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Sediment Detachment and Transport Functions to Simulate 

Soil Loss from Reclaimed Mine Soils 

Abstract 

The Finite Element Storm Hydrograph Model ( FESHM), a 

distributed parameter model developed in the Department 

of Agricultural Engineering at Virginia Polytechnic 

Institute and State University, was modified to predict 

sediment yield from surface-mined areas. Separate 

functions were included to define interrill detachment, 

rill detachment, and transport capacity of overland 

flow. Data from rainfall simulator studies, which were 

conducted at two surface mine sites in southern West 

Virginia, were used for field verification of the 

model. 

A comparison of simulated and recorded hydrographs 

showed good agreement. The model, however, 

consistently overpredicted sediment yield. Two 

factors, aggregate stability and armoring, were shown 

to contribute to the biased predictions. 
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INTRODUCTION 

Over four billion tons of sediment are delivered 

annually into streams and rivers of the conterminous 

United States (Novotny and Chesters, 1981). The major 

sources of this sediment are the land-disturbing activ

ities associated with mining, construction, agriculture 

and silviculture. Agricultural activities, particu-

larly cropland, yield fifty percent or more of the sed-

iment deposited in streams and lakes (EPA, 1976). Sur-

face mining and construction activities, though not as 

widespread as farming, also have the potential of gen-

erating large quantities of sediment. Table 1 lists 

representative rates of erosion from various land uses. 

It is apparent that, on the basis of equal areas of 

disturbance, active surface mining and construction 

operations have the highest rates of erosion. Sediment 

has a two-fold effect: it depletes the land resource 

Table 1. Representative rates of erosion from various 
land uses (EPA, 1976). 

Land use 

Forest 
Grassland 
Abandoned 

Surf ace 
Cropland 
Harvested 

Forest 
Active 

Surf ace 

Metric tons per 
2 km per year 

8.5 
85.0 

Mines 850.0 
1700.0 

4250.0 

Mines 17000.0 
Construction 17000.0 

1 

Tons per mi 2 Relative to 

per year forest = 1 

24 1 
240 10 

2400 100 
4800 200 

12000 500 

48000 2000 
48000 2000 
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from which it is delivered, and it degrades the quality 

of the water resource in which it is entrained and 

deposited (Robinson, 1970). Some of the adverse 

effects of sediment include: loss of storage capacity 

in reservoirs; changes in aquatic communities and their 

food supplies; destruction of aquatic habitat; 

increased water treatment costs; creation of turbidity 

that detracts from recreational use of water; and 

transportation of other pollutants such as plant nut

rients, insecticides, herbicides and heavy metals (Rob

inson, 1970). As a result of increased environmental 

concern in recent years, legislation such as the Fed

eral Water Pollution Control ·Act (PL 92-500, 1972) and 

its 1977 amendments (PL 95-217) has been passed. With 

specific regard to surface mining, the Surface Mining 

Control and Reclamation Act (PL 95-87, August 1977) 

regulates surface mining operations and the acquisition 

and reclamation of abandoned mines. The primary pur

pose of this act is to establish a nationwide protec

tion program from the adverse effects, including ero

sion, of surface coal mining operations (Novotny and 

Chesters, 1981). To achieve this goal, stringent lim

its have been set for the allowable sediment export 

from surface-mined lands. Best-management sediment 

control alternatives are used to meet these limits. To 

be effective, their design must be based on reliable 

methods of predicting sediment yield. 

Many methods of predicting soil loss and sediment 

yield, ranging from empirical equations to mathematical 

models based on erosion mechanics, have been developed 

for and applied to agricultural landuses. However, 

there has been limited application of these procedures 

to surf ace-mined areas and virtually no development of 
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predictive procedures specifically for surface-mined 

areas. Consequently, sediment control practices usu

ally consist of off-site detention ponds, designed from 

limited field data. On-site controls may be less 

expensive and/or more effective alternatives to off

si te ponds. Reliable design criteria to give optimal 

combinations of these practices, however, are virtually 

non-existent. An accurate procedure to predict sedi

ment yield from surf ace-mined areas on which al terna

ti ve best management erosion control practices are used 

would be a useful tool for establishing these much

needed design criteria. 

The purpose of this study was to develop a model 

that predicts sediment yield from surface-mined areas. 

Appropriate functions for describing the erosion pro

cess were chosen from the literature. An existing dis

tributed-parameter watershed hydrology model, the 

Finite Element Storm Hydrograph Model (FESHM), was 

amended to include the sediment component. Field plot 

data from two surface-mine sites in West Virginia were 

used to verify the model. 





LITERATURE REVIEW 

Ellison (1947) defined erosion as a process of 

detachment and transport of soil material by erosive 

agents. Meyer and Wischmeier (1969) expanded this def

inition for erosion by water by separating the soil-e

rosion process into the following component processes: 

1. detachment by rainfall 

2. detachment by runoff 

3. transport by rainfall 

4. transport by runoff. 

The relative importance of each of the four subpro

cesses varies greatly, depending on the conditions 

under which erosion occurs. Therefore, knowledge of 

the significance of each process for specific situ

ations is essential for accurate prediction of sediment 

yields and for design of effective erosion-control 

practices (Meyer et al., 1975). Identification of the 

sources of sediment is also important in developing 

methods of erosion control and for developing a compre

hensive soil-erosion model (Meyer et al., 1975). 

This chapter summarizes some of the research 

reported on individual detachment and transport pro

cesses. Sources of sediment are also discussed. The 

final sections outline a number of methods of sediment 

yield prediction. 

Detachment by Rainfall 

Erosivity is a measure of the potential of rainfall 

to cause erosion. Meyer (1965) listed intensity, 

drop-size distribution, and drop-fall velocity as the 

main characteristics of natural rainfall that influence 

5 
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its erosivity. Many investigators (Ellison, 1947; 

Ekern, 1950; Mazurak and Mosher, 1968; Martinez et al., 

1980) have found that the amount of soil splashed is 

directly related to rainfall intensity. Total mass or 

kinetic energy at impact also has been found to influ

ence rainfall erosivity (Ekern, 1953; Mihara, 1951; 

Free, 1960; Kilinc and Richardson, 1973). 

Nichols and Sexton (1932) showed that rain inten

sity was more important than rainfall amount in causing 

erosion. The effect of intensity (I) on erosion from 

research plots has been expressed as 11 · 5 (Ekern, 

1954), 12 · 2 (Neal, 1938), and Il.l (Smith and Wis

chmeier, 195 7) . 

Bubenzer and Jones (1971) investigated the impor

tance of rainfall mass and impact velocity on the 

detachment and splash of soils. Soil splash was 

related to the kinetic energy of simulated rainfall 

through regression equations of the form: 

where: 

b ss = a(ke) 

2 ss = splash loss (g/cm ) 

ke total kinetic energy applied 

( j oules/cm2 ) 

a,b = empirically determined constants. 

( 1) 

Correlation improved significantly when soil splash was 

related to both kinetic energy and rainfall intensity 

rather than to kinetic energy alone. 

Free (1960) found that sand-splash loss correlated 

best with rainfall energy but that splash of aggregated 

soil was more closely correlated with the erosion 

index, EI (defined as the product of rainfall kinetic 

energy and maximum 30-minute intensity). 
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Bubenzer and Jones · (1971) found that smaller drops 

produced significantly less splash than larger ones, 

even though the kinetic energy, total rainfall mass, 

and impact velocity were almost constant. As the 

energy level increased, the influence of drop size 

decreased. 

Several investigators have attempted to relate var

ious soil parameters to soil splash. Barnett and Rog

ers ( 1966) examined the relationship between 34 soi 1 

parameters and soil loss for 17 soils in the southeast

ern United States. Among the most significant var

iables in predicting soil loss were slope, moisture 

level at field capacity, depth of the A horizon, and 

various combinations of parameters from the mechanical 

analysis of the soils. Wischmeier and Mannering (1969) 

reported that in addition to the mechanical properties 

of the soi 1, such parameters as organic matter, pH, 

structure, bulk density of both the plow layer and the 

subsoil, steepness and shape of slope, the amount of 

air-filled pore space, the residual effects of sod 

crops, degree of aggregation, and parent material all 

contributed greatly to soil loss variance. Bubenzer 

and Jones (1971) also examined several soil parameters 

to rtelate soil type to detachment and splash. Terms 

describing particle size, aggregate index, organic mat

ter, bulk density, moisture content, and percentage of 

clay were included in various combinations in regres

sion equations. The only parameter that significantly 

improved correlation was percentage of clay. 

Relationships have been proposed that relate 

detachment by rainfall to both rainfall and soil char

acteristics. Ellison (1944) developed the following 

equation: 
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E Kv4.33dl.07 10.65 ( 2) 

where: 

E = soil splashed during 30 minutes (grams) 

K soil constant 

v drop velocity (ft/ sec) 

d = diameter of drops (mm) 

I rainfall intensity (in/ hr). 

Based on Free's (1960) observation that soil splash 

is approximately proportional to the parameter EI, 

Meyer and Wischmeier (1969) suggested the following 

empirical relationship for detachment by rainfall: 

where: 

DR detachment by rainfall 

SDR soil effect constant 

A. = area of detachment 
l 

I rainfall intensity. 

( 3) 

The detachment capacity of rainfall is influenced 

by the presence of overland flow. The amount of soil 

splashed can be either increased or reduced depending 

on the depth of the water (Palmer, 1965). Smith (1979) 

included the effect of surface water depth on soil 

splash as a coefficient in the following equation: 

where: 

= splash erosion rate (1 2/t) 

= constant reflecting soil 

erodibility and cover conditions 

( 4) 



r = rainfall intensity 

Ch(h) = coefficient attenuating splash 

erosion as a function of surface 

water depth. 

9 

Martinez et al. (1980) expressed soil detachment by 

rainfall under overland flow conditions as 

where: 

D = (66.67~a/b2 )C.e-0.07h 
R 1 

DR detachment capacity by rainfall 

(g/m/sec) 

a = coefficient 

b = decay function with distance (cm- 1 ) 

Ci = detachment-transport factor 

h =water depth (cm). 

Detachment by Runoff 

( 5) 

Detachment by overland flow is a function of the 

shear stress, or tractive force, on the soil boundary. 

Shear stress is defined by the surf ace slope and the 

velocity and depth of flow (Kilinc and Richardson, 

1973) . 

