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ABSTRACT

SEDIMENT TRANSPORT RELATIONS
IN ALLUVIAL CHANNELS

This dissertation presents new methods for predicting sediment transport in
alluvial channels. The new methods were developed based on simple equations and easy-
to-apply parametric relationships and can be applied to a wide range of river conditions.
Modifications of Posada (1995), Simons et al. (1981) and Laursen (1958) equations and
Laursen graph with a wide range of field and flume data are presented.

The first step was to test the applicability of 10 selected sediment transport
relations. including Einstein (1950), Laursen (1958), Bagnold (1966). Toffalett (1969),
Shen & Hung (1972), Ackers & White (1973), Yang (1973). Brownlie (1981). Karim &
Kennedy (1981) and Karim (1998) using field data of alluvial rivers. Review and
evaluation of some of the comparison resuits between computed and measured sediment
discharges by previous researchers were conducted. A summary of the selected equations
which had the best fit of sediment transport to the measured values is also presented.

The relation and correlation of hydraulic geometry and sediment characteristics to
the sediment transport rates were examined carefully. Velocity, slope, flow depth, and
dimensionless unit stream power which have best correlation for various river-beds and
river channel sizes to the measured sediment transport rate were used to modify one or

two existing equations. Using statistical approaches and non-linear optimization, simple
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sediment transport relations were developed so they can be easily applied and be used for
practical purposes.

A total of 4532 data sets from 33 river systems in the United States of America.
South America. and Asia were used for analysis and verification. The field data were
divided randomly into two groups; one for analysis and the other for validation and
verification. In addition, 919 sets of laboratory data from 19 sources were added to verify
the proposed methods.

The data were divided according to the mean diameter particle of river-bed
materials ranging from silt to gravel, including silt-bed rivers, very fine to fine sand-bed
rivers. medium to very coarse sand-bed rivers, and gravel-bed rivers. The data also were
grouped according to river size, including small rivers. intermediate rivers and large

rivers.

Robert J. Kodoatie

Civil Engineering Department
Colorado State University
Fort Collins, CO 80523
Spring 2000
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(2.33)

the unit discharge of suspended sediment load

sediment discharge per unit width for the i" fraction for non-uniform
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correction factor in the logaritmic velocity distribution related to the
apparent roughness of the bed surface A and is determined from Figure
2.3. for values ks/8’ 11.6V/u..

equal to u+/e; in Equation (6.24)

-06
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P
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Y the correction factor for the lift coefficient in Einstein’s method given as a
function of des/d” (see Figure 2.6b). It describes the change in the lift
coefficient for mixtures of sizes of bed material that contributes to various
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Y measured sedimentation in Equations (2.72. (2.74). and (2.75)
Y average of measured sedimentation in Equation (2.75)
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Z the exponent in Equation (21.9) is given by z = o4
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va coefficient of dynamic solid fraction in Bagnold's method and can be
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Uwn

Figure 2.3)

A the apparent roughness of the bed surface and equal to ky/x with ks = Des
p the density of water

v the kinematic viscosity of water

n the sheltering factor in Karim's method and defined in Eqguation (2.70)
T the total shear stress

) thickness of laminar sublayer

UM the exponent in Equation (2.17) and is given by the empirical relation

n. =0.1198 + 0.00048T

b dimensionless sediment transport function in Equation (2.8) of Einstein’s
method
e flow intensity function defined in Equation (2.9)
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the critical Shields parameter in Brownlie’s method is calculated by

t.. =0.22Y +0.06(10) """ as defined by Brownlie.

c
the shear stress associated with grain roughness
thickness of laminar sub-layer

the shear stress associated with form shear stress

coefficients in Equations (2.23). (2.24) and (2.25). respectively and are

given by the expressionsof n, =1+n, -1.5z,. n, =l+n_ ~-z.

n; =1+n, -0.758z

critical shear stress for sediment size d;
critical shear stress for sediment size d;
standard deviation

fall velocity

the fall velocity of the sediment size d;
the shear stress

bed shear stress due to grain size

bed shear stress due to grain size

the stream power

specific weight of sediment

density of solid particle

the weighing function for i fraction of Equation (2.67)

shear intensity parameter defined in Equation (2.10)
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Chapter 1
INTRODUCTION

1.1. Background

The mechanics of sediment transport comprise a technical science in which the
processes of erosion, transportation and deposition of sediment take place under gravity,
water flow, waves and wind (Wang et al., 1997). Engineers and geomorphologists have
been studying sediment transport in rivers for many decades and the study still continues
since this subject involves complex interactions among many interrelated variables
(Simons & Senturk, 1992; Ackers & White, 1973 & 1980).

Many sediment transport relationships for alluvial rivers have been proposed
during the last 50 years based upon simplified and idealized assumptions. Due to the
complexity, most existing equations are empirical and semi-empirical and/or heavily
based on assumptions which are not yet justified (Cao et al., 1997; Pacheco-Cebalios,
1989; Tywoniuk, 1972). Some methods have been developed based on theoretical
considerations and/or statistical interpretations of data, and some based on the physics of
particle motion. Other methods have been developed from experimental work, some
were derived empirically, and some represent a combination of theories, experiments and
empirical methods.

Investigations of sediment movement have been conducted in the laboratory using

granulated coal, glass or synthetic material. On the other hand, in practice engineers have
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dealt with a variety of granular materials in applying the governing laws of the transport
and movement of sediments (Bogardi. 1978). Besides. in nature. three-dimensional time-
dependent phenomena have still to be studied. for which the available knowledge is
mostly not vet sufficient (Overbeek. 1979: Borah et al.. 1982a & 1982b). However. field
verification data have not been used to validate the various relationships to a significant
degree (Simons and Senturk. 1992).

Although methods and procedures in water resources development have become
increasingly improved. sedimentation problems. as have been recognized by most
investigators. are still complex and warrant further investigation (Williams & Julien,
[989). During the development. none of the methods could calculate precisely the
sediment transport and give satisfactory results. which encompass all conditions. In other
words. there is no single equation which can calculate sediment transport for the entire
range of conditions in the field (Alonso et al.. 1982: Shen & Hung. 1983: Steven and
Yang. 1989: Simons & Senturk. 1992: Julien. 1995). As a result. calculations of
sediment transport using existing methods for specific rivers with the same input data
will produce a wide range of results. It can be concluded that although the various
problems in sediment study should be solved gradually and separately. every sediment
study should be continuously checked and compared with other related investigations
(Bogardi. 1965). Because of the complexity. analysis of the best by comparison of
several sediment transport equations is often academic (ASCE Task. 1982). Specific
equations are based upon limited data and they may not fit the whole spectrum of data

from flumes. canals and rivers (Yang and Wan. 1991). Therefore. engineering judgment

v
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must be used and factors/parameters related to best fit of available data are very
important.

Rivers carrying huge sediment loads are easily found throughout the world. Most
sediment transport equations can accurately predict the sediment movement in small
rivers since this measurement is relatively easy. However. due to the difficulty of
gathering information and data for large rivers. extrapolation of methods to estimate
sediment loads may not give proper and accurate results (Posada. 1995). As a result. the
subject of total sediment load transport in large rivers is still challenging and needs

turther investigation.

1.2. Purpose

The purpose of this study is to test the applicability of selected sediment transport
relations with field data and to modify one or two existing equations or to create one or

more new equations of total load sediment transport.

1.3. Objectives

The objectives of the study include:
1. To use all of the field data to test the applicability of the ten sediment transport

equations for alluvial rivers.

9

To analyze the correlation of hydraulic geometry and sediment characteristics in their
contribution to the sediment transport rates.

To modify one or two existing equations and to create one or more new equations of

(VS

total load sediment transport.

4. To apply the modified equations and possible new equations to selected rivers

(V%)
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5. To acquaint the engineering profession with limitations of reviewed total load

equations of bed matenal transport.

1.4. Scope

The scope of this study includes:
Utilize the ten sediment transport equations developed from 1950 to 1998 by various
authors and field data from rivers and to determine the applicability of these equations.
The sediment transport equations include:
1. Methods based on energy and stream power concepts. including those of: Einstein
(1930). Laursen (1958). Bagnold (1966). Toffaletti (1969). Ackers & White (1973).

and Yang (1973).

{2

Methods based on regression analysis of comprehensive data sets. including those of:
Shen & Hung (1972). Brownlie (1981a). Karim and Kennedy (1981). and Karim
(1998).

Ficld data sets from various rivers (33 river systems) were used. These ficld data
include: 1) ACOP Canal and 2) CHOP Canals in Pakistan. 3) American canals. 4) the
Atchafalaya River. 5) the Amazon River & the Orinoco River. 6) Black River. 7) India
canals. 8) the Chippewa River. 9) the Chulitna River. 10) the Colorado River. 11) the Hii
River. 12) the Middle Loup River. 13) the Mississippi River. 14) Mountain Creek. 15) the
Niobrara River near Cody. 16) the North Fork Toutle River. 17) the North Saskatchewan
River & the Elbow River. 18) Oak Creek. 19) the Red River. 20) the Rio Grande River
21) Rio Grande Convey Channel, 22) the Rio Grande River in Columbia. 23) Rio
Magdalena and Canal del Dique, 24) River data of Leopold. 25) Rivers in Portugal. 26)

the Snake River and the Clearwater River. 27) the Susitna River. 28) the Toutle River.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29) the Trinity River, 30) the Wisconsin River, 31) the Yampa River, 32) the Yangtze

River and 33) the Yellow River in China.

Additionally, 919 sets of laboratory data from 19 sources were selected to verify
the proposed methods, including 1) Barton & Lin (1955), 2) Brooks (Vanoni and Brooks,
1957), 3) Franco (1968), 4) Guy, Simons & Richardson (1966), 5) Kalinske & Hsia
(1945), 6) Kennedy & Brooks (1963), 7) Laursen (1958), 8) Meyer-Peter & Muller
(1948), 9) Nomicos 1 (in Toffaleti,1968; Vanoni & Brooks,1957), 10) Nomicos2  (in
Vanoni & Brooks,1957), 11) Onishi, Jain & Kennedy (1976), 12) Stein (1965), 13)
Straub (Straub, 1954 & Straub et al., 1958), 14) Taylor & Vanoni (1972). 15) Vanoni &
Hwang (1967), 16) Vanoni & Brooks (1957), 17) Wilcock & Southard (1988), 18)

Williams (1970), 19) Willis, Coleman and Ellis (1972).

1.5. Outline

The dissertation consists of 9 chapters. Chapter | presents the introduction to the
dissertation including, the background, objectives, scope and outline of the dissertation.
Chapter 2 consists of a comprehensive review of the literature related to the theories, the
problems under examination and the statistical methods which are used.

Chapter 3 presents the source, compilation, and selection of field data. Chapter 4
analyzes the existing sediment transport relations. Computation of sediment discharge is
obtained by using the selected field data and the selected sediment transport equations.

Evaluation and comparison of the results are presented. Statistical approaches were used
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including a regression analysis. accuracy. and comparison (Nakato. 1990: Yang & Wan.
1991: Wu (1999): and Bechteler & Vetter. 1989).

Chapter 5 presents a comprehensive review of comparison and evaluation of some
sediment transport relations with emphasis on the ten selected sediment transport
relations. This chapter also provides the summary analysis of previous authors.

In Chapter 6. new proposed methods are presented and discussed based on results
of the evaluation and examination of the existing sediment relations disccused in Chapter
5. and the conceptual and theoretical considerations. Selection of dimensionless
parameters was conducted and the statistical approach and non-linear optimazation were
used to compare and to evaluate the proposed and the existing methods. Comparison and
evaluation of sediment transport relations are presented and a summary of overall results
is given.

Chapter 7 consists of verification and validation of the proposed methods. Chapter

8 contains conclusions from main results and Chapter 9 presents recommendations.
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Chapter 2
LITERATURE REVIEW

2.1. Background

As stated earlier, the transport of sediment in rivers depends upon many
interrelated variables. There is no single equation that can be applied for all conditions.
Simons and Senturk (1992), based on their extensive laboratory and field experience.
presented recommendations to be considered in sediment transport analysis. Some of the
recommendations include:

1. Examine the available transport equations and determine which ones are best for a

specific river system.

19

Calculate the rates of transport equations using selected relationships and compare the
results with field data.

Select the relationships which best agree with field observations and if data are

W

available, refine this relationship so that it is site specific.
Additionally, Simons (1999) also recommended that if the river will be used for
very important purposes, such as dams, navigation, etc., more field observation should be
conducted so that the chosen sediment transport relation could be extended to a wider

range of river conditions.

Einstein (1964) has stated that two conditions must be satisfied by every sediment

particle which passes a particular cross section of the stream:
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1. It must have been eroded somewhere in the watershed above the cross section.
2. It must be transported by the flow from the place of erosion to the cross section.

These conditions will affect the sediment transport rate depending on two relative
magnitude controls: the transport capacity ot the channel and the availability of material
in its watershed (Einstein. 1964). For engineering purposes there are two sources of
sediment transported by a stream: the bed material that makes up the stream bed. and the
fine material that comes from the banks and the watershed as washioad (Richardson et
al.. 1990). This distinction is important because the bed material is transported at the
capacity of the stream and as a function of measurable hydraulic variables.

When a river reaches equilibrium. its transport capacities for water and sediment
are in balance with the rates supplied (Chang. 1986). In fact. most rivers are subject to
some kind of control or disturbance. natural or man-made. that give rise to non-
equilibrium conditions (Jaramillo & Jain. 1984).

Total sediment load can be divided into three equations (Julien. 1995):

—_—

by type of movement

(Lr=Ly+Ly) (2.1a)

£

by method of measurement

(L'I;-Lm"'[du) (2[[))

3. by source of sediment (see Figure 2.2)

(Lt=Lw+Lpm) (2.1¢)
in which

L+ = the total load
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L, = bed load which is defined as the transport of sediment particles that are close to or
maintain contact with the bed

L; = suspended load defined as the suspended sediment passing through a stream cross
section above the bed layer

L., = measured sediment

L, = unmeasured sediment that is the sum of bed load and fraction of suspended load
below the lowest sampling elevation

L.. = wash load which is the fine particles not found in the bed matenial (d;<d,s). and
originates from available bank and upslope supply

Lsm = the capacity limited bed material load

Totat sediment {oad Total sediment load Total sediment load
bed load suspended load measured load unmeasured load wash load bed material foad
a. By type of movement b. By method of measurement c. By source of sediment

Figure 2.1. Classification of sediment transport in streams (rivers)

A

Transport
capacity
and
supply

Scdiment supply

Sediment transport
capacity (the stream)

Supply
limited
Wash load dio  Bed-material load
Grain size d,

Capacity limited

>

Figure 2.2. Sediment transport capacity and supply curves (Shen, 1971a; Simons & Senturk,

1992; Julien, 1993)
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As shown in Figure 2.2. the supply limited and the capacity limited are bounded
bv dyg. Einstein (1950) defined that the largest sediment size of washload is arbitrarily
chosen as the grain diameter do of which 10% of the total bed sediment is finer. Fine
sediment load by definition is the load of silts and clays. which have diameters smaller
than 0.0625 mm (Woo et al.. 1986). Many engineers assume that the smallest size of bed
material load is equal to or greater than 0.0625 mm (Simons & Senturk. 1992). However.
in large concentrations of fine sediments in suspension. fine sediments can be found in
large proportion of the bed with d;o much smaller than 0.0625 mm (Woo et al.. 1986).
Traditionally. the carrying capacity of wash load should be subtracted from the total
carrying capacity of bed material load. However. Qiwei et al. (1989) suggested. besides
the carrying capacity of wash load. the flow discharge percent of wash load should also

be subtracted.

Julien (1995) stated that it is virtually impossible to determined total sediment
load of a stream from any of Equations (2.1). Although many equations have been
developed there is no sediment transport equation in open channel tlow that is truly and
fully accurate. In other words, a “universal sediment transport equation™ is not or may
never be available (Simons and Senturk. 1992). In practice, several sediment equations
can be used and the results might be compared with field data to find the most
appropriate equation for a specific stream system.

Engineers now use several equations and compare the results with field
observation to gain appropriate equations at a selected field site.

The total load sediment transport equations can be classified into three parts

(Julien. 1995).

10
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Equations which are based on advection-diffusion such as Einstein (1950). Totfaletti
(1969). Colby (1964). and Simons-Li-Fullerton (1981). These last two methods are

simplitications of Einstein’s methods.

2. Equations which are based on energy and stream power concepts. Examples of these
are Laursen (1958). Bagnold (1966). Engelund & Hansen (1967). Ackers & White
(1973). and Yang (1973).

3. Equations which are based on regression analysis of comprehensive data sets
including Shen & Hung (1972). Brownlie (1981), Karim & Kennedy (1981). Karim
(1998).

Wu and Molinas (1996) classified the fractional sediment transport into four
categories:

1. Direct computation by size fraction approach including Einstein (1950). Laursen
(1958) and Toffaletti (1969).

2. Shear stress correction approach. Some examples of this approach are Ashida and
Michiue (1973). Parker et al. (1982). Diplas (1987) and Wilcock (1997).

3. Bed material fractional approach including Molinas and Yang (1986) and Karim
(1998).

4. Transport capacity approach including Li (1988), Karim & Kennedy (1981) and Dou

etal. (1987).

However. Wu (1999) stated that none of the four groups based on fractional

approach satisfies the prediction of sediment transport in rivers.
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The equations based on energy and power concepts (six equations) and based on
regression analysis (four equations) were tested and applied to alluvial rivers with a wide
variety of sediment characteristics and hydraulic geometry data. The results from these

equations were compared to the field data collection.

2.2. Total Load Equations Based on Advection-Diffusion, Energy Balance and
Stream Power Concepts

Six equations for this total load were reviewed according to the year they were

developed: Einstein (1950). Laursen (1958). Bagnold (1966). Toffaletti (1969). Ackers &

White (1973). and Yang (1973).

2.2.1 Einstein’s Method

Einstein (1950) initiated the indirect approach of determining the bed matenial
load by summing up the bed load and the suspended load. He was also among the first to
introduce the idea of effective shear stress. The total shear stress is considered to consist

of two parts: the shear stress associated with grain roughness 1" and the shear stress

associated with form shear stress t™.

T=1+1" 2.2)

The grain shear stress is effective to transport sediment and it is the shear stress
that would yield the mean velocity if all the resistances were due to grain roughness. For
the known values of velocity and hydraulic radius (or depth in the case of large width
depth ratios). the effective shear stress can be computed directly from any assumed

velocity equation and grain roughness parameter. This idea has carried forward in most
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proposed sediment transport relations since then. except for those that are directly based
on velocity or on both depth and velocity. Einstein’s method is still viewed as a land
mark from a theoretical point of view. It introduced some fundamental concepts in
sediment transport that were later modified or simplified by others for the computation of
sediment transport. despite the complexity of the diffusion based procedure and some
uncertainties regarding arbitrarily determined coefficients (Julien. 1995: Yang. 1996).

