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Chapter 1—Introduction

Chapter 1

Introduction
by
Chih Ted Yang

1.1 Background and Needs

Surface erosion, sediment transport, scour, and deposition have been the subjects of study by
engineers and geologists for centuries, due to their importance to economic and cultural
development. Most ancient civilizations existed along rivers in order to use the water supply for
irrigation and navigation. All rivers carry sediments, due to surface erosion from watersheds and
bank erosion along the river. Our understanding of the dynamic equilibrium between sediment
supply from upstream and a river’s sediment transport capability is important to the success of
river engineering design, operation, and maintenance.

Engineers built levees along rivers for flood control purposes. Reservoirs are built to ensure
water supply and flood control. Canals are built for water supply and navigation. Sustainable use
of these hydraulic structures depends on our understanding of the erosion and sedimentation
processes and how to apply them to hydraulic designs. For example, soil conservation practice,
check dams, sediment bypass devices, and sluicing are often used to reduce sediment inflow or
remove sediments from a reservoir to prolong the useful life of a reservoir. The dynamic
equilibrium, or regime, concept was used in the design of stable regime canals in India and
Pakistan. More recently, computer models have been developed to simulate and predict the
erosion and sediment transport, scour, and deposition processes.

There are many sediment transport books, such as those by Graf (1971), Yalin (1972), Simons
and Sentiirk (1977), Chang (1988), Julien (1995), and Yang (1996). These books were written
mainly as university textbooks for teaching and research purposes. There is a gap between
engineering and academic needs. Engineers often find it is difficult to apply erosion and
sediment transport theories they have learned from the classroom to solve river engineering
design problems. The American Society of Civil Engineers published the Manuals and Reports
of Engineering Practice No. 54 — Sedimentation Engineering in 1935 (Vanoni, 1975). The
erosion and sedimentation literature and methods summarized in that manual do not include those
developed and used in the past thirty years. There is a need to develop and publish an erosion and
sedimentation manual to summarize what we have learned in the past thirty years for the benefit
of practicing engineers and geologists.

1.2 Objectives

Engineers in the Bureau of Reclamation’s Sedimentation and River Hydraulics Group provide
technical assistance and conduct studies to meet the needs of other Reclamation offices and of
domestic and international water resources agencies. In addition to using the latest state-of-the-
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art technology, engineers in the Sedimentation and River Hydraulics Group often have to develop
new technology, methods, and computer programs for solving erosion, sedimentation, and river
hydraulic problems. All the authors of the Erosion and Sedimentation Manual are members of the
Sedimentation and River Hydraulics Group. Information, computer programs, and materials
included in the manual are based on proven technology existing in the literature and some of them
were developed by the authors for solving practical engineering problems. The objectives of
writing this manual are twofold: to summarize the authors’ experience and knowledge and to
share with the public what they have learned and used in solving erosion and sedimentation
problems. The Frosion and Sedimentation Manual is intended for engineers with basic
background and knowledge in open channel hydraulics, sediment transport, and river
morphology. The manual can also be used as a reference book for university professors, graduate
students, and researchers for solving practical engineering problems.

1.3 Manual Organization

This manual contains nine chapters and three appendices. Each chapter is self-contained,
with an introduction, summary, and a list of references. Cross references are made to
avoid duplications of materials in different chapters. Basic theories, concepts, and
approaches in erosion, sediment transport, river morphology, computer modeling, and field
survey are reviewed and summarized in the manual. Examples are used to illustrate how to use
the methods and programs contained in the manual. Materials contained in each chapter and
appendix are briefly summarized as follows.

Chapter 1 - Introduction

Chapter 1 describes the background, needs, and objectives of preparing and publishing this
manual.

Chapter 2 - Erosion and Reservoir Sedimentation

Chapter 2 describes and evaluates empirical approaches based on the universal soil loss equation
and its modified versions and the determination of sediment yield as a function of drainage area,
drainage classification, or from direct measurements. The physically based approach is derived
from the unit stream power theory for erosion and sediment transport and the minimum unit
stream power or minimum stream power theory governing the river morphologic processes. Field
data were used to compare the accuracy and applicability of the empirical and physically based
approaches. The concept and approach used in developing the Generalized Sediment Transport
model for Alluvial River Simulation (GSTARS) computer models GSTARS 2.1, GSTARS3, and
GSTAR-W are summarized. It shows how a systematic approach based on consistent theories
can be used to develop a model to simulate and predict the erosion and sediment transport, scour,
and deposition processes in rivers and reservoirs in a watershed. This chapter ends with a
summary of technology used in the determination of reservoir sediment trap efficiency, sediment
density, and sediment distribution in a reservoir using conventional methods and the minimum
unit stream power or minimum stream power methods.
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Chapter 3: Noncohesive Sediment Transport

This chapter starts with the subject of incipient motion, followed by sediment transport functions
based on regime, regression, probabilistic approaches, and deterministic approaches. Most of the
commonly used sediment transport equations are summarized and compared. In addition to the
conventional approaches, stream power, unit stream power, power balance, and gravitational
power theories are summarized and compared. To address the impacts of fine sediment or wash
load on sediment transport, the subject of nonequilibrium sediment transport is also included.
This chapter ends with recommendations for selecting appropriate equations under different
hydraulic and sediment conditions.

Chapter 4 - Cohesive Sediment Transport

The current level of understanding on cohesive sediment transport of fine matters is relatively
primitive when compared with that of noncohesive sediment transport. This does not mean
cohesive sediment transport is of less importance. Most pollutants are attached to and transported
with fine sediments. The U.S. Environmental Protection Agency (2001) has identified sediment
as the number one pollutant in the United States. This chapter summarizes cohesive sediment
transport theories and experimental methods for determining erosion parameters. Computer
models, especially the GSTARS3 and GSTAR-1D models, can be used to simulate the transport
processes of cohesive sediments.

Chapter 5 - Sediment Modeling for Rivers and Reservoirs

This chapter starts with the numerical modeling cycle, followed by basic equations used in one- ,
two-, and three-dimensional models. Numerical solution methods, such as finite difference, finite
element, and finite volume methods are introduced and compared. The stream tube concept and
minimum total stream power theory are used in the development of the GSTARS. Examples of
application of GSTARS 2.1 and GSTARS3 computer models are included to illustrate how the
models can be applied to simulate and predict the sedimentation processes in rivers and
Teservoirs.

Chapter 6 — Sustainable Development and Use of Reservoirs

Sedimentation is a sure way to shorten the useful life of reservoirs. Due to environmental,
political, social, economic, and geological considerations, sustainable development and use of
reservoirs must be considered in the planning, design, construction, and operation of new
reservoirs. For existing reservoirs, engineering methods should be developed and applied to
prolong their useful life. This chapter provides a brief description of the planning process and
design considerations for hydraulic structures to reduce sediment inflow to a reservoir and to
sluicing sediment from a reservoir. Sediment management methods for large and small reservoirs
are described and compared. Reservoir operation rules for different types of reservoirs are
recommended, and sedimentation and prevention costs are included for engineers to consider.
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GSTARS 2.1, GSTARS3, GSTAR-1D, GSTAR-W, and economic models are introduced as
technical tools that are available for engineers to apply for analyzing and solving sedimentation
problems.

Chapter 7 — River Processes and Restoration

A river is a dynamic system. Engineers must understand factors and principles governing river
processes. Engineering design and construction of hydraulic structures without taking these
factors and principles into consideration may not last long and may not serve the basic functions
of rivers. Many existing hydraulic structures have been redesigned or modified in recent years to
restore a river’s basic functions. This chapter describes the geomorphic processes and possible
disturbances affecting the river corridor. Analytical approaches for hydrologic, hydraulic, and
sediment transport studies are summarized. Restoration options and treatments using structural
and nonstructural measures are discussed and included in this chapter.

Chapter 8 — Dam Decommissioning and Sediment Management

More than 76,000 dams that are at least 6 feet high exist in the United States. While the great
majority of these dams still provide beneficial use and function to the society, some of the dams
may need to be decommissioned. Reasons for decommissioning include, but are not limited to,
economics, dam safety and security, legal and financial liability, ecosystem restoration, and
recreation considerations. This chapter describes reservoir sediment management problems and
engineering considerations of dam decommissioning. Sediment management alternatives include
no action, sediment removal by river erosion and by mechanical means, and stabilization. Special
attention is paid to analysis methods for river erosion of reservoir sediments and their impacts on
downstream river reaches.

Chapter 9 —Reservoir Survey and Data Analysis

Reservoir sedimentation is an ongoing natural depositional process that can remain below water
and out of sight for a significant portion of the reservoir life, but lack of visual evidence does not
reduce the potential impact. Reservoir sediment models have been developed for analyzing and
solving sediment problems. Calibration and confirmation of these models can be achieved with
accurate field data. This chapter presents methodology to measure reservoir bathymetry or
topography with the goal of accurately updating reservoir sedimentation and storage capacity
information in a timely and cost-efficient matter. Reclamation’s Sedimentation and River
Hydraulics Group continuously upgrades their technical procedures to reflect ever-changing
technology, and the majority of the techniques provided are from experience gained. This chapter
provides guidelines, techniques, and information for planning, collecting, analyzing, and
reporting reservoir and river survey studies with the ultimate goals of preservation of the
information and uniformity of collection and analysis.

Appendix I - Notation

Appendix Il - Conversion Factors
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Appendix Il — Physical Properties of Water
Author Index

Subject Index

1.4 Summary

The Erosion and Sedimentation Manual provides a comprehensive coverage of subjects in nine
chapters (i.e., introduction, erosion and reservoir sedimentation, noncohesive sediment transport,
cohesive sediment transport, sediment modeling for rivers and reservoirs, sustainable
development and use of reservoirs, river processes and restoration, dam decommissioning and
sediment management, and reservoir surveys and data analysis). Each chapter is self-contained,
with cross references of subjects that are discussed in different chapters of this manual. The
manual also includes a list of commonly used notations used in the erosion and sedimentation
literature, conversion factors between the Imperial and metric units, physical properties of water,
and author and subject indexes for easy reference. Each chapter has a list of references for
readers who would like to seek out more detailed information on specific subjects. The manual
should serve as a useful book for researchers, university professors and graduate students, and
engineers in solving erosion and sedimentation problems.
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Chapter 2

Erosion and Reservoir Sedimentation
by
Timothy J. Randle, Chih Ted Yang, Joseph Daraio

2.1 Introduction

As a result of runoff from rainfall or snowmelt, soil particles on the surface of a watershed can be
eroded and transported through the processes of sheet, rill, and gully erosion. Once eroded,
sediment particles are transported through a river system and are eventually deposited in
reservoirs, in lakes, or at sea. Engineering techniques used for the determination of erosion rate
of a watershed rely mainly on empirical methods or field survey. This chapter reviews and
summarizes these empirical methods.

During the 1997 19th Congress of the International Commission on Large Dams (ICOLD), the
Sedimentation Committee (Basson, 2002) passed a resolution encouraging all member countries
to (1) develop methods for the prediction of the surface erosion rate based on rainfall and soil
properties, and (2) develop computer models for the simulation and prediction of reservoir
sedimentation processes. Yang et al. (1998) outlined the methods that can be used to meet the
goals of the ICOLD resolution. This chapter presents a physically based approach for erosion
estimation based on unit stream power and minimum unit stream power theories. Details of the
theories are given in Chapter 3 and in Yang’s book, Sediment Transport: Theory and Practice
(1996). This chapter also summarizes methods for the estimation of sediment inflow and
distribution in a reservoir, based on empirical and computer model simulation.

2.2 Empirical Approach for Erosion Estimation

Sediment yield is the end product of erosion or wearing away of the land surface by the action of
water, wind, ice, and gravity. The total amount of onsite sheet, rill, and gully erosion in a
watershed is known as the gross erosion. However, not all of this eroded material enters the
stream system. Some of the material is deposited as alluvial fans, along river channels, and
across flood plains. The portion of the eroded material that is transported through the stream
network to some point of interest is referred to as the sediment yield. Therefore, the amount of
sediment inflow to a reservoir depends on the sediment yield produced by the upstream
watershed. The factors that determine a watershed’s sediment yield can be summarized as
follows (Strand and Pemberton, 1982):

Rainfall amount and intensity

Soil type and geologic formation

Ground cover

Land use

Topography

Upland erosion rate, drainage network density, slope, shape, size, and alignment of
channels
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e  Runoff
e Sediment characteristics—grain size, mineralogy, etc.
e Channel hydraulic characteristics

Most of the empirical approaches for the estimation of erosion rate are based on one of the
following methods:

e Universal Soil Loss Equation (USLE) or its modified versions
e Sediment yield as a function of drainage area
e Sediment yield as a function of drainage characteristics

Empirical equations are developed using data collected from specific geographical areas;
application of these equations should be limited to areas represented in the base data. Some
investigators have attempted to revise or modify the USLE to apply it to areas other than the
Central and Eastern United States.

2.2.1 Universal Soil Loss Equation

Soil erosion rates on cultivated land can be estimated by the use of the Universal Soil Loss
Equation (Wischmeier and Smith, 1962, 1965, 1978). This method is based on statistical
analyses of data from 47 locations in 24 states in the Central and Eastern United States. The
Universal Soil Loss Equation is:

A= RKLSCP 2.1)
where = computed soil loss in tons/acre/year,
rainfall factor,
soil-erodibility factor,
slope-length factor,
slope-steepness factor,
cropping-management factor, and
= erosion-control practice factor.

TAYNxR R >
Il

The rainfall factor R accounts for differences in rainfall intensity, duration, and frequency for
different locations; that is, the average number of erosion-index units in a year of rain. Locational
values of the R-factor can be obtained for the central and eastern parts of the United States from
Figure 2.1. The R-factor thus obtained does not account for soil loss due to snowmelt and wind.

The soil-erodibility factor K is a measure of the intrinsic susceptibility of a given soil to soil
erosion. It is the erosion rate per unit of erosion-index for a specific soil in cultivated, continuous
fallow, on a 9-percent slope, 72.6 feet long. The K-factor values range from 0.7 for highly
erodible loams and silt loams to less than 0.1 for sandy and gravelly soil with a high infiltration
rate. Table 2.1 shows the K values for the Central and Eastern United States, recommended by
Wischmeier and Smith (1965).
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Figure 2.1. Isoerodent map of the R-factor values for the eastern portion of the
United States (Wischmeier and Smith, 1965).

The slope-length factor L accounts for the increased quantity of runoff that occurs as distance
from the top of the slope increases. It is the ratio of the soil loss from a given slope length to that

from a 72.6-foot length, with all other conditions the same.

The slope-steepness factor S accounts for the increased velocity of runoff with slope steepness. It
is the ratio of soil loss from a given slope steepness to that from a 9-percent slope. The effects of

slope length and steepness are usually combined into one single factor; that is, the LS factor,

which can be computed by:

where

A
0

3

LS =(4/72.6)" (65.41sin>  + 4.56sin O +0.065)

= actual slope length in feet,
= angles of slope, and
an exponent with value ranging from 0.5 for slope equal to or greater than

5 percent to 0.2 for slope equal to or less than 1 percent.

(2.2)
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Table 2.1. Relative erodibilities of key soils in the Central and Eastern United States
(Wischmeier and Smith, 1965)

Location where
Soil evaluated K-factor
Dunkirk silt loam Geneva NY 0.69
Keene silt loam Zanesville OH 0.48
Shelby loam Bethany MO 0.41
Lodi loam Blacksbury VA 0.39
Fayette silt loam LaCrosse WI 0.38
Cecil sand clay loam Watkinsville GA 0.36
Marshall silt loam Clarinda IA 0.33
Ida silt loam Castana IA 0.33
Mansic clay loam Hays KS 0.32
Hagerstown silty clay loam State College PA 0.31
Austin clay Temple TX 0.29
Mexico silt loam McCredie MO 0.28
Honeoye silt loam Marcellus NY 0.28
Cecil sandy loam Clemson SC 0.28
Ontario loam Geneva NY 0.27
Cecil clay loam Watkinsville GA 0.26
Boswell fine sandy loam Tyler TX 0.25
Cecil sandy loam Watkinsville GA 0.23
Zaneis fine sandy loam Guthrie OK 0.22
Tifton loamy sand Tifton GA 0.10
Freehold loamy sand Marlboro NJ 0.08
Bath flaggy loam Arnot NY 0.05
Albia gravelly loam Beemerville NJ 0.03

Figure 2.2 expresses Equation (2.2) graphically. The results in Figure 2.2 were later extended to
a slope length of 1,000 feet as shown in Table 2.2 (Wischmeier and Smith, 1978).

The cropping-management factor C accounts for the crop rotation used, tillage method, crop
residue treatment, productivity level, and other agricultural practice variables. It is the ratio of
soil loss from a field with given cropping and management practices to the loss from the fallow
conditions used to evaluate the K-factor. The C-factor for an individual crop varies with the stage
of crop growth, as shown in Table 2.3.
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Figure 2.2. Topographic-effect graph used to determine LS-factor values for different

slope-steepness—slope-length combinations (Wischmeier and Smith, 1965).

Table 2.2. Values of the topographic factor LS for specific combinations of slope length and steepness

(Wischmeier and Smith, 1978)

Percent Slope length (feet)

slope 25 50 75 100 150 200 | 300 | 400 500 600 800 | 1,000
02 | 0060 | 0.069 | 0075 | 0.080 | 0.086 | 0.092 | 0.099 | 0.105 | 0.110 | 0.114 | 0.121 | 0.126
05 | 0073 | 0.083 | 0.090 | 0.096 | 0.104 | 0.110 | 0.119 | 0.126 | 0.132 | 0.137 | 0.145 | 0.152
08 | 0.086 | 0.098 | 0107 | 0.113 | 0.123 | 0.130 | 0.141 | 0.149 | 0.156 | 0.162 | 0.171 | 0.179
2 0.133 | 0.163 | 0.185 | 0201 | 0.227 | 0.248 | 0.280 | 0.305 | 0.326 | 0.344 | 0.376 | 0.402

3 0.190 | 0233 | 0264 | 0.287 | 0325 | 0.354 | 0.400 | 0.437 | 0466 | 0492 | 0.536 | 0.573

4 0.230 | 0303 | 0357 | 0.400 | 0471 | 0528 | 0.621 | 0.697 | 0.762 | 0.820 | 0.920 | 1.01

5 0268 | 0379 | 0464 | 0536 | 0.656 | 0758 | 0.928 | 1.07 | 120 | 131 | 152 | 1.69

6 0336 | 0476 | 0583 | 0673 | 0824 | 0952 | 1.17 | 135 | 150 | 165 | 190 | 2.3

8 0496 | 0701 | 0859 | 0992 | 121 | 141 | 172 | 198 | 222 | 243 | 281 | 3.14
10 0.685 | 0968 | 1.19 137 | 168 | 194 | 237 | 274 | 306 | 336 | 387 | 433
12 0.903 | 1.28 1.56 180 | 221 | 255 | 313 | 361 | 404 | 442 | 511 | 571
14 115 | 1.62 1.99 230 | 281 | 325 | 398 | 459 | 513 | 562 | 649 | 7.26
16 142 | 201 246 | 284 | 348 | 401 | 492 | 568 | 635 | 695 | 8.03 | 898
18 172 | 243 2.97 343 | 421 | 386 | 595 | 687 | 768 | 841 | 971 | 109
20 204 | 288 3.53 408 | 500 | 577 | 707 | 816 | 912 | 100 | 115 | 129
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Table 2.3. Relative erodibilities of several crops for different crop sequences and yield levels
at various stages of crop growth (Wischmeier and Smith, 1965)

Crop yields Soil-loss ratio for crop stage period’
Meadow Corn F 1 2 3 4L 4R
Crop sequence (tons) (bu) (%) | (%) | (%) | (%) | (%) (%)
Continuous fallow - - 100 100 100 100 - 100
1st-yr corn after meadow 1to2 40 15 32 30 19 30 50
1st-yr corn after meadow 2to3 70 10 28 19 12 18 40
1st-yr corn after meadow 3to05 100 8 25 17 10 15 35
2nd-yr corn after meadow, RdR> 2to3 70 60 65 51 24 - 65
2nd-yr corn after meadow, RdL 2to3 70 32 51 41 22 26 -
2nd-yr corn after meadow, RAL+WC 2to3 70 20 37 33 22 15 -
Corn, continuous, RdR - 60 80 85 60 30 - 70
Corn, continuous, RdL - 75 36 63 50 26 30 -
Corn, continuous, RdL+WC - 75 22 46 41 26 15 -
Corn after oats with legume interseeding - 60 25 40 38 24 30 -
Cotton, Ist-yr after meadow 2 - 15 34 40 30 30 -
Cotton, 2nd-yr after meadow 2 - 35 65 68 46 42 -
Cotton, continuous - - 45 80 80 52 48 -
Small grain with meadow interseeding,
prior-crop residues on surface:
After 1-yr corn after meadow 2 70 - 30 18 2 -
After 2-yr corn after meadow 2 70 - 40 24 5 3 -
After 2-yr cotton after meadow 2 - - 50 35 3 -
Small grain after 1-yr corn after 2 - - 50 40 15 3 -
meadow, corn residues removed
Small grain on plowed seedbed, RdR - - 65 70 45 5 3 -
Established grass and legume meadow 3 - 0.4 0.4 0.4 0.4 0.4 0.4

! Crop stage periods: F = fallow; 1 = first month after seeding; 2 = second month after spring seeding;
3 = maturing crop to harvest; 4L = residues; and 4R = stubble.
2 RdR = residues removed; RdL = residues left; WC = grass and legume winter-cover seeding.

