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FOREWORD

This volume is part of the 12-volume report entitled "Hydrologic
Engineering Methods for Water Resources Development," prepared by The

Hydrologic Engineering Center as part of the U.S. Army Corps of Engineers'
participation in the International Hydrological Decade. Volume 12
addresses the topics of river morphology, data collection and analysis,
reservoir sedimentation, and aggradation and degradation in free
flowing streams. The emphasis of the volume is on practical approaches
: and techniques for analyzing sediment problems. Although many of the
: | methods and procedures described herein have been used successfully in
Corps of Engineers' studies, the volume should not be construed to

represent the official policy or criteria of the Corps.
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CHAPTER 1. [INTRODUCTION

Section 1.01. Objective

The title of this volume, "Sediment Transport," was chosen to focus
attention on the movement of sediment material in flowing water. This
involves processes of scour, transport and deposition of inorganic
material both in free flowing streams and in reservoirs. “hile some
sediment transport formulas are included, they do not form a major part
of this volume.

The purposes of th&s volume are: (1) to identify potential problem
areas; (2) to identify which of these can be analyzed with existing
mathematical techniques and which must be studied using either movable
bed hydraulic models or the prototype; (3) to identify the type and
amount of data reauired for analyzing sediment problems, and (4) to give
sufficient guidance so that competent engineers may develop satisfactory

solutions to the sediment problems.

Section 1.02. Scope

Basic to all sediment studies is sediment yield from the watershed.
The paper entitled "Corps of Engineers “ethods for Predicting Sediment
Yield" by "r. %bert H. Livesey is included as Appendix III to provide
information in this problem area. Also, the calculation of land surface

erosion is presented, but only briefly described.
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The basic concept of calculating water surface profiles in natural
rivers is extended bevond Yolume 6, "Water Surface Profiles," to include
the river bed as a movable boundarv. The analysis nf sediment 6roblems
bv diqgital comnuter sinulation is useful for calculating the volume and
location of sediment deposits in reservoirs and for predicting aggra-
dation or deqradation trends downstream from dams as well as in free
flowing streams. The Hydroloqic Engineering Center comnuter program
vhich performs the simulation analysis, "Scour and Deposition in Rivers
and Peservoirs,” is included in Annendix VII of this volume. This program
can be used to evaluate the behavior of a stream bed during the passing
of a single flood event or for a long neriod of hydroqraohic record.

Tachniques are also nresented in Appendix VII for calculating growth
of the armor laver, A4estruction of the armor layer and hydraulic sortina
of grain sizes.

M very useful technique for calculating the volume of sediment
deposits in reservoirs is based on trap efficiencv. Application of the
techniaue does not reauire the electronic comnuter.

Since present analytical techniques do not comnletely define sedi-
ment nroblems, a qood understanding of the behavior of natural and
controlled streams is essential for interpreting any calculated results.
" brief discussion of river morpholoqy is included to aid in this regard.

In summary, attention is directed toward the analysis of water born
sadimants in defined channels. The reqime concept is not treated in
detail. 'lind blown sediment is not included. The impact of sediment on
vater quality - that is, quality constituents that might adhere to and te

transnorted with sediment particles - is discussed in Volume 11. The
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growth and decay of bed forms and two and three dimensional hydrodynamic
models are not included in this voluma. foastal nrocesses are not
addressed.

In qeneral, the formulas which are included have been incornorated
into analytical methods and have heen anplied to a wide ranae of problems
throughout the United States. Their performance has been satisfactory
whan the methods were annlied with the annropriate understanding of river
morphology and the limitations of present theory. Even the most advanced
methods require a great deal of engineering judgment to insure a correct
interoretation of results.

Not all analytical techniques in use in the Corps of Engineers are
included in this volume. This does not imnly that techniques which are
included are the "best" ones, nor does it imply that techniques which
were not included are inferior. It simply reflects the fact that there
are a large number of methods in use, there is only a limited amount of
space available to present them, and the methods nresented have been

found to be generally satisfactory.

Section 1.03. A Summary Statement

Hature maintains a very delicate balance hetween the water flowing
in a natural river, the sediment load moving with the water and the
stream's boundary. Any activity of man which changes any one of the
following parameters @

® water yield from the watershed

® sediment yield from the watershed

1-03
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e water discharge duration curve

e depth, velocity, slope or width of the flow

e size of sediment particles,
or which tends to fix the location of a river channel on its floodplain
and thus constrain the natural tendency to meander, upsets the natural
balance and initiates the formation of a new one. The objective of most
sediment studies is to evaluate the impact on the flow system from
changing any of these parameters.

A classical example is the deposition which results when a reservoir
is impounded. In terms of the aforementioned parameters, the reservoir
causes a change in the hydraulics of flow by forcing the energy gradient
to approach zero. This results in a loss of transport capacity with the
resulting deposition. The smaller the particles, the farther they will
move into the reservoir before depositing. At times fine sediment in the
inflow to a deep reservoir does not fully mix. The resultant stratification
is conducive to the formation of density currents, and some material may
pass through the reservoir.

The obvious consequence of sediment deposits is a depletion in reser-

voir storage capacity. This is represented schematically in fig. 1.01,

Top of flood control pooI\

Fig. 1.01. Deposition in Deep Reservoirs
1-04
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Deposition in Deep Reservoirs. The volume of sediment material in the
delta is a function of the project 1ife among other things, and that
delta will continue to develop, with time, beyond the project life.

Eventually a rew channel and floodplain will exist in the delta area.

Identifying this deposition pattern with deep reservoirs raises the
question "what is the significance of deep as onposed to shallow reser-

voirs on the sediment deposition pattern?". Referring to fig. 1.01,

consider what would happen if the dam were moved in the direction of the
delta deposits and the operating rule for the reservoir did not change.
The confiquration of the delta would not change until the dam actually
reached the toe of the delta itself. At some point, the reservoir could
become classified as a shallow reservoir. Therefore, the delta formation
shown in fig. 1.01 could be as appnlicable to a shallow reservoir as it is
to a deep reservoir.

The mean operating pool elevation is a major factor in establishing
the confiquration of the reservoir delta. Therefore, to shift the dam to
a location along the present topset slope would completely change the
mean operating nool elevation and thereby the shape of the reservoir
delta itself.

A number of associated problems can be listed:

e Depnsits forming the delta may raise the water surface
elevation during flood flows in such a manner to require
special consideration for land acquisition. In deep
reservoirs, this is usually not a problem within the
reservoir area because project purposes dictate land

acquisition. However, the delta tends to develop in the
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upstream direction and cause problems upstream from the
reservoir area proper. In shallow reservoirs, on the
other hand, the increase in water surface elevation is
a problem even within the reservoir area. That is,
floods of equal frequency may have higher water surface
elevations after a project begins to develop a delta
deposit than was experienced before the project was
constructed. Land acquisition studies must evaluate

such a possibility.