Letting tractive force represent detachment by r~n

off, Meyer and Wischmeier (1969) derived the following 

empirical relationship: 

where: 

DF = detachment by runoff 

SDF =constant to express a soil's 

susceptibility to detachment by 

runoff 

( 6) 
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A. = area of detachment 
l. 

S = surf ace slope 

Q flow rate. 

Meyer (1965) assumed that if tractive force is pro

- portional to flow velocity squared (v2 ), then detach-
2 ment by runoff, also, would be proportional to v . 

Equation (6) was based on Meyer's expression for veloc

ity, which can be presented as: 

( 7) 

where: 

v = velocity of flow 

s = slope 

Q = flow rate 

n hydraulic roughness 

ct, a, b, c are constants. 

The constant "a" varied from 0.30 for shallow, infi

nitely wide channels to 0.35 for wide, shallow, para

bolic channels to 0.38 for wide, shallow, triangular 

channels. Therefore, v is approximately proportional 

to s113Q113 , where the hydraulic roughness is constant, 

and detachment by runoff is assumed proportional to 

s213Q213 . Consequently, DF was assumed proportional to 

Soi 1 effect was expressed as a constant 

since no information was available for expressing a 

soil's susceptibility to detachment by runoff as a 

function of its properties. 

Foster and Meyer (1975) proposed the following 

equation to estimate detachment by runoff as a function 

of shear stress: 



where: 

DRO = detachment capacity by runoff 

1 average shear stress 

1 = critical shear stress 
c 

C and a are constants. 

Transport by Rainfall 

11 

( 8) 

The capac i ty of rainfall to transport soil by 

splashing is a function of slope steepness, amount of 

rain , soil properties, microtopography , and wind veloc

ity (Meyer and Wischmeier, 1969). Meyer and Wischmeier 

(1969) expressed the function empirically as: 

where: 

TR transport by rainfall 

STR soil effect constant 

S = slope 

I = rainfall intensity 

I ( 9) 

The effects of wind and microtopography were omitted 

because pertinent relationships were not available. 

Ekern ( 1953) found that the percentage of total 

splashed soil that moved downslope equaled the percent 

slope plus fifty. Ellison (1945) reported that 75 per

cent of the splash moved downhill and 25 percent moved 

uphill on a 10 percent slope. Bubenzer and Jones 

(1971) found that the distribution of the splashed 

material in their study varied directly with slope. 

Farmer and Van Haveren ( 1971) proposed the following 
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equation to relate the downslope component of soil 

splash to the slope: 

where: 

Sd = sin(x) + cos(x/2) 

Sd = portion of total soil splash moving 

downhill 

x =slope angle (degrees). 

(10) 

Martinez et al. ( 1980) stated that the amount of 

soil splashed is directly related to rainfall inten

sity. Meyer and Wischmeier (1969) expressed transport 

by rainfall as a function of slope and rainfall inten

sity. Soil effect was included as a constant. 

Martinez et al. (1980) developed a model to predict 

soil transported by rainfall in sloping areas: 

T = (2rra/b)((sin(x)+cos(x/2))-0.5) 

where: 

( 11) 

T soil transported by rainfall (g/cm/unit 

of time) 

a = coefficient 

b = decay function with distance (cm- 1 ) 

x =slope angle (degrees). 

Martinez et al. ( 1980) also presented an equation 

for predicting transport by rainfall when overland flow 

is present: 

where: 

TR= (66.67rra/b2 )Ct[(sin(x) 

+0.Scos(x))-0.Se-O.O?h] (12) 

TR - soil transportability by rainfall 

(g/m/sec) 
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a parameter 

b decay function with distance (cm- 1 ) 

ct = transportability factor 

x = slope angle (degrees) 

h = water depth. 

The parameter "a" was estimated using multiple 

regression analysis. The prediction equation is: 

where: 

a= [0.00848 + 0.0023 ln(K)]I 

a = model parameter 

K erodibility 

I = rainfall intensity. 

(13) 

The transport capacity of rainfall by raindrop 

splash is usually negligible (Bennett, 1974). Research 

that separated erosion by splash from that by thin film 

runoff showed that rain intensity affected soil loss by 

runoff much more than splash loss (Moldenhauer and 

Long, 1964; Farmer and van Haveren, 1971). Harmon and 

Meyer (1978) found that doubling rain intensity 

slightly more than doubled sediment moved by splash but 

approximately quintupled sediment carried by runoff. 

Transport by Runoff 

Transport by runoff can be estimated as a function 

of water discharge, flow depth, flow velocity, rainfall 

effects, soil depth, and slope steepness (Martinez et 

al., 1980). Laursen (1958) found that the sediment

carrying capacity of flowing water is approximately 

proportional to the fifth power of the flow velocity. 
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Based on Laursen's (1958) work, Meyer and 

Wischmeier (1969) assumed that transport by runoff was 

proportional to v 5 They derived an empirical equation 

for transport by runoff based on an expression for flow 

velocity cited earlier (Equation 7). 

is: 

The expression 

where: 

T = S s5/3QS/3 
f tf 

Tf transport capacity of runoff 

Stf = constant to account for the effect 

of particle size and density on the 

transportability of the soil 

S = slope 

Q flow rate. 

Source Areas of Sediment 

(14) 

The erosion process in upland areas can be divided 

into interrill erosion and rill erosion according to 

the source of the eroded sediment (Meyer et al., 1975). 

In general, runoff on erodible soil surfaces concen

trates in many small definable channels, called rills 

(Foster, 1971). Rill erosion is that occurring in the 

rills, and interrill erosion occurs on the areas 

between the rills (Foster and Meyer, 1975). 

Rill Erosion 

The major subprocesses controlling rill erosion are 

detachment by runoff and transport by runoff (Foster 

and Meyer, 1975). Rill erosion begins when the eroding 

capacity of the flow at some point exceeds the ability 
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of the soi 1 particles to resist detachment by flow 

(Meyer et al., 1975). Once rilling begins, the concen

trated flow tends to increase the detachment rate, and 

rilling progresses. Rill development often proceeds 

upslope as headcuts. The erosion at each headcut is 

very intense because of the erosive overfall condition. 

Where headcuts develop, they apparently contribute the 

major portion of the soil lost from the rill (Meyer et 

al., 1975). Rill erosion can occur without major head

cuts as a relatively uniform increase in the erosion 

rate with distance along the rill (Meyer et al., 1975). 

Rill erosion is most common in regions of rather 

intense precipitation and on soils of low absorptive 

capacity. Soi ls with a high si 1 t content are espe

cially vulnerable, although the process usually occurs 

during heavy rains on all areas where loose soil over

lies dense subsoil. Rill erosion is characterized by 

long grooves, generally box-shaped, often extending 

from near the top of a cultivated field down the slope 

to the lower side of the field. 

The extent of rilling and type of rill pattern that 

develops on sloping land depends on soil properties, 

slope steepness and other topographic characteristics, 

runoff rate and tillage (Meyer et al., 1975). Assuming 

that rill frequency and cross-sectional geometry can 

reach an equilibrium condition, Li et al. (1977) used 

information on stable channel and watershed geomorphol

ogy (Li et al., 1976) to derive the following equation 

to describe rill density: 

D = 100(K1K2v/8g)(iS
0

2/d84
3 ) 

where: 

D = rill density (percentage of area) 

(15) 
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K1 = parameter describing boundary 

roughness 

K2 = constant depending on angle of 

friction and lift-to-drag ratio of 

sediment particle 

v = kinematic viscosity 

g = acceleration due to gravity 

i = rainfall intensity 

d 84 = size of sediment on the bed, of which 

84 percent is finer by weight 

S
0 

channel bed slope 

Equation (15) agrees with the work of Meyer et al. 

(1975) that suggested that rill erosion could be 

expected to increase as slope steepness and runoff rate 

increase, and particle size decreases (soil erodibility 

increases). Li et al. (1977) stated that further study 

was necessary to validate Equation (15). 

Foster et al. (1977a) reported microrelief data 

from three 10. 7 meter erosion plots, one on a twenty 

percent slope and two on a six percent slope, which 

suggested that rill density and geometry, as expressed 

by total rill width, varied relatively little with dis

tance beyond one meter downslope from the upper end of 

the plot. The data also indicated that the total rill 

width on highly erodible soils increases with slope 

steepness. Meyer et al. ( 1975) conducted a rainfall 

simulator study to determine the influence of rill fre

quency on erosion. Based on the data from four plots 

as given in Table 2, denser rilling resulted in greater 

erosion. Results similar to those in Table 2 were 

obtained in a similar study on an erodible Russell silt 

loam. Meyer et al. (1975) noted that soils that do not 
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rill readily may not follow this trend because a 

broader distribution of flow may reduce the total 

amount of erosion. 

Table 2. Effect of rill frequency on soil erosion 
(Meyer et al., 1975) 

Plot 

M-1 (random rills) 
M-3 (herringbone 

rills) 
M-4 (herringbone 

rills) 
M-2 (herringbone 

rills) 

Interrill Erosion 

Downslope 
rills per 12 ft 

of width 

3 - 5 

2 

2 

1 

Soil loss 
per 12 ft 

of width (lb) 

686 

622 

609 

496 

Soil erosion on interrill areas combines the pro

cesses of soil detachment by raindrop impact, transport 

by splash, and transport 

1980). Young and Wiersma 

by very thin flow (Meyer, 

(1973) concluded that rain-

fall energy, rather than surface-flow energy, was the 

major force initiating soil detachment on interrill 

areas. Meyer et al. ( 1975) agreed that thin flow on 

interrill areas has very little detachment capacity in 

the absence of raindrop impact. Martinez et al. (1980) 

stated that detachment by runoff on interrill areas may 

be minimal and neglected due to shallow depths and low 

flow rates occurring on those areas. 

Soil particles are transported to rills partly by 

raindrop impact (Mutchler and Young, 1975; Meyer et 

al., 1975), but the primary means of transport to rills 
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is very thin surface flow accelerated by raindrop 

impact splash velocities (Mutchler and Young, 1975; 

Meyer et al., 1975). Foster and Meyer (1975) estimated 

the transport capacity of runoff on interrill areas as: 

(16) 

where: 

T transport capacity of interrill flow ro 
(g/m/sec) 

ct soil transportability factor 

S slope steepness 

Q water discharge (cm 3 / sec/ m of width). 

Meyer (1980) found that interrill erosion (E) was 

related to rain intensity (I) as the power equation, E 

= c(I)b, for a wide range of soils and cropping condi

tions. The same type of relationship was found by Neal 

(1938) and Ekern (1954). This relationship also fits 

the soil loss data of Moldenhauer and Long (1964). 