The seasonal distribution of rainstorms in different locations influences the amount of erosion
over the course of the year. The fraction of average annual erosion that occurs up to any point in
the year varies according to geographical location. Figure 2.3 shows two sample erosion-index
distribution curves for two parts of the United States.

The erosion-control practice factor P accounts for the effects of conservation practices, such as
contouring, strip-cropping, and terracing, on erosion. It is the ratio of soil loss with a given
practice to soil loss with straight-row farming parallel to the slope. For example, soil loss may be
reduced by 50 percent on a 2- to 7-percent slope as a result of contouring. However, contouring
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becomes less effective with increasing slope. For steep slopes, terracing is a more effective
conservation practice. Table 2.4 provides some suggested values of P based on recommendations
of the U.S. Environmental Protection Agency and the Natural Resources Conservation Service
(formerly the Soil Conservation Service).

Percentage of annual erosion index

171 21 31 41 51 61 71 &1 91 101 11 121 U1

Figure 2.3. Erosion-index distribution curves for two sections of the United States
(Wischmeier and Smith, 1965).

Table 2.4. Suggested P values for the erosion-control factor

Land slope Contour’ Contour ditches
(%) Contouring' furrows or pits (wide spacing)
20to7 25.0to 30 0.90 0.40
8.0to 12 0.50 1.0 0.45
13.0to 18 0.60 0.25 0.65
19.0 to 24 0.80 0.30 Factor values for this
practice are not
established.

! Topsoil spreading, tillage, and seeding on the contour. Contour limits—

2%, 400 ft; 8%, 200 ft; 10%, 100 ft; 14 to 30%, 60 ft. The effectiveness of contouring beyond
these limits is speculative.

2 Estimating values for surface manipulation of reclaimed land disturbed by surface mining.
Furrows or pits installed on the contour. Spacing between furrows 40 to 60 inches with a
minimum 6-inch depth. Pit spacing depends on pit size, but generally the pits should occupy
50% of the surface area.

The estimated soil loss from Equation (2.1) is the average value for a typical year, and the actual
loss for any given year may be several times more or less than the average rate. It should also be
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noted that the computed soil loss gives the estimated soil erosion rates, based upon plot-sized
areas of upland. It does not account for sediment detention due to vegetation, flat areas, or low
areas. In the estimation of sediment inflow to a reservoir, the effects of rill, gully, and riverbank
erosion and other sources, or erosion and deposition between upland and the reservoir, should
also be considered. Another limitation of the use of the Universal Soil Loss Equation is that the R
values given in Figure 2.1 do not include the western portion of the United States and other
countries. Because it is an empirical equation, and the fact that the factors are based on
agriculture practices in the United States, the application of the USLE is mainly limited to the
Central and Eastern United States, even though successful examples of application can be found
in other countries. Consequently, Equation (2.1) cannot be used directly in the Western United
States or other countries without further studies of all the factors used in that equation.

Example 2.1 Determine the annual amount of soil loss from a contouring upland farm in
central Illinois in the United States. The farmland has a size of 800 acres, the soil is in a silt
loam, and the slope length is 400 feet with a slope steepness of 4 percent. The soil is covered
with matured grass (Yang, 1996).

Solution:
From Figure 2.1, R = 200
From Table 2.1, K = 0.33
From Figure 2.2 or Table 2.2, LS = 0.697
From Table 2.3, C = 0.004
From Table 2.4, P=0.5
A =RKLSCP =200 x 0.33 x 0.697 x 0.004 x 0.5 = 0.092 tons/acre/year
Total annual loss of soil = 0.092 x 800 = 73 tons

2.2.2 Revised Universal Soil Loss Equation

Continued research and a deeper understanding of the erosion process prompted some needed
revisions to the USLE. The Revised Universal Soil Loss Equation (RUSLE) retains the basic
structure of the USLE, Equation (2.1). However, significant changes to the algorithms used to
calculate the factors have been made in the RUSLE (Renard et al., 1994). The R factor has been
expanded to include the Western United States (Figure 2.4) and corrections made to account for
rainfall on ponded water. The K factor has been made time varying, and corrections were made
for rock fragments in the soil profile. Slope length and steepness factors LS have been revised to
account for the relation between rill and interrill erosion. The C factor no longer represents
seasonal soil-loss ratios; it now represents a continuous function of prior land use PLU, surface
cover SC, crop canopy CC, surface roughness SR, and soil moisture SM. The factor P has been
expanded to include conditions for rangelands, contouring, stripcropping, and terracing.
Additionally, seasonal variations in K, C, and P are accounted for by the use of climatic data,
including twice monthly distributions of El;, (product of kinetic energy of rainfall and 30-minute
precipitation intensity) (Renard et al., 1996). The RUSLE factors are distinguished from the
USLE factors by the subscript R. The majority of the information in this section is from Renard
et al. (1996).
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Figure 2.4. Ry isoerodent map of the Western United States. Units are hundreds (ft tonf in)/(ac hr yr)
(From Renard et al., 1996).

Determination of the rainfall-runoff erosivity R factor in the USLE and RUSLE is made by use of

the El;y parameter, where E is the total storm energy and /3, is the maximum 30-minute rainfall
intensity for the storm. The average El3 is used to establish the isoerodent maps for the R factor.

29
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An empirical relationship for calculating the kinetic energy of rainfall, used in calculating E, is
used in the RUSLE. Isoerodent maps of the U.S. were updated for the RUSLE using

ke =916+ 331log,, 1, i<3inh’ (2.3)
ke = 1074, i>3inh’ (2.4)
where ke = kinetic energy (ft ton acre™” in), and

i rainfall intensity (in h™).

However, it is recommended by Renard et al. (1996) in the RUSLE handbook that the equation
determined by Brown and Foster (1987)

ke, = 0.29[1- 0.72(e *"")] (2.5)

kinetic energy of rainfall (MJ ha”' mm™ of rainfall), and
rainfall intensity (mm hh,

where ke,

Im

should be used for all calculations of the R factor. The kinetic energy of an entire storm is
multiplied by the maximum 30-minute rainfall intensity /3, for that storm to get the El;.

An adjustment factor R, is used to account for the protection from raindrops as a result of ponded
water:

R =000 (2.6)

where y = depth of flow or ponded water.

This adjustment in R is most important on land surfaces with little or no slope. Figure 2.5 shows
the updated isoerodent map of the Eastern United States.

Corrections to the K factor have been made in the RUSLE to account for rock fragments in the
soil matrix. Rock fragments present on the soil surface may act as an armoring layer causing a
reduction in erosion and are accounted for by the C factor. Rock fragments present in the soil
matrix have an effect on infiltration rates and hydraulic conductivity and, therefore, are accounted
for with the Ky factor. The rate of reduction in saturated hydraulic conductivity resulting from
the presence of rock fragments is given by:

K,= K,(1-R,) 2.7)

£

=
@

o

=
|

= saturated hydraulic conductivity of the soil with rock fragments,
saturated hydraulic conductivity of the fine fraction of soil, and
= percentage by weight of rock fragments > 2 mm.

B
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275 50 20
Figure 2.5. Adjusted Rg-factor isoerodent map of the Eastern United States. Units are hundreds

(ft tonf in)/(ac hr yr). (From Renard et al., 1996).

An increase in rock fragments in the soil results in a corresponding decrease in the saturated
hydraulic conductivity of the soil, thus leading to greater erosion potential and higher Ky factor
values. Soil permeability classes that include the effects of rock fragments do not receive an
adjustment of the K factor.

Additional changes to the K factor consist of the inclusion of seasonal effects as a result of soil
freezing, soil texture, and soil water. Soil freezing and thawing cycles tend to increase the soil
erodibility K factor by changing many soil properties, including soil structure, bulk density,
hydraulic conductivity, soil strength, and aggregate stability. The occurrence of many freeze-
thaw cycles will tend to increase the K factor, while the value of the soil erodibility factor will
tend to decrease over the length of the growing season in areas that are not prone to freezing
periods. An average annual value of K is estimated from:
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K, =Y (EI)K, /100 (2.8)

where  El; = El; index at any time (calendar days),

max

Ki =K (Krmn /Kmax)(ti_tmaX)/At (29)

where = soil erodibility factor at any time (¢; in calendar days),
maximum soil erodibility factor at time #,,,,,
minimum soil erodibility factor at time ¢,,;,, and

At = length of the frost-free period or growing period.

K;
Kmax
Kmin

Figure 2.6 gives two examples of the variation in K; with time for two soil types in two different
climates. Table 2.5 gives some initial estimates of Ky for further use in the RUSLE computer
program. The new Ky factor is designed to provide a more accurate yearly average value for K;;
e.g., for similar soils in different climates. Additionally, it allows for the RUSLE to be applied at
smaller time scales, though it still does not allow for single event erosion modeling.

09 ¢ Observed Barnes Loam
0.8

0.7 <+ tmax
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ol ... e ®
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Figure 2.6 Relationship of K; to calendar days for a Barnes loam soil near Morris, Minnesota, and a Loring silty clay
loam soil near Holly Springs, Mississippi. K is given in U.S. customary units (from Renard et al., 1996).
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Table 2.5. Initial Ky values for a variety of soil types in the Central and Eastern United States (Renard et al., 1996)

Soil type1 Location Family Period Slope Length K
(%) (ft) ton
acre eros.index

Bath sil. Arnot, NY Typic Fragiochrept 1938-45 19 72.6 0.05
Ontario 1. Geneva, NY Glossoboric Hapludalf 1939-46 8 72.6 0.27
Cecil sl. Clemson, SC Typic Hapludalf 1940-42 7 180.7 0.28
Honeoye sil. Marcellus, NY Glossoboric Hapludalf 1939-41 18 72.6 0.28
Hagerstown sicl. State College, PA  Typic Hapludalf *NA NA NA 0.31
Fayette sil. LaCrosse, W1 Typic Hapludalf 1933-46 16 72.6 0.38
Dunkirk sil. Geneva, NY Glossoboric Hapludalf 1939-46 5 72.6 0.69
Shelby 1. Bethany, MO Typic Arguidoll 1931-40 8 72.6 0.53
Loring sicl. Holly Springs, MS  Typic Fraguidalf 1963-68 5 72.6 0.49
Lexington sicl. ~ Holly Springs, MS  Typic Paleudalf 1963-68 5 72.6 0.44
Marshall sil. Clarinda, 1A Typic Hapludoll 1933-39 9 72.6 0.43
Tifton 1s. Tifton, GA Plinthic Paleudult 1962-66 3 83.1 *n.c.
Caribou grav. 1. Presque Isle, ME Alfic Haplorthod 1962-69 8 72.6 n.c.
Barnes 1. Morris, MN Udic Haploboroll 1962-70 6 72.6 0.23
Ida sil. Castana, IA Typic Udorthent 1960-70 14 72.6 0.27
Kenyon sil. Independence, IA  Typic Hapludoll 1962-67 4.5 72.6 n.c.
Grundy sicl. Beaconsfield, IA Aquic Arguidoll 1960-69 4.5 72.6 n.c.

'si 1. = silt loam, 1. = loam, sl. = sandy loam, sicl. = silty clay loam, Is. = loamy sand, grav. l. = gravelly loam

’NA = Not available
*n.c. = Not calculated. However, soil-loss data for K-value computations are available from National Soil Erosion Laboratory,
West Layfayette, Indiana

The slope length factor L is derived from plot data that indicate the following relation:

L= (A/726)" (2.10)
where A = horizontal projection of the slope length, and
72.6 = RUSLE plot length in feet,
m= BI(1+ ) @11)
where S = ratio of rill to interrill erosion.

The value of £ when the soil is moderately susceptible to rill and interrill erosion is given by:

B = (sin@/0.0896) /[3.0(sin §)"* + 0.56] (2.12)

where @ =slope angle.
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The parameter m in the RUSLE is a function of  (Equation 2.11). The newly defined L factor is
combined with the original S factor to obtain a new LSk factor. Values of m are in classes of low,
moderate, and high, and tables are available in the RUSLE handbook for each of these classes to
obtain values for LS;. Table 2.6 gives an example of the new LS factor values for soils with low
rill erosion rates. (Table 2.13 gives an example of LSk values for soils with a high ratio of rill to
interrill erosion.)

Table 2.6. Values of the topographic LS factor for slopes with a low ratio of rill to interrill erosion’
(Renard et al., 1996)

Horizontal slope length (ft)

Slope 25 50 75 100 150 200 250 300 400 600 800 1000
(%)
0.2 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
0.5 0.08 0.08 0.08 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09
1.0 0.13 0.13 0.14 0.14 0.15 0.15 0.15 0.15 0.16 0.16 0.17 0.17
2.0 0.21 0.23 0.25 0.26 0.27 0.28 0.29 0.30 0.31 0.33 0.34 0.35
3.0 0.29 0.33 0.36 0.38 0.40 0.43 0.44 0.46 0.48 0.52 0.55 0.57
4.0 0.36 0.43 0.46 0.50 0.54 0.58 0.61 0.63 0.67 0.74 0.78 0.82
5.0 0.44 0.52 0.57 0.62 0.68 0.73 0.78 0.81 0.87 0.97 1.04 1.10
6.0 0.50 0.61 0.68 0.74 0.83 0.90 0.95 1.00 1.08 1.21 1.31 1.40
8.0 0.64 0.79 0.90 0.99 1.12 1.23 1.32 1.40 1.53 1.74 1.91 2.05
10.0 0.81 1.03 1.19 1.31 1.51 1.67 1.80 1.92 2.13 2.45 2.71 2.93
12.0 1.01 1.31 1.52 1.69 1.97 2.20 2.39 2.56 2.85 3.32 3.70 4.02
14.0 1.20 1.58 1.85 2.08 2.44 2.73 2.99 3.21 3.60 4.23 4.74 5.18
16.0 1.38 1.85 2.18 2.46 2.91 3.28 3.60 3.88 4.37 5.17 5.82 6.39
20.0 1.74 2.37 2.84 3.22 3.85 4.38 4.83 5.24 5.95 713 8.10 8.94
25.0 2.17 3.00 3.63 4.16 5.03 5.76 6.39 6.96 7.97 9.65 11.04 12.26
30.0 2.57 3.60 4.40 5.06 6.18 7.11 7.94 8.68 9.99 12.19 14.04 15.66
40.0 3.30 4.73 5.84 6.78 8.37 9.71 10.91 11.99 13.92 17.19 19.96 22.41
50.0 3.95 5.74 7.14 8.33 10.37 12.11 13.65 15.06 17.59 21.88 25.55 28.82
60.0 4.52 6.63 8.29 9.72 12.16 14.26 16.13 17.84 20.92 26.17 30.68 34.71

'Such as for rangeland and other consolidated soil conditions with cover (applicable to thawing soil where both rill and interrill erosion are significant).

The new cover-management factor Cy is based on a standard condition where a soil loss ratio SLg
is estimated relative to the reference condition (an area under clean-tilled continuous fallow).
The SLy is time variable, and values for SLy are calculated every 15 days over the course of the
year, based on the assumption that the important parameters remain constant over this time
period. However, if, for example, a management operation changes in this time period, two
values of SL are calculated for the 15-day time period. Soil Loss Ratio is calculated using the
following relation:

SL,=PLU-CC-SC-SR-SM (2.13)
where  PLU = prior-land-use subfactor,
CC = canopy-cover subfactor,
SC = surface-cover subfactor,
SR = surface-roughness subfactor, and
SM = soil-moisture subfactor.
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(See Renard et al., 1996, for details on calculating SLz.) Once the values of SLy are calculated for
each time period, they are multiplied by the percentage of annual El3, that occurs in that same
time period and summed over the entire time period of investigation. This provides a new Cg
factor for the RUSLE.

The supporting practices factor P is refined in the RUSLE and includes the effects of contouring,
including tillage and planting on or near contours, stripcropping, terracing, subsurface drainage,
and also includes rangeland conditions. Values for the new Py factor are the least reliable of all
the factors in the RUSLE (Renard et al., 1994); therefore, the physically-based model CREAMS
(Kinsel, 1980) is used to supplement empirical information used in the RUSLE. The effects of
various practices were analyzed using the model and represented as Py subfactors that are then
used to calculate an overall P factor. If a variety of supporting practices are present on a
particular plot of land, the Pg subfactors are used to calculate an overall P factor and then used in
the RUSLE. Calculation of the revised Py factor, along with the calculation of all other factors as
revised in the RUSLE, is facilitated by the use of a computer program, which is available at
http://www.sedlab.olemiss.edu/rusle/. Use of the RUSLE would not be possible without it.

Example 2.2 Using the information given in example 2.1, in addition to the following
information, determine the amount of annual soil loss using the RUSLE. Soil is dominated by
interrill erosion with little or no rill erosion, 2% rock cover, no residual vegetative cover, 4-inch
contour ridges, mature Bahiagrass, mechanically disturbed at harvest time.

Solution: The Kg, Cg, and Py factors must be calculated using the RUSLE 1.06b program
(download from http://www.sedlab.olemiss.edu/rusle/download.html).

From Figure 2.5, R = 175.

From Table 2.5, initial Ky value is 0.43, and using the RUSLE program (use city code
13001), Kz = 0.38.

From Table 2.6, LS; = 0.67.

In the RUSLE program, select time invariant average annual value for Cg, determine effective
root mass from Table 2.7, Cr = 0.007.

In the RUSLE program, select the frequent-disturbance option Py = 0.295.