Aggradation problems are often more severe on tributaries

than on the main stem and these locations are often desirable
for developing recreational facilities. Analysis is complicated
by the lack of basic data on the tributaries - usually less than

on the main stem itself. However, the useful life of recreation

sites should be evaluated by predicting the rate of delta growth.

Because of the high moisture level, reservoir deltas often
attract phreatophytes which in many areas contribute to

water use problems due to their high transpiration rate.

Reservoir delta deposits are often aesthetically undesirable.

Particularly in shailow impoundments, the resulcs of reservoir
sediment deposits may increase the water surface elevation
sufficiently to impact on the ground water table.

1-06
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e In existing reservoirs, the United States Fish and Wildlife
Service is utilizing delta and backswamp areas in the
pron gation of wildlife. Since the characteristics of this
delta area are so closely controlled by the operating policy
of the reservoir, any reallocation of storage would need to
consider the impact on present delta and backswamn areas.
This represents a type of problem that may be more important
in the future if changing oriorities among project purnoses

demand reallocation of storage in reservoirs.

® Looking downstream from the dam, deqradation is usually
nredominant. It is necessary to evaluate the impact of
dearadation on a tailwater rating curve at the structure.
Problems downstream from the dam are sufficiently complex
that they are nresented in some detail in the following

pnaraqranhs.

Nownstream from the dam the hydraulics of flow (velocitv, slope,
denth and width) remain unchanged from conditions in the natural state.
Howeve;, the reservoir has acted as a sink and trapped sediment materia
esnecially the bed material load. This reduction in sediment vield fro
the watershed causes the enerqv in the flow to be out of balance with t
boundary material for the downstream channel. Because of the amount of

available energv, the water attemnts to re-establish the former equili-

1,
m

he

brium sediment load from material in the stream bed, and this results in a

deqgradation trend. Initially, the degradation trend may persist for on

1-07
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a short distance downstream from the dam since the equilibrium sediment
load is soon re-established by removing material from the stream bed.

As time passes, the degradation trend will migrate downstream;
however, several factors are working together to establish a new equili-
brium condition in this movable-boundary flow system, in addition to this
re-entrainment of sediment material. On one hand, the potential energy
gradient is decreasing because the degradation migrates from upstream to
downstream in direction. On the other hand, the bed material is becoming
coarser and, consequently, more resistant to being moved. This tendency
in the main channel has the opposite effect on tributaries. Their poten-
tial energy gradient is increasing which results in an increase in trans-
port capacity. This will usually increase sediment passing into the main
stem which tends to stabilize the main channel resulting in less degrada-
tion than one might anticipate. Finally, a new equilibrium condition
will be established between the flowing water-sediment mixture and the
boundary.

The extent of degradation is complicated by the fact that the reservoir
also changes the water discharge duration curve. This will impact for
great distances downstream from the project because the existing river
channel reflects the historical phasing between flood flows on the main
stem and those from tributaries. That phasing will be changed by the
operation of the reservoir. Also, the flow will probably encourage vegetation
to grow at lower elevations in the channel. The result is a condition
conducive to deposition in the vegetation. Actually, numerous examples
of aggradation trends may be cited for river channels downstream from
dams. The primary problem which results is inadequate channel capacity
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resulting in inadequate levee height. Consideration should be given to
performing detailed simulation studies to determine future channel
capacities and to identify problem areas of excessive aggradation or
degradation. Particular attention should focus on all major tributaries.

An eqhally classical problem results when levees are constructed
for flood control purposes because the position of the river channel
must be stabilized to insure that it remains between the levees. River
flow entering the backwater curve to its receiving water, whether that
receiving water is the ocean or a lake, loses transport capacity and
deposition of the coarser material results in an aggradation trend in
the river channel. Consequently, the levee height becomes inadequate
to contain the design discharge. The rate at which this process takes
place, although slow, is not measured in terms of geological time.
Depending on the sediment yield in the basin, significant changes can
occur during the 50-100 year life of an engineering project.

A third classical sediment problem is that of maintaining depth of
navigation. This problem requires a detailed understanding about the
behavior of the movable boundary flow system since it requires fixing the
location of a navigation channel within the main channel itself. However,
the techniques for performing these studies can proceed under the assump-
tion that the location of the river channel is fixed. Hydraulic model
studies can then be employed to design the navigation channel.

The aforementioned sediment problems are all associated with man's
activities. However, left to its natural state, a river will continually
change its position on the flood plain, its meander pattern and the cross

section shape as it responds to the flowing water and sediment mixture.
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A good understanding of this process is required before one can adequately

interpret the impact of man's activities, for man's activities not only

change the rate at which a river channel responds to the flowing water-

sediment mixture, but also change the location of sediment sources and

sinks from those naturally existing.

The level of detail required for the analysis of any sediment problem

depends on the objective of the study. Considering a dam site as an im-

portant natural resource, it is essential to provide enough volume in

the reservoir to contain anticipated deposits during the project life. If
L the objective of a sediment study is just to know the volume of deposits
for use in screening studies, then trap efficiency techniques provide a
satisfactory solution. The important information that must be available,
then, is the water and sediment yields from the watershed and the capacity

of the reservoir. However, if the sediment study must also address the land

acquisition for the reservoir, then knowing only the volume of deposits is
not sufficient. The location of deposits must also be known, and the

study must take into account sediment movement. The approach presented

in this volume is to analyze such a problem with digital simulation of flow
in a mobile boundary channel. Sorting of grain sizes must be considered

since the coarser material will deposit first, and armoring must be accommo-

dated since scour is involved. This simulation technique actually becomes
a movable-bed analytical model. It is useful to predict erosion or scour
trends downstream from a dam, general aggradation or degradation trends in
river channels, and the ability of a stream to transport the bed material

load. Such a technique does not have to define the location of a navigation

1-10
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channel in order to be useful; in fact, there is no analytical technique
that 1s suitable for calculating where, within the river channel, a
navigation channel will be stable.

The simulation technique is structured entirely for computer solution.
The amount of data that has to be analyzed includes all the basic geometric
and hydraulic data required for water surface profile calculations plus
data describing the size and gradation of sediment material in the stream
bed and banks, the size and amount of inflowing sediment material and the
water discharge hydrograph. In addition, long periods of hydrograph
record are generally utilized since sediment studies attempt to predict
trends throughout the project life. The number of calculations is
extremely large. For example, predicting deposition in a shallow
reservoir having a 50 year design life can require a calculation of
some 600 to 1000 water surface profiles plus the routing of sediment
material through the reservoir for the water discharge associated with
each one of the profiles.

