO THE NEW WATER EDBE %#
AND THE OLD PTS ABOVE THE WATER ARE SAVED TO CHECK THE#*
STABILITY OF THE EXPOBED SLOPE. A NEWTON-RAPHSON 1)
TECHNIQUE IS USED TO CONVERGE TQ THE NEW FLOW DEPTH. ##

-THE CONVERGENCE CRITERION IS 0.0001. e

PR T e T e ey Y SR Y NS FYRYRTINI RS TR RS L2223 2 2 24 LA A0 4L

COMMON/RLSHA/RX (10,10,30) ,RY (10,10,30),XDL (10,10)
COMMON/SLUF/XSR{10) ,YSR(10),XBL{10) ,YSL(10)
COMMON/RLSH/X (10} ,YB{10),Y(10) ,XL (10} ,XR(10)
X,IL(10) , IRC10),XB(10)
COMMON/FLON/QRILL (10,10 ,YRILL(10,10) HRRILL (10,10)
X,PWRILL(10,10),ARILL(10,10,2)
COMMON/RILLPA/IRED,N(10,10),2(10,10,10) ,RNSH(10,10)
X,LAYER(10,10,10) ,NSEG{10,10) ,N85{10,20,10)
COMMON/PLOT/HPL,PH,BLINC(10) ,80(10) ,8INE(10) ,COSINE(10)
X,PCL(2) HLINC (10}

REAL N,LHS,LAM,LHBO

NSP=NSES (3 ,M}+2

J1=0

D0 S I=1,30

IF (RX(J,M,1).LT.XDL(J,H))GOTC 3

ICHTS

YB3 =RY (3,1, 1)

XB(J1)=RX (J,H,1)

X(J1)=XB(J1)-XB(1)

IF(J1.EQ.NSP+1)BOTO 7

CONTINUE

RE=SQRT(SINE (J) ) /N(J M)

YO=YB($)

10at

DO 10 1=2,NSP

1F(YB(1),B87.Y0)B0TO10

10=1

YO=YB(])

CONTINUE

DO 20 I=1,NSP

Y(I)=YB(I)~YO0

CONTINUE

D=1.0
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DO=2.0
LHBO=0.3
25 I=10
30 Is=I-1
1F(1.LE.0)B0T070
IF(Y(I).LT.0)80T030
IF(Y{I).EQ.D)GOTO40
IF(Y(I+1).LT.D)6OTOSO
70 WRITE(#,1500)1,Y(1),Y(I+1},D
1500 FORMAT(SX,'## UNUSUAL PROBLEM, I=’,I3,3F8.3,° ##')
8TOP
40 IL(M)mI
XL (NY =X (1)
80T040
50 IL(M)mIel
XL(M)=ABB(D# (X (¢I+1)=X (1)) /(Y {I+1)=Y(I}))
50 CONTINUE
DO 80 I=IL(M),NEP
IF(Y(I),LT.D)6DTOBO
IF(Y(I}.EQ.D)BOTD90
IF(Y{I-1),.LT.D)BOTO100
WRITE(#,1500)1,Y(1),Y(I-1),D
BTOP
90 IR(M)=I
AR (M) =X (1)
BOTO110
100 IR(M)=I-1
XRM)=ABS (DA (X(I)=X(I-1))/{Y(DI-Y(I-1)}) -
6070110
80 CONTINUE
WRITE (#,1500)1,Y(1),¥(I-1),D
110 CONTINUE
© WRITE(#,211)3,M, IR(M) , IL(N)
WRITE(#,212) XR(N} XL (M) ,D,DO
211 FORMAT(SX,4110)
212 FORMAT(SX,4F10.4)
AREA=0.,0
NP0, 0
DO 120 I=IL(M),IR(N)-1
YD=D-Y(I)
XDaX (1)
YD1mD-Y(I+1)
i ADI=X(I+1)
AREA=AREA+ (XD1-XD) #¥D+0,5# (XD1-XD)# (YD1-¥D)
NP=WP+BORT ({XD1-XD)# (XD1-XD)}+(YD1-YD) #(¥YD1-YD))
120 CONTINUE
YDL=D-Y (IL (M)
YDR=D-Y (IR (H})
AREA=AREA+0, 5% (XL (M) sYDL+XR (M) #YDR)
NP=WP+SQRT (XL {M) #XL (M) +YDL#YDL) +5QRT{XR (M) #XR (M) 4YDR#YDR)
RH=AREA/WP#0. 01
LHS=LAN#100. #RH##(2, /3. ) *AREA*RE+AREA/2.
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IF (ABB ( (RHS-LHS) /RHE) .LT. 0, 0001)GOTOL30
F=RHS-LHS
FPa(LHSO-LHS) / (D-DO)
LHSOSLHS

QPO=QP

DOxD

D=00-F/FP

60T02S

CONTINUE
IF(IL(M).EQ.1)60T0210
DO 200 MI=t,IL(N)-t
XEL (NI} =X (M)
YSL(NJ) =Y (N3}
CONTINUE

IF (IR(M) . EG.NSEG (J,M)+1)B0T0230
DO 220 MI=IR(M}+1,NBEG(J,Ml+1
XSR(NJ) =X (MI)

YSR (NI} =Y (NJ)
CONTINUE

CONTINUE

YRILL(J,N) =D
HRRILL{J M) =RH

PWRILL (J,M) =NP
ARILL(J,M,2) =AREA

D0 140 Is=i,NSP-{

T M, D (Y LT =Y (1) /(X (T41) =X (1))
CONTINUE
NSE=IR(M}=TL (N} +3

50 150 KJ=2,NSE-1

X (M) uX (MI+LL (M) =1}
Y(HG) =Y (HI+IL (M) -1)
RX (I, M, M) =X (N}

RY (J,M,H0) =Y (NJ)
CONTINUE

X(1)=0,0

Y{(1)=D

RX(J,M,1)%0,0
RY(J,N,1)=D

X {NSE)=X (NGE~1) +XR (M)
RX(J,MN,NEE) =X {NSE)

Y (NSE) =D
RY(J,M,NSE) =D
NSEG(J,M)=NSE-1
RETURN

END
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CHEu R R AR R et N R AR RSN RN RSN ERR R AR R RN RS RN ERNRR RN
o IS XY YIRS ITRIRSE YIRS SIZARISISLSS AR 22222 A0 022,

SUBROUTINE SEDGEN(J)

CHERRRERRAERBR RN G RGN R A G R R R AR EARERAR ARG R ENE BN RN ER
CREASERRERBLFREERE SRR EEFR AR AL RN RRRERNRAERERERARERAFRRERER

¢

COMMON/BEDDEP/FDMNE{10,10,100)

COMMON/RLBH/X(10,10) ,YB(10),Y(10,10) ,XL(10) ,XRC10) ,IL (10}
X,IR(10),XB(10)

CONMON/PLOT1/NJ NR(10) ,NRR,BD (2} ,HDDSL
COMMON/SEDPAR/DNM(10) ,88(10) ,FDNN(10) ,FONMRD (10},

XDEP (10,10,10)