A = RpKRrLSrCrPr =175 x 0.385 x 0.67 x 0.011 x 0.295 = 0.146 tons/acre/year

Total annual soil loss = 0.146 x 800 = 117 tons/year, which is greater than the 73 tons/year
computed by the original USLE.
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Table 2.7. Typical values of parameters required to estimate the Cy factor with the RUSLE computer program
(Renard et al., 1996)

Common Name Root mass in top 4 in Canopy cover just Effective fall Average annual yield
(Ibs acre-1) prior to harvest (%) height (ft) (tons acre-1)
Grasses:

Bahiagrass 1,900 95 0.1 4
Bermudagrass, 3,900 100 0.2 8
coastal

Bermudagrass, 2,400 100 0.1 3
common

Bluegrass, Kentucky 4,800 100 0.1 3
Brome grass, smooth 4,500 100 0.1 5
Dallisgrass 2,500 100 0.1 3
Fescue, tall 7,000 100 0.1 5
Orchardgrass 5,900 100 0.1 5
Timothy 2,900 95 0.1 5

Legumes:

Alfalfa 3,500 100 0.2 6
Clover, ladino 1,400 100 0.2 3
Clover, red 2,100 100 0.1 4
Clover, sweet 1,200 90 2.0 2
Clover, white 1,900 100 0.1 2
Lespedeza, sericea 1,900 100 0.5 3
Trefoil, birdsfoot 2,400 100 0.3 4

These values are for mature, full pure stands on well-drained nonirrigated soils with moderate-to-high available water-
holding capacity. These values hold for species shown only within their range of adaptation. Except for biennials, most
forages do not attain a fully-developed root system until end of second growing season. Root mass values listed can be
reduced by as much as half on excessively drained or shallow soils and in areas where rainfall during growing season is less
than 18 in.

2.2.3 Modified Universal Soil Loss Equation

Williams (1975) modified the USLE to estimate sediment yield for a single runoff event. On the
basis that runoff is a superior indicator of sediment yield than rainfall—i.e., no runoff yields no
sediment, and there can be rainfall with little or no runoff—Williams replaced the R (rainfall
erosivity) factor with a runoff factor. His analysis revealed that using the product of volume of
runoff and peak discharge for an event yielded more accurate sediment yield predictions,
especially for large events, than the USLE with the R factor. The Modified USLE, or MUSLE, is
given by the following (Williams, 1975):

S=950p,)" KLSCP (2.14)
where S = sediment yield for a single event in tons,
Q = total event runoff volume (ft%),
pp = event peak discharge (ft’ s, and

K, LS, C,and P

USLE parameters (Equation 2.1).



Chapter 2—Erosion and Reservoir Sedimentation

The comparison with the USLE was done by estimating the average annual soil loss with the
USLE and comparing it to the annual soil loss calculated for each event over the course of the
year using the MUSLE. The MUSLE has been tested (Williams, 1981; Smith et al., 1984) and
found to perform satisfactorily on grassland and some mixed use watersheds. However, the
utility of the MUSLE depends a great deal upon the accuracy of the hydrologic inputs.

Example 2.3 Using the same information from example 2.1, determine the sediment yield from a
storm with a total runoff volume of 120 ft’ and a peak discharge of 5 cfs.

Solution: From example 2.1, K =0.33

LS =0.697
C=0.004
P=05

(Qp,)*** =120 x 5= 600" = 36
S =95(0p,)**KLSCP = 95 x 36 x 0.33 x 0.697 x 0.004 x 0.5 = 1.57 tons

In order to obtain an estimate of the annual soil loss from the MUSLE, soil loss from each event
throughout the year needs to be calculated.

While the USLE, RUSLE, and MUSLE have met with practical success as an aid for
conservation management decisions and the reduction of soil erosion from agricultural lands, they
are not capable of simulating soil erosion as a dynamic process distributed throughout a
watershed and changing in time. Although the MUSLE can estimate soil loss from a single event,
neither it nor the USLE and RUSLE can estimate detachment, entrainment, transport, deposition,
and redistribution of sediment within the watershed and are of limited application.

2.2.4 Direct Measurement of Sediment Yield and Extension of Measured Data

The most accurate method for determining the long-term sediment yield from a watershed is by
direct measurement of sediment deposition in a reservoir (Blanton, 1982) or by direct
measurement of streamflow, suspended sediment concentration, and bedload. If long-term
records are available, then daily and average annual sediment loads can be computed. The
average annual sediment load can then be used to estimate the long-term sediment yield.
However, long-term measurements of river discharge are not always available. Long-term
measurements of suspended sediment concentration are not commonly available, and long-term
measurements of bedload are rare.

In the absence of long-term streamflow measurements for the site of interest, it may be possible
to extend short-term measurements by empirical correlation with records from another stream
gauge in the watershed or from a nearby watershed with similar drainage characteristics.

A short-term record of suspended sediment concentrations can be extended by correlation with

streamflow. A power equation of the form, C = aQ’, is most commonly used for regression
analysis, where C is the sediment concentration, Q is the rate of streamflow, and a and b are
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regression coefficients.  The relationship between streamflow and suspended sediment
concentration can change with grain size, from low flows to high flows, from season to season,
and from year to year. Therefore, enough measurements of suspended sediment concentration
and streamflow are necessary to ensure that the regression equation is applicable over a wide
range of streamflow conditions, seasons, and years.

A single regression equation may produce an acceptable correlation over a narrow range of
conditions. However, separate regression equations may be necessary to achieve satisfactory
correlations over a wide range of conditions. For example, the suspended sediment
concentrations could be divided into wash load and bed-material load to develop separate
regression equations for each. The data could also be sorted by streamflow to develop separate
regression equations for low, medium, and high flows. The data may need to be sorted by season
to develop separate regression equations for the winter and spring flood seasons. If enough data
were available, a portion of the data could be used for the regression analysis, so that the
remaining portion could be used for verification.

A short-term record of bedload measurements could be extended in the same manner as that
described for the suspended sediment concentrations. If no bedload measurements were
available, then bedload could be estimated as a percentage of the suspended sand load (typically 2
to 15%) or computed using one of many predictive equations (see Chapter 3, Non-Cohesive
Sediment Transport). Strand and Pemberton (1982) presented a guide for estimating the ratio of
bedload to suspended sediment load (Table 2.8). Table 2.8 presents five conditions that estimate
the ratio of bedload to suspended sediment load as a function of the streambed material size, the
fraction of the suspended load that is sand, and the suspended sediment concentration during
floods. A bedload measurement program should be considered if the bedload could be more than
10 percent of the suspended sediment load.

Table 2.8. Bedload adjustment

Fraction of suspended Ratio of bedload to
sediment load that is Suspended sediment suspended
Streambed material sand (%) concentration (ppm) sediment load

Sand 20-50 < 1,000 25-150
Sand 20-50 1,000-7,500 10-35
Sand 20-50 > 7,500 5
Compacted clay,
gravels, cobbles, or
boulders <25 Any 5-15

Clay and silt Near 0 Any <2

2.2.5 Sediment Yield as a Function of Drainage Area

Empirical sediment yield equations can be developed strictly as a function of drainage area based

on reservoir sediment survey data.

empirical equation for Arizona, New Mexico, and California:
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Qs — 24 Ad—0.229 (215)

where  Q, = sediment yield in ac-ft/mi*/yr, and
A, = drainage area in mi’.

Strand and Pemberton (1982) developed a similar empirical equation for the semiarid climate of
the Southwestern United States:

0, = 1844,°* (2.16)

This same approach can be used to develop equations for other regions.

2.2.6 Sediment Yield Classification Procedure

The Pacific Southwest Inter-Agency Committee (1968) developed a sediment yield classification
procedure that predicts sediment yield as a function of nine individual drainage basin
characteristics. These include surface geology, soils, climate, runoff, topography, ground cover,
land use, upland erosion, and channel erosion. Each drainage basin characteristic is given a
subjective numerical rating based on observation and experience. Table 2.9 presents the drainage
basin characteristics considered by this method and their possible ratings. The sum of these
ratings determines the drainage basin classification and the annual sediment yield per unit area
(Table 2.10).

2.3 Physically Based Approach for Erosion Estimates

The minimum energy dissipation rate theory states that when a dynamic system reaches its
equilibrium condition, its rate of energy dissipation is at a minimum (Yang and Song, 1986, and
Yang, 1996). The minimum value depends on the constraints applied to the system. The rate of
energy dissipation per unit weight of water is:

dY/dt = (dx/dt) (dY/dx) = VS = unit stream power 2.17)
where Y = potential energy per unit weight of water,
t = time,
X = reach length,
dx/dt = velocity V, and
dY/dx = energy or water surface slope S.

For the equilibrium condition, the unit stream power VS will be at a minimum, subject to the
constraints of carrying a given amount of water and sediment.
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Table 2.9. List of drainage basin characteristics and possible range of numerical ratings (modified from Pacific
Southwest Interagency Committee, Water Management Subcommittee, 1968)

Drainage basin

Sediment yield levels

characteristics High rating Moderate rating Low rating
Surface geology 10: marine shales and 5: rocks of medium 0: massive hard formations
related mudstones and hardness moderately
siltstones weathered and fractured
Soils 10: fine textured and easily 5: medium textured, 0: frequent rock fragments,
dispersed or single grain salts | occasional rock aggregated clays, or high organic
and fine sands fragments, or caliche content
crusted layers
Climate 10: frequent intense 5: infrequent 0: humid climate with low intensity
convective storms convective storms, rainfall, arid climate with low
moderate intensity intensity rainfall, or arid climate with
rare convective storms
Runoff 10: high flows or volume per | 5: moderate flows or 0: low flows or volume per unit area
unit area runoff volume per unit or rare runoff events
area
Topography 20: steep slopes (in excess of | 10: moderate slopes 0: gentle slopes (less than 5%),

30%), high relief, little or no
flood plain development

(about 20%), moderate
flood plain development

extensive flood plain development

Ground cover

10: ground cover less than
20%, no rock or organic litter
in surface soil

0: ground cover less
than 40%, noticeable
organic litter in surface
soil

-10: area completely covered by
vegetation, rock fragments, organic
litter with little opportunity for
rainfall to erode soil

Land use

10: more than 50%
cultivated, sparse vegetation,
and no rock in surface soil

0: less than 25%
cultivated, less than
50% intensively grazed

-10: no cultivation, no recent
logging, and only low intensity
grazing, if any

Upland erosion

25: rill, gully, or landslide
erosion over more than 50%
of the area

10: rill, gully, or
landslide erosion over
about 25% of area

0: no apparent signs of erosion

Channel erosion

25: continuous or frequent
bank erosion, or active
headcuts and degradation in
tributary channels

10: occasional channel
erosion of bed or banks

0: wide shallow channels with mild
gradients, channels in massive rock,
large boulders, or dense vegetation or
artificially protected channels

Table 2.10. Drainage basin sediment yield classification (Randle, 1996)

Drainage basin Annual sediment yield
classification number Total rating (ac-ft/mi?)
1 > 100 >3
2 75 to 100 1.0t0 3.0
3 50to 75 0.5t0 1.0
4 25 to 50 0.2t0 0.5
5 0to25 <0.2
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Sediment transport rate is directly related to unit stream power (Yang, 1996). The basic form of
Yang’s (1973) unit stream power equation for sediment transport is:

log C=1+Jlog(VS/w - V,,.S/w) (2.18)
where C = sediment concentration,
LJ = dimensionless parameters reflecting flow and sediment characteristics that

are determined from regression analysis,

Vv = flow velocity,

S = energy or water surface slope of the flow,

@ = sediment particle fall velocity, and

Ver = critical velocity required for incipient motion.

The unit stream power theory stems from a general concept in physics that the rate of energy
dissipation used in transporting material should be related to the rate of material being
transported. The original concept of unit stream power, or rate of potential energy dissipation per
unit weight of water, was derived from a study of river morphology (Yang, 1971). The river
systems observed today are the cumulative results of erosion and sediment transport. If unit
stream power can be used to explain the results of erosion and sediment transport, it should be
able to explain the process of erosion and sediment transport. The relationships between unit
stream power and sediment transport in open channels and natural rivers have been addressed in
many of Yang’s publications. This section addresses the relationship between unit stream power
and surface erosion.

For laminar flow over a smooth surface, the average flow velocity can be expressed by Horton
et al. (1934):

V =(gSR>) /(3v)

(2.19)
where V' = average flow velocity,
S = slope,
g = gravitational acceleration,
R = hydraulic radius, which can be replaced by depth for sheet flow, and
v = kinematic viscosity.
The shear velocity is:
U.=+gRS (2.20)
From Equations (2.19) and (2.20)
vs_1 221
Ul 3gv ’
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In other words, the ratio between the unit stream power and the fourth power of the shear velocity
is a constant for a fluid of a given viscosity.

For laminar flow over a rough bed, the grain shear stress can be expressed by:

/ 1 ’
v =PV (2.22)
where  p = density of fluid, and
F' = aparameter.
Savat (1980) found:
, K
F'=— (2.23)
R.
where K = a constant with a theoretical value of 24, and
R. = Reynolds number.

From Equations (2.22) and (2.23):

,_ KuV
r= SR (2.24)
where  x = dynamic viscosity.
Govers and Rauws (1986) assumed that:
3wV
R= |—
25 (2.25)
then
VS 192
Ul Kgv (2.26)

where  U. = grain shear velocity.

Equations (2.21) and (2.26) indicate that the relationship between unit stream power and shear
velocity due to grain roughness for sheet flows is well defined, regardless of whether the surface
is smooth or rough. Figure 2.7 shows the relationship between sheet sediment concentration and
grain shear velocity by Govers and Rauws (1986), based on data collected by Kramer and Meyer
(1969), Rauws (1984), and Govers (1985). When Govers and Rauws (1986) replotted the same
data, as shown in Figure 2.8, they showed a much better-defined relationship between sediment
concentration and unit stream power. Figure 2.9 shows an example of comparison between
measured and predicted sediment concentration based on unit stream power.
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Figure 2.7. Relationship between sheet and rill flow sediment concentration and grain shear
velocity (Govers and Rauws, 1986).
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Figure 2.8. Relationship between sheet and rill flow sediment concentrations and
unit stream power (Govers and Rauws, 1986).
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Figure 2.9. Comparison between measured and predicted sediment from surface erosion
(Govers and Rauws, 1986).

Moore and Burch (1986) tested the direct application of Equation (2.18) to sheet and rill erosion.
They reported from experimental results that:

I1=5.0105+0.0443
2.27)

J=1.363+0.030
(2.28)

Velocity was computed from Manning’s equation, because it is difficult to measure for sheet
flow, and they expressed unit stream power as:

04 ~13
_(2) S
Vs = (E 5%

n- (2.29)
water discharge,

width of flow,

slope, and

Manning’s roughness coefficient.

where

S Lo
1l
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Similarly, the unit stream power for rill flow can be expressed by:

025 1375 (2.30)
VS = (%j S__w
i
where J = number of rills crossing the contour element B, and
W = rill shape factor = (width/depth) °°.

It can be shown that for parabolic rills:

(15)7413 (2.31)
W= |— %
I.Saz +4

. 2.32
W=[ (a+z) Ts 232
1

for trapezoidal rills:

a+2\Z* +

rill width-depth ratio, and
rill side slope.

where a
Z

Figure 2.10 shows the relationships among W, a, and Z for rills of different shapes. Figure 2.10
shows that when the width-depth ratio is greater than 2, the geometry has little impact on the
value of the shape factor. Moore and Burch assumed that most natural rills can be approximated
by a rectangular rill in the computation of W when a is greater than 2 or 3.

Yang’s (1973) original unit stream power equation was intended for open channel flows. His
dimensionless critical unit stream power required at incipient motion may not be directly
applicable to sheet and rill flows. For sheet and rill flows with very shallow depth, Moore and
Burch found that the critical unit stream power required at incipient motion can be approximated
by a constant:

‘/ch -1
——=4105m (2.33a)
1%
or
V.S =0002m/s (2.33b)

as shown in Figure 2.11. In Equation (2.33a), v = kinematic viscosity of water.
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Figure 2.10. Relationship between rill shape factor and width-depth ratio for parabolic,
rectangular, and trapezoidal rills (Moore and Burch, 1986).
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Figure 2.11. Relationship between the ratio of critical unit stream power and kinematic viscosity
and the surface slope (Moore and Burch, 1986).
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Moss et al. (1980) noted that sheet flow occurred initially, but as soon as general sediment motion
ensued, the plane bed revealed its instability and rill cutting began. In accordance with the theory
of minimum energy dissipation rate (Yang and Song, 1986, 1987; Yang et al., 1981) a rectangular
channel with the least energy dissipation rate or maximum hydraulic efficiency should have a
width-depth ratio of 2. For a = 2 and Z = 0, unit stream power for rill erosion can be computed
by Equations (2.30) and (2.32). The number of rills generated by flow ranges from 1.5 at Q =
0.0015 m%s to 7 at Q = 0.0003 m’/s. Substituting the unit stream power thus obtained and a
constant critical unit stream power of 0.002 m/s required at incipient motion, the sediment
concentration due to sheet and rill erosion in the sand size range can be computed directly from
Yang’s 1973 equation. Yang’s 1973 equation was intended for the movement of sediment
particles in the ballistic or colliding region instead of the individual jump or saltation region. The
comparisons shown in Figure 2.12 by Moore and Burch indicate that the rate of surface erosion
can be accurately predicted by the unit stream power equation when the movement of sediment
particles is in the ballistic dispersion region. The numbers shown in Figure 2.12 are sediment
concentrations in parts per million by weight.

Yang’s 1973 equation should not be applied to soils in the clay or fine silt size range directly
because the terminal fall velocities of individual small particles are close to zero. In this case, the
effective size of the aggregates of the eroded and transported materials should be used. The
effective size increases with increasing flow rate and unit stream power. The estimated terminal
fall velocities of these fine particles in water should also be adjusted for differences in the
measured aggregate densities. For example, after these adjustments, effective particle diameters
of aggregate size of the Middle Ridge clay loam and Irving clay for inter-rill and rill flow were
determined to be 0.125 mm and 0.3 mm, respectively. With these effective diameters and a
constant critical unit stream power of 0.002 m/s at incipient motion, Yang’s 1973 equation can
also be used for the estimation of surface erosion rate in the clay size range. Figure 2.13 shows
that observed clay concentrations and predicted clay concentrations by Yang’s (1973) equation
using effective diameter of the clay aggregate, are in close agreement.

Combining Equations (2.18), (2.27), (2.28), and (2.29) yields the following equation for sheet
erosion:

log C =5.0105 + 1.363 log [{(Q/B)** S$'* / n®°~ 0.002}/w] (2.34)
Similarly, the equation for rill erosion becomes:

log C =5.0105 + 1.363 log [{(Q/)** (8" I n®7)W - 0.002}/w] (2.35)
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Figure 2.12. Comparison between observed and predicted sediment concentrations
in ppm by weight from Yang’s unit stream power equation with a plane bed
composed of 0.43 mm sand (Moore and Burch, 1986).
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Figure 2.13. Comparison between observed and predicted clay concentrations
from Yang’s unit stream power equation (Moore and Burch, 1986).
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The derivations and comparisons shown in this section confirm that with minor modifications,
Yang’s (1973) unit stream power equation can be used as a rational tool for the prediction of
sheet and rill erosion rate, given the water discharge, surface roughness and slope, and median
particle size or effective particle size and its associated fall velocity. This suggests that a rational
method based on rainfall-runoff and the unit stream power relationship can be developed to
replace the empirical Universal Soil Loss Equation for the prediction of soil loss due to sheet and
rill erosion. It has been shown in the literature that Yang’s unit stream power equations can be
used to determine the rate of sediment transport in small and large rivers with accuracy. It is now
possible to use the unit stream power theory to determine the total rate of sediment yield and
transport from a watershed regardless of whether the sediment yield particles are transported by
sheet, rill, or river flows. By doing so, the actual amount of sediment entering a reservoir can be
determined by a consistent and rational method.