Data acquisition programs have evolved to satisfy needs. With only
few exceptions, data, when collected at all, are collected for estimating
annual sediment yield where suspended sediment is the primary contributor.
This is definitely one problem area. However, there are other problem
areas. For example, data should also be collected in a systematic program
to study channel morphology. This would require measuring the bed load
to determine the amount moving, the gradation of the load and the sorting
that goes on among the various grain sizes. The link to understanding

the feedback mechanism in the water-bed interaction probably lies in
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understanding bed load and the lateral movement of river channels. Attempts
to simulate the behavior of a movable bed analyt}cally will continue to
require considerable qualitative judgment until this 1ink is understood.
Even present techniques require data on gradation of material in the stream
bed and in the sediment load. Sampling the bed load will be required to
obtain this type of data. These data should be collected by personnel

intimately familiar with both sediment movement and analytical techniques

until a better understanding of the nature of the problem is developed.
A1l data acquisition programs should utilize "standard" equipment and

techniques.

Section 1.04. The Interpretation of Analytical Results

The analysis of sediment problems is not a simple extension of fixed
bed hydraulic theory so that it becomes movable boundary hydraulic theory.
Sediment problems vary in degree of difficulty from the relatively simple
determination of the volume of deposits in a deep reservoir to aggradation
and degradation studies in free flowing streams and rivers. Whereas fixed
bed hydraulic theory is well developed, the analysis of movable bed problems
is complicated by the fact that the body of theory available for performing
analyses is incomplete. The interactions between flowing water and a
movable boundary are not well understood, although the water and boundary
are components of a closed loop system. At best, the available theory
addresses only bits and pieces of that system.

It is often uncertain as to how to apply the available theory to

obtain satisfactory results. Guidelines are conspicuously absent. Case
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after case is presented to demonstrate the inconsistency of results that
one can obtain for the same problem analysis by using different methods
-- all of which are recognized in the literature as acceptable methods.

Nevertheless, the engineer is constantly faced with the analysis of
sediment problems. Perhaps the following suggestions will be helonful.

It is good oractice to follow a three step procedure: (1) calibrate the
analytical technique, (2) verify the procedure by performing a "base test"
for comparison with observed conditions, and (3) interpret the imnact of
any changes by reference to that base test rather than by absolute magni-
tudes. Due to the difficulty of obtaining consistent prototype data

and the uncertainties involved, good engineering judgment is required in
determining the source of discrepancies between calculated results and
measured values. This is especially important in simulation of the
movable boundary, but the same approach is valuable even in trap efficiency
studies.

Another useful technique is to select several formulas for use in
each phase of the study and compare results. Sensitivity studies will
often help to identify the most appropriate formula for the problem at
hand.

1-13




% CHAPTER 2. TERMINOLOGY AND PROPERTIES OF SEDIMENT

Section 2.01. Introduction

The terminology in sedimentation work is somewhat unique. Some
terms appear to be general in nature, such as bed load, or bed material
load, and yet they have been defined rather precisely. Other terms
appear to be very well defined and yet are somewhat general in nature;
particle size classification is an example. The fact that particle
size is an important variable is obvious, and yet there are several
different standards for classifying sediment material according to

particle size. Many of these use the words "sand, silt, and clay,"

but particle size diameter for material called sand is different from

one classification standard to another. This is also true for silt é

and clay.

In general, the physical properties of sediment are important to
both quantity and quality studies. Consistency within the United States
in determining these properties required the establishment of a special
interagency sedimentation project. The project is under the auspices of
the Committee on Sedimentation of the Water Resources Council, and is
engaged in the development and standardization of sampling equipment,
sampling techniques, and methods for analysis of samples.

It is useful to organize sediment properties in three groups:

Properties of sediment particles 5

®* Size and shape

® (lassification scale
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® Shape factor

® Specific gravity

® Fall velocity

e Gradation of sample
Properties of sediment deposits
® Initial unit dry weight

® Consolidation with time

o Unit dry weight of mixtures
Properties of the water-sediment mixture
@ Concentration

® Sediment load

® Sediment yield

Section 2.02. Properties of Sediment Particles

a. Particle Size and Shape

Particle size refers to the "diameter" of a particle. There are
several ways to measure diameter but the most common are by sieving or by
measuring the velocity with which the particle falls through quiescent
water at a standard temperature. The latter procedure produces an equivalent
spherical diameter -- that is, the diameter of a sphere of the same specific
weight that would have the fall velocity that was observed. Sieving is the
most common technique for measuring the sizes of sand and gravel particles.

Particle size is probably the most significant physical property. It
affects the resistance to erosion, the transportability of sediment, and
subsequent behavior in the consolidation of sediment deposits. For example,
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very small particle sizes, up to about 0.004 mm, exhibit a strong influence
from electrical charges on their surface. They are said to be cohesive.
Material having this range of grain sizes is called clay, and when sediment
problems involve clay a special body of analytical theory is employed to
account for the impact of electro-chemical characteristics of the water on
those of the sediment material. Particle sizes between 0.004 mm and about
0.0625 mm are in a transition range. They are too large to feel much influ-
ence from the electromotive forces and too small to mobilize much inertia
against being moved by flowing water. This range is classified as silt.

When particle size exceeds 0.0625 mm electromotive forces are insignificant.

These particles are noncohesive and are classified as sand, gravel, cobbles,

etc. Knowledge of mechanical forces is sufficient to analyze the behavior

— T T W T

of noncohesive sediment. Consequently, transport theory for noncohesive J
material is more advanced than that for cohesive material.

b. Classification by Grain Size

The grain size classification scale established by the American

fieophysical Union is the standard used to relate grain size to size class
throughout this volume. The median diameter of a size class is that for
: which 50% of the material in that class is finer and 50% coarser.

Table 2.01. Grain Size Classification

Size Class Grain Diameter Median Di_meter
1 T A R “(mm) ~(mm)
Clay less than .004 -
Very fine silt .004 to .008 .0057
Fine silt .008 to .016 0113
Medfum silt .016 to .032 .0226
} 2-03
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Table 2.01. Arain Size Classification (cont.)

Size Class Girain Diameter "edian Diameter

(mm) (mm)
Coarse silt .032 to .0625 .0447
Very fine sand <0625 to 125 .0884
Fine sand 125  to .250 .1768
Medium sand 250 to .50 .3536
Coarse sand 50 to 1.00 707
Very coarse sand 1.00 to 2.00 1.4142
Very fine qravel 2.00 to 4.00 2.3284
Fine qravel 4,00 to 8.00 5.6569
"ledium gravel 8.00 to 16.00 11.3137
Coarse gravel 16.00 to 32.00 22.6274
Very coarse gravel 32.00 to 64.00 45,2548

c. Particle Shane Factor

Sediment particles are seldom spherical. Clays are very elongated

and, to a lesser extent, so are the larger particles. The following expres-

< sion has been proposed as a measure of particle shape by using dimensions

normal to each other:
grain shane factor = c/\/;:B- (2-01)
where a and b refer to the two smallest dimensions and c to the largest.
The nrimary influence of grain shape in the noncohesive particles is on
fall velocity. ‘hereas this is recognized in conceot, it has not been

formally incornorated into a satisfactory analytical expression.




d. Specific Rravity

The specific gravity of sediment particles is another pronerty that
imnacts on the fall velocity, and consequently, the hydrodynamic properties
of the sediment particle. The value commonly used for quartz sand is 2.65.

e. Fall Velocity

N property of sediment which is very important in transport calcula-
tions is the velocity at which a single narticle would fall through quies-
cent water. This velocity is related to the grain size, specific
gravity, particle shape and temperature of the water. Usually, the fall
velocity is calculated from the sediment particle diameter as though that
particle were a snhere. Although it seems, intuitively, that the fall velo-
city should be corrected for the shane of the particle, presently there is
not enouch information to make such a correction. Therefore the fall
velocity is calculated assuming the particle is a sphere. The following
table 2.02 shows fall velocities for quartz sand (which has a specific grav-
ity of 2.65) as a function of temperature and particle size.