COMMON/TINEP/T,DTM,DTS,T8,TRE, TRA, TR, 1TRS
COMMON/RAINP/RAIN,EKRAIN,EK,RDOMM (287 ,FRDNN(28) ,RTOT
COMMON/ INFP/F (10) ,V110)
CONMON/SURFAC/RR(10) ,88T0 (10} ,FCOV(10),8T0D,DBURF BTR(10)
COMNON/PLOT/HPL,PW,SLINC(10) ,80(10) ,BINE (10} ,COBINE(10}
X,PCL{2) HLINC(10)

COMMON/ENVIR/8,TCELS, VK, 8F ,P1
COMMON/FLOW/QRILL (10,100 ,YRILL(10,10) HRRILL (10,10)
X,PHRILL(10,10) ,ARILL(10,10,2)

CONNON/RADP/PSM, P83, CC,E1,E2,ES,860,RDET(10,10)
CONMON/RLDP/ARDET (2) ,BRDET (2) , BHEAR (10,10, 10) ,RBH, CEH

X,DRILL(10,10),EXS, DRR(IO)

CDNHONISHEFIST{!O 10} ,FCD{10,10,10} .
"COMMON/RILLPA/IRSD, H(IO £10), I(!O 10,10) ,RNEW(10, 10)
X,LAYER(10,10,10), NSEB(IO !0) NBB(IO to, 10!
INTEGER DTH '
CALCULATE RAINDROP DETACKMENT

CALL RADET())
CALCULATE RILL FLOW SEDIMENT DETACHMENT

CALL RLDET())
CALCULATE NEW RILL SHAPES

CALL RLBHAP(J)
CALCULATE RILL WALL. BLOUGHING SEDIMENT DETACKNENT
CALL SLUFF(J)

RETURN
END
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c

RN RN R RN RN R RN E R RN RN R R RPN AR RN RN R RN
CAF RN R R R R R R R R RN R R R R R RS R RERR R RN R SR C R R R SRR R RO RN RS

SUBROQUTINE RADET(J)

Rt R R RS E RN R LR RN RN AR RN RS RN RN RN RN AR R AR IS AR SR RO BN
CHE R AR RN R R RN AR R R SRR R RRE R R RN ERE R BRI R RN SRR R R R RGO R GRS
c

c .
RNt FE RN R RN R R RN R R RS PR RN BN R R R AR R R RN R R
C##s THIS SUBRODUTINE CALCULATEES THE SOIL DETACHMENT DUE TO#+
Cs#s RAINDROP IMPACT. IT UTILIIES A BUBENIER AND JONES LA
Cess (1971) STYLE EQUATION TO CALCULATE BARE-S0IL 8OIL s
Ce#s+ BPLASH AND A POTENTIAL 80IL SPLASH FRACTION TO ADJUST##
Ce##s FOR PONDED CONDITIONS. THE POND-DEPTH-TO-DROP- = &+
Cass DIAMETER RATIO I8 UTILIZED TO ACCOUNT FOR DIFFERING ##
Cees SDIL SPLASH BETWEEN THE 28 RAINDROP DIAMETER CLABSES.#+

C#es THE TOTAL POTENTIAL SOIL SPLABH I8 TAKEN A5 A LA
Ceds WEIGHTED AVERABE OF THE SPLABH DUE TO EACH RAINDROP ®+
Cx## S5IIE CLASS. L

CRERRRRARRSRAEERAFRAERRERERTRRERRNRRERRERERFEFEEEFRAEEREEEREES
c

COMMON/RAINP/RAIN,EKRAIN,EK,RDMN{28) ,FRDNN(28) ,RTOT

COMMON/SURFAC/RR (10} ,88T0(10) ,FCOV(10},8T0D,DSURF,5T0(10)

COMMON/PLOT/HPL,PH, SLINC(IO) §0(10) ,BINE(10) ,COSINE(10)

X,PCL(2) (HLINC(10). .

COMMON/SEDPAR/DNN(10) 88 (10) FDHH(IO) FDMMRD(10)

X,DEP(10,10,10) -

COMMON/BEDDEP/FDNMB (10, 1o 100) -

CONMON/TIMEP/T,DTM,DTS, T8, TRS, TR, TR, ITRS ~

COMMON/RADP/PSH P83, CC,E1,E2,E3,850,RDET(10,10)

INTEBER DTH

BTOD=8T0(J)

IF (FCOV{J}.EQ.0.0} THEN

DSURF=0.0

807010

ENDIF

DSURF=BTOD/FCOV(J)#10,
10 S50%CCHRAINS#E14EK##E24PCL (1) #4E3

TPEB=1.

IF (DSURF.LT.0.01)80T030

TPES=0,

D0 25 K=1,28

PSEI=FRDNN (K) PSS (RDMN (K) , DEURF ,PEM ,PE3)

TPESsTPSS+PES]
25 CONTINUE
30 CONTINUE

PO 40 I=1,10

RDET(1,3)=((1.~FCOV(J))#E50+E50%FCOV(J) #TPSE} #FDNMRD (1)
40 CONTINUE

RETURN

END



-189-

ClIIllllilillii‘l'i"lil*"ilﬁl'll!li"illll!illllll*illi"l
FUNCTION PSS{(RONM,DSURF,PEM,PE3)
CR RN R R R RN E R RRR AR RARRERRR RN RBE RN RN RRERR AR LY
c
DR=DSURF /RDMM
Co=ALOB(PSN##3,#P83) /12,
C7=-ALOB (PE3##{1./4,) 4PEM*#1.5)
CB=ALOG(PB3##(1,/12,) sPSH##2, 2%)
P=C4#DR&#3. +C74DREDR+CB*DR
IF(P.LT.-10.180TOL0
PS=EXP (C4#DR# 43, +C7#DR#DR+CE#DR)
§0TD20
10 P§=0.0
20 PES=PS
RETURN
END
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CREEREEEFARRATHAABREHAERERER NS AREREFRERAAN ARG RS ERARN SRR

(YT Y YN I TR Y YRS T ITITIPIRS ISR XSRS 2RISR AL 2 24 L2 44 2

EUBROQUTINE RLDET(J)

o Y X RS2 I R X Iy I IR R R RXRSTNRTISNSRRZARYIXRRLSLIARAS S22 2000 )
CHERENEABABERRRGRERRERRRRER R RRERF R AR ERERRR AN RRRERER RS

o
c

I T Y I Y Ry R Y N YT YR YR YRR SR YT IR LTI LI IIIT RS ASA 2228
C##+ THIS SUBROUTINE CALCULATES RILL FLOW DETACHMENT USING#+
C#x# THE EXCEBS SHEAR ERQUATION OF FOSTER (1982}, THE 5
Ca#s COEFFICIENT AND EXPONENT ARE USER~BUPPLIED AND THE  ##
Ce##» CRITICAL SHEAR STRESS IS ESTIMATED FROM THE PERCENT &
Cx#+ CLAY UBING A RELATIONSHIP OF BMERDGN AND BEABLEY = &