2.4 Computer Model Simulation of Surface Erosion Process

A multitude of computer models have been developed for various applications that utilize a wide
array of techniques to simulate soil erosion within a watershed. Erosion models have been
developed for different purposes including:

e Predictive tools for assessing soil loss for conservation planning, regulation, and soil
erosion inventories.

e Predictive tools to assess where and when within a watershed soil erosion may be a
problem.

e Research tools to better understand the erosion process (Nearing et al., 1994).
Watershed erosion models can be grouped into several categories:

e Empirically based, or derived, erosion models such as the USLE (Wischmeier and Smith,
1978) and the RUSLE (Renard et al., 1996).

e Physically based models, such as the Water Erosion Prediction Project (WEPP) (Nearing
et al., 1989), Areal Non-point Source Watershed Environmental Response Simulation
(ANSWERS) (Beasley et al., 1980), Chemicals, Runoff, and Erosion from Agricultural
Management Systems (CREAMS) (Kinsel, 1980), Kinematic runoff and Erosion model
(KINEROS) (Woolhiser et al., 1990), European Soil Erosion Model (EUROSEM)
(Morgan et al., 1998), and Systéme Hydrologique Européen Sediment model (SHESED)
(Wicks and Bathurst, 1996).

e Mixed empirical and physically based models, such as Cascade of Planes in Two
Dimensions (CASC2D) (Johnson et al., 2000; Ogden and Julien, 2002), Agricultural
Non- Point Source Pollution model (AGNPS) (Young et al., 1989), and Gridded Surface
Subsurface Hydrological Analysis model (GSSHA) (Downer, 2002).
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e GIS and Remote Sensing techniques that utilize one of the previously listed erosion
models (Jiirgens and Fander, 1993; Sharma and Singh, 1995; Mitasova et al., 2002).

Links to many other soil erosion models can be found on the World Wide Web at:

http://www3.bae.ncsu.edu/Regional-Bulletins/Modeling-Bulletin/
http://soilerosion.net/doc/models_menu.html

The performance of a given watershed-scale erosion model is best assessed within the context of
its intended use. For instance, lumped empirical models of soil erosion, such as the USLE, are
limited primarily to average sediment yield over a basin with the same characteristics as basins
used in the model’s development and cannot be used to assess spatial variability of erosion or to
dynamically model the erosion process. Where applicable, USLE and RUSLE have been used
with a good deal of success in assessing average yearly soil loss and in guiding land use and
management decisions.

Distributed process-based models have been developed for a variety of different reasons (i.e., to
assess and manage non-point source pollution; to explicitly model soil erosion; to model drainage
basin evolution) and to be applied at a variety of different spatial and temporal scales with
varying degrees of success. Synopsis of published reviews from applications of some of the
available models are included below:

e An evaluation of WEPP in comparison to the USLE and the RUSLE indicates that WEPP
predicts soil loss (kg/m”) almost as well as the USLE and RUSLE at many sites, worse on
others, and better on a few (Tiwari et al., 2000). Model efficiency, based on the Nash-
Sutcliffe coefficient, ranged from -10.54 to 0.85 for the USLE and from -37.74 to 0.94
for WEPP. The Nash-Sutcliffe coefficient provides a measure of a model’s performance
over the course of an event as compared to the mean discharge for the event (Nash and
Sutcliffe, 1970). A model efficiency of 1.0 represents a perfect fit of the model to
observed values. Negative values indicate that use of the average (USLE in the
evaluation of WEPP) is a better predictor than the model. The measured performance of
WEPP compared to the USLE is considered a success given that the USLE performance
at these sites is good and that the sites are where USLE parameters had been determined.

e A comparison by Bingner et al. (1989) of several erosion models applied to watersheds in
Mississippi revealed that no model simulated sediment yield well on a consistent basis,
though results are satisfactory to aid in management practice decisions. The models that
were compared included CREAMS and the Simulator for Water Resources in Rural
Basins (SWRRB) (Williams et al., 1985), the Erosion-Productivity Impact Calculator
(EPIC) (Williams et al., 1984), ANSWERS, and AGNPS. For example, simulated results
are within 50% of observed values for SWRRB (a modification of CREAMS) and
AGNPS on one watershed and within 30% of observed values on another watershed.
Error was as high as 500% for some models, and as low as 20% for others. The input
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parameters varied for each of these models and each model was developed for different
applications. For example, ANSWERS and AGNPS are designed as single-event models
on large watersheds (up to 10,000 ha), EPIC is designed for small watersheds (~1 ha),
and CREAMS is designed for field sized watersheds (Bingner et al., 1989). A model like
ANSWERS that did not perform as well on watersheds in Mississippi may require more
updates of parameters, in which case its performance would be improved.

e Wicks and Bathurst (1996) show that SHESED does well at predicting sediment volume
over the course of a snowmelt season but simulations at smaller time and spatial scales
are less successful.

e FEUROSEM, a single event model, was tested by Parsons and Wainwright (2000) on a
watershed in Arizona. The hydrologic component did very poorly with good results for
only the last 10 minutes of the simulation. Though EUROSEM underestimated runoff,
soil erosion was overestimated by an order of magnitude. In order to obtain reasonable
results, changing a measured parameter well beyond its recommended value was
required.

e  Kothyari and Jain (1997) used GIS techniques in combination with the USLE to estimate
watershed-scale sediment yield. Performance of this model was adequate to poor with
error in the range of 0.65-6.60 (ratio of observed sediment yield to simulated), which is in
the range seen with physically based models.

While erosion models have been widely tested and evaluated (Mitchell et al., 1993; Wu et al.,
1993; Smith et al., 1995; Bingner, 1996; Bouraoui and Dillaha, 1996; Zhang et al., 1996; Folly
et al., 1999; Schroder, 2000; Tiwari et al., 2000; Ogden and Heilig, 2001; Kirnak, 2002), it is
difficult to objectively compare the performance of these models to each other. That is,
determining “the best” model depends on the watershed characteristics and the purpose of the
investigation. Additionally, physically based models vary in the degree to which they represent
the physical processes of erosion (Wu et al., 1993). For instance, models such as CREAMS,
WEPP, and EUROSEM explicitly and separately account for erosion in interrill areas and rills,
whereas models such as ANSWERS, CASC2D, and GSSHA lump rill and interrill erosion into a
single process. However, if success in watershed-scale erosion modeling is defined by accuracy
in prediction of sediment discharge at a watershed outlet, the following general comments may be
made.

Watershed-scale erosion models tend to be less accurate for event-scale prediction of sediment
yield than for average soil loss per year, per month, or over a number of events. It is likely that
spatial variability and the random nature of the erosion process are at least partially responsible
for inaccuracies on small time scales. Over longer time scales, these effects tend to average out;
hence, the increased accuracy in model prediction over longer time periods. There is a tendency
for models to overpredict erosion for small runoff conditions and underpredict erosion for larger
runoff conditions (Nearing, 1998). This is the case with the USLE, RUSLE, WEPP, and several
other models. However, Ogden and Heilig (2001) report overprediction on large events for
CASC2D.
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Many models utilize a simple relation between soil particle detachment, interrill erosion, and
rainfall intensity or kinetic energy of rainfall, D, = f{i), where D, is the rate of soil detached by
rainfall (kg/mzls) and / is rainfall intensity (mm/hr). Parsons and Gadian (2000) question the
validity of such a simple relation and point out that lack of a clear-cut relation brings much
uncertainty into modeling soil erosion. A great deal of error may be introduced into a model as a
result. For instance, Daraio (2002) introduced a simple relation between kinetic energy of rainfall
and soil particle detachment to GSSHA. Some improvement in model performance was seen on
smaller scales in dynamic modeling of erosion, but the model performed better without the
rainfall detachment term on larger spatial scales. There is a need to better understand the
relationship between rainfall intensity, raindrop size distribution, kinetic energy of rainfall, and
soil erosion and incorporate this understanding into erosion models.

Two-dimensional models provide a more accurate prediction of spatial distributions of sediment
concentrations than one-dimensional models, but there is little difference between one- and two-
dimensional models at predicting total sediment yield at a defined outlet (Hong and Mostaghimi,
1997). This is expected, given the success of lumped empirical models at sediment yield
prediction. The complexity of flow on overland surfaces and the redistribution of sediment that
occurs in such a flow regime can be more accurately modeled in two dimensions than in one
dimension.

Understanding and predicting redistribution of sediment through detachment and deposition that
results from variations in micro-topography on upland surfaces represents a major challenge in
erosion modeling. There is also a need to better understand the relationship between interrill and
rill flow; i.e., what is the relative contribution of sediment from interrill areas (raindrop impact)
relative to rill areas. For instance, Ziegler et al. (2000) found that raindrop impact contributed
from 38-45% of total sediment from erosion on unpaved roads. The application of this result to
upland erosion is not clear, and there is a lack of information on this topic in the literature. These
general deficiencies must be remedied in order to meet the need for more accurate erosion
modeling.

Only a few erosion models have been developed for the purpose of dynamically simulating
suspended sediment concentrations and to estimate Total Maximum Daily Load (TMDL) of
sediment (see Section 2.4.1) in watersheds. One such model is CASC2D. The soil erosion
component of CASC2D has been developed for the purpose of dynamically simulating suspended
sediment concentrations with the aim of assessing the TMDL of sediment (Ogden and Heilig,
2001). It uses modifications to the semi-empirical Kilinc and Richardson (1973) equation that
estimates sediment yield as a function of the unit discharge of water and the slope of the land
surface. This function is further modified by three of the six parameters from the empirical
USLE. The relation is given by the following equation (Johnson et al., 2000):

(2.36)

_ 2.035 ¢1.664 KCP
q, =25500g4""S; (—

0.15
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where qs = sediment unit discharge (tons/m/s),
q = unit discharge of overland flow (m?/s) (calculated within the
overland flow component of CASC2D),
Sy = friction slope, and
K,C,and P = USLE parameters shown in Equation (2.1).

The factors K, C, and P are calibrated with constraints determined by values reported in the
literature; e.g., as found in the RUSLE Handbook (Renard et al., 1996). These empirical factors
have been derived as representing annual averages of soil loss, and use of them in an event-based
dynamic model is problematic.

While the hydrologic component of CASC2D performs very well (Senarath et al., 2000), the
overall performance of the erosion component of CASC2D is poor and there are several
formulation areas in need of improvement (Ogden and Heilig, 2001). That is, major changes in
the method of development are needed, such as using a purely process-based equation, rather than
a semi-empirical equation, to simulate erosion. The sediment volume is underestimated by the
model by up to 85%, and peak discharge is underestimated by an order of magnitude on internal
sub-basins for the calibration event. Simulated sediment volume on a non-calibration event
varied from 7 to 77% of observed volumes, and peak sediment discharge varied from 37 to 88%
of observed values. The model grossly overestimated sediment yield on a heavy rainfall event,
up to 360% error. The model does not reliably estimate sediment yield, nor does it dynamically
model soil erosion accurately. GSSHA has been developed directly from CASC2D, and the
erosion component in GSSHA is identical to the one in CASC2D. The preliminary indication,
based upon an attempt to improve the erosion modeling capabilities of GSSHA (Daraio, 2002), is
that Equation (2.36) is not a good predictor of erosion rates. It is likely that a new erosion
algorithm and a new set of equations are needed to improve the model, including the addition of
rill modeling capabilities. Currently, the erosion component of GSSHA and CASC2D is in its
development phase and should not be used as a tool for determining the TMDL of sediment.

The GSTARS 2.1 and GSTARS3 models (Yang and Simdes, 2000, 2002) were developed to
simulate and predict river morphological changes as a result of human activities or natural events
(see Section 2.4.2). The GSTARS models have broad capabilities and have had success in
modeling sediment transport and deposition within rivers, lakes, and reservoirs. The inclusion of
upland erosion capabilities has been proposed to be added to the GSTARS models. The addition
of upland erosion capabilities to the GSTARS models would represent a comprehensive
watershed model (GSTAR-W) that utilizes a systematic, consistent, and well-proven theoretical
approach. The GSTARS models would apply the unit stream power theory (Yang, 1973, 1979)
and the minimum energy dissipation rate theory (Yang and Song, 1987) towards modeling soil
erosion resulting from rainfall and runoff on land surfaces.

Sediment yield from upland areas has been shown to be strongly related to unit stream power
(Yang, 1996). Sediment concentrations in overland flow also show a good relationship with unit
stream power (Nearing et al., 1997). Additionally, unit stream power has been shown to be
superior to other relations at predicting erosion of loose sediment on soils over a wide variety of
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conditions (Nearing et al., 1997; Yang, 1996; Hairsine and Rose, 1992; Govers and Rauws, 1986;
Moore and Burch, 1986). The ICOLD Sedimentation Committee report also confirmed that unit
stream power is a good parameter for sedimentation studies.

While the erosion component of GSTAR-W is in its early stages of development, the fact that the
model was developed as a process-based model to simulate sediment transport and river
morphology gives it a great advantage over empirical and semi-empirical soil erosion models.
Additionally, the integrated approach being taken in developing the erosion modeling capabilities
of GSTAR-W is much more promising than current process-based approaches that have met with
limited success.

In addition to the need for continued model development, there are some inherent difficulties to
erosion modeling. Physically based models tend to require a relatively large number of calibrated
parameters. This creates the need for good quality data sets, and also sets further limits on the
applicability of such models. That is, it is not advisable to use a model in a watershed that does
not have the requisite data. The most important parameters for process-based models are rainfall
parameters (e.g., duration, intensity) and infiltration parameters (e.g., hydraulic conductivity).
Poor quality input data can lead to large errors in erosion modeling. Additionally, soil erosion
models are built upon the framework of hydrologic models that simulate the rainfall-runoff
process. Any error that exists in the hydrologic model will be propagated with the error from the
soil erosion model. However the error introduced from the simulated runoff is generally much
less than the error from the simulation of erosion (Wu et al., 1993).

Due to the complexity of the surface erosion process, computer models are needed for the
simulation of the process and the estimation of the surface erosion rate. The need for the
determination of TMDL of sediment in a watershed also requires a process-based comprehensive
computer model. The following five sections will describe the approaches used for developing a
comprehensive, systematic, dynamic, and process-based model (Yang, 2002).

2.4.1 Total Maximum Daily Load of Sediment

The 1977 Clean Water Act (CWA) passed by the United States Congress sets goals and water
quality standards (WQS) to “restore and maintain the chemical, physical, and biological integrity
of the Nation’s waters.” The CWA also requires states, territories, and authorized tribes to
develop lists of impaired waters. These impaired waters do not meet the WQS that states have set
for them, even after point sources of pollution have installed the required level of pollution
control technology. The law requires that states establish priority rankings for waters on the list
and develop TMDLs for these waters. A TMDL specifies the maximum amount of point and
non-point pollutant that a water body can receive and still meet the water quality standard. By
law, the Environmental Protection Agency (EPA) must approve or disapprove state lists and
TMDLs. If a submission is inadequate, the EPA must establish the list or the TMDL
(U.S. Environmental Protection Agency, 2001).
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A TMDL consists of three elements—total point source waste loads, total non-point source loads,
and a margin of safety to account for the uncertainty of the technology needed for the
determination of allowable loads. TMDLs are a form of pollution budget for pollutant allocations
in a watershed. In the determination of TMDLs, seasonal and spatial variations must be taken
into consideration. The EPA is under court order or consent decrees in many states to ensure that
TMDLs are established by either the state or the EPA.

Table 2.11 is a U.S. Environmental Protection Agency (2000) list of causes of impairments by
pollutants. Sediment is clearly the number one pollutant that causes water to be impaired. It
should be noted that sediment type impacts have been combined with siltation, turbidity,
suspended solids, etc.

Table 2.11. Causes of impairments

Number of times

Pollutant named as cause
Sediments 6,502
Nutrients 5,730
Pathogens 4,884
Metals 4,022
Dissolved oxygen 3,889
Other habitat alterations 2,163
pH 1,774
Temperature 1,752
Biologic impairment 1,331
Fish consumption advisories 1,247
Flow alterations 1,240
Pesticides 1,097
Ammonia 781
Legacy 546
Unknown 527
Organic 464

Non-point source pollution is the largest source of water pollution problems. It is the main reason
that 40 percent of the assessed water bodies in the United States are unsafe for basic uses such as
fishing or swimming. Most sediment in rivers, lakes, reservoirs, wetlands, and estuaries come
from surface erosion in watersheds and bank erosion along rivers as non-point source pollutants.

When a tributary with heavy sediment load meets the main stem of a river, the sediment load
from the tributary can be treated as a point source of input to the main stem. Similarly, sediments
caused by landslides or produced at a construction site can also be treated as a point source of
input to a stream. A comprehensive approach for the determination of TMDL of sediment from
point sources and non-point sources should be an integrated approach for the whole river basin or
watershed under consideration.
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Sediments can be divided into fine and coarse. Rivers transport fine sediments mainly as
suspended load. Fine sediments often carry various forms of agrochemical and other pollutants.
Consequently, fine sediments can have significant impacts on water quality. Rivers transport
coarse sediments mainly as bedload. A good quality of coarse sediments or gravel is essential for
fish spawning. A comprehensive model for sediment TMDL should have the capabilities of
integrating watershed sheet, rill, and gully erosion; sediment transport, scour and deposition in
tributaries and rivers; and, finally, sediment deposition in lakes, reservoirs, wetlands, or at sea. It
should be a process-oriented model based on sound theories and engineering practice in
hydrology, hydraulics, and sediment transport. The model should be applicable to a wide range
of graded materials with hydraulic conditions ranging from subcritical to supercritical flows. A
geographic information system (GIS) or other technology should be used to minimize the need of
field data for model calibration and application.

Different authors have proposed different sediment transport formulas. Sediment transport
concentrations or loads computed by different formulas for a given river may differ significantly
from each other and from measurements. Chapters 3 and 4 address the subjects of sediment
transport for non-cohesive and cohesive materials, respectively.

2.4.2 Generalized Sediment Transport Model for Alluvial River Simulation (GSTARS)

The sediment concentration or load computed by a formula is the equilibrium sediment transport
rate without scour nor deposition. Natural rivers constantly adjust their channel geometry, slope,
and pattern in response to changing hydrologic, hydraulic, and geologic conditions and human
activities to maintain dynamic equilibrium. To simulate and predict this type of dynamic
adjustment, a sediment routing model is needed. An example of this type of model is the
Reclamation’s GSTARS 2.1 model (Yang and Simdes, 2000). GSTARS 2.1 uses the stream tube
concept in conjunction with the theory of minimum energy dissipation rate, or its simplified
theory of minimum stream power, to simulate and predict the dynamic adjustments of channel
geometry and profile in a semi-three-dimensional manner.

Figure 2.14 demonstrates the capability of GSTARS 2.1 to simulate and predict the dynamic
adjustments of channel width, depth, and shape downstream of the unlined emergency spillway of
Lake Mescalero in New Mexico. Figure 2.14 shows that the predicted results with optimization
based on the theory of minimum stream power can more accurately simulate and predict the
dynamic adjustments of channel shape and geometry than the simulation without the optimization
options. Figure 2.14 also shows that the process of channel bank erosion can be simulated and
predicted fairly accurately.