In Einstein’s approach. the unit bed material discharge for a given size fraction qy
was the sum of unit bed load discharge q and the unit suspended load discharge q;

and is expressed as

q, =qb| +q~;| (2'3)

The unit suspended load discharge is expressed as

qsn =qb|(P[:[l +l2) (2'4)

Accordingly. Equation (2.3) can be rewritten

q, =Qb.(l+PE[|+[:) (2.35)
in which
1, and I = integrals of Einstein’s form of suspended sediment equation and defined by

Equation (2.6). These relations are plotted in Figure 2.5.

z-1 _ z
[ =0216-E (‘ y) dy (2.6a)
Ly

z-1 _ £
[, =0216 = _(' -VJ In ydy (2.6b)
(1-E) *_ vy

and
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2.7)

in which:

P = transport parameter defined as

d = flow depth

A = the apparent roughness of the bed surface and equal to ky/x with k= Des

x = correction factor and is determined from Figure 2.4. for values k/8" = 11.6v/u..
K = roughness coefficient according to Strickler

3" = thickness of laminar sub-layer

19
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Figure 2.3. Function of I, and [. of Equation (2.6) in terms of E for values of z (Einstein,
1950)
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Figure 2.4. Relation between x and kS’ (Einstein, [950)

Equation (2.5) relates the bed-load transport to suspended load transport for all
size fractions. The effects of other size fractions on transport rate of a given size are
accounted for through the treatments in bed load computation. The bed load can be

obtained from the relations between dimensionless sediment transport function ¢- to the

tflow intensity function . by the following expression

Tpp, -2

1 ! : .
l-— e Vdt = ———— 2.8)
Jr Ll ., -2 1+ 43.5¢. (
This equation is plotted in Figure 2.5.
The flow intensity function - is expressed as
T log(lo.s? v 2.9a)
log(10.6 X,A)
in which
W= M (2.9b)
T
15
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Z = sheltering function or hiding correction factor defined by Einstein and given as
function of dy/X (see Figure 2.6a).
d, = particle diameter

X = the characteristics grain size of the mixture which is given by
X=0.77A if A/d'>1.80 (2.10a)

X =139 if A/3'<1.80 (2.10b)
The bed material particles smaller than X seem to hide between the other particle or
in the laminar sublaver. and the lift they experince must be corrected by ¢ (Simons
and Senturk. 1992).
Y = pressure correction factor for the lift coefficient given as a function of des/d (see
Figure 2.6b). It describes the change in the lift coefficient for mixtures of sizes of

bed material that contributes to various bed roughness conditions.

The logaritmic velocity distibution is given by

—u7=57510g(3020'35x) @.11)
u. A
in which
u-" = the shear velocity due to grain roughness and equals Jg—RS
Ry" = the bed hydraulic radius associated with the grain roughness
16
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Most of the concern has centered around the sheltering function or hiding factor

In principle. it is intended to account for difference in mobility of the various grain

gw
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sizes in the mixture compared to their mobility in beds of respective uniform grain size
(Wu. 1999). In general. Einstein’s method over-predicts the transport rates of finer sizes
and under-predicts the transport rates of coarser fractions (Misri et al.. 1984 and Wu.
1999). [t was also found that this method would often over or under estimate computing
suspended sediment transport capacity and may need to be improved by modifying its

proportionality factor (Cao et al.. 1997).

2.2.2 Laursen’s Method

Based on flume experimental data. Laursen (1958) proposed a sediment transport
equation from the relationship between the condition of flow and the resulting sediment
discharge. His equation for a given size fraction is written (ASCE Task Committee.

1971)

C, =0.0l“{Zp'(%'—) (: 4){2‘)‘) (2.12)

in which:

C, =total average sediment concentration in weight per unit volume
v = specific weight of water

pi = fraction of bed material for diameter particle size d;

u. = the shear velocity

di = particle diameter of size fraction i

d = flow depth

G = specific gravity

T, = bed shear stress due to grain size

18
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1., = critical shear stress for sediment size d;

o, = fall velocity of particle size d;

u. . P
— = ratio of shear to fall velocities
)

{ u |
- N . . u. . - .
f| — | = functional relation for values of — given in Figure 2.7
L@, QR

The bed shear stress due to grain size 7, In Ib/ft> (Laursen’s bed shear stress) is

expressed as

2 i3
. Eﬂ_(d_) (2.13)

in which:
p = the density of water
= the mean velocity

dso = mean diameter of sediment
In Equation (2.12). the parameter (t,'/t_ —1) is important to the determination of
bed-load. and the parameter (u./w, ) relates to the suspended load.

For a median particle size between 0.088 mm and 4.08 mm and with G = 2.65

(Yang. 1996)

T, =44, 2.14)

in which 1 is in Ib/ft® and dis in ft.

Then. the total dry weight of sediment discharge per unit time and width gt is

q; =4qC, 2.15)

in which:

19
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q = the unit discharge of water

e = abedload

1 E-04 /

1202 1 E-01 1 £-00 1 E«01 1 E-0Q2 1 E~03

Figure 2.7. Functional f(uve) for Laursen’s Method (Laursen 1958)

The range of flume experimental data used by Laursen is summarized as follows

e Depth of flow ranged from about 0.25 to about 1.00 foot

e Percentage error of the smallest depth was in the order of 1 %

e Slope ranged from 0.0004 to about 0.0018 for coarser sand and from 0.0008 to
about 0.0012 for the finer sand.

e Percentage error of slope as large as 10% is possible.

e The slope was proved as the most sensitive index because it was affected by
both the non uniformity of flow and the roughness of the bed.

e Mean diameter had the range of 0.011 to 4.08 mm
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e This method is intended to apply only to natural sediments with specific
gravity of 2.65 (ASCE Task Committee. 1971c)

e About 216 lab data from several investigators were used

Although the measurements were all made in laboratory flumes under controlled
condition. an attempt by the author to apply the Laursen graph to field data was
conducted. Field data published by Einstein for Mountain Creek in South Carolina. West
Goose Creek in Mississippi and by USGS for the Niobrara River near Cody. Nebraska
were used to predict the sediment load. Comparing the result to the measured value was
only good for Niobrara River. but fair for mountain Creek and West Goose Creek

(Simons and Senturk. 1992).

2.2.3 Bagnold’s Method

Bagnold (1966) proposed a sediment transport equation for a combination of bed
load and suspended load based on the concept of energy balance. He also considered the
relationship between the rate of energy available in a stream system and the rate of work
being done by the system in transporting sediment. For the bed load he stated that the
rate of doing work is the product of available stream power (t,u) and efficiency eg. The

total load of the equation is the sum of bed load and suspended load and is given as

qr =qp +q, =t°_u[_eﬂ__+0()lij (2.16)
G-Ilana ®

in which:

q: = the total unit discharge expressed in dry weight per unit time and width for any

system of units

g» = the unit discharge of bed sediment load
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qs = the unit discharge of suspended sediment load
T, = the shear stress

T,u = the stream power

u = the mean velocity

o = the fall velocity

e and o can be determined from Figure 2.8.
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Figure 2.8. Estimation of eg and a for various conditions (Bagnold, 1966)
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Note that this equation is valid with the assumption that the mean velocity of both the

fluid and the suspended sediment is approximately equal.

Simons and Senturk (1992) stated that Equation (2.16) is applicable for fully

turbulent flow and for large transport rates.

2.2.4 Toffaletti’s Method

Toffaleti (1969) developed a procedure to calculate total load equation based on
the concept of Einstein (1950) and Einstein and Chien (1953). There are three main
differences between Toffaletti’s and Einstein’s methods (Simons and Senturk. 1992).
Those are:

. Toftalett utilized the velocity distribution in vertical

£

Toffaletti developed the Einstein’s correction factors into one combination

Toffaletti utilized the relation of dimensioniess transport function ¢- and the flow

(98]

intensity function . of Einstein’s method at other than the two grain diameters
above the bed (ds = 28.65 mm and d, = 0.785 mm).
The depth is divided into four zones: upper. middle. lower. bed zones
respectively. see Figure 2.9.

The velocity profile is represented by the power relation

u, =(1+n, July/d)* . @17
in which:
u = the mean velocity
y = the depth of flow under investigation

d = the whole depth of flow

18]
w
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The exponent 1), is given by the empirical relation

n. =0.1198 + 0.00048T (2.18)
in which:

T = the water temperature °F

10
. concentration
velocity profile
profile Upper
zone

VAl

1

- Middle
| zone
H4 / Lower \
5 zone
2d,

e Bed zone
d

Figure 2.9. Toffaleti’s (1969) velocity, concentration and sediment discharge relations

18]
I

The concentration distribution of the upper. middle and lower zones is given by

the tollowing equations

-15z,
\'
C =C,|> 2.19a
; u.(d) ( )
C, =Cm,(i) (2.19b)
d
v -0 7562,
C, ZCn(ZJ (2.19¢)

The coefficients of Cy; and Cy,; in Equations (2.19) can be expressed in terms of Cj; in
Equation (2.19c) based on the continuous distribution of the sediment concentration

profile. The exponent z; is given by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



, =9 (2.20)

in which:

C, =260.67-0.667T 2.21)
o; = the fall velocity of the sediment size d;
S = the slope of the real stream/canal
Note that the value z, = 1.5n, when it is less than n..

The unit sediment discharge g for river is given by the relation

d
q, = J-quy 2.22)

a

Using a combination of Equation (2.19) and Equation (2.22). one can obtain the
suspended load discharge per unit width in upper. middle and lower zones respectively.

and those are given by the following relations

q _ ‘M,— d 02432, i 03z, dm _ _d-— mn, (2 23)
oo, L1124 2.5 25 )
02442, n- n:
q smt = _M_‘ d _i: - d (2'24)
n, (11.24 25 11.24

q\..,=34—‘{( <) "—(2d.)"”] (2.25)

in which:

M, =43.2p,C, (1 +n Jud® ™ (2.26)
n, =1+n, -15z 2.27)
25
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n.=l+n, -z

n; =l+n,-0.758z;

pi = the fraction by weight of the bed material with mean d;
An empirical equation for qg; is given by

0.600pi
(T,A. k'u*)"(d, 0.00058)"*

q\lx
If d; < 0.00029 ft. this equation reduces to

1.095
(T,A k u?)”

q,[,
in which:
T, = 1.10(0.051+0.00009T)

A. = a function of (IOSV)”/lOu.' given in Figure 2.11.a

u-" = the shear velocity due to grain roughness and is of function of u’/gvS and
u/,/gd(,_;S with d¢s = Kk, as given in Figure 2.10

k = correction factor and is given in Figure 2.11b

(2.28)

2.29)

(2.30)

(2.31)

(2.32)

C,; is obtained by setting q,.i from Equation (2.25) equal to the value given by

Equation (2.30) or Equation (2.31) since C.; is the only unknown in the resulting

equation.
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Figure 2.10. Curves for the graphical solution of the Einstein-Barbarossa equations (1952) for

determination of R’ (Vanoni and Brook, 1957)
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Figure 2.11. Evaluation of factor A. and correction factor k (Toffaletti, 1969)

The bed load discharge qp, is given by

qbt = l\Al(:"'dl )'h
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in which

M; is given by Equation (2.26)

n; is given by Equation (2.29)

Then the unit bed-material load discharge for the sediment of size d; is given by
qli =qb| +qsui +q$:m +qsli (2’34)

The procedure was applied by Toffaletti to a total of 600 cases including 339

cases of river data and 282 cases of model studies. The data include (Toffaletti. 1969):

for river data:

1) the Atchafalaya River at Simmesport. Lousiana. 2) the Mississippi River at Tarbert
Landing. 3). the Mississippi River at St. Louis. Missouri. 4) the Red River at
Alexandria. Lousiana. 35) the Rio Grande River near Bernalillo. New Mexico. 6) the
Middle Loup River at Dunning. Nebraska. and 7) the Niobrara River near Cody.
Nebraska.

model studies:

1) John F. Kennedy (1961). California Institute of Technology. 2) V.A. Vanoni and
N.H. Brooks (1957). California I[nstitute of Technology. 3) G.N. Nomicos. California
Institute of Technology, 4) H.A. Einstein and Ning Chien (1953b). University of
California. Institute Eng. Research. 5) H.P. Guys. D.B. Simons. and E.V. Richardson
(1966). Colorado State University. 6) U.S. Engineer Waterway Experiment Station

(not published).

The results of comparison of computed versus measured loads that covered a very

wide range of conditions shows the proposed method to be consistently satisfactory for
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all conditions tested. Although. there are some cases that show wide discrepancy in the
comparison. However. Toffaletti stated that consideration to the degree of accuracy of the

reported data should be taken into account.

2.2.5 Ackers and White’s Method

Ackers in 1972 developed the theory for total load sediment transport based on
Bagnold’s stream power concept. The dimensional analysis and physical argument in
deriving the form of the functional relationship were used. Ackers and White
summarized the theory in 1973. Their theory was tested mostly against flume data and
limited comparisons with field data. They proposed the general total load that determines
the rate of transport rate in terms of three dimensionless parameters: sediment mobility.
grain size and sediment transport.

The sediment mobility is described by the ratio of the effective shear force on unit
area of the bed to the immersed weight of a layer of grains (Ackers & White. 1973 and
1980). They stated that only part of the shear stress on the channel bed is effective in
causing the movement of coarse sediment. For fine sediment. however. suspended load
movement predominates and the total shear stress contributes effectively to sediment

motion. Accordingly. the sediment mobility is described by the equation

E-Cawy

(2.35)

—_ CJ\\\!
C aws = U

u
V32 log(10d/d,)

in which
Caw1 is dependent on sediment size. It is zero for coarse sediment and unity for fine

sediment.
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The dimensionless grain size was derived by eliminating shear stress from the two
Shields parameters: or from the drag coefficient and Reynolds Number of a settling
particle by eliminating the settling velocity: or dimensionally. with immersed weight of
an individual grain, fluid density. and viscosity as the variables (Ackers and White. 1973
and 1980). This variable is therefore generally applicable to coarse. transitional. and fine
sediments. The dimensionless grain diameter d. is expressed as

d. = [(—Gﬂ] ” (2.36)

\%

Then the total sediment concentration by weight is given by
Cuawi Cans
C, =C,u.G %[IU_J ((C:‘—“—l] 2.37)
. AW3
in which
Cawt. Cawa. Caws . and C ws depend on the dimensionless particle diameter d..
The relationships for Cawi. Cawa. Caws . and C.awg obtained using flume data for

particle sizes ranging from 0.04 mm to 4.0 mm are

For 1.0 <d. <60.0,

C . =1.0-0.56l0gd. (2.38)

LogC .. =2.86logd. —(logd.)’ —3.53 (2.39)
7‘?

C v 9{—’ +0.14 (2.40)
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Cans =——+1.34 (2.41)

For d.> 60.0,

Caw =0, C.w> =0.025, Cw; =0.17. C,w, =150 (2.42)

[ncipient motion occurs when Caws = Caws. Such a condition agrees well with
Shields’ criterion for coarse sediment. whereas for fine material. it gives between Shields
and White (Julien. 1993). For the motion of fine and very fine sand. this method tends to

overestimate the concentration.

2.2.6 Yang’s Method

In the derivation of sediment transport. Yang (1972) concluded that the
assumption that sediment transport rate could be determined from water discharge.
average flow velocity, energy slope. or shear stress is questionable. In other words. the
generality and applicability of the sediment transport equation derived from one or more
of these assumptions are also questionable.

Yang introduced the unit stream power defined as the potential energy dissipation
per unit weight of water and it is the product of velocity and slope. In other words. the
rate of energy dissipation used in transporting sediment should be related to the rate of
sediment being transported (Yang & Kong., 1991).

Yang (1973) considered that the relevant variables to determine the total sediment
concentration include the unit stream power. shear velocity. kinematic viscosity. fall
velocity and the median particle diameter. The equation for the total load sediment

concentration can be expressed as
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C, =¢(is— d 9(1) (2.43)

0o o v
From the analysis of 463 data sets from the laboratory flume for the
dimensionless regression relationships for the total sediment concentration C, in ppm by

weight are

1. Forsand (Yang, 1973)

logC,,,, =5.435-0.286log “’3* ~0.457 log% +
( 1.799 - 0.4091og 2% _ 0 31410g i)log(“—s— “°S) 2.44)
\Y (€3] (O] (63

This equation has a correlation coefficient of 0.971 and a standard error of

estimate of 0.188 in term of logarithmic units for the 4635 sets of laboratory data.

2. For gravel (Yang, 1984)

logC,, =6.681—0.633log ©d, _ 4 816l0g L +
\% (Q}
. . S
(2.784-0.305 log23: _0.282 Iog-u——Jlog(u—S-—- te ) (2.45)
v (&) [63) @

in which dimensionless critical velocity u/® at incipient motion can be expressed as

- +0.66 (2.46)

[N NS

log :% ~0.06

v

s

for 1.2 <

<70 (smooth. transition to rough)
\l

and

(7]
(19)
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Y _205 Q47)
()

for u.d, > 70 (hydraulically rough)
\’

These equations are dimensionless including the total sediment concentration Cppm in
ppm by weight.

in which

uc. = the average velocity at incipient tn motion

uS = the unit stream power

uS/w = the dimensionless unit steam power.

For these equations. flume and field data range from 0.137 to 1.71 mm particle
size and water depth of 0.037 to 49.9 feet were used to develop the equation. However.
most of the data cover medium to coarse sands at flow depths rarely exceeding 3 ft.

The basic form of Equations (2.44) and (2.45) can be also derived theoretically
from turbulence theories (Yang & Molinas. 1982). They made a step-by-step derivation
to show and prove that the sediment concentration is indeed related directly to unit stream

power.

2.3. Total Load Equations Based on Regression Analysis

Four equations based on regression analysis from data were evaluated. These are:
the Shen & Hung method (1972). the Brownlie method (1981). the Karim & Kennedy

method (1981). and the Karim method (1998).

W
[97]
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2.3.1 Shen and Hung’s Method

The assumption of this method is that sediment transport is such a complex
phenomenon that no single Reynolds number. Froude number. or a combination of these
parameters can be utilized to describe sediment motion under all conditions (Simons and
Senturk. 1992). They recommended a regression equation based on available data for
engineering analysis of sediment transport. They selected the sediment concentration as
the dependent variable and the fall velocity in ft/s of the median diameter of bed material.
flow velocity u in fts. and energy slope as independent variables. The concentration of
sediment in ppm is given as a power series of the flow parameter. based on 587 sets of

data in the sand-size range of particle diameter of the river-bed.
logC ., = (— 107.404.459 + 324.214.747Sh - 326.309.589Sh’ + 109.503.872Sh* ) (2.48)
in which

S” 5159 0.00750189
Sh = [5—-—) (2.49)

U 31988
Q)

The fall velocity of the sediment particles was corrected to the actual measured
water lemperature but no attempt was made to include the effect of significant
concentrations of fine sediment on bed-material transport. It is important not to round
coefficients and exponents of Equation (2.48) and Equation (2.49).

The procedure was applied by Shen & Hung to a total of 387 cases including 63
cases of 2 river data and 524 cases of 11 model studies. The data include (Shen & Hung.