Fall velocities for other sizes or for other specific qravities mav be

calculated with the following equation:

N o ‘4 flg i ¥
At o L !

CD = drag coefficient

d = particle diameter

g = acceleration of gravity
w = fall velocity

y = specific weight of fluid

y, = soecific weight of the sphere
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For Reynolds numbers, R, less than 0.1, Stokes law gives

24/ R

(W
where
R

v

D

W e d/v

kinematic viscosity of fluid

Reynolds number

(2-03)

(2-04)

For Reynolds numbers greater than 0.1 there is no simple expression

for the drag coefficient relationship, and the following curve is utilized

with equations 2.02 and Z.04 to calculate fall velocity by successive approxi-

mations.

DRAG COEFFICIENT, C,
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-
o
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>
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N N ™ 51 1Y
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1 |
10° 10 10 1 10 10* 10° 10* 10°
REYNOLDS NUMBER, R
Fig. 2.01. Drag Coefficient of Spheres As a

Function of Reynolds Number
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f. Gradation Curve

An important property of the sediment sample is its gradation. Each
sample will usually contain a range of grain sizes, and it is customary to
break this range down into classes to determine the percentage by weight of
the total sample contained in each class interval. The individual percentages
are accunulated and the graph showing grain size vs. the accumulated percent

of material that is finer than that grain size results in a aradation curve.

This curve presents one set of statistics for that sample as shown in the
following example (fig. 2.02). Gradation can change drastically from sample
to sample. Furthermore, four different gradations are significant: the
gradation of the suspended load, the gradation of the bed load, the gradation
of the material comprising the bed surface and the gradation of material
beneath the bed surface. These will all be significantly different, with
respect to time, for the same flow event. Gradation curves are often plotted
on log-normal probability paper.

Section 2.03. Properties of Sediment Deposits

a. Unit Weight of Sediment Deposits and Consolidation with Time

The weight per unit volume of sediment deposits is denoted "unit weight."
The fact that it could be calculated from the unit weight of water, the
specific gravity of the sediment particles and the void ratio of the sediment
deposit is academic because the void ratio varies substantially. Field tests
are required to determine unit weights. The unit weight of a sand deposit
can be considered constant with time, but clay and silt deposits consolidate
by over 200 percent. Ueposits which are always submerged take longer to
consolidate than those which are occasionally exposed to the air.

The following unit weights are often used when field data cannot be
obtained.

2-08
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Table 2.03. Unit Dry Weight for Sediment Deposits (1)

Fully
Initial Compacted
Material Deposits Deposits Consolidation

Classification 1b/cu ft 1b/cu ft Coefficient Remarks
Sand 93 93 0 Always submerged
Silt 65 82 $.7 Always submerged
Clay 30 78 16.0 Always submerged
Silt 74 82 2.7 Moderate reservoir
drawdown (2)
Clay 46 78 10.7 Moderate reservoir
drawdown
Silt 79 82 1.0 Considerable reservoir
drawdown (2)
Clay 60 78 6.0 Considerable reservoir
drawdown

(1; Reference 1, page 829
Significant because drawdown permits aeration and aeration results in
density changes.

b. Unit Dry Weight of Mixtures

The following equation is utilized to calculate the unit weight of a

mixture of sand, silt and clay.

v « Ysand - *sang *[Y' * K - 10g19(T-1.0)]- Seyq¢ +[v" + K* - logio(T-1)] - 85,

100

where

Ysand = unit weight of sand

zsand = ambunt of sand in total deposit in percent

Y = unit weight of initial silt deposits
K' = consolidation coefficient for silt
y" = unit weight of initial clay deposits
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=
"

consolidation coefficient for clay

life of deposit in years

LU |
"

clay = amount of clay in total deposit in percent
xsilt = amount of silt in total deposit in percent
¥
T

composite unit weight T years after deposition occurred

c. Impact on Water Quality

As one might suspect, those sediments having electrical charges, the
clay material, play the most active role in water quality analysis. There
is evidence that heavy metals, pesticides, hydrocarbons, radioactive wastes
and other pollutants are attracted to these sediments and consequently
zones of deposition may exhibit rather high concentrations of these

pollutants.

Section 2.04. Properties of the Water-Sediment Mixture

a. Concentration

The dry weight of a sediment sample in milligrams divided by the
weight of the water-sediment sample in liters is the common unit for
sediment concentration. An alternate unit is parts of sediment per
million parts of the water-sediment mixture. The first definition is
preferred.

b. Sediment Load Terms

Sediment load refers to rates of sediment movement in the stream.
Quantities should be expressed as tons per day and may be calculated
from sediment concentration and water discharge in tons. Six different
sediment load terms are encountered in sediment literature: suspended

load, bed load, wash load, bed material load, measured load and un-

measured load. These terms go together in pairs to produce the total

sediment load as follows: 211




Based on mode Based on availability Based on method

of transport ___in stream bed of quantifying
suspended
load wash load measured load
Total load = + = ® = +
bed load ed material loa unmeasured loa

Suspended load refers to those sediment particles which are trans-

ported entirely within the body of fluid with very little contact with the
bed.

Bed load is that portion of the sediment load that moves essentially
in contact with the bed. There is not a standard criteria for defining
bed load. However, it is common to consider that load moving within two
grain diameters of the bed is bed load. This point is not trivial when
comparing one analytical technique with another. The quantity of bed
load is very sensitive to thickness of the flow depth used in calculating
it. However, it usually amounts to a small fraction of the total load.
This definition recognizes that grain size alone is not sufficient to
classify material as suspended load or bed load. Hydraulics of flow is
also involved. Coarse material may move as suspended load in high energy
flow and bed load in low energy flow. Suspended plus bed l1oad will equal
the total sediment load moving at that point in the stream.