Cean (19611, 11
Ot RN r R R AR R R R R R AR R RN R RN R R R R R AR R R AR R RS

c

COMMON/BHEF/ST(10,10) ,FCD{10,10,10)
COMMON/PLOT1/NJ ,NR(10) ,NRR,BD (2} ,HDDSL
CONMON/RILLPA/IRED,N(10,10),2(10,10,10) ,RNEW(10,10)
X,LAYER(10,10,10) ,NBEB(10,10) ,NSB8(10,10,10)
COMMON/ENVIR/G, TCELE, VK, 8F,PI
COMMON/PLOT/HPL ,PH,SLINC(10) ,80(10) ,8INE(10) ,COSINE (10}
X,PCL(2) (HLINC(10)
" COMMON/FLOW/QRILL(10,10),YRILL(10) ,HRRILL(10,10)
X,PHRILL(10,10) ,ARILL{10,10,2}
COMMON/SEDPAR/DHN(10) ,85(10) ,FDNM (10} ,FDNMRD (10)
X,DEP(10,10,10)
COMMON/DETR/DETOTD(10,10,10) ,DETOTN(10,10,10)
CONMON/BEDDEP/FDMNB(10,10,100)
COMMON/RLDP/ARDET (2) ,BRDET(2) ,BHEAR(10,10,10) ,REH,CEH
X,DRILL{10,10,10} ,EX8,DRR(10)
DO 10 M=1,NRR
NSE=NSEG (J,M)
CALL SHDIST(J,M)
DO 10 MJ=1,NSE
L=LAYER(J,M,HJ)
CEH=0, 493#10, #4(0.0183#PCL (L))
EXE=BHEAR(J,M,HJ}-CSH
IF(EXS.LT.0.0)60T020
DETOTN{J M, M) =(1.~FCD(J,N,MJ)) #ARDET (L} 4EXS##BRDET (L)
DETOTD(J, M, M) =FCD(J, M, NI} #ARDET (L) # (GHEAR(J M, HJ)
X=0.5) #sBRDET (L)
60TD30
20 DETOTH(J,M,MJ)=0.0
IF (SHEAR(J ,M,MJ).LE,0.5)BOTO2S
DETOTD (J,M,MJ)=FCD(J, N, M} #ARDET (L) # {SHEAR(J , M, M)
X-0.5) ##BRDET (L}
60T030
25 DETOTD(J,M,MJ}=0.0
IM=108H+NI
30 DO 15 I=1,10
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DRILL (I ,M,MJ)=DETOTH(J M, M} #FDMM T 4DETOTD LI, H,ND)
X#FDHMB(I,J,IN) '
135 CONTINUE
10 CONTINUE
RETURN
END
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c
RN AR RN R R R RN R RN RN R NS RR R RN RN RN RS
CRORN BN ERRE RN RS R R R R E R RN R LN R RS RS R R RS RE RN R RN SO
SUBROUTINE SHDIST(J,NM)
CR e s R R R E R R R RN R R RN R R R R R RN R R RN R AR R AR R R R R AR
CHr R R R R E N RN R R R RN R R RN R RN G R RN R RERRE RS
c
c
CHAR RN AR R RN RS RN RN RN R RN R R RSN R RN BRI RORRN
Ce##x THIS SUBROUTINE CALCULATES THE SHEAR BTRESS DISBTRI- &+

Cess BUTION IN A RILL USING THE "AREA METHOD® OF 1
C#as LUNDGREN AND JONSSON (1944). THE CROSB~SECTION OF THEs#
Cxe% RILL CAN BE REPRESENTED BY UP TO 9 BYRAIGHT-LINE LA
Ce#s SEBMENTE. 13

RN AR E R AR E RN RER AR R EREF RS RGN RRERBRARRERRRRREERHARE RN
c

COMMON/RLLINE/SLO(10,10),YIN(10,10)

COMMON/RLSH/X (10,101 ,YB(10),Y (10,10} ,XL{10) ,XR(10) ,IL(10}
X, IR{10) ,XB(10)
COMMON/RLOP/ARDET (2) ,BRDET (2) ,BHEAR(10,10,10) ,REH,CSH
X,DRILL(10,10,10} ,EXE,DRR(10)
COMKON/RILLPA/IRED,N(10,10),2(10,10,10) ,RNEW(10,10)
X,LAVER(10,10,10) ,NSEG(10,10} ,NS5(10,10,10)
COMMON/ENVIR/G, TCELS, VK, SF ,PI
COMMON/PLOT/HPL ,PW,ELINC(10) ,80(10} ,8INE(10} ,COBINE(10)
X,PCL(2) HLINC(10)

DIMENSION SLOPE(10),VINT(10),BETA{10) ,6ANMA(10) ,BLN(10)
DIMENSION ALPHA(10},DN(10},8LEN(10},BNINT(10),BAREA(10}
DINENSION XS5(10),10¢10) ,IND(11),XINTT(11),BL{11) ,AR(10)
DIMENSION INDN(10),DET(10},8H(10),YX(10)

DaY (1)

NSB=NSEB(J , M)

DO 10 MJ=1,NSB

DY=Y(MI+1)-Y (MJ)

DX=X {MI+1) =X (NJ)

SLOPE (M3) =DY /DX

8LO (M, M) =BLOPE (NJ)

YINT(MJ)uY(NJ)-BLOPE (NI} #X(MJ)

YIN(M,HJ)=YINT (M)

IND(NJ) =0

INDN(HJ) =0

ELEN(MJ) =BQRT (DY#DY+DX#0X)

10 CONTINUE

XSt1)eX (1)

XS (NSG+1) =X (NSG+1)

BLN(1)=0,0

SLN(NSB+1)w0,0

SNINT(()mD

BNINT (NSG+1)} =D

BETA(1) =ATAN(SLOPE (1))

DO 20 MJ=2,NS6

BETA(NJ) =ATAN (SLOPE(HJI))
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BAMMA(MJ) =BETA(MI-1}
ALPHA(MJ)wPI-(BETA(MJ)=-BAMNA(MJ))
DN(MJ)=(D-Y{MJ))/COS(ALPHA (NI} /2. +BETA(NJ) -PI/2,)
IF (ABS (ALPHA(MJ) /2, +BETA(MJI}-P1/2.).LT.0.01) BOTO30
BLN{MJ}=TAN{ALPHA(NJ} /2. +BETA(NJ))
ENINT(MI) =Y {MJ)-ELN{NJ}#X(NJ)
XS{MJ)=(D-SNINT(HJI}) /BLN(MJ)
YX(MJ}=D
8607020

30 INDN(MJ)=1
SLN(MJ)=99%,999
ENINT(MJ}=-99.99¢
XS{MJ}=X(MJ)
YX (M3} =D

20 CONTINUE
DO 40 MJ=i,NSE
DO 50 MJJ=MJ,NSE
IF(XB(NJ).LE.XE(NJJ}) 6OTDSO
XS(MJ) = (ENINT(MJ)~SNINT (HJJ) )/ (SLN(MJ)~ELN(NJJ})
XB(MJJ)=X8(MJ)
YX(MI}=SLN{NJ}#XS(MI)+ENINT(HI)
YX(MJJ}I=YX(MI)