The exponent b varied from approximately 1. 6 for 

soils with near 50 percent clay to near 2. 0 for low

clay soil in Meyer's (1980) study. This result seemed 

to indicate that the influence of rainfall intensity 

on erosion was greater for low-clay soils than for 

those with higher clay contents. For the low-clay 

soi 1 s ( si 1 ts, si 1 t loams, loams and sandy loams), the 

power equation with b 2 (E = cI 2 ) fit the data well, 

and the coefficient c then expressed the relative 

interrill erodibili ty of the different soils. When a 

certain soi 1 was studied at different crop stages, c 

indicated the relative effect of different cropping 

conditions on interrill erosion. 

Slope steepness is another factor influencing 
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interrill detachment (Foster et al. , l 977a). Data of 

Meyer et al. ( 1975) indicate that the relationship of 

interrill detachment to slope steepness is linear for 

slopes . less than fifteen percent. On steep slopes, the 

detachment capacity of rainfall probably limits inter

rill erosion while, on flat slopes, the transport 

capacity of interrill flow may possibly limit sediment 

delivery (Foster and Meyer, 1975). 

Interrill erosion is also a function of soil char

acteristics (Foster et al., 1977a). Primary particle 

size distribution, amount and type of clay, and clod 

size after tillage (Moldenhauer and Long, 1964; Buben

zer and Jones, 1971; Moldenhauer and Koswara, 1968) are 

some of the soil factors that influence interrill 

detachment. Different soils with different textures 

and cohesiveness may vary greatly in their susceptibil

ity to rainfall detachment (Meyer, 1980). 

Methods of Predicting Sediment Yield 

Empirical Methods 
One of the first empirical equations to predict the 

amount of soi 1 loss per year by sheet erosion was 

developed by Musgrave (1947). Soil loss was defined as 

a function of erodibility, cover, degree and length of 

slope, and the maximum 30-minute amount of rainfall 

during a 2-year frequency event. The equation was lim

ited to estimating long-term average soil losses for 

broad areas. It was most useful in the more humid 

areas of the country (EPA, 1973). 

Perhaps the most widely used empirical equation is 

the Universal . Soil Loss Equation (USLE) introduced by 

Wi_schmeier and Smith ( 1960): 
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A RKLSCP (17) 

where: 

A annual soil loss (tons/acre) 

R = rainfall factor 

K = soil erodibility factor 

LS = slope length and gradient factor 

c = cropping management factor 
p = erosion control practice factor. 

This equation was developed from 10,000 plot years 

of data. It estimates the amount of soil moved per 

acre, but seldom gives a reliable estimate of the sedi

ment yield to a channel because it does not account for 

deposition on the land. 

The USLE can be used in conjunction with a delivery 

ratio to predict sediment yield. A delivery ratio is 

the sediment yield at any point along a channel divided 

by the source erosion above that point (Williams, 

1975). Delivery ratios have been computed for only a 

small portion of the United States. 

Williams (1975) modified the USLE by replacing the 

rainfall factor with a runoff factor (volume of runoff 

x peak runoff rate for a storm): 

where: 

s 95(Qqp)0· 56KLSCP 

S = sediment yield (tons) 

Q = volume of runoff (acre-feet) 

qp = peak flow rate (cfs) 

K,L,S,C,P are as defined in the USLE. 

(18) 
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Onstad and Foster (1975) and Williams (1975) 

concluded that introducing the runoff component 

improved individual storm predictions over the basic 

USLE. Because the runoff component is highly corre

lated with rainfall and also defines the quantity of 

runoff available, it describes the processes of detach

ment and transport better than does a rainfall factor 

alone. 

The USLE has been applied in both the original and 

modified forms to surface mined areas. Haan and Bar-

field (1978) proposed guidelines for evaluating the 

USLE factors for surface-mined sites, but there is lim

ited experimental data to validate these guidelines. 

Barfield et al. (1979) found the USLE superior to other 

empirical equations for surface-mined area applica

tions. They concluded that the relative sediment yield 

calculated for alternative mining strategies and sedi

ment control measures gives a reasonably reliable 

comparative evaluation of these strategies and meas

ures. 

Hockman (1981) concluded that the USLE did not 

accurately predict soil loss from the surface-mine site 

that he investigated. He noted that the predictions 

improved when measured soi 1 loss exceeded three tons 

per acre. 

Modifications of the USLE specifically related to 

surface mine applications include the Deposition Mod

ified USLE (Haan and Barfield, 1978) to account for 

deposition in vegetation between erosion areas and 

established waterways on long steep slopes. Chen 

( 1974) modified the CP factor to account for surface 

stabilization characteristics. 

Various .other empirical equations have been 
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developed for different conditions. For example, 

Kilinc and Richardson (1973) developed an equation to 

predict soil loss from a single, short-duration storm. 

The equation is supported by statistical results from 

data collected on slopes up to 40 percent and rainfall 

intensities up to 4.6 inches per hour. 

Mathematical Basis 

Three differential equations form the mathematical 

basis for modeling sediment yield (Bennett, 1974). 

These equations describe the movement of suspended sed

iment particles in a one-dimensional, infinitely wide, 

free surface flow: 

ah/at + uah/ax + hau/ax q (19) 

au/at+uau/ax+gah/ax=g(S
0
-Sf)-qu/h (20) 

a(hc)/at+(l-A)ay/at+a(hupc)/ax=a/axhEPac/ax (21) 

where: 

h depth of flow 

t = time 

u = flow velocity 

x distance in the direction of flow 

q = gravitational constant 

S
0 

= local bed slope 

sf = friction slope 

c sediment concentration 

A = porosity of deposited sediment 

y local bed elevation 

u = average velocity of sediment p 
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E sediment particle mass transfer p 
coefficient. 

Equations (19) and (20) are, respectively, the con

servation of mass and momentum equations for flow. 

Equation (21) is the conservation of mass equation for 

sediment. Equations (19)-(21) are equally applicable 

to sediment transport by overland flow and by channel 

flow, although in certain channel-flow situations the 

equations need to be modified to consider variations in 

cross-sectional shape and area with distance (Bennett, 

1974). 

Stream-erosion and sediment-transportation equa

tions may be modified and used to predict land erosion 

because the mechanics of stream-channel erosion and 

land erosion are complementary (Kilinc and Richardson, 

1973). Kilinc and Richardson (1973) stated that any 

bedload transport equation for alluvial channels using 

tractive force or stream-power methods may be modified 

for overland flow and used as a transport equation for 

land erosion. However, Smith (1979) expressed doubt 

that existing transport equations would be accurate 

when applied to shallow flows on steep watersheds with 

fine sediments. 

Equation (21) differs from the conservation of mass 

equation for 

term on the 

from the bed. 

a dissolved substance in that the second 

left accounts for deposition or erosion 

The term on the right-hand side of Equa-

tion (21) accounts for dispersion of the material while 

it is suspended in the flow. In comparison with the 

effects of other processes embodied in Equation (21), 

dispersion is normally negligible (Bennett, 1974). 

Also, although it cannot necessarily be assumed that 
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the transport velocity of suspended sediment is equal 

to the flow velocity, it is customary to make this 

assumption (Bennett, 1974). 

Smith (1979) solved Equation (21), neglecting dis-

persion. He expressed the erosion-deposition term 

(second term on the left) as the sum of the splash ero-

sion rate, gs (Equation 4) I and the hydraulic erosion 

(22) 

where: 

C constant related to particle fall 
g 

velocity when Cs ~ Cmx 

C steady flow maximum concentration s 
C steady flow transport capacity. mx 

Almost all 

sions for C 

existent experimentally-based expres

have been developed using uniform sand mx 
particles, for depths much greater than overland flow 

depths, and for slopes much lower than upland watershed 

slopes (Smith, 1979). 

as: 

Foster and Meyer (1972a) presented Equation (21) 

aGF/ax = DF + ~T 

where: 

GF = weight transport rate per 

per unit width 

x = distance 

(23) 

DF net flow detachment rate (weight/unit 

time/unit area) 

RDT = net raindrop detachment rate 

(weight/unit time/unit area). 
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In deriving this equation, Foster and Meyer (1972a) 

implicitly assumed that the first term on the left side 

of equation (21) is negligible or, alternatively, that 

the flow is quasi steady state. This is a common 

assumption made in calculations concerning predictions 

of bed formation (e.g., Simons and Richardson, 1966). 

Foster and Meyer (1972a) suggested the following 

relationship for determining the net flow detachment 

rate: 

(DF/DC) + (GF/TC) = 1 (24) 

where: 

DF = net flow detachment rate 

(weight/unit time/unit area) 

DC = ultimate detachment capacity of the 

overland flow 

TC ultimate transport capacity of the 

overland flow 

G = weight transport rate per unit width. 
F 

This approach is equivalent to assuming that a particu

lar flow carrying less than its transport capacity will 

fill this capacity according to the first-order reac

tion: 

(25) 

where: 

G = reaction rate coefficient. 

Equation (25) was not experimentally verified when 

it was presented. 
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Computer Simulation Models 

A number of approaches have been used to simulate 

the erosion and sediment yield processes with computer 

models. Both empirically-developed and theoretically

based equations have been used to define sediment 

detachment and transport. 

One of the earliest models was developed by Negev 

(1967). He used a power-function relationship to cal

culate the sediment supply from impervious surfaces. 

If overland flow occurred, all the loosened material 

was transported. The rate of rill and gully erosion 

was also computed using power functions. 

David and Beer (1974) attempted to simulate erosion 

by water using power functions to define the detachment 

and transport processes. They recognized some major 

problems but still concluded that their model formed a 

sound and workable foundation for erosion simulation. 

One significant drawback was the amount of time needed 

to calibrate the parameters included in the power

function relationships. 

Onstad and Foster (1975) moved away from power 

functions and used modifications of the USLE to define 

the detachment and transport processes. The model com

puted and compared detachment and transport potentials 

to determine sediment yield and deposition. Williams 

and Berndt (1977) used the modified universal soil loss 

equation (Equation 18) in a model designed to predict 

sediment yield from ungaged watersheds. 

Foster and Meyer (1975) presented a model based on 

the sediment continuity equation, assuming quasi-steady 

flow (Equation 21) and the relationship defined by 

Equation (23). They considered both interrill and rill 
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erosion in predicting sediment loads and erosion or 

deposition rates for all locations within an upland 

area at all times during an erosion event. 