1971 : Shen. 1971b):

e for river data:
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1) the Middle Loup River at Dunning. Nebraska (see Hubbel & Matejka, 1959). and
2) the Niobrara River near Cody. Nebraska (see Colby & Hembree.1955).
e model studies:

1) H.A. Einstein and Ning Chien (1953b). University of California. Institute Eng.
Research. 2) G.N. Nomicos. California Institute of Technology (Nomicos. 1954-55).
3) V.A. Vanoni and N.H. Brooks (1957). California Institute of Technology. 4) G.N.
Nomicos. California Institute of Technology (Nomicos. 1956). 5) John F. Kennedy
(1961). California Institute of Technology. 6) Stein (1965). 7) H.P. Guys. D.B.
Simons. and E.V. Richardson (1966). Colorado State University, 8) Williams (1967).
9) U.S. Engineer Waterway Experiment Station (Toffaletti. 1969). 10) Lee (1969)

and 11) Schneider (1969).

This equation applies quite well to flume data. but tends to predict a lower
sediment bed-material concentration than the measured values for large rivers like the
Rio Grande River. the Mississippi River. the Atchafalaya River. the Red River. and some

large canals in Pakistan (Simons and Senturk. 1992).

2.3.2 Brownlie’s Method

Brownlie (198 1a) proposed the following equation for the sediment concentration.

R ~0.3301
2 ) (2.50)

and

[
W
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_ u =4.596t.c0 529Sf-o.uos ~0.1606

(2.51)

in which

u = the mean velocity

u. = velocity given in terms of Shields dimensionless critical shear stress t-..

F.o = critical grain Froude number

t..= the critical Shields parameter

Ry = hydraulic radius

S¢ = the friction slope

o. = the geometric standard deviation of the bed material. and is unity for unitorm

material

cp = the coefticient. is unity for laboratory data and 1.268 for field data

The critical Shields parameter is calculated by the following equation as detined

by Brownlie.

7., =0.22Y +0.06(10) 77" (2.52)

4

in which

-0.6
Y=[ p,«—pR) (2.53)

in which

R, = the grain Reynolds number defined by.

R, =¥ET 2.54)
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v = the kinematic viscosity of water

Flow Regime (Bed form configuration)

Brownlie stated that for a given set of independent variable. there are two possible
solutions of hydraulic radius Ry. one for the upper flow regime and the other for the
lower flow regime. Accordingly. a way to decide which flow regime is needed in alluvial
channel analysis. The flow regime is based on four dimensionless quantities: grain
Froude number (F,): ratio of the median grain size to the laminar sublayer (ds¢/3): bed
slope (S) and the geometric bed material gradation coefficient (5,). These four quantities
account for both bedform configuration and grain roughness in a channel cross section.

Brownlie defined the grain Froude number and the ratio of the median grain size

of the particles to thickness of the laminar sublayer as

F= = ulp (2.55)
* J(G-ted, Ve, -pld,

d:o _u. dg (2.56)
5  11.6v

in which
3 = thickness of laminar sublayer
u- = the shear velocity. assumed to be equal to u.

v = the kinematic viscosity of water

Brownlie plotted the grain Froude number versus slope for all upper and lower

flow regime data as shown in Figure 2.12.
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Figure 2.12. Determination of flow regimes — grain Froude number, Fg, plotted versus slope, S
(after Brownlie, 1981a)

From this figure. it is obvious that beyvond the slope of S = 0.006 only upper
regime exist. For slope less than 0.006 an approximate dividing line of upper and lower

flow regime data can be defined by

F,=F,'=1.748"’ (2.57)

This line represents the threshold between lower flow regime and upper flow

regime. However. the overlap along this line indicates that an additional variable will be
needed to improve the definition of transition zone.

The relationship between F¢/F;" and Ds¢/d for transition data with S < 0.006 is

plotted in Figure 2.13. The transition zone can be defined by the following equations.

- lower limit of the upper flow regime

h

=-0.02469+0.1517 log dg" +0.838 l([og dso ] for dso <2  (2.58a)

| )

l £
a =
0og . —~

o

T

|3
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F, < dy, <
log— =logl1.25 for — =2 (2.58b)
E,’ o
- upper limit of the lower flow regime
F, d, dy ) .
log == = -0.2026 + 0.07026 log —= + 0.9330[log —’0—) for dj" <2 (2.59a)
F,’ 5 o d
F, . d; <
log F~' =log0.8 tfor é" >2 (2.59b)

3

Between these values (as also shown in Figure 2.13) lies the transition regime.

TRANSITION DATA
! LI

10!
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Figure 2.13. Viscous effect on the transition zone from lower to upper flow regimes (after

Brownlie, 1981a)
Considering the bed form configuration in wide channels with d = Ry. the flow

depth for the lower flow regime can be calculated from.

R,S; = 0.3724(q.S, o530 00018y 01050 (2.60)

¢
30

and for the upper flow regime.
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R S ) 7 H
dh f = 0-2836((].3( )0.6--88 SrO‘OS soo_goosm, (2.6‘)
0

in which

q

q- = dimensionless unit discharge =

. R . . . -
Inserting the results of — from Equations (2.60) and (2.61) into Equation (2.50)
50

with d; =dso one can obtain the sediment concentration for both the lower and the upper

flow regimes. respectively.

The data used in development the method were from laboratory data (18 sources)
and field data (11 river systems). The laboratory data. have a total of 480 sets of data.
including: 1) Barton & Lin (1955) 26 data. 2) Brooks (1957) (in Vanoni & Brooks. 1957)
6 data. 3) Costello (1974) 11 data. 4) Daves (1971) 69 data. 5) Foley (1975) 9 data. 6)
Guy et al. (1966) 74 data. 7) Nordin (1976) 33 data. 8) Onishi et al. (1976) 14 data. 9)
Pratt (1970) 25 data. 10) Singh (1960} 20 data. 11) Stein (1965) 44 data. 12) Straub
(1954) & Straub et al. (1958) 21 data. 13) Taylor (1971) 12 data. 14) Vanoni & Brooks
(1957) 14 data. 15) Vanoni & Hwang (1967) 6 data. 16) Williams (1970) 5 data. 17)

Willis (1972) 77 data. 18) Znamenskaya (1963) 14 data. The range of data includes:

velocity (m/s) max 2.017 and min 0.224

depth (m) max 0.585 and min 0.033
e slope max 0.01695 and min 0.00269

e dso max 1.349 mm and min 0.088 mm (very fine sand to very coarse sand)

Cppm max 39.263 and min 11

40
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The field data. have a total of 519 sets of data. including: 1) the Atchafalaya River

63 data. 2) the Colorado River 30 data. 2) the Hii River 22 data. 4) the Middle Loup

River 38 data. 5) the Mississippi River at St Louis 111 data, 6) the Mississipii River at

Tarbert Landing 53 data. 7) the Mountain Creek 75 data. 8) the Niobrara River 40 data.

9) the Red River 29 data. 10) Rio Grande Convey Channel 8 data. and 11) Rio Grande at

Bernalillo 50 data. The range of data includes:

e velocity (m/s) max 2.423 and min 0.366

depth (m) max 17.282 and min 0.108

e slope max 0.001799 and min 0.00001

o Cppm max 5.830 min 12.

dso max 1.44 and min 0.086 (very fine sand to very coarse sand)

The restriction of input data is shown in Table 2.1. (Brownlie. 1981a):

Table 2.1. Restriction input data used in developing Brownlie’s method

No. Parameter Symbol Restriction Reason
1. Median grain size dso 0.062 <dso <2.0 | Sand only
2. Geometric standard O 6. <5 Eliminate Bimodal distributions
deviation of bed particles
3. Width to depth ratio w/d w/d > 4 (lab data) | Reduce side-wall effect
4. Relative roughness r/dso r/dso > 100 Eliminate shallow water effects
5. Concentration. ppm C C>10 Accuracy problems associated
with low concentration
2.3.3 Karim and Kennedy’s Method

and natural streams.

They carried out a regression analysis of the sediment data from laboratory flumes

A total of 608 sets of flume data and 339 sets of river data were

used. The sediment transport equation proposed by Karim and Kennedy (1981) is

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




q -
log - = =-2.28+2.97c,, +0.30c,,c,; +1.06¢,,c,; (2.62)
¥,(G —1)ed,’

in which
c.. =log 4 (2.63)
Ll — a—_\/z_——_—‘——— .
G —1l)ed,
d
Cy = log(d—) (2.64)

C., = IOg[._B:__u'C_] (2.65)

J(G —1ed,

They found good predictions for a large amount of flume and field data.

2.3.4 Karim’s Method

Karim (1998) proposed the sediment discharge for non-uniform bed sediments.
The theory behind this is that the evolution of a stream bed is not only determined by the
total sediment discharge but also by how much sediment in each size fraction is
transported by the flow.

The total sediment discharge per unit width g5 for uniform sediments, developed

by Karim and Kennedy (1981. 1983) can be rewritten as

297

1.47
4. =0.001 39[ “—') (2.66)
)

\/g(c}“lhﬁo3 Vg(G_]HwJ ((’

For non-uniform sediment discharge Karim (1998) developed a new sediment

discharge per unit width for the i" fraction. Qsi-

q. =q,d;9, (2.67)
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in which
; = the weighing function for i fraction and is expressed as
¢, =P,n (2.68)

in which P, and n are the areal function of bed matenal in i size fraction and the

sheltering factor respectively. These functions proposed by Karim were expressed as:

P, = PP (2.69)
24
and
¢ d Ow%ﬂ
n= HSﬂ(—‘] (2.70)
u. \dg
in which:

Pw; = the volumetric fraction of sediments in i" fraction

n = number sediment size fractions

From Equation (2.66) through Equation (2.70) the expresssion for sediment

discharge (volumetric) per unit width for i size fraction can be written as

297 147
q' - u u. 5
9% _ogo00139 Y| |4} e g
JeG -1 ’ [\/giG—l)diJ (w] SR

in which:
u. = the bed shear velocity
u = the mean flow velocity

»; = the fall velocity of particles in i fraction
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®so = the fall velocity of particles with median size dso.
d; = sediment size of the i fraction

G = the specific gravity

This equation was evaluated by applying 194 sets of flume and field data
including one set of laboratory data from Einstein & Chien (1953) 26 data. and four sets
of river data including: the Missouri River (US Army Corps of Engineers 1979) 60 data.
the Niobrara River (Colby & Hembree. 1955) 30 data. the Middle Loup River (Hubbel &

Matejka. 1959) 59 data. and the Sacramento River (Nakato. 1990) 19 data.

However the equations of Brownlie. and of Karim and Kennedy deserve further

testing (Julien. 1995).

2.4. Statistical Approach

A comparison between computed results and field data was conducted and
examined. From this comparison. ranking for the best fit from the sediment relations was
tabulated. There are many different statistical parameters which can be used to test the
goodness of fit of equations and different results could be obtained by selecting ditferent

statistical parameters (Yang et al.. 1996).

Statistical approaches were used including the mean discrepancy ratio R
(Bechteller & Vetter, 1989: Wu. 1999: Nakato. 1990: Yang & Wan, 1991: and Hydrau-
Tech. Inc., 1998). standard deviation op (Yang and Wang. 1991 and Hydrau-Tech. Inc..

1998). scattering of the discrepancy ratio s (Bechteller & Vetter. 1989). and the

44
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correlation coefficient C¢ (Hydrau-Tech.Inc.. 1998). The equations for each parameter

are in the following

R R. X
RD‘_‘Z_I’ R, Tl

in which:
Xi = computed sedimentation

Y; = measured sedimentation

X = average of computed sedimentation

Y = average of measured sedimentation
i = data set or point number
N = total number of data sets

J = total number of point in a given data set

(2.72)

(2.73)

2.79)

2.75)

For perfect fit, those values in Equation (2.72) through Equation (2.75) are

R,=1.0p=0.5s=0.and C. = 1.
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Chapter 3
SOURCES OF DATA

3.1. Location of Rivers

A total of 4532 sets of field data were selected and used to determine and analyse
the sediment transports in several kinds of river-bed and river sizes. The data also
represent a wide variety of locations, including rivers in the USA, in South America, and

in Asia. The river data include:

1. ACOP Canals (Pakistan Canal)

A total of 151 sets of river data were collected and recorded by Mahmood et al.
(1979) on five canals in Pakistan. The data include: discharge (I/s), width (m). depth (m),
slope, Ds¢ (mm), gradation, specific gravity, concentration of sediment (ppm),

temperature (°C) and type of bed-form.

2. CHOP Canals (West Pakistan Canal)

A total of 33 data sets of nine canals in West Pakistan were collected by Chaudry
et al. (1970) under the Canal and Headworks Observation Program (CHOP) of the West
Pakistan Water and Power Development Authority, 1962 — 1964, Lahore, West Pakistan..
The data include: discharge (I/s), width (m), depth (m), slope, Dso (mm), gradation,

specific gravity, concentration of sediment (ppm), and temperature (°C).
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3. American Canals

Simons (1957) obtained a total of 24 sets of canal data in Colorado. Nebraska and
Wyoming. However. only 13 completed sets of data were used in this study
The data include: discharge (cfs). width (ft). depth (ft). slope. Dso (mm).

concentration of sediment (ppm). temperature (°F) and sediment size distribution (%).

4. Atchafalaya River

A total of 72 data sets were obtained from Toffaletti (1968) on the Atchafalava
River at Simmesport. Louisiana (see Table B1 and B2 of Toffaletti. 1968).

The concentration is the combination of the measured suspended load and
unmeasured load calculated by Toffaletti’s procedure. Total suspended sand discharge
was determined by the Luby method. The given concentration is for sand particie
(>0.0625mm). The data include: date of survey. discharge (cfs). width (ft). radius (ft).
slope (ft/ft). Dgs (mm). concentration of sediment (ppm). temperature (°F). measured
suspended bed-material load (t/day). measured suspended bed-material load plus
unmeasured (t/day). measured suspended load concentration (ppm) sediment size
distribution. measured suspended bed-material concentration (ppm). sediment size
distribution for measured suspended sediment and bed- matenal. and height of unsampled

zone (ft).

47
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S. Amazon & Orinoco Rivers

A total of 114 data of the Amazon and Orinoco River systems can be found in
Posada (1995). The river systems include: the Amazon. Orinoco. Apure Rivers and their
tributaries.

The data include: date of survey (vymmdd). discharge (m’/s). width (m). depth
(m). median bed diameter (mm). slope (m/m). suspended sediment concentration (mg/l).
temperature (°C). sediment size distribution for suspended load. bed-material load and
total load (%). unsampied height (m). Values of the median diameters were estimated by
graphical interpolation. assuming a log-normal distribution of particle sizes.

Total load discharge is the sum of suspended sediment discharge in the measured
zone plus the sediment discharge computed with Modified Einstein Procedure for the

unmeasured zone. The MEP was developed by Colby and Hembree (1955).

6. Black River

A total of 17 data sets were collected on the Black River near Gallesville.
Wisconsin USA (Williams & Rosgen. 1989). However. only 7 compieted sets of data
were used in this study. The measurement was conducted during 1977 through 1979. The
data include: date of measurement. water discharge at the time of the bed load
measurement and at the time of the suspended load measurement (m3/s ). width (m). depth
(m). mean velocity (m/s). water temperature ("C). suspended load (kg/s) and bed load
(kg/s). bed load particle size distribution and bed material particle distribution. The water
discharges were determined in some cases from rating curves (velocity and depth from

hydraulic geometry. and width from bed load measurement) and in other cases by direct

18
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measurement (the latter also providing v. w and d). The suspended load was determined
with a common depth integrating discharge-weighted sampler (Guy and Norman. 1970).
The bed load was sampled with a pressure-difference sampler called the Helley-Smith

bed load sampler (Helley and Smith. 1971).

7. India Canal

Chitale (1966) obtained 32 sets of canal data in India. The data include: discharge
(I/s). width (mj. depth (m). slope. Dso (mm), specific gravity. concentration of sediment

(ppm). temperature (°C).

8. Chippewa River

A total of 66 data sets were collected on the Chippewa River near Caryville. at
Durand and near Pepin. Wisconsin USA by Williams and Rosgen (1989). However. only
47 completed sets of data were used in this study. including the Chippewa River near
Caryville 15 data. Chippewa River at Durand 14 data and Chippewa River near Pepin 18
data. The measurements were conducted during 1976 through 1979. The data include:
date of measurement. water discharge at the time of the bed load measurement and at the
time of the suspended load measurement (ms/s). width (m). depth (m). mean velocity
(m/s). water temperature (°C). suspended load (kg/s) and bed load (kg/s). bed load
particle size distribution and bed material particle distribution. On the Chippewa River
near Caryvillea and at Durand. the water discharges were determined in some cases from
rating curves (velocity and depth from hydraulic geometry. and width from bed load

measurement) and in other cases by direct measurement (the latter also providing v. w

49
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and d). On the Chippewa River near Pepin the water discharges. velocities. widths and
depths were determined from a direct (current-meter) discharge measurement. The
suspended load was determined with a common depth integrating discharge-weighted
sampler (Guy and Norman. 1970). The bed load was sampled with a pressure-difference

sampler called the Helley-Smith bed load sampler (Helley and Smith. 1971).

9. Chulitna River

A total of 43 data sets were collected on the Chulitna River below Canyon near
Talkeetna. Alaska. USA (Williams & Rosgen. 1989). However. only 4 completed sets of
data were used in this study. The measurement was conducted during 1982 through 1985.
The data include: date of measurement. water discharge at the time of the bed load
measurement and at the time of the suspended load measurement (m°/s), width (m). depth
(m). mean velocity (m/s). water temperature (°C). suspended load (kg/s) and bed load
(kg/s). suspended load particle distribution. bed load particle size distribution and bed
material particle distribution. The water discharges were determined in some cases from
rating curves (with velocities and widths and depths by the rating curve-area technique)
and in other cases by direct measurement (the latter also providing v, w and d). The
suspended load was determined with a common depth integrating discharge-weighted
sampler (Guy and Norman. 1970). The bed load was sampled with a pressure-difference

sampler called the Helley-Smith bed load sampler (Helley and Smith. 1971).
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10. Colorado River

A total of 131 data sets from the Colorado River were collected by USBR (1958).
A summary of the variables is as follows: discharge (I/s), width (m). depth (m). slope. Dsg

(mm). gradation. specific gravity. concentration of sediment (ppm). and temperature (°C).

11. Hii River

Shinohara and Tsubaki (1959) collected 38 data sets on the Hii River in Japan.
Records numbers 1 to 8 were collected from a station at Igaya. 9 to 12 from a station at
Kurihara. 13 to 18 from a station at side channei A. 19 and 20 from a station at side
channel B. and 21 to 23 from a station at side channel C. The rest the of records are for
accompanying laboratory experiments made in a wooden flume. The data include:
discharge (I/s). width (m). depth (m). slope. Dso (mm). gradation. specific gravity.

concentration of sediment (ppm). and type of bed forms.