Wash load, on the other hand, refers to that portion of the suspended
load which is not found in the bed of the stream. That is, the gradation
of the material in the stream bed is coarser than the gradation of
material in the wash load. This is an important distinction for the

later discussion on analytical techniques since all transport formulas
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are based on the presence of material in the stream bed. The amount of
wash load, on the other hand, depends solely on the supply of sediment
entering the stream and cannot be calculated with transport formulas.
(In many alluvial streams the wash load is finer than 0.0625 mm.)
Additional insight into the meaning of “wash load" was given by Dr.
Hans Albert Einstein in reference 6 (pages 17-36) as follows: ‘"either
the availability of (sediment) material in the watershed or the trans-
porting ability of the stream may limit the sediment load at a cross
section. In most streams the finer part of the load, i.e., the part
which the flow can easily carry in large quantities, is limited by its
availability in the watershed. This part of the load is designated as
wash load. The coarser part of the load, i.e., the part which is more
difficult to move by flowing water, is limited in its rate by the trans-
porting ability of the flow between the source and the section. This

part of the load is designated as bed-material load."

Wash load is often thought of as the clay and perhaps silt material
moving in the stream. However, in coarse bed streams, such as those with
gravel cobble beds, wash load might also include sand sizes since these are
limited by supply. One should be careful, however, to realize that the
amount of sand on the stream bed at low water may be quite different from
the amount at that same location during high water. Therefore, it is not
possible to infer that the gradation of bed material is the same during a

flood as it is during low water. In all likelihood, observations during

high water would reveal the presence of much more sand material in the
stream bed than is present in samples of bed material taken during low
water. The companion term to wash load is bed material load. As the

name implies, grain sizes in the bed material load are those grain sizes
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which are also found in substantial quantities in the stream bed.

Most analytical techniques concentrate on calculating the bed material
load. This will oftentimes be only a small fraction of the total load
moving, and yet it is the fraction that contributes the most information
in channel morphology studies. The importance of bed material load is so
great that most of the effort heretofore in the development of analytical
techniques has centered on being able to calculate the bed material load
moving in a stream.

The term, measured load, refers to all of the sediment load that can

be measured with sampling equipment, which today is the suspended load to
within 3 inches of the bed. Sampling equipment that measures the concen-
tration of suspended material is highly developed relative to other sediment
sampling equipment. It can operate over a range of depth or at a point;

be hand held or operate from a cableway; and can measure a range of particle
sizes up to 2 mm. This range of operation provides very acceptable results
when one is interested in predicting total sediment yield from the watershed
because that type of sampling would usually capture all but about 10 percent
of moving sediment. However, in channel morphology studies the remaining 10
percent, the unmeasured load, is the most significant fraction.

The final term, unmeasured load, refers to that portion of the sediment

load which is not measured and is usually the material either greater than
2 mm or moving within 3 inches of the bed. It 1s usually determined by
calculations using the measured load as a guide. However, in coarse bed
streams, the size of material moving in suspension will often exceed 2 mm,
and the unmeasured load takes on more significance. In terms of total

sediment yield, the unmeasured load may still be a very small amount.
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However, in terms of channel aggradation or degradation trends, it will

be a very significant load.

¢c. Sediment Yield

Sediment yield is the annual amount of sediment delivered from a
drainage area, i.e., the total annual sediment load passing a gage on

a stream. It is expressed in tons per year. A companion term is unit

sediment yield, and this is the annual sediment yield divided by the
drainage area - for example, tons/year/square mile. It is customary to
correlate the annual sediment yielh in tons with the annual water yield
in acre feet as shown in the following figure. The relationship is
usually satisfactory and the scatter that does exist will often exhibit
a trend which can be used to further understand sediment production in
the basin. (For example, the five high points in fig. 2.03 were ex-
cluded from the regression analysis because they occurred during five
years starting in the dry 1930's whereas the remaining points are data
from the late forties through the fifties and reflect current land use
in the basin.)

Occasionally annual sediment yield is expressed in volume units,
but this is not recommended. Transport equations require weight and
sediment measurements and are presented as weight per unit time. To
transfer from volume to weight requires data on unit weight of deposits

which not only is difficult to determine but also changes with time.
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Correlations between annual water yield and annual sediment yield
indicata that a better approach for transferring sediment yield data from
one basin to another is to relate the intensity of sediment production,
tons/acre to the intensity of water production, cfs/acre, in the model
basin, determine the water yield from the basin of interest and then trans-
fer the sediment data through the observed correlation. Even when the
basin of interest is ungaged, the water production can be approximated by
techniques for transferring water data from gaged areas. Usually, water
data is more readily available than sediment data.

Neither of these techniques establish the coarser load fraction of
the sediment yield (i.e., medium sand and up) because these sizes move as
a function of their availability in the stream bed and the hydraulics of
flow. Fortunately the coarse material does not contribute substantially
to the total sediment yield -- usually less than 5 or 10 percent. The im-
portance of coarse material is discussed later in terms of channel regime.

Occasionally, units of volume are used to express sediment yield.
This is particularly true when yield is calculated from measuring the
accumulation of deposits in a reservoir. Two difficulties arise from this
method: (1) the trap efficiency of the reservoir must be estimated and
(2) the unit weight of deposits must be available so sediment volumes may
be converted to weights for subsequent use in analytical studies. Trap
efficiency 1s often very difficult to establish since one representative
value must be determined for all magnitudes of flood events. This is
discussed in more detail in Chapter 5. Unit weight of the actual deposits
should be measured. The "typical" values of trap efficiency presented in

this volume are not sufficiently accurate for use in such calculations.
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CHAPTER 3. RIVER MORPHOLOGY

Section 3.01. Introduction

Rivers are dynamic not only in the sense that water in motion is dynamic
but also in the sense that the size and alignment of their channels are
continually changing. Work to set the fluid body in motion is provided by
the potential energy gradient from the relief of the watershed. The river
channel serves as a focal point for energy dissipation as flow from the
entire watershed is collected there. In fixed bed hydraulics, energy is
dissipated by friction, expansion and contraction losses as discussed in
Volume 6,"Water Surface Profiles: In natural streams, however, part of the
energy is used to transport the water, and part is used to transport the
sediment material which moves in the water. The energy equation advanced
in Volume 6 to describe the conservation of energy for flow within a fixed
boundary does not adequately describe flow in a movable boundary because it
does not provide a term for the energy required to transport the sediment
material. At this point in time, no generally acceptable equation has been
advanced to describe the movement of water-sediment mixture in a movable

boundary.

Section 3.02. Lane's Equation of Dynamic Equilibrium

The fact is generally recognized, however, that nature maintains a

delicate balance among the water-sediment mixture flowing in a natural
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stream, sediment material forming the boundary of the stream channel, and
the hydraulics of flow. In 1955 Lane summarized this balance with a
qualitative statement which included the bed material load, Qs’ sediment

size, Db0, water discharge, Q, and energy gradient, S, as follows:

Qg /+-050% @ %S (3-01)

S

He concluded that a channel is maintained in dynamic equilibrium by
balancing changes in the sediment load and sediment size, with compensating
changes in tne water discharge and the ehergy gradient. Although many
empirical equations nave been developed around the variables in this
expression, its main value is to snow qualitatively the impact of changes
in the water-sedinent mixture on the behavior of the river channel conveyance

system.