S0 CONTINUE

40 CONTINUE
D0 40 Md=1,NSB
NEBBeNBE (J M, MJ)
SAREA(NJ)=0.0
- X1=X (M) ‘
YisY(NJ)
X3=X (HJ)
Y3=¥(NJ)
DX=m(X(MJ+1)~X(MJI))/NEBS
DY=SLOPE(MJ ) #DX
XINTT(1)=BNINT(MJ)
XINTT{NSS5+1)=ENINT (MJ+1}
BL(1)aSLN(NJ)
SL{NSSS+{)=BLN(MJI+1)
DO 70 MJJ=2,NSBS+]
IND(MJJ)=0
IF(MJJ.EQ.NESS+]1) 607080
X2sX1+DX
Y2=Y{+DY
GOTO%0

BO X2=X(NJ+1)
Y2uY (MJ+1)
BL(MIJ) =5LN{NJ+1)
XINTT(MJJ)=ENINT(MJ+L)
8070100

90 IF(SLOPE(MJ}.EQ.0.0)60T0110
SL(MJJ)=~1./GLOPE(NJ)
YINTT{NIJ)my2-SL{NJJ) #X2

100 Y4=D
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IF{NJ.EQ.NSB) THEN
IF(MJJ.EQ.NBEB+1) THEN
60Y0120

ENDIF

ENDIF
X4=(D-XINTT(NJJ})/BL (NI}
8070130

X4=X (NSB-1)

6070130

SL(MJJ}I=9%9,99%
TINTT(NJJ)=-97.9%9

IND (MJJ) =}

Y4=D

X4=X2

XYR=X2

XYL=X2

6070140
1IF(BLN(NJ).EQ.999.979)80T01350
IYL® (XINTT(NJJ)-SNINT (MJ))/(SLN(NJ}-SL(MJI)}
YXL=SLN(MJ) #XYL+SNINT (MJ)
60TOL&0

IYL=X{HJ)

YXLeSL{NJJ) #XYL+XINTT(NJIJ)
IF(YXL.ET.D)YXL=D

CIF(YXL.LT.Y2)YXL=D

IF(IND(MJJ).EQ.1}BOTODI70
IF(MJJ.EQ.NBSS+1)B0TD180
IF(SLN(MJ+1).EQ,.999.999)60T0190
XYRe (XINTTC(MJJ) =BNINT{MJ+1) )/ (ELN{HJ+1)~ SL(HJJ)I'
0070170

XYR=X(MJ+1)

YXR=GL(MJJ) #XYR+XINTT(MJJ)
070200

XYR=XB (MJ+1)
YXR=SLN(MJ+1)#XYR+SNINT (HJ+1)
IF{YXR.BT.D)YXR=D
IF(YXR.LT.Y2)YXR=D
Ya=AMINL (VXL YXR)
IF(Y4,EQ.D) THEN
[F(MJJ.EQ.2) THEN
IF(SLN(MJ) . NE. Q. 0) THEN
80t0210

ENDIF

ENDIF

ENDIF

60T0220

Y3=D

IF(INDN(MJ) . EQ.1)B0TD230
X3=(YI=-SNINT(MJ}) /SLN(ND)
6070220

230 X3=x1

220

IF(MJJ.EQ.NSSE+1) THEN
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IF(X3.EQ. X(MI+1)) THEN
Y4nY3
ENDIF
ENDIF
IF(IND(MJIJ) . EQ.1)60T0240
IF(MJ.EQ.NE8) THEN
IF(MJJ.EQ.NBBB+1) THEN
6070230
ENDIF
ENDIF
IF(BL(NJJ).EQ.999.999)60T70240
X4m (Y4=XINTT(MJJ) }/SL(NIJ)
g070270

250 X4=)X(NSB+1)
8070270

260 X4=X({MJI+1)

270 IF(ABS(X4-X3).LE.0.,01)60TD280

240 SL8=(Y4-Y3)/(X4-X3}
XINTE=YA-ELS#X4
6070290

280 XINTS§=0.0
§LE=0.0

290 XINTImSL(MIJ-1) /2. #(X3eXI-X1#X1)+XINTT(NII=-1)#(X3-X1)
XINT2=8LE/2, # (X4#X4=-XI#X3) +XINTE#(X4=X3)
XINTIwGL(MIJ) /2, 6 (X4%X4=X24X2) +XINTT (HJJ) % {X4=X2)
XINTA=SLOPE(MJI) /2,8 (X28X2-X1#X1) +YINT (NI} #(X2-X1)
IFCIND(NJY).EQ. L) XINTI=0.0
IF(IND(MJJ-1).EQ. 1} XINT1=0,0
AR(MII~1)=XINTI+XINT2-XINTI-XINT4
SAREA (MJ) =BAREA(MJ) +AR(HJJ-1)
Xi=X2
X3=X4
YieY2
YI=Y4

70 CONTINUE
EHEAR(J,M,MJ)=SAREA(NJ) #BF#B/SLEN (MJ) #80 (D)
40 CONTINUE

RETURN
END
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c

CHE RN BRSNS NN SRR RSN R R IR RN RN SRR O R R RN R E BB BRGNS

CHR RN RN AR R R RN R R R RN R SR R R R R RS RN R AR R R RN AR SRR RS
SUBROUTINE RLSHAP(J)

CHR RS R R E RN RN R R RN RN R R R RN R E RN E RN NS R RN R RN RN ER RN

CH R E R R R R RN R R R AR PR RN R R R R R R R E NN R RN RN AR R R R R RS

c
c
CHENBESEERRERRRERN R RN AR RN AR B E RN RERREREERNRERER
CossTHIB BUBROUTINE CALCULATES NEW BED COORDINATES DUE TO ##
Ca#sFLON RENDVAL OF MATRIX MATERIAL. THE COORDINATES WILL ##
Ces#ALE0 BE CHANGED BY SIDESLOPE SLOUSHING. "
CHENERN TR R NRA RSB REESE RN R RS RN AR ARAREANERE AR
c
COMMON/RLEH/X (10,10) ,YB(10) ,¥Y(10,10) ,KL(10) ,XR(10),1L{10)
X, IR(10) ,XB(10}
COMMON/DEPR/DETOTD(10,10,10) ,DETOTN(10,10,10)
COMMON/PLOTS/NJ,NR(10) ,NRR,BD (2) ,HDDSL
COMMON/TINEP/T,DTN,DTS,T6,TRE, TRU, TR, ITRS
COMMON/RLLINE/SLO(10,10},YIN(10,10)
DIMENBION YN(10)
DO 10 M=1,NRR
Y3=Y(H,1)
DO 20 MJ=1,NBEG(J,N)
L=LAYER(J ,H,HJ) :
AREASDETOTN(J M, M3} #DTH#40. #BD (L) "
X1=X(H,HJ}
x20X (M ,MI+1)
X3=X1
X4=X2
YiaY(N,MI)
Y2uY (M, HI¢+1)
XINTA=ELD (M, MJ) /2. #(X2#X2-X1%X1) +YIN (M, NI} % (X2-X1)
Y4u (AREA+XINTA+Y3#(X4=X3)/2.) 82,/ (X4=X3)
YN(HJ) uY4
Y3av4
20 CONTINUE
IF(Y4.EQ.Y(M,NSEB(J,N) +1))B0TO1S
DY= (Y (N,NSEBLI,M)+1)-Y4) /NSEB(I M)
DO 30 MJe2,NSEG(J,M)
YN{NJ}=YN(MJ)+DY
30 CONTINUE
15 CONTINUE
DO 10 MJI=2,NBEG(J M)
Y (M, M) =YN(HJ)
10 CONTINUE
RETURN
END
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c
N N NN RN RSN RN R R RN SRR R A RN RN RN N RS
CHr PR R RN R RN R R R R R RN RN R R R R R BB RN R RN RRRRA RN R
BUBROUTINE SLUFF(J)
R N RN RN R IR NN R R R RN R RS R RN NN R R NN R R RN RA S
CHBERRE R R RN E RN RN R B P RN RS RN LR R R RN RN R R R R AR ARG
c
c
W Y Yy R Yy Yy R Y Y Y Y T s Iy L ZY
C#ss THIS BUBROUTINE CALCULATES THE BEDIMENT CONTRIBUTION &
Ce#xs DUE TO RILL WALL BLOUGHING. IT ASBUMEB THAT THE 11
Cese RILL WALLS HAVE A SBET ANGLE, WHICH WHEN EXCEEDED, LA
Ce#s CAUSES SLOUBHINGE OF THE RILL WALL DOWN TO A STABLE  #%