12. Middle Loup River

Hubbel and Matejka (1959) collected 32 sets of data on the Middle Loup River at
Dunning. Nebraska (Section E). The data are from Table | (Pages 89-90). Table 3 (Pages
99-100). and Table 4 (Pages 104-105). To provide sufficient turbulence to cause the
entire sediment loads to become suspended. a turbulence flume was constructed at the
bridge on State Route 2. Accordingly. it was possible to measure the total load with
suspended load samplers. The data include: date of survey (yymmdd), stage 1 (m). unit

discharge 1 (m%/s). stage 2 (m). unit discharge 2 (m?*/s). width (m). depth (m). slope
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(m/m). concentration of sediment (ppm). temperature (°C). sediment size distribution for
suspended load and bed-material load concentration (%). and sediment size distribution
for measured suspended sediment and bed- material (%).

Stage 1 (m) and unit discharge 1 (m’/s) were at the time of water discharge
measurement. Stage 2 (m) and unit discharge 2 (m“/s) were at the time of suspended

sediment discharge measurement.

13. Mississippi River

There are three kinds of data in this river: two sets of data from Toffaletti (1968)
and one set of data from Posada (1993). Data from Toffaletti (1968) include 33 sets of
data at Tarbert Landing and 111 sets of data at Saint Louis. Missouri. The sediment and
hydraulic geometry parameters are the same as for the Atchafalaya River.

A total of 85 data sets on the Upper and Lower Mississippi Rivers and their
tributaries can be found in Posada (1995). The data include: date of survey (yvmmdd).
discharge (ms/s). width (m). depth (m). median bed diameter (mm). slope (m/m).
suspended sediment concentration (mg/l). temperature (°C). sediment size distribution for
suspended load. bed-material load and total load (%). and unsampled height (m). Values
of the median diameters were estimated by graphical interpolation, assuming a log-
normal distribution of particle sizes.

Total load discharge is the sum of suspended sediment discharge in the measured
zone plus the sediment discharge computed with Modified Einstein Procedure (MEP) for

the unmeasured zone. The MEP was developed by Colby and Hembree (1953).

W
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14. Mountain Creek River

Einstein (1944) obtained 100 sets of data on the Mountain Creek. Records No. 1
to 81 were collected on the Mountain Creek. a tributary of the Enoree River in Greenville
County. South Carolina. August through November 1941. Records No. 82 to 100 were
obtained on the West Goose Creek in Tallahatchie River basin about 4 miles west of
Oxford. March 26 and 27. 1942. The data include: wetted perimeter (m). area (m°). mean
velocity (fts). slope (m/m). Dso (mm). gradation. specific gravity, total load
concentration (ppm). and temperature (°C). Width was taken to be equivalent to the
wetted perimeter of the bed. Depth was derived from area and width. The cross section
was assumed to be trapezoidal and the discharge was obtained by multiplying width

times depth times mean velocity.

15. Niobrara River near Cody

Colby and Hembree (1955) took a total of 51 sets of field measurements on the
Niobrara River near Cody from July 13. 1949 through July 8. 1953. Nineteen sets of data
were obtained at the gauging station section and the contracted section and 32 sets of data
were collected at the gauging station only.

This river has a natural contracted section (which was used to measure the
sediment concentration), cut in bedrock, and its cross section is almost rectangular. The
stream flow observation point was located 580 m upstream of this contracted section.
Turbulence occurred sufficiently in the contracted section to make the suspended load

nearly the same as the total sediment load.

w
(")
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The data include: date of survey (vymmdd). stage 1 (ft). discharge 1 (cfs).
discharge 2 (cfs). area (ft2). width (ft). depth (ft). velocity (ft/s). slope (ft/mile).
concentration of sediment (ppm). temperature (°F). sediment size distribution for
suspended load and bed-material load concentration (%). and sediment size distribution
total load (%).

Stage 1 and discharge | were measured at the time of water discharge
measurement and discharge 2 was taken at the time of suspended sediment discharge

measurement.

16. North Fork Toutle River

A total of 10 sets of data were collected on the North Fork Toutle River near Kid
Valley. Washington. USA (Williams & Rosgen. 1989). However. only 2 completed sets
of data were used in this study. The measurement was conducted from 1985 through
1987. The data include: date of measurement. water discharge at the time of the bed load
measurement and at the time of the suspended load measurement (m>/s). width (m). depth
(m). mean velocity (m/s). water temperature (°C). suspended load (kg/s) and bed load
(kg/s). bed load particle size distribution and bed material particle distribution. The water
discharges were determined by direct measurement (the latter also providing v. w and d).
The suspended load was determined with a common depth integrating discharge-
weighted sampler (Guy and Norman, 1970). The bed load was sampled with a pressure-

difference sampler called the Helley-Smith bed load sampler (Helley and Smith. 1971).
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17. North Saskatchewan River & Elbow River

Samide (1971) collected 35 sets of data on the North Saskatchewan River at
Nordegg Bridge and Elbo River near the Bragg Creek Village. The data include:
discharge (I/s). width (m). depth (m). slope. Dso (mm). gradation. specific gravity. and
concentration of sediment (ppm). Temperature measurements were not published. but the

values given by Peterson and Howells (1973) have been retained.

18. Oak Creek

A total of 17 data from Oak Creek were obtained from the much larger data of
Milhous (1973). The data include: discharge (l/s). hydraulic radius (m). energy slope
(m/m). Dso (mm). gradation. specific gravity. concentration of sediment (ppm). particle
size distibution. and temperature (°C). The equivalent depth and width were determined
using the combination of hydraulic radius and the Manning n values in Figure 9 of

Milhous (1973).

19. Red River

A total of 30 data sets were obtained from Toffaletti (1968) on the Red River at
Alexandria. Louisana (Table Bl and B2). The data collected are the same as on the

Atchafalaya River.

v/
W
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20. Rio Grande River

Nordin and Beverage (1965) collected 293 sets of data from 6 stations on the Rio
Grande River in New Mexico. Measurement of hydraulic geometry parameters and
sediment load were held at the following stations: Otowi Bridge near San Idelfson for
Records No. 1 through 18. Cochiti for Records No. 19 through 88. San Felipe for
Records No. 89 through 158. near Bemalillo for Records No. 159 through 216.
Albuquerque for Records No 217 through 270. and near Belen for Records No 271
through 293.

The data include: discharge (lI/s). width (m). depth (m). slope. Dso (mm).
gradation. concentration of sediment (ppm). temperature (°C). and measured suspended
load (ppm). The bed material load is the sum of measured suspended load plus

unmeasured load computed by the Modified Einstein Procedure.

21. Rio Grande Convey Channel

A total of 9 sets of data from the Oak Creek were obtained from the much larger
data set of Culbertson et al. (1972). The data include:

From Table | at pages J26-27: date of survey (yymmdd). section number.
discharge (m’/s). flow area (ft’). surface width (ft). depth (m). slope (m/m). type of
bedform. concentration of sediment (mg/1). temperature (°C).

From Table 4 at pages J38-40: sediment size distribution bed-material load
concentration (%). sediment size distribution for total load (%), Dso (mm) for both total
load and bed material load. The total load was assumed to be equal to the suspended load

measured at the Weir (Sec. 194).
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22. Rio Grande River near Bernalillo

A total of 38 data sets were obtained from Toffaletti (1968) on the Rio Grande

River near Bernalillo. The data collected are the same as on the Atchafalaya River.

23. Rio Magdalena and Canal del Dique

A total of 113 sets of data were collected on the Rio Magdalena and Canal del
Dique. Columbia by Nedeco (1973). Records No. | to 52 were obtained from 10 stations
on the Rio Magdalena. Records No. 53 to 113 were collected at 10 stations on the Canal
del Dique. The data include: discharge (I/s). width (m). depth (m). slope. Dso (mm).
specific gravity. concentration of sediment (ppm). and temperature (°C). The gradation
parameter is based on the median and 65 percentile particle sizes with the assumption of

log-normal distribution.

24. River Data of Leopold

Leopold (1969) collected totals of 72 sets of data. The data can also be found in
Brownlie (1981b). The data include: discharge (l/s). width (m). depth (m). slope. Dso

(mm). specific gravity. concentration of sediment (ppm). and temperature (°C).

25. Rivers in Portugal

A total of 219 data sets of rivers in Portugal were collected by Da Cunha (1969).
The data include: discharge (I/s), width (m). depth (m). slope (m/m). Dsy (mm).

gradation. and concentration of sediment (ppm).
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26. Snake & Clearwater Rivers

A total of 21 sets of data were collected on the Snake and Clearwater Rivers in the
vicinity of Lewiston. Idaho by Seitz (1976). Records No. | Through 11 were obtained on
the Snake River near Anatone. Washington and Records No. 12 through 21 were
obtained on the Clearwater River at Spalding. Idaho. The data include: discharge (Us).
width (m). depth (m). slope. Ds¢ (mm), gradation. concentration of sediment (ppm). and

temperature (°C).

27. Susitna River

A total of 38 data sets were collected on the Susitna River near Talkeetna. Alaska.
Alaska. USA (Williams & Rosgen. 1989). However. only 2 completed sets were used in
this study. The measurement was conducted from 1982 through 1985. The data include:
date of measurement, water discharge at the time of the bed load measurement and at the
time of the suspended load measurement (m’/s). width (m). depth (m). mean velocity
(m/s). water temperature (°C). suspended load (kg/s) and bed load (kg/s). suspended load
particle diastribution. bed load particle size distribution and bed material particle size
distribution. The water discharges were determined from a rating curve: velocities.
widths and depths. where given, determined by the rating curve-area technique). The
Suspended load was determined with a common depth integrating discharge-weighted
sampler (Guy and Norman. 1970). The bed load was sampled with a pressure-difference

sampler called the Helley-Smith bed load sampler (Helley and Smith. 1971).
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28. Toutle River

A total of 31 data sets were collected on the Toutle River near Silver Lake.
Washington. USA (Williams & Rosgen. 1989). However, only 9 completed sets of data
were used in this study. The measurement was conducted during the period 1985 through
1987. The data include: date of measurement. water discharge at the time of the bed load
measurement and at the time of the suspended load measurement (m*/s). width (m). depth
(m). mean velocity (m/s). water temperature (°C). suspended load (kg/s) and bed load
(kg/s). bed load particle size distribution and bed material particle size distribution. The
water discharges were determined by direct measurement (the latter also providing v. w
and d). The suspended load was determined with a common depth integrating discharge-
weighted sampler (Guy and Norman. 1970). The bed load was sampled with a pressure-

difference sampler called the Helley-Smith bed load sampler (Helley and Smith. 1971).

29. Trinity River

A total of 4 data sets were collected by Knott (1974). Records No. | and 2 were
obtained on the North Fork of the Trinity River near Helena. Montana and Records No. 3
and 4 were obtained on the South Fork of the Trinity River below Hyampom.The data
include: discharge (I/s). width (m). depth (m). slope. Ds, (mm). gradation. and
concentration of sediment (ppm). The temperature values were obtained from the USGS

series Water Resources Data for California.
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30. Wisconsin River

A total of 20 data sets were collected on the Wisconsin River at Muscoda.
Wisconsin. USA (Williams & Rosgen. 1989). However. only 9 complete sets of data
were used in this study. The measurement was conducted from 1977 through 1979. The
data include: date of measurement. water discharge at the time of the bed load
measurement and at the time of the suspended load measurement (m>/s). width (m). depth
(m). mean velocity (m/s). water temperature (°C). suspended ioad (kg/s) and bed load
(kg/s). bed load particle size distribution and bed material particle size distribution. The
water discharges were determined in some cases from the rating curves (velocity and
depth from hydraulic geometry. and width from bed load measurement) and in other
cases by direct measurement (the latter also providing v. w and d). The suspended load
was determined with a common depth integrating discharge-weighted sampler (Guy and
Norman. 1970). The bed load was sampled with a pressure-difference sampler called the

Helley-Smith bed load sampler (Helley and Smith. 1971).

31. Yampa River

A total of 24 data sets were collected on the Yampa River at Deerlodge Park.
Colorado. USA (Williams & Rosgen. 1989). However. only 11 completed sets of data
were used in this study. The measurements were conducted during the period 1982
through 1983. The data include: date of measurement. water discharge at the time of the
bed load measurement and at the time of the suspended load measurement (m’/s). width
(m). depth (m). mean velocity (m/s), water temperature (°C). suspended load (kg/s) and

bed load (kg/s). bed load particle size distribution and bed material particle size
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distribution. The water discharges were determined in some cases from the rating curves
(velocity and depth from hydraulic geometry and width from bed load measurement) and
in other cases by direct measurement (the latter also providing v. w and d). The
suspended load was determined with a common depth integrating discharge-weighted
sampler (Guy and Norman. 1970). The bed load was sampled with a pressure-difference
sampler called the Helley-Smith bed load sampler with orifice six inches high and twelve

inches wide (Helley and Smith. 1971).

32. Yangtze River

A total of 40 data sets on the Yangtze River were collected (Long and Liang.
1994). The data include: date of survey (yymmdd). discharge (m’/s). width (m). depth
(m). slope (m/m). concentration of sediment (kg/m3). temperature (°C). sediment size

distribution for suspended load and bed-material load concentration (%).

33. Yellow River (lower)

A total of 2326 sets of data were collected on the Yellow River (Lower) at seven
stations and these data can be found in Long and Liang (1994). Records No. | through
339 were obtained at Huayuankou station (HYK). Records No. 440 through 593 were
obtained at Jiahetan station (JHT). Records No. 594 through 898 were obtained at
Gaocun station (GC). Records No. 899 through 1209 werc obtained at Sunkou station
(SK). Records No. 1210 through 1605 were obtained at Aishan station (AS). Records No.
1606 through 1958 were obtained at Luokou station (LK). and Records No. 1959 through

2326 were obtained at Lijin station LJ.
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The data include: Station code. date of survey (yymmdd). discharge (m’/s). width
(m). depth (m). slope (m/m). concentration of sediment (kg/m’). temperature (°C).
sediment size distribution for suspended load and bed-material load (%). bed material and
suspended load (kg/s). load by size fraction computed by MEP (kg/s) and total load

computed by MEP (kg/s).

3.2. Field Data compilation

The data for each river used different formats and different units: for example the
unit of discharge variable in some river data used I/s. while other river data used m’/s.
Before using the data for analysis. compilation is needed and the SI units are used. The

format units used for all variables are shown in the following table.

Table 3.1. The units for variables

No. Variable Unit
1. Date of nfeasurement yymmdd
2. Water discharge m’/s
3. Channel width m
4.  Flow depth m
5.  Flow velocity m/s
6. Mean bed diameter. dso mm
7. Water surface slope m/m
8. Water temperature °C
9. Transported sediment concentration Copm

Not all sets of data are used for the analysis since in some cases there are no
sufficient variables. For example, from the total of 151 sets of data of the ACOP Canal,
only 142 sets of data are used because 9 sets of data have no concentration value.

The entire field data were divided into two categories of applications: Group 1 for

analysis of the ten existing equations and the new proposed equations. Group 2 for
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verification and validation of the proposed methods. To get these groups. the river data
sets are divided into two parts in random order.
The data are summarized in Table 3.2. The complete data are given in Appendix

A.
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Table 3.2. Summary of field data

No [Code jName of River DatgWater  JChannel |Flow |Flow [Meanbed |W.S Trans|Total [Data Source also
of MeagDischarggwidth Depth |velocity [diameter Sed ConcJData Used found in
Q W, h v ds Sw tempt Cppm
yymmdd m3/g m ml vl mm| m/m ‘C
1|ACP  {Acop Canal (Pakistan) |[max na 27| 35| 076 1.02 0.083 0000044 12 51 151 142{Mahmood et al Brownlie (1981b)
min n 529 140 43 088 0.364] 0000164 36 2,08% (1979)
2|CHO ]Chops Canal in Pakistan |max na 28] 24 N 088 009 0000051 1" 1164 33 33|Chaudhry et al Brownlie (1981b)
min naj 428| 122] 341 1.0 0.311] 0000254 29 1,317] (1970)
3|AMC  ]JAmenican Canal max n aj 1 ] 08| 0 48F 0009 0.000054 21 44 13 12|Simons Brownlie (1981b)
min n 2 221 259 0 51 00421 0000334 28 448 (1957)
4JATC  |Atchafalaya max 59072 382 305 61 021 0088 000000 5 1 72 72| Toffaletti Brownlig (1981b)
min 650730 14188 503] 1475 19 0354 000005% 34 567, (1968)
5|AMO  {Amazon & Onnoco max 760614 9 11| 093 925 0024 000001 26 01 114 85|Posada
min 870219 235004 3338 68| 104 1129 0000404 33 852 (1995)
6|BCA  |Black Canal min 7710 20 72] 05§ 04 02365 0000114 55 53 17 7|Wilhams & Rosgen
max 7905; 163 122 19 1 053] 0000290 21 1.147] (1989)
7|CHi India Canal max T 1 4] 067 04 002] 0000059na 512 32 32[Chitale Brownlie (1981b)
min n 242 79] 356 0.86 0082 0000169na 575 ('1966)
8|CHP  [Chippewa River min 76901 30 6} 124 061 02 04] 0000099 K] 3 66 47{Willams & Rosgen
max 79911 884 27 32 11 155 0.00058( 26 357 (1989)
9|CHU  {Chulitna River min 72782 925 98 5 17 1.8 25 0000684 4 4508 43 4|Williams & Rosgen
max 84518 261‘ 123 3 25 24.5 0 00140( 56 1,183 (1989)
10]COL  |Colorado River max n 77532 91| 085 1000 01584 0000033 7 18] 1 100{USBR Brownlie (1981b)
min n :I 557449 255 389 5630 0695 00004073 27 76 (1958)
1K1 Hii River max n 2 8f 031 073 021} 000084¢na 116 36 38| Shinohara & Tsubaki|Brownlie (1981b)
. min na 2 8] 04 o074 146 001130Qna 5,639 (1979
12{MID fM:ddle Loup River max 500301 9| 371 025 098 0223 0000924 1 41 38 15|Hubbel & Matajka  |Brownlie (1881b)
min 520924 13| 46 041 07 035 0.001459 N 1,831 (1959
13{MIS Mississippi River max 510523 1512 456 466 071 0088 0000014 2 71 164 164| Toffaletti Brownlie (1981b)
min 65090 28830 1109 17 28 15 025 0000134 34 511 (1968)
13b [POS Missi  River (Posada) max 870724 332 164 6 16] 033 01721 000000 3 02 85 85|Posada -
min 90062 34100 1337 5 54 46 0993 0000177 31 370 (1985)
14|MOU  |Mountain Creek max n 0 3| 004 049 0899 000136 15 27 100 100} Einstein Brownlie (1981b)
min n a| 1 4] 044 079 0286 0003150 26 2,601 (1944)
15|NIO Niobrara River max 49071 6 21| 0421 066 020% 0001134 1 257 51 19|Colby & Hembree  |Brownlie (1981b)
near Cody min 521211 16 22l osg 127 0268 0001799 28 1,600 (1855)
16|NFT  INorth Fork Toutle River  fmin 86119 124 56| 085 24 69 0003704 65 13268 10 2|Wiliams & Rosgen
max 86226 137, §9] 085 26 86 0004100 85 16,364 (1989)
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Table 3.2. continued