GSTARS3 (Yang and Simdes, 2002) is an enhanced version of GSTARS 2.1 to simulate and
predict the sedimentation processes in lakes and reservoirs. It can simulate and predict the
formation and development of deltas, sedimentation consolidation, and changes of reservoir bed
profiles as a result of sediment inflow in conjunction with reservoir operation.
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Figure 2.14. Comparison of results produced by GSTARS 2.1 and survey data for runs with and
without width changes, due to stream power minimization (Yang and Simdes, 2000).

Figure 2.15 shows an example of comparison between the predicted and observed delta formation
(Swamee, 1974) in a laboratory flume. Figure 2.16 shows a comparison between the measured
and simulated bed profiles using GSTARS3 for Tarbela Reservoir. GSTARS 2.1 and GSTARS3
enable us to simulate and predict the evolution of a river system with sediment from a tributary as
a point source of sediment input and bank and bed erosion along a river reach as non-point source
inputs to a river system. Reservoirs, lakes, and wetlands in a watershed can be considered as
sinks for sediments.
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Figure 2.15. Comparison of experiments with simulations of reservoir delta
development for two time instants (Yang and Simdes, 2002).
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Figure 2.16. Comparison between measured and simulated bed profiles by GSTARS3
for the Tarbela Reservoir in Pakistan (Yang and Simdes, 2001).

2.4.3 Rainfall-Runoff Relationship

Rainfall intensity, duration, and distribution in a watershed with given geologic and surface cover
conditions will determine the surface runoff. Once the surface runoff is given, sheet, rill, and
gully erosion rate of a watershed can be computed. Computer Models of Watershed Hydrology
(Singh, 1995) summarizes some of the rainfall-runoff models. Some of these models also have
certain abilities to simulate sheet erosion rates of a watershed. However, none of the existing
models are based on a unified approach for the determination of erosion, sediment transport, and
deposition in a watershed as described in this chapter. These models include, but are not limited
to, the Precipitation-Runoff Modeling System (PRMS) by Leavesley et al. (1983) and the
Hydrological Simulation Program—FORTRAN (HSPF) by Johanson et al. (1984). These models
are modular, interactive programs. Input data include meteorologic, hydrologic, snow, and
watershed descriptions. The outputs are runoff hydrographs, including maximum discharge, flow
volume, and flow duration. Figure 2.17 is a schematic diagram of the PRMS model. The output
information of these types of models can be used as part of the input information needed for a
river sediment routing model such as Reclamation’s GSTARS 2.1 and GSTARS3 computer
models. Due to the complexity of sheet, rill, and gully erosion, a new model GSTAR-W needs to
be developed and tested.
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Figure 2.17. Flowchart of the PRMS model (Leavesley et al., 1993).

2.4.4 GSTAR-W Model

The loss of topsoil due to surface erosion not only can cause environmental problems, but it can
also have adverse impacts on the agricultural productivity of a watershed. The United Nations
Atomic Energy Agency has organized a 5-year international effort to determine surface erosion
using radio isotopes as tracers. China has selected one watershed to test this fingerprinting
technology. Reclamation will use the field data collected under different hydrologic, geologic,
topographic, and sediment conditions for the calibration of GSTAR-W. Field data on rainfall-
runoff relationships exist in the literature and will also be used for the calibration of GSTAR-W.
GIS and other technology will be used to collect information on watershed topography, ground
cover, and land use. With the calibrated and verified GSTAR-W and the already tested
GSTARS 2.1 and GSTARS3 models, we can simulate and predict the sheet, rill, and gully
erosion of a watershed as well as the river morphologic processes of bank and bed erosion,
sediment transport, and depositions in rivers, lakes, reservoirs, and wetlands in a given watershed.
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The EPA and other agencies can also use these integrated models to assess the impacts on TMDL
of sediment due to a change of land use or other human activities. These models can become
useful management tools for the selection of an optimum plan of action and the allocation of
sediment TMDLs. Figure 2.18 is a decisionmaking flowchart of the integrated processes. It
should be pointed out that computed hydraulic parameters from this integrated model can also be
used for the determination of TMDLs of other pollutants in a watershed.
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Figure 2.18. Sediment TMDL study and decision making flowchart.
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2.4.5 Erosion Index Map

The amount of work and associated costs to determine TMDL of sediment are huge and will not
be accomplished in a few years. A need exists to develop erosion index maps to identify areas
that need immediate attention and possible remedial measures. It has been shown that the
dimensionless unit stream power VS/w is the most important parameter for the determination of
erosion and sediment transport rates. GIS or topographic map information can be used for the
estimation of slope S of a watershed. The average velocity V can be computed from Manning’s
formula for a given discharge Q, sediment size d, and surface roughness n. The fall velocity w is
proportional to the square root of particle diameter d. Thus, a preliminary estimation of VS/w can
be made, and erosion index maps can be developed based on the distribution of VS/w. These
maps may need to be modified with ground cover data which can also be obtained from GIS and
other sources of information. Thus, a modified erosion index GVS/w should be used. G is the
ground cover factor with a value between O for paved surfaces and 1 for surfaces with no ground
cover.

2.5 Example Case Studies

The methods described in this chapter are applied to an example case study in southwestern
Arizona, where three small reservoirs have been proposed. The volume of sediment that would
be expected to settle in these reservoirs over a 100-year period is computed for these examples.
The study area is near the downstream end of the Colorado River basin in one of the driest desert
regions of North America (Olmstead et al., 1973). The frequency of rainfall events that actually
produce runoff is expected to be one to two times per year.

The first reservoir would have a storage capacity of 16,400 acre-feet and an average depth over
40 feet. The second reservoir would have a storage capacity of 8,700 acre-feet and an average
depth of 21 feet. The third reservoir would have a storage capacity of 11,000 acre-feet and an
average depth of 12 feet. Three separate drainage areas have been delineated for the first two
reservoirs, and two separate drainage areas have been identified for the third reservoir.

2.5.1 Drainage Area Descriptions

The drainage areas for the proposed reservoir sites are desert foothills with steep to very steep
terrain. The surface topography is composed of jagged rock, gravel, and sand. Little vegetation
grows in these basins, except for sparsely spaced desert brush and clumps of grass. Stream
bottoms are steep and sandy. The drainage areas are capable of producing flash flood conditions
and large sediment volumes in the event of intense rainfall. Table 2.12 summarizes drainage
basin characteristics for each of the proposed reservoir sites.

Since the reservoirs would normally be operated to completely contain runoff from local storms,

they are expected to contain all of the sediment. Therefore, the trap efficiency for each reservoir
is assumed to be 100 percent.
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Table 2.12. Reservoir drainage basin characteristics

Drainage Drainage

Proposed area Drainage Average slope
reservoir Drainage basin (mi%) length (mi) length (mi) (%)
Reservoir 1 Unnamed Wash East 8.5 6.77 1.26 2.08
Mission Wash 7.1 7.20 0.99 2.92

Mission Wash East 2.2 1.50 1.47 6.00

Reservoir 2 Picacho Wash 43.7 16.20 2.70 0.90
Unnamed Wash 30.2 12.60 2.40 1.39

Picacho Wash East 2.0 3.44 0.58 1.43

Reservoir 3 Upper drainage area 9.72 2.86 3.40 2.67
Lower drainage area 10.1 4.31 2.34 2.25

2.5.2 Example Computations of Sediment Yield

No stream gauges of flow or sediment load exist on any of the drainage areas, so the 100-year
sediment yield cannot be based on direct measurements. The following four methods were used
to estimate the amount of sediment inflow to the proposed reservoirs after 100 years (Randle,
1998):

e The Revised Universal Soil Loss Equation.
e Empirical equations that predict sediment yields as a function of drainage area.

e A sediment yield classification procedure that predicts sediment yields as a function of
nine drainage basin characteristics.

e Unit stream power theory for sheet erosion that predicts sediment yields as a function of
the runoff rate, velocity, drainage slope, and sediment particle characteristics.

2.5.3 Example Based on the RUSLE

Figure 2.4 gives a Ry value for southeastern Arizona that varies from 10 to 30. Some
supplemental information is needed on the soil type and cover of the area, so a site assessment
would be necessary before the RUSLE can be applied. The following is assumed to be the case
for all sites. The soils are sandy with little or no structure, 80% silt and sand, no clay, and no
organic matter. Assuming slow to moderate permeability with 20% coarse fragments > 3 inches
and 80% less than 2 mm, calculation of K using the RUSLE program yields a value of 0.65. The
area is a desert shrub habitat with approximately 10% canopy cover and 10% rock and residue
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cover; calculation of Cy using the RUSLE program yields a value of 0.11 because the area is
highly susceptible to rill erosion. Table 2.13 is used to estimate the LSk factor. The LSk values
shown in Table 2.14 were obtained by assuming the maximum slope length. The Py factor is
equal to 1 because no management practices are used. The sediment yield results are shown in
Table 2.14.

Table 2.13. Values of the topographic LSy factor for slopes with a high ratio of rill to interrill erosion

(Renard et al., 1996)
Horizontal slope length (ft)

Slope 25 50 75 100 150 200 250 300 400 600 800 1000
(%)
0.2 0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06
0.5 0.07 0.08 0.08 0.09 0.09 0.10 0.10 0.10 0.11 0.12 0.12 0.13
1.0 0.10 0.13 0.14 0.15 0.17 0.18 0.19 0.20 0.22 0.24 0.26 0.27
2.0 0.16 0.21 0.25 0.28 0.33 0.37 0.40 0.43 0.48 0.56 0.63 0.69
3.0 0.21 0.30 0.36 0.41 0.50 0.57 0.64 0.69 0.80 0.96 1.10 1.23
4.0 0.26 0.38 0.47 0.55 0.68 0.79 0.89 0.98 1.14 1.42 1.65 1.86
5.0 0.31 0.46 0.58 0.68 0.86 1.02 1.16 1.28 1.51 1.91 2.25 2.55
6.0 0.36 0.54 0.69 0.82 1.05 1.25 1.43 1.60 1.90 2.43 2.89 2.30
8.0 0.45 0.70 0.91 1.10 1.43 1.72 1.99 2.24 2.70 3.52 4.24 4.91
10.0 0.57 0.91 1.20 1.46 1.92 2.34 2.72 3.09 3.75 4.95 6.03 7.02
12.0 0.71 1.15 1.54 1.88 2.51 3.07 3.60 4.09 5.01 6.67 8.17 9.57
14.0 0.85 1.40 1.87 2.31 3.09 3.81 4.48 5.11 6.30 8.45 10.40 12.23
16.0 0.98 1.64 2.21 2.73 3.68 4.56 5.37 6.15 7.60 10.26 12.69 14.96
20.0 1.24 2.10 2.86 3.57 4.85 6.04 7.16 8.23 10.24 13.94 17.35 20.57
25.0 1.56 2.67 3.67 4.59 6.30 7.88 9.38 10.81 13.53 18.57 23.24 27.66
30.0 1.86 3.22 4.44 5.58 7.70 9.67 11.55 13.35 16.77 23.14 29.07 34.71
40.0 2.41 4.24 5.89 7.44 10.35 13.07 15.67 18.17 22.95 31.89 40.29 48.29
50.0 2.91 5.16 7.20 9.13 12.75 16.16 19.42 22.57 28.60 39.95 50.63 60.84
60.0 3.36 5.97 8.37 10.63 14.89 18.92 22.78 26.51 33.67 47.18 59.93 72.15

Such as for freshly prepared construction and other highly disturbed soil condition with little or no cover (not applicable to thawing soil).

Table 2.14. Sediment yield estimates based on the empirical RUSLE

Rp; =10 Rz =30
Average annual 100-year Average annual 100-year
Proposed Area  sedimentyield  gediment yield ~ sediment yield  sediment yield
Reservoir Drainage Basin LSz (mi2) (acre-ft/mi 2) (acre-ft) (acre-ft/mi 2 (acre-ft)
Reservoir 1 Unnamed Wash East ~ 0.69 8.5 0.24 206 0.73 619
Mission Wash 1.23 7.1 0.43 307 1.30 922
Mission Wash East 33 22 1.16 256 3.48 767
Total 17.8 769 2,308
Reservoir 2 Picacho Wash 0.24 437 0.08 369 0.25 1,108
Unnamed Wash 0.43 30.2 0.15 457 0.45 1,371
Picacho Wash East 044 20 0.15 31 0.46 93
Total 75.9 857 2,572
Reservoir 3 Upper drainage area 1 972 0.35 342 1.06 1,026
Lower drainage area 0.85 10.1 0.30 302 0.90 907
Total 19.82 644 1,933
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2.5.4 Example Based on Drainage Area

The empirical sediment yield equations for Arizona, New Mexico, and California (Equation 2.15)
and for the semiarid climate of the southwestern United States (Equation 2.16) were applied to
the drainage areas listed in Table 2.12. Table 2.15 presents the predicted sediment yields, using
both of these equations, for each of the proposed reservoirs.

Table 2.15. Sediment-yield estimates based on empirical equations as a function of drainage area

Equation for New Mexico, Equation for the southwestern
Arizona, and California United Sates
Q,=24A0% Q=184 A
100-year
Average annual sediment Average annual 100-year
Proposed ) ) Ar%a sediment yield yield sediment yield | sediment yield
reservoir Drainage Basin (mi%) | (acre-fymi®) (acre-ft) (acre-f/mi’) (acre-ft)
Reservoir 1 | Unnamed Wash East 8.5 1.47 1,250 1.10 936
Mission Wash 7.1 1.53 1,090 1.15 816
Mission Wash East 2.2 2.00 440 1.52 335
Total 17.8 3,000 2,000
Reservoir 2 | Picacho Wash 43.7 1.01 4,420 0.74 3,250
Unnamed Wash 30.2 1.10 3,320 0.81 2,450
Picacho Wash East 2.0 2.05 410 1.56 310
Total 75.9 8,000 6,000
Reservoir 3 | Upper drainage area 9.72 1.42 1,380 1.07 1,030
Lower drainage area 10.1 1.41 1,430 1.06 1,070
Total 19.8 3,000 2,000

These 100-year sediment volume estimates are computed only as a function of drainage area and
do not consider site-specific characteristics of the drainage basin or individual runoff events. The
sediment yields from the two equations are different but they are of the same order of magnitude.
For the second reservoir, the sediment yield estimates are 70 to 90 percent of the proposed
reservoir storage capacity. This would indicate that more detailed investigations are warranted.

2.5.5 Example Based on the Sediment Yield Classification Procedure

The sediment yield classification procedures presented in Tables 2.9 and 2.10 were applied to all
of the proposed reservoir drainage basins as a whole. All ratings were based on field inspection.
Table 2.16 presents the estimated ratings for each drainage basin characteristic. These drainage
basins are a class 3 sediment yield based on the ratings for each of the nine drainage basin
characteristics. Applying an annual sediment yield of 0.5 to 1.0 acre-ft/mi’> to each of the
separate drainage basins provides an estimate of the 100-year sediment volume (Table 2.17). The
ranges of sediment yields computed using this method tend to be less than those computed as a
function of drainage area, but they are of the same order of magnitude.
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Table 2.16. Estimated numerical ratings for the proposed reservoir drainage basins

Estimated
Drainage basin Possible sediment yield
characteristics ratings rating Estimate description

Surface geology 0-10 5 Moderate Varies from hard, dense crystalline rocks to
unconsolidated alluvium and windblown sand.

Soils 0-10 0 Low Surface material is sand, rock fragments, and bedrock
outcrops.

Climate 0-10 Low Arid climate with rare convective storms.

Runoff 0-10 Low On average, only 1 to 2 storms per year that produce
runoff.

Topography 0-20 20 | High Desert foothill terrain that is steep to very steep and
dissected Piedmont slopes.

Ground cover -10-10 10 | High Little vegetation, except for sparsely spaced desert brush
and grass.

Land use -10-10 | -10 | Low There is no cultivation or grazing.

Upland erosion 0-25 10 | Moderate Upland mountains and hills are composed of older, more
consolidated rocks and are estimated to have moderate
erosion rates.

Channel erosion 0-25 25 | High Erosion on the dissected Piedmont slopes is the
dominant process today and has been for the past several
thousand years. Desert pavement is generally
conspicuous.

Total rating 60 | Class 3 0.5 to 1.0 ac-ft/mi*/yr.

Table 2.17. 100-year sediment yield estimates
100-year sediment yield
(ac-ft)
Proposed Area

reservoir Drainage basin (mi?) at 0.5 ac-ft/miz/yr at 1.0 ac-ft/miz/yr

Reservoir 1 Unnamed Wash East 8.5 425 850

Mission Wash 7.1 355 710

Mission Wash East 2.2 110 220

Total 17.8 900 2,000

Reservoir 2 Picacho Wash 43.7 2,185 4,370

Unnamed Wash 30.2 1,510 3,020

Picacho Wash East 2.0 100 200

Total 75.9 4,000 8,000

Reservoir 3 Upper drainage area 9.7 485 970

Lower drainage area 10.1 505 1,010

Total 19.8 1,000 2,000
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2.5.6 Example Based on Unit Stream Power
The physically based equation for sheet erosion (Yang, 1996; Moore and Burch, 1986) was
combined with a flood hydrology analysis to compute the 100-year sedimentation volume for
each reservoir drainage basin. Required input for this procedure includes the following data:

¢ Flood hydrology analysis, including magnitude, duration, and frequency.

e Manning’s roughness coefficient.

e Drainage slope and average width.

e Sediment particle characteristics including size, fall velocity, and incipient motion

velocity.

2.5.6.1 Flood Hydrology
Flood hydrographs were computed for return periods of 100, 50, 25, 10, and 5 years. These
hydrographs were determined from regional rainfall data because no stream gauge measurements
existed. The flood hydrographs were computed with a 5-minute time step with total durations
ranging from 2.3 to 14.1 hours. Table 2.18 lists the peak discharge values for each of these
rainfall-runoff floods. Table 2.19 is an annual flow-duration table for the flood return periods of

100, 50, 25, 10, 5, 2, and 1 years.

Table 2.18. Peak discharge values computed for each drainage basin

Peak flood discharge (ft*/s)
Reservoir Drainage basin 1(;?(33311 Sg;)};e;r 233:? 1?1;){)? 5%231
Unnamed Wash East 3,840 2,830 2,540 1,130 652
Reservoir 1 Mission Wash 3,410 2,510 1,770 1,010 579
Mission Wash East 1,930 1,420 996 569 324
Picacho Wash 7,740 5,690 4,010 2,280 1,310
Reservoir 2 Unnamed Wash 6,620 4,870 3,430 1,950 1,130
Picacho Wash East 1,840 1,350 948 540 315
Reservoir 3 Upper drainage area 8,310 NA NA NA NA
Lower drainage area 4,460 3,280 2,310 1,320 755

On average, one to two rainfall events that produce runoff are expected to occur each year over
the drainage basins of the proposed reservoirs. Over a 100-year period, this would amount to
between 100 and 200 runoff events. From Table 2.19, the total number of annual floods is
assumed to be 100 over a 100-year period, because this procedure only accounts for the largest
flood from each year. For example, a 5-year flood would not be counted if it occurred in a year in
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which the peak discharge for that year was greater (i.e., had a return period of 10, 25, 50, or
100 years). Therefore, the annual series was transformed into a partial duration series using the
method described by Linsley et al. (1975) and William Lane (Hydraulic Engineer, Reclamation,
Denver, Colorado, personal communication). The partial series is made up of all floods above
some selected base value. The base value is chosen so that not more than a certain number of
floods N are included for each year. The partial series can then indicate the probability of floods
being equaled or exceeded N times per year.

