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ABSTRACT 

Water and soil are two of man's most valuable resources and often 

in dramaticthe most abused. The impact of misuse frequently results 

effects such as floods, soil erosion, droughts and unwanted deposition 

of soil. Repeatedly, these consequences are caused by an inability to 

runoff and soilquantify the effects of land use changes on stormwater 

erosion in small watersheds. With this in mind, a mathematical model 

for simulating storimvater response and suspended sediment yield in 

of a stormstrip mined watersheds was developed. This model consisted 

load simulator andhydrograph simulator, a watershed suspended sediment 

a site erosion simulator. The storm hydrograph simulator, TENN-I, 

be used for bothhas been optimized for the Tennessee Valley and can 

gauged and ungauged watersheds. The watershed soil load simulator, 

modulus that canLOAD-I, was based upon development of a suspended load 

be derived from storm hydrographs and sedigraphs. The site specific 

soil erosion model, ERODE-I, was based upon soil erosion mechanics and 

total loads wereoverland flow. Erosion, runoff, sediment delivery and 

simulated for storm events on both a real time basis and on a design 

storm basis. A regionalization scheme associated with the model permitted 

simulation of the effects of alternative development scenarios on 

stormwater and suspended load. Comparisons of the model are made with 

suspended sediment yields from watersheds which have undergone coal 

contour strip mining and urbanization. 

This model's ability to relate a watershed's stormwater runoff and 

sediment load to measurable, quantifiable, and readily comparable quanti 

ties provides a powerful tool to evaluate the effects of land use change 

before the fact. 
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CHAPTER I 

INTRODUCTION 

in 1973Prevailing economics since the advent of the oil tariffs 

and current efforts of the United States toward energy self-sufficiency 

virtually insure the continuing demand for both surface and underground 

in the Unitedcoal. In 1955, 465 million tons of coal were mined 

States with surface mining accounting for 26 percent of the total. By 

total mined and1971, surface mining accounted for 50 percent of the 

by 1975 it accounted for 55 percent of the 647 million tons mined [1]. 

the shareAs the role of coal in the nation's energy supply expands, 

from surface mining will continue to increase since a large portion of 

domestic coal reserves are surface mineable. 

in theAlthough the majority of surface mined coal is located 

West; Central and Southern Appalachia—consisting of West Virginia, 

Kentucky (eastern), Virginia, Tennessee and Alabama--are major pro 

of coal surfaceducers. Twenty-eight percent of the 355 million tons 

the last decademined in 1975 was produced from this region [2]. In 

as much as 80 percent of the annual electricity consumed by the Eastern 

United States has been produced with Appalachian coal [3]. This coal 

coal. This isis generally higher in sulfur content than western a 

detracting attribute, but it is offset by its higher average heat con-

tent--12,500 Btu per pound as compared to 7,000 Btu per pound of western 

to easterncoal [4]. Further, local economics and close proximity 

of coal from theelectric producers will insure the continued demand 

region. 
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haveSurface mining operations in Tennessee since the 1940's 

disturbed in excess of 53,000 acres [5]. It is estimated that some 

7,700 additional acres of Tennessee's remaining 59,400 acres of 

strippable reserves will be disturbed between 1980 and 1985 [6]. 

These mining operations have primarily been confined to mountain top 

removal and contour stripping techniques since Tennessee's coal re 

serves are located predominantly in mountainous regions with steep 

slopes. This strip mining has and will bring about alterations in 

quantity and quality of surface water within the mined watersheds. 

While the impacts from mining on steep slopes are similar to all sur 

face mining conducted in the eastern United States, the severity of 

the impacts increases as the degree of slope increases [6]. This is 

particularly true because of the increased difficulty in dealing with 

problems of erosion, runoff and land stability on steeper slopes. If 

the past can be any indication of the future, then detriment to water 

quality due to excess soil eroded sediment and spoil related additions 

to the runoff water may be expected [7]. 

In order to optimize the trade-off between environmental impact 

and coal mining production, management of mined areas must come to 

grips with the problem of balancing adverse environmental impacts with 

the economics of strip mining subject to the political, legal, social 

and jurisdictional constraints. This process has become so critical 

that the United States Congress passed Public Law 95-87, The Surface 

Mining Control and Reclamation Act of 1977, to establish regulatory 

control under which coal could be mined while maintaining minimum 

acceptable environmental impact [8]. Under this act, the Department 

of Interior has established an Office of Surface Mining and Enforcement 

and a permanent regulatory program [9]. 
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Under this regulatory program, an attempt is being made to 

from in-minimize the change in water quality and quantity resulting 

creased surface mining. Initially, this will necessitate simulation 

of the environmental effects of strip mining on watershed runoff. 

This can be accomplished for steep mountainous terrain if the hydro-

logic and erosion responses of the mined areas are correlated with 

watershed basin outflow and suspended sediment responses by mathematical 

simulation. 

Statement of Problem 

The transition of basin watershed outflow and suspended sediment 

responses during mining have been attributed to strip mining on virgin 

watersheds [10]. In addition, it has been postulated that a major 

mechanism for pollutant injection into the watershed hydrologic system 

is by erosion and subsequent suspension in runoff [11]. Hence, it 

becomes evident that the best possibility for selecting an optimum 

feasible policy for managing contour strip mined areas must include 

the use of a mathematical model for simulating the hydrologic and 

erosion responses on a scientific deterministic basis. 

Research Objectives 

The objective of this research is to evaluate the effects of steep 

contour coal strip mining on stormwater response and suspended sediment 

yield for small watersheds using mathematical modelling. The New River 

of smallBasin, Tennessee, has been selected as being representative 

watersheds in Eastern Tennessee undergoing this type of disturbance and 

will be used as such for an in-situ study. 
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To accomplish this objective, simulation of the following processes 

will be required for both the watersheds and the in situ mining site: 

1. Stormwater response, 

2. Erosion, 

3. Sediment Yield. 

The simulation techniques used possess the following characteristics: 

1. The models were developed on a physical basis, i.e. 

deterministic, 

2. The parameters have physical significance, 

3. The models are accurate, 

4. The models are experimentally verified, 

5. The structure of the models is not so complicated as to 

be intractable. 
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CHAPTER II 

LITERATURE REVIEW 

Prior to model formulation, an extensive literature review was 

conducted in order to (a) trace the historical development of models 

relating surface runoff, erosion and sedimentation process; (b) deter 

mine the formulation of those models; and (c) establish a present 

state of the art. 

Stormwater Response Simulation 

Stormwater is the direct runoff response of a basin or site to 

rainfall [12]. The simulation of this runoff response is a relatively 

new hydrologic tool and is based upon two fundamental hydrologic 

principles, unit hydrograph theory and kinematic overland flow theory. 

Unit Hydrograph Theory 

In the 1930's, Sherman [13, 14, 15] introduced the unit hydrograph 

as a hydrograph of runoff resulting from a unit of rainfall excess 

occurring at a uniform rate, uniformly distributed over a watershed in 

a specified duration of time. From this unit hydrograph it was postu 

lated that for a given area, for any rain or series of rains, the runoff 

hydrograph could be computed by a simple summation process [14, 16, 17, 

18, 19]. This last assumption, the principal of superposition, states 

that the unit hydrograph reflects all basin characteristics to the 

degree that the runoff rate is simply proportional to the runoff volume 

for a rainfall excess of a given duration. Expressed in mathematical 

modeling terms, the system model must be lumped, time invariant and 

linear [12]. 
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thereUnit hydrograph theory is extensively used today, although 

are serious questions about its assumptions. Although validity of 

the basic theory was not seriously questioned until the late 1950's, 

Johnstone and Cross [18] indicated as early as 1949 that the basic 

assumptions of the unit hydrograph model were not entirely sound. It 

is now known that a basin acts less as a lumped parameter system as 

its size decreases. Uniform rainfall distribution and intensities 

seldom occur in nature. As for the assumption of linearity, much 

proof that hydrologic systems violate that assumption has been presented 

in recent literature by many investigators such as Parsad [19], Nash [20], 

O'Donnell [21], Amorocho and Orlob [22], Amorocho [23], Overton [24] and 

others. It is generally accepted now that the assumptions of linearity 

and time-invariance are not strictly correct. They are adopted, however, 

because the method is still useful, simple and one of the best methods 

available that produces results that are acceptable for engineering and 

research purposes [16, 25]. 

In addition to analyzing gauged watersheds, Sherman's [13] tech 

nique has become an important device for transferring information from 

gauged to ungauged watersheds. To accomplish this, techniques have been 

developed to generate synthetic unit hydrographs that allegedly have 

similar physiographic and climatic characteristics. 

followedSynthetic unit graph techniques have traditionally two 

avenues of approach. One approach was to statistically correlate, 

characteristics ofnormally using linear regression, the physiographic 

the watershed with the derived unit hydrograph such as the work of Morgan 

and Johnson [26], Dooge [27], Edson [28], O'Kelly [29] and others [16]. 
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The second line of approach was to represent all unit hydrographs 

by a single curve or family of curves, choose a number of unit hydro 

graph parameters that make up the basis for defining the hydrograph and 

relate the parameters to the catchment characteristics. Snyder [30], 

Linsley [31], Eagleson [32], Taylor and Schwarz [33] and Hudlow and 

Clark [34] concentrated on using lag time, peak discharge and unit hydro 

graph time base to relate various basin characteristics in an effort 

Soil Conservato produce synthetic unit hydrographs. The United States 

and the SCS curvetion Service uses a single triangle unit hydrograph 

number model [35] to simulate storm hydrographs. Still others, such 

as Commons [36]', Mitchell [37], United States Soil Conservation Ser 

vice [38] and Gray [37] have developed routines to produce dimensionless 

This methodhydrographs that can be converted into unit hydrographs. 

is designed to eliminate the effects of basin size on the unit hydrograph. 

Once the nonlinearity of the watershed response was verified [24, 

40, 41, 42], several attempts were made to account for it by deriving 

variable unit hydrographs. Black [42] and Minshall [43] used linear 

regression equations to relate peak flow to rainfall intensity. Singh [44] 

extended this work by relating the nonlinear unit hydrograph to an equiv 

alent instantaneous effective rainfall. 

amd channelsNash [20] and Dooge [27] used a series of reservoirs 

the nonlinearwhere storage was directly related to flow to approximate 

storage and translation effects of natural watershed response. Prasad [19] 

extended that approach by allowing for unsteady conditions. 

Ding [45] derived a unit hydrograph using a nonlinear, generalized 

correction method.Muskingum routing technique coupled with a differential 
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Unlike his previous investigators. Ding [45] attempted to attach 

physical significance to the parameters used to define the hydrograph. 

Ardis [46], taking a unique approach to the problem, developed a 

irethod for deriving unit hydrographs based on the assumption that the 

unit hydrograph could be represented by a geometric quadrilateral con 

figuration. This quadrilateral configuration was referred to as a 

unit response function (URF) and could assume a wide range of shapes. 

In addition, this method was also based upon the concept of partial 

area runoff [47, 48, 49, 50] and the concept that the unit hydrograph 

or URF, could vary considerably both among and within watersheds. This 

method has been widely used by the Tennessee Valley Authority and is 

often called the TVA double triangle model. 

Using the partial area runoff concept, Ardis [46] assumed that 

the URF could be represented by two triangular shaped responses. The 

first triangular response represented the initial response of the 

watershed from riparian areas. The second triangular response repre 

sented the watersheds delayed response from non-riparian areas as they 

became saturated. As shown in Figure 2.1, these responses have the 

same initial starting time but different time base durations. When the 

ordinates of these two triangular responses are added together, they 

form the unit response function for a.given watershed and storm as 

depicted in Figure 2.2. 

The symbol nomenclature used in Figures 2.1 and 2.2 is as follows: 

DT = time interval used for abstracting rainfall and streamflow 

discharge records in hours, 

I = precipitation excess intensity in inches per hour, 

I = 1.0/DT since the volume of input is one basin-inch. 
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Pe(t) = precipitation excess as a function of time, t, in 

inches per hour, 

T1 = time to peak of initial response in hours, 

T2 = time base of initial response and time to peak of 

delayed response in hours, 

T3 = time to end of delayed response in hours, 

UP = peak ordinate of the URF at T1 in inches per hour, 

UR = peak ordinate of the delayed response at T2 in inches 

per hour, and 

URF(t) = unit-response function ordinates as a function of 

time, t, in inches per hour. 

To account for the nonlinearity between storms, the URF parameters 

are allowed to vary from storm to storm. Green [51], using a pattern 

search technique, developed a procedure for optimizing the URF param 

eters from observed storm data. Ardis [46] and later Betson [52] used 

this technique to study the variability of URF parameters .on a total of 

twenty four rural and urban watersheds located mostly in the Tennessee 

Valley and regionalized the parameters using regression techniques. 

Troxler [53] developed an alternative regionalization model using 

essentially the same data base as that used by Ardis [46] and Betson [52]. 

As a result of this investigation, he was able to relate the URF param 

eters to lag time, where lag time was defined as the time between occur 

rence of 50 percent of rainfall excess and 50 percent of runoff volume [12]. 

This work led Troxler [53] and Overton and Troxler [54] to relate lag 

time to the rainfall excess intensity using watershed lag modulus. Lag 

modulus is a representation of watershed geometry and roughness charac 

teristics and can be derived from kinematic wave theory for sheet surface 
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runoff. Lag moduli were optimized for each of the twenty-six water 

sheds in their study from a data base consisting of three-hundred-

fifty storms. In addition, they regionalized the lag modulus for the 

Tennessee Valley as a function of watershed characteristics. This 

allowed the URF to be simulated for ungauged basins within the 

Tennessee Valley. 

Kinematic Wave Theory 

Lighthill and Whitham [55] were the first to report a study of 

kinematic wave theory of surface flow with their classical paper on 

flood movements in river channels. Since then, this theory has been 

extensively used to bring a more deterministic approach to both channel 

flow simulation and surface runoff simulation. Kinematic wave proper 

ties are governed by the equations of continuity, conservation of mass 

and a stage-discharge relation. This phenomenon occurs when the dynamic 

terms in the conservation of momentum equation are negligibly small. 

Kinematic flow occurs whenever a balance exists between the gravity 

and friction forces. This corresponds to unsteady uniform flow. 

The one-dimensional conservation of mass equation is 

iQ. + iA == q (2.1)ax at 

where Q is discharge, A is cross-sectional area of flow, q is lateral 

inflow, and x and t are space and time coordinates, This formulation 

states that inflow minus the outflow of a reference volume must equal 

the rate of change of storage. 

For the case of one-dimensional flow the conservation of momentum 

equation can be expressed as 
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3V 3V 
+ g 

3X 
(2.2)It" V 3X g (So - Sf) - ^ V 

where V is the mean velocity of flow, g is gravitational acceleration, 

$0 is bed slope, y is depth of flow, and Sf is the friction slope, which 

represents the loss of momentum due to drag, This equation has been 

derived [12] from Newton's second law of motion and states that the sum 

of external forces acting on a fluid element in motion is equal to the 

time rate of change of linear momentum, Under this formulation, kine-

matic flow exists when the partial derivative terms in the equation and 

the lateral inflow term are negligibly small in comparison with the 

friction and bed slope. This reduces the momentum equation to 

(2.3)So = Sf 

The drag force component opposing flow is essentially balanced by the 

weight component in the direction of flow, Hence, the fluid is not 

appreciably accelerating, Discharge under these conditions would be 

related to flow depth in the form 

q . a y
m 

(2.4) 

where a and m are coefficients which characterize the state of flow. 

Henderson [56] was one of the first to describe the conditions 

under which flow could be classified as kinematic in his paper on 

celerity of subsidizing flood waves. Woolhiser and Liggett [57] also 

examined the necessary hydraulic conditions required for the kinematic 

flow assumptions to be valid and concluded that much of the research 

and modeling previously performed in the area of overland flow had been 

carried out under essentially kinematic conditions. 
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Henderson and Wooding [58], first applied the kinematic model to 

flow over a uniform sloping plane. They solved the basic equations, 

2.1 and 2.2, using the method of characteristics under the conditions 

of a steady lateral inflow of long duration resulting in a relation 

for discharge in the form 

Q = a(qt) 
m 

(2.5) 

Wooding [59, 60, 61], in a series of three papers, extended the applica 

tion of kinematic wave theory to overland and channel flow components 

of catchment runoff from a hypothetical V-shaped watershed consisting 

of two rectangular planes and a straight channel, His study of the 

response on this elementary watershed system represents one of the 

first attempts to simulate catchment behavior using the kinematic wave 

model. 

Studying the rising hydrograph of overland flow on a single plane, 

Woolhiser and Liggett [57] compared results obtained from the kinematic 

wave model and the shallow-water equations, equations 2.1 and 2.2, when 

the dynamic terms are not neglected. Their study disclosed that the 

degree of departure of the kinematic wave model from the shallow-water 

equations could be related by a dimensionless kinematic flow number. 

k = (2.6) 
Ho 

depth and is thewhere L is the length of the plane, H^ is the flow 

Froude number at equilibrium at the end of the plane, respectively. 

High values of k (greater than ten) indicated that gravity and friction 

dominated flow and consequently the kinematic hydrograph was a good 

approximation to that derived by the shallow water equations. 
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Recently, considerable development has been reported for an in 

creasing number of complex geometric watersheds, most of which have 

been based upon uniform planes. Besides Wooding [59, 60, 61], 

Overton [62, 63] and Overton and Brakensiek [64] have developed models 

for various V-shaped watersheds. Woolhiser [65], Overton [62] and 

Singh [66] have extended kinematic wave theory to converging sections 

of a cone surface. Singh [64] reported a model which combines a V-

shaped watershed and the converging section of a cone. Brakensiek [67], 

Kibler and Woolhiser [68], Overton [69] and Singh [66] have extended 

kinematic modeling to a cascade of planes contributing flow to a channel. 