17]NSR  [North Saskat max na 5 307y 21 1361 0001584 13 4 55 55]Samide Brownlie {(1981b)
& Elbo River min n aI 39, 6 274 234 76 11] 0.00745 18 760| (1971)
18|OAK  [Oak Creek max n aI 1 4] 0 103 82| 0009704 5 7 17 17|Miihous Brownlie (1881b)
min na 3 6] 053 109 271 0.01260( 7 184 (1973)
19]RED  |Red River max 58110 190 130 3] 049 0089 000006 3 8 30 29[ Toffaletti Brownlie (1981b)
min 641230 1538 1831 738 114 0.106 0.000063 35 5004 (1968)
20|RGR  |Rio Grande River max na 0.064 8 014 0.4 0173 0.000694¢ 0 2] 293 289|Nordin & Beverage |Brownlie (1981b)
min na 286) 122 3127 075 1909 000246( 29 11,400 (1965
21]JRGC |Rio Grande max 650512 25 200 08 141 0.11] 0.00052( 3 906 33, 8| Culbertson et al. Brownlie (1881b)
Convey Channel min 660504 37 27 15 089 016] 000111 18 3,049 (1972)
22|RIO Rio Grande max 52042 35 411 033 261 0106 000074 14 463 38 36| Toftatetti Brownle (1981b)
in Columbia min 610507 286 197] 146] 099 0338 000089( 27 4,530 (1968)
23INED  {Rio Magda & max na 29 271 1321 081 01 0000003 30 3 13 75|Nedeco Brownlie (1981b)
Canal del Dique min na 10200 845 13284 091 108 0000624 30 3.0008 (1973)
24|LEO  |River data max nay 83334 89] 085 1100 014 000003 6 " 72 55| Leopold Browntie (1981b)
of Leopold min n 499294 251 411| 485238 0814 0.000344 27 564 (1969)
25|POR  [Rwvers in Portugal max na 29 701 048 091 2204 0.000544 10 271 219 219{Da Cunha Brownlie (1981b)
min na 660 189] 244 143 2603 0000974 10 351 (1969)
26]SNK  |Snake & max 97 137 40 17§ 04| 0000249 6 4 21 17|Seitz Brownlie (1981b)
Clearwater Rivers min 5N 198] 591 3 33| 0001214 15 33 (1976)
27|SUS  JSusuna River min 82724 786 186 24 18 34| 0.001404 2 18 38 2|Wilhams & Rosgen
max 831004 2770 308 44 21 35) 0002404 95 1,46 (1989)
28|TOU  {Toutlle River min 85402 43 2] 245 074 17 07 0001904 4 1724 3 9|Withams & Rosgen
max 8712 253 5 69 15 27 475 0005504 12 23,(&7‘ (1989)
29|TRI Tnnity River max na 40 30 085 1.55 34] 000260 6 36| 4 3Knott Brownlie (1981b)
min na 83 54 12 128 11.8] 000300( 8 675 (1974)
30[WIS  [Wisconsin River min 32477 86 9 219 082 05 04] 0000284 7.5 22 20 glWilliams & Rosgen
max 81574 714 310 26 08 049 000041 26 1o (1989)
31YAM  JYampa River min 83407 263 91 065 06 045 000040 5 599 24 11{Wilhams & Rosgen
max 71283 447, 93 39 13 07] 000087( 20 2,933 (1989)
32]YAN  jYangtze River max 82091 4080 1290) 35§ 095 0025 000000 8 7 40 40[Long & Liang
min 851103 41200 1530 13y 202 006 0.000084 28| 1,214 (1995)
3JIYEL  |Yellow River max §60509 8 55 053] 027 0018 0.00001 0 87| 2326 1112)Long & Liang
min 901224  13600) 3190 1129 023§ 0081 0.00080 32 482,40 (1995)
Total data min 0 064 1| 004 02v 0005 0.000003 0 0.1} 453 2946
max 557 449 3,33q 68] 925 76 11} 0012604 36 482,409




Based on sediment size four kinds of river data were analyzed:

1. gravel-bed rivers (2 mm < d; <64 mm).

189

(F9)

very fine to fine sand-bed rivers (0.062 — 0.250 mm)

medium to very coarse sand-bed rivers (0.250 — 2.00 mm).

4. silt-bed rivers (sediment size 0.004mm < d; < 0.0625 mm).

According to the size of river (in terms of width and depth) the data were divided

into three different types of river including:

1. small river with width < 10 m and depth <1 m.

19

(U]

intermediate river with 10 m < width <50 m and 1 m <depth <3 m.

large rivers with width > 50 m and depth > 3 m.

3.3. Laboratory data

Although the main purpose is to propose new methods of sediment transport

relation in the field. laboratory data were used for verification (in Chapter 6) of the new

method. A total of 919 sets of laboratory data from 19 sources were selected. including:

1.

9]

W)

*

® N oo

9.

Barton & Lin (1955) 30 data sets.

Brooks (Vanoni & Brooks.1957) 21 data sets

Guy, Simons & Richardson (1966) 290 data sets.

Franco (1968) 19 data sets.

Kalinske & Hsia (1945) 9 data sets.

Kennedy & Brooks (1963) 9 data sets.

Laursen (1958) 24 data sets.

Meyer-Peter & Muller 139 data sets (Meyer. Peter & Muller. 1948 and
Brownlie, 1981b)

Nomicos | (in Toffaleti,1968: Vanoni & Brooks.1957) 12 data sets,

10. Nomicos 2 (in Vanoni & Brooks.1957) 26 data sets.
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1. Onishi. Jain & Kennedy (1976) 14 data sets.
12. Stein (1965) 57 data sets.

13. Straub (1954 &1958) 24 data sets.

14. Taylor & Vanoni (1972) 6 data sets.

15. Vanoni & Brooks (1957) 15 data sets.

16. Vanoni & Hwang (1967) 16 data sets.

17. Williams(1970) 83 data sets.

18. Willis. Coleman and Ellis (1972) 96 data sets.
19. Wilcock & Southard (1988) 29 data sets

The range of the laboratory data includes:

discharge (m’/s) :0.001 —4.614
width (m) :0.267 —2.438
depth (m) :0.008 — 1.092
velocity (m/s) :0.188 — 5.547

particle sediment size, dso. (mm) :0.011 - 28.60

slope :0.00015 -0.0331
temperature of water °C :1.67 —48.0
concentration (Cppm) : 0.0036 - 110.998.8

The complete data are given in Appendix B.
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4.1.

Chapter 4
ANALYSIS

General

In this chapter the ten sediment relations were used to calculate the total load of

sediment using the data in Group 1. Total load of sediment was calculated using mean

diameter of river bed (uniform sediment size).

To make sure that the applicability of the existing equations were programmed

correctly, references of other calculations were used as follows:

Julien (1995) for programming: Einstein, Bagnold, Shen & Hung, Ackers & White,
Yang, Brownlie, and Karim & Kennedy,

Yang (1996) for programming: Einstein, Laursen, Bagnold, Toffaletti, Shen & Hung,
Ackers & White, Yang, and Karim & Kennedy,

Wu (1999) for programming: Laursen, Toffaletti, Ackers & White, Yang, Karim &
Kennedy, and Karim,

Simons and Senturk (1992) for programming: Einstein, Laursen, Bagnold, Toffaletti,
and Yang,

Nakato (1990) for programming: Toffaletti, Ackers & White, Yang, and Karim &

Kennedy.
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4.2. Computation of Sediment Discharge

Based on the sediment size four kinds of river data were analyzed:

I. gravel-bed rivers (2 mm < d; <64 mm)

!\J

very fine to fine sand-bed rivers (0.062 — 0.250 mm)

medium to very coarse sand-bed rivers (0.250 — 2.00 mm)

(%)

4. silt-bed rivers river (sediment size 0.020 mm < ds; < 0.062 mm).
According to the size of river (in terms of width and depth) the data were divided
into different types of river including:

1. small river with width < 10 m and depth <1 m.

9

intermediate river with 10 m < width <50 mand 1 m <depth <3 m.
3. large river with width > 50 m and depth > 3 m.

The C,pm measured and computed are shown in figures. The discrepancy ratio
R, . standard deviation op. scattering s and correlation coefficient C.. between

measured and computed sediment discharges are shown in tables. Three kinds of
correlation coefficient C. were computed including: Cppm computed and C,pm measured.

parameters and Cppm measured, and parameters and Cppm computed.

4.2.1 Gravel-Bed Rivers

The mean diameter of particle size has the range of 3.40 mm (very fine gravel) to
76.11 mm (very coarse gravel).

Three river data sets were examined including: Saskatchewan & Elbow Rivers
(55 data). Trinity River (3 data) and Oak Creek (17 data). Saskatchewan & Elbow. and

Trinity Rivers were used for computation of the sediment discharge (Group 1). The Oak
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Creek and the laboratory data of Meyer-Peter-Muller (1948) containing 139 data were
used for validation and verification.

The river data show a wide range of hydraulic geometric data, including:

e discharge : 1.331 —-82.48 m3/s
e width :3.05-5395m

e depth :0.307-2.74m

e slope - 0.00158 -0.0126

The resuits for computational total sediment discharge (Cyom) using the selected
equations was summarized in figures and tables. The discrepancy ratio R_D, standard
deviation op and scattering s of Cppm, both computed and measured, were computed.
Three kinds of coefficient of correlation C. were computed including: Cppm measured
and Cppm computed, parameters and Cppm measured and parameters and Cypm Computed.

Results of computation of each parameter are shown in Tables 4.1 and 4.2.

Table 4.1. Discrepancy ratio R—D, standard deviation op, and scattering s,

between Cppm computed and measured for gravel-bed rivers

.Bagn ‘Ackers Yang' Shen Brown Karim Laurs Karim Toffa Einstcin]
old White 73 Hung lie &Ken  en letti

DiscrcpaHQ'Ratio-R—D 12.30. 0.33° 0.10 6895 425 2345 716 452 001 I8.18

standard deviation. op 112.30; 1.47 0.21 6807 668 258513.66. 445 001 2438
scattering. s 0.92: -190 -1.34. 167 0.34 1.170 0.30: 0.45 -3.09 1.09}
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Figure 4.1. Cyp, computed and measured for gravel-bed rivers
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4.2.2 Sand-bed Rivers

The mean diameter of particle size has the range of very fine sand (0.062 - 0.125
mm) to very coarse sand (1.00 — 2.00 mm).
A total of 2503 sets of data of 23 rivers were used. including:

1. Amazon and Orinoco River systems 85 data sets

)

American Canal 12 data

Atchafalaya River 72 sets

(U5

4. Colorado River 100 data sets

Hii River 38 data sets

W

6. India Canal 14 data sets

7. Middle Loup River 15 data sets

8. Mississippi River (Posada) 85 data sets

9. Mississippi River at St Louis 111 data sets
10. Mississippi River at Tarbert Landing 53 data sets
11. Mountain Creek 100 data sets

12. Niobrara River 19 data sets

13. Pakistan Canal 142 data sets

14. Portugal River 219 data sets

- Red River 29 data sets

16. Rio Grande (Nordin) 289 data sets

17. Rio Grande Convey Canal 9 data sets

18. Rio Grande near Bernalillo 38 data sets

19. Rio Magdalena & Canal del Dique 75 data sets
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20. River Data of Leopold 55 data sets
21. Snake & Clearwater River 17 data sets
22. West Pakistan (CHOP) Canal 33 data sets

23. Yellow River 893 data sets

The computation was performed for two kinds of sand-bed rivers: very fine to
fine sand-bed rivers (0.062 — 0.250 mm) and medium to very coarse sand-bed rivers

(0.250 - 2.00 mm).

1. Very fine to fine sand-bed rivers (0.062 — 0.250 mm)

A total of 1405 data sets were used to compute the total sediment load using
selected sediment transport equations. The river data show a wide range of hydraulic
geometric data, including:

e discharge :0.00094 -235,000 m3/s

e width :0.35-3,190m
e depth :0.02 - 68.00 m
e slope : 0.0000021 - 0.0113

The data were divided into two groups: Group 1 (706 data) for computation and
Group 2 (699) for validation and verification. Results of computational total sediment

discharge using the selected equations were summarized in figures and tables.

The C,pm measured and computed are shown in Figure 4.2.
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Figure 4.2. Cppm computed and measured for very fine to fine sand-bed rivers

The discrepancy ratio R, standard deviation op and scattering s of Cppm, both

computed and measured, were computed. Three kinds of coefficient of correlation C.

were computed including: Cppm measured and Cppm computed, parameters and Cppm

measured and parameters and C,pm computed. Results of computation of each parameter

are shown in Tables 4.3 and 4.4.

Table 4.3. Discrepancy ratio ED-, standard deviation op, and scattering s, between

Cppm computed and measured for very fine to fine sand-bed rivers

‘Bagnol Ackers Yang' Shen Brow Karim Laurs Kari Toffal Einst
d White 73  Hung nlic &Ken en m__ etti cin
Discrepancy Ratio R, 0.21 531 030 032 0351 090 036 1.28 256 0.63
standard deviation op 0.44 2221 070 0.87 0.88 1.92 059 1.72 3352 1.05
scattering s -1.16. 0.06 093 093 -0.58 -0.51 -0.74 0.08 0.16 -0.90
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Table 4.4. Correlation coefficient C,, among C,,,,, computed, C,,, measured and hydraulic gcometry and sediment

characteristic parameters for very fine to fine sand-bed rivers

Cppm |BagnoldAckers |Yang'73Shen Brownli@(atim Laur Karim [Toffa [Eins |Q@ |w d v d, IS, Jtemp[ty Ju. o Jd. o
Cppm meas White |Hung Kenn |sen | letti  ftein |(mYs)(m) l(m) |(nvs) |(mm) °C  |(N/?] (ns)| (m¥ls (mvs)
easured 1 | : I |
Bagnold 0.36 1] | |
Acker-White 019 054 1 ‘ ! |
Yang'73 | 037] o085 073 @ 1 ' ! i
Shen &Hung | ~ 0.51( "0.83] 057 093 1 ' ! ! ! L R T
Brownlie 058/ 076 049”086 097 1~ | A T ; - -
Karim-Kennedy 0.38] 0.70! 068/ 090 086 079 i ' ! [ i ) -
[aursen 036078070 0:92|~"0B4] 079075 1 ‘ : i B B R N
Karim 048|078 082 087, 091 090 074 095 1 ! - X ! - I T
Toffaletii 052]7 055 032 056 067 073 “—'0710"‘0.'67i 078 1 B T
Einstein 049066 053] 0.76]7 086|088 073079 050 065 i
Q(m¥sy | 002 003 002 0602 002 003 005 001 001 001 004 1
w(m) | 0.371;226 041 0311 037 044] 022 032{ 038/ 045 029 044 1
dmy -0.18) ™ -0.29] 7 -0.02] 018 -0:22]-0.24| <007 -0.16] -022] -0.24]-0.12{071[ 009 1 . -
v {ns) 058 0.38] 023 043| 066| 0.76] 042/ 048] "0.68/0:67" 074|016/~ 043 -0.06]
d, (mm) -0.33] -0.25 -0.15] -0.27| -0.34] -0.39 -0.20] -0.42] -0.52| -0.53| -0.41] 0.18]-0.25/ 0.40/-0.45 1 O
S. -0.03] 056/ 0.02] 012 008 002 005 001 -001] -0.05 -0.02|-0.05 -0.10|-0.15[-017| 0.26 i - T
Temp{C) | 0.47] -005 001] 003 005 013 010 -0.07 -002] 0.13] 7009 008 0.11] 0.06| 0.06|-0.02| -0.03] 1 -
L(NmM2) | o016] 039 031 047 052] 042 054, 029 029 009 033031 0.11] 0.31] 0.26] 0.30 0.08/-0.01] 1|
u. (nVs) 0.16] 040 028 046] 052 044 050 029 030 012 0.34] 028 0.11| 0.28| 0.28/ 0.30] 0.09] 0.00| 0.98 111
v(mfs) ~ | 017 0.01] -001| -005 -007| -015 -0.11] 006 000 -0.15 -0.12|-0.08]-0.12-0.04| -0.08| 0.02] 000|-0.98|-0.01/-0.02] 1|
d | -028 -026] -0.15 -026/ -0.33 -0.36] -0.17| -042] -051 -048 Loﬁi;e%o.z? -0.21| 0.42|-0.43| 0.95/ 0.24) 0.27| 0.26| 0.27 -027{ 1
{nvs) -0.30| -0.24 013|026/ 033 -0.37, 018/ -040! -0.51|-0:49{ -0:38{ 0:21/-0:22|042(~-0.44/°0:97/70.26/°0/17/70.28/70.28/~0.17[ 0,99 i
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2. Medium to very coarse sand-bed rivers (0.250 — 2.00 mm)

A total of 1098 data sets were used to compute the total sediment load using
selected sediment transport equations. The river data show a wide range of hydraulic
geometric data, including:

e discharge :0.0474 —151,000 m3/s

e width :0.8-3338m
e depth : 0.0396 - 65.00 m
e slope : 0.0000138 - 0.00315

The data were divided into two groups: Group 1 (552 data) for computation and

Group 2 (546) for validation and verification. The Cgpm measured and computed are

shown in Figure 4.3.
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Figure 4.3. Cyp, computed and measured for medium to very coarse sand-bed rivers
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The discrepancy ratio R, standard deviation 6 and scattering s of Cppm , both

computed and measured, were computed. Three kinds of coefficient of correlation C.
were computed including: Cppm measured and C,pm computed, parameters and Cppm
measured and parameters and Cppm computed. Results of computation of each parameter

are shown in Tables 4.5 and 4.6.

Table 4.5. Discrepancy ratio ﬁ;, standard deviation Gp, and scattering s, between

Cppm computed and measured for medium to very coarse sand-bed rivers

Bagnol Ackers Yang' 'Shen Brow Karnim Laurs'Kari Toffal Einst

d White 73 Hung nliec &Ken en m_  etti  ein

Discrepancy Ratio R 1.68 285 3.22 546 48 1206 06 268 +'i: 256
standard deviation op 566 9.06 16.01 34.71 26.28. 8591 2491404 3.09 1593
scattering s -0.26. 0.02'-0.07. -0.16 0.08° 0.28 -0.70.-0.14 -0.53.-0.44
78
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4.2.3 Silt-bed Rivers

284 sets of data of 3 rivers with range of mean diameter of particle size of 0.020

mm to 0.062 mm, including:
1. Yellow River 219 data sets, including measurements at: Huayuankou station
(HYK) 45 data sets, Jiahetan station (JHT) 33 data sets, Gaocun station (GC)
24 data sets. Sunkou station (SK) 13 data sets, Aishan station (AS) 36 data

sets, Luokou station (LK) 40 data sets, Lijin station (LJ) 28 data sets.

2

Yangtze River 40 data sets

India Canal 25 data sets

(%)

The river data show a wide range of hydraulic geometric data, including:

e discharge :1.152-41,200 m3/s

e width :43-3,110m
e depth :053-1330m
e slope - 0.000009 - 0.00087

The data were divided into two groups: Group 1 (143 data) for computation and

Group 2 (141) for verification.