Cess ANGLE. TRIB SLOUBHED MATERIAL I8 TREATED AB 2]
Cess DETACHED MATERIAL OF THE SAME PARTICLE MAKEUP AB THE 1
Cse# MATRIX MATERIAL. g

RN RN RN RN RN E RS E R RN SRR RN SRR RAERAREARRERRARGESN
c
COMMON/RLSHA/RX (10,10,30) ,RY(10,10,30) ,XDL(10,10)
COMMON/SLUF/XSR(10,10} ,YER(10,10),XSL{10,10),YSL(10,10)
COMMON/RLEH/X (10) ,YB(10),Y(10) ,XL(10) ,XR(10) ,IL (10}
X, IR(10),XB(10)
CONMON/PLGTI/NJ NR(10) ,NRR,BD (2} ,HDDSL
COMMON/RLLINE/ZBLO(10,10),YIN(10,10) ,BLNB(10,10)
COMMGN/RILLPA/IRED,N(10,10),2(10,10,10) ,RNEN(10,10)
~ X,LAYER(10,10,10) ,NSEG(L0,10) ,NSS(10,10,10)
COMMON/DETR/DETOTD(10,10,10) ,DETOTN(10,10,10)
COMMON/SLOUGH/8LDO,85LO
DIKENSION XB8(10),88L(10),Y88(10)
DO 10 M=i,NR(J)
NSE=NSEB (J M)
DO 20 MJ=1,IL{M}-1
IF (XEL(M,MJ) . EQ.999.999)80T015
I8= (Y (MI+1) =Y (NJ) )/ CX(MI+1) =X (MDD}
IF(28.67.58L0)GOTOLS
607020
15 CONTINUE
DO 5 JMwi,NJ
XCHK= (YIN(M,JM)=YINO) / (SLOO~ELO(M,JIM))
YCHK=5LOO0#XCHK+YINO
IF (XCHK.LT.X(JN))BOTOS
IF (XCHK.BT.X (JM¢1))BOTOS
IHIBHL=JN
60707
5 CONTINUE
WRITE(#,4)
6 FORMAT(5X, ‘SLOUBHINS PROBLEM ON LEFT SIDE‘)
8TOP
BMASS=0.0
NIL=HJ
DO 6 JH=IHIGHL,M3-1
ARE=0, 54 (SLO(N,JN)-5L00) & (X (M, JN+1) %82, X (N, NJ) 442, )4
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XOYINCM, M) -YINO) & (X (M, IM+1) =X (N, IN))
BNABS=GHASE+ARE#SLINC (J) #BD (LAYER (J M, JM) )
8 CONTINUE
DETOTM(J,M,IN)=DETOTH(J,H,IH) +ENABS
20 CONTINUE
DD 30 MJI=IR(N)+i,NSB
IF (XSR{N,MJ) .EQ.999.999)607T012
15 (Y (M, MI+1) =Y (M, MT) ) /(X (N, MI+2) =X (N, M) )
IF (28.6¥.85L0) 60TO31
807030
31 CONTINUE
D0 11 JNwMJ,NSEB
XCHK= (YIN(M,JN) ~YINO} / (BLOO-BLO (N, JN})
YCHK=SLOO#XCHK+YINO
IF(XCHK.BT.X(N,IN+1)60TO11
IF (XCHK.LT. X{M,JM) ) BOTO11L
807012
11 CONTINUE
WRITE(#,13)
13 FORMAT (5X,’SLOUSHING PROBLEM ON RIBHT SIDE')
BTOP
12 SNASE=0,0
HIR=NJ
DO 14 JHeNJ+3,THIGHR
ARE=0. 5% (BLO (M, JN-SLOO) % (X (M, IN+1) 882, =X (M, JN) 452, ) +.
XCVINM, M) =YINO) # (X (M, IM+1) =X (N, JN})
ENASE=SMASE+ARE#SLINC (J) sBD(LAYER (J ,H,IN))
14 CONTINUE
DETGTH(J ,M,JN} »DETOTH(J N, IH) +SNABS
NSEG(J ,M) =NSEB (J,M) - { IHIGHR-NJR} = (MIL~THIGHL)
30 CONTINUE
RETURN
END
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c
CIIlIli'IlIIlllllllifIlllliilll’ilI'iIQlllll'i'llill'illl.l’l'*
CHEBBEBERRBERRAENERF R B R LGN E R AR RN R AR AR AR E RN SRR R B RERER
SUBROUTINE SEDROT(J)
CIIIIIlliilliiIlilllﬁilﬁiilll*lI'Cl'l'I'I"Illﬁlllill‘illlll‘lii'*
(XYY Ty 2 E R R R F Y PR R RN YT Y YRS Y YT IYYY Y I
c
COMMON/PLOT1/NJ ,NR(10} ,NRR,BD (2} ,HDDSL
COMMON/SEDPAR/DMM (10) ,S5(10) ,FDNN (10) ,FONMRD(10) ,
XDEP(10,10,10)
COMMON/TINEP/T,DTN,DTS,TE,TRE, TR, TR, ITRE
COMMON/PLOT /HPL ,PW,8LINC(10) ,50(10) ,8INE(10) ,COSINE (10)
X,PCL(2) HLENC (10}
COMMON/ENVIR/B, TCELS,VK,5F,PI _
COMMON/FLOW/GRILL(10,10),YRILL(10,10) ,HRRILL(10,10)
X,PHRILL(10,10) ,ARILL{10,10,2)
COMMON/RILLP/IK1 (10} ,1K2(10) ,IK3¢10) ,K1(10,10) ,K2(10,10)
X,K3(10,10)
COMMON/RADP/PSM,PB3,CC,E1,E2,E3,560,RDET(10,10)
COMNON/RLDP/ARDET (2) ,BRDET (2) ,BHEAR(10,10,10) ,REH,CSH
X,DRILL(10,10) ,EX8,DRR{10)
COMMON/WATER/RO(10) ,QRO, OBHEET (10,10) ,ROP(10)
COMMON/SHEF /BT (10,10} ,FCD(10,10,10)
CONMON/RLEL/@BR(10) ,@BRILL(10,2,10) ,RT(10,10) ,RTR{10}
CONMON/BHEEF /1880 ,NS(10,10)
‘COMMON/RILLPA/IRSD,N{(10,10),2¢10,10,10) ,RNEN(10,10)
X,LAYER(10,10,10) ,NSEB{10,10) ,N§E(10,10,10)
INTEGER DT

c
Casx CALCULATE BHEET BEDIMENT TRANSPORT
€
CALL BHEET(J)
c

C#s# CALCULATE RILL FLOW BEDIMENT TRANEPORT AND LIMIT BY
Cess BEDIMENT LOAD AND DETACHMENT
c

CALL RILLTR(J)