Table 2.19. Annual flow duration table

Number of times that
the flood is equaled or
Flood exceeded during
return period 100 years Number of annual floods
100 1 1
50 2 1
25 4 2
10 10 6
5 20 10
2 50 30
1 100 50
Total 100
B = 1/ ]—;mrtial =1-(-P partial/ ]:mnual)N (2.37)
where P,..., = the annual probability of floods being equaled or exceeded once
per year,
Tuma = the annual return period, in years, associated with the annual probability,
Paniac = the probability of floods being equaled or exceeded N times per year, and
N = the number of floods per year.

Solving for P,,.ia, Equation (2.37) can be expressed as:
Ppartial =1/Tpartial =N[1-(- I/Tannual)l/N] (2.38)
where T, = the partial series return period, in years, associated with P

The partial duration series was computed for a range of return periods, assuming no more than
two floods per year for a total of 200 floods over a 100-year period (Table 2.20). The largest
flood considered was that associated with the 200-year return period because, of all the floods
exceeding the 100-year flood, half would be greater than the 200-year flood. From the partial
duration series (last column of Table 2.20), the number of floods expected to occur during a 100-
year period was used for the computation of the 100-year sediment volume.
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Table 2.20. Transformation of annual flood series to a partial duration series, assuming no more than two floods per year

Annual peak flood series Partial duration series
Number of Number of
Flood return times Number of Flood return Flood return times Number of
period exceeded in floods in period period exceeded in floods
(yr) 100 yr 100 yr (yr) (yr) 100 yr in 100 yr
>200.00 <0.500 1.000 200.00 99.505 <0.501 1.003
100.00 1.000 0.111 95.00 94.749 1.003 0.112
90.00 1.111 0.139 85.00 84.749 1.114 0.140
80.00 1.250 0.179 75.00 74.749 1.254 0.180
70.00 1.429 0.238 65.00 64.749 1.434 0.240
60.00 1.667 0.333 55.00 54.749 1.674 0.336
50.00 2.000 0.500 45.00 44.749 2.010 0.506
40.00 2.500 0.833 35.00 34.748 2.516 0.846
30.00 3.333 0.667 27.50 27.248 3.362 0.679
25.00 4.000 1.000 22.50 22.247 4.041 1.023
20.00 5.000 1.667 17.50 17.246 5.064 1.718
15.00 6.667 3.333 12.50 12.245 6.782 3.482
10.00 10.000 4.286 8.50 8.242 10.263 4.573
7.00 14.286 5.714 6.00 5.738 14.836 6.279
5.00 20.000 5.000 4.50 4.234 21.115 5.680
4.00 25.000 25.000 3.00 2.720 26.795 31.784
2.00 50.000 16.667 1.75 1.445 58.579 25.951
1.50 66.667 10.256 1.40 1.073 84.530 19.393
1.30 76.923 13.986 1.20 0.839 103.923 35.775
1.10 90.909 9.091 1.05 0.608 139.698 60.302
1.00 100.000 9.091 1.05 0.608 200.000 60.302
Total 100.00 Total 200.00

2.5.6.2 Application of the Sheet Erosion Equation

For each drainage basin, the sediment concentration was computed using Equation (2.18) for each
5-minute discharge of a given flood hydrograph. The sediment inflow volumes to each reservoir
were computed for the 5-, 10-, 25-, 50-, and 100-year flood hydrographs. The sediment volumes
corresponding to the return periods listed in Table 2.20 (5th column) were computed from a
regression equation (specific to each drainage basin). The regression equations were computed
from the logarithms of the sediment volumes (dependent variable) and the logarithms of the
corresponding flood return periods (independent variable). The 100-year sediment volume was
computed by accumulating the products of the sediment inflow volume, corresponding to a given
range of floods, and the number of times floods in that range are expected to occur during a
100-year period (see Table 2.20, last column).
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The Manning’s n roughness coefficient in Equation (2.29) was assumed to be a constant of 0.030.
Table 2.12 lists the drainage area and length, and slope S for each drainage basin. The drainage
width was computed as the ratio of the drainage length to area. Sediment load was computed
from each concentration, and a bulk density of 70 Ibs/ft® was assumed to convert the sediment
load to volume.

The soils of the drainage basins are primarily sand and coarser size material. The median
sediment particle size was assumed to be within sand-size range (0.06 mm to 2.0 mm) but the size
was not precisely known for any of the drainage basins. Therefore, 100-year sediment volumes
were computed assuming a range of sand sizes. Table 2.21 lists the particle sizes and fall
velocities used in the analysis.

Table 2.21. Sediment particle sizes and fall velocities
(U.S. Committee on Water Resources, Subcommittee on
Sedimentation, 1957)

Sediment particle size Sediment particle fall velocity
(mm) (cm/s)
0.06 0.25
0.1 0.60
0.2 1.81
0.5 5.72
1.0 114
2.0 19.0

2.5.6.3 Results

Tables 2.22 through 2.31 present summary results of the unit stream power procedure for each
reservoir, drainage basin, flood, and assumed sediment particle size. Except for the 100-year
flood, a flood- hydrology analysis was not completed for the upper drainage area.

The average 100-year sediment yield (per unit area) for the upper and lower drainage areas was
assumed to be equal (Table 2.30). The 100-year sediment volume for the canal drainage area was
computed by multiplying the average 100-year sediment yield per unit area by the canal drainage
area of 9.72 mi* (see Table 2.31).

Sediment concentration was found to be sensitive to particle size. In some cases, the range of
possible particle sizes could be reduced by examination of the computed peak sediment
concentrations. A maximum concentration limit of 300,000 ppm was applied for the sand sizes
of the study area. This is a reasonable limit, based on other streams, where long-term
measurements exist. For example, the maximum mean daily concentration of record for the Rio
Puerco near Bernardo, New Mexico (a major sediment-producing tributary of the Rio Grande) is
230,000 ppm.
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Table 2.22. Reservoir 1, Unnamed Wash east drainage sediment yield estimates

Recurrence Peak Sediment volume
interval discharge (ac-ft)
(yn) (ft/s) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 3,840 211.00 64.10 14.20 2.96 1.16 0.58
50 2,830 126.00 38.10 8.45 1.76 0.69 0.34
25 2,540 105.00 31.90 7.07 1.47 0.58 0.29
10 1,130 25.80 7.83 1.74 0.36 0.14 0.07
5 652 9.77 2.96 0.66 0.14 0.05 0.03
100-yr volume' 577.00 128.00 26.70 10.50 5.23
Recurrence Peak Peak sediment concentration
interval discharge (ppm)
(yn) (ft/s) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 3,844 1,140,000 345,000 76,600 16,000 6,240 3,110
50 2,827 939,000 285,000 63,200 13,200 5,150 2,570
25 2,537 876,000 266,000 59,000 12,300 4,800 2,390
10 1,131 516,000 157,000 34,800 7,240 2,830 1,410
5 652 351,000 106,000 23,600 4,930 1,930 959
! See appendix for computation details.
Table 2.23. Reservoir 1, Mission Wash sediment yield estimates
Recurrence Peak Sediment volume
interval discharge (ac-ft)
(yn) (ft/s) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 3,410 431.00 131.00 29.00 6.04 2.36 1.18
50 2,510 260.00 78.80 17.50 3.65 1.42 0.71
25 1,770 146.00 44.20 9.81 2.04 0.80 0.40
10 1,010 56.90 17.20 3.83 0.80 0.31 0.16
5 579 22.50 6.82 1.51 0.32 0.12 0.06
100-yr volume 256.00 53.30 20.80 10.40
Recurrence Peak Peak sediment concentration (ppm)
interval discharge
(yr) (t/s) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 3,410 2,350,000 713,000 158,000 33,000 12,900 6,420
50 2,510 1,960,000 595,000 132,000 27,500 10,800 5,360
25 1,770 1,590,000 482,000 107,000 22,300 8,720 4,340
10 1,010 1,130,000 341,000 75,800 15,800 6,170 3,080
5 579 795,000 241,000 53,500 11,200 4,360 2,170
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Recurrence Peak Sediment volume
interval discharge (ac-ft)
(yr) (ft'ss) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 1,930 249.00 75.60 16.80 3.50 1.37 0.68
50 1,420 150.00 45.40 10.10 2.10 0.82 0.41
25 996 81.90 24.80 5.51 1.15 0.45 0.22
10 569 31.80 9.65 2.14 0.45 0.17 0.09
5 324 12.30 3.74 0.83 0.17 0.07 0.03
100-yr volume 144.00 30.00 11.70 5.85
Recurrence Peak Peak sediment concentration
interval discharge (ppm)
o) (ft’ss) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 1,930 5,240,000 1,590,000 353,000 73,500 28,700 14,300
50 1,420 4,400,000 1,330,000 296,000 61,800 24,100 12,000
25 996 3,590,000 1,090,000 242,000 50,400 19,700 9,810
10 569 2,590,000 786,000 175,000 36,400 14,200 7,080
5 324 1,860,000 564,000 125,000 26,100 10,200 5,080
Table 2.25. Reservoir 1, total 100-year sediment volume
Total 100-year sediment volume (ac-ft)!
0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
1,000 1,000 500 100 40 20
! The total includes a sediment yield computed from a larger particle size. A larger particle
size was used because the maximum probable concentration of 300,000 ppm was exceeded.
Table 2.26. Reservoir 2, Picacho Wash sediment yield estimates
Recurrence Peak Sediment volume
interval discharge (ac-ft)
) (ft'ss) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 7,740 101.00 30.70 6.82 1.42 0.56 0.28
50 5,690 54.10 16.40 3.64 0.76 0.30 0.15
25 4,010 25.20 7.64 1.70 0.35 0.14 0.07
10 2,280 6.29 1.91 0.42 0.09 0.03 0.02
5 1,310 1.05 0.32 0.07 0.01 0.01 0.00
100-yr volume 664.00 201.00 44.70 9.31 3.62 1.81
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Table 2.26. Reservoir 2, Picacho Wash sediment yield estimates (continued)

Recurrence Peak Peak sediment concentration
interval discharge (ppm)
(o) (ft'ss) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 7,740 156,000 47,300 10,500 2,190 855 426
50 5,690 118,000 35,900 7,970 1,660 648 323
25 4,010 83,500 25,300 5,620 1,170 458 228
10 2,280 42,500 12,900 2,860 597 233 116
5 1,310 16,400 4,990 1,110 231 90 45
Table 2.27. Reservoir 2, Unnamed Wash sediment yield estimates
Recurrence Peak Sediment volume
interval discharge (ac-ft)
(yr) (ft’ss) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 6,620 215.00 65.10 14.50 3.01 1.18 0.78
50 4,870 124.00 37.70 8.38 1.75 0.68 0.48
25 3,430 65.70 19.90 442 0.92 0.36 0.27
10 1,950 22.52 6.83 1.52 0.32 0.12 0.11
5 1,130 7.39 2.24 0.50 0.10 0.04 0.59
100-yr volume 484.00 107.00 22.40 8.76 4.36
Recurrence Peak Peak sediment concentration
interval discharge (ppm)
(y) (ft’ss) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 6,620 452,000 137,000 30,400 6,340 2,480 1,240
50 4,870 364,000 110,000 24,500 5,110 2,000 995
25 3,430 282,000 85,400 19,000 3,950 1,540 769
10 1,950 180,000 54,600 12,100 2,520 986 492
5 1,130 110,000 33,500 7,440 1,550 605 302
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Table 2.28. Reservoir 2, Picacho Wash East sediment yield estimates

Recurrence Peak Sediment volume
interval discharge (ac-f0)
() (ft’ss) 0.06 mm 0.1 mm 0.2 mm 0.5 mm I mm 2 mm
100 1,840 36.30 11.00 2.45 0.51 0.20 0.10
50 1,350 20.60 6.25 1.39 0.29 0.11 0.06
25 948 10.80 3.27 0.73 0.15 0.06 0.03
10 540 3.77 1.14 0.25 0.05 0.02 0.01
5 315 1.30 0.39 0.09 0.02 0.01 0.00
100-yr volume 81.40 18.10 3.76 1.47 0.74
Recurrence Peak Peak sediment concentration
interval discharge (ppm)
(o) (ft'ss) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 1,840 529,000 160,000 35,600 7,420 2,900 1,450
50 1,350 428,000 130,000 28,800 6,010 2,350 1,170
25 948 333,000 101,000 22,400 4,670 1,820 909
10 540 217,000 65,800 14,600 3,040 1,190 593
5 315 138,000 41,800 9,270 1,930 755 376
Table 2.29. Reservoir 2, total 100-year sediment volume
Total 100-year sediment volume (ac-ft)!
0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
11,000 800 200 40 10 7

! The total includes a sediment yield computed from a larger particle size. A larger particle size was used, because the maximum
probable concentration of 300,000 ppm was exceeded.

Table 2.30. Reservoir 3, reservoir drainage area sediment yield estimates

Recurrence Peak Sediment volume
interval discharge (ac-ft)
o) (ft’ss) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 4,460 192.00 58.30 12.90 2.70 1.05 0.53
50 3,280 115.00 34.80 7.73 1.61 0.63 0.31
25 2,310 62.70 19.00 4.22 0.88 0.34 0.17
10 1,320 23.50 7.14 1.58 0.33 0.13 0.06
5 755 8.63 2.62 0.58 0.12 0.05 0.02
100-yr volume 481.00 107.00 22.20 8.67 4.34
Average 100-yr sediment
yield (ac-ft/mi2) 47.60 10.60 2.20 0.86 0.43
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Table 2.30. Reservoir 3, reservoir drainage area sediment yield estimates (continued)

Recurrence Peak Peak sediment concentration
interval discharge (ppm)
(yr) (ft¥/s) 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
100 4,460 997,000 302,000 67,100 14,000 5,470 2,720
50 3,280 821,000 249,000 55,300 11,500 4,500 2,240
25 2,310 653,000 198,000 44,000 9,160 3,580 1,780
10 1,320 447,000 136,000 30,100 6,270 2,450 1,220
5 755 300,000 91,100 20,200 4,210 1,650 820
Table 2.31. Reservoir 3, total 100-year sediment volume
Total 100-year sediment volume'
(ac-ft)
Drainage area 0.06 mm 0.1 mm 0.2 mm 0.5 mm 1 mm 2 mm
Upper drainage area 481 107 22.20 8.67 4.34
Lower drainage area 462 102 21.40 8.33 4.17
Total drainage area 900 200 40.00 20.00 9.00

! Computed by multiplying the average 100-year sediment yield per unit area (computed for the reservoir drainage area, see
Table 2.24) by the canal drainage area of 9.72 mi>.

2.5.7 Comparison of Different Approaches

Table 2.32 presents summary results from the three different methods. These results differ by
two orders of magnitude for the low estimate and by up to one order of magnitude for the high
estimate. Results from the RUSLE provided intermediate estimates as compared to the other
empirical methods. The interpretation of the results from the RUSLE is complicated by the fact
that the slope lengths in the basins are much greater than those used to determine the LSy factor,
and given the many assumptions made in determining the other factors.

Results from the empirical sediment yield equations consistently provide the largest estimates for
the 100-year sediment volumes. These empirical equations are based on sedimentation
measurements from reservoirs in Arizona, New Mexico, and California and from measurements
of reservoirs throughout the southwestern United States. These reservoirs tend to be on drainage
basins that have more annual rainfall than the proposed reservoirs in southwestern Arizona.
Because the empirical equations are only a function of drainage area, they cannot take into
account the drier and sandier conditions of the drainage areas. Therefore, the equations might be
expected to overestimate the 100-year sediment yield.

Results from the sediment yield classification procedure provided the second highest sediment

yield estimates. In a semi-quantitative fashion, this procedure takes into account many of the
important variables affecting sediment yield from a drainage basin. The procedure is most
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Table 2.32. Summary results of 100-year sediment volumes by four methods

100-Year Sediment

Volume (acre-ft)

Drainage
aea Low High
Reservoir (mi 2) Method estimate estimate
Reservoir 1 17.8 Empirical RUSLE sediment estimate 800 2,300
Empirical sediment yield equations 2,000 3,000
Sediment yield classification procedure 900 2,000
Unit stream power sheet erosion equation 20 1,000
Reservoir 2 75.9 Empirical RUSLE sediment estimate 900 2,600
Empirical sediment yield equations 6,000 8,000
Sediment yield classification procedure 4,000 8,000
Unit stream power sheet erosion equation 7 1,000
Reservoir 3 19.8 Empirical RUSLE sediment estimate 600 1,900
Empirical sediment yield equations 2,000 3,000
Sediment yield classification procedure 1,000 2,000
Unit stream power sheet erosion equation 9 900

sensitive to ratings for upland and channel erosion, topography, ground cover, and land use. In
the case of the proposed reservoirs near Yuma, Arizona, the sediment yield ratings are high for
the steep topography, sparse ground cover, and extensive erosion channel development. The
ratings are low for the sandy soils and desert pavement, arid climate, and infrequent runoff. The
procedure can be used to predict the relative difference in sediment yield between two or more
drainage basins, but the procedure is still somewhat subjective when computing the actual
sediment yield.

Results from the unit stream power sheet erosion equation provided the lowest sediment yield
estimates. The sheet erosion equation accounts for the physical processes of erosion by taking
into account the important variables of drainage slope, width, roughness, and sediment particle
fall velocity and the runoff velocity, duration, and frequency. The drainage slope, S, runoff
velocity, V, and sediment particle fall velocity, w, are represented as dimensionless unit stream
power (VS/w), which Yang (1996) has shown to be applicable to a wide range of conditions. The
sheet erosion equation is especially applicable to the drainage basins of the proposed reservoirs
for the following reasons:

e The soils are mostly sand size, so particle cohesion can be ignored.

e Little or no vegetation exists to add cohesion to the sediment particles or complicate
estimates of roughness.

e A reasonable estimate can be made for the total number of the runoff events over a
100-year period in this very arid climate.
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e A maximum probable limit on sediment concentration can be applied to reduce the
range of sediment particle sizes.

e The accuracy of the method could be improved if any of the following data were
available:

— A long-term record of rainfall, runoff, and sediment yield for each reservoir
drainage basin.

— A long-term record of rainfall, runoff, and sediment yield for a nearby and similar
drainage basin for calibration purposes.

— A sediment particle-size distribution of each drainage basin.
— The areas of non-erodible and exposed bedrock of each drainage basin.

Results from the sheet erosion equation are believed to be the most accurate, because the most
important variables are accounted for: dimensionless unit stream power and the magnitude,
duration, and frequency of runoff events. Although results from this method are consistently
lower than for the other two methods, 200 runoff events (over a 100-year period) are accounted
for. Applying a maximum limit to the computed sediment concentration reduced the range of
reasonable sediment particle sizes. The 100-year sediment volumes could only be greater if peak
concentrations exceeded 300,000 ppm or if the runoff magnitudes or their frequency increased.

Sediment yield results for the assumed particle sizes of 1 and 2 mm were very low compared with
smaller particle sizes and with the three other methods. The sediment particle size of 0.2 mm
(fine sand) consistently provided the most reasonable high estimate in the sheet erosion equation
for all drainage basins. Therefore, the results assuming a sediment particle size of 0.2 mm are
used to represent the best estimate of the 100-year sediment volumes. Table 2.33 presents the
100-year sediment volume low estimates, high estimates, and best estimates for each proposed
reservoir using the unit stream power sheet erosion equation.