The Cppm measured and computed are shown in Figure 4.4.
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Figure 4.4. C,,. computed and measured for silt-bed rivers

The discrepancy ratio f{_o, standard deviation op and scattering s of Cppm, both

computed and measured, were computed. Three kinds of coefficient

of correlation C.

were computed including: Cppm measured and Cypm computed, parameters and Cppm

measured and parameters and Cypm computed. Results of computation of each parameter

are shown in Tables 4.7 and 4.8.

Table 4.7. Discrepancy ratio TR_D, standard deviation op, and scattering s, between

Cppm computed and measured for silt-bed rivers

Bagnol Ackers Yang''Shen  Brow Karim Laurs Kari Toffal Einst

d White .73 Hung nlic &Ken cn m ctti__ ein

Discrepancy Ratio RD G.56. hlloo 1.66: 0.52. 041 1.74 3.01 1.720 421 106

standard deviation op 1.59 too’ 4.27 1.14 0.65 386 3536 1.73 406 2.00
hiy\é ' .

scattering s 098 - 054 -0.74-069 -053 005 008 043 -0.78
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Table 4.8. Corrclation coefficient C; among C,,,, computed, C,,,,, measured and hydraulic geometry and sediment

characteristic parameters for silt-bed rivers

Cppm [BagnoldAckers [Yang'73Shen Brownli?(arim Laur [Kanm |Toffa [Eins (@ w [d v d |8, ftemp|t, ju. v d [0

Cppm meas. White 'Hung Kenn {(sen | letti  |tein  |(m¥s)/(m) (m) |(mv's) |(mm) °C (N7} (wis)] (m¥/s (mvs)
[Measured 1 j : i

Bagnold 0.25 1 I : !

Acker-White | -0.10] 001] 1 O i |

Yang'73 020 095 -003 1] | ;

Shen& Hung | 035 094 -007] 090 1 v - I
Brownlie 038/ "0.89] -0.09] " 0.86 0.99 i T | I S B T T T
Karim-Kennedy 0.20] 0.84' .0.04] 083 090 085 1 ) ‘ . B R Bt St N S e I I e

Caursen 0.29]~"°0:94;"=0:08]"0:93] 0.9 0.90] 073 T T v e T T T S A
Karim 0:36/ 0.93] -0C11|0:88/” 70/98] 0197|084 094 Tt T r - T -
offaletti 0.4B] 066 =012 059072076045 076 078~ 1 ! [ AR A
Einstein 036]" 0747 -0.08] 068/ 0:88]70:90/70.79] 073 0.88 063 i T ! - o - -
Q(m’s) 004 0200 007 014 018 015 023 009 011 002 018 1 *

w(m) 1 023 039 007 035 033 032 021 0.391 0.31] 035 o015 057 1]

d(m) 0723 -0.08] T 0.15[ =013 -0.13] -0.17[” "0.03] -024!7-0.22]7"-0:33{-0.05/ 7082 011 1

Vv {nVs) 048] 048 -0.13]"0.39]0:67]" "0.72["0:53] 050, 069/ "0:69]""0.83| "0:20]"0/14]-0.03[ 1

d, (mm) 0.29) -0.09| -022] -003 0.13] 021 005 003 0.16] 024 021 -046|-0.14]-063] 034 1 -

S. 032|083 -008 080 o085 082 070 081 081 059 0861 -003 035 -035 035 029 1

Temp {C) | 028 019 -0.16) 0.19] 030 037 024 018 025 036 036 0.16| 0.08] 0.07] 0.45 0.08] 0.18 i

1 (Nim2) 020 067 006/ 055 073 066 078 048 063 031 069 041|017 0.31] 052 -0.01/ 061 022 1

u (nVs) 021 066| 008 053 070, 0863 070 047 061 033 067 0.44| 0.18| 0.36| 0.51] -0.06] 0.60| 0.24] 0.98] 1

U (m¥s) ©.0.21] -0.18] 0.16] -0.18] -0.29/ -0.34] -0.23] -0.17] -0.23] -0.33] -0.34]-0.20{ -0.10] -0.11] -0.42] -0.02] -0.15{ -0.98] -0.21] -0.24] 1

d. 035 -001 -023] 004 024 033 013 009 024 035 033]-034].009-052 048] 09i| 032 0.48| 008/ 0.04|-043 1
MS) 032] =006 "-0:20] 0:00]0:19] 028/ 0,10/ ""0.04; 0.19]" 030/ 0.29] -0:32]0:09| -0:48|"046] 0.91|0.28 0:45 0:06/ 0.03]-0.39] 0:99 1




4.2.4 Small Rivers (width < 10 m, and depth < 1.0 m)

A total of 163 data sets of rivers with range of width from 0.35 to 9.60 m and
range of depth from 0.02 to 0.94 m including:

I.American Canal 3 data sets

2.Hii River 38 data sets

3.India Canal 3 data sets

4 Mountain Creek 100 data sets

5.Rio Grande (Nordin) 3 data sets

6.Saskatchewan & Elbow River 16 data sets

The river data show a wide range of hydraulic geometric data, including:
e discharge :0.0009 - 7.35 m3/s
e mean bed material diameter: 0.042 mm (coarse silt) ~ 57.67 mm (very coarse

gravel)

e slope :0.000115-0.0113

The data were divided into two groups: Groupl (82 data) for computation and

Group 2 (81) for verification.

The Cypm measured and computed are shown in Figure 4.5.
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Figure 4.5. Copm computed and measured for small rivers

The discrepancy ratio 1_1;, standard deviation op and scattering s of Cppm, both

computed and measured were computed. Three kinds of coefficient of correlation C.
were computed including: Cppm measured and C,pm computed, parameters and Cppm
measured and parameters and C,pm computed. Results of computation of each parameter

are shown in Tables 4.9. and 4.10.

Table 4.9. Discrepancy ratio R—D, standard deviation Gp, and scattering s, between

Cppm computed and measured for small rivers

Bagnol Ackers.Yang' Shen Brow Karim Laurs Kari Toffal Einst
d ‘White 73 Hung nlic &Ken en m  ectti__ein

Discrepancy Ratio ED— 205 145 138 357 (18 301 L43 1y 0.683 3.48

standard deviation op 1.78 1.31° 09 859 1.0l 262 1.39° 0.89: 0.53] 3.81
scattering s 0.17. -0.18.-0.06. 0.10:-0.09. 0.31 -0.19 -0.01 -0.61 0.11
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4.2.5 Intermediate Rivers ( 10 m < width < S0 m, and 1.0 m < depth <3 m)

A total of 127 sets of data of rivers with range of width from 10.58 to 49.68 m and
range of depth from 1.01 to 2.96 m including:

1.Amazon and Orinoco River systems 4 data sets

2.American Canal 4 data sets

3.India Canal 19 data sets

4 Pakistan Canal 64 data sets

5.Rio Grande (Nordin) 19 data sets

6.Rio Grande Convey 8 data sets

7.Southam Rivers 7 data sets

8. Trinity | datum set

9. West Pakistan (CHOP) Canal 1 datum set

The river data show a wide range of hydraulic geometric data including:
e discharge :6.42 - 268.72 m3/s
e mean bed material diameter: 0.021 mm (medium silt) — 4.20 mm (fine gravel)

e slope : 0.000020 - 0.00280

The data were divided into two groups: Group 1 (66 data) is for computation and

Group 2 (61) is for verification.

The Cppm measured and computed are shown in Figure 4.6.
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Figure 4.6. Cyp computed and measured for intermediate rivers

Discrepancy ratio R, standard deviation op and scattering s of Cppm computed

and measured were computed. Three kinds of coefficient of correlation C. were

computed including: Cppm measured and Cppm computed, parameters and Cypm measured

and parameters and Cppm computed. Results of computation of each parameter are shown

in Tables 4.11. and 4.12.

Table 4.11. Discrepancy ratio ﬁ:, standard deviation cp, and scattering s,

between Cppm computed and measured for intermediate rivers
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‘Bagnold  Ackers Yang':Shen BrownKari 'Laursen: Karim :Toffa Einst
Whitec .73  ‘Hung lic ‘m&K - letti  ein
‘ ‘ en
Discrepancy Ratio El;' 036 637 038 076 494 L34 0.37 137 =94 0.22
standard deviation cp 0.44. 1907 033 3.09 1.70. 3.35: 080 1.14: 085 049
scattering s 063" 0.02 0.59 -0.70; -0.32! 0.197 -091; -0.01 -0.26 -1.36
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Table 4.12. Correlation cocfficient C;. among C,,, computed, C,,, measured and hydraulic geometry and sediment

characteristic parameters for intermediate rivers

Cppm [BagnoldAckers [Yang'73Shen [BrownligKarim [Laur Karim 'Toffa |Eins [Q [w d v d IS, Jtempt, Ju. v d o
Cppm meas. White Hung Kenn [sen | et {tein mYsim) |m) |@ws)|@mm) °C  {(NInf} (nvs)| (ms (nvs)
[Measured 1 ; i !
Bagnold 0.46 1 E o )
Acker-White | 0.41] 0.08 1 i ;
Yang'73 070, 055 0.0 1 ‘ I ~ B
Shen&Hung | 025/ 097 -0.05 041 1 ] T
Brownlie 7 oaaifcmsﬁ'-nfo'r ‘_0'.611_‘036 177~ . i I I *— i
Karim-Kenredy ~ 0.38! 0951_-0.06 063 095 1.00 1 ! ; |
Caursen 0527078 ~ 049023 070 065 063 11T ! P 1
Kanm 0.76] 0437 033 073025 0437 042 054 1] ‘ i
Toffaletti 0647036 0.23) 067 0.29] 039”039 046" 095 1 !
Einsfein 018/ 7083009 040 087 '—0788;“'036 '““0.‘60;'“‘0?3231—0.‘401 1 3
Q(nf/s) | 020 o008 -031 012 018 021 021 -0.24} 020 -022 0200 1]
w(m)~ 1 -039 -019 -040/ -0.10| -0.05 -0.05 -0.04] -050 -047 -043 -0.10/ 0.76] 1
d{m) 044 -046[ 0.10[ -054] -0.38] -045 <045/ -0.23 -0.36] -0.35] -037]°0.42[ 029 1
v (mVs) 025093 -011] 044 097 085 093] 062/ 0.2570.21]0:89|0.35/0.03/~0.31 1
d, (mm) 0.02] 081 -0.11 0.12| 089 077 075 056 -0.10] -0.11| 0.77| 0.15 0.00] -0.31| 0.87] 1
S. 047 087 -012] 073 082 087 087 044 031 025 068 020 -0.0i-059 083 072 1
TempC) ©-056] -057 -0.10| -0.54] -045 -0.51 -049] -047 -057| -0.47 -0.35 0.08] 0.30] 0.3a| -0.46| -0.31] -0.54 1
1, (N/m2) | o044 083 -011] 072 o078 081 082 039 026 018 062 029 0.04|-048] 0.80] 0.69] 0.98-0.52 i
u. (mvs) 047|078 -013] 077 071 078 079 032 032] 024 060] 032 007 -051| 0.76] 0.61] 0.97[-0.53] 0.98 1 S
v (m'/s) 054 061 005 056 051 056/ 053 049 059 049 043]-0.04 -026-038 053 036 056 -096 054 056 1
d. 0.000 079 -013 011 087 074 072 052 -013 -0.14] 0.76] 0.15] 0.01] -0.34 088 1.00] 0.72] -0.26] 069 061 032 1
o (nVs) 0.04 071020 022 07809 067 035 0716/ 0716/ 069 017) 0:07] 045/ 078/ 0:93| "0.78]-0.24] 0:76/ "0.71]"0:30] 0:96] "1
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4.2.6 Large Rivers (width > 50 m and depth >3 m)

A total of 754 sets of data of rivers with range of width from 51.51 to 3.338 m and

range of depth from 3.01 to 62.3 m including:

1
1.

2.

(V5]

Amazon and Orinoco River Systems 63 data sets
Atchafalaya River 72 data sets

Colorado River 14 data sets

India Canal 9 data sets

Mississippi River 248 data sets

Pakistan Canal 32 data sets

Red River 28 data sets

Rio Magdalena & Canal del Dique 35 data sets

River Data of Leopold 14 data sets

. Snake & Clearwater River 17 data sets
. West Pakistan (CHOP) Canal 7 data sets
. Yangtze River 40 data sets

. Yellow River 175 data sets

The river data show a wide range of hydraulic geometric data including:

discharge - 107 - 235.000 m3/s
mean bed material diameter: 0.02 mm (medium silt) — 1.15 mm (very coarse

sand)

slope : 0.0000021 - 0.00121

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The data were divided into two groups: Group! (380 data) for computation and

Group 2 (374) for verification.

The Cppm measured and computed are shown in Figure 4.7.
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Figure 4.7. Cppm computed and measured for large rivers

The discrepancy ratio E;, standard deviation op and scattering s of Cypm
computed and measured were computed. Three kinds of coefficient of cormrelation C.

were computed including: Cypm measured and Cp,m computed, parameters and Cppm
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measured and parameters and C,pm computed. Results of computation of each parameter

are shown in Tables 4.13 and 4.14.

Table 4.13. Discrepancy ratio ﬁ:, standard deviation op, and scattering s,

between Cppm computed and measured for large rivers

Bagnol :Ackers Yang':Shen  Brow /Karim Laurse Kari Toffal Einst
d White 73 Hung nlic &Ken n m___ ctti_ ein
o g : 2 5 113 3.22 2.05
Discrepancy Ratio RD in l'ntoo 2.32 339 397 743 113 322 190 205
standard deviation cp 3.74 too 11.55 25192281 4644 399 1347 443 11.39
high '
scattering s -061° 071 -049 -0.82 -0.18 005 -3546 0.04 -0.02 -0.82
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Table 4.14. Correlation coefficient C. among C,,,,, computed, C,,, measured and hydraulic geometry and sediment

characteristic parameters for large rivers

Cppm [BagnoldAckers [Yang'73Shen [BrownligKarim [Laur |Karnm iToffa ‘Eins [Q w d Y d, S, Jtemp]r, u. v d. "
Cppm meas. White |Hung Kenn [sen ! fleti  |tein  [(ms)i(m) |im) |(ovs) |(mm) °C{(NIm?] (s)| (m*fs (mis)
easured 1] i I N . |
Bagnold 0.63 1} | i
Acker-White 003 015, 1 ‘1
yang73 | 058 094 007 1 i | | . B
Shen & Hung |~ 0.76| ~ 0.91] -001] 088 o 1 ! ! 1 T
Brownlie (7080086 -0:03 082 058 1 5 | . ! ! _
Karim-Kennedy 063 0.86, -0.02] 092 090 0.85 1 ; ; ; !
Laursen 068/ 0.94 0.0 0:94! 093 0.90[ 085 " 1| ! - X 1 -
Karim 07177 0.1 -0.03[0:92[ 098] 0.94 —0.89/ 7 0.97: 1! ! T ’
offaletfi 070079 -0.03] 078 085 0.88 ‘”‘0170""0.‘88?“"0:9‘11“""1, ! [
Einstein 0730837 -0.03] 0080, 0:94 0195/ 0:83 "0.890.94 082" 1 T
Q(mYs) -0.04/ -008 -003 -0.06* -006] -006 -0.03 -006 -006 -0.06 -004 1 ‘ f
w({m)~ -0.02] -0.08/ -0.02] -0.05/ -0.06] -006] -0.03 -006 -006 -0.05 -0.04 081 1
d{m) 20,28 -0.29] -0.03 -0.22] =031/ -0.33|7-0.20 -0:26! -0.29 -0.31|-0.28/70.78/70.59 1 - B
HG) 0:66| "0:67] -0.08]0:60/ 0.82{"0:86 " 0.62| 089 0.76]0.75[ 0:80|0:150.05/=0:16 1
d, (mm) -0.37] 048 -0.09] -034] -041] -043 -032 -042 -041] -041] -040/ 0.16] 022 0.28/-027] 1
S. 039 041 -002] 039 054 051 043 o.37§ 0.40/ 7 0.34] 0.38[-0.15 -0.19/-0.39] 0.52/ 070 1
TempiC) | 0.15 004[ -0.100 006 009 0.13 010 008 009 0.12| 013 0.190.22] 0.09 0.10| -0.05| -0.02 1
T, (N/m2) © 019 0.24[ 003 026 036 032 031 0.20; 023 0.15] 70.23/7027 012/ 0.17| 0.47| 0.29/ 0.80 0047
u. (m’s) 022|027 -0.03] 028 038 035 033 024 027] 019 028 030 0.17] 0.17| 0.52] 0.28 0.75-0.04| 0.96] 1
t'»('m’{s_?)f""' | -016] -008 0.0 -009 -0.12[ -0.1§ -0.12 011 -012] -0.15 -0.15-0.17[-0.19] -0.07] -0.12| "0.10{ 0.01]-0.98 0.04] 0.03 1
d. | 038 047, -009 -034 -040 -042 -0.31] -041" .040| -0.40] -0.39] 020] 0.27 0.29}-0.26] 0.97| 0.09] 0.13| 0.27] 0.26/ -009 1
T{AVS) -0:41|7=0'53| T -0.09] 0368 -0:46| "-0.48" -0.35/ -0 46" 0146 -0.46| -0:45/ 0.22/70'28 "0.34{-0.31/70.98["0.04] 0:02/"0.2770':27 0:02 0:97 1




4.3.

4.3.1

Discussion of Overall Results

Discussion and Summary of Overall Results

The discrepancy ratio of Cppm measured and Cppm computed are summarized in

Table 4.15.

Table 4.15. Discrepancy ratio R, between Cppm computed and measured for

several river-beds and river sizes.

‘Bagn Ackers Yang' Shen & Brown Karim & Laurs Karim Toffa Einst

‘old ‘& White 73 Hung Kennedy ¢n letti _ein

gravel-bed rivers: 12.30 0.33 0.10 6895 425 2345 716 452 00l 18.18
 m-csand-bed rivers: 1.68° 285 3.22, 546 486 1206 0.60 268 093 2.6
f-vf sand-bed rivers; 0.21. 531 0.30° 032 0.51 0.90 036 1.28 2.56 0.63

' silt-bed rivers rivers’ 0.56 too high 1.66 0.52 04l 1.74. 301  1.72 421 1.06
small rivers, 2.05 145 1.38 3.57 118 301 143 119 0.68 348

" intermediate rivers 0.36 6.37 0.38 0.76 0.94 144 037 137 uvs 022
| large-rivers. 1.04° too high  2.32 359 397 743 113 322 1.90° 205

note : blue is the best for river-beds, and red is the best for river sizes.

In more detail, data in the range of the discrepancy ratio are summarized in Tables

4.16t04.22.