Another model (Kuh and Reddell, 1977) which pre

dicts the location of sediment deposition was described 

by Sweeten and Reddell (1976). It is a two-dimensional 

model that predicts both the total amount of erosion 

from a watershed and the areal distribution of erosion 

and sediment deposition. The model includes procedures 

for calculating the rainfall detachment capacity, run

off detachment capacity, transport capacity, effective 

rainfall width, and effective runoff width. These val

ues were used in a closed-form soil loss equation. 

Barfield et al. (1979) found no continuous simula

tion models developed specifically for surface-mine 

applications; however, other models have been applied 

to various mining situations. Jennings et al. ( 1980) 

described several watershed models with particular 

emphasis on their sediment computations. They indi

cated that these models will be applied to surface-mine 

conditions in future studies. 

Overton and Crosby (1980) simulated the effects of 

contour coal strip 

yields with ERODE-I, 

mining on runoff and pollutant 

a model developed at the Univer-

sity of Tennessee. The erosion mechanics component of 

ERODE-I is a modification of the soil loss model devel

oped by Foster and Meyer ( l 972b) . A conservation of 

sediment mass and a diffusive type relation between 

detached particles and sediment transported is included 

in the model. 

Warner et al. (1981) determined the relative sedi

ment yield expected from alternative surface mining 

methods using a model called SEDIMOT, a distributed 
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parameter model developed at the University of Ken

tucky. In this model the Modified Universal Soi 1 Loss 

Equation (MUSLE) predicts erosion from relatively homo

geneous subareas. Sediment routing is performed on a 

particle size basis using Williams' (1975) routing 

equation. 

Smith ( 1979) described KINEROS, an extension of a 

model KINGEN by Rovey et al. ( 1977). KINEROS simpli

fies a watershed geometrically into a network assembly 

of rectangular planes, channels, and storage elements. 

Sediment detachment is calculated by Equations (4) and 

(22). A choice of equations is included for the trans

port process. The equations are those of: a) Bagnold 

(Kilinc and Richardson, 1973); b) Yang (1973); c) Yalin 

(1963); d) Ackers and White (1973); and e) Engelund and 

Hansen ( 1967). 

Smith (1979) studied a 22-ha watershed, estab-

lished on a reclaimed portion of a stripmine area in 

western Colorado. The reshaped spoil had been covered 

with 15 to 30 cm of clay loam topsoil. The watershed 

had mean surface slopes ranging from 12 to 15 percent 

and channel slopes as high as 20 percent. Application 

of the model indicated a need for more data on median 

particle size and particle-size distribution of sedi

ment in the runoff water (Smith, 1979). Also, compari

son with snowmelt runoff data indicated that more 

appropriate sediment-transport relationships need to be 

developed for steep watersheds with fine sediment. 

KINEROS can be used to study the effectiveness of 

various surf ace treatments that can impede runoff 

velocity. Some surface treatments that involve artifi

cial roughening in the form of mulching or harrowing 

require translation into hydraulic roughness changes, 
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so that any simulation would be no better than the 

estimated change in roughness coefficient. Treatments 

such as intercepting terraces, however, can be simu

lated directly by KINEROS. 

Smith (1979) simulated the effects of slope length. 

Shorter slopes limit velocity, depth of flow, and other 

variables affecting erosion. Smith found that, 

although runoff was unaffected, sediment production 

from the system (including terraces, where deposition 

occurs) was almost proportional to terrace interval. 

Sediment loss from the surface, before the effects of 

the terrace channels, was approximately proportional to 

terrace length raised to the 1 . 4 power. As surface 

cover increases, the erosive force of rain is reduced 

and surface flow resistance is increased, slowing the 

flowing water. The decrease in erosion caused by 

increased cover can be simulated in KINEROS by reducing 

the parameter CF in the expression that defines detach

ment. Unfortunately, Smith (1979) had not produced an 

empirical relationship between CF and any field measure 

of plant density or cover interception. 





DISTRIBUTED PARAMETER MODEL STRUCTURE 

Two basic approaches have been used in the develop

ment of computer models that predict the hydrologic 

response of watersheds. Many of the models are lumped 

parameter models in which non-uniform parameters, such 

as rainfall and topographic characteristics, are 

weighted to obtain representative values for the entire 

drainage basin (Ross et al. , 1979) . The output from 

this type of model is the quantity and quality (for 

some models) of runoff at a single point, generally the 

watershed outlet (Ross et al., 1980). 

The second type of model is based on a distributed 

parameter structure in which the spatial variation of 

watershed characteri sties is maintained. A watershed 

is divided into a number of sub-areas, each selected to 

be as hydrologically homogeneous as possil5le. This 

kind of model yields more comprehensive information 

than the lumped parameter type. Consequently, a major 

advantage of a spatially-responsive model is the abil

ity to identify critical influencing areas, whether 

flow quantity or sediment yield is being simulated 

(Ross et al., 1980). Each model structure has both 

advantages and disadvantages. The intended application 

of the model, then, should be the deciding factor in 

selecting one of the two approaches. 

A major objective of predicting sediment yield from 

surface-mined areas is to demonstrate the relative 

effectiveness of different erosion control practices, 

31 



32 

both individually and in various combinations. Many 

activities and, therefore, different landuses occur 

simultaneously in a surface-mined watershed. A dis

tributed parameter model allows the prediction of 

sediment yield from each area of the watershed and 

leads to the identification of the critical areas. 

The model used in this study is the distributed 

parameter Finite Element Storm Hydrograph Model (FESHM) 

developed in the Agricultural Engineering Department at 

VPI&SU to predict the hydrologic response of ungaged 

areas. The model consists of two major components: a 

precipitation excess generator and a flood routing 

algorithm. All model parameters are based on readily 

definable watershed and climatic properties, so cali

bration and optimization are not required. Model docu

mentation and concepts are discussed extensively by 

Judah ( 1973), Judah et al. ( 1975), Li ( 1975), Ross 

(1975; 1978), Ross et al. (1978), Heatwole (1979), 

Heatwole et al. (1982), and Shanholtz et al. (1981a). 

Processes such as infiltration, canopy intercep

tion, seasonal growth of vegetation, and depression 

storage are described in the FESHM. Ross et al. (1980) 

demonstrated how these capabilities, together with the 

spatial detail and responsiveness of the model, allow a 

ready adaptation of the model to provide for the pre

diction of sediment yield. 

The version of the FESHM used for this study was 

developed by Heatwole et al. ( 1982). The original 

model was modified to account for transmission losses 

from the overland flow plane. Heatwole (1979) 

explained the desirability of including this capability 

in the model. First, the model would be a more accu

rate representation of the physical system. Also it 
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should ..:.ead to improved runoff predictions for low 

intensity storms and for conditions where great spatial 

variability exists in the soils of a hillside. Ulti

mately, this model should provide more accurate 

simulations of the transport of nonpoint source pollu

tants such as sediment, other suspended particles, and 

dissolved compounds. Ross et al. ( 1978) stated that 

the ability to simulate sediment transport will be one 

of the more important uses of the FESHM. 





SELECTION OF DETACHMENT AND TRANSPORT RELATIONSHIPS 

Relationships to describe the detachment and trans

port processes were chosen from the literature. First, 

it was assumed that transport by rainfall is negligi

ble, an assumption supported by Bennett (1974). 

The main criteria for selecting detachment and 

transport relationships were: a) the equations should 

be based on erosion mechanics; b) there should be no 

coefficients that require calibration (i.e., all coef

ficients should be determined from watershed character

istics); c) there should be separate equations for rill 

and interrill erosion. 

Derivation of Detachment Equations 

The equations chosen to define interrill and rill 

detachment on the overland flow elements were adapted 

from Foster et al. (1980). The two equations were pre

sented as: 

DI = 0.210 EI(s+0.014)KCP(q /V ) (26) p u 

DR = 37983mV q l/3 (x/72.6)m-ls2KCP(~/V ) (27) up u 

where: 

DI = interrill detachment rate (lb/sq.ft/sec) 

DR = rill detachment capacity rate (lb/sq.ft/sec) 

EI= Wischmeier's rainfall erosivity 

(energy x 30-minute intensity) 

[(lOO(ft-tons/acre)(in/hr)] 

x = length of the overland flow element (ft) 

s sine of the slope angle 

35 



36 

m = slope length exponent 

K = USLE soil erodibility factor 

[(tons/acre)(acre/100 ft-tons) (hr/in)] 

c = USLE cover management factor 

qp peak runoff rate (ft/sec) 

v runoff volume (ft). u 

Equations (26) and (27) meet the criteria listed 

above. The factors K, C, and P are from the Universal 

Soil Loss Equation (USLE) and have been evaluated 

extensively for agricultural land uses. Work is cur-

rently in progress to determine soil erodibility fac

tors for mine soils in surface-mined areas. 

The detachment equations are based on the concept 

of dividing the erosion process into rill and interrill 

erosion according to the source of the eroded sediment 

(Meyer et al., 1975; Foster and Meyer, 1975). All sed

iment detached from interrill areas is assumed to move 

laterally to the rills. Flow in the rills transports 

this sediment, as well as the sediment detached from 

the rills. The equations were derived from the equa

tion of continuity for sediment transport (Bennett, 

1974), incorporating expressions to describe ri 11 and 

interrill erosion (Foster et al., 1977a). The follow

ing derivation follows work reported by Foster et al. 

(1977a}, Foster et al. (1977b), and Foster and Meyer 

(1972a). 

Assuming negligible dispersion and quasi-steady 

flow, Foster and Meyer (1972a) wrote the continuity 

equation for sediment as: 

aG/ax 

where: 

D + D. 
r l. 

(28) 



G = sediment load (mass/unit width) 

x =distance downslope (length) 

Dr rill detachment (mass/ unit area) 

D. = interrill detachment (mass/ unit area). 
l 
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An expression defining detachment on interrill 

areas as a function of raindrop impact, soil character

istics, and slope steepness is: 

where: 

D . = K . I ( bS + c) 
l l 

(29) 

Ki = soil erodibility factor for interrill 

erosion (mass/unit area/erosivity) 

I = rainfall erosivity factor (erosivity 

units) 

b = coefficient for slope effect on 

interrill erosion 

s = slope of land surf ace 

c = constant for slope effect on interill 

erosion. 