RETURN

END
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c
Cll!illili*ii*lililiﬁl!ill!!Ililliii!Iilliiifilllilillilllli
Ci!Iiillll*lllilllllllllilIlllllilllilIiill{llillllliilllll!
SUBROUTINE SHEET(J)
Cll!Illillilillilli!!llIlillilllillilii!illﬁlliiii!llllllil'
CEllillliIiil*!liﬁll!ll!llliil{lll*liillil**i*illifliiilli&l

c
c
Cilli!li!ilili!l&ll*lIliilliililll&iill!lllilllliliillilllli
C##¢+ THIS SUBROUTINE CALCULATES THE BHEET FLOW AND ITH 1 1)
Cas& SEDINENT LOAD CARRIED 7O THE RILLS. THE TRANSPORT  ##
C#%* RATE OF EACH SEDIMENT TYPE CAN BE CALCULATED BY THE #¢
Css% NODIFIED YALIN OR THE MODIFIED YANS EQUATION AND I8 &
Cass LIMITED BY THE RAINDRCP DETACHMENT RATE. LA
Clll!liliililiilii!*!llliil*&liillliliIliilli!!lillliliilill
c
COMMON/SHEF/8T (10,10} ,FCD(10,10,10)
CONMON/PLOT1/NKY, NR(IO) NRR, BD(Z} HDDBL
connuuzssnpnnfnnntlo; 93(10) FDEHIIO) FDMMRD(10)
X,DEP(10,10,10}
COHHDNIENUIRIB TCELS,VK,8F,PI
COMNON/PLOT/HPL PN, BL!NC(IOI §0(10) ,8INE(10), COSINE(10)
X,PCLI2), HLINC(IO)
cuHHDNISHEEFIISSD N8{10,10)}
COMMON/WATER/RD(10) ,QR0,QSHEET{10,10) ,ROP(10)
COMMON/RADP/PSM,P83,CC, El E2,E3, 850 RDET(IO 10}
DINHENSION D(10), OSJ(IOI DSH(!O) 800(10) STT(IOD
REAL NS
B00=50(J) /2.
SSINE=SIN(ATANI(SDO))
DO 40 M=1,NRR
QGEHEET(J, H)-RO(J)!RHSH(J M) *HLINC(J)/3600./2.
YSHEET-(NS(J M) #QSHEET(J, M} /SQRT(BSINE} #BART(I. } /RWEN (J,H))
X%#0,.6
WP=2,.8YSHEET+RWEN (J,N) /BQART(3.)
BSH{M)=QBHEET (J,M) /1000,
40 CONTINUE
D0 50 M=1,NRR
D0 10 I=§,10
D(I)=RDET(I,J)/RNSH{J, M} /2.
28J1{1)=0.0
80Q(1)=0,0
10 CONTINUE
IF(16858D.NE. 1)80T020
CALL YANGSE (YSHEET,BBINE,S0Q,D,0BJ,25H,800,NS,8TT)
80TO30
20 CALL SEDTRA(YSHEET,BSINE,ERQ,D,Q8J,WP,5TT)
30 CONTINUE
D0 60 I=i,10
ST(1,M)=8TT(I}
40 CONTINUE
%0 CONTINUE
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RETURN
END -
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C
Cll|i'liii*iIiliilill!ll{li"‘i*}ll|I*il!llll!‘liililiilll'l
CHEERRABERRERNRERBREE R R AR AR AR RN E R ARG RN ETRRRRENES
SUBROUTINE RILLTR(J)

CQlli‘lliil‘ilil*ii"li'l*IilllliiIllliilllilliiiill'i'll‘li
CHRENRRERARERERERERECRREER AR R ARG E RN RN EE G R AR RRRGRARE
£

c

Blil!illiilil!l!llliiiillIll'ii!lIlil!liilillil*iliillii‘fi‘
Cas+ THIS SUBROUTINE UBES EITHER THE MODIFIED YALIN (1943)es
Cess# OR THE NODIFIED YANS (1973) EQUATION FOR RILL .
Ces+ SEDIMENT TRANBPORT. THE TRANSPORT IS5 LIMITED BY THE #¢
Cess SEDIMENT DELIVERED TO THE RILL PLUS THE DETACHMENT BYss
Ce+# FLOW IN THE RILL. *
CHERERRE SR SRR AR AR R AR R AR T RN R ARG AR EEENRERE
£

COMMON/TIMEP/T,DTN,DTS,TS,TRE, TR, TR, ITRS

COMMON/PLOT1/NJ NR(10) ,NRR,BD(2) ,HDDSL

COMMON/PLOT/HPL ,PW,BLINC(10) ,50(10) ,SINE(10) ,COBINE(10)
X,PCL(2) HLINC (10}

COMMON/SHEF/8T(10,10) ,FED(10,10,10)

COMMON/FLOW/QRILL(10,10),YRILL{10,10) HRRILL(10,10)
X,PMRILL (10,10) ,ARILL{10,10,2)

COMNON/RLSL/QSR(10) ,@SRILL(10,2,10} ,RT{10,10) ,RTR(10}
 COMMON/RILLPA/IRED,N(10,10),2(10,10,10) ,RNSN (10,10}
X,LAYER(10,10,10) ,NSEB(10,10) ,NSB(10,10,10)

COMHON/SEDPAR/DNN(10) ,55(10) \FDMN(10) ,FDMMRD(10)
X,DEP{10,10,10}

CONNON/ENVIR/G, TCELS, VK, SF , P

COMNON/RLDP/ARDET (2) ,BRDET (2) ,BHEAR(10,10,10) ,REH,CSH
%, DRILL(10,10) ,EXS,DRR(10)

DINENSION PD{10),80(10)

INTEGER DTH

§I=SINE(J)

DO 10 M=1,NRR

1F (M.EQ.1)GO0TOL3

IF(M.EQ.NR(J))BOTO14

00 15 I=1,10

G5R (1) w@BRILL (I, 1,M)#K1(J, M) +GSRILL(I,1,H=1)#K2(J M)
X+QSRILLAI, 1, M+1) €K3 ¢, M)

DRR(I)=DRILL (I, M)

PO(I1=QSR (1) +DRR{I)

BRIV BT (I, N)

15 CONTINUE
80TO19
13 DO t4 I=1,10

DRR{I)=DRILL (1 M)

QBR (1) m@BRILL (1,1,N) #K1 (3, M) +AERILLAT, 1, M+1) eKS (I, M)

PD(1)=QSRI) ¢DRR(I)

BR(I)eET(I,M)