Table 2.33. Low, high, and the best estimate of the 100-year sediment volume

Low estimate High estimate Best estimate
100-year 100-year 100-year
Drainage sedimentation sedimentation sedimentation
area volume volume volume
Reservoir (mi®) (ac-ft) (ac-ft) (ac-ft)
Reservoir 1 17.8 20 1,000 500
Reservoir 2 75.9 7 1,000 200
Reservoir 3 19.8 9 900 200
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2.6 Reservoir Sedimentation

Rainfall, runoff, snowmelt, and river channel erosion provide a continuous supply of sediment
that is hydraulically transported in rivers and streams. All reservoirs formed by dams on natural
rivers are subject to some degree of sediment inflow and deposition. Because of the very low
velocities in reservoirs, they tend to be very efficient sediment traps. Therefore, the amount of
reservoir sedimentation over the life of the project needs to be predicted before the project is
built. If the sediment inflow is large relative to the reservoir storage capacity, then the useful life
of the reservoir may be very short. For example, a small reservoir on the Solomon River near
Osborne, Kansas, filled with sediment during the first year of operation (Linsley and Franzini,
1979). If the inflowing sediments settle in the reservoir, then the clear water releases may
degrade the downstream river channel (see Chapter 7, River Processes and Restoration).

There are several methods available for reducing reservoir sedimentation. These methods relate
to the reservoir location and size, land use practices in the upstream watershed, and special
considerations for the operation of the reservoir. In some cases, reservoirs can be operated for
long-term sustainable use so that sedimentation eventually fills the reservoir (see Chapter 6,
Sustainable Development and Use of Reservoirs).

Extensive literature exists on the subject of reservoir sedimentation. The book by Morris and Fan
(1997), entitled Reservoir Sedimentation Handbook is an excellent reference and provides an
extensive list of references.

2.6.1 Reservoir Sediment Trap Efficiency

The amount of sediment deposited within a reservoir depends on the trap efficiency. Reservoir
trap efficiency is the ratio of the deposited sediment to the total sediment inflow and depends
primarily upon the fall velocity of the various sediment particles, flow rate and velocity through
the reservoir (Strand and Pemberton, 1982), as well as the size, depth, shape, and operation rules
of the reservoir. The particle fall velocity is a function of particle size, shape, and density; water
viscosity; and the chemical composition of the water and sediment. The rate of flow through the
reservoir can be computed as the ratio of reservoir storage capacity to the rate of flow. The
potential for reservoir sedimentation and associated problems can be estimated from the
following six indicators:

e The reservoir storage capacity (at the normal pool elevation) relative to the mean annual
volume of riverflow.

e The average and maximum width of the reservoir relative to the average and maximum
width of the upstream river channel.

e The average and maximum depth of the reservoir relative to the average and maximum
depth of the upstream river channel.
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e The purposes for which the dam and reservoir are to be constructed and how the
reservoir will be operated (e.g., normally full, frequently drawn down, or normally

empty).

e The reservoir storage capacity relative to the mean annual sediment load of the
inflowing rivers.

e The concentration of contaminants and heavy metals being supplied from the upstream
watershed.

The ratio of the reservoir capacity to the mean annual streamflow volume can be used as an index
to estimate the reservoir sediment trap efficiency. A greater relative reservoir size yields a greater
potential sediment trap efficiency and reservoir sedimentation. Churchill (1948) developed a trap
efficiency curve for settling basins, small reservoirs, flood retarding structures, semi-dry
reservoirs, and reservoirs that are frequently sluiced.

Using data from Tennessee Valley Authority reservoirs, Churchill (1948) developed a
relationship between the percent of incoming sediment passing through a reservoir and the
sedimentation index of the reservoir (Figure 2.19). The sedimentation index is defined as the
ratio of the period of retention to the mean velocity through the reservoir. The Churchill curve
has been converted to a dimensionless expression by multiplying the sedimentation index by g,
acceleration due to gravity.

The following description of terms will be helpful in using the Churchill curve:

Capacity—Capacity of the reservoir in the mean operating pool for the period to be
analyzed in cubic feet.

Inflow—Average daily inflow rate during the study period in cubic feet per second.

Period of retention—Capacity divided by inflow rate.

Length—Reservoir length in feet at mean operating pool level.

Velocity—Mean velocity in feet per second, which is arrived at by dividing the inflow by the

average cross-sectional area in square feet. The average cross-sectional area can be

determined from the capacity divided by the length.

Sedimentation index—Period of retention divided by velocity.
Brune (1953) developed an empirical relationship for estimating the long-term reservoir trap
efficiency for large storage or normal pond reservoir based on the correlation between the relative
reservoir size and the trap efficiency observed in Tennessee Valley Authority reservoirs in the

southeastern United States (see Figure 2.19). Using this relationship, reservoirs with the capacity
to store more than 10 percent of the average annual inflow would be expected to trap between 75
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and 100 percent of the inflowing sediment. Reservoirs with the capacity to store 1 percent of the
average annual inflow would be expected to trap between 30 and 55 percent of the inflowing
sediment. When the reservoir storage capacity is less than 0.1 percent of the average annual
inflow, then the sediment trap efficiency would be near zero.

K = SI (sedimentation index) X g (gravitational accelaration)
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Figure 2.19. Trap efficiency curves (Churchill, 1948; Brune, 1953).

Figure 2.19 provides a good comparison of the Brune and Churchill methods for computing trap
efficiencies using techniques developed by Murthy (1980). A general guideline is to use the
Brune method for large storage or normal ponded reservoirs and the Churchill curve for settling
basins, small reservoirs, flood retarding structures, semi-dry reservoirs, or reservoirs that are
continuously sluiced. When the anticipated sediment accumulation is larger than 10 percent of
the reservoir capacity, it is necessary that the trap efficiency be analyzed for incremental periods
of the reservoir life.

The width and depth of the reservoir, relative to the width and depth of the upstream river
channel, can also serve as indicators of reservoir sedimentation. Even if the reservoir capacity is
small, relative to the mean annual inflow, a deep or wide reservoir may still trap some sediment.

The purposes for which a dam is constructed, along with legal constraints and hydrology,
determine how the reservoir pool will be operated. The operation of the reservoir pool will
influence the sediment trap efficiency and the spatial distribution and unit weight of sediments
that settle within the reservoir. The reservoir trap efficiency of a given reservoir will be greatest
if substantial portions of the inflows are stored during floods when the sediment concentrations
are highest. If the reservoir is normally kept full (run of the river operation), floodflows pass
through the reservoir and sediment trap efficiency is reduced. Coarse sediments would deposit as
a delta at the far upstream end of the reservoir. When reservoirs are frequently drawn down, a
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portion of the reservoir sediments will be eroded and transported father downstream. Any clay-
sized sediments that are exposed above the reservoir level will compact as they dry out (Strand
and Pemberton, 1982).

Once sediment capacity is reached, the entire sediment load supplied by the upstream river
channel is passed through the remaining reservoir. For example, the pool behind a diversion dam
is typically filled with sediment within the first year or two of operation. For a large reservoir
like Lake Powell, the average annual sediment inflow is 0.1 percent of the reservoir storage
capacity.

If contaminants and heavy metals are transported into a reservoir, they will likely settle with the
sediments in the reservoir. This may improve the water quality of the downstream river, but the
water quality in the reservoir may degrade over time as the concentrations of contaminants and
metals accumulate.

Once the estimated sediment inflow to a reservoir has been established, attention must be given to
the effect the deposition of this sediment will have upon the life and daily operation of the
reservoir (Strand and Pemberton, 1982). The mean annual sediment inflow, the trap efficiency of
the reservoir, the ultimate density of the deposited sediment, and the distribution of the sediment
within the reservoir all must be considered in the design of the dam.

Usually, to prevent premature loss of usable storage capacity, an additional volume of storage
equal to the anticipated sediment deposition during the life of the reservoir is included in the
original design. Reclamation has designed reservoirs to include sediment storage space whenever
the anticipated sediment accumulation during the period of project economic analysis exceeds
5 percent of the total reservoir capacity (Strand and Pemberton, 1982). A 100-year period of
economic analysis and sediment accumulation was used for those reservoirs. The allocated
sediment space is provided to prevent encroachment on the required conservation storage space
for the useful life of the project.

A schematic diagram of anticipated sediment deposition (Figure 2.20) shows the effect of
sediment on storage. A distribution study with 100-year area and capacity curves similar to those
shown on the left side of Figure 2.20 is needed whenever the 100-year sediment accumulation is
more than 5 percent of the total reservoir capacity. In operational studies of a reservoir for
determining the available water supply to satisfy projected water demands over the project life, an
average can be used for the sediment accumulation during the economic life period. However,
the total sediment deposition is used for design purposes to set the sediment elevation at the dam,
to determine loss of storage due to sediment in any assigned storage space, and to help determine
total storage requirements.

2.6.2 Density of Deposited Sediment

Samples of deposited sediments in reservoirs have provided useful information on the density of
deposits. The density of deposited material in terms of dry mass per unit volume is used to
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convert total sediment inflow to a reservoir from a mass to a volume. The conversion is
necessary when total sediment inflow is computed from a measured suspended and bed material
sediment sampling program. Basic factors influencing density of sediment deposits in a reservoir
are: (1) the manner in which the reservoir is operated; (2)the size of deposited sediment
particles; and (3) the compaction or consolidation rate of deposited sediments.
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Figure 2.20. Schematic diagram of anticipated sediment deposition (Bureau of Reclamation, 1987).

The reservoir operation is probably the most influential of these factors. Sediments that have
settled in reservoirs subjected to considerable drawdown are exposed to air for long periods and
undergo a greater amount of consolidation. Reservoirs operating with a fairly stable pool do not
allow the sediment deposits to dry out and consolidate to the same degree.

The size of the incoming sediment particles has a significant effect upon density. Sediment
deposits composed of silt and sand will have higher densities than those in which clay
predominates. The classification of sediment according to size as proposed by the American
Geophysical Union (Vanoni, 1975) is as follows:

Sediment type Size range in millimeters
Clay Less than 0.004
Silt 0.004 to 0.062
Sand 0.062 to 2.0

The accumulation of new sediment deposits, on top of previously deposited sediments, changes
the density of earlier deposits. This consolidation affects the average density over the estimated
life of the reservoir, such as 100 years. Figure 2.21 shows a good example of consolidation of
deposited sediments, taken from the report by Lara and Sanders (1970) for unit weights
(densities) in Lake Mead at a sampling location with all clay-size material.
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Figure 2.21. Comparison of densities on Lake Mead at location 5 (Bureau of Reclamation, 1987).

Three factors that should be taken into account in determining the density of deposited sediment
are presented below. The influence of reservoir operation is the most significant because of the
amount of consolidation or drying out that can occur in the clay fraction of the deposited material
when a reservoir is subjected to considerable drawdown. The size of sediment particles entering
the reservoir will also affect density, as shown by the variation in initial masses. Lara and
Pemberton (1965) statistically analyzed some 1,300 samples for determining mathematical
equations of variation of the unit weight of the deposits with the type of reservoir operation.
Additional data on unit weight of deposited material from reservoir resurveys have supported the
Lara and Pemberton (1965) equations (see Equation 2.39). The third factor is the years of
operation of the reservoir.

Reservoir operations were classified according to operation as follows:

Operation Reservoir operation
1 Sediment always submerged or nearly submerged
2 Normally moderate to considerable reservoir drawdown
3 Reservoir normally empty
4 Riverbed sediments upstream of reservoir

Selection of the proper reservoir operation number usually can be made from the operation study
prepared for the reservoir.

Once the reservoir operation number has been selected, the density of the sediment deposits can
be estimated using the following equation:
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W=Wp.+ Wypn + Wps (2.39)

where w = unit weight (Ib/ft’ or pg/m’),
Do Pms Ds percentages of clay, silt, and sand, respectively, of the incoming
sediment, and
W, W,, W, = unit weight of clay, silt, and sand, respectively, which can be
obtained from the following tabulation:

Initial unit weight in Ib/ft® (kg/m®)
Operation W, W, W,
1 26 (416) 70 (1,20) 97 (1,50)
2 35 (561) 71 (1,40) 97 (1,50)
3 40 (641) 72 (1,50) 97 (1,50)
4 60 (961) 73 (1,70) 97 (1,50)

In determining the density of sediment deposits in reservoirs after a period of reservoir operation,
it is recognized that part of the sediment will deposit in the reservoir in each of the T years of
operation, and each year's deposits will have a different compaction time. Miller (1953)
developed an approximation of the integral for determining the average density of all sediment
deposited in T years of operation as follows:

W, =W, +0.4343K (log, T)-1 (2.40)

T-1

where Wr = average density after T years of reservoir operation,

initial unit weight (density) as derived from Equation (2.39), and

= constant based on type of reservoir operation and sediment size
analysis as obtained from the following table:

~E
[

Reservoir K for English units (metric units)
operation Sand Silt Clay
1 0 5.7 16
0 1.8 8.4
3 0 0 0

The K-factor of Equation (2.40) can be computed using Equation (2.41).
K=Kp.+ K,p, + Kp; (2.41)
where K, K,, and K; = the unit weight of clay, silt, and sand, respectively

As an example, the following data are known for a proposed reservoir with an operation number
of 1 and a sized distribution of 23 percent clay, 40 percent silt, and 37 percent sand.
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Then:
W=26(0.23) + 70 (0.40) + 97 (0.37) =6.0 + 28.0 + 35.9=70 b/t (1120 kg/m3)

The 100-year average values to include compaction are computed as follows:

K=16(0.23)+5.7(0.40) + 0 (0.37) =3.68 + 2.28 + 0=5.96

W40 = 70+0.04343 (5.96){% (4.61)- 1 } =70+2.59 (3.66) = 79 1b/ft’

This value may then be used to convert the initial weights (initial masses) of incoming sediment
to the volume it will occupy in the reservoir after 100 years.

2.6.3 Sediment Distribution Within a Reservoir

The data obtained from surveys of existing reservoirs (U.S. Department of Agriculture, 1978)
have been extensively used to develop empirical relationships for predicting sediment distribution
patterns in reservoirs (Strand and Pemberton, 1982). Figures 2.22 and 2.23 illustrate the two
most common techniques of showing sediment distribution, where sediment is distributed by
depth and by longitudinal profile distance, respectively. Both methods clearly show that
sediment deposition is not necessarily confined to the lower storage increments of the reservoir.

Sediment accumulation in a reservoir is usually distributed below the top of the conservation pool
or normal water surface. However, if the reservoir has a flood control pool, and it is anticipated
that the water surface will be held within this pool for significant periods of time, a portion of the
sediment accumulation may be deposited within this pool. Figure 2.24 is a plot of data from 11
Great Plains reservoirs in the United States that may be used as a guide in estimating the portion
of the total sediment accumulation that will deposit above the normal water surface. This plot
should be regarded as a rough guide only, and the estimate obtained from it should be tempered
with some judgment based upon the proposed reservoir operation and the nature of the incoming
sediment. This curve is based on a limited amount of data and may be revised as more
information becomes available.

The term “flood pool index” refers to the computed ratio of the flood control pool depth to the
depth below the pool, multiplied by the percent of time the reservoir water surface will be within
the flood control pool. This information for a proposed reservoir must be obtained from the
reservoir operation study.

Once the quantity of sediment that will settle below the normal water surface has been
established, the Empirical Area-Reduction Method may be used to estimate the distribution. This
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method was first developed from data gathered in the resurvey of 30 reservoirs and is described
by Borland and Miller (1960) with revisions by Lara (1962). The method recognizes that
distribution of sediment depends upon: (1) the manner in which the reservoir is to be operated;
(2) the size of deposited sediment particle; (3) the shape of the reservoir; and (4) the volume of
sediment deposited in the reservoir. The shape of the reservoir was adopted as the major criterion
for development of empirically derived design curves for use in distributing sediment.
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Figure 2.22. Sediment distribution from reservoir surveys of Lake Mead (Bureau of Reclamation, 1987).
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Figure 2.23. Sediment deposition profiles of several reservoirs (Bureau of Reclamation, 1987).
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Figure 2.24. Sediment deposited in flood control pool (Bureau of Reclamation, 1987).

The design curve shown in Figure 2.25 can be used to predict reservoir sediment distribution as a
function of depth. With equal weight applied to reservoir operation and shape, a weighted type
distribution is selected from Table 2.34. In those cases where a choice of two weighted types are
given, then a judicious decision can be made on whether the reservoir operation or shape of
reservoir is more influential. The predominant size of reservoir sediment could be considered in

this judgment of reservoir type from the following guidelines (see Figure 2.25):

Predominant size

Type

Sand or coarser
Silt
Clay

I
I
11

Table 2.34. Design type curve selection

Reservoir operation Shape
Weighted
Class Type Class Type type
Sediment submerged I Lake I |
Flood plain - foothill I Torll
Hill and gorge 1 II
Moderate drawdown II Lake I Torll
Flood plain - foothill I II
Hill and gorge 1 IT or III
Considerable drawdown 1 Lake I I
Flood plain - foothill 1T II or I
Hill and gorge 1 I
Normally empty v All shapes v
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Figure 2.25. Sediment distribution design curves (Bureau of Reclamation, 1987).

Only for those cases with two possible type distributions should size of sediment be considered in
selecting the design type curve. The size of sediments in most river systems is a mixture of clay,
silt, and sand and has been found to be least important in selecting the design type curve from
Figure 2.25.

Lara (1962) provides the detail on distributing sediment in a reservoir by the Empirical-Area
Reduction Method. The appropriate design type curve is selected using the weighting procedure
shown in Table 2.34.

The Area-Increment Method is based on the assumption that the area of sediment deposition
remains constant throughout the reservoir depth. It is almost identical to the type II design curve
(Figure 2.25) and is often used to estimate the new zero capacity elevation at the dam.

Strand and Pemberton (1982) give an example of a sediment distribution study for Theodore
Roosevelt Dam, located on the Salt River in Arizona. Construction of the dam was completed in
1909, and a complete survey of the reservoir was made in 1981. The reservoir had an original
total capacity of 1,530,500 acre-feet at elevation 2136 feet, the top of the active conservation
pool. The purpose of this example is to: (1) compare the actual survey of 1981 with the
distribution procedures; (2) show all of the steps involved in a distribution study; and (3) provide
changes in capacity and projected sediment depths at the dam for 100, 200, and 300 years.
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Table 2.35 gives the pertinent area-capacity data necessary to evaluate the actual 1981 survey and
for use as a base in the distribution study. The total sediment accumulation in Theodore
Roosevelt Lake, as determined from the 1981 survey, was 193,765 acre-feet. In the 72.4 years
from closure of the dam in May 1909 until the survey in September 1981, the average annual
sediment deposited was 2,676 acre-feet per year. The survey data from Table 2.35 were used to
draw the sediment distribution design curve on Figure 2.26. To check the most appropriate
design curve by the Empirical Area-Reduction Model, the volume of sediment accumulated in
Theodore Roosevelt Lake from 1909 to 1981 was distributed by both a type II and III
distribution, as shown in Figure 2.26. This comparison indicates that type II more closely
resembles the actual survey. Figure 2.27 shows a plot of the area and capacity data from
Table 2.35.