Detachment on rill areas depends on the shear 

stress of rill flow and can be expressed as: 

DR = as( 1 e - 1 cr)~ 
where: 

a coefficient s 
1 = effective shear stress of flow e 
1 = critical shear stress of flow er 
~ exponent 

(30) 

Assuming 1cr= 0 and ~ = 3/2 (from data of Parthen• 

iades, 1965), .Equation (30) becomes: 
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D = a 1 3/2 
R s e 

( 31) 

Assuming effective shear stress is proportional to 

average overland flow depth and slope steepness, effec

tive shear stress can be defined as: 

"( = C1oyS (32) 
e 

where: 

c = 1e/1a "( 

"( = oyS = average stress a 
0 = weight density of the flow 

y = overland flow depth 

s = land slope. 

Overland flow depth is usually expressed by a uni

form flow equation, such as the Darcy-Wei sbach form 

(Foster et al., 1968): 

(33) 

where: 

f = coefficient of friction c 
g = acceleration due to gravity 

s = slope of the energy grade line e 
q = flow rate. 

Assuming steady-state conditions, q =ox , where a = 
excess rainfall rate (rainfall rate infiltration 

rate). Also, Se is usually assumed equal to the land 

slope, or Se = S. Incorporating these assumptions and 

Equation (33) into Equation (32) yields: 

(34) 
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Substituting Equation (34) in Equation (31) yields: 

(35) 

The coefficient of friction, fc' is assumed con

stant with respect to location, Reynolds number, and 

slope steepness, but it is assumed to vary with soi 1 

properties (Foster, 1971). The factor, C
1

, is a func

tion of rill density and cross-section geometry, and, 

consequently, it is a function of soil properties and 

probably slope steepness, but is independent of loca

tion (Foster et al., 1977a). Equation (35) can be 

rewritten as: 

D = 2K (aSe)ox R r 
where: 

2Kr = the product of a o3/ 2 (f /8g) 1/ 2 
s c 

and the portion of C 312 that is 
l 

a function of soil properties 

aSe = the portion of C 312 that is a 
l 

function of slope combined with S, 

(36) 

where a and e are functions of the 

tillage pattern, soil roughness, and 

other factors that interact with 

the slope steepness to influence 

rill pattern. 

Substituting Equations (29) and (36) into Equation 

(28) yields: 

aG/ax = 2K (aSe)ox + K.I(bS + c) 
r l. 

(37) 
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Integrating Equation (37) with respect to time (to 

estimate soil loss for a storm event) yields: 

T' 
= x2 J K ( aSe)odt 

0 r 

T" 
+ J K. (bS + c)Idt 

0 1 

where: 

GT = total sediment loss 

(mass/unit width) 

T' = time runoff ends 

T" = time rainfall ends 

for 

m = 0 is time runoff begins . .J.. 

(38) 

a storm event 

Clearly, variables such as o and I are time-depen

dent functions. Soil factors such as K as well as K. 
r 1 

and exponents and coefficients such as a, b, c, and e 

depend on the extent of erosion and, therefore, are 

time dependent also. Unfortunately, very little infor

mation exists to indicate how these variables change 

with erosion amounts or time . Assuming that all fac

tors except o and I are independent of time, Equation 

(38) becomes: 

(39) 

where: 

Ft = /odt = runoff erosivity (erosivity 

units) 

It = /Idt = rainfall erosivity (erosivity 

units). 
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Foster et al. ( 1977a) felt that storm EI (product 

of total energy and maximum 30-minute intensity) is a 

good approximation of rainfall erosivity. This approx

imation is supported by the research cited earlier in 

the general discussion of detachment by rainfall. Vol

ume of runoff, as indicated by fodt, is a variable 

which could be used as a measure of runoff erosivity. 

However, a factor including both runoff volume and peak 

discharge seems to represent runoff erosi vi ty better 

than a term including only runoff volume (Williams, 

1975). Also a factor giving more weight to runoff vol

ume than to peak discharge might be more desirable 

because runoff volume can probably be predicted more 

accurately than peak discharge. A term for runoff 

erosivity that meets these· criteria is aVo 113 . 
p 

The coefficient 11 a 11 was evaluated using data col-

lected from 20 Indiana and Minnesota soils as part of a 

soil erodibility study (Wischmeier and Mannering, 

1969). The data included 55 rainfall sumulator runs on 

both freshly tilled 

average value of 11 a" 

EI/ft(ft/sec) 1/ 3
), 

and 

was 

and 

eroded soi 1 surf aces. The 
1/3 15 EI/cm(cm/hr) (or 12541 

Ila" was not 

affected by soil type or by previous 

significantly 

erosion. This 

runoff erosivity factor has been used successfully with 

the USLE to estimate watershed erosion (Onstad and Fos

ter, 1975). 

Substituting these expressions for rainfall and 

runoff erosivity, Equation (3~) becomes: 

x2 K (aSe)(l2541Vo l/3 ) 
r p 

+ xKi(bS + c)EI (40) 
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Foster et al. ( 1977 a) included factors from the 

USLE to describe the effects of cropping, management, 

and contouring practices on erosion and sediment yield. 

The coefficients a, b, and c and the exponent e in 

Equation (40) define the relationship between soil loss 

and slope steepness. Equation (40) is similar to the 

USLE if a = 430/6.574; b = 30/6.574; c = 0.43/6.574; e 

= 2; and the slope is expressed as the sine of the 

slope angle (Foster et al., 1977b)-. Rewriting Equation 

(40) including these factors and values and solving for 

sediment load per unit area yields: 

where: 

A sediment load (mass/unit area) 

Xu= length of the unit plot (22.1 m or 

72.6 ft) from the USLE. 

(41) 

The factors Cr and Ci are not necessarily equal. 

For example, for erosion control by mulch, Cr has been 

related to the reduction in flow velocity by mulch, and 

Ci has been related to the percent of the soil surface 

that the mulch protects from direct raindrop impact 

(Foster and Meyer, 1975). 

Sediment load is expressed as the sum of rill and 

interrill detachment in Equation (41). Including units 

conversions and solving for detachment per unit time, 

Equation ( 41) yields the equations (Equations 26 and 

27) chosen to define rill and interrill detachment. 
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Selection of Transport Equation 

No widely accepted transport formula has been 

developed for the transport of aggregates and very fine 

primary particles by overland flows (Alonso et al., 

1981). Most existing transport theories have been 

developed for streamflows. Vast differences exist 

between the hydraulics of shallow flows in upland areas 

and deeper channel flows (Foster and Meyer, 1972b), 

making the application of existing transport theories 

to overland flow seem questionable in principle, at 

least (Alonso et al., 1981). For example, shallow 

flows undulate considerably, resulting in flow regime 

changes, and rainfall drastically alters the turbulence 

structure of the flow (Barfield, 1968). Also, in the 

range of relative roughness, surface tension may affect 

the flow characteristics, and surface-wave effects 

become as significant as viscous effects. However, 

because there are also important similarities between 

streamf low and shallow flow concentrated into small 

channels, several researchers have investigated the 

possibility of applying sediment transport equations 

for streamflow to transport by overland flow. 

Alonso et al. (1981) evaluated a number of sediment 

transport formulas suitable for watershed modeling with 

the hope of using the results to restrict the use of 

each formula to conditions for which it gives satisfac

tory results. 
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The formulas were selected for evaluation based on 

three criteria: a) ease of use in digital applications; 

b) requirement for information only on the hydraulic 

parameters of the transporting flow; and c) reliable 

estimation of the sediment load when applied to flows 

and sediments within the range of interest. 

The formulas chosen for evaluation in Alonso et 

al. 's (1981) study were the total-load formulas of Ack

ers and White (1973), Engelund and Hansen (1967), Yang 

( 1973), Einstein ( 1950), and Laursen ( 1958); and the 

bed-load formulas of Meyer-Peter and Muller ( 1948), 

Bagnold (1956), and Yalin (1963). 

Predictions of the nine equations were compared 

with flume and field data, including 40 field measure

ments, 523 flume experiments , and 176 tests on concave 

slopes, with sediments ranging from coarse sands to 

very fine soil particles. As expected, no formula sat

isfactorily represented the entire spectrum of sediment 

and flow characteristics. The results indicated that 

three of the tested formulas may give satisfactory 

estimates of transport capacity over different subsets 

of the data range. 

Alonso et al. (1981) concluded that the Yalin for

mula can be used to compute sediment transport capaci

ties for overland flows. It gave satisfactory results 

for the range of sizes and densities characteristic of 

field situations, and can also be used with confidence 

to predict transport rates of light materials in 

streamflows. 

Alonso et al. (1981) cautioned that their recommen

dations should be viewed in a statistical sense, and 

only within the scope of the data used in their study. 

As a broader data base and better sediment transport 
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theories become available, their conclusions will have 

to be reviewed and modified accordingly. 

Foster and Meyer (1972b) also chose the Yalin equa

tion over other sediment transport equations to evalu

ate soil transport by shallow flow. The choice was 

based on the equation's theoretical soundness for shal

low flow. The Yalin equation assumes that sediment 

motion begins when the lift force of flow exceeds a 

critical lift force (Foster and Meyer, 1972b). Once a 

particle is lifted from the bed, the drag force of the 

flow carries the particle downstream until the particle 

weight forces it out of the flow and back to the bed. 

Observations of the erosion process on natural soils 

during simulated rainstorms indicated that a large 

fraction of the transported soil moves by saltation and 

by a rolling fashion along the bottom of the small flow 

channels. Such soil is detached and transported in the 

form of aggregates having larger diameters but lower 

densities than primary particles (Moldenhauer and Kos

wara, 1968). When the flow slows, as in ponded areas, 

these aggregates readily deposit. These observations 

indicate that once aggregates are detached from cohe

sive agricultural soils, their transport is very simi

lar to that of noncohesive grains, the type of parti

cles for which the Yalin equation was developed. 

Foster and Meyer (1972b) also cited the simplicity 

of the equation and its excellent fit to observed data 

as reasons for selecting it. The Yalin equation 

requires only two common-flow parameters: hydraulic 

radius, and the slope of the energy grade line. The 

transportability of a soil is described by particle 

density, particle diameter, and the critical lift 

force, which is given by the extended Shields' diagram 

( Mantz , 19 7 7 ) . 
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Foster and Meyer (1972b) compared observed rates of 

transport of sediment from a bed of glass spheres of 

mixed sizes (Kramer and Meyer, 1969) to rates predicted 

by the Yalin equation. Predicted transport rates were 

most accurate for slopes of seven and ten percent and 

slope lengths of 70 and 100 feet. Flow concentration 

due to increased rilling is greater at these higher 

slopes and slope lengths, resulting in deeper flow. 