These approaches have been summarized by Overton and Meadows [12]. 

Overton's [69] work, using cascading planes to simulate hi 11 si ope 

runoff had several interesting and significant results, In analyzing 

some 214 equilibrium hydrographs on airport runways up to 500 feet long 

with both concrete and simulated turf surfaces, he demonstrated that 

the flows were kinematic and that one dimensionless hydrograph would 

accurately represent all the hydrographs. This was accomplished by 

normalizing the hydrograph with its associated lag time. It was also 

demonstrated that lag time for each rising hydrograph was inversely re 

lated to the generating rainfall intensity. From lag time and the 

dimensionless hydrograph, he developed a variable response model, VRM, 

as an alternative to the tedious and expensive numerical solutions of 

the shallow water and kinematic wave equations. In the VRM, unsteady 

rainfall on uniform planes is convoluted with a response function. 

Hi11 si opes are transformed theoretically into a uniform plane, and 

hydrographs developed on the upper parts of the planes are transmitted 

to the lower end of the plane by a unique storage routing procedure. 



16 

The accuracy and flexibility of the VRM has been demonstrated on many 

actual and theoretical complex rainstorms, and on nonuni form planes 

and hi11 si opes. It produces results nearly as accurate as solutions 

obtained from the kinematic wave theory model [12]. 

Overton and Meadows [12] and Overton [63] have shown that the 

solution for the rising hydrograph associated with long steady uniform 

rainfall excess on a uniform plane is of the form 

Q = (t/tg) 
m 

(2.7) 

is the time towhere t is the time from beginning of rainfall, tg 
equilibrium and m is a function of the state of flow. Time to equili 

brium was also shown to be a function of the physical character!sti cs 

of the catchment and rainfall excess intensity, i e- It was expressed 

as 

te = f(m) * n/ig (2.8) 

where y is lag modulus and f(m) and n are constants which are functions 

of the state of flow [12, 53, 70]. Lag modulus is a single physical 

parameter that lumps geometry and roughness. It was first introduced 

by Overton [24] and is discussed extensively by Overton and Meadows [12] 

in relation to stormwater modeling. It is a real positive number that 

expresses surface runoff response as a function of the physics of'the 

flow system for a unit rainfall excess input. As long as the system's 

physics are time-invariant, the lag or surface response is only a function 

of the input rate and a different unit hydrograph would result for each 

rain excess intensity. Table 2.1 lists lag modulus as derived from 

kinematic wave theory for two common surfaces for turbulent flow [12]. 
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TABLE 2.1 

LAG MODULI 

Surface Lag Modulus 

Plane 0.928(nL/»^) 
0.6 

0.4 0.6
Converging 0.928(l-r) (nL//^) 
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The nomenclature used in Table 2.1 is as follows: 

n = Manning roughness factor, and 

r = convergence parameter for converging surfaces. 

Since the shape of a dimensionless rising overland flow hydrograph 

is highly sensitive to small changes in the time to equilibrium [63], 

time to equilibrium can be a difficult parameter to measure. Using 

kinematic wave theory, Overton [71] avoided this problem by showing 

lag time, TL, by athat time to equilibrium, tg, could be related to 
factor, f(m), that is a function of the flow state 

tg = f(m) * TL (2.9) 

Comparison of equations 2.8 and 2.9 shows lag time to be 

(2.10)TL = p/ig 

where n is equal to (m-l)/m, and ig is rainfall excess intensity. 

Overton [62] and Overton and Meadows [12] have reported values of m to 

be 3 for laminar kinematic flow and 5/3 and 3/2 for Manning's and 

Chezy's turbulent kinematic flow, respectively. 

Using the turbulent Manning kinematic wave model, Overton [62] 

derived lag moduli for several hypothetical catchment geometries for 

conditions of pure sheet surface runoff where the lag modulus was a 

function of the geometry and associated Manning roughness coefficient. 

Troxler [53] and Overton and Troxler [54] using the above models 

evaluated lag moduli for a number of small urban and rural watersheds 

in the Tennessee Valley utilizing storm rainfall and runoff data. The 

rainfall excess intensity was weighted to allow the larger rain bursts 
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to contribute a greater percentage to the uniform weighted rainfall 

excess. This weighted rainfall excess, REI, is expressed in the 

following form 

N 2 N 
REI = (2.11) 

j=l 

where ig. is the rainfall excess rate at the jth time increment for a 
J 

storm duration of N time increments. The lag modulus model was then 

regionalized for the Tennessee Valley using the same basin characteris 

tics that Betson [52] reported. Hence, once lag modulus was simulated 

for watersheds, storm lag times could be simulated using TVA's double 

triangle model [52] by convolution of the associated unit response 

function with the rainfall excess time distribution. 

Other authors, notably Laurenson [72] and Askew [73] have developed 

and reported relationships for variable lag times. These authors, using 

data from Australian watersheds, present an expression for lag time 

that is similar to equation 2.10 of the form 

TL = k'(q')‘" (2.12) 

where TL is the watershed lag time, k is a watershed constant, q is 

the mean discharge and n' is an exponent that varies from 0.193 to 

0.328. Unfortunately equations 2.10 and 2.12 are not directly analogous 

because one is based on mean channel discharge while the other uses 

rainfall excess intensity. 

Erosion Simulation 

Erosion is the connecting link between sediment sources and sedi-

ment yield. It involves the processes by which sedimentary materials 



20 

are removed from a location (detachment), transported through other 

locations and subsequently deposited [74]. This is a selective pro 

cess in which the fine-grained sediments such as clays, organic matter 

and amorphous materials, are transmitted farthest. Often, this fine 

fraction of eroded particles is involved in the sorption and transport 

of certain chemicals. 

Erosion includes inception of particle motion, transport by 

traction, saltation, or suspension and deposition by single-particle 

settling or floculation. It is dependent upon aspects of fluid mechan 

ics; notably, lift and drag generation, mass and momentum transport, 

turbulence generation and boundary and wake development. With all of 

these considerations it is quite understandable why the field of 

erosion is still largely empirical. Current technology efforts in this 

area are largely approximate because of the uncertainty in the know 

ledge of sedimentary transport principles involved. Areas in which 

principles and theoretical development are best understood and advanced 

are design of settling basins and studying fine material motion. Areas 

of least advancement are predicting channel capacity and sediment load. 

The technology or erosion response has had three distinct avenues 

of approach: the unit sediment graph, the universal soil loss equation 

and erosion mechanics. 

Unit Sediment Graph 

The unit sediment graph model was first proposed by Johnson [75] 

in 1943 and extends the unit hydrograph theory to sediment graph analy 

sis, producing a unit sediment graph that is analogous to a unit hydro-

graph. This method is applicable to small uniform watersheds where 
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the main contributions to suspended sediment, transported in the 

drainage channels as the result of runoff, are derived from upland 

erosion, that is, from washload and not from bedload material [76, 77]. 

Unit sediment graph theory in addition to having the same basic assump 

tions and constraints of unit hydrograph theory, has the additional 

requirement that the loci of the hydrograph and the sediment graph 

must closely parallel each other [78, 79]. This method has not been 

widely explored and has been used mainly to estimate washload on a few 

gauged basins [76, 73, 79]. 

Universal Soil Loss Equation (USLE) 

The development of USLE began with Zingg [80] first relating soil 

loss rates on specific agricultural sites and fields to length and 

percentage of slope. Shortly thereafter. Smith [81] published a similar 

equation that included crop and conservation practice factors and the 

concept of a specific soil loss limit. A regionalization of the above 

two equations occurred in 1946 and became known as the Musgrave Equation 

[82]. This equation was widely used to estimate gross soil erosion 

until Wischmeier and Smith [83, 84] developed and published the USLE 

in 1965. The USLE has the following form [85, 86] 

A = R K L S C P (2.13) 

where 

A = the computed soil loss per unit area on an annual basis, 

R = the rainfall runoff factor, an index of the erosive force 

of rainfall and runoff, 

K = soil erodibility factor for a specific soil on a standardized 

plot, 
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L = slope length factor to adjust actual conditions to 

standardized plot (72.6 feet long), 

S = slope-gradient factor to adjust actual conditions to the 

standardized plot with a 9 percent slope, 

C = cropping-management factor to adjust actual conditions 

to the standardized plot with cultivated continuous fallow condi 

tions, and 

P the erosion-control practice factor, the ratio of soil 

loss with contouring, strip cropping, or terracing to that with 

straight-row farming, up-and-down slope. 

The USLE model was designed to simulate long term average soil 

losses from sheet and rill erosion under specific conditions, It is 

empirical in nature and has been developed from a massive amount of 

runoff and soil loss data from small areas such as farm fields, rain-

ulator plots and construction sites [85]. It cannot simulate deposi 

tion or sediment production from gullies, streambanks, and streambed 

erosion. It was intended to be used as a management tool to guide 

methodical decision making in conservation planning on a site specific 

basis. The underlying objective in developing the USLE was to simu 

late the relative erosion potential effect of producing one agricul 

tural crop on a specific field as compared to.another crop [85]. 

Hence, the USLE is a relative estimate of increase or decrease of ero 

sion of one condition over another and not a prediction of absolute 

value. 

Following the establishment of the USLE, several variations of 

the equation have been presented in the literature for adjusting the 

equations to land uses other than agricultural and to account for 
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sediment that may have been trapped along the path from the source of 

the erosion to the point of measurement. Some of the extensions have 

taken the form of regionalization of equation factors by regression 

curves such as the Yound and Mutchler [87] slope factor, Others, such 

as Fogel, Herkman and Duchstein [88], attempted to redefine the equa 

tion factors using stochastic methods to make the USLE storm or time 

speci fic. And still others have attempted to define the USLE factors 

deterministically [89, 90, 91]. In spite of these developments, the 

USLE remains an empirical model that is highly dubious and open to 

considerable discussion except when used to estimate the long term 

average sediment generated on small areas such as farm fields or con-

struct!on sites. Since the USLE was developed to simulate long term 

averages, it cannot be used for single storm events. 

Erosion Mechanics 

The importance of fundamental principles of the erosion process 

has been recognized since the middle 1930's by Cook [92]. Ellison [93] 

in 1947 presented the first extensive analysis of many of the erosion 

subprocesses. He pointed out that rainfall and runoff both have a 

detaching and a transporting capacity, and that these should be studied 

separately. His work has been an important cornerstone for erosion 

modeling in the last decade and one that has guided others [94, 95, 96, 

97, 98, 99] to explore and research the various phenomena of the soil 

erosion process. 

Modeling erosion mechanics is more complicated than surface runoff 

modeling since sediment transport and flow are so interrelated. It 

becomes difficult, if not impossible, to model sediment transport without 
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modeling flow. Hence, the three differential equations that form the 

governing mathematical model of the movement of suspended sediment 

are the conservation of flow mass, equation 2.1, the conservation of 

flow momentum, equation 2.2, and the following conservation of sediment 

mass equation [100] for one-dimensional, infinitely wide, free surface 

flow 

3(hUp6) 35 

3X P 3X (2.14) 

where h is depth of flow, 6 is sediment concentration, t is time, 

velocity of sediment,X is porosity of deposited sediment. Up is average 
particle massX is the distance in direction of flow and Ep is the 

transfer coefficient (See Figure A.l, Appendix A). 

For conditions of negligible dispersion and quasi-steady state 

Foster and Meyer [101, 102] and Foster, Meyer and Onstad [103] have 

presented equation 2.14 in the following form 

3E 
B 

3X ■ °F '^DT (2.15) 

is the net rainfallwhere Dp is the net flow shear detachment rate, Rqj 
detachment rate and 

Eg = Yti6h (2.16) 

where Eg is the suspended sediment weight transport rate, u is the 

average flow velocity, y is sediment particle specific gravity and 

X and h are the same as in equation 2.14. In terms of the conservation 

of sediment mass equation 2.14, this is equivalent to stating [100, 103] 

3E 
B. _ 3(YU5h) _ 3h

^ ^F = 3X 3X -y(1-x) 
3t (2.17) 



25 

In formulating equations 2.15 and 2.16, Foster and Meyer [101, 102] 

have assumed that dispersion, the right hand term of equation 2.14, is 

zero and that the sediment concentration does not change with time, 

i.e. quasi-steady state. These are common assumptions made in the 

present state of the art of erosion modeling according to Simons, 

Richardson and Nordin [104] to achieve mathematical tractability. 

In spite of the fact that the derivation [101, 102] of equation 

2.15 is made directly from physical considerations, existing knowledge 

of erosion micromechanics used to express rainfall and runoff detach 

ment rates is rudimentary and empirical, Foster and Meyer [101, 102] 

and Meyer, Foster and Fomkens [105] have expressed this interaction 

between flow shear detachment rate and suspended sediment weight 

transport rate as 

(2.18)
“c Tc 

where Dq is the ultimate detachment capacity of overland flow and Tq 
is the ultimate transport capacity of overland flow, This is the same 

as assuming that a particular flow carrying less than its capacity to 

transport will fill this capacity according to a first-order reaction 

of the form [100, 101] 

Dp = C(Tc - Eg) (2.19) 

where C is the reaction coefficient. Experimental evidence that 

demonstrated the tendency for flows to entrain sediment in this manner 

has been presented by Meyer and Monke [97] and Willis [106]. 

Foster and Meyer [102, 207] have formulated transport capacity 

after derivations by Yalin [108] to be 



26 

■'c (hSo) 3/2 ^ (2.20) 

shear stress.where Sq is the local bed slope and Z is the bottom 

Bagnold [109] and Yang [110] have formulated transport capacity as 

being proportional to stream power, the product of bottom shear and 

flow velocity in the following manner 

(2.21)Tq a (yhSo) u 

The rainfall detachment term, shown to be proportional to the 

square of rainfall intensity, is based upon empirical evidence of Meyer 

and Wischmeier [98]. The transport capacity of rainfall generated by 

raindrop splash has normally been shown to be negligible [100]. However, 

rainfall significantly reduces the flow velocity and increases tractive 

force, especially over rough boundary conditions and shallow flow [111]. 

Sediment Yield Simulation 

Sediment yield is the amount of eroded material passing a geograph 

ical point, such as the outlet of a watershed or of any of its sub-

watersheds. sediSeveral methods are presently being used to simulate 

ment yield from upland watersheds, and each presents unique data needs. 

In each model there is an associated uncertainty that requires a safety 

factor when used in a design application. 

Sediment Rating Curves 

The sediment rating curve model is used to relate stream discharge 

and sediment concentration. This relationship, expressed mathematically. 

takes the form 

S,; = A qE (2.22) 
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where is the sediment concentration at time t, and A and E are 

constants determined by optimizing equation 2.22 on observed data. 

This model has been widely used [112, 113, 114, 115] and has been 

applied by Ward [116] to strip mined watersheds. 

The data for this model is not easily obtained for small upstream 

watersheds where discharge of water and sediment vary greatly in time 

and space. In addition, transferring sediment rating curves to areas 

with differing conditions can be accomplished only with additional data 

for the new conditions. Hence, attempts have been made to relate water 

shed and hydrologic variables such as drainage area, runoff, tempera 

ture, slope, soil and cover to the observed sediment concentration and 

to the A and E constants of equation 2.22 for watersheds [112, 115, 

117, 118]. To accomplish this, multiple regression techniques have 

been used with varying degrees of success employing the following type 

of equations 

n 

Y = a + E
i=l 

b.x^. (2.23) 

n 

Y = I.
i=0 

(2.24) 

n 

(2.25) 
i=0 

where x.j is the watershed or hydrologic variable, Y^. is the sediment 

concentration or one of the constants, A or E, from equation 2.22, 

and a, b-j and c-j are optimized regression coefficients. 

Once the sediment concentration graph is found, it can be convo 

luted with the runoff hydrograph to produce the sediment yield. 
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Sediment Delivery Ratio 

The sediment delivery ratio model is a percentage relationship 

between sediment yield from a watershed and the gross (total) soil loss 

in the watershed for similar time periods. Sediment delivery ratios 

have been developed for many areas of the United States and have been 

found to be related to drainage area [86, 119, 120]. Sediment yield 

is obtained from sediment delivery ratios by multiplying it by the 

derived quantities of watershed erosion. These sediment yield equations 

normally take a form similar to the following equation of the USLE by 

Wischmeier [85] 

Y = E (DR)/w (2.26) 

where Y is the sediment yield per unit area, E is the gross (total) 

soil loss, DR is the sediment delivery ratio and w is the area of the 

watershed above the point for which the sediment yield is being computed. 

Thus in operation, this method requires the measurement or determination 

of the total erosion that took place in the watershed for both establish 

ment of the DR's and the gross soil loss of the event at hand. 

Erosion Mechanics 

In recent research [99, 100, 103], soil detachment, transport and 

deposition mechanics are being incorporated into hydrologic models to 

simulate sediment yield, This method allows the determination of sedi-

ment yield by integrating equations such as 2.14, 2.15 and 2.17 for 

specific conditions that exist at an erosion site. Offering great po 

tential for refining sediment yield simulation procedures, this method 

places soil loss on a deterministic basis capable of analyzing individual 

storm events. 
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CHAPTER III 

INVESTIGATIVE DESIGN 

Model Structure 

The principal objective of this research was the development of 

a mathematical model for simulating the stormwater and suspended sedi 

ment responses of steep contour strip (surface) mining on small 

mountainous watersheds and specific mining sites within those water-

sheds. canIn particular, it was desired to develop a model that be 

used as a tool in simulating the stormwater related responses occurring 

in the New River Basin, Tennessee. The structures of these models are 

outlined below. 