Table 2.35. Reservoir area and capacity data for Theodore Roosevelt Lake

Original reservoir in 1909 1981 survey results
Elevation Area Capacity Area Capacity
(ft) (acres) (10° ac-ft) (acres) (10° ac-ft)

2136 17,785 1,530.5 17,337 1,336.7
2130 17,203 1,425.5 16,670 1,234.3
2120 16,177 1,258.5 15,617 1,072.4
2110 15,095 1,102.2 14,441 922.3
2100 14,104 956.5 13,555 782.6
2090 13,247 819.3 12,746 650.5
2080 11,939 693.3 11,331 530.0
2070 10,638 580.6 9,842 424.0
2060 9,482 479.9 8,230 333.8
2050 8,262 391.2 6,781 258.9
2040 7,106 314.6 5,569 197.6
2030 6,216 248.0 4,847 145.6
2020 5,286 190.3 4,212 100.3
2010 4,264 142.9 3,387 61.6
2000 3,544 103.8 2,036 35.0
1990 2,744 72.3 1,304 18.7
1980 1,985 48.9 903 7.6
1970 1,428 31.9 382 0.8
1960 1,020 19.7 '0 '0
1950 677 11.3

1940 419 5.9

1930 227 2.7

1920 117 1.1

1910 52 0.2

1900 0 0

! Sediment elevation at dam for 1981 survey is 1966 feet (599.2 m).
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The first step in the distribution study for the 100-, 200-, and 300-year period is a determination
of the rate of sediment accumulation. In the case of Theodore Roosevelt Lake, the average
annual rate determined from the 1981 survey and used for future projections, with the assumption
that the compaction or unit weight of deposits will not change, is listed as follows:

Sediment volume
Years (acre-feet)
72.4 (1981) 193,765
100 267,600
200 535,200
300 802,800

No data existed on trap efficiency to apply to the above projections. The use of the rate from the
1981 survey results assumes that the trap efficiency for the first 72.4 years will remain the same
through 300 years. In cases where sediment accumulation is determined from the total sediment
load at a gauging station, then trap efficiency by use of Figure 2.19 and densities from Equations
(2.39) and (2.40) are needed for computing the volume of sediment accumulation.

To complete this example, a logarithmic plot of the depth-capacity relationship for the original
(1909) survey (Figure 2.27) for Theodore Roosevelt Lake, provided the shape factor for the
reservoir type classification. Although the lower portion of the reservoir falls slightly in type III,
the upper portion and overall slope indicate a type II classification. When assigning a type
classification either for an existing reservoir or in distributing sediment on top of previous
sediment deposits, it is important that the stage-capacity relationship only be plotted for the
original survey. Studies have shown that a reservoir does not change type with continued
sediment depositions. Once a reservoir has been assigned a type by shape, this classification will
not change. However, it is possible that a change in reservoir operation could produce a new
weighted type, as defined in Table 2.34.

The next step in the distribution study is computation of the elevation of sediment deposited at the
dam. Table 2.36 shows a set of computations for determining the depth of sediment at the dam.
The relative depth and a dimensionless function from the original area and capacity curves for
Theodore Roosevelt Lake are computed as shown in Table 2.36 with the function:

S-V
F = h
HA, (2.42)
where F = dimensionless function of total sediment deposition, capacity, depth,
and area,

S = total sediment deposition,
V, = reservoir capacity at a given elevation A,
H = original depth of reservoir, and
A, = reservoir area at a given elevation /.
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A plot of the data points from Table 2.36 is superimposed on Figure 2.28 and the p value (relative
depth) at which the line for any year crosses; the appropriate type curve will give the relative
depth p, equal to the new zero elevation at the dam. Figure 2.28 contains plotted curves of the
full range of F values for all four reservoir types and the Area-Increment Method, as developed
from the capacity and area design curves. For Theodore Roosevelt Dam, the intersect points for
type II, as well as for the Area-Increment Method curves, gave sediment depths shown in
Table 2.37. The Area-Increment Method is often selected because it will always intersect the F
curve and, in many cases, gives a good check on the new zero capacity elevation at the dam. In
the case of Theodore Roosevelt Dam, the 1981 survey had an observed elevation at the dam of
1966 feet (599.2 m), which was in better agreement with the Area-Increment Method value than
any of the type curves. Data from Table 2.37 can be used to predict useful life of a reservoir or
projection beyond the 300 years.

l m - T ) T 1 T 1 T T L) 1 T T T ] T T T T T e
800 H Table of F values 3
600 N Type 7
400 P 1 )i it v -

I 0.0 o e o 0 .
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Figure 2.28. Curves to determine the depth of sediment at the dam (Bureau of Reclamation, 1987).
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Table 2.37. Elevation of sediment at Theodore Roosevelt Dam

H=2341t
Type II Area increment
Elevation Elevation
Years P, P.H (ft) P, PH (ft)
72.4 (1981) 0.23 54 1956 0.247 58 1960
100 0.284 66 1968 0.290 68 1970
200 0.418 98 2000 04 94 1996
300 0.553 129 2031 0.506 118 2020

The final step in the distribution study is to distribute a specified volume of sediment, which, for
the example selected, involved the 72.4-, 100-, 200-, and 300-year volume in Theodore Roosevelt
Lake by the type II design curve. Figure 2.26 shows the results of this distribution using
procedures described by Lara (1962). Table 2.38 shows an example of the results for the 100-
year distribution by use of the Empirical Area-Reduction Method and type II design curves.
Although the example given is for type II, the equations for the relative sediment area a for each
type are as follows (Bureau of Reclamation, 1987):

Type Equation
1 a= 5.0741)1.85 (1 _p) 0.35
Il a=2487p"7 (1-p) 4
11 a=16.967 p™* (1 - p) >
v a=1486p"% (1-p) ¥
where a = relative sediment area,
p = relative depth of reservoir measured from the bottom, and
p, = relative depth at zero capacity.

2.6.4 Delta Deposits

Another phenomenon of reservoir sediment deposition is the distribution of sediment
longitudinally as illustrated in Figure 2.22 for Lake Mead. The extreme upstream portion of the
deposition profile is the formation of delta deposits. The major consequence of these delta
deposits is the raising of the backwater elevations in the channel upstream from a reservoir.
Therefore, the delta may cause a flood potential that would not be anticipated from pre-project
channel conditions and proposed reservoir operating water surfaces. Predicting the delta
development within a reservoir is a complex problem because of variables, such as operation of
the reservoir, sizes of sediment, and hydraulics (in particular, the width of the upper reaches of
the reservoir). Sediments deposited in the delta are continually being reworked into the
downstream storage area at times of low reservoir stage and during extreme flood discharges.
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A delta study is needed for situations involving the construction of railroads or highway bridges
in the delta area, defining inundated property such as urban areas or farmland, and design of
protective structures to control inundation of property. The 100-year flood peak discharge is
often used for inundation comparison in the flood plain, with the delta size over the life of the
project to represent average conditions for the 100-year event.

An empirical procedure exists for the prediction of delta formation that is based upon observed
delta deposits in existing reservoirs (Strand and Pemberton, 1982). Figure 2.29 shows a typical
delta profile. It is defined by a topset slope, foreset slope, and a pivot point between the two
slopes at the median reservoir operating level. The quantity of material to be placed in the delta
is assumed to be equal to the volume of sand-size material or coarser (> 0.062 mm) entering the
reservoir over the project life. A trial and error method, utilizing topographic data and volume
computations by average end-area method, is used to arrive at a final delta location.

The topset slope of the delta is computed by one or more of several methods: (1) a statistical
analysis of existing delta slopes that support a value equal to one-half of the existing channel
slope (Figure 2.30); (2) topset slope from a comparable existing reservoir; or (3) zero bedload
transport slope from bedload equations, such as those by Meyer-Peter and Miiller (1948),
Sheppard (1960), or Schoklitsch (1934). An example of the topset slope computed by the Meyer-
Peter and Miiller beginning transport equation for zero bedload transport is given by:

- 132
Q ns
a 6
S, =K Os | (du)” d (2.43)
T D .
where S = topset slope,
K = coefficient equal to 0.19,
Q/Qp = ratio of total flow in ft*/s to flow over bed of stream in ft'/s (Q/Qj is

normally equal to 1). Discharge is referred to as dominant discharge
and is usually determined by either channel bank full flow or as the
1.5-year flood peak,

d = diameter of bed material on topset slope, usually determined as weighted
mean diameter in millimeters,

doy = diameter of bed material for 90% finer than in millimeters,

D = maximum channel depth at dominant discharge in feet, and

ng = Mannings roughness coefficient for the bed of the channel.

The Meyer-Peter and Miiller equation, or any other equation selected for zero transport, will yield
slope at which the bed material will no longer be transported, which must necessarily be true for
the delta to form.
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Figure 2.29. Typical sediment deposition proﬁle (Bureau of Reclamation, 1987).
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Figure 2.30. Topset slope versus original stream slope from existing reservoirs (Bureau of Reclamation, 1987).
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The location of the pivot point between the topset and foreset slopes depends primarily on the
operation of the reservoir and the existing channel slope in the delta area. If the reservoir is
operated near the top of the conservation pool a large portion of the time, the elevation of the top
of the conservation pool will be the pivot point elevation. Conversely, if the reservoir water
surface has frequent fluctuations and a deeply entrenched inflow channel, a mean operating pool
elevation should be used to establish the pivot point. In the extreme situation when a reservoir is
emptied every year during the flood peak flows for sluicing sediment, the pivot point will be at
the sluiceway.

As an initial guess, the upstream end of the delta is set at the intersection of the maximum water
surface and the original streambed, and the topset slope is projected from that point to the
anticipated pivot point elevation to begin the first trial computations of delta volume.

The average of foreset slopes observed in Reclamation reservoir resurveys is 6.5 times the topset
slope. However, some reservoirs exhibit a foreset slope considerably greater than this; for
example, Lake Mead’s foreset slope is 100 times the topset. By adopting a foreset slope of
6.5 times the topset, the first trial delta fit can be completed.

The volume of sediment computed from the channel cross sections with the delta imposed on
them should agree with the volume of sand size or larger material anticipated to come from the
delta stream. The quantity of sediment in the delta above normal water surface elevation should
also agree with that estimated to settle above the normal operating level, as shown in Figure 2.25.
If the adjustment necessary to attain agreement is minor, it can usually be accomplished by a
small change in the foreset slope. If a significant change in delta size is needed, the pivot point
can be moved forward or backward in the reservoir, while maintaining the previously determined
elevation of the point. The topset slope is then projected backward from the new pivot point
location, and the delta volume is again computed. The intersection of the delta topset and the
original streambed may fall above the maximum water surface elevation, a condition that has
been observed in small reservoirs. The delta formation can also be determined from computer
modeling (see Chapter 5, Sedimentation Modeling for Rivers and Reservoirs).

2.6.5 Minimum Unit Stream Power and Minimum Stream Power Method
Yang (1971) first derived the theory of minimum unit stream power for river morphology from

thermodynamics. The theory states that for a closed and dissipative system under dynamic
equilibrium:

dY dxdy Vs . (2.44)
—=——=VS§ = a minimum .
dt dt dx
where Y = potential energy per unit weight of water,

X = distance,

V= average flow velocity,

S = slope,

VS = unit stream power, and

t = time.
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The minimum value in Equation (2.44) depends on the constraints applied to the system. Yang
(1976) later applied the theory to fluvial hydraulics computations. Yang (1976) and Yang and
Song (1986, 1987) derived the theory of minimum energy dissipation rate from basic theories in
fluid mechanics and mathematics. The theories of minimum stream power and minimum unit
stream power are two of the special and simplified theories of the more general theory of
minimum energy dissipation rate. These theories have been applied to solve a wide range of
fluvial hydraulic problems.

Yang and Molinas (1982) showed that unit stream power can be obtained through the integration
of the product of shear stress 7 and velocity gradient du/dy, where u = time-averaged local
velocity in an open channel flow. Consequently, minimization of VS is equivalent to
minimization of 7 (du/dy). Annandale (1987) called t (du/dy) the applied unit stream power. It
can be shown that minimization of applied unit stream power is equivalent to:

A/ gDS = a minimum = a constant (2.45)
where g = gravitational acceleration, and
D = water depth.

Equation (2.45) can be used to determine the longitudinal bed profile of a reservoir in or near a
stable condition. Annandale (1987) verified the validity of Equation (2.45) using data from Van
Rhynereldpass Reservoir in South Africa, as shown in Figure 2.31. Figure 2.31 (b) indicates that

a constant value of /gDS =6x10"" m/s can be used for the Van Rhynereldpass Reservoir. In

order to apply Equation (2.45) to the determination of the longitudinal bed profile of a reservoir,
it is assumed that the shear velocity of the river at the entrance of the reservoir remains constant
through the reservoir. A modified backwater surface profile computation through the reservoir is
then made by assuming two free surfaces; that is, water surface and bed surface. The bed surface
is adjusted in the computation, such that Equation (2.45) is satisfied.

For most natural rivers and reservoirs, a more generalized theory of minimum stream power is
applicable; that is:
0S8 = a minimum = a constant
(2.46)
where  Q

0S

water discharge, and
stream power.

The minimum value in Equation (2.46) depends on the constraints applied to the system. Chang
(1982) and Annandale (1984) found that when the stream power approaches a minimum value for
relatively short reach:

Q -0

dx (2.47)
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The relationship between channel cross-sectional area A and wetted perimeter P becomes:

dA_AdQ AdP_AdP (2.48)
dx Q dx 3P dx 3P dx

Sondags River

Pienaars River 0;5 . 9 0;5 1 1;5 ?
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(a) Plan view
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i L ]
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- [ ] -
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o 2 6 e 8
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0 1 2 3
Distance from dam (km)

(b) Relationship between shear velocity and distance

Figure 2.31. Relationship between shear velocity and distance for the Van Rhyneveld Reservoir
(Annandale, 1987).

Equation (2.48) can be used to develop dimensionless cumulative mass curves as a function of
dP/dx. Figure 2.32 shows the curves developed by Annandale (1987) based on data from
11 reservoirs in South Africa, where sediments are deposited below full supply level or below the
crest of the spillway of a reservoir. Figure 2.33 shows the result by Annandale for sediments
deposited above the full supply level. To illustrate the computational procedures based on a
minimum unit stream power and minimum stream power theory, Yang (1996) summarized
examples used by Annandale (1987) in the following example problems.
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Figure 2.32. Dimensionless cumulative mass curves explaining sediment distribution
below full supply level as a function of dP/dx for stable conditions (Annandale, 1987).
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Figure 2.33. Sediment distribution above full supply level (Annandale, 1987).
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Example 2.4 The river and reservoir schematic shown in Figure 2.34 below has the following
properties: Width = B =1 m; Flow depth in river = D = 1 m; Bed slope of river = Sy= 0.002; Bed
slope of reservoir = Sy = 0.02; Manning’s n = 0.03;

Hydraulic radius of river reach = R= w =0.333 m;
2D+ B
R2/3 Sl/2
Flow velocity in river =V=—--——=0717 m/s;
n

Discharge = Q = VA = 0.717 m’/s; Shear velocity in river reach = /gDS o =0.14 m/s.

M DR m
S T S

0m

Figure 2.34. River and reservoir schematic for Example 2.4.
It is assumed that the river is in a dynamic, equilibrium condition. The constant value assumed
for the shear velocity in the river is applicable for the reservoir and is therefore set at 0.14 m/s.
Compute the reservoir bed surface profile based on minimum unit stream power theory.

Solution: Table 2.39 (Yang, 1996) summarizes the computation, based on Equation (2.45).

The final computed reservoir bed surface profile is:

Reach | Bed level
(m) (m)
0 99.980
4 99.988
8 99.996
10 100.000
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Example 2.5 Figure 2.35(a) shows the plan view of Lake Mentz in South Africa. The
estimated volume of sediment expected to be deposited in the reservoir is 129 x 10° m’. Assume
that the wetted perimeter can be replaced by reservoir width. Figure 2.35(b) shows the
relationship between reservoir width and distance at full supply level. From Figure 2.35(b),
dPldx=0.8. This value is used to select the curve from Figure 2.32 for sediment volume
computation below full supply level. Sediment volume with L/Lgs greater than 1.0, can be
obtained from Figure 2.33. Table 2.40 summarizes the computations (Annandale, 1987; Yang,
1996).

Table 2.40. Lake Mentz reservoir sedimentation volume computation

Dimensionless Estimated Estimated
Relative Actual cumulative cumulative sediment vol.
distance distance sediment vol. sediment vol. sections
L/Lggt (m) S(V/Ves) (10° m® (10° m®
0.0 0 0.00 0.00 0.00
0.1 1,200 0.08 0.92 9.92
0.2 2,400 0.20 2481 14.89
0.3 3,600 0.36 44.65 19.84
0.4 4,800 0.50 62.02 17.37
0.5 6,000 0.60 74.42 12.40
0.6 7,200 0.70 86.83 12.41
0.7 8,400 0.82 101.71 14.88
0.8 9,600 0.90 111.63 9.92
0.9 10,800 0.95 117.84 6.21
1.0 12,000 1.00 124.04 6.20
1.1 13,200 1.02 126.52 2.48
1.2 14,400 1.03 127.76 1.24
1.3 15,600 1.04 129.00 1.24
1.4 16,800 1.04 129.00 0.00

The Sanmenxia Reservoir on the Yellow River in China has severe sedimentation problems. The
project went through three phases of reconstruction to modify its operation since its completion.
The modifications include reopening low level diversion tunnels and constructing side tunnels to
sluice sediments. The operation rules also changed to releasing water with high sediment
concentration during floods and storing water with lower sediment concentration after floods.
Since these modifications, sediment inflow into and outflow from the reservoir is now in a state
of dynamic equilibrium. During the long process of trial-and-error to determine the optimum
reconstruction and modification of operation rules, the Yellow River Conservancy Commission
(He et al., 1987) collected valuable data on scour and deposition in the reservoir. Yang (1996)
used the Sanmenxia Reservoir data shown in Figure 2.36 to demonstrate the application of
minimum stream power shown in Equation (2.46). Figure 2.36 shows that scour occurs when QS
is greater than 0.3 m’/s, while deposition occurs when QS is less than 0.3 m’/s. The state of
dynamic equilibrium can be maintained at QS = 0.3 m’/s = a constant. These results indicate that
the theory of minimum stream power, as stated in Equation (2.46), can be applied directly to the
design and operation of a reservoir to maintain a dynamic equilibrium between sediment inflow
and outflow. Figure 2.36 shows the actual measured values of QS x 10™* m/s.
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Figure 2.35. Plan view and width-distance relationship for Lake Metz in South Africa
(Annandale, 1987).
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Figure 2.36. Determination of the Sanmenxia Reservoir scouring and deposition process
based on the minimum stream power theory (Yang, 1996).

2.7 Summary

This chapter provides a detailed review and evaluation of empirical approaches used for the
estimation of erosion rate or sediment yield. Empirical approaches include the use of the
Universal Soil Loss Equation and its revised and modified versions, and direct measurement of
sediment yield. Site-specific estimates of sediment yield from a watershed can also be computed
from empirical equations based on drainage area or basin characteristics.

Theories of minimum energy dissipation rate and its simplified versions of minimum stream
power or minimum unit stream power in conjunction with the unit stream power theory for
sediment transport can be used as the basis for the computation of sheet, rill, and gully erosion
rates. The GSTARS computer series can be used to systematically compute erosion rates and
sediment transport, scour, and deposition in a watershed.

Reservoir sedimentation processes and computations based on empirical methods and analytical
methods using minimum unit stream power and minimum stream power theories are included in
this chapter. Example computations of erosion rates and reservoir sedimentation are used to
illustrate the methods described in this chapter.
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