14 CONTINUE

607019
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DO 17 I=1,10

DRR(I)-DR!LL(I L))

@SR(1)=QSRILL (I,1,M)#K1(J M) +QERILL (I, 1,N=1)eK2({J,M)
SQ(I}=8T(I,MN)

PD(I)-DBR(I)ODHR(II

CONTINUE

GR=QRILL{(2,M)}

WP=WPRILL{J M)

KRR=HRRILL (J M)

IF({IRED.NE.1)80T020

CALL YANGSE (HRR,81,Q8R,DRR,EQ,QR,50,N,RTR}
807030

CALL SEDTRA(HRR,81,QBR,DRR,5Q,WP,RTR)
CONTINUE

DO 40 I=1,10

@SRILL(I,2,MI=QBR(1)

RT(I,H)=RTR(I)

DEP{1,J,M)=PD(I)~-QBR(I)

CONTINUE

EFCD=0.0

D0 100 I=1,10

§FCD=BFCD+DEP(1,J,M) /BB{I)}#3,/4,/DNN{]) %2,
CONTINUE
FCD{J,K)=SFCD#DTH/10. /HLINC (J} /BN (J M)
IF(FCD(J,M).BT.1,0}FCD(J,N}=1.0

CONTINUE '

RETURN

END
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c
CIIII'I‘Ililliilﬁiiillillliili'lll‘l'*li'!lllllllll"illiill
CEQ{*IGiIllIQGIQIIIII!illl&i}!lillliilllill&lli!lllllilillii

SUBROUTINE BEDTRA(HR,BINE,08,D,08J,HP,TC)
CIIiilliiliiiﬁillllllfilli!!iilllllilliilillililli*!ii!!f'li
ClIilll*IiiII*Illliilii'lliil{lilliliIlllﬁiiﬁlliiill‘iiillll
c
c
c*liiﬁlilill‘*'*!l‘iIli‘llill*illi!lli‘il'iiiiili*llIllllili
Cess THIS SUBROUTINE CALCULATES THE SEDIMENT TRANSPORT  ##
Ces¥ DUE TO FLOWING WATER USING A MODIFIED YALIN (1963) &%
C#s# EQUATION. THE NODIFICATION INVOLVES DISTRIBUTING  ##
Cess THE TRANSPORT CAPACITY BETWEEN DIFFERENT BEDIMENT  ##
Ce## TYPES. THE MODIFICATION WAS PRESENTED BY FOSTER AND &#
Cess MEVER (1972) AND 18 USED IN THE CREAMS MODEL. T
Cl*il*iliIlil'iiIiilillli&lliil*{ll*lQ'i*liill{lllii*.'iiili
c

COMMON/BEDPAR/DHM(10) ,S5¢10) ,FDMM(10) ,FONMRD (10}

X,DEP(10,10,10)

COMMON/ENVIR/B, TCELS, VK §F,PI

DIMENSION PS(10) ,DEL(10) ,BR(10),TC(10),PE(10),WE(10)

DINENSION KK(10),LL(10)

DIMENSION @S(10),D(10},@5T(10},QSN(10),QEJ(10)

TOTTF=0.0
.

" _Cces¥ ITERATE THROUGH THE TOTAL NUMBER OF BEDINENT TYPES YO

Ce#xs ACCUMULATE OR CALCULATE ARRAYS FOR BCUNDARY REYNOLDS’
Cess NUMBER, CRITICAL LIFT FORCE, EXCEBS DIMENSIONLESS LIFT,
C##+ DIMENSIONLESS TRANBPORT, AND TOTAL EXCESS DIMENSIONLESS
Cass LIFT
c A
DO 10 I=f,§0
BR{I)=SQRT(S%HR#5INE) «DMM(I)/£0./VK
YC=YCR{BR(I))
DEL({I)=HR#BINE/(SS{(I)~BF) /DNM{I}/YC#10.~1.
IF{DEL(I).LT.0.0)DEL{[)=0.0
BIGm2.454YCen(, 5/68(1)ns0,. 44DELA])
IF(S16.LE.0,.0)60TDIS
PS(I)=m0, A3S*DELII)%(].~ALDB(1,+E]B) /8IB}
60TO17
i3 PS(I)=0.0
17 CONTINUE
: TOTTF=TOTTF+DEL ()
10 CONTINUE
8MUS=0,0
c
Cess ITERATE THROUBH THE TOTAL NUMBER OF BEDIMENT TYPES TD
Ca## ACCUMULATE OR CALCULATE ARRAYE FOR INDIVIDUAL
Cene DIMENSIONLESS TRANSPORT, INDIVIDUAL TRANBPORT CAPACITY,
Cess INDIVIDUAL SEDIMENT LOAD, AND REQUIRED TRANSPORT
Caxs CAPACITY FRACTION
c
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00 20 I=1,10
PE(I)=PE{1) #DEL{I) /TOTTF
WE(1)=PE (1) #E5 (1) SSF4BR (1) sVKWP
QEN(I)=QS (1) +D(1)+Q8I{I)
QST (1) =@EN(I)
IF(PB(I},LE.0.0)B0TO20
EMUB=SHUB+PE (1) /PS(1)
20 CONTINUE
30 BPT=0.0
8DLT=0.0
c
C#ss ITERATE THROUGH THE TOTAL NUMBER DF BEDINENT TYPEB TO
Ces+ CALCULATE THE EXCESS AND INSUFFICIENT TRANSPORT FOR
C#s# EACH SEDIMENT TYPE. BET FLAGE FOR NEEDS.
e _
DO 50 Is1,10
KK(1)=0
LL{T)=0
IF(WE (1) .BE.QBT(I)IKK(1} mt
IF(NB{I).LT.@ST{I}ILLIT) ut
IF (W8 (1).LE.0.0)60TOSS
BPT=SPT+QST(I) /WE(I) #KK(I)
$5 CONTINUE
§DLT=BDLT+DEL (I)aLL(D)
50 CONTINUE
EXCu1,-8PT
Kl=0
Kd=2
c
Cess ITERATE THROUGH THE TOTAL NUMBER OF SEDIMENT TYPES TOD
Ces# REDISTRIBUTE THE SEDIMENT TRANSPORT CAPACITY FROM THE
C## TYPES THAT HAVE SUFFICIENT CAPACITY TO THOSE THAT
Ces# REQUIRE MORE CAPACITY
c
DO 40 I=1,10
IF(LL(I).EQ.0)BOTO4S
IF(SDLT.LE.0.0)B0T043
TC(I)wDEL (1) /SDLT®EXCHPE (1) #85(1) #SF#BR (1) aLL (I}
80TO44
43 TC(1)=0.0
44 CONTINUE
¢ IF(KK(1),EQ.0)80TDA47
45 TC(1)=QBET (1) #KK(D)
A7 CONTINUE
C
Ces¥ CHECK FOR EQUILIBRIUM CONDITIONS (ALL FULFILLED OR ALL
Cess REQUIRING MORE CAPACITY AND SEND BACK THROUBH IF NEEDED
¢
IF(TC(I).BT.QBT{I)IKInL
IF(TC(1).LT.QST(1) iKd=l
QST(I) =TE(I)
40 CONTINUE
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1F (K1.EQ. KJ)B0T030
1F (KI.EQ.0)B0TO70
c .
Cess IF ONE TYPE HAS ALL THE EXCESS TRANBPORT, LINEARLY
C#+s DISTRIBUTE THE EXCESBS AMONG ALL TYPES
c
D0 &0 1s1,10
TC(L) QST (L) /EMUS
60 CONTINUE
70 CONTINUE
»
Cess LINIT TRANSPORT BY DETACHMENT AND DELIVERED LOAD
Cess AND INPUT TO THE ARRAY FOR OUTPUT TO THE MAIN PROGRAM
c .
DO 80 I=1,10
RS (I)=TCAI)
IF(TC(I).6T.QSN(1)1AS (1) m@BN{I)
80 CONTINUE
RETURN
END
c
CH e RGN RS ER R BN R AR F R RSB AR AR R AR N RN ERRERR NS