Stormwater Simulation Model 

The stormwater simulation model is termed TENN-I and is a water 

shed stormwater hydrograph simulator. This model was originally devel 

oped to study the stormwater effects of urban watersheds [53, 54]. 

It has been extended herein to include mountainous regions that are 

undergoing contour strip mining. 

This storm hydrograph simulator incorporates the TVA Double Triangle 

model [46, 52]. A regionalization scheme developed by Overton and 

Troxler [54] permits simulation of the TVA Double Triangle model param 

eters. TENN-I accepts a real time or design rainfall hyetograph, 

simulates the associated rainfall excess hyetograph using the SCS-Curve 

Number model, simulates the URF from selected watershed characteristics 

and rainfall excess, and convolutes the URF with the rainfall excess 
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hyetograph. A flow chart, depicting the basic logic of TENN-I is 

shown in Figure 3.1. 

The model used for distributing rainfall excess over the duration 

of the storm is the Soil Conservation, SCS, curve number method [38]. 

This method relates accumulated values of rainfall, direct runoff vol 

ume and infiltration plus initial abstraction. These quantities are 

illustrated in Figure 3.2. The curve number method assumes that 

F _ SRO 
(3.1)

s-PT 

where F is the infiltration occurring after runoff begins in inches, 

S is the potential abstraction in inches, SRO is the actual direct run 

or effective stormoff volume in inches, and Pg is the potential runoff 

runoff in inches, i.e. the storm rainfall minus the initial abstraction. 

lA. Since infiltration can be expressed as 

F = Pg - SRO (3.2) 

equation 3.1 can be expressed as 

SRO = (3.3)
Pg + S 

The initial abstraction has been estimated by SCS from an empirical 

relation based on data from small watersheds to be 

lA = 0.2 S (3.4) 

Thus 

Pg = P - lA = P - 0.25 (3.5) 

where P is the total storm rainfall in inches. Substituting 
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INFILTRATION PLUS INITIAL ABSTRACTION 
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equation 3.5 into equation 3.3 gives the following relation for 

accumulated runoff 

SRO == (P - 0.2 S)^ (3.6)P + 0.85 

Potential abstraction, S, is related to soil and cover condition of a 

watershed. The runoff curve number, which is also related to soil and 

cover conditions, is related to potential abstraction, S, by the 

following 

1000
CN = (3.7)S + 10 

from which 

1000
S = - 10 . (3.8)CN 

For a time distribution this method reduces to 

(P^- - 0.2 S)2
SRO.. = 

1 (3.9) 
(Pi + 0.8 S) 

where SROj is the total storm runoff to time i and is the accumulated 

rainfall to time i. The distribution of rainfall excess over time is 

then determined by the following equation 

= SROiPe 
i - SROi.i (3.10) 

where P is the rainfall excess from time i-1 to i. 
i 

Lag modulus simulation is accomplished by using a regionalizatio n 

model of the form 

u = A + C2 PF + C3 (3.11) 

where y is the basin lag modulus in hours, A is the watershed area in 
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miles, PF is the percent of area that is forested, and Ci, Cz, and 

C3 are constants resulting from using principal components regression 

to optimize the model. Values of C^, C2, and C3 can be determined by 

optimizing equation 3.11 for watershed storm events. 

Lag time is simulated by using the Manning kinematic approximation 

0.4 
TL = u/ig (3.12) 

The exponent in the lag time model was set equal to 0.4 in order to 

standardize watershed lag moduli values with sheet surface runoff. 

The uniform steady rainfall excess, ig, is expressed as the weighted 

rainfall excess of the real time storm. The weighted rainfall excess. 

REI, was calculated using equation 2.11. This allows large rainfall 

excess a greater influence in the establishment of a simulated uniform 

steady rainfall excess. 

The watershed unit hydrograph is simulated using the Double 

Triangle model URF discussed earlier. As can be seen from Figure 3.3, 

the URF's lag time can be calculated from the following equation 

DT
TL = T50 - (3.13)T 

where T50 is the time at which the unit response function is divided 

into two equal volumes of one half inch. When linearity within a 

storm is assumed, but not from storm to storm, the watershed lag time 

is equivalent to the URF lag time. 

As mentioned in Chapter II, lag time can be related to the URF's 

defining parameters [53, 54]. The URF's peak flow can be inversely 

related to lag time, while the time scale parameters can be related 

directly to lag time. Thus the URF's defining parameters may be 
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TIME (HR) 

UNIT RESPONSE FUNCTION 
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expressed as 

(3.14)UP = KUP/Tl 

(3.15)UR = KUR/T^ 

T1 = KTl * (3.16) 

T2 = l(T2 * (3.17) 

T23 = KT23 * (3.18) 

(3.19)T3 = KT3 * T|_ 

The physical significance of T23 can be seen from Figure 3.3. Knowing 

T23 allows the determination of volume of the triangle 0-T1-T23 and 

thus determines the triangle T23-T2-T3 since the total volume of the 

URF must equal one inch, KUP, KTl, KT2 and KT23 are constants for the 

watershed for a continuous land use and can be obtained by linear re 

gression optimization, Once the URF is established, it is convoluted 

with the actual rainfall excess determined by the SCS method to produce 

the basin hydrograph. 

Erosion Model 

The Universal Soil Loss Equation (USLE) was not developed for real 

time storm events. Because of this, a soil loss model was developed 

coupling erosion mechanics and the kinematic approximation to surface 

runoff. This model is referred to as ERODE-I. 

ERODE-I can simulate the time distribution of soil mass transport 

rates at the end of a mining site per unit width for a real storm or 

design storm rainfall time distribution. The resulting sediment 
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transport rate curve is a function of the following: 

1. Simulated storm runoff hydrograph. 

2. Slope-length distribution of the site, considering it to be 

approximated as a cascade of planes, see Figure 3.4. 

3. Specific gravity of transported material. 

4. A rainfall detachment coefficient which is a function of 

the system resistance to raindrop detachment and kinetic energy of 

rainfall. 

5. The coefficients which are properties of the system itself, 

i.e. associated with shear detachment and transport. 

6. The concentration of the transported load. 

A flow chart, depicting the basic logic of ERODE-I is shown in Figure 

3.5. 

The SCS-Curve Number (CN) model [35] was utilized for distributing 

excess rainfall in time over the duration of the storm. Although this 

model was not developed specifically for this purpose by the SCS, it 

has been shown to function well in this role [52, 53]. 

The Variable Response ftodel (VRM) [12, 69] was used to generate 

overland flow hydrographs. This model is capable of generating hydro 

graphs from unsteady nonuniform rainfall on hi 11 si opes that have been 

depicted as a cascade of planes. This is accomplished by first trans 

forming a cascade of planes into an equivalent uniform plane. This 

plane is then partitioned into sections of uniform rain excess intensity. 

Hydrographs are simulated for each section of the plane by convoluting 

the time series of rainfall with a variable response function developed 

for planes undergoing overland flow. These hydrographs are transmitted 

to the end of the uniform plane by a storage routing function. The VRM 
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INPUT SCS Curve Number and Antecedent Moisture Condition 

Cascading Plane Characteristics: Length. Slope. Manning-n 
Rainfall Distribution for each plane for time period 

under study 

Time period under study 

Transport Coefficient (Cy) 
Detachment Coefficient (Dy) 

SIMULATE RAINFALL EXCESS BY SCS METHDO (TP-149) 

SIMULATE HYDRDGRAPH DF PLANES USING VARIABLE 
RESPDNSE DVERLAND FLDW MODEL (VRM) 

SIMULATE LOAD MODULUS FOR CASCADING PLANES USING 
EROSION MECHANICS 

SIMULATE POLLUTOGRAPH AT ENDS OF PLANES USING
POLLUTOGRAPH 

HYDRDGRAPH , LOAD MODULUS AND EROSION MECHANICS 

TOTAL LOAD 

SIMULATE TOTAL LOAD PER FOOT WIDTH 

BY INTEGRATING POLLUTOGRAPH 

CASCADING PLANE 

OUTPUT 
OUTPUT: Hydrograph at Toe Cascading Planes 

Pollutograph at Toe Cascading Planes 

Total Load at Toe Cascading Planes 

SOIL 

FIGURE 3.5 

EROSION SIMULATOR (ERODE-I) 
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was selected for three reasons. First, it can simulate the physical 

shape of a hi 11 si ope or hi 11 si ope mining site using a cascade of planes. 

Second, the model is nonlinear since its response varies from storm 

to storm since the defining parameters change, And third, the model 

has been widely tested, verified on a wide range of surface runoff 

conditions and has been shown to be an excellent simulator of kinematic 

overland flow. 

The erosion model developments are based on the conservation of 

sediment mass, equation 2.17. This conservation of sediment mass equa 

tion appears in its usual form for infinitely wide one dimensional flow 

planes as follows 

3(hUn6)
P as

+ {i_x) + ■) (3.20)3t at ax ax P ax 

This equation differs from the conservation of mass equation for a dis 

solved substance in that the second term on the left accounts for depo 

sition or erosion from the bed. Also for suspended sediment, it cannot 

necessarily be assumed that the transport velocity. Up, of the suspended 
material is the same as the flow velocity, U. As is customary and 

often the case for storm flows where flow is unsteady and turbulent, 

this assumption has been made here. The term on the right hand side 

of equation 3.20 accounts for dispersion of the material while it is 

suspended in the flow. In comparison with the effects of other proces 

ses embodied in 3.20, dispersion is normally small. Hence, dispersion 

will not be considered here. Under these assumptions the suspended 

sediment conservation of mass equation is 

0 (3.21) 
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The quantities appearing in this equation are illustrated in Figure 

3.6 and listed below 

h = depth of flow, 

6 = sediment concentration, 

t time, 

X = porosity of deposited sediment, 

y = local bed elevation, 

X = distance positive in direction of flow, and 

y = flow velocity, which is equal to average sediment velocity. 

In this study, the conservation of sediment mass has been expres 

sed following the basic work of Foster and Meyer [101] and has been 

extended from the quasi-steady state to unsteady flow conditions. 

Comparison of equations 2.15, 2.16, 2.17 and 3.2 indicate that weight 

transport rate of sediment. Eg, can be expressed as 
3E

B 9(h5)
Df + Rgy - 3X - ^s 3t (3.22) 

where Dp is the flow detachment rate, RDT is the rainfall detachment 

rate, and is the sediment particle specific gravity. 

Shear detachment rate. Dp, was related to transport capacity, Tq, 
and Eg by the following equation 

Dp = C(Tc - Eg) (3.23) 

where C is a reaction rate coefficient or diffusion coefficient which 

is a property of the settling properties of the sediment, Rearranging 

equation 3.23 gives 

“f Eg 
= 1 (3.24) 
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DEFINITION SKETCH FOR CONSERVATION OF SEDIMENT MASS 
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never exceed theBy this concept, the sediment transport rate. Eg, can 

transport capacity of the flow. If Eg is ever less than Tg then 

additional transport material or sediment will be obtained by flow 

detachment. Dp. Thus the flow detachment capacity, Dq, must be a 

function of the unfilled transport capacity expressed as 

Dc = C Tc . (3.25) 

Foster and Meyer [102] have shown that Valin's sediment transport 

equation [108] is a good representation of transport capacity for shal 

low flow. They have also simplified it for large tractive forces and 

shown it to be 

T - C'C ^t ^ (3.26) 

where t is the tractive force, and is a coefficient that depends on 

particle size and density, An expression similar to that for Tq will 
be used for detachment capacity. 

3/2
"" ^d (3.27) 

where is a coefficient that is a function of soil's resistance to 

erosion by flow. Foster and Meyer [102] indicate that unpublished 

research available to them shoves that equations 3.26 and 3.27 when 

used with a critical tractive force work as well on cohesive soils 

as on noncohesive soils. 

Inserting equations 3.26 and 3.27 into 3.25 reveals that under 

the above assumptions and definitions that 

C = (3.28) 
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The tractive force exerted by overland flow on upland areas is 

distributed among many small channels (rills) at a cross section on 

the land profile. Instead of considering each channel individually, 

it is possible to consider an effective shear stress and assume it pro 

portional to the average shear stress or tractive force developed by 

overland flow depth considered on a flat plane. Using the Chezy form 

for uniform flow equation [102], 

y = (F/vg (3.29) 

is satisfactory for determining the average flow depth on eroding 

surfaces [122]. The shear stress is expressed as 

(3.30)^ '^h ^0 

where yp is the density of runoff, is the hydraulic radius, and 

Sp is the slope of the energy grade line, assumed to be equal to the 

slope of the land profile, S O’ because of the small depths of flow 

of overland runoff, With these assumptions, the effective tractive 

force becomes 

(3.31) 

where 
1/3 

(3.32)Cr = C^p Yp (F/8g) 

and F is the hydraulic roughness, g is the acceleration of gravity and 

C^p is the ratio of the effective tractive force to the average tractive 

force as determined from average overland flow depth. Assuming is 

constant infers that the rill pattern does not change with distance 

along a slope, but can change from one land profile to another as the 
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rill pattern changes. Erosion plots that have been denuded, tilled 

and graded up and down slope, similar to construction work sites and 

strip mine spoil bank sites, often satisfy this condition. In addition. 

tractive forceC^p is for this study assumed to be unity, i.e. the 
from overland flow on a plane is considered to be equal to the effective 

tractive force. 

Using these assumptions, detachment capacity, Dq, and transport 

capacity, Tq, can be expressed as 

3/2 
S q = Cj S q (3.33) 

" ^d ^r
3/2 

S q - Cq S q (3.34) 

where 
(3.35)c = Cj/Ct = Cd/Ct . 

Combining equation 3.22, 3.24 and 3.25 produces 

1 (3.36)Dc ■Tc C 

where f(t) is the constant of integration obtained when equation 3.22 

is integrated. Differentiating equation 3.36 

3 Dp/Dc ^ Dp Rp-p 
ax ax 

0 (3.37)
Tc Tc Tc 

and combining 3.33, 3.34 and 3.37, results in 

Dp Dp '^DTui Y 36y 
= 0 . (3.38)

3^ C^Tq Cj S q ITjTq ^ 

over aFor a given soil, Cq and Cj can be expected to be constant 

cross section of the plane at a given distance x, then 
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3Dp 3(6h) 
(3.39)

3X + C Dp = -C Rqj - C Yg 3t 

Under the assumption of constant rainfall detachment, constant slope 

on a plane and constant rainfall excess intensity, there is a closed 

hand side ofform solution to equation 3.39. Considering the right 

equation 3.39 to be F(t), there is a general solution and a particular 

solution. The general solution is 

-cx 
(3.40)Dp = Fi(t) e 

and the particular solution when Dp is constant is 

n - D 3(^5) (3.41)°F ■ ■ ^s “Tt • 

This results in a complete solution 

-CX 
R (3.42)Dp - F^(t) e ■ ''DT ■ ^S 3t • 

results thatBy combining equations 3.23, 3.33 and 3.42 an expression 

specifies the sediment transport rate when erosion occurs on a plane 

surface from overland flow 

(3.43)+ C-p S q . 

The computation of a sediment transfer rate for a given geometrical 

runoff/erosion surface can thus be determined by solving equation 3.43 

for a specific set of initial boundary conditions, The initial and 

that shown inboundary conditions for a cascade of planes such as 

Figure 3.4 (page 38) are as follows 

plane 1: (0,t) = 0 (3.44) 
1 
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(3.45)= EB^(0,t) 

(3.46)plane 2: Eg^(0,t) = Eg^d^.t) 
(3.47)EB2(L2.t) = Eg^(0,t) 
(3.48)plane 3: Eg^(0,5) = Eg^(L2,t) 

sediment transport rate£63(13,t) = 
at end of site, plane 3. 

All planes in the cascade are considered dry at time equal zero. The 

inflow hydrograph coming from the previous plane in the cascade estab 

lishes the flow at the upstream boundary for time greater than zero. 

No flow enters at the upstream boundary of plane one. The sediment 

transport rate graph from the previous plane establishes the sediment 

rate at the upstream boundary. No erosion other than rainfall detach 

ment occurs at the upstream boundary of plane one. 

For a single plane, the initial sediment transport rate is 

(3.49)E6(0.t) = -e-^(°)H^+^=0 
and the sediment transport rate at the end of the plane at x=L, is 

Eg(Lpt) = (1-e 
-CX 

(3.50) 

Similarly, by applying the initial and boundary conditions above, the 

sediment transport rate at the end of any plane may be found. 

To determine the sediment load at the end of a series of cascad 

ing planes, equation 3.49 can be integrated over the rain storm and 

runoff duration. For the case of the single plane considered above. 
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equation 3.50 would be integrated in the following manner to obtain 

the total load per unit width, L, 

t t 

cx

L = J Eg(Lpt)dt = f {(1-e’ 
R

S^ + C^Sq} dt (3.51) 
0 0 

where t is the time lapse from beginning of the storm to runoff 

termination. 