Section 3.03. oOynamic Equilibrium of Stream Bed Profiles

If the yield of bed material load should increase while the water dis-
cnarge remains constant, according to expression 3-01, either the effective
size of particles in the sediment load must decrease (the sediment load
must become finer) or the system will be out of balance. A system which is
out of balance in this manner will adjust itself by increasing the energy
sTope until the inflowing bed material load can be transported.

If, at some future time, the inflowing bed material load returns to
its original value, the aggradation trend will cease and degradation will
begin. Starting at the upstream end, sediment material will be removed
from the stream bed and the slope will return to its original value.

Although this is a very simple illustration, it, and numerous variations,
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can be observed in nature. Whereas the sediment load was assumed to increase
in the above illustration, a more natural situation is for the water discharge
to remain a constant value, the effective sediment size to be fairly constant
and the energy slope to vary from point to point as in a natural river.
Expression 3-01 indicates the sediment load must change when the energy

slope does, and this requires sediment reservoirs from which material can

be withdrawn as the energy gradient increases and into which material can

be deposited when the energy gradient decreases. The stream bed provides
those reservoirs, and the exchange of material involves, primarily, the
coarser particles on and near the bed surface.

It will be convenient for subsequent discussions to identify a location
where sediment material is being deposited as a sink and a location from
which sediment material is being removed as a source. Part of the great
complexity surrounding river behavior is the shifting of sources and sinks.
Shifting can be related to two factors:

(1) The locations of sinks and sources are related to the location of

hydraulic controls.

(2) 1If the volume of bed material at a source is exhausted, entrainment
of material will shift to the next available location downstream
and this may be a former sink.

As discussed in Volume 6, "Water Surface Profiles," the energy gradient
along a stream is controlled by cross section shape and size in key locations
called control sections. The energy gradient becomes steeper as flow
approaches the control location. Reaching a maximum at the control, the
energy gradient decreases, often abruptly, only to repeat the process at
the next control downstream. Consequently, expression 3-01 would identify

the control location as the downstream limit of a source.
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During the passing of a large flood, more and more of the hydraulic
controls become ineffective. Thus, new source/sink locations are estab-
lished and old ones eliminated. Center bars may form where none had existed
before simply because an unusually large percentage of the total flow was
forced into the channel at one of these new control locations. Just upstream
from a center bar, formed in this fashion, one will find the deeply scoured

area that will become a new sink when normal flow conditions return.

Section 3.04. The River One Observes

Flood events pass quickly and a river channel seldom reaches an
equilibrium condition during a single event. This complicates all attempts
to correlate observed channel conditions with flow and sediment load. The
river one observes reflects three magnitudes of flood events: (1) the low
flow events which actually develop'a low water channel which meanders within
the river channel; (2) the normal flood events which mold the river channel;
and (3) the most recent “"superflood" event which molded the floor of the
valley. It is important to recognize that conditions immediately following
a superflood will reflect one extreme stage of equilibrium in the river, but
quite a different stage of equilibrium will evolve after a sufficiently long
period of normal years. This is particularly significant in levee design
where the water surface profile for the highest equilibrium condition must
be determined.

It is not safe to associate the superflood event with geological time.
Certainly a Standard Project Flood (defined in Volume 5, "Hypothetical Floods")
would be a superflood and the 100 year flood would also most 1ikely qualify.
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As used here, "superflood" 1dent1f?¥s a flood event which is sufficiently
large so its friction slope approximates that of the valley rather than the
channel slope.

Expanding on the second factor presented above, the water discharge
does not have to change for the locations of sources and sinks to shift.
When all available sediment material is removed from a source area the water
is left with an excess of transport capacity. Material previously deposited
at a downstream location, perhaps, will become the first source for satisfying
that excess. This constant shifting of sources and sinks would eventually
smooth out the profile and produce a rather uniform movement of material if
the water discharge became fairly constant. However, fluctuations in the

water discharge hydrograph prevent this from happening.

Section 3.05. Rivers in Regime

a. Width, Depth and Slope Equations
Rivers, it is said, have four degrees of freedom: width, depth, slope,

and meander pattern. The following equations are advanced to describe width,

depth, and indirectly, the slope.

°
8 = G (3-02)
“
D = G (3-03)
Vet (3-04)
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where
B = width

CB’ CD‘ Cv = empirical coefficients in the width, depth and velocity
equations, respectively

D = depth
Q = representative water discharge
V = average velocity of flow

ags aps ay = empirical exponents in the width, depth and velocity
equations, respectively

To satisfy the principle of continuity it follows that:
ap tapt ay = 1 (3-05)

and Gt Cpitiby #ul (3-06)
Investigations, reported by Leopold, et al.(1953), at 20 river cross
sections in the Great Plains and the Southwestern United States resulted in

the foilowing average values:

= 0.26, ap = 0.40, = 0.34

*8 %y

It should be pointed out that these exponents are not necessarily trans-
ferable from one stream to another, or, for that matter, from one location
to another on the same stream. Average values for exponents are given for
158 gaging stations in the United States in reference 12.

Undoubtedly, the experienced student of river geomorphology can gain
considerable insight about the behavior of rivers by applying these regime
equations. However, they confront the novice with some rather difficult
basic questions, such as: "Where should one select a cross section for

study? How does one determine a representative discharge? Why is sediment

3-06

——




load omitted from the equations? Why conduct a study at stream gage loca-
tions since they are not typical of the reach?" Nevertheless, this regime
approach provides a point of view about the behavior of alluvial streams
which should not be overlooked.

b. Meander Patterns

The fourth degree of freedom, the tendency to meander, is a natural
fact; and, therefore, river engineers usually avoid designs which produce
straight rivers. Canals are often straight or only slightly curved, but
they remain so because of a high level of maintenance activity and because
the water discharge is relatively constant.

The term "meandering" is used to refer to the S-curve pattern so

typical of alluvial streams as well as to the movement of the river channel

by the formation and destruction of bends. Accepting meander as an independ-
ent degree of freedom, the dynamics of the process become an outstanding
consideration. Flood control with levees requires that the meandering ten-
dency be controlled. At the present time, the meandering process is not
well understood. "Channel loops form and migrate, bends lengthen, points
extend, cutoffs occur and the process is repeated in such a manner that the
width of the belt over which this takes place is rather constant in a river
reach. . . .According to Krumbein and Sloss, it has been estimated that the
average width of the meander belt is 15 to 20 times the width of the stream."1
Levees are usually located within this meander belt.