FUNCTION YCR(R)
AR B R R R R RSN RN E R R RS RN R R AR RN SRR RN R RGN AR

- C

.~

C##% LINE BEGMENT REPRESENTATION OF MODIFIED SHIELD DIAGRAM

IF(R.LT.1.0}Ym0Q.1/R#20,.3
lF‘RlBECl:O’Y‘O.IIR*.‘O.S ’
IF(R.BE.10.8)Y=0,024R%40, 177
IF(R.BE.120.)Y=0,047

YCR=Y

RETURN

END
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c

T Y Ry Yy R R Y R Y A AR I e s e

CRE R R R E R R R R AR E RN R RN R R R R R AR AR SRR RO R RN R AR RO ROENES
SUBROUTINE YANGSE(HR,SINE,QB,D,A87,02,80,N,QT)

CRE R R RN RN R RSB R R RS E R R R E R R R R AR R AR RN RGNS

CHRER AR BN RN RN R E RN SRR SRR R RN AR RN RN ER RN ARG

€

c
NN N NS R R RN RN AR R R R RN R RN SRR R R R R RN EN R
Ce#x THIS GUBROUTINE UTILIZES A HODIFIED YANG (1973) L3

Cess EQUATION TD CALCULATE THE SEDIMENT TRANSPORT DUE YO ##
Cass FLOWING WATER. THE MODIFICATION INVOLVES DIBTRIBUTING##
Cesx THE BEDINENT TRANSPORT ASBUMING AN AVERAGE SEDINENT
Ce#s TO CALCULATE THE TOTAL TRANSPORT AND THEN DISTRIBUT- ##
C#x# ING ACCORDING TO INDIVIDUAL SEDINENT TYPE TRANGPORT #«
Cass AND AVAILABILITY. e
O RN RN R RN AR N RN RN RO R R R AR RN RN SRR EREN
c :
COMMON/ENVIR/B,TCELB,VK,SF,PI
COMHON/SEDPAR/DMM(10) ,8B8(10) ,FDMM{10) ,FONHRD(10)
X DEP(10,10,10)
REAL N
DIMENSION Q8(10),D(10),08J(10}),C(10)
DIMENSION CE(10),0T(10},RQ87(10),ICE(10)
VE=BRHR&EINE
g§707=0.0
DTOT=0.0
08707=0.0
CTa3T=0.0
Vef/N#(HR/100.)##(2,/3,)#5INE#%0,3#100,
c
C##% ITERATE THROUGH ALL BEDIMENT TYPES TO DEVELOP AVERAGE
Cs#e#s CHARACTERISTICS AND TO CALCULATE SEDIMENT CONCENTRATION
C#%% RATIOS OF EACH TYPE RELATIVE TO TOTAL
¢ :
DO 10 I=1,10
QST(I)=QS (1) +D(I)+@SI(])
QETCT=QBTCT+Q@ST(I)
DTOT=DTOT+QAST(I) #DMN{I}
BTOT=BTOT+Q8T (1} #88(1)
VF=DNM(1}#e2,%(B8({])-BF)/1800./VK
RFaVF®DMM(I) /10./VK
RS=VE*DMM(I} /10./7VK
VCR=(2.5/(ALOB10(RBI-0,058)+0.566) #VF
IF(RB.LT.1.2}VCR=130, #VF
IF(R8.BE.70.)VCR=2, 03#VF
30 CONTINUE
CE(I)m10,#e(5,435-0.286%ALDBLO(RF)~0.457#ALOB10(VE/VF)
X+(L.799-0,409+ALOBI0(RF}~0.314#ALOB10(VE/VF) ) #(ALOG1O(
X{V-VCR) #E0/VF)))
CTOT=CYOT+CE(I}
ICE(]) =]



=209~

10 CONTINUE
c i
C##% SORT SUBSCRIPTS ACCORDING TO CE (DESCENDING ORDER)
c
DO 15 I=1,9
INw10-1
DD 17 IK=f,IN
1F(CE(IK) BT, CE{IK+1))BOTO17
1EC=ICE (1K)
ICE(IK)»ICE(IK+1)
ICE(IK+1)mIEC
17 CONTINUE
15 CONTINUE
c .
Ces# DETERMINE TOTAL TRANSPORT ASSUMING AVERABE PROPERTIES
c
IF (QSTOT.EQ.0,0)60TD100
D50=DTOT/QSTOT
§50=8TOT/QSTOT
VFS0=DS50#D50# (§50-8F) /1800, /VK
RF50=VFS0%D50/10. /VK
RE50=V5#D50/10. /VK
YCS50=(2,5/ (ALOB1O0(RBS0) =0, 04 +0, 66) #VF50
IF (R650.LT.1.2)VC50=150, #VFS50
IF {RS50,BE. 70, ) VCS0=2. 054YFS0
. B0 CONTINUE '
C50=10. ## (5, 435-0, 284 #ALOG10 (RF50) -0, 4574ALOGLO(VB/VFS
X0) +{1.799-0, 409#ALEB10(RF30) =0, 314#ALOB10 (VE/VF50)) # (A
XLOB10( (Y=VC50) #80/YF50)))
Q50=C50#0%840, /1000, #EF
GSLEFT=R50
c
Ces# ITERATE THROUGH TOTAL NUMBER OF SEDIMENT TYPES,
Csss DISTRIBUTINE THE TRANGPORT CAPACITY BASED UPON
Cass CONCENTRATION RATIOS AND LINIT TRANSPORT BY DETACHMENT
C#s#s AND DELIVERED SEDIMENT LOAD
C
DO 90 II=1,10
I=ICE(LI)
CC(I)=CE(1) /CTOTHCS0
QT (1) =Q#C (1) #EF#40, /1000.
Qs{I)=pT(I)
IF(QT(1).BT.QST(1))08{I)=RST(I}
IF (GBLEFT.EQ,0,0106(I)1=0,0
IF(OSLEFT.LT.@8(1))B0TO140
QSLEFT=QSLEFT-0S(I)
807090
140 QB(1)=DSLEFT
USLEFT=0.0
90 CONTINUE
60T0110
100 WRITE(&,1)
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1 FORMAT (' #axxx NO SEDINENT IN FLOW #ass’)
DO 105 I=1,10
@8(1)=0.0
103 CONTINUE
110 CONTINUE
RETURN
END
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