It has been observed from rainfall simulator experiments that 

after initial periods of rainfall, sediment concentrations became 

essentially constant [122]. Thus the sediment concentration term in 

equation 3.24 can be expressed as 

m = 5 ih (3.52)3t 3t * 

And from kinematic flow theory [12], the change in flow depth with 

respect to time can be shown to be equal to the rainfall excess inten 

sity. Therefore, equation 3.51 becomes 

cx 

(3.53)L = f
T 

d-e' 
R 

5 ig dt + /CjS q dt 
0 0 tl 

where T is the storm duration, t^ is the beginning of runoff, t2 is 

the end of runoff, and ig is rainfall excess intensity, Integrating 

equation 3.53 results in the following 

'^DT ^s
L = (1 - e

-cx 
(3.54)T + ^ 6 R0e + Cf S w 

where R0g is the rainfall excess and is the volume of runoff per 

unit width. Multiplying by the plane width and dividing by rainfall 

excess and plane area, equation 3.54 becomes 

L = 1 - e
-CX Ys6 

xc (3.55) 
cxX R0g 
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Under storm loads, which generate the heaviest loads, and for the case 

of constant 6 and the sediment concentration can be represented 

by a constant 

(3.56)
Tw; 

where is the load modulus, Combining equations 3.35, 3.55 and 3.56 

results in 

T Cn S L. 1 -
(3.57)cx - 1 

Once load modulus has been determined from equation 3.57, the sediment 

transport rate can be determined from either equation 3.50 for a single 

plane or 3.49 for multiple planes. 

In situations of long slopes where sediment transport approaches 

transport capacity, equation 3.50 is closely approximated by 

Eg = Cf S q (3.58) 

and equation 3.57 is closely approximated by 

Cj S L 
(3.59)cx-1 ■ 

Sediment Yield Model 

A sediment yield model was developed for small watersheds in the 

New River Basin as a function of the surface mining taking place there. 

This model, known as LOAD-I, simulates the pollutograph, i.e. the load 

rate curve and hydrograph associated with storm hydrographs, The link-

age of the pollutograph and the hydrograph is accomplished through the 

use of the load modulus. This load modulus was simulated for surface 
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mined watersheds as a function of selected watershed characteristics. 

Figure 3.7 presents an outline of the logic of LOAD-I. 

If the concentration of suspended sediment is known, then the 

instantaneous load rate can be related to the basin ashydrograph 

fol1ows 

(3.60)SL = 6^ Q 

where SL is the instantaneous load rate in units of mass per time, 

Q is the hydrograph in units of volume per time, and 5^ is a concen 
tration relating mass of sediment to volume of flow. Under conditions 

But under storm conditionsof low flow, 5^^ varies substantially, 
there is evidence that is constant, Rainulator tests on erosion 

plots indicate that the concentration is essentially constant for steady 

rainfall excess [122]. It has been further postulated [122] that the 

sediment concentration would approach constant values during storm flows 

because the flow transport capacity would be approached, During storm 

flows where sediment is readily available for transport, sediment loads 

are known to increase to higher concentrations than during low flow. 

These are the concentrations and flows of interest. Using this premise. 

a study of five urban watersheds in Tennessee and Kentucky during storm 

conditions has shown that the suspended sediment load appears to be 

related to storm flow by a constant value [122]. Hence, the suspended 

sediment yield, SY, model for mined basins was selected to be 

SY = ^,q (3.61) 

where is the watershed load modulus or analogous constant concentra 

tion. 
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INPUT ^BAS!N CHAflACTEflISTICS' Psrcent Forest (PF) 
INPUT Percent Stripped (PS) 

Lag Modulus ( p) 

Source Coefficient (C^) 
Deposition Coeifficient (C2} 
Storage Coefficient (C3) 

BASIN STORM HYOflOGRAPH (Output from TENN-l) 

BASIN 
SIMULATELOAD BASIN LOAD MODULUS [ Pvv * C,(PS)-C2PF)p f C3] 

MODULUS 

BASIN 
SIMULATE BASIN POLLUTOGRAPH BY CQNVQLUTING 

POLLUTOGRAPH HYOROGRAPH BY LOAD MODULUS 

TOTAL 
SIMULATE TOTAL BASIN LOAD BY INTEGRATING

BASIN 
POLLUTOGRAPH

LOAD 

OUTPUT = Basin Pollutograph 
OUTPUT 

Total Load 

FIGURE 3.7 

SUSPENDED SEDIMENT LOAD SIMULATOR (LOAD-I) 
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wasThe load modulus for the watershed sediment yield model 

formulated from a mass balance of suspended sediment load within a 

watershed. Under this concept, it can be reasoned that the watershed 

suspended sediment load results from the summation of the sediment 

loads produced, deposited and stored within the basin, Hence the 

aswatershed sediment load, L^, for a storm could be expressed 

•-w "" + Lg - Lq (3.62) 

the sediment loadwhere is the watershed sediment load stored, Lg is 
produced from denuded areas such as spoil banks, and Lg is the load 
deposited in the watershed, such as the forested areas. 

Further, the watershed load may be represented as 

(3.63) 

where is the watershed load modulus in units of mass per surface 

area per depth of surface runoff volume, RC\^ is the watershed surface 

runoff volume as depth, and is the watershed drainage area. 

asThe source load or spoil bank erosion load was expressed 

'-B " ^^B ^B (3.64) 

per areawhere Pg is the source load modulus in units of mass surface 

runoff volumeper surface volume as depth, RDg is the source surface 

as depth, and Ag is the source or spoil bank area. 

The deposited load or load deposited in the forested areas can 

be expressed as 

Lg = Pg RDp Ap (3.65) 
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where p 
D IS the watershed deposition modulus in units of mass per 

the surfacesurface area per surface volume runoff as depth, RDp is 

runoff volume as depth of the deposited or forested area, and Ap is 
the deposited or forested area, Combining 3.62, 3.63, 3.64 and 3.65 

results in 

RDn Ap RDp Ap 
(3.66)'‘w ° '‘B ■ “d RC\^ A^ 

The surface runoff ratios in equation 3.66, RDg/R[\^ and RDp/RD^, 
are considered storm constants, The area ratios can further be ex-

pressed as percentages using the following: 

Ap 
(3.67)PF = 100 (^) 

PS = 100 {^) (3.68) 

where PF is the percent of watershed forested or in which sediment was 

deposited, and PS is the percentage of watershed mined or in which 

source erosion occurs. This allows equation 3.66 to be represented as 

0^ = Cl PS - C2 p PF + C3 (3.69) 

Ls 
where C3 = 

(3.70) 

and p is the watershed lag modulus which is considered to be propor 

tional to the deposition modulus. Cl̂1 is an index of erosion loadPq. 

of the loadgenerated per percent watershed mined. C2 is an index 
deposited in the watershed. The sediment storage modulus, C3, is an 
index of the sediment stored on the watershed that is available for 

transport when the transport capacity of the flow has not been filled, 

i.e. an average background level of suspended sediment. 
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modulus as aEquation 3.69 provides a model for simulating load 

function of three constants and two measurable basin quantities, percent 

can beforest and percent mined. The coefficients Cp and C3 
are relatedoptimized from observed watershed data. These constants 

characteristicsto mining practice, i.e. changing land use, overburden 

and physiographic measures of a watershed. 

be determinedOnce ug has been determined the suspended yield may 
by convoluting the load modulus with the hydrograph to produce the 

loadograph. The total storm load may be determined by integrating the 

loadograph over time. 

Data Network 

Study Area 

The New River watershed basin, shown in Figure 3.8, is located in 

the northeastern counties of the Tennessee coal field, which occupies 

basin has alarge portions of the eastern part of the state. This 

contained indrainage area of 382 square miles and is completely 

area has historAnderson, Campbell, Morgan and Scott counties. This 

ically produced 70 percent of Tennessee's annual coal output. 

Intensive contour strip mining in the New River basin began in 

been disturbed1940, but less than one percent of the basin area had 

has inby 1955. Since 1955, the rate of strip mining disturbance 

rosecreased dramatically. By 1965 the amount of area disturbed to 2.25 

percent and increased to 5 percent in 1974 as shown in Figure 3.9. 

CumberlandThe New River basin, a sub-basin of the Big South Fork 

River basin, is characterized by generally rugged terrain ranging in 
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TOPOGRAPHIC MAP OF THE NEW RIVER WATERSHED, TENNESSEE [123]. 
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FIGURE 3.9 

EXTENT OF CONTOUR STRIP COAL MINING IN THE NEW RIVER 
WATERSHED, TENNESSEE, FROM 1943 TO 1974 [123]. 
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elevation from 1100 feet to 3300 feet with an average watershed slope 

of 25 percent or approximately 14.5 degrees. 

The climatic conditions of this region reveal an average moderate 

temperature of 55 degrees Fahrenheit, a rainfall normally in excess of 

50 inches per year, and a snowfall of 17 inches per year, The major-

ity of this precipitation occurs in the Winter and Spring months. 

The coal productive horizons are normally found in rock formations 

of the early Pennsylvanian age. These consist largely of conglomerates. 

sandstones, siltstones and shales. The coal seams located in these 

materials are normally level bedded and located on steep terrain. 

The soils in this region are classified predominantly as moder 

ately deep to deep, loamy and clayey soils on mountainous topography. 

These soils are dominated by mountains that occupy the highest land 

scape in the watershed. The soils on the narrow ridge tops and upper 

slopes are generally well drained, moderately deep and have clay sub 

soils and silty clay topsoils. The middle and lower slopes are domi 

nated by moderately deep to deep, well-drained silty clay loam soils. 

These soils often have stoney surfaces and subsurfaces [123]. 

To obtain detailed information on the influence of mining activi 

ties on the New River Basin, six of its secondary watersheds were 

selected for study. Watershed location and descriptions are listed 

in Table 3.1 and 3.2. Initially three of the basins were virgin, having 

no mining activity. Disturbance to the virgin watersheds from mining 

commenced in 1975 in Anderson Branch and in 1977 in Bowling Branch. 

Lowe Branch was the only watershed that remained unmined through the 

period of observation from the beginning of 1975 through the end of 
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TABLE 3.1 

STUDY WATERSHED LOCATIONS 

Map 
Designation USGS/TVA 

Watershed (Fig. 3.8 ) Map Sheet No. 

Anderson Branch B 128 SW (Norma) 

Bill's Branch D 129 NW (Fk. Mtn.) 

Bowling E 128 SW (Norma) 

Green Branch F 129 NW (Fk. Mtn.) 

Indian Fork A 129 NW (Fk. Mtn.) 

Lowe Branch C 128 SW (Norma) 

Source: Tung [123]. 
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Watershed 

Anderson Branch 

Bill's Branch 

Bowling 

Green Branch 

Indian Fork 

Lowe Branch 

Source: Tung 

TABLE 3.2 

WATERSHED DESCRIPTIONS 

Average Slope (%) 
Area „ Water tream 

(Acres/Mi les"^) shed Bed 

518/0.81 34.1 18.4 

429/0.67 38.4 26.0 

1402/2.19 32.5 7.4 

883/1.38 36.8 17.6 

2765/4.32 38.1 8.4 

589/0.92 31.9 12.6 

[123]. 

Average 
Elevation 

lEU 

1890 

2408 

1968 

2287 

2313 

1820 

https://589/0.92
https://2765/4.32
https://883/1.38
https://1402/2.19
https://429/0.67
https://518/0.81
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1977. 1975 butGreen Branch experienced mining activity up through 

has had no active surface mining since, Indian Fork has the longest 

history of mining activity, Mining in this Basin began in 1952 and 

culminated in 1976. The land disturbance resulting from surface 

mining these watersheds are shown in Table 3.3. In addition, Green 

Branch and Indian Fork have deep mining operations taking place in 

the watershed. These deep mines, however, seem to have little or no 

effect on the watersheds' runoff and sediment response. Bill's Branch 

has undergone strip mining from 1974 through 1975. 

During the history of surface mining these watersheds, two major 

types of mining have occurred--steep contour strip mining and mountain 

top removal. Mountain top removal has occurred only in the Anderson 

Creek watershed. This method of surface mining is an adaptation of 

area mining to contour mining. Where coal seems to lie near tops of 

mountains, ridges, knobs, or knolls, they can be strip mined. The 

entire tops are removed down to the coal seam in a series of parallel 

cuts. Excess overburden that cannot be retained on the mined area is 

transported to head-of-hollow fills, stored on ridges, or placed in 

natural depressions and, until recently, on natural slopes adjacent to 

mining areas. This method produces large plateaus of level, rolling 

land that may have great value in mountainous areas. The extent of 

mountain top removal in Anderson Branch is small in comparison to total 

acreage--about 3.5 percent--but represents almost 40 percent of the 

mining occurring there. 

The rest of the surface mining in the watersheds has consisted 

of the conventional steep contour strip mining method. This consists 
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Watershed 

Anderson 
Branch 

Bill's 
Branch 

Bowling 

Green 

Branch 

Indian 
Fork 

Lowe 

Branch 

WATERSHED 

Date 

11/03/75 
11/18/76 
10/17/77 

11/03/75 
10/18/76 
10/17/77 

11/03/75 
10/18/76 
10/17/77 

11/03/75 
10/18/76 
10/17/77 

11/03/75 
10/18/76 
10/17/77 

11/03/75 
10/18/76 
10/17/77 

TABLE 3.3 

DISTURBANCE DUE TO SURFACE MINING 

Strip Mining Mountain Top Roads 

(Linear Removal (Linear 
Mi 1es) (Acres) (Acres) Mi 1es) 

0.92 1.5 0.00 
1.95 42.0 0.00 
1.83 28.0 18.0 0.00 

1.70 46.4 5.59 
1.70 46.4 5.59 
1.70 46.4 5.59 

0.00 0.0 3.31 
0.00 0.0 3.31 
2.16 44.0 3.31 

5.34 213.0 6.63 
5.34 213.0 6.63 
5.34 213.0 6.63 

15.61 538.0 7.99 
16.48 552.0 7.99 
16.48 552.0 7.99 

0.00 0.0 0.00 
0.00 0.0 0.00 
0.00 0.0 0.00 
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of removing the overburden from the coal seam, starting at a hillside 

outcrop and proceeding to mine around the hillside. The cut appears 

as a contour line would around the mountain, thus the name. Tradi 

tionally, overburden has been cast down the hillside and stacked along 

the outer edge of the bench as shown in Figure 3.10. After uncovering 

the seam, the coal is removed and successive cuts are made until the 

overburden becomes too great for economical recovery of the coal. 

When Indian Fork was mined, the original backfilling practice, shown 

in Figure 3.9 (page 56), was used. This results in high backwalls 

ranging from a few feet to approximately a hundred feet in some areas. 

In addition to exposed highwalls the spoil on the bench often leaves 

depressions next to the highwall that collect stormwater. Green Branch 

has a combination of this practice and what is known as a partial back 

to contour spoil bank. This method is illustrated in Figure 3.11. 

This method differs from the original backfilling practice in that the 

to allow stormheadwall is partially covered and the bench is graded 

water to run off and not be collected in depressions. Spoil is still 

placed downslope. Green Branch is mined about 40 percent by this method. 

The rest of the study watersheds, except for Lowe Branch, have used 

this latter method. Table 3.4 lists the characteristics of these spoil 

banks throughout the watersheds. In this Table, Indian Fork has no 

road width because the upper slope is considered to be the total bench 

width. 

Data Acquisition 

Watershed runoff modeling data, i.e. rainfall and runoff data, 

was acquired in conjunction with the Knoxville office of the U.S. 
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Geological Survey. Each gauging station consisted of a weir and a 

continuous five-minute digital stage gauge with a synchronized rainfall 

monitor. 

Watershed sediment yield data was obtained at the watershed gaug 

ing stations as grab samples. Samples were taken during storm flow 

conditions at designated locations upstream but close to the weir 

station. Samples were taken at mid-depth in the streams. The suspended 

sediment samples were analyzed using a tarred Gooch crucible with a 934 

AH Reeve Angel filters. Suspended solids were determined using two 

different sample sizes. One hundred milliliters of the grab sample 

was filtered when concentrations were not visibly high. Fifty milli 

liter samples were filtered otherwise. Filtered samples were dried 

for at least two hours at 105° C and were dessicated for at least 

thirty minutes before final weight determination. The samples were 

not replicated. The above suspended sediment samples were collected 

and analyzed in the Department of Civil Engineering (Environmental Engi 

neering), The University of Tennessee. 

All storm data, including rainfall, stage, flow and suspended 

solids, were placed on a computer information system and are part of 

the digitized computer file on New River Basin maintained by the 

Department of Civil Engineering, The University of Tennessee. 

Data necessary to evaluate ERODE-I was not available from the New 

River Basin watersheds. The data necessary to evaluate this site 

specific erosion model must consist of rainfall excess distribution, 

site specific geometry, runoff hydrograph and suspended sediment loado-

graph. Because of these restrictions, data that was highly reliable 

was sought from areas with similar soil types and land slopes. The 
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final data selected came from rainulator studies performed by the 

on HawaiiAgriculture Research Service, U.S. Department of Agriculture 

because of itssoils [124]. These data are not presented in this study 

voluminous nature, but is summarized and further discussed in Appendix 

A. The reason for using the Hawaii data was threefold. First, the 

data were published, reliable and presented in a well documented 

form [124]. Secondly, thesedata represented the steepest slopes for 

which data of this nature are available, up to 16 percent. And finally 

New River Basinthe soil types are similar to those reported in the 

watersheds. 
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CHAPTER IV 

RESULTS 

Stormwater Simulation Model 

Unit Response Function 

A data base of 54 storms was used in this study to evaluate TENN-I. 