The increased depths increase the ratios of flow depth 

to particle diameter to magnitudes more in agreement · 

with Yalin's assumption. The increased depths also 

reduce the surface tension effects that can occur with 

very low erosion rates where there is little rilling 

and the sheetflow is broader and more shallow. 

Predicted particle size distributions were good at 

the higher erosion rates. For the lower erosion rates, 

availability of sufficient particles of a given size to 

meet the transport capacity may have been restricted 

due to armoring by the larger particles. Little armor

ing took place when the erosion rate was high because 

the dynamic rill movement continually exposed new bed 

material. 

Based on these investigations by Foster and Meyer 

( 1972b) and Alonso et al. ( 1981) , the Yalin ( 1963) 

equation was selected to calculate the transport capac~ 

ity of overland flow. 

Foster and Meyer (1972b) presented the Yalin equa

tion as: 

W /[(S )p dV*g] = 0.6350(1-1/oln(l + o)) (42) s g w 

where: 
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o = A*& 

= Y/YCR-1 (where Y ::; YCR = 0) 

A = 2.45(Sg)-0.4(YCR)0.5 

2 = v * I ( s - 1. o ) gd g 
y 

v = (gRSf)l/2 

v* = shear velocity 

g = acceleration of gravity 

pw mass density of the fluid 

Ws = transport capacity (mass/unit width/unit 

time 

d particle diameter 

YCR critical lift force given by the 

Shields' diagram 

R = hydraulic radius 

Sf = slope of the energy gradeline 

S particle specific gravity. 
g 

In the derivation of the equation, the constant 

0.635 is the only empirically derived factor other than 

the critical lift force from the Shields' diagram. 

The Yalin equation was developed for particles of 

uniform size. Foster and Meyer ( l 972b) modified the 

equation to predict transport rates of mixtures. The 

basis of the Yalin derivation was that the sediment 

transport rate is equal to the number of particles in 

transport over a unit area times the weight and veloc

ity of each particle. To modi.fy the equation, a mix

ture of sizes was assumed to reduce the number, but not 

the velocity, of particles of a given size in trans

port. Yalin assumed the number of particles in trans

port to be proportional to o, the dimensionless excess 

of the tractive force. For a mixture, the number of 

particles of a given size i was assumed to be 
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proportional to o. . Values of o. for each particle 
1 1 

size group in a mixture were calculated and summed to a 

give a total: 

n 
T= 1:0 . 

i=1 1 
(43) 

where n is the number of size groups. The number of 

transported particles of size i in a mixture was taken 

as: 

(44) 

where Ni is the number of particles transported in sed

iment of uniform size i for a o .. 
1 

As derived by Yalin, the left side of Equation (42) 

is proportional to the number of particles in trans

port. Let the left side of Equation (42) equal P, the 

non-dimensional transport. Then, 

where: 

(Pe)i = (Pioi/T) (45) 

(Pe)i = effective P for particle size i in 

a mixture 

P. P calculated for uniform material . 
1 

of size i. 

The actual transport rate Wsi of each particle size 

in a mixture was then expressed by: 

(46) 



MODIFICATIONS OF THE FESHM 

A simplified flow chart for the FESHM is given in 

Figure 1, and a listing of the complete program is 

given in Appendix A. The sections of the model that 

were modified are identified with an asterisk. Minor 

changes were made in other sections of the model. 

These changes involved coding for entering input param

eters required by the sediment calculations and coding 

to provide access to the subroutines that execute the 

sediment calculations (SEDCAL, DETACH, TRANS). 

A flow chart of the sediment calculations coordi

nated by subroutine SEDCAL is shown in Figure 2. Sedi

ment yield and deposition are determined for each ele

ment during each overland flow-routing increment. 

Interrill and rill detachment are calculated in 

subroutine DETACH, using Equations (26) and (27). 

Potential interrill detachment is computed when the 

transport capacity exceeds the sediment load entering 

the element. Potential rill detachment is computed 

when the transport capacity exceeds the sum of the sed

iment entering the element and the sediment from inter

ri 11 detachment. The total amount of detachment is 

limited to the amount that will just satisfy the trans

port capacity when the potential for detachment exceeds 

the transport capacity. This assumption ignores inter

nal exchanges of soil particles by detachment and depo

sition in each element. This assumption was justified 

because virtually no data exist to verify spatiotempo

ral variation of detachment and/or deposition within an 

element. 

Interrill detachment is dependent on rainfall ero

sivi ty, expressed as EI (energy times maximum 30 minute 

49 
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PROGRAM CONTROL 

HRU DESCRIPTORS PRECIPITATION 

COMPUTATION 0 F 
INFILTRATION 

BY ELEMENT 

OVERLAND 
ROUTING BY 

FINITE ELEMENT 
METHOD 

THIS LOOP IS EXECUTED 
FOR EVERY OVERLAND 
FLOW ROUTING INCREMENT 

COMPUTATION OF 
.__ ___ SEDIMENT YIELD 

BY ELEMENT 

HYDROGRAPH OF 
OVERLAND FLOW 

POLLUTOGRAPH 
AND TOTAL LOAD 

Figure 1. Computational sequence of modified FESHM 
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START 

CALUATE TC 

:YES 

DEP 
DI 
DR 
ISED 
PSL 
Q 

= AMOUNT OF DEPOSITION 
INTERRILL DETACHMENT 

= RILL DETACHMENT 
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SEDIMENT FROM UPSLOPE ELEMENT 
= POTENTIAL SEDIMENT LOAD 
= DISCHARGE AT DOWNSLOPE NODE 

SEDIMENT LEAVING THE ELEMENT 
TRANSPORT CAPACITY OF FLOW 

QSED = 
TC 

THIS LOOP IS EXECUTED 
FOR EACH ELEMENT 

NO DEP = ISED QSED 0.0 

NO DEP = PSL - TC QSED = TC 

CALCULATE DI 

Figure 2. Flow chart of subroutine SEDCAL. 
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NO ~D_E_P ____ o __ .o_;-----t~~Q~S_E_D ____ T_C~ 

CALCULATE DR 

PSL = ISED + DI + DR 

NO ~D_E_P ____ o __ .o_;------~Q=S_E_D ____ T_C_. 

DEP 

QSED = PSL 

RETURN 

Figure 2. (continued) 
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intensity) in Equation (26). Energy for each rainfall 

increment is calculated as (Wischmeier and Smith 

1958): 

where: 

e = 916 + 331 log10i 

e = rainfall energy per unit of rainfall 

(ft-tons/acre-in) 

i =rainfall intensity (in/hr). 

(47) 

The maximum thirty-minute intensity of the storm is 

calculated in subroutine INTENS. 

The volume of flow available for ri 11 detachment 

during each time-routing increment is computed as: 

where: 

Q. = volume of flow for element i for 
1 

overland flow routing increment 

Qu,t = volume of flow at upper node at time t 

Ql,t =volume of flow at lower node at time t. 

The slope length exponent in Equation (27) is set 

equal to 2. 0 for slopes less than 150 feet. Howeve,r, 

to prevent excessive erosion for very long slopes, the 

exponent is limited by: 

where: 

m = 1.0 + (5.011/ln(x)) 

m = slope length exponent, and 

x = slope length 

(49) 



54 

The transport capacity of overland flow is calcu

lated in subroutine TRANS according to Yalin's equation 

modified for mixtures, as expressed by Equations ( 42) 

through (46). The transport capacity is determined for 

each particle type with Equation (46). Excess trans

port capacity is distributed among the particle types 

as suggested by Foster et al. ( 1980) and shown in Fig

ure 3. 

The Yalin equation requires two flow parameters: 

the hydraulic radius and the slope of the energy grade

line. Assuming a wide, shallow channel, the hydraulic 

radius is expressed as the area of flow divided by the 

width of the flow element. The slope of the energy 

gradeline is assumed equal to the slope of the element. 

Particle density, particle diameter, and critical lift 

force define the transportability of a soil. Particle 

density and diameter are input parameters of the model. 

Critical lift force is obtained from the extended 

Shields' diagram (Mantz, 1977) which defines critical 

lift force as a function of the particle Reynolds' num

ber. 

In subroutine TRANS, the nondimensional particle 

Reynolds' number is calculated as (Graf, 1971): 

R 

where: 

R 

d 

\) 

(50) 

particle Reynolds' number 

= particle diameter (ft) 

shear velocity (ft/sec) 

kinematic viscosity (ft2/sec). 

The kinematic viscosity is assumed to be 1.06 x 10- 5 

For Reynolds' numbers less than one, the critical 
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FOR PARTICLE TYPE i 
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PSL(i) 

TC(i) 

= POTENTIAL SEDIMENT LOAD 
FOR PARTICLE TYPE i 

= TRANSPORT CAPACITY FOR 
PARTICLE TYPE i 

START 

THIS LOOP IS EXECUTED 
FOR EACH PARTICLE TYPE 

SDLT = SDLT i.----NO 
+ DELTA(i) 

yes 

CALCULATE THE ACTUAL 
REQUIRED NONDIMENSIONAL 
TRANSPORT (EQUATION 42) 

CALCULATE SPT, THE FRACTION 
OF THE TOTAL TRANSPORT 
CAPACITY USED 

CALCULATE THE EXCESS 
TRANSPORT CAPACITY 

TO BE DISTRIBUTED: 
EXC = 1 - SPT 

B 

Figure 3. Distribution of excess transport capacity. 
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RETURN 

DISTRIBUTE THE EXCESS 
TRANSPORT CAPACITY 
ACCORD ING TO THE 
DISTRIBUTION OF DELTA(i) 
AMONG THE PARTICLE TYPES 

ONE PARTICLE TYPE HAS 
ALL THE EXCESS TRANSPORT 
CAPACITY. DISTRIBUTE THIS 
EXCESS EQUALITY AMONG ALL 
THE PARTICLE TYPES. 

CALCULATE NEW 
TRANSPORT CAPACITIES 

RETURN 

Figure 3. (continued) 

B 

NO 



lift force is defined as (Mantz, 1977): 

where: 

Y = O.lOR-0.03 
er 

Y = critical lift force er 
R Reynolds' number. 
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(51) 

When the Reynolds' number is greater than or equal 

to one, the critical shear stress is obtained by inter

polation from the Shields' diagram, represented in 

TRANS as a table of coordinate points. 