Table 4.16. Range in percent of discrepancy ratio of gravel-bed rivers for each

method
<050 0.5-0.75 0.75- 1.251.25 - 1.50 1.50 - 2.00>2.00

Bagnold - i- i= = : 5% 95%
Ackers & V. 95% - - - - ' 5%
Yang (197! 97% - 3%:- - -

Shen & Hu- - - - - ' 100%
Brownlie 12%: 3% 16%! 5% 10%: 53%
Karim&Ker - i~ - i- - j 100%
Laursen 3% 2% 3% § 10%:; 81%
Kanm 2% 12%: 14% 5% 2%/ 66%
Toffaletti 100% |- - - - -

Einstein - B - fe i 2% 98%
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Table 4.17. Range of discrepancy ratio (%) of medium to very coarse sand-bed

rivers for each method

<0.90 0.95-0.70 0.79-1.251.25-1.50 1.50 - 2.00:>2.00
Bagnold o0%: 8%: 16% 1% Q%! 14%
Ackers & W~ 25%: 18%. 20% 4% @ 8% 25%
Yang (1973~ 39%. 14% 1% =~ 4% = 6% 26%
Shen & Hu 43%. 15%: M% 5% 3%  23%
Brownlie T19%: 15%: 24% 6% = 8% @ 27%
Karim&Ken ~  10% 1% 7% 7%  11%. ~43%
Laursen 75% 9% 6% = 2% 3%: 5%
Karim 36%. 21%: 24% 5% 4% 11%
Toffaletti ™~ 60%: 13%: 4% — 3% = 3% = 6%
Emsteinn 7 63%  11%! 9% 1% 3%: 13%

Table 4.18. Range of discrepancy ratio (%) of very fine to fine sand-bed rivers for

each method

<0.50 05-0.75 '0.75-1T251.25-1.501.50 - 2.00:>2.00

agnoid 89%: 3% 4% 1% 1% 2%
Ackers & W 35%  10%  16% = 5% 6% = 28%
Yang (1973~ 8%% 3%: 4% 1% 1% 3%
Shen & Hu™ ~ 89% 5% 2% 0% 1% 2%
Brownlie "~ ~77% =~ 6% = 8% = 2% 3% 5%
Karim&Ken 66% 7% 0% 3% 3% 1%
Laursen ~ =~ 80% 9%: 7% 1% 2% 2%
Karim —  28% = 15%. ~ 25% 8% 9% @ 14%
Toffaletti ~ =~ 17% 8%  16% 7% 1% 40%
Einstein = =~ " 62%  10% @ 14% 3% 5% = 6%

Table 4.19. Range of discrepancy ratio (%) of silt-bed rivers for each method

<0.50 05-075075-T251.25-1.50.1.50 - 2.00>2.00

agnold B4% T% 3% 3% 2% T%
Ackers & W = 15%; 1% 5% 1% 3%  16%
Yang (1973 68% 6% 8% < 1% T 2% 15%
Shen&Hu ~ ~ 81% 3% 5% 1% T 1% 6%
Brownlie' = 7 82%. 4% 7% T 1% T 1% 5%
Karim&Ken ~  66% 7% 3% 1% 1%, 21%
Laursen ~ ~ 9% T 10%:  22% 5%,  11%  33%
Karim =~ 7% T 11%;  18% < 14% T 12% 27%
Toffaletti ~ =~ 8% 8% 8% 2% 9% 66%
Einstein ~—~~  54%.  10%;  13% 4% = 3% 17%]
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Table 4.20. Range of discrepancy ratio (%) of small rivers for each method

<0.90 0.9-0.750 0.75-1.251.25-1.50:1.50 - 2.00>2.00
Bagnoid 12% 9% 16%: 1% 12% 40%
Ackers & W~ 23% 10%: 2%, 5%.  21%  21%
Yang (1973  20% 6% 6%  13%  22% 23%
Shen &Hu ~ 16% 1% 23% 7% 1% @ 22%
Brownlie =~ = 24% 15% 29% 10% 9%  13%
Karim&Ken =~ 10%: 6% 1% 1% %  63%
Laursen = 20%. 1% 23%  10% = 16% =~ 21%
Karim™ ~~ 3% 2%  39% = 6% 6% = 15%
Toffaletti - 45% 2% 20% 5% % 1%
Einstein ™ 2% 2% 2% - : 5% 68%

Table 4.21. Range of discrepancy ratio (%) of intermediate rivers for each method

< 0.50 05-0.75:0.75-1.251.25-1.50:1.50 - 2.00:>2.00
Bagnold 82% 9%. 5% - ‘ 2% 2%
Ackers & W~ 41%: 6% 15%. 3% 8%  27%
Yang (1973~ 70%  14% 15%" 2% - - T
Shen & Hu " 73% 8% = 11% 5% 3% 2%
Brownlie =~ 53%. = 12% < 12% 5% 9%. 9%
Karim&Ken —~ 45%  ~ 12% 9% 8% = 3% 21%
Laursen =~ = 85% = 6% = 5% 2% 2% 2%
Karim T 20% T T 24% T 14% % 1% 21%
Toffaletti = = 44% 14% 15% 6% 6%  15%
Einstein =~~~ 88%: 5% 5% - ! 2% 2%

Table 4.22. Range of discrepancy ratio (%) of large rivers for each method

<0.00 0.5-0.75 0.75-1.251.25-1.501.50 - 2.00>2.00

Bagnoid (2% 9% 1% 3% 1% 8%
Ackers 8 W 7 24% —  15% @ 16% 4%, 6%  34%
Yang (1973  65%  13% 9% 2% 2% 9%
Shen&HuU ~~79%  10% @ 4% 1% 1% 5%
Brownlie = T 41%. <~ 11%  21%, 6% 8% = 13%
Karim&Ken ~—~27% 9%  18% 7% @ 1% = 29%
Laursen =~ T 83%. 3% = 5% % - 8%
Karim = 7% —  22% @ 23% 8% ~ MT% 20%
Toffaletti =~ 22%  16% = 26%. 7% 8% 20%
Einstein =~ 76%  ~ 4% = 6% < 2% = 4% = 9%

The relation between data (%) and the discrepancy ratio of each method for
various particle diameters of bed material and various channel sizes are also shown

graphically in Figure 4.8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bagnold
DN -
% - . WGraveldec ;
% | Q'Aezz v courss cats.Cee
\ . B “nekx Mmecssrctes '
3% . H 1
., WS itez ;
e XSmel Spmie .
s . ;
3 NI - O'mETazEe R.mes
4% B : ALEICY Sve's

Ctacrepancy Ratie

a. Bagnold’s method

Yang
1228 -
'
H W ravelvel
L S GMecic v 2turfse 530C.DeC
H ~ -
: ) @V tme D Yne sastac
L i Surzes
| ;. !
! Sma Swers :
-] } ;X N ,
a + Q MMerned.ate Sivers -
f AL S vers
FET
!
i
A IR
i
bLY

ONcresancy Race

c. Yang’s method

Brownlie
ELIN
o WGrae Do
BMeciz « TLiise sa-d CeC
o B "re D tne var I bel
0%
- 0= | X ST AL R vers
g . Ointemediate T vy
40 ;
! alergeRivers
as
ns
o
2w

e. Brownlie’s method

Ackers & White

13C% , .
i BGoveiled ' :
an \ i
=N T BMedicy scursa sarcdes T
; i
(S @ *rax tresardcad
0% [ EL31F]
Ll xX5mal Sners
E e Oirtermel:ate R ivws
e 2% AL AGe Sers
b=
3%
%
1%
%
<382 3¢S 37 075 v 13I8 V1SE 180 Il 22X
Discrepancy Rete
b v
b. Ackers & White’s method
Shen & Mung
5% — .
e . E B S5remi tad .
o " @Vsiicv courte sanc-lel :
% b———
. g7 ‘netenne 38~dbed
pres [ FUELE]
XSM3lSa0s
£ e O .riermed.ar Fivers
e A5 R ve's
1T%
ic%
%
<lsz 36£.07¢ 0v8.135 TIS.1%0 16C.730 ok
Discrepancy Ratio
-
d. Shen & Hung's method
Karim & Kennedy
ey =
®oavei.Coc
% BVaA2T v rCLi 82272 DAl
i freta~" Zeod
T™ .
: XS g 2vars
2 ez i O Ntee Jate Koy
e ‘ Aarge Pames
a0 -
RN
e _.ap_

d¢ 08" CI& v3L vt

Dicrepancy Retla

f. Karim & Kennedy’s method

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

96




Laursen

WCraveibel
W'4eS0« CIurse Sanc-Des

.% £ B the D "ne sATILeC
Iw - H Sorped
- 3% J:_ § Z STt Roers
- B =
- H = e ed.ate Xivers
e its 4 "‘Sﬁ e
r}_‘u ALarge Rers
ol B
I =
e g
o @2
[+1Y ﬁ’-
1<
-« . miRES
<38l T5.07% G75-128 7¢.1%0

D cropancy Raoe

g. Laursen’'s method

Deta

Karim

@5 2wl Sec

BMIc e v Ourse 5aNC Ll |

@Y ‘e ictre sanges
W@Srrtec

xSt RNy
O'*Iermeiam = vers

AL Ry

£.27f QT¢.c S CIX.18&D el

Discrepancy Ratic

20 paget

h. Karim’s method

Toffaletti
R
; @ Cravm'-Coz
Cl% % Y WMeLID v TCUrse senc Sec
I B @~ "retsenesatcsas
ELIN @Sioes
s !' . xS ali Riers
s N B Qg miarmediste S vers
iR ALdTSH R et
s L B
-
.
Iw= 48
| B
|
ECN

Dis srepancy Ratie

I.
!
L

Data

Q
a

Woravei-tec
@Ne1is v CTurse 5anc-bed
gV inetresatt Duc
o Sitona

X St Rvers
O'nlermed al Fiers

ALarge Pers

€t<0

:5-0°5

g

TIE-13s cle.vel

Ofscrepancy Ratio

150200 »2

i. Toffaletti’s method

j. Einstein’s method

Figure 4.8. The relation between data (%) and the discrepancy ratio of each method for

various particle diameters of river-bed material and various channel sizes

For gravel-bed rivers, Ackers & White followed by Brownlie, are the closest to

the Cypm measured although the discrepancy ratio, standard deviation and correlation

coefficient do not indicate the closest value. For example, as shown in Table 4.15, the

discrepancy ratio (El;) of Ackers & White is only 0.33 (best value if ﬁ;=l). However,

the closest Pearson correlation coefficient Cypm computed to measured are Bagnold and

Shen & Hung both with C. of 0.70 (see Table 4.2). Visually, in Figure 4.1, Brownlie
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has computed Cpom that is the closest to the Cypr, measured. Hence, for gravel-bed rivers.
it is difficult to decide which method is the best. One possible reason is that gravel-bed
rivers generally are characterized by bimodal sediment distribution (ASCE Task
Committee, 1992). It also should be noted that gravel-bed streams display a much wider
range of grain sizes compared to sand-bed streams (Duo et al. 1989). Accordingly, using
a uniform particle diameter to describe the mobility of bed mixture in gravel-bed streams

may not be appropriate (Diplas, 1987).

For medium to very coarse sand-bed rivers, from Table 4.15., Toffaletti
( KD_=O.93 ), and then Laursen (R—D=O.6O) and Bagnold (ﬁ;=l.68) are the closest to the

C,pm measured. However, based on the Pearson correlation coefficient Karim (C. = 0.66)
followed by Brownlie (C. = 0.60) have the closest values compared to measured values.

Visually, the best relations are shown in Figure 4.9.
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Figure 4.9. The best relations for Cyp computed and measured based on discrepancy ratio and

correlation coefficient for medium to very coarse sand-bed rivers.

For very fine to fine sand-bed rivers, from Table 4.15., Karim & Kennedy
(R, =0.90), followed by Karim ( R, =1.28) are the closest to the Cppm measured. On the

other hand, from Table 4.4. Brownlie (C. = 0.58) and Toffaletti (C. = 0.52) have the

highest correlation to the C,pm measured. Visually, the best relations are shown in Figure

4.10.
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For silt-bed rivers, based on Table 4.15., Einstein (TR—D=1.06) and Bagnold

(R, =0.56) have the closest to the Cppm measured. However, from Table 4.8., Toffaletti

(C. = 0.48) and Brownlie (C. = 0.38) have the highest correlation to the Cy,m measured.

Visually, the best relations are shown in Figure 4.11.
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Figure 4.11. The best relations for C,p. computed and measured based on discrepancy ratio

and correlation coefficient for silt-bed rivers.

It should be noted that the Yellow River contributes about 63 % of the data for
very fine to fine sand-bed rivers and about 77 % of the data for silt-bed rivers. This river
is an extremely heavily sediment-laden river and floods at hyperconcentrations of
sediment frequently occur (Qi Pu and Yean, 1993; Ye Qingchao, 1995; Zhao et al., 1995;
Junfeng, 1989; Li et al., 1997). Accordingly, the characteristics of hydraulic geometry

and sediment are not the same as in the case of common alluvial nvers.

Brownlie (R,=1.18) and Karim (R,=1.19) give the closest results for small
rivers. In intermediate rivers C,,m computed for Toffaletti (f{_D_=0.94) and Brownlie
(R ,=0.94) are the closest to the Cppm measured. In large rivers Bagnold (R,=1.04) and

Laursen ( R, =1.13) have the closest results to the Cppm measured.
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4.3.2 Summary of Overal Results

Some summaries of the applicability of each method for various particle

diameters of river-bed matenals and various channel sizes can be drawn:

1. Bagnold’s method
Bagnold's method is relatively good and applicable for silt-bed rivers (R, =

0.56) and large rivers (R, = 1.04). The parameter that has relatively good correlation for
various river-beds and river sizes is the slope. It over-predicts for coarse material of river-

beds but under-predicts for finer bed material of rivers.

2. Ackers & White’s method

Ackers & White's method is applicable for gravel-bed nivers. although it under-
predicts (R, = 0.33). It much over-predicts for silt-bed rivers: the Cppm are too high. This
method has a tendency to increase the Cppm as the mean diameter of the river-bed

becomes finer. This tendency also occurs when the river size increases.

3. Yang’s method

Compare to other methods. Yang's method has no consistency in results for both
several kinds of particle diameter of river-bed material and river sizes. For example. it
under-predicts for gravel-bed rivers. but over-predicts for medium to very coarse sand-

bed rivers and then it under-predicts for silt-bed rivers. This phenomena also occur for

river sizes. However. the range of the discrepancy ratio R, for several kinds of particle

diameter of river-bed materials and for river sizes is from 0.10 up to 3.22.
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4. Shen & Hung’s method

It over-predicts for coarse materials of river-beds (from medium sand to gravel-
bed rivers). However it under-predicts for finer materials (from silt to fine sand-bed
rivers).

This equation applies quite well to small rivers. but tends to predict a lower
sediment bed-material concentration than the measured values for large rivers and the
results of Cppm computed by this method agree well to what Simons and Senturk (1992)

stated about this equation for some large rivers.

5. Brownlie’s method

This method is applicable for small (R, = 1.18) to intermediate rivers (R, =
0.94). but over-predicts for large rivers. This equation also over-predicts for coarse

materials but under-predicts for finer materials.

6. Karim & Kennedy’s method
This method is good for very fine to fine sand-bed rivers (R, =0.90) but it over-

predicts for coarse material. It is relatively good for intermediate rivers (R, =1.44)and

some large rivers.

7. Laursen’s method
Laursen method under predicts for sand-bed channels but over-predicts for gravel
bed and silt-bed channels. It mostly under-predicts for intermediate to large rivers but

over-predicts for small rivers.
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8. Karim’s method
[t is relatively good for sand-bed channels, but over-predicts tor gravel and silt-
bed rivers. It is also applicable for river sizes. although for some large rivers it over

predicts.

9. Toffaletti’s method

It under predicts for gravel-bed rivers. However. this method is relatively good for
medium to very coarse sand-bed channels (E; = 0.93). This method also has a tendency
to increase the Cppm as the mean diameter of the river-bed becomes finer. This tendency

also occurs when the river size increases.

10. Einstein’s method

It is applicable for silt bed channel (R, = 1.06). However. it over-predicts for
gravel-bed channels. [t under-predicts for intermediate rivers and most large rivers.

However. it over-predicts for small rivers and some large rivers.

Comparison of Cppm measured and C,,m computed by each method for several
kinds of particel diameter of river-bed material and several river sizes is shown in Figure

4.12.
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Figure 4.12. Comparison of Cyp measured and C,,, computed by each method for several

kinds of particle diameter of river-bed material and several river sizes

4.4. Laursen Graph

The relation between u«/©; and f(u</®;) for three kinds of sediment size and

channel size were plotted on the original Laursen Graph. The results are shown in

Figures 4.13 and 4.14.
From Figure 4.13 and Figure 4.14 consistent relations between u+/®; and f{u-/c;)
for different sizes of bed diameter and channel size occur. Based on this relation,

modifications of the Laursen method were developed. Details of the modification are

shown in Chapter 6.
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Chapter §

SUMMARY ANALYSIS OF
PREVIOUS AUTHORS

S.1. Basic Forms and Assumptions

This chapter presents a comprehensive review of comparison and evaluation of
some sediment transport relations with emphasis on the ten selected sediment transport
equations. The purpose of this review is to find basically the knowledge of sediment
transport behind the mathematical derivations and also to determine the interrelationships
among them. Judgements on the validity of assumptions used on the derivation and
comparisons with the measured data are discussed. A summary of comparison results

from previous authors is also presented.

The majority of sediment transport equations were derived and developed from
the assumption that the sediment transport rates are determined by dominant variables.
Since sedimentation problems are very complex, selecting dominant variables is one of
the most important steps in developing new sediment transport equations (Lu, 1978). In
fact, until now the general relationship between channel morphology and the grain size of
sediment in the channel is an important, but poorly known aspect of alluvial rivers (Dade
and Friend, 1998).

Even a relatively simple and general concept of bed load and suspended load

requires consideration of many factors that are interrelated in complex ways (Colby,

111
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1964). Additionally. Colby stated that the interrelationships among four such dominant
variables including total shear. velocity. stream power and effective shear parameter on
the bed sediment vary widely if the resistance to flow varies. Yang & Simons (1996)
stated that the size of sediments, fall velocity of a single or a group of particles. and
characteristics of deposited sediments are important. Nakato (1990) stated that the mean
flow depth is one of the most critical independent variables in estimating sediment
discharges. Therefore, the fate of reliable sediment discharge predictions mostly depends
on the accuracy of the mean depth measurement. Wang et al. (1995) stated that the bed
load transport rate is mainly a function of shear stress, particle diameter and the specific
gravity. Zernial and Laursen (1963) stated that sediment load is a unique function of the
flow, fluid and bed-material characteristics. Accoedingly, the uncertainty of sediment
load for a given discharge can be related to these functions.

Selection of a sediment transport relation for a specific condition and application
might be based on any number of criteria. including simplicity, accuracy. and available
data. depending on user requirements (ASCE Task Committee. 1982). However,
evaluation of this type needs a database that becomes a serious limitation. especially

when fileld data are used.