This data base consisted of watershed outflow hydrographs and their 

associated rainfall distribution. From these hydrographs, the unit 

hydrograph from each storm was represented by the TVA double triangle 

URF. The URF for each storm was optimized by using the pattern search 

method described by Ardis [46]. Tables 4.1 through 4.4 list these 

optimized URF parameters. Lag time for each URF was calculated using 

equation 3.1 and is displayed in the above-mentioned tables. The 

coefficients of determination displayed in these tables represent the 

relative fit of the observed hydrograph to the storm hydrograph simu 

lated by convoluting the optimized URF for each storm with its associ 

ated optimized rainfall excess time distribution. The weighted rain 

fall excess intensity, REI, was calculated using equation 2.11. 

Each URF was normalized so that the variation in the URF's shape 

as a function of lag time could be observed. Normalization was accomp 

lished by multiplying the ordinates, flow, by lag time and by dividing 

the time scale by lag time. This maintains a unit volume. Parameters 

of the normalized URFs are listed in Tables 4.5 through 4.8. The 

variation in the normalized URF parameters was analyzed using linear 

regression. The regressions were performed using equations 3.14 through 

3.19 while assuming a zero intercept. Thus the constants KUP, KUR, 
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TABLE 4.1 

OPTIMIZED URF USING TVA MODEL - ANDERSON BRANCH 

DT T1 T2 T3 UP UR TL REI . 
Date (HR) (HR) (HR) (HR) (IN/HR) (IN/HR) (HR) (IN/HR) R^ 

12/25/75 0.25 4.50 6.75 60.00 0.080 0.026 14.8 0.152 0.97 

12/25/75 0.50 6.50 15.00 71.50 0.048 0.020 17.6 0.113 0.96 

12/31/75 0.25 5.00 6.25 39.25 0.120 0.036 9.1 0.070 0.98 

12/31/75 0.50 2.5 21.00 39.50 0.064 0.017 9.9 0.078 0.97 

01/26/76 0.25 1.75 2.25 14.50 0.160 0.129 4.6 0.080 0.99 

02/18/76 0.25 2.00 4.50 28.50 0.191 0.043 4.7 0.200 0.99 

03/28/76 0.25 1.00 3.00 13.75 0.200 0.109 3.7 0.350 0.94 

03/29/76 0.25 1.00 5.75 24.50 0.203 0.035 3.4 0.360 0.98 

05/15/76 0.25 0.25 2.50 9.50 0.259 0.146 2.5 0.047 0.98 

05/28/76 0.25 0.25 3.75 12.75 0.224 0.093 2.9 0.073 0.99 

06/20/76 0.25 0.50 1.50 16.75 0.063 0.065 7.3 0.528 0.98 

06/21/76 0.25 0.75 6.25 40.75 0.115 0.032 7.8 0.245 0.99 

11/25/76 0.25 0.75 7.00 24.75 0.146 0.041 4.6 0.147 0.99 
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TABLE 4.2 

OPTIMIZED URF USING TVA MODEL - BILL'S BRANCH 

DT T1 T2 T3 UP UR TL REI . 
DATE (HR) (HR) (HR) (HR) (IN/HR) (IN/HR) (HR) (IN/HR) R^ 

07/04/75 0.08 0.33 0.92 4.42 1.249 0.209 0.6 0.270 0.99 

07/08/75 0.25 0.75 2.00 6.00 0.610 0.148 1.2 0.138 0.93 
08/10/75 0.25 0.50 1.75 10.00 0.671 0.087 1.0 0.029 0.98 
10/08/75 0.25 2.25 2.50 9.25 0.265 0.191 3.2 0.032 0.96 
10/17/75 0.25 0.50 5.00 12.50 0.176 0.093 3.5 0.242 0.98 
11/07/75 0.25 1.00 2.25 12.75 0.297 0.113 3.0 0.086 0.92 
11/12/75 0.25 1.25 2.50 21.75 0.224 0.070 5.1 0.306 0.99 

11/30/75 0.25 0.75 1.25 17.50 0.201 0.104 4.9 0.596 0.91 
12/25/75 0.25 4.50 7.50 45.50 0.125 0.026 7.1 0.104 0.99 
12/25/75 0.50 2.00 12.00 45.00 0.094 0.020 7.2 0.102 0.98 
12/31/75 0.25 1.75 2.75 17.75 0.221 0.087 4.5 0.093 0.98 
01/03/76 0.25 0.75 5.50 21.25 0.123 0.065 5.5 0.073 0.99 
01/25/76 0.25 1.00 4.00 17.25 0.240 0.064 3.0 0.216 0.98 
02/18/76 0.25 1.50 11.50 32.00 0.113 0.023 5.8 0.192 0.96 

02/21/76 0.25 0.25 1.75 12.00 0.467 0.100 1.8 0.034 0.99 
03/05/76 0.25 1.25 2.25 7.25 0.355 0.200 2.1 0.033 0.94 

03/09/76 0.25 1.25 8.25 19.00 0.128 0.053 5.0 0.151 0.98 
03/21/76 0.25 0.50 4.25 19.50 0.241 0.051 2.8 0.264 0.98 
03/29/76 0.25 0.50 5.25 18.25 0.166 0.063 4.0 0.520 0.99 
05/15/76 0.25 0.50 7.00 25.75 0.161 0.034 4.0 0.220 0.98 
05/28/76 0.25 0.50 3.75 21.75 0.225 0.054 3.4 0.439 0.98 
06/19/76 0.08 0.42 0.75 2.33 1.208 0.570 0.6 0.120 0.93 

06/20/76 0.08 0.25 0.92 4.42 0.858 0.291 0.9 0.622 0.97 
06/25/76 0.25 0.7.5 3.00 8.25 0.522 0.578 1.3 0.107 0.96 
07/03/76 0.25 0.50 1.75 9.25 0.441 0.140 1.8 0.150 0.86 
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TABLE 4.3 

OPTIMIZED URF USING TVA MODEL - GREEN BRANCH 

DT T1 T2 T3 UP UR TL REI 
DATE (HR) (HR) (HR) (HR) (IN/HR) (IN/HR) (HR) (IN/HR) R^ 

12/15/75 0.25 1.00 3.00 35.25 0.155 0.045 8.3 0.091 0.98 

12/15/75 0.50 1.00 8.00 48.00 0.068 0.031 11.8 0.126 0.98-

12/25/75 0.25 6.76 13.00 46.00 0.071 0.027 11.4 0.083 0.99 

12/26/75 0.50 0.50 18.50 48.50 0.058 0.019 10.6 0.080 0.99 

12/31/75 0.25 0.25 3.5 18.00 0.219 0.069 3.4 0.105 0.94 

01/11/76 0.25 0.50 4.5 21.50 0.150 0.063 4.9 0.141 0.98 

01/13/76 0.25 0.75 2.25 12.25 0.392 0.097 2.0 0.435 0.97 

01/26/76 0.33 1.50 10.00 35.00 0.099 0.030 6.9 0.146 0.98 

02/18/76 0.25 0.25 2.75 30.75 0.264 0.042 4.7 0.140 0.96 

02/20/76 0.25 0.75 1.75 9.50 0.396 0.149 2.2 0.210 0.96 

02/29/76 0.25 1.50 8.00 19.50 0.167 0.037 4.0 0.253 0.96 

06/25/76 0.25 0.25 2.50 6.25 0.558 0.101 1.0 0.060 0.98 
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TABLE 4.4 

OPTIMIZED URF USING TVA MODEL - LOWE BRANCH 

DT T1 T2 T3 UP UR TL REI 
DATE (HR) (HR) (HR) (HR) (IN/HR) (IN/HR) (HR) (IN/HR) R^ 

06/12/75 0.08 1.58 2.17 11.75 0.461 0.099 1.9 0.235 0.95 

09/23/75 0.25 0.75 3.25 12.0 0.329 0.083 2.0 0.398 0.99 

10/17/75 0.25 1.25 3.00 16.25 0.293 0.075 2.8 0.063 0.99 

03/29/76 0.25 1.25 6.75 22.50 0.219 0.025 3.1 0.396 0.96 

05/14/76 0.25 1.75 18.00 70.00 0.046 0.017 15.2 0.156 0.99 

05/14/76 0.50 1.00 18.50 71.00 0.044 0.017 15.4 0.106 0.99 

05/28/76 0.25 1.00 13.50 62.25 0.054 0.021 13.7 0.108 0.98 

05/28/76 0.50 1.00 13.50 60.00 0.055 0.021 13.0 0.076 0.98 

06/20/76 0.25 0.75 2.25 12.00 0.335 0.111 2.5 0.512 0.98 

07/03/76 0.25 1.25 7.00 23.75 0.124 0.050 5.5 0.139 0.98 
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TABLE 

NORf^LIZED URF -

Date Tl/TL T2/TL 

12/25/75 0.36 0.85 

12/31/75 0.55 0.69 

01/26/76 0.38 0.50 

02/18/76 0.43 0.96 

03/28/76 0.27 0.80 

03/29/76 0.29 1.69 

05/15/76 0.10 1.00 

05/28/76 0.09 1.29 

06/20/76 0.07 0.21 

06/21/76 0.10 0.80 

11/25/76 0.16 1.52 

4.5 

ANDERSON 

T3/TL 

4.04 

4.30 

3.15 

6.06 

3.72 

7.20 

3.80 

4.39 

2.30 

5.22 

5.26 

BRATJCH 

UP * TL UR * TL 

0.848 0.348 

1.086 0.327 

0.738 0.593 

0.907 0.202 

0.746 0.403 

0.686 0.119 

0.635 0.365 

0.640 0.270 

0.460 0.475 

0.898 0.250 

0.668 0.189 
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TABLE 4.6 

NORMALIZED URF - BILL'S BRANCH 

Date Tl/TL T2/TL T3/TL UP * TL UR * TL 

07/04/75 0.55 1.53 7.37 0.749 0.125 
07/08/75 0.63 1.67 5.00 0.732 0.178 
08/10/75 0.50 1.75 10.00 0.671 0.087 
10/08/75 0.16 0.78 2.89 0.848 0.611 
10/17/75 0.14 1.43 3.57 0.616 0.326 
11/07/75 0.33 0.75 4.25 0.891 0.339 
11/12/75 0.24 0.49 4.26 1.142 0.357 
11/30/75 0.15 1.25 3.57 0.985 0.510 
12/25/75 0.63 1.06 6.41 0.888 0.185 
12/31/75 0.39 0.61 3.95 0.995 0.392 
01/03/76 0.14 1.00 3.86 0.676 0.358 
01/25/76 0.33 1.33 5.75 0.720 0.192 
02/18/76 0.25 1.98 5.52 0.655 0.133 
02/21/76 0.14 0.97 6.67 0.841 0.180 
03/05/76 0.60 1.07 3.45 0.745 0.420 
03/09/76 0.25 1.65 3.80 0.640 0.265 
03/21/76 0.18 1.52 6.96 0.678 0.143 
03/29/76 0.13 1.31 4.56 0.664 0.252 
05/15/76 0.13 1.75 6.44 0.644 0.136 
05/18/76 0.15 1.10 6.40 0.765 0.184 
06/19/76 0.70 1.25 3.88 0.725 0.342 
06/20/76 0.28 1.02 4.91 0.953 0.323 
06/25/76 0.58 2.31 6.35 0.679 0.751 
07/03/76 0.28 1.35 5.14 0.794 0.252 
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Date Tl/TL 

12/15/75 0.12 

12/25/75 0.59 

12/26/75 0.05 

12/31/75 0.07 

01/11/75 0.10 

01/13/76 0.38 

01/12/76 0.22 

02/18/76 0.05 

02/20/76 0.34 

02/29/76 0.38 

06/25/76 0.25 

TABLE 4.7 

NORflALIZED URF - GREEN 

T2/TL T3/TL 

0.36 4.25 

1.14 4.04 

1.74 4.58 

1.03 5.29 

0.92 4.39 

1.13 6.13 

1.45 5.07 

0.59 6.54 

0.79 4.32 

2.00 4.88 

2.50 6.25 

BRANCH 

UP * TL UR * TL 

1.286 0.374 

0.809 0.308 

0.615 0.201 

0.745 0.235 

0.735 0.309 

0.784 0.194 

0.683 0.207 

1.241 0.197 

0.871 0.328 

0.668 0.148 

0.558 0.101 
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Date Tl/TL 

06/12/75 0.83 

09/23/75 0.38 

10/17/75 0.27 

03/29/76 0.40 

05/14/76 0.11 

05/28/76 0.08 

06/20/76 0.30 

07/03/76 0.23 

TABLE 

NORMALIZED URF 

T2/TL 

1.14 

1.63 

1.07 

2.18 

1.18 

1.04 

0.90 

1.27 

4.8 

- LOWE 

T3/TL 

6.18 

6.00 

5.80 

7.26 

4.60 

4.62 

4.80 

4.32 

BRANCH 

UP * TL UR * TL 

0.876 0.188 

0.658 0.166 

0.820 0.210 

0.679 0.078 

0.699 6.258 

0.715 0.273 

0.838 0.278 

0.683 0.275 
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KTl, KT2, KT23 and KT3 were the coefficients of regression analysis 

and represented the best estimate of the mean coordinates of the nor 

malized URF (NURF) parameters. The statistical analyses of the NURF 

parameters are listed in Tables 4.9 through 4.14. Graphical representa 

tion of the linear regression analysis is depicted in Appendix B. The 

variation of the normalized URF parameters and those obtained through 

regression analysis are shown graphically in Figures 4.1 through 4.4. 

The basin NURF optimized from all the New River Basin watershed URFs 

is shown in Figure 4.5 along with NURFs for other land uses reported 

by Troxler and Overton [54]. 

Lag Modulus 

Lag modulus for each storm URF was optimized using equation 3.12. 

The variation of lag modulus policy space for each watershed using 

this equation can be observed in Table 4.15. This table also shows the 

policy space variation of the weighted rainfall excess intensity and 

lag time associated with each watershed. 

Two methods were used to establish a lag modulus for each water-

shed. The first method simulated the watershed lag modulus as the mean 

of all lag modulus observed on that watershed, The second method 

simulated the watershed lag modulus by substituting the average water 

shed lag time and average watershed weighted rainfall excess intensity 

into equation 3.12. This lag modulus is referred to as the average 

lag modulus, 

Equation 3.11 was optimized using principle components regression 

to regionalize the lag modulus simulator, The matrix used in evaluat-

ing equation 3.11 as a regionalization model is shown in Table 4.16. 
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FIGURE 4.1 

STATISTICAL URF VERSUS NORMALIZED URF - ANDERSON BRANCH 
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FIGURE 4,2 

STATISTICAL URF VERSUS NORMALIZED URF - BILL'S BRANCH 
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VERSUS NORMALIZED URF - GREEN BRANCH 
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TABLE 4.15 

WATERSHED POLICY SPACE VARIATION OF WEIGHTED RAINFALL EXCESS (REI), 
LAG TIME (TL) AND LAG WDULUS (y) 

Anderson Bill's Green Lowe 
Watershed Branch Branch Branch Branch 

Mean REI 0.168 0.250 0.177 0.247 

CV (%)* 65 66 59 64 

Mean TL 6.095 3.411 5.857 5.778 

CV {%)* 70 54 54 84 

Mean y 2.738 1.821 2.417 2.738 

Minimum y 0.730 0.271 1.390 0.935 

Maximum y 7.071 3.972 3.840 7.245 

CV (%)* 49 57 36 34 

*CV is the coefficient of variation 
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TABLE 4.16 

miRU FOR WATERSHED LAG MODULUS SIMULATION 

Watershed ^AVG Mean y Area Percent Forest 

Anderson Branch 2.990 2.738 0.81 95 

Bill's Branch 1.802 1.821 0.67 88 

Green Branch 2.930 2.417 1.38 74 

Lowe Branch 3.300 2.738 0.92 98 

White Hollow* 3.540 2.68 100 

Upper Bear Creek* 4.44 2.48 100 

*Reported by Overton and Troxler [54] 
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Three different cases were considered in this matrix. Case I was 

based upon the average lag moduli calculated for the New River Water-

sheds. Case II used the mean lag moduli determined for the New 

River Watershed. Case III extended Case I by adding two additional 

Tennessee Valley watershed lag moduli reported by Troxler and Overton 

[54]. These two watersheds extend the range of the watershed size. 

These two watersheds have no mining activity, Results of the optimiz-

ation of these three cases are shown in Table 4.17. Case III was 

selected to simulate lag modulus since it has the largest sample size 

having the highest degree of freedom and represented basins ranging 

from approximately one-half to three squre miles. A plot of simulated 

versus observed lag modulus using this regionalization scheme is shown 

in Figure 4.6. 

Storm Hydroqraph Simulation 

The model TENN-I, described in Chapter III was used to simulate 

storm watershed hydro graphs, Input included the actual accumulative 

rainfall distribution at equal time intervals. In addition, observed 

storm hydrographs were provided to allow optimization of Curve Number. 

This assured that the rainfall excess volume of the simulated hydro 

graph would equal the runoff volume of the observed hydrograph, and 

thus establish a basis for comparing the two hydrographs, Rainfall 

excess intensity was distributed and determined using the SCS Curve 

Nunter model described earlier. 