To minimize computational errors, particle dia

meters are expressed in millimeters for calculations, 

then the resulting quantities are converted from mil

limeters to feet. 





MODEL VERIFICATION 

Data Base 

Field data collected at two surface-mine sites in 

southern West Virginia were used to verify the model. 

Three adjacent plots, each measuring 36.3 feet long by 

13.3 feet wide, were constructed at each site. Rain-

fall, runoff, and sediment quantities were collected 

for each plot for a series of tests. Each test con

sisted of three rainfall applications using a rainfall 

simulator {Shanholtz et al• I 1981b) . The three-run 

sequence included a) a 60-minute dry run; b) a 

60-minute wet run (24 hours after run 1); and c) a 

30-minute very wet run ( 1 hour after run 2). A 

detailed description of the data collection procedures 

is included in Rice (1982). 

Input Data for Model 

The first step in compiling an input data set for 

the model is discretizing the drainage area. The FESHM 

calls for the discretization of a drainage area into 

hydro logic response uni ts ( HRU' s) and flow elements. 

An HRU map is obtained by overlaying the soils map and 

the land use map of the watershed (Li, 1975). Each 

unique combination of ,land use and soil type is defined 

as an HRU. 

Each plot was divided into three elements, each 

12.l feet long by 13.3 feet wide (Figure 4). Each ele-

ment consists of a single HRU. In this application, 

then, an element and an HRU are identical. This dis-

cretization scheme was chosen to facilitate full use of 

59 
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Figure 4 . . Discretization scheme of plots. 
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the available data. Information such as amount of 

rainfall and soil moisture was collected for the top, 

middle, and bottom areas of the plots, corresponding to 

the three elements. 

The majority of the input parameters can be meas

ured directly or determined from measurable character

istics of the plots. The remaining inputs include geo-

metric parameters that are defined by the 

discretization of the plot. All of the model variables 

are defined in Appendix B, with the input variables so 

designated. 

The input data set for one field plot (QB2, Run 1) 

is given in Table 3 and contains the following four 

basic types of data: 

1. description of rainfall event 

2. description of HRU's 

3. description of elements 

4. description of soils 

Description of Rainfall Event 

The variables in this group include: the number of 

raingages, the hours of rainfall, the time interval for 

entering precipitation records, the date of the storm, 

and the amount of rainfall for each raingage for each 

input time increment. This information was recorded 

for each plot during each run of the rainfall simula-

tor. Because the amount of rainfall was measured on 

each element, the number of raingages was set equal to 

three, and the appropriate raingage was specified for 

each element. 
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Table 3. Input Data for Plot QB2 for Run 1. 

Group 1. Description of Rainfall Event 

Number of raingages = 3 
Hours of rainfall = 1 
Precipitation interval = 3600 sec 
Date of event = 8/25/81 

RAINGAGE RAINFALL 
-------- --------

1 1. 85 in. 
2 1. 89 in . 
3 2.05 in. 

Group 2. Description of HRU's 

HRU HOLTAN DEPRESSION ROUGHNESS 
NO. 'a' STORAGE COEFFICIENT 

1 
2 
3 

1. 05 
1. 05 
1.05 

HRU PLANT 
NO. AVAILABLE 

WATER 

1 
2 
3 

0.2974 
0.1867 
0.2255 

0.0 
0.0 
0.0 

0.05 
0.05 
0.05 

GRAVITATIONAL 
WATER 

0.0494 
0.0288 
0.0144 

FINAL 
INFILTRATION 

RATE 

0.007 
0.007 
0.007 

INITIAL 
SOIL 

MOISTURE 

0.83 
0.79 
0.75 



Table 3. (continued) 

Group 3. Description of Elements 

ELEMENT 
NO. 

LENGTH 
(FT) 

RELIEF 
(FT) 

AREA 
(AC) 

TOP WIDTH 
(FT) 

1 
2 
3 

12.1 
12.l 
12.l 

1. 8876 
1. 8876 
1. 8876 

0.0037 
0.0037 
0.0037 

Group 4. Description of Soils 

13.3 
13.3 
13.3 

DIAMETER SPECIFIC PARTICLE SIZE DISTRIBUTION 
(mm) GRAVITY SOIL 1 SOIL 2 SOIL 3 

0.001 2.65 0.2835 0.196 0.1855 
0.026 2.65 0.4830 0.520 0.4855 
0.075 2.65 0.1555 0.178 0.2145 
0.175 2.65 0.0255 0.031 0.0315 

soil depth = 4.0 in. 
soil erodibility = 0.464 

63 
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Description of HRU'S 

The first set of parameters in this group defines 

the soil moisture characteristics of each HRU, includ

ing the potential plant-available water, the potential 

gravitational water, the final infiltration rate, and 

the initial soil moisture content for the rainfall 

event. The potential plant-available water is defined 

as the volumetric moisture content of the soil between 

1/3 and 15 atmospheres of tension. Gravitational water 

is the volumetric moisture content between zero and 1/3 

atmospheres of tension. 

Values of plant-available and gravitational water 

for the Sullivan site were determined from data 

obtained from Jones ( 1980). iValues for the Glen Jean 

site were estimated according to guidelines suggested 

by Li (1975) based on soil type. 

Data collected before each rainfall application 

included the moisture content of the soil samples from 

the top and bottom areas of each plot. The initial 

moisture content of the middle element was assumed to 

be an average of the two measured values. 

The second set of parameters describes the surf ace 

and vegetative conditions of each HRU. The inputs 

include the roughness coefficient used in Manning's 

flow equation, the potential depression storage, and 

the vegetative index "a" for the Holtan infiltration 

equation. The USLE cover-management factor, C, and the 

USLE contouring factor, P, are also specified. 

The potential depression storage and roughness 

coefficients were estimated using criteria suggested by 

Ross et al. (1978). The C factor for all the HRU's was 

equal to one because the plots were bare and tilled up 
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and down the s 1 ope . The contouring factor did not 

apply in this case; therefore, it was set equal to one 

for all HRU's. 

Holtan's "a" is difficult to determine for surface 

mine conditions because traditional methods used to 

estimate this parameter do not apply. Wolfe et al. 

(1981) described the following procedure which can be 

used when measured infiltration curves are available 

for the site. Analysis of data from Hockman's (1981) 

ring infiltrometer tests on the Sullivan site showed 

that, in general, the following expression adequately 

described the infiltration rate at that site: 

where: 

f = measured infiltration rate 
r 

(inches/hour) 

T accumulated time (hours) 

a 1 and b are constants. 

(52) 

The Holtan equation can be expressed as: 

where: 

(53) 

fh = predicted infiltration rate (inches/hour) 

a = vegetative cover index 

S unfilled pore space between 0 and 15 

atmospheres of tension 

C = ratio of potential gravitational soil 

water content to potential plant

avai lable soil water content 

f =final infiltration rate (inches/hour). 
c 
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Equating Equations (52) and (53) and solving for 

"a" yields: 

(54) 

where: 

i = current time step. 

A numerical solution of Equation ( 54) gives the 

functional relationship between Holtan's "a" and accu

mulated time nesessary to match the measured infiltra

tion function (Equation 52). An example of this rela

tionship is shown in Figure 5. Note that "a" becomes 

relatively constant after approximately one-half hour 

and remains constant for some time. These data suggest 

that "a" is reasonably constant during the mid-range of 

the infiltration cycle, providing a useful index of 

cover effects for a given storm. The high initial 

rates also support the findings of some investigators 

(e.g., Idike et al., 1980) who have shown that Holtan's 

equation gives good estimates of surface runoff during 

the middle stages of a given storm event. 

The constants in Equation (52) were determined from 

hydrograph analyses of data collected at the Sullivan 

and Glen Jean sites. Curves similar to Figure 5 were 

determined for each site. The value of Holtan' s "a" 

during steady state flow conditions was used for each 

plot. 

Description of Elements 

The geometric properties of the elements are 

described by the input variables in this section. 

These properties include length, relief, area, and 



z 
ct 
~ _. 
0 

5.0 

4.0 

3.0 

:c 2.0 

1.0 

67 

0.2 0.4 o.6 o.8 
TIME {HR) 

Figure 5. Variation of Holtan's "a" with time for the 
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width. As stated earlier, the elements were each 12.l 

feet long and 13.3 feet wide. The slope of each plot 

was determined from surveys made after plot construc

tion. The slope of the plots at the Sullivan site 

ranged from 15.5 to 16.5 percent. The Glen Jean plots 

had a nine-percent slope. 

Description of Soils 

The required soils information includes the parti

cle size distribution of each soil in the watershed, 

and the diameter and specific gravity of each particle 

type. Additional inputs include the depth and erodi

bility of each soil. 

Particle size distributions were determined from 

soil samples taken from the top, middle, and bottom 

elements of each plot before the first rainfall appli

cation. The diameter of each particle type was esti

mated as the average diameter of that particle type 

according to the USDA scale (Novotny and Chesters, 

1981). The specific gravity of each particle type was 

assumed to be 2.65. The soil depth was estimated to be 

equal to the depth of tillage, approximately four 

inches on all plots. The soil erodibility factors were 

determined from Wischmeier et al.' s ( 1971) nomograph 

using soils data obtained from the sites. 

Results 

The model was tested for a set of three runs on 

each plot. Predicted and observed values of both run

off and sediment yield were compared. Figures 6-11 

represent typical comparisons of recorded and predicted 
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hydrographs. The results for Plot QB2 (Sullivan) are 

illustrated in Figures 6-8 for the three successive 

runs. Figures 9-11 show similar results for plot QZ4 

(Glen Jean). 

The predicted and observed volumes of runoff for 

each plot for each run are Pj>resented in Table 4 and 

compared graphically in Figure 12. 

Predicted and observed total sediment yields are 

presented in Table 5 and Figure 13. Total yields were 

compared because deposition in the flume resulted in 

errors in the suspended sediment loads. The total 

yield was determined by adding the sediment deposited 

in the flume and the suspended load (Rice, 1982). 

Discussion of Results 

Runoff 

Close agreement between the steady state peaks and 

between the recessions of the predicted and observed 

hydrographs is illustrated in Figures 7 through 12. 

The rising limbs of the hydrographs do not match well 

for the dry run on each plot. These results were com

mon to all the plots. 

Note from the series of hydrographs in Figures 7 

through 9 and Figures 10 through 12 that the di screp

ancy between the rising limbs of the hydrographs 

decreased as the initial moisture content increased. 