Constraining the natural tendency of the channel to meander impacts on

the behavior and sediment transport capacity of the river. This is not

understood well enough to present even a qualitative analysis of the problem.

lReference 2, p. I=17,
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However, it seems that if the channel is free to shift laterally, aggradation
trends due to deposition of the coarser sands are offset by the river's
freedom to select a location through smaller particle sizes. The point bar
that results becomes a sink for the coarser sands. When the freedom to make
such shifts is taken away because of bank stabilization, the coarser sands
deposit on the stream bed, rather than point bars, with a resulting aggrada-
tion trend. When designing levees, one should consider the consequence of
having to raise the levee at some future time to just maintain the capacity
to pass the design flood. The implication is that a well-designed data
collection program is essential.

Modification of the meander pattern by constructing cutoffs is a design
consideration. However, equation 3-01 indicates the slope of a stream will
not change unless either the water discharge, sediment load or effective
grain size of material being transported is changed. Therefore, one might
be skeptical about affecting a permanent lowering of the water surface profile
by the construction of cutoffs.

The study of meander patterns involves the analysis of long reaches of
rivers. Permanent controls need to be located, if available, to identify
these reaches. An artificial control established at one location can impact
on the meander pattern of the river channel at downstream locations. It is
important, therefore, to design over long reaches and implement these designs
to insure that construction at one point does not cause undesirable conditions

to develop at some downstream point.
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Section 3.06. Dominant Discharge

The possibility of selecting one representative water discharge that
can be considered to have a dominant effect on river regime is very attractive,
not from the standpoint of basing all studies of river behavior on that
flow, but from the point of view that such a representative discharge offers
a beginning point for studies.

Whereas the concept appears to be sound:

“There 1s not general agreement on the proper value or method
of determining this discharge. Carlston concluded that the
dominant discharge which partially controls meander wavelength
lies between the mean annual discharge and mean of the maxi-
mum monthly discharges. He also states there is some evidence

that slope controls the meander wavelength. On the basis of

logical reasoning that the dominant channel-forming discharge
should be based on the time-duration-weighted bed-material-
sediment transport capacity of the streamflow, an analysis of
this type for the Arkansas River at Little Rock was conducted
by the U.S. Army Engineer Division, Southwestern, Dallas, Texas.
This study indicated that the dominant discharge covers a range
from about 125,000 (half bank-full) to 175,000 cfs, or about
three times the mean annual flow of 48,000 cfs.'2
Another approach for determining dominant discharge was presented by

Johnson in a paper entitled "Current Dutch Practice for Evaluating River

Sediment Transport Processes," reference 13. It involves the development of

znefbrenco 2, p. 11-20.
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a diagram depicting the total amount of sediment being transported during
each interval of stage experienced at a gage and the calculation of the first
moment about the abscissa to locate the dominant water level. The dominant
discharge is associated with this water level by using a stage-discharge
rating curve. A sample K-diagram is shown in the following figure.
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Fiq. 3.01, K-Diagram

The abscissa, K, is calculated as follows:

K = m (3_07)
h * ah
where G = bed load transport, ln3/day
h = gage height
K = sediment load weighted by flow depth and class interval

m = time interval in days during which stage was within the
class interval, ah

Ah = class interval assigned to depth scale
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The dimensionless coefficient, p, is defined as follows:

G

2/3
P [0.25 - Bed¥25[g o_J 4 (3-08)

where

o«
]

width of river channel at the water surface, meters
d = effective grain size diameter in the bed load (dSO)' meters
g = acceleration of gravity,_meters/sec2

bed load transport, units of m3/second

[}
n

P = a constant related to the least energy consumption
hypothesis (reference 15)

(og = 0)/e (3-09)

density of water

o}

P

oy = density of sediment particles

The bed load may be determined in a variety of ways. The analytical
procedure proposed by Johnson is the Meyer-Peter and Muller equation.
Reference 14 discusses this equation, and a brief summary is presented here.

The original form of the Meyer-Peter and Muller formula, in metric
units, for a rectangular channel is

5 e 3 2/3
LR e h - s =0.047 -yg «d+0.25 (g) 1 (3-10)

where
d = effective grain size of bed material _
g = acceleration of gravity, m/sec’ i

G" = bed load transport in metric tons/sec/meter of width
(submerged weight)

h = water depth, m
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Q = total, water discharge, liters/sec

QB = that portion of the total discharge which is responsible for
the bed load transport, liters/sec

1/

KB = the Strickler roughness coefficient for the bed in m 3/sec

1ﬁz/sec

KG = the grain roughness in m

S = slope (dimensionless)

y = specific weight of water, metric tons per m3

y; = ;::r?:g:gn:7ggific weight of sediment particles (ys -Y),
The relationship between specific weight and density is

p = v/g (3-11)
Rearranging terms in equation 3-10 leads to the following

Q- h-S 3/2
=gyt ¥ Vg o . [—";—d—- - o.047] (3-12)

where

Q K 3/2
B8 8
QK Lo o_ ('RE (3']3)

As expressed in equation 3-12, the units of bed load transport are
metric tons/sec/meter of stream channel width, submerged weight. Converting
this load to metric tons/sec, submerged weight is accomplished by multiplying

by the stream channel width, B.

& 3/2
6 = 8-yt B.-d2/g o [‘K'ﬂ" . 0.047] (3-14)

In English units bed load transport is expressed as 1bs/sec, dry weight.
Changing from submerged to dry weight is accomplished by including the ratio

y/y; in equation 3-14, and redefining the units of variables as follows .
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B = water surface width in channel, ft

d = effective grain size (dSO)’ in ft

g = acceleration of gravity, fps

6 = bed load transport, tons/day dry weight

h = water depth, ft

QK = dimensionless coefficient

S = slope, ft/ft

y = specific weight of water, lb/ft3

;P specific weight of sediment particles, lb/ft3
Yg = ¥

g = y;/y or (ps -p)/o = dimensionless coefficient

GC

Q- h-S 3/2
g-v-8-% 9% [_Ko—T‘ - 0.047] (3-15)

An even more common set of English units for bed load transport is

tons/day, dry weight
6 = 43.2 . G' (3-16)

In evaluating QK it is necessary to determine how much of the total
water discharge is used to transport the bed 1oad. This is the water moving

in the channel

Qg = Ky A ¢ g82/3. s1/2 (3-17)
and i
Ky =ng (3-18)
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cross sectional area for channel flow, B+ h

f '

=
"

hydraulic radius of flow on channel bed, A/B

ng = channel n-value includes grain and form roughness

The grain roughness may be calculated with the Strickler equation as

(-
Kg = d;as (3-19) |
where
d90 = grain size for which 90 percent of material is finer
and ng = l/KG (metric) = 1.486/KG (English)

Taking the first moment of the K-diagram about the abscissa involves

I
W = E_K_IM (3-20)
L K- aAh

where

K = calculated with equation 3-07 for each class interval of
depth

Ah = the class interval assigned to depth
h = distance from the midpoint of aAh to the abscissa

I = the total number of class intervals j
Qp = f(DW) (3-21)

The dominant discharge, QD' is read from a stage-discharge rating curve.
Note that this value can change from year to year. Its only advantage is to
aid in simplifying the early phases of studies and it should not replace the
type of analysis, discussed subsequently, which uses a hydrograph of flow. }
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Section 3.07. The Impact of Tributaries on the Stream Bed Profile

Tributaries fall into two classes: (1) those transporting sediment
that is finer than the bed load of the main stem, and (2) those having bed
load material equal to or coarser than that of the main stem. The first
type will assist the main stem in transporting bed material, resulting in
channel degradation and a decrease in slope downstream from the confluence.
The second type will exhibit the opposite trend with the confluence area
serving as a sink for deposition of bed load until a flood on the main
stem removes it.