The lag modulus simulation model, equation 3.11, incorporated 

the Case III optimized constants from Table 4.17 to simulate lag 

modulus. Weighted rainfall excess intensity was calculated from 
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TABLE 4.17 

RESULTS OF OPTIMIZING LAG MODULUS (y) 

Case Description Cl C2 C3 

Coefficient 
of 

Determination 

I 

II 

New River 
with 

^AVG 

New River 

with Mean 

Watersheds 

Watersheds 

y 

3.0385 

1.4539 

0.0781 

0.0464 

-7.0500 

-3.0304 

0.97 

0.87 

III All Six Watersheds 
From Table 4.16 

With y 
AVG 

0.6430 0.0236 0.0251 0.75 
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OBSERVED VERSUS SIMULATED LAG MODULUS 



94 

equation 2.11. Lag time for a storm was calculated from equation 3.12. 

Once the lag time was established for a storm, a URF was simulated 

from the NURF constants obtained from all of the New River Basin Water 

sheds. KUR, KTl, KT2 and KT3 were used to simulate the URF from the 

Basin NURF. This URF was then convoluted with the rainfall excess time 

distribution to simulate a storm hydrograph. Storm hydrograph simula 

tion results are tabulated in Tables 4.13 through 4.21. No effort was 

made to censor these storms. Several of these storms are multiple 

burst rain storms. Examples of good, fair, and poor fits between 

observed and simulated hydrographs are shown in Figures 4.7 through 

4.11. Figures 4.7 and 4.8 are the result of multiple rainfall burst 

storms. Figures 4.9 through 4.11 are the result of single burst 

storms. The effect of changing rainfall abstraction time increments 

from thirty minutes to fifteen minutes is displayed in Figures 4.12 

and 4.13. 

Erosion Simulation Model 

Evaluation of ERODE-I 

The erosion simulator model, ERODE-I, was evaluated on erosion 

data generated by simulated rainfall of 42 Hawaii sites and 106 storms 

[124]. Soil loss from the rainfall events was generated for eleven 

Hawaii soil series on 35 and 75 foot plot lengths with slopes of up to 

19 percent. The data included the runoff hydrograph, the soil sedi-

graph and storm infiltration rates. The detachment, transport and 

reaction coefficients in the model were obtained through optimization 

of data grouped by soil type, instead of series. These soils were 
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grouped into four soil types—silty clay loam, silty clay, stoney 

fine sandy loam and very fine clay. Each of these soil types was 

additionally analyzed according to its dry and wet antecedent 

moisture conditions. A detailed evaluation of ERODE-I on the Hawaii 

soils is presented in Appendix A. A sunmary of those results are as 

follows: 

1. The erosion reaction constant (the ratio of the transport to 

shear detachment) was associated with soil type when plot length was 

factored out. 

2. The transport coefficient was found to be dependent upon 

soil particle size and density. 

3. The rainfall detachment rate coefficient was found to con 

tribute less than 10 percent to the erosion load rates. 

4. ERODE-I simulation of accumulative runoff and load compared 

well with the observed data. 

Spoil Bank Erosion Simulation 

Since rainfall simulator datawerenot available for the New River 

Basin spoil bank sites, the simulation of rainfall erosion events was 

accomplished by using the model coefficients optimized on the Hawaii 

data. This transference of information was based on two primary 

factors. First, the denuded, tilled and graded Hawaii test plots 

closely resembled the physical characteristics found on steep contour 

strip mined spoil banks during reclamation. Secondly, the soil in the 

New River region was classified as a silty clay topsoil, a soil type 

evaluated from the Hawaii data. 
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For the spoil bank erosion simulations presented in Tables 4.22 

through 4.24, an adjusted reaction coefficient of 2.45 and a transport 

coefficient of 15.5 were used. In the spoil bank soiladdition, was 

considered to be in a loose, uncompacted and tilled state, The ante-

cedent moisture condition was chosen such that any rainfall occurrence 

would result in imminent runoff. Thus the rainfall detachment coeffi 

cient would be negligible and a SCS Curve Number of 99 was used. 

These criteria approximate the worst conditions that might occur, be 

observed, or on which design would be based. Also, for the purpose of 

the examples herein, the average spoil bank's physical characteristics 

listed in Table 3.4 (page 65) were used as representative of the dif 

ferent watershed spoil banks. 

The rainfall events used herein are those stipulated as minimum 

design criteria by the Department of Interior, Office of Surface Mining, 

Reclamation and Enforcement [9]. In the case of overland flow, a tempo 

rary design requires a two year storm recurrence interval and a perma 

nent design requires a ten year storm recurrence. Both of these de 

signs must be capable of passing the peak flow resulting from the above 

respective storms, Since no duration was required on these storms, a 

thirty minute duration was assumed. This should provide a large peak 

with reasonably large accompanying volumes that would be of concern. 

In addition, the minimum storage volume for sedimentation ponds must 

be based upon the storage required for the runoff from the ten-year, 

24-hour precipitation event plus 0.1 acre-foot storage for sediment 

for each acre of upstream disturbed area, This requirement for sedi-

ment storage sets the sediment yield at 0.1 acre-foot for each acre 

disturbed. 
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loadFigures 4.14 through 4.16 show the hydrographs and rate 

on Bill's Branchgraphs resulting from the above erosion simulation 

spoil bank. 

Table 4.25 shows the spoil bank erosion simulation that could 

occur if all of the disturbed areas in the watershed displayed the 

conditions described in the above example at the same instant of 

time. Since these conditions do not occur uniformly over the entire 

be consideredwatershed at any specific time, these values should 

Method A inupper limits of the range of sediment yield magnitudes, 

bank in the water-this table was based upon the linear miles of spoil 

shed. Method B is based upon the total number of acres disturbed. 

Sediment Yield f-lodel 

in theLoad moduli were optimized for all six study watersheds 

New River Basin for both low flow and stormwater conditions. Sub 

stantial difference between the two occurred with the storm flow-load 

moduli being much higher. The watershed suspended sediment load moduli 

are listed in Table 4.26. These moduli were optimized using equation 

and concentrations.3.61 and a data base consisting of stormwater flow 

concentrations andLoad rates were determined by convoluting the flow 

the flow rate. The data base consisted of 43 storms that occurred in 

1976 and 1977. 

The regionalization model, equation 3.69, was evaluated by utiliz 

This model asserts that theing these optimized watershed moduli, 

watershed suspended load is equal to the suspended load produced from 

the disturbed areas plus the load produced and stored from the last 
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TABLE 4.26 

WATERSHED SUSPENDED SEDIMENT LOAD MODULI 

Load Modulus Coefficient Standard 
(LB/ACRE-IN Number of of Error of 

Basin of Runoff) Observations Correlation Estimate 

Anderson Branch 3737.69 130 0.79 733.3 

Bill's Branch 596.71 144 0.91 130.68 

Bowling Branch 352.18 121 0.86 78.4 

Green Branch 592.50 83 0.87 594.6 

Indian Fork 567.79 125 0.78 715.1 

Lowe Branch 4.40 74 0.74 4.4 
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storm event in the undisturbed areas, minus the load deposited in the 

watershed between the disturbed areas and the watershed outlet. Using 

the matrix of information presented in Table 4.27 the coefficients of 

the model Ci, C2, and C3 were optimized using principle components 

regression so as to filter out the interactive affects of the vari 

ables. The results of the optimization are shown in Table 4.28 and 

are compared with results obtained from an urban study [125]. 

Two separate optimizations were performed, The first optimiza-

tion included all the watersheds in the data base, The second optimiza-

tion was performed with Anderson Branch removed. This segregation was 

due to the significant difference in land use of the Anderson Branch 

watershed, i.e. mountain top removal, This censoring greatly improved 

the optimization results, A plot of the regionalized load moduli 

versus the observed load moduli using this set of coefficients is 

shown in Figure 4.17. 

Table 4.29 shows the results of simulating individual storm sus-

pended sediment load rates and total loads. These simulations were 

obtained by convoluting the watershed suspended sediment load modulus 

with the storm hydrograph, Anderson Branch simulations used the load 

modulus given in Table 4.26 , The other watershed simulations used 

the regionalized load modulus model, equation 3.69. Storms that did 

not have complete hydrographs or rainfall data from which a hydrograph 

could be produced were not simulated, since total storm loads could 

not be determined. 
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TABLE 4.27 

MATRIX FOR WATERSHED SUSPENDED LOAD MODULUS 
MODEL (STORM CONDITIONS) 

Basin 

Anderson Branch 

Observed 
Load Modulus 

(LB/ACRE-IN 
of Runoff) 

3737.69 

Percent 
Stripped 

(PS) 

8.1 

Percent 
Forest 
m 

91 

Lag 
Modulus 

(p) 
(HRS) 

2.99 

y * PF 

272.09 

Bill's Branch 569.71 10.8 88 1.80 158.40 

Bowling Branch 352.18 3.1 95 2.93 278.35 

Green Branch 592.50 24.1 74 3.30 244.20 

Indian Fork 567.79 20.0 78 12.33 366.60 

Lowe Branch 4.40 0.0 98 7.17 365.54 
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TABLE 4.28 

RESULTS OF OPTIMIZATION OF LOAD MODULUS 
MODEL (STORM CONDITIONS) 

Cl C2 C3 
2*

R 

All Six Stripped Basins -5.70 -2.67 1788.59 0.03 

Stripped 
Anderson 

Basins 
Branch 

Without 18.17 1.28 572.67 0.85 

5 Urban Basins (4 in 
Knoxville, Tennessee; 
1 in Durham, North 
Carolina) 

16.7 21.5 62.3 0.94 

*R^ is Coefficient of Determination 
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Simulated Effects of Strip Mining 

The following example simulations are presented to show how the 

models TENN-I, ERODE-I and LOAD-I may be used to investigate different 

aspects of contour strip mining on watersheds. 

Undisturbed Versus Heavily Mined 

A two-hour duration storm with a return period of five years was 

selected for demonstrating the simulation of the effects of watershed 

changes caused by mining a previously unmined watershed, Lowe Branch 

was used since it represents the only undisturbed watershed in the 

matrix. 

Hydrographs and sediment loadographs were simulated for Lowe 

Branch for the present zero percent disturbance and a projected 24 per 

cent disturbance. These conditions were simulated using TENN-I, the 

watershed runoff model and LOAD-I, the watershed load modulus model. 

The results are shown in Figure 4.18. 

Design rainfall volume was two and one half inches with a SCS 

Curve Number of 60. This change in land use doubled the peak flow and 

increased the runoff volume about 10 percent. With this induced strip 

ping, the sediment load increased from zero to 47 tons of sediment for 

the storm. 

Sediment Delivery Ratio 

Using the load modulus model, equation 3.69, a sediment delivery 

ratio, SDR, can be simulated. Defining the sediment delivery ratio as 

the ratio between the watershed output load to the total source load 

leads to the following 
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SDR = (4.1)
* PS + C3 

where is the watershed load modulus, is index of erosion load 

generated from equation 3.69, is index of the watershed stored 

sediment from equation 3.69, and PS is percent stripped. SDR may be 

considered a watershed constant if land use remains constant. As 

stripping activity increases, PS increases and PF, percent forest, 

decreases. Cp C2 and C3 of the load modulus model remain essentially 

constant for a given mining method. 

The results of using this method are shown in Table 4.30. 

Spoil Bank Load Modulus 

A comparison of load moduli simulated by the spoil bank erosion 

model was made with the load moduli derived from watershed suspended 

sediment loads. Independently, load modulus for the mean spoil banks 

can be simulated by using equation 3.57 and the same constants used 

in the earlier erosion simulations. 

By comparing equations 3.64, 3.66 and 3.69, the following expres 

sion for spoil bank load modulus from the watershed load model can be 

determined 

18.17 100% _ * RDb * ^ * = 
-^B (4.2)

Aw 

Hence, the mean spoil bank load modulus is 

RD„ 
115 = 18.17 (4.3)

1®; 

For conditions where the antecedent moisture conditions are saturated, 

i.e. Curve Number is 100, the ratio of runoff volume of the watershed 
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TABLE 4.30 

SIMULATED SEDIMENT DELIVERY RATIOS 

Watershed SDR * 100% 

Anderson Branch 52 

Bill's Branch 72 

Bowling Branch 43 

Green Branch 69 

Indian Fork 50 

Lowe Branch 18 
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to that of the spoil bank is approximately equivalent to the ratio 

of total area to disburbed area. The simulated load moduli for the 

spoil banks are listed in Table 4.31. Method A in the table calculated 

load modulus using equation 4.3. Medhod B in the table determined 

load modulus from equation 3.57. It is interesting to note that, for 

the time period considered in developing Table 4.31, only Anderson 

Branch and Bowling Branch were undergoing strip mining activity. 

Comparisons with Urbanization 

One of the major land uses today, urbanization, produces great 

impetus to convert more and more land to its use. As such, it is of 

interest to compare the effects of urbanization on stormwater with the 

effects of coal strip mining on stormwater. A comparison herein was 

made between Lowe Branch watershed and West Town Branch of Fourth 

Creek in Knoxville, Tennessee, an urban watershed, Lowe Branch was 

undisturbed, where West Town Branch has been converted by development 

to 45 percent impervious with a remaining 10 percent in forest. West 

Town is much flatter, as urban areas generally are, and has a long hist 

ory of farming and use for pasture, The two basins are comparable in 

size. Lowe Branch is 589 acres or 0.92 square miles, while West Town 

is 525 acres or 0.82 square miles. 

Lag modulus and load modulus were simulated for Lowe Branch for 

a condition of 24 percent total acreage disturbed. This is generally 

about the largest area possible to strip mine in the steep mountainous 

areas of Tennessee. For West Town, lag modulus and load modulus were 

simulated for the pre-urbanized or rural conditions. These results, 

as well as the observed load and lag moduli are presented in Table 4.32. 
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TABLE 4.31 

SIMULATED LOAD MODULI FOR SPOIL BANKS 

Watershed 
(TON

Method 

Load 

S/ACRE
A* 

Modulus 

-INCH RUNOFF) 
Method B** 

Anderson Branch 10.2 13.9 

Bill's Branch 8.4 20.0 

Bowling Branch 28.9 29.3 

Green Branch 3.8 17.6 

Indian Fork 4.6 27.0 

'^f'lethod A is based upon the Watershed Load Modulus Model. 

**Method B is based upon the Erosion Model. 
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The results show that both of the land use changes have a dramatic 

effect upon the lag modulus. In both cases, the lag modulus decreases. 

Thus, the lag time decreases and the peak flow of each watershed URF 

increases. afterHence, for a storm occurring on these two watersheds 

urbanization and mining have taken place, the time to peak flow would 

greatly decrease while the peak flow of runoff would considerably in-

crease. Urbanization, here, appears to have more of an effect on lag 

modulus and thus its watershed runoff peaks than strip mining does on 

its watershed runoff peaks. By contrast, strip mining of Lowe Branch 

to 24 percent produces a suspended sediment load per acre-inch of 

runoff that is only about 20 percent greater than that produced by 

urbanization of West Town. 
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CHAPTER V 

DISCUSSION 

Stormwater Simulation Model 

Unit Response Function 

The watershed URFs determined in this study showed considerable 

variability from watershed to watershed and from storm to storm. This 

variation was explained, to a large extent, by the variation in lag 

time and resulted in a single curve, NURF, from which all watershed 

URFs could be simulated. 

Other sdurces of variation observed in the optimized URFs can be 

explained in terms of natural and artificial inducements. The natural 

variations are caused by the nonuniformity of rainfall intensity, rain 

fall distribution and soil moisture conditions within the watershed 

during a storm event. Sources of artificial variance are twofold. The 

first source is base flow separation, a problem that has always plagued 

hydrologic studies. This separation of the storm hydrograph from the 

total watershed hydrograph can be minimized by observing the hydrograph 

to its complete recession, This allows the double triangle concept to 

be more effective. Separation of base flow in this study was accomp 

lished by using a straight line technique. With this method, a straight 

line is drawn from the first observed storm discharge to the last 

observed storm discharge on the recession hydrograph. The ordinates 

of this line represent base flow. 

The second source of artificial variance is induced by the ab 

straction time increment used to optimize a URF from an observed 
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hydrograph. Since the URF time parameters are restricted to integer 

values of DT, the time increment used in abstracting rainfall values, 

large values of DT will increase the probability that the "true" time 

parameters of the URF were not optimized. This variation in URFs 

caused by different DT values can be observed in Tables 4.1 through 

4.4 (pages 69-72). 

The URF time to peak parameter was the most critical value 

affected by this DT increment phenomenon, since it has the smallest 

time value. Thus, if the ratio of Tl/DT is small, large relative 

errors may be induced. For example, assume the "true" optimum value 

of T1 was 1.5, but DT was equal to 1. Then the best value for which 

T1 could be optimized would be either 1.0 or 2.0. This would result 

in a variance of at least 50 percent of the step size. Introduction 

of this type of an accuracy error into T1 could cause a chain reaction 

that would effect the optimization of all other URF parameters. 

The individual storm NURFs vary much the same as the URFs, 

although not to as great a degree. This variation or noise was most 

likely caused by the variation in the URF. 

Peak flows of the unit hydrograph have been widely recognized to 

be a function of rainfall excess intensity [43, 64] and thus of lag 

time. Correlations of lag time with URF peak flow were shown to be 

excellent with coefficients of determination in excess of 0.95. How 

ever, the coefficients of determination for T1 were not as good and 

varied from 0.39 to 0.89. Thus, weaker correlations are most likely 

the result of natural noise found in flow measurements, and the result 

of having a Tl/DT ratio less than four. 