These results can be attributed to the value of the 11 a" 

coefficient in the Holtan infiltration equation. The 

choice of 11 a 11 becomes critic al in modeling response 

from small plots because spatial variability of micro

relief and infi 1 tration can become dominant factors. 
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Table 4. Observed and predicted runoff volume 
for all plots. 

PLOT TEST RUN RUNOFF VOLUME 

RECORDED PREDICTED 

(IN) (IN) 

QB2 3 1 1.608 1.609 
2 1.804 1.849 
3 1.097 1.044 

QB3 3 1 1.484 1.522 
2 1.932 1.874 
3 1.107 0.923 

QB4 3 1 1.586 1. 601 
2 1.944 1.985 
3 1.193 1.204 

QZ2 3 1 2.007 2.318 
2 2.142 2 .172 
3 1.084 1.127 

QZ3 3 1 1.950 2.321 
2 2.230 2.218 
3 1.128 1.134 

QZ4 3 1 1.869 2.207 
2 2.132 2.135 
3 1.091 1.084 

----------------------------------------------------
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Table 5. Observed and predicted sediment yield 
for all plots. 

PLOT TEST RUN 

Q:B2 3 

QB3 3 

QB4 3 

QZ2 3 

QZ3 3 

QZ4 3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

SEDIMENT YIELD 

RECORDED PREDICTED 

(LBS) (LBS) 

249.17 
173.44 

73.34 

187.09 
161. 02 

65.78 

234.36 
182.68 

68.45 

167.77 
143.83 
58.04 

151. 19 
113. 38 

55.82 

117. 80 
96.56 
59.00 

366.06 
390.40 
240.24 

359.02 
455.70 
250.90 

382.78 
479.59 
299.29 

251.67 
220.82 
116 .15 

269.33 
241. 72 
128.39 

243.66 
227.52 
116. 23 
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The "a" value selected was the value corresponding to 

the beginning of steady state conditions. Because the 

discrepancy between the hydrographs occurred in the 

early stages of the storm, an "a 11 value more represen

tative of this time segment should yield better pre

dictions. 

To illustrate the effect of the Holtan "a 11 value, 

an average 11 a 11 value occurring during the time between 

the initiation of runoff and the beginning of steady-

state 

limbs 

shown 

was chosen. This change affected the rising 

of the predicted hydrographs significantly, as 

in Figure 14. The effect of the "a 11 value 

approaches zero as the moisture content increases 

(unfilled pore space equals zero) because infiltration 

decreases. 

These results indicate that a better method of 

is needed. A function estimating Holtan "a 11 values 

expressing the variation of 

storm event would be useful. 

11 a" with time during a 

Also, for this model, it 

from measurable character-is desirable to estimate 

istics of the watershed. 

Ila" 

Sediment Yield 

The comparison of observed and predicted sediment 

yield shows that the predicted value was always greater 

than the observed value. This pattern indicates a bias 

in the prediction procedure. 

contribute to this bias. 

Several factors could 

One assumption that was expected to cause overpre-

diction concerned the particle size distribution of the 

sediment. Because particle size-distribution data had 

not been analyzed for the sediment from these plots, it 
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was assumed that the particle size distribution of the 

sediment was the same as that of the soil on the plot 

before rainfall. Gilley et al. (1976), though, found 

substantial changes in the particle size distribution 

of eroded material from tilled plots. They examined 

three soil textures, including sandy loam, clay loam, 

and silty clay loam on a re-shaped mine spoil in North 

Dakota. The percentage of sand was less in sediment 

from the tilled plots, while the percentage of clay was 

substantially increased. 

three soil textures. 

This trend was found for all 

Al so, soi 1 tends to be detached in 

well as individual particles. Because 

aggregates as 

the specific 

gravity of these aggregates is lower than that of sepa

rate particles, the sediment yield would be different 

for the two types of particle distributions. 

Foster et al. (1980) proposed a relationship 

between the particle size distribution of a soil in the 

field and the resulting sediment. Because the rela

tionship is based on data from midwestern si 1 t-loam 

soils, it is not applicable to surface-mine soils . 

However, it was used to develop modified particle-size 

distributions to illustrate the effect of these distri

butions on the amount of sediment predicted by the 

model. 

Modified soil distributions were estimated for one 

plot from each site. Sediment yield predictions were 

made for each of the three runs on both plots. The two 

predicted values and the observed value of sediment 

yield for each run are compared in Figures 15 and 16. 

The comparisons show a reduction in predicted sediment 

yield when the modified particle-size distributions 

were used. 
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A second factor that could cause higher predicted 

sediment values is the cropping-management factor, C, 

used in the detachment equations. As explained ear

lier, this factor was set equal to one for all runs. 

Observations in the field indicated that many of the 

finer soil particles were eroded during the first run, 

leaving a rock mulch consisting of coarser particles 

and fragments (Figure 17). Analysis of samples taken 

before and after the first .run showed a 30 percent 

increase of coarse fragments during the run. There 

could be a compaction effect as well as an armoring 

effect after the first run. 

The C factor was reduced to 0. 7 to simulate the 

effect of armoring for the third run on each of the 

plots at the Sullivan site. The predicted values with 

C equal to 0. 7 are compared to the predicted yields 

with C equal to one and the observed yields in Figure 

18. The predicted sediment yield was decreased 30 per

cent, corresponding to the decreased C factor. Detach

ment is a direct function of the C factor, and, in this 

case, it appears that all of the detached sediment was 

transported from the plots. 

The preceding discussion has described the sen

sitivity of the model's sediment calculations to parti

cle-size distribution and the cover-management factor. 

Another factor that greatly affects sediment yield is 

slope, both length and degree. 

Many on-site erosion control practices in surface

mined areas are aimed at reducing slope length or the 

degree of slope. Therefore, it is necessary to be able 

to predict the effect of slope on sediment yield to 

evaluate different combinations of best management 

practices. 
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Figure 17. Soil surface after Run 1. 
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To demonstrate the effect of slope length on pre

dicted sediment yield, the input data set for Plot QZ2 

(Glen Jean) was modified to simulate an increase in the 

slope length to 100 feet and then to 200 feet. The 

predicted sediment yield for each of these lengths is 

compared in Figure 19 with the sediment yield predicted 

for the actual plot slope length of 36.3 feet. Figure 

20 shows that the sediment yield increased for increas

ing slope length, following the trend reported by vari

ous researchers cited in the literature review. 

The effect of slope steepness was simulated by 

increasing the actual slope of 16.3 percent on Plot QB3 

(Sullivan) to 25 percent and then to 50 percent. The 

predicted values of sediment yield for the three slopes 

are shown in Figure 20. Tlw steeper slopes yielded 

increasing amounts of sediment. 

There were no recorded data available for different 

slope lengths and steepnesse~ for comparison with the 

sediment yield predicted by the model. Therefore, the 

accuracy of the values of predicted sediment yield 

could not be judged. The model, however, can still be 

used for comparing the relative sediment yield from 

different combinations of slope length and steepness. 
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SUMMARY AND CONCLUSIONS 

The Finite Element Storm Hydrograph Model (FESHM}, 

a distributed parameter model developed in the Agricul

tural Engineering Department at VPI&SU, was modified to 

predict sediment yield from surface-mined areas. Sepa

rate functions were included to define interrill 

detachment, rill detachment, and transport capacity of 

overland flow. 

Data from rainfall simulator studies conducted at 

two surface-mine sites in southern West Virginia were 

used for field verification of the model. A comparison 

of simulated and recorded hydrographs showed good 

agreement, with the exception of the dry run (Run 1 of 

the simulator test). The poor match was attributed to 

a faulty estimate of the Holtan infi 1 tration factor 

"a". It was shown that Holtan's "a" varies signifi

cantly with time from initiation of runoff to steady

state flow. It was demonstrated that a nearly perfect 

match could be achieved with a coefficient that 

reflects this variation more accurately. 

The model consistently overpredicted sediment 

yield. Two factors, aggregate stability and armoring, 

were shown to contribute to the biased predictions. 

Data for the distribution of water- stable aggregates 

were not available, so, for the initial simulation, the 

particle size distribution obtained from the field 

plots was assumed. Because it has been shown by a num

ber of investigators that knowledge of the distribution 
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of water-stable aggregates is important in predicting 

soil loss, the high predictions were expected. Mod

ified particle size distributions including aggregates 

were used to demonstrate the effect of aggregate 

stability on sediment prediction. The predicted sedi

ment yields were reduced approximately 78 percent when 

the aggregate distribution was included. The measured 

soil loss was bracketed by the predictions obtained 

using the two assumptions for particle distribution. 

The results indicated that data on water-stable aggre

gates for the field plots would have significantly 

improved simulation results. 

During the dry run of each rainfall simulator test, 

a rock mulch was created by the erosion of the finer 

soi 1 particles. The armoring effect was most notice

able at the end of the very wet run (Run 3). This 

effect was simulated by reducing the cover-management 

factor, C, for Runs 2 and 3. Approximately thirty per

cent of the area was estimated to be covered by rock 

mulching using photographic techniques. Simulations 

with this factor resulted in an approximate reduction 

of thirty percent in the soil-loss estimate. 

With sensitivity analysis it was demonstrated that 

the model responds to factors known to affect sediment 

yield, such as armoring (defined by the cover-manage

ment factor), erodibility index K, slope length, and 

slope steepness. 

The effect of slope length was demonstrated by 

increasing the slope length from 36. 3 feet to lengths 

of 100 feet and 200 feet. The simulated soil loss was 

increased approximately 163 percent and 150 percent, 

respectively, when the slope length was increased from 

36.3 feet to 100 feet and from 100 feet to 200 feet. 
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The ef feet of slope steepness was illustrated by 

increasing the actual slope of Plot QB3 from 16.3 per-

cent to 25 percent and to 50 percent. The simulated 

soil loss was increased approximately 156 percent when 

the slope steepness was increased from 16.3 percent to 

25 percent, and approximately 372 percent when the 

slope steepness was increased from 16.3 percent to 50 

percent. 

No field data were available to verify the accuracy 

of these sensitivity studies; however, the trends are 

consistent with those reporte& in the literature. The 

results show that accurate tield data, particularly 

water-stable aggregate distribution and density, armor

ing, and soil infiltration characteristics, are essen

tial to accurately quantify sqil loss. 

The simulations of discharge hydrographs and soil 

loss from field plots and the sensi ti vi ty analysis, 

however, show that the model should be a useful tool 

for evaluating alternate erosion control practices. 
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