It is important to note that the river one observes reflects a
balance among the terms in expression 3-01, especially downstream from
a tributary. When man regulates the main stem flow by a dam, the flow
duration curve changes, which changes the dominant water discharge on
the main stem. However, the tributary continues to bring in its same
bed material load. Equilibrium is upset and the main stem often exhibits
an aggradation trend. This trend results in increasing water surface
profile elevations and must be taken into account in the design of

levees or the acquisition of lands to permit project operation.

Section 3.08. The Importance of Natural Levees

The typical ground profile across many natural streams shows the

ground surface to slope away from the channel in both directions.
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The high ground adjacent to the channel is referred to as a “natural levee"
since it is the result of sediment depositing during flood events as water:
flows out of the channel. The formation of natural levees plays a very signi-
ficant role in the overall development of a river which is undergoing aggrada-
tion. Unfortunately, flow hydraulics associated with the problem are highly
three-dimensional, and analytical procedures are not available to study the
problem,

Qualitatively, one impact of maintaining a channel in a fixed location
appears to be the continuing increase in height of the natural levees. This
results in increasing the channel capacity to the point where the equilibrium
between flow depth, width and velocity is upset. A consequence is the develop-
ment of deep scour where the flow is confined and the subsequent deposition

forming a center bar where the first expansion occurs downstream.
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CHAPTER 4.  COLLECTION AND ANALYSIS OF DATA

Section 4.01. Introduction

Data collection in alluvial streams involves sampling the boundary
as well as properties of the water-sediment mixture that is flowing.
Most data collection programs are designed to determine the annual
weight of suspended sediment which requires measuring water discharge
and sediment concentration. This level of information is essential for
calculating sediment yield of the watershed. In addition to the sus-
pended sediment load, sampling programs should periodically provide
data on the amount of bed load moving. Particle size distribution in
the suspended load, in the bed load, and in the bed surface as well as
profiles along permanent sediment ranges should also be provided. If
degradation studies are contemplated, sampling measurements should
include the particle size distribution of material beneath the bed
surface. All measurements of sediment loads should include water
temperature and a water discharge measurement. Occasional measurements
of water surface slopes are desirable. Each of these types of data is

discussed in the following paragraphs.

Section 4.02. Suspended Load Measurements

a. Vertical and Lateral Distribution of Sediment

To calculate sediment discharge it is necessary to define the

vertical and lateral distribution of concentrations in the cross section
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and the variation of the mean concentration with time. If this distribution
can be defined, sediment samples may be collected routinely at a single
vertical in the cross section and the mean concentration calculated by
the use of an index. Periodically, the distribution index should be
revised by collecting a comprehensive set of data at many verticals.
Oftentimes the distribution index will vary with water discharge, there-
fore it is essential to analyze a range of water discharges before assigning
a distribution index. The season of the year is another variable which
frequently correlates with the concentration distribution index.

The discharge-weighted mean concentration in a vertical generally
is obtained from depth integrated samples collected with standard velocity-
weighting samplers. The horizontal distribution of concentration may be
obtained from these data. However, the determination of any vertical
distribution of concentration requires point sample data in each vertical.
The mean concentration in a cross section or a vertical is then computed
by weighting the concentration of each individual point sample by the

increment of discharge which it represents.

b. Mean Concentration for Section

Two techniques are available for calculating the discharge-weighted
mean concentration in the cross section from the mean concentrations of
the several sample verticals. If the sample vertical represents centroids
of equal discharge (EDI method), the mean concentration is the average of
the several verticals or is the mean of the composited samples, provided

all samples are of the same volume. If, on the other hand, the sampled
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verticals are uniformly spaced and the same vertical transient rate is
used for all samples (ETR method), the mean concentration is the ratio
of the total weight of sediment to the total weight of water-sediment

mixture in all the samples.

c. Variation of Concentration with Time

Having obtained the discharge weighted concentrations for the cross
sections, the next step in computirg sediment discharge is to translate
individual values of concentration into a continuous temporal concentration
curve. This step may be reasonably simple if values for water discharge
or sediment concentration do not vary greatly. However, at a new
station, lack of knowledge of these trends together with the large
number of variable conditions affecting sediment erosion and transport
requires an intensive sampling program, and successful station operation
requires continual modification of the sampling program to obtain the
best results commensurate with a reasonable expenditure of time and
effort. In any case, concentration data should be interpreted and the
temporal graph prepared by personnel who have an indepth knowledge of
the sampling program, and of the physical and cultural environments
affecting the stream regimen and sediment sources. A good understanding

of the fundamentals of sediment transport is essential (9).

d. Calculation of Sediment Load from Concentration

The sediment concentration in a sample may be determined as the
ratio of the weight of the sediment to the weight of the water-sediment

mixture. Because of convenience in the laboratory, it is usually
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expressed in parts per million and defined as the dry wefght of sediment
divided by the weight of the water-sediment mixture multiplied by
one million. It is customary to publish concentrations as mg/1, however,
so the values determined in the laboratory must be converted prior to
computation of the sediment discharge. The equation for sediment
discharge is as follows:

Q= Q=6 <k (4-01)
where
= the sediment discharge in tons per day
= the water discharge in cubic feet per second

= concentration of suspended sediment in mg/1

x O O O

coefficient which converts volume per second to
weight per day as follows:
k = ,0027 tons per day when Q 1s expressed
in cubic feet per second or k = ,0864 metric
tons per day when Q is expressed in cubic
meters per second.

e. Conversion of Units

Values of the conversion factor C for converting parts per million
to milligrams per liter are given in the following table. When the
concentration exceeds 16,000 ppm the following equation should be used
to obtain equivalent mg/1.
C, = C « ppm (4-02)
where
ppm = parts per million and

Cs = the concentration of suspended sediment in mg/1.
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Table 4.01. Conversion Factors, C, for Sediment
Concentration: Parts Per Million to Milligrams Per Liter

(The factors are based on the assumption that the density of water is
1,000 (plus or minus 0,005), the range of temperature <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>