134 

The correlations of lag time with the other URF time defining para 

meters were much stronger, These stronger correlations are the result 

of the time parameters to DT ratio being relatively large, Under this 

condition, the time parameter would not be as influenced by the DT bias. 

T23 was not optimized but was calculated from the URF optimized para-

meters Tl, T2, T3, UP and UR. The lower, but still good, correlations 

obtained for T23 are the results of bias present in the other para-

meters. T3, since it represents the duration of runoff, is obviously 

biased by the method used to separate base flow. 

To a large degree, the confidence that can be placed in the NURF 

regression coefficients for all four watersheds depends upon the number 

of data points available, Small samples of data points may be adversely 

affected by outliers. To minimize this problem, every storm was used in 

the optimization to determine the regression coefficients that define 

the basin NURF representative of strip mining. This NURF is shown in 

Figure 4.5 (page 88). Although this method reduces the influence of 

an outlier, it increases the influence of Bill's Branch watershed, 

since it accounts for the largest sample size. 

Although the data are scattered to some extent, this analysis 

has still shown that there is a definite positive relationship between 

lag time and time scale of its associated unit hydrograph and that 

flow ordinates are inversely related to lag time, It has also been 

shown that for the study watersheds there appears to exist a unique 

relationship between lag time and the URF, i.e. the NURF. Unique 

NURFs for other land uses within the Tennessee Valley have been re 

ported and are shown in Figure 4.5. It can be clearly seen from this 
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figure that the New River Basin NURF closely approximates that of the 

completely forested watersheds. 

Thus, given a lag time for a watershed with one of the land uses 

given in Figure 4.5 (page 88), the URF can be simulated from the NURF 

with that land use. This model results in a slight reduction of URF 

accuracy, but it does fulfill the objective of simulating URFs for any 

lag time within the context of the limitations and reliability of the 

data. 

Lag Modulus 

Lag modulus simulation is the key to URF simulation using TENN-I. 

Without it, lag time could not be determined from equation 3.12. Hence, 

the storm URF and watershed runoff hydrograph could not be simulated. 

Lag modulus was formulated assuming that the system was lumped 

and time invariant. For low intensity, short duration storms, it is 

questionable whether or not these conditions are met. Hence, the lag 

modulus formulation responds best to high intensity and/or long duration 

storms—storms whose watershed responses are of more interest. Under 

these latter storm conditions, the lumped, time invariant assumptions 

are realistic. Lumped assumptions were necessitated because of limited 

data availability. Under these assumptions, the lag modulus considers 

the land use and rainfall distribution patterns to be uniform across 

the watershed. Similarly, like the URF variation, the lag modulus 

variation will be greatest for small storm intensities as a result of 

nonuniform special rainfall distribution. 

The time invariant assumption required that during the period of 

analysis the land use remained constant, the antecedent moisture across 
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the watershed remained constant, and the ongoing mining activities did 

not change the watershed characteristics, such as drainage area and 

percent stripped. 

The variability of the lag moduli were smaller than the variation 

of its components, REI and lag time, as can be seen in Table 4.15 (page 

89 ). To equalize the influence of each watershed, only the mean lag 

modulus from each watershed was used to evaluate the regionalized lag 

modulus model. This regionalization scheme resulted in good estimation 

of the mean watershed lag moduli, as can be seen in Figure 4.6 (page 

92 ). 

Since lag modulus is a function of rainfall intensity and lag 

time, and since lag time is a function of storm volume, it might be 

possible to consider lag modulus on a frequency basis. This was sug 

gested by the plot shown in Figure 5.1. In this figure, the individual 

storm lag moduli of Bill's Branch were plotted versus the longest storm 

burst duration that occurred during that storm. Storms with less than 

0.05 weighted rainfall excess intensity were omitted. This curve 

suggests that lag modulus could be a function of storm duration. Only 

Bill's Branch was considered here because of its larger data base. 

Storm Hydroqraph Simulations 

The storm hydrograph simulation model, TENN-I, used in this study 

considered the watershed's response to rainfall to be lumped, time in 

variant and linear within a storm, In addition, it allowed the response 

to be time variant and nonlinear from storm to storm. 

In general, simulations of storms with low weighted rainfall excess 

intensity and/or small total runoff were poor. These storm,s are of 
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little hydraulic significance since hydraulic designs are generally 

based upon storms having much larger return periods. Small storms 

were poorly simulated because they often violate the basic assumptions 

of the lumped system. Uniform rainfall distribution and uniform ante 

cedent moisture conditions over the complete watershed area seldom 

exist for small storms or isolated thundershowers. As runoff volume 

and surface area decrease, flow is influenced more by the micro-

mechanics of the basin. Hence, the nonuniformity of the watershed 

geometry along with the nonuniformity of the land use become more 

critical. Accounting for the violations of the lumped assumptions 

would require a model based upon a micromechanic point of view opposed 

to a macromechanic point of view, Such a model would most likely 

become mathematically intractable. 

The use of the SCS Curve Number method resulted in an accurate 

volume determination. However, this method often caused the time to 

peak to be delayed. This resulted from simulating a substantial amount 

of storage before inception of runoff. The selection of a rainfall 

abstraction time was extremely critical to the simulation technique. 

For the storms simulated, a DT in excess of fifteen minutes often gives 

unreliable results. An example of this is shown in Figures 4.12 and 

4.13 Cpages 105 and 106). The DT in Figure 4.12 is fifteen minutes 

while it is thirty minutes in Figure 4.13. The lumping of rainfall 

caused by larger DT units can change the shape of the simulated hydro 

graph significantly. 

Multiple peak storms were generally well simulated as were rela 

tive short duration, intense storms and long duration, intense storms. 

Since these are the storms that are generally important for design. 
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the model was considered successful in fulfilling the objectives of 

adequately simulating storms of hydraulic significance. 

Erosion Simulation Model 

The erosion simulation model, ERODE-I, was evaluated using Hawaii 

rainfall simulator data. The variation in the reaction, transport and 

rainfall detachment coefficients was shown to be a function of soil 

type and soil moisture conditions. Simulation of the Hawaii rain and 

erosion events was excellent. A detailed discussion of the evaluation 

of the Hawaii data, the evaluated constants and the storm event simula 

tions can be found in Appendix A. 

The reaction, transport and rainfall detachment coefficients are 

lumped and time invariant. Hence, uniform special distribution of 

soil type, rainfall and soil characteristics over a uniform plane are 

the prerequisite assumptions. These assumptions are closely approxim 

ated for uniform planes or a series of uniform cascading planes where 

the soil is denuded, tilled and graded, such as the Hawaii test plots 

and steep contour spoil banks when reclamation is in progress. Under 

present requirements to save and replace topsoil, the uniform soil 

characteristics should be more closely approximated than in the past, 

at least during the reclamation and the early age of the spoil bank. 

Uniform rainfall over the site cannot be expected to occur for small 

events, but should occur for storm events of interest. 

Since the erosion coefficients were optimized on a time invariant 

basis, they should not be used to determine the erosion on an aged 

spoil bank. The spoil bank load moduli found from both ERODE-I and 

LOAD-I lend credence to this premise. The watershed load moduli 
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obtained by each of these methods displayed similar results when 

active watershed mining occurred during the period of analysis, i.e. 

new spoil banks were being created and reclaimed. As the spoil bank 

ages, vegetation growth increases, the soil settles, soil fines are 

washed away, armoring occurs, and rills develop that channelize flow. 

Hence, the soil erosion model should be used only on active mining 

and reclamation sites until additional erosion model constants are 

evaluated. 

Using three separate design storms, those required by the Office 

of Surface Mining, the erosion on a newly constructed spoil bank was 

simulated in Chapter IV for each watershed. It was assumed in these 

simulations that the spoil bank would have the same physical conditions 

as the average spoil bank in that watershed. The results from these 

simulations. Tables 4.22 through 4.24 (pages 109-111), showed that the 

calculated sediment storage volume required was always a factor of two 

less than the requirements of the Office of Surface Mining. 

Sediment Yield Model 

LOAD-I, the sediment yield model was derived from a mass balance 

of erosion source, deposition and suspended sediment loads, It was 

evaluated on data collected in the New River Basin. In evaluating the 

load modulus model, Anderson Branch was removed from the data set ' 

because it was shown to be an outlier caused by its similar but distinct 

land use. After removing Anderson Branch from the sample, LOAD-I re 

sults were greatly improved, as can be seen in Table 4.28 (page 120). 
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Simulation of observed storms using LOAD-I had mixed results. The 

time to peak and total load simulations were good. These simulations 

can be observed in Table 4.29 (page 122). The peak load rates were 

not well simulated in all cases. For extremely high flow rates, the 

simulated peak load rates were often much lower than the observed. 

The variation between simulated and observed peak flow rates has 

two possible explanations, Since the lag modulus is a lumped system, 

an outlier in the data could be responsible. It is unlikely that the 

lumped assumptions of land use, watershed characteristics and/or mining 

activities could have changed to account for this variation. The more 

likely explanation is that noise from data collection was responsible. 

Data samples were collected as grab samples from the middle of 

the stream at approximately thirty minute intervals. These samples 

were not duplicated. For extremely large storm flows it would be 

difficult to obtain a representative grab sample. In a streamflow 

discharge of 20 to 60 CFS it would be difficult to obtain a sample 

that could separate bedload from suspended load. This type of error 

is also supported by observation that total load simulations were 

excellent for larger storms with high flows. Since this type of 

watershed storm is generally considered important for design and the 

total loads are of more interest than the load rates, the model was 

considered successful in fulfilling the objectives of adequately simu 

lating loads from storms of hydrologic significance. 



'I 

142 

Recommendations 

The following recommendations are made: 

1. Lag modulus should be evaluated to study its within 

watershed variation. 

2. The SCS Curve Number model needs to be extensively evaluated 

and compared to infiltration observations. The Curve Number method has 

long been used to distribute rainfall excess, a use for which it was 

not intended. 

3. The models, TENN-I, LOAD-I, and ERODE-I show great potential 

and should be evaluated on other land uses to expand their usefulness. 

4. ERODE-I should be evaluated on actual spoil bank sites to 

further evaluate its effectiveness. 

5. ERODE-I constants should continue to be optimized from rainu-

lator test data collected by the United States Department of Agriculture 

for various soil types and soil conditions. 

6. The erosion simulator reaction constant is a function of length. 

This relationship needs to be extended and investigated for lengths 

beyond 75 feet. 

7. The erosion simulator rainfall detachment constant should be 

a function of rainfall intensity. In this study, the rainfall detach 

ment constant was evaluated at a constant rainfall rate. This relation 

ship should be investigated. 

8. Simulation of unit suspended sediment graphs should be in 

vestigated using a double triangle model approach similar to that used 

for the hydrologic URF herein. 
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CHAPTER VI 

SUMr^ARY AND CONCLUSIONS 

Study Objective 

The goal of this research study was to simulate the effects of 

steep contour coal strip mining on stormwater response and suspended 

sediment yield for small watersheds in the New River Basin, Tennessee, 

using mathematical modeling. To accomplish this objective, three 

mathematical models were used--a watershed stormwater response model 

(TENN-I), a soil erosion model (ERODE-I), and a watershed suspended 

load model (LOAD-I). 

Model Development and Evaluation 

Watershed Runoff 

The watershed stormwater response (hydrograph) simulator, TENN-I, 

was evaluated using storm data collected mainly from four small water 

sheds within the New River Basin ranging from 400 to 1400 acres in size. 

Three of the watersheds were undergoing or had experienced coal strip 

mining. The fourth was a virgin watershed. Using TENN-I, 54 storm 

runoff events were simulated using real-time rainfall distribution and 

measurable basin characteristics. These simulated stormswere compared 

with their associated observed storm hydrographs, The watershed charac-

teristics used in TENN-I were watershed area, percent forest and ante 

cedent moisture conditions. Very good agreement between the simulated 

and observed stormwater hydrographs was obtained for the storm events 

having large runoff volumes or long rainfall durations. Hydrographs 
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simulated using TENN-I for runoff events of short duration or low 

rainfall intensities did not agree with the observed storm hydro 

graphs as well as the previously mentioned simulations. 

TENN-I was developed in a series of previous studies [46, 52, 53, 

54], from a cumulative total of 26 rural and urban watersheds involv 

ing 349 storm events. TENN-I model parameters were simulated by the 

regionalization scheme developed in the last of the four studies [54]. 

Watershed Suspended Sediment Yield 

The suspended sediment yield model, LOAD-I, was developed and 

evaluated using storm data collected from six of the New River Basin 

watersheds. Two of the basins were undergoing active mining, Three 

of the watersheds had experienced previous mining, The last watershed 

was virgin. LOAD-I was derived from a mass balance formulation of the 

watershed erosion sources, deposition sinks and suspended sediment 

storage. Using the model, 21 suspended sediment storm events were 

simulated using observed storm runoff, surface drainage area and per 

cent forest as input. For each of these storms, total watershed sus 

pended sediment yield, the peak suspended sediment yield rate and the 

time to peak yield rate were simulated. Simulations of total suspended 

sediment yield and time to peak rate agreed well with the observed 

storms of interest, i.e. those with high runoff volume or long rain-

fall duration. Simulated peak suspended sediment yield rate did not 

always show good agreement with the observed for those storms of 

interest. 
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Spoil Bank Runoff and Soil Loss 

The soil erosion model, ERODE-I, was evaluated using runoff and 

suspended soil loss data observed on 106 rainulator storm events on 

42 Hawaii erosion plots. These plots consisted of 10 soil series 

which were composed of four basic soil types. These plot sites and 

soil types included both dry and wet antecedent moisture conditions. 

ERODE-I was derived from erosion mechanics and overland flow. Runoff 

response, accumulated runoff volume and total suspended sediment 

yield simulated by ERODE-I for the Hawaii storms were in excellent 

agreement with the observed. 

Using ERODE-I, soil loss was simulated for strip mined spoil banks 

undergoing storm events of design magnitude in the New River Basin. 

These rain storms were the 2 year 30 minute, the 10 year 30 minute and 

the 10 year 24 hour storms. ERODE-I model coefficients were trans 

ferred to the New River Basin, since the Hawaii and New River soil types 

were similar. Spoil banks were represented by a cascade of planes. 

The spoil bank surface during formation and reclamation was similar to 

the Hawaii conditions of disturbance, age and the physical characteris 

tics of the soil to include the denuded, tilled and graded surface con 

ditions. The soil loss from the spoil banks simulated from the above 

design storms in New River ranged from 0.007 to 0.051 acre-foot per 

acre of disturbed land. The largest soil loss volume resulted from the 

10 year 24 hour storm and was approximately half of the sediment yield 

value required for design by the Department of Interior, Offices of 

Surface Mining Reclamation and Enforcement. 
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Effects of Coal Mining on Runoff and 

Suspended Sediment Yield 

The effects of heavy mining activity were compared to a virgin 

watershed condition. Using TENN-I and LOAD-I, an undisturbed virgin 

watershed was considered to be subjected to heavy contour coal strip 

mining activity amounting to 24 percent of the watershed area. The 

comparison was performed using a design rain storm of four hours dura 

tion with a return period of five years. The effects of the simulation 

were dramatic. The peak runoff rate was doubled after the occurrence 

of mining and the time to peak was slightly reduced. Simulated water-

shed suspended sediment yield increased from less than one ton to 47 

tons of sediment for the storm! 

Comparison of Effects of Mining with 

Effects of Urbanization 

The effects of urbanization and contour coal strip mining on water 

sheds of similar size were simulated using TENN-I and LOAD-I. For 

comparison, an undisturbed virgin watershed was assumed to be subjected 

to steep contour coal mining amounting to a total disturbance of 24 

percent of the watershed area. The urbanized watershed was fully 

developed and its runoff and sediment response for the rural condition 

was simulated. For this simulation, the urbanization had a dramatic 

and profound effect on the stormwater runoff response. Although the 

strip mining also produced significant effects on its stormwater res 

ponse, the effects were less of an impact than the impacts of urbaniza 

tion on its stormwater response. By contrast the watershed subjected 
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to strip mining showed that its sediment yield expressed as pounds per 

acre-inch of runoff was approximately 20 percent greater than that of 

the urbanized basin for the same storm. 

Application of Simulation Models 

Outfall Location 

The simulation models, TENN-I, ERODE-I and LOAD-I, provide two 

alternative outfall locations within a watershed at which simulation 

can be accomplished (see Figure 6.1). If the simulated event is 

desired at a location near the disturbed areas, then ERODE-I would be 

the proper simulator, since its derivation was based on applications 

for sheet surface runoff and was experimentally verified on plots up 

to 75 feet in length. If the outfall is to be further away from the 

disturbed site, such as on a blue line stream, then TENN-I and LOAD-I 

would be applicable. 

Comparisons of simulated spoil bank and observed watershed average 

suspended sediment yields (see Tables 4.26 and 4.31, pages 117 and 129) 

indicate that the forested area between the spoil banks and the water 

shed outlet intervenes and acts as a filter. In addition, the sediment 

delivery ratios as well as the concentrations of the suspended solids 

would decrease as the outfall was located farther away from the erosion 

source, i.e. spoil banks. This was supported by the simulated water 

shed sediment delivery ratios, shown in Table 4.30 (page 127), which 

are considerably less than what would be expected at the toe of a spoil 

bank. 

Yet, as the event simulation location of interest moves farther 

away from the erosion source, the drainage area above the location point 
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will increase. This results in an increased total runoff volume past 

this outfall. Hence, as the site of the simulation moves closer to 

the spoil bank or erosion source, the total suspended yield will in 

crease and the runoff volume will decrease. Also, as the watershed 

area of the LOAD-I and TENN-I simulations approach the disturbed areas 

used in ERODE-I or vice versa, the results obtained from these models 

will be similar if all the models are being applied to the same 

disturbed site. 

Ungauqed Mining Areas 

ERODE-I, TENN-I and LOAD-I may be used to simulate events on un 

gauged as well as gauged catchments and watersheds. However, the condi 

tion under which these models were developed must be similar to the un-

gauged catchment and watershed conditions. For TENN-I and LOAD-I, 

this requirement is generally met when the geology, vegetation cover, 

terrain, mining type (steep contour coal mining), surface drainage and 

general climate are similar. Hence, if these models are applied to a 

dry barren mountainous region undergoing mountain top removal, for 

example, then considerable judgement of the modeler may be required. 

However, after analyzing a number of events from such a region, TENN-I 

and LOAD-I could then be used to more reliably simulate events for 

these conditions. 

ERODE-I, on the other hand, could be used on this last example or 

any other site as long as the soil type and physical soil conditions 

matched those that have been evaluated to date, Continued evaluation 

of new soil types and physical soil conditions will greatly extend the 

applicability and reliability of ERODE-I. 
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All three of these models can presently be reliably applied 

throughout the New River Basin and Eastern Tennessee and Kentucky 

coal region where the mining type is contour stripping. In addition. 

ERODE-I can be reliably applied in those regions for all known 

surface mining types. 

The ability of these models to simulate stormwater runoff and 

suspended sediment yield load from measurable, quantifiable and readily 

available watershed characteristics, provides a powerful tool for 

evaluating the effects of coal strip mining in planning and design. 
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APPENDIX A 

EVALUATION OF ERODE-I ON HAWAII SOILS 

Introduction 

The erosion simulation model, ERODE-I, was evaluated using soil 

loss data collected by the U.S. Department of Agriculture on Hawaiian 

soil using a rainfall simulator. The data, which has slopes up to 

19 percent, permitted continuing refinement and verification of the 

model as well as allowing the determination of detachment, transport 

and deposition coefficients as a function of soil type. 

In addition, integration of the erosion model produced a deriva 

tion of load modulus for each plot site. 

Derivation of ERODE-I 

The one-dimensional conservation of mass equation for sediment 

transport is 

3(hUpS) - 3 hr / X 
9X 

(A.l)3X ^^p^ ax ^ 

where 6 is sediment concentration, h is depth of flow, X is porosity of 

deposited sediment, t is time, y is local bed elevation. Up is average 
velocity of sediment, x is distance positive in direction of flow, 

Ep is sediment particle mass transfer coefficient, u is flow velocity, 

and $0 is local bed slope. The quantities above are illustrated in 

Figure A.l. 

Equation A.l is completely general for a rectangular cross-section 

for a dissolvedand differs from the conservation of mass equation 
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FIGURE A.l 

FLOW TRANSPORT SYSTEM 
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substance in that the second term on the left accounts for deposition 

or erosion of the bed. It is assumed that the sediment velocity equals 

the flow velocity. In addition, the term on the right hand side of 

equation A.l accounts for the dispersion of the material while it is 

suspended. This term is normally small by comparison to the other 

terms in the equation and is thus considered negligible. 

For steady state conditions, equation A.l may be expressed as 

follows 

3E 
B 

(A.2)“f * '^DT 3X 

where 

(A.3)Eg = Yg u6h 

Eg is the sediment weight transport rate per unit of width, is the 

specific gravity of sediment particles. Dp is the net soil particle 

weight detachment rate per unit area resulting from shear caused by 

flow, and R
DT is the net soil particle weight detachment rate per unit 

area resulting from rainfall impact. 

For unsteady flow, comparisons of A.l, A.2 and A.3 reveal that 

the following equation controls 

3E 
B 36h 

(A.4)^F + % 3X ' ^S 3X 

Shear detachment rate (Dp) is related to transport capacity (T^,) 

and sediment load (E3) in the following form 

Dp = C(T, - Eg) (A.5) 
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where C is a reaction rate coefficient or diffusion coefficient which 

is a function of both transport, detachment and slope length [101]. 

streamFurther, transport capacity (T^) may be expressed using 

sediment transport mechanics in the following form 

Tc = ^0 ^ (A.6) 

where Cj is a coefficient of transport that is a function of soil 

material properties, i.e. particle size and density and is expressed 

in units of Ibs/cu. ft.; q is overland flow per unit width; and Sg is 

slope of land profile. 

Combining A.4, A.5 and A.6 results in the following differential 

equation 

3E 
B 3h 

3X (A.7)^ ^s 3t ^ ^ ^0 ^ 

Under the assumptions of kinematic overland flow and for the case 

of the rising hydrograph, equation A.7 can be integrated to obtain the 

following for a single plane 

ER(X,t) = (l-e* 
cx 

(A.8) 

where Ig is the rainfall excess and is equal to 3h/3t from kinematic 

flow theory. 

The data used to evaluate ERODE-I is not presented herein because 

of its voluminous nature. It is available from the Agricultural Research 

Service, U.S. Department of Agriculture [124]. This data was obtained 

from situs rainulator tests conducted on several different denuded soil 

types. Each soil plot test was 12 feet wide and either 35 or 75 feet 
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long with slopes ranging from 3 to 19 percent, Available data included 

soil type, plot length, total rain, accumulated runoff distribution, 

accumulated soil loss distribution, storm (rainfall) distribution and 

infiltration rate distribution analysis, Tables A.l and A.2 are 

representative of data available. 

Because only accumulated runoff and soil loss data was available, 

soil erosion rates and flow rates were determined by using a cubic 

spline curve-fitting technique [126] to produce the rates necessary to 

evaluate the equation [127]. This method allowed all data points to be 

used, provided fast and accurate visual observation of the hydrograph, 

produced continuous derivatives at all points and allowed quick inter 

polation of any desired time. This method is easily modified to satisfy 

new or additional data and can indicate possible data errors readily 

through visual inspection of both accumulated and rate graphs repre-

sentations. Figures A.2, A.3 and A.4 are typical examples of erosion 

and runoff rate determinations of this method. 

Soil Constants from ERODE-I 

Soil properties which influence erosion by rainfall and runoff 

are those factors which affect infiltration capacity of a soil and those 

which affect the resistance of the soil to detachment and transport by 

falling or flowing water. The evaluation of these factors; average 

rainfall detachment, transport coefficient and reaction coefficient. 

from optimization of the erosion model are presented in Table A.3. 

Differing conditions of soil structure, particle size and gradation, 

organic content and soil permeability as well as physical site 
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TABLE A.2 

INFILTRATION RATE AS A FUNCTION OF TIME 

MOLOKAI-A SOIL 
Site 1 Plot I-Dry Site 1 Plot 2-DrY 

TTmT iNFILt. RAYE TM INFILt. RAT^ 
(MIN) (IN/HR) (MIN) fIN/HR) 

27.0 2.31 23.0 2.29 
28.0 2.30 24.0 2.28 
30.0 2.27 26.0 2.23 
32.0 2.24 27.0 2.18 
33.0 2.22 28.0 2.15 
34.0 2.17 30.0 2.06 
35.0 2.11 32.0 2.01 
36.0 2.08 33.0 1.81 
37.0 2.03 36.0 1.70 
38.0 1.97 38.0 1.69 
39.0 2.06 39.0 1.65 
40.0 2.02 42.0 1.49 
43.0 1.81 43.0 1.42 
46.0 1.58 45.0 1.38 
48.0 1.56 48.0 1.32 
49.0 1.53 50.0 1.27 
52.0 1.40 53.0 1.18 
57.0 1.43 34.5 1.13 
66.0 1.09 58.0 1.15 
67.0 1.12 63.0 1.12 
72.0 1.22 65.5 1.10 
73.0 1.24 68.0 1.05 
77.0 1.06 70.5 1.00 
87.0 1.33 73.0 0.95 
97.0 0.97 75.5 0.88 
107.0 0.97 81.0 0.94 
117.0 0.89 83.0 0.92 

87.0 0.89 
92.5 0.81 
93.0 0.82 
94.0 0.83 
95.5 0.86 
98.5 0.63 
99.5 0.65 

103.0 0.67 
104.5 0.68 
105.5 0.64 

110.5 0.84 
111.5 0.63 
114.0 0.64 
115.5 0.74 

119.0 0.93 

Source: Dangler, El-Swaify, Ahuja and Barnett [124] 
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characteristics are grouped and indicated by soil type classification, 

initial moisture conditions and plot length. 

Table A.3 displays the evaluated reaction coefficient, C, the 

transport coefratio of the soil detachment constant, Cq, to the soil 
consideredficient, Cy. These figures indicate that for the soils 

and conditions observed, these soils are more transportable than they 

are detachable. These observations are reasonable in light of the 

soil make up, since erodibility of soils decrease as the percentage 

of clay or organic matter (loam) content increases. Clay acts as a 

Most soilsbinder between particles and tends to limit detachment. 

with high clay content are relatively resistent to detachment by rain 

transmittedfall and runoff. Once eroded, however, clays are easily 

and settle out slowly [127]. 

in aAn increase in organic matter (loam) reduces erodibility 

different manner by maintaining a favorable structure which improves 

infiltrationits stability and permeability [127]. This increases 

amount of runoff.capacity and delays the start as well as reducing the 

to be well drained.All of the soils under investigation were reported 

After the start of a rainfall event, loam soils averaged a longer time 

to the beginning of runoff than did the fine clay soils. 

with littleVlell-drained and well-graded gravels and gravel sands 

or no silt are not easily erodible (detached). Coarse granular soils 

also have high permeabilities and good infiltration capacities which 

can either prevent or delay runoff [127]. 

Clayey soils are known to have higher water holding capacities 

and poorer infiltration characteristics relative to sands and gravels. 
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In this report, clayey soils are more vulnerable to erosion because 

they tend to increase the amount of runoff [127]. This can be ob 

served in Table A,3 by the increase in C values under wet conditions 

compared to C values under dry conditions for soils containing clay, 

i.e. the ratio of detachment to transport potential increases. The 

sandy soil on the other hand has a slight decrease or possibly no 

significant change from dry to wet conditions. 

The erosion reaction constant, C, is formulated in terms of unit 

slope length. Conversion of this constant to eliminate the slope 

length relation results in remarkably similar constants for soils 

having different slope length. These are tabulated in Table A.4. 

These figures suggest the possibility of producing a reaction constant 

for a soil type as a function of its initial moisture content, inde 

pendent of slope length. 

Optimized values for the transport coefficient, Cj, are presented 

in Table A.3. Cj is dependent upon particle size and density and 

differences in the observed values can be explained in this light. The 

silty clay is slightly less transportable than the silty clay loam for 

both the wet and dry conditions. However, both of these soils are con 

siderably less transportable under dry conditions. This can be 

attributed to clay losing or reducing its binding qualities under wet 

conditions and releasing smaller silt, loam and clay particles to be 

transported. 

The stoney fine sandy loam has just the opposite effect. The well-

drained material is more easily transported when dry rather than wet 

conditions prevail. Under high moisture conditions, this well-drained 
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C 

TABLE A.4 

ADJUSTED FOR LENGTH 

Silty Clay Loam Dry 

Wet 

35 

75 

35 

75 

C 

Adjusted 

1.4 
1.0 

2.4 
2.5 

Avg 
C 

1.2 

2.45 

Silty Clay Dry 

Wet 

35 

75 

35 

75 

1.0 

1.0 

2.1 

1.0 

2.1 

Stoney Fine Sandy Loam Dry 

Wet 

35 

35 

1.7 

1.4 

1.7 

1.4 

Very Fine Clay Dry 35 

75 
2.1 
1.3 

1.7 
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soil allows the extremely fine material to either pass deeper into the 

soil with infiltration or be transported away first leaving a layer of 

larger particles on the surface. This creates an armoring effect and 

decreases the transportability of soil under wet conditions for flows 

less than that previously encountered. 

The dry fine soil, according to Table A.3, displays the potential 

to be as transportable as the silty clay soils are when wet. 

rainfall deRpj, shown in Table A.3 (page 173), is the average 

tachment rate over the storm duration. Although some patterns and 

conclusions can be drawn from these optimized values, they are not 

strongly persuasive and require a larger data base to ascertain their 

true worth. The most pertinent observation is that in all cases the 

rainfall detachment term of the erosion model contributed less than 

10 percent of the significant load rates. 

The soils Rgj values indicate that rainfall detachment increases 

due to plot length for dry conditions and increases for wet conditions 

where plot length is under 35 feet. Several of the wet soil condi 

tions are negative. These could be attributable either to noise in 

the data since the rainfall detachment contribution is so low or 

possibly represent the effect of slowing down surface flow by the beat 

ing action of the raindrops, This latter phenomenon has been recog-

nized to occur in sheet or overland flow [128]. The implications of 

this is that the rainfall detachment term reacts as a deposition term 

as well as an erosion term. 
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Load Modulus 

The erosion model, A.8, when integrated over the duration of 

the storm results in the following load equation 

1-e" 
cx 

L = 
c T + Cj S vw + ^ R(|) (A.9) 

where L is load per unit width, T is storm duration, R(j) is total excess 

rainfall, and vw is volume of runoff per unit width, Since the load 

modulus is a representation of the sediment concentrations generated 

for significant flows and is defined as 

(A.10)" = W 

where y is the load modulus, x is the plane length, y "is the unit weight 

of soil, and 6 is the volume concentration of soil to water; then equ 

ation A.9 can be transformed into the following load modulus simulator 

1_ “CX j Cj Sx 
(A.ll)' IJCTT ^DT If ^ 

Equation A.ll was optimized using the Hawaiian data to obtain coef 
-cx

1-e C Cj
ficients that would represent the terms R and Once the

cx-1 DT cx-r 

from Table .coefficients were obtained values for and Cj were used 
A.3 (page 173) to obtain values of C. The results of this technique 

are listed in Table A.5. 

The similarity of the C values between the erosion model and the 

load modulus model are good. Discrepancies between the C values appear 

to be caused by variations in the ability to measure the runoff and 

erosion, i.e. noise in the raw data. This load modulus simulator 

allows the erosion model to be used since the concentration factor can 

be simulated. 
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TABLE A.5 

REACTION CONSTANT 

Load Modulus 
Coefficient 

of 

Determination 

Silty Clay Dry 35 0.75 
Loam 75 0.82 

Wet 35 0.85 
75 0.99 

Silty Clay Dry 35 0.88 
75 0.95 

Wet 35 0.90 
75 0.97 

Stoney Fine Dry 35 0.89 

Sandy Loam 
Wet 35 0.95 

Very Fine Dry 35 0.93 

Clay 75 * 

*Indicates value is missing. 

COMPARISON 

C from 

Load fiodulus 
Model 

0.0371 
0.0167 

0.0557 

0.0243 

0.0332 
0.0171 

0.0715 

0.0187 

0.0528 

0.0489 

0.0614 
* 

C from 
Erosion Model 

0.0428 
0.0128 

0.0685 

0.0334 

0.0291 
0.0141 

* 

0.0280 

0.0483 

0.0390 

0.0616 
0.0173 
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ERODE-I Simulation 

The erosion model, ERODE-I, is capable of simulating the time 

distribution of erosion mass transport rate as well as determining 

the total load at the end of a specific site slope per unit width for 

any real time storm or design storm rainfall distribution. This model 

has been developed into a Fortran computer program for the IBM 360. 

Input requirements are minimal and consist of the rainfall time distri 

bution, the slope, slope length, Manning-n value, SCS curve number, C, 

Cj and load modulus. A comparison of actual and simulated events using 

this model are presented in Figures A.5 and A.6. 

The event simulated in Figures A.5 and A.6 is for an average rain 

fall intensity of 2.4 inches per hour on a dry silty clay loam for a 

storm duration of two hours. The accumulated runoff in Figure A.5 com 

pares well. The observed total runoff being 1.59 inches as compared 

to 1.58 inches predicted by ERODE-I. The runoff rate produced by ERODE-I 

lags the runoff rate curve produced by the spline fitting technique. 

This difference is considered to occur due to the necessity of selecting 

what were felt to be reasonable values for certain hydrologic inputs, 

such as Manning-n values, that are not available in the Hawaiian published 

data. 

The soil loss events for this storm are shown in Figure A.6. The 

accumulated load compares well with the observed loads. The observed 

total soil loss was 8.44 tons per acre and the predicted loss was 8.70 

tons per acre. Differences in load rates are the results of mathema 

tical anomalies experienced because of small errors in data collection. 
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If the accumulated load of the 90 minute observation had been slightly 

lower, say 5.1 tons per acre instead of 5.3 tons per acre, the inflection 

point of the accumulated load would have moved to the right, This would 

cause the spline routine to simulate load rates that are more comparable 

to those produced by ERODE-I. 

The above example is representative of all simulations run on the 

Hawaiian data. The load curves, total loads and accumulated runoff 

show good approximations, while the rate curves ranged from fair to 

good. In comparing the rate curves, it must be remembered that the 

comparison is not between observed and predicted rate curves, but be 

tween two different techniques of simulation. 

The ERODE-I model and Lag Modulus model are functions of measur 

able site values and the constants in Table A.3 (page 173). The con-

will allow thesetinued determination of the constants C, Cj and Rqj 

models to be applied to ungaged sites. 
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APPENDIX B 

REGRESSION OF URF PARAMETERS 
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