With the exception of probabilistic and regression approaches the equations of
sediment transport can be classified into the basic form (Simons & Senturk. 1992 and

Yang. 1996)

Q, =A(B-B,)° (5.1.)
in which:

Q, = the sediment discharge
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A = parameter related to flow and sediment characteristics

B = parameter that can be water discharge Q. average flow velocity u. water surface slope
S.. energy slope Sy. shear stress t. stream power Tu, unit stream power uS. etc..

B. = critical condition parameter related to B at incipient motion

D = parameter related to flow and sediment characteristics

The unit discharge of sand is mainly a function of mean velocity. and the depth
and particle size gives the secondary effect (Colby, 1964 and Posada. 1995). In the
simplest form. the sediment transport in sand-bed rivers varies as a function of the
velocity to about the fifth power (Simons & Simons, 1987 and Posada. 1995). Using data
from the Mississippi River (85 sets of data) and Amazon & Orinoco River Systems (114
sets of data), Posada proposed a new sediment discharge relation for sand-bed rivers as a

function of velocity.

q, = 30u’ (5.2)
in which
q: = the unit sand discharge (Mg/m/day)

u = the mean velocity (m/s)

Using Equation (5.2). Posada computed the unit sand discharge q, for the data of
the Mississippi River and Amazon & Orinoco River Systems and compared the results to

the measured values. About 70 % of the data for the Mississippi River and Amazon &

Orinoco River Systems have discrepancy ratio E; between 0.5 and 2.0. However. this

relation fails when it is plotted with additional data (2503 sets of data from 23 river
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systems) for sand-bed rivers (see Sub-chapter 4.2.2). A scatter of the result is shown in

Figure 5.1.
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Figure 5.1. Relation of unit sediment discharge q, from measured and computed results

using Equation (5.2) for 2503 sets of field data

The Pearson correlation coefficient of qs computed using Equation (5.2) and g

measured is shown in Table 5 1.

Table 5.1. Pearson correlation coefTicient between q, measured and q, computed

using Equation (5.2)

qs (computed using Eq. (5.2) qs (measured)|
gs (computed using Eq. (5.2) 1.00 0.66
qs (measured) 0.66 1.00

About 60 % of the computed unit sediment discharge is 50 % less than the
measured unit sediment discharge. Only 33 % of qs (computed) are between 70 % and
200 % of qs measured and 7 % of qs (computed) are greater than 200 % of qs measured.
Accordingly, the application of Equation (5.2) for a wide variety of river data is still

questionable.
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Simons et al. (1981) proposed an efficient method of evaluating sediment
discharge. The method is based on the relationships of flow depth, velocity, particle
diameter and gradation coefficient. and it can be easily applied to sand and fine gravel-
bed canals. These power relationships were developed by Simons et al. from a computer
solution of Meyer-Peter & Muller bed load transport equation and the integration of the

Einstein method for suspended bed sediment discharge (Julien. 1995) and written as

q, = ¢, d™u™ (5.3)
in which
q. = unit sediment transport rate (ft*/ft width/s)
d = flow depth (ft)
u = velocity in (ft/s)
Cs1- Cs2. Cs3. = coefficients based on mean particle diameter (dso) ranging from sand to fine
gravel (0. mm - 5.0 mm). The values of these coefficients can also be found in Table

11.1.. Julien (1993).

Equation (5.3) was obtained for steep sand and gravel-bed channels under

supercritical flow (Simons et al.. 1981; Julien. 1995).

More than one value of sediment discharge can be obtained for the same value of
Q. u. Sy.. Si. or T (Yang, 1996). For example. for a given value of Q. two (or more)
different values of total sediment discharges can be obtained. Gilbert (1914) stated that
there is no correlation at all between water discharge and sediment discharge.
Accordingly. the validity of the assumption that total sediment discharge of a given

particle could be determined by those parameters is questionable.
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Yang (1996) stated that the stream power tu as the independent variable has a
correlation to the sediment discharge. Furthermore, the unit stream power uS has a
stronger correlation and is directly related to suspended load and bed load as well as total
load. This relationship does not only exist in straight channels but also in channels that
are in process of changing their patterns from straight to meandering and to braided
channels (Yang, 1977 & 1996; Vanoni, 1978; Yang & Molinas, 1982). In dimensionless
form of the unit stream power uS/o, further improvement of correlation to the sediment
discharge occurred (Yang & Kong, 1991).

However, as plotted in Figure 5.2. for the total data sets of 1459 in Group 1 (for
gravel bed rivers, medium to coarse sand bed rivers, very fine to fine sand-bed rivers and
silt bed rivers) only the dimensionless unit stream power uS/© tends to have better
correlation to the sediment discharge. Figure 5.2a and Figure 5.2b show that scatter
occurs for the relation between stream power and Cpom (measured) and between unit
stream power and Cppm (measured) respectively.

From Figure 5.2c, although increasing the dimensionless stream power tends to
increase the sediment discharge, the erratic behavior of sediment load in streams on the
basis of variations of both sediment characteristics and hydraulic geometry still occur

(Zernial and Laursen, 1963).
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For fine to coarse sand-bed rivers it is difficult to differentiate the relation
between uS/® and Cppm, since as shown Figure 5.2¢ for the same value of Cppr measured
the fine sand bed-rivers have the same value of uS/o for coarse sand-bed rivers.
However, reduction of mean diameter of river-beds (from gravel-bed rivers to silt-bed
rivers) tends to increase the sediment concentration. The Pearson correlation coefficient

is shown in Tables 5.2a, b, and c.

Table 5.2. Pearson correlation coefficient between Cypn measured and uS/o, uS

and tu for several kinds of river-bed

Gravel-bed rivers Croom measured uS/o uS: Tu

(m/s) (N/ms)

~ Cpom measured. 1 o

- uS/o 0.71 1 '
uS (m/s) 0.69 0.95 1

S tu (N/ms) 0.67 0.82 0.88 1

a. Gravel-bed rivers

medium to coarse Coom Mmeasured uS/w uS T
sand-bed rivers (m/s): (N/ms)
_ Cpom Measured 1
' uS/o 0.58 1
o uS (m/s) 0.45 0.90 1
T tu (N/ms). 0.33 0.23 0.29 1

b. medium to coarse sand-bed rivers

very fine to fine Coom measured. uS/o. uS tu
sand-bed rivers (m/s) (N/ms
 Coom measured 1 ~
uS/o 0.74 1
- uS (m/s) 0.76.  0.87 1
' u (N/ms). 0.18 0.40 0.46 1

c. very fine to fine sand-bed rivers

silt-bed rivers Coom Measured uS/o usS Tu
(m/s): (N/ms
- Coom Measured 1
- uS/e: 0.45 1
uS (m/s)’ 0.62 0.74 1
o u (N/ms)’ 0300 0.74  0.78 1

d. silt-bed rivers
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The parameters in Table 5.2. will be considered as one or more variables of the

new proposed method.

5.2. Evaluations and Comparisons for Sediment Transport Relations

Many researchers have presented comparisons and evaluations between computed
and measured sediment discharges. Some of the results are presented in the following

sub-chapter with emphasis on the ten selected sediment equations.

1. Alonso et al. (1982)

They examined the sediment transport relations for total load and the equations
include: Ackers & White (1973). Einstein-Meyer {hybrid method discussed in Alonso et
al. (1982)}. Engelund-Hansen (1967). Laursen (1958). Yang (1973). and for bed load:
Bagnold (1956), Meyer-Peter-Muller (1948). and Yalin (1965).

A total of 40 field data sets. 523 laboratory data sets and 176 tests of overland
tflow on concave slope were used and compared to the computed sediment transport. The
bed material ranges from very fine to coarse sand particles. The data are divided into two
groups: channel flows and sheet flows.

The best three equations for channels with sediment sizes from fine to very coarse
sand were Yang (1973), Laursen (1958) and Ackers & White (1973). However. for silt-

bed rivers. Laursen was the best.

2. Bechteler and Vetter (1989)

Fifteen total sediment transport models were compared. The equations include:

Ackers-White (1973), Bagnold (1966). Bishop-Simons-Richardson (1965). Einstein
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(1950). Engelund-Hansen (1967). Graf-Acarogiu (1968). Karim-Kennedy (1981).
Laursen (1958). Pernecker-Vollmers (1965). Raju-Garde-Bhardwaj (Raju et al. 1981).
Toffaletti (1969). van Rijn (1984), Yang (1973), Yang (1979). and Zanke (1982).

Seven river systems data with different regimes were used and compared to the
computed sediment transport. The rivers included the Rhine River. the Mississippi River
at St Louis (two sets of data), the Rio Grande River. Rio Puerco. Fivemile Creek. and the
Niobrara River. However. the river data were not specifically defined and only
suspended load was measured. The bed-load was evaluated by the procedure after
Meyver-Peter & Muller (1949). The author concluded that the bed load was only a small
part of the sediment load transported in rivers. Accordingly. no significant error for the
determination of the total load occurred.

The best three equations were Karim Kennedy (1983). Yang (1979). and Bagnold
(1966). Note that Yang (1979) is a modification of Yang (1973) for low sediment
concentration and for relatively small value of dimensionless critical unit stream power

(UeS/m).

3. Brownlie (1981a)

Brownlie developed a new sediment transport relation (see Sub-chapter 2.3.2) and
compared his equation to 13 sediment transport relations. including Ackers & White
(1973). Bagnold (1966), Bishop et al. (1965). Einstein (1950), Engelund & Fredsoe
(1976). Engelund & Hansen (1967). Graf (1971), Laursen (1958), Ranga Raju et al.
(1981). Rottner (1959), Shen & Hung (1971). Toffaletti (1969). and Yang (1973).

The laboratory data comprise a total of 480 sets of data from 18 sources, and the

field data comprise a total of 519 sets of data from 11 river systems. Brownlic only
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developed a sand-bed rivers equation with mean diameter particle from very fine sand to
very coarse sand (Dso min 0.088 mm and max 1.349 mm).

The best three for laboratory data were Brownlie (1981a). Ackers & White (1973)
and Shen & Hung (1971). The best three for field data are Brownlie (1981a). Engelund

& Hansen (1967) and Toffaletti (1969) or Bagnold (1966).

4. German Association for Water Resources and Land Improvement (1990)

Fifteen total sediment transport models were compared. The equations include:
Ackers-White (1973). Bagnold (1966). Bishop-Simons-Richardson (1965). Einstein
(1950). Engelund-Hansen (1967). Graf-Acaroglu (1968). Karim-Kennedy (1981),
Laursen (1958). Pernecker-Vollmers (1965). Ranga Raju-Garde-Bhardwaj (1981).
Toftaletti (1969). van Rijn (1984). Yang (1973). Yang (1979). and Zanke (1982).

A total of 13500 sets of laboratory data and 300 sets of field data from seven rivers
(six rivers in the USA and one river in Germany) were used. Details of laboratory field
data were not given. Total bed material load (ignoring wash load) is the sum of bed load
determined by Meyver-Peter and Muller and suspended load calculated from field
measurement of velocity and concentration distributions.

The best three were Yang (1979). Bagnold (1966) and Karim & Kennedy (1981).

5. Lau and Krishnappan (1985)

Four sediment transport relations were analyzed. including Ackers & White

(1973). Bagnold (1966). Einstein (1950a), and Yang (1976).
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All data were flume data with particle diameter of sediment of 0.15 mm (sand).
specific gravity of 2.65. Range of flow depth was 0.065 m to 0.13 m. with slope of
0.00059 to 0.001.

The best three were Ackers & White (1973), Yang (1976) and Bagnold (1966).

6. Mau and Brooks (1991)

[n the discussion of ~Test of Selected Sediment-Transport Formulas by T. Nakato
(1990)". Mau & Brooks (1991) considered two cases in computing the sediment
discharge by Brownlie (19981a). The first was to compute the sediment discharge using
Brownlie's relation. The regime and flow depth were first predicted using a separate
friction relation based upon the input variables: sediment characteristics (Ds. Dso. Dsa.
Doo. vs). fluid characteristics (y.v) and flow characteristics (q.S). The predicted depth
then was used to caiculate the velocity. Finally these parameters were used to calculate
the sediment discharge. The second case was used the measured values of depth and
velocity in order to calculate the sediment discharge.

The best methods for predicting sediment transport appeared to be Ackers &
White (1973). Toffaletti (1969). Karim & Kennedy (1981) and Brownlie (1981a). When
Brownlie’s method is used to compute both depth and sediment discharge. the errors are
more slight than using the measured depth. Hence. Mau and Brook concluded that others
formulas also would presumably show an increase in error if they were based on

predicted rather than the measured depths.
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7. Nakato (1990)

Nakato investigated sediment transport relations and compared the results to field
measurements. including Ackers-White (1973). Einstein and Brown (Brown. 1950).
Engelund and Fredsoe (1976). Engelund and Hansen (1967), Inglis and Lacey
(Inglis.1968). Karim-Kennedy (1981). Meyer. Peter & Muller (1948). Schoklitsch
(Shulits, 1935). Toffaletti (1969). van Rijn (1984a.b). and Yang (Yang & Stall. 1976).

These formulas were compared to field data measured at two USGS gauging
stations along Sacramento River in California. The bed material sizes range from fine
sand to coarse gravel. Although one river data were used to test the applicability of
selected formulas. the author stated that the results are judged to be indicative of those for
typical natural rivers with range of bed materials from sand-bed to gravel bed rivers.
Besides. the mean flow depth is one of the most critical independent variables in
estimating sediment discharges.

The best three in this comparison were Toffaletti (1969). Yang and Karim &
Kennedy (1981).

Nakato also concluded that prediction of sediment discharges in natural rivers is a
difficult task and more rigorous numerical model calibrations based on field data should
be done. Besides. Nakato also hoped that practical hydraulic engineers would develop
the habit of looking up several sediment transport equations and evaluate them on the

basis of field data before making the final choice alternative.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8. Stevens and Yang (1989)

Steven and Yang analysed 13 sediment transport formulas. The formulas were
divided into two groups: five bed-load discharge formulas and eight total bed matenal
formulas. The first group included Einstein (1944). Kalinske (1947), Meyer-Peter &
Muller (1948). Rott'ner (1959). Schoklitsch (Shulits. 1935). The bed material formulas
included Ackers & White (1973). Colby (1964). Einstein (1950a). Engelund & Hansen
(1967). Laursen (1958). Toffaletti (1969). Yang (1973). and Yang (1984) for gravel.

Two river data sets were used including 19 sets of Niobrara River data (Colby and
Hembree. 1955) and 100 sets of Mountain Creek data (Einstein. 1944). Ranges of bed
material diameter of these rivers were 0.215 — 0.349 (fine to medium sand) and 0.286 -
0.899 mm (medium to coarse sand). respectively.

The best three for Niobrara River data were Yang (1973). Ackers & White and
Toffaletti. The best three for Mountain Creek data were Yang (1973), Engelund-Hansen

(1967) and Ackers & White (1973).

9. Raphelt (1996)

In developing a sediment transport relation for gravel-bed rivers, Raphelt (1996)
compared six sediment transport relations, including Einstein Bed Load Formula (1950).
Meyer-Peter & Muller (1948). Modified Laursen by Copeland (1989). Parker (Parker et
al.. 1982 and Parker. 1990), Schoklitsch (1934). and Yang (1984) formula for gravel
equation. He used a total 187 sets of data from ten gravel-bed river systems. including
the Toutle, North Fork Toutle, Susitna, Tanana. Oak Creek. Clearwater, Chippewa near

Durand . Chippewa near Caryville and Granite Creek Rivers.
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The best three for these gravel-bed rivers were Yang (1984). Schoklitsch (1934)

and Parker.

10. Rijn (1984b)

The author developed methods to calculate bed-load transport. qp, (Rijn. 1984a)
and suspended load, gs. (Rijn. 1984b). The total sediment load. q,. is the sum of the bed
load and the suspended load. Rijn’s method for total load was compared to Ackers &
White (1973). Engelund & Hansen (1967) and Yang (1973).

A total of 783 sets of data were used which contained 486 field data sets and 297
flume data sets. Field data of various conditions were used. including the Rio Grande
River near Bernalillo, Atchafalaya River near Simmesport. Mississippi River near Tarbert
Landing. Mississippi River near St. Louis. Red River near Alecandria. Middle Loup
River. India Canals. Pakistan Canals and Niobrara River. The range of these field data
were: particle diameter 0.090 to 0.400 mm (very fine to medium sand). velocity 0.4 to 2.4
m/s. flow depth 0.3 to 17 m. Flume data were used including Guy et al. (1966). Oxford.
Stein (1965), Southampton A & B. Barton & Lin (1955). The range of these flume data
were: particle diameter 0.100 to 0.480 mm (fine to medium sand). velocity 0.4 to 1.3 m/s.
flow depth 0.1 to 0.4 m. The width depth ratio and the Froude number for all data were
larger than 3 and smaller than 0.9, respectively.

The best three must be divided into three parts: field data. flume data and total
data. The best three for field data were Rijn (1984). Engelund & Hansen (1967). and
Ackers & White (1973). The best three for flume data were Yang (1973). Ackers &
White (1973) and Rijn (1984). The best three for total data were Rijn (1984), Ackers &

White (1973). and Engelund & Hansen (1967).
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Rijn also stated some conclusions:

e Yang (1973) must have serious systematic errors for large flow depth

e The sediment transport theory should also comprise a bed-roughness predictor
as stated by ASCE Task Committee (1971)

e The dimensionless grain diameter is the characteristic parameter for sediment
transport.

e [t is difficult to predict the total load with accuracy less than a factor of 2.

e [t is better and possible to develop simple approximation method to calculate
sediment transport rate rather than complicated numerical solution methods

with a slightly higher accuracy.

11. Vanoni (197)5)

Vanoni (1975) compared the measured and the computed sediment discharges
from thirteen equations from field data (Niobrara River and Colorado River). The
equations include: Blench (1966). Colby (1964). Duboys (Brown 1950). Einstein’s bed-
load function (Einstein 1950a), Einstein-Brown (Brown 1950). Engelund-Hansen (1967).
Inglish-Lacey (Inglis. 1968). Laursen (1958), Meyer-Peter (Meyer-Peter-Muller. 1948).
Meyer-Peter-Muller (1948). Schoklitch (Shulits. 1935). Shields (1936). and Toffaletti
(1969).

The range of Niobrara River data were: discharge (5.86 — 16 m’/s). width (21.03
to 21.95 m). depth (0.42 — 0.58 m), mean bead diameter (0.215 -~ 0.349 mm) and slope

(0.001136 - 0.0018). The range of Colorado River data were: discharge (77.53 - 500.16
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m>/s). width (92.64 to 254.55 m). depth (1.13 — 3.89 m). mean bead diameter (0.155 -
0.695 mm) and slope (0.000037 — 0.00041).

The comparison of computed and measured values for the Niobrara river were re-
plotted by Yang & Stall (1976). Julien (1995). Yang (1977) and discussed by Williams
(1995). The comparison of computed and measured values for the Colorado River were
replotted by Julien (1995) and discussed by Julien (1995) and William (1995).

For the Niobrara River: it was difficult to judge which ones are the best three of
sediment transport relations. However. from the plotted graph shown in Yang & Stall
(1976), Julien (1995) and Yang (1977). the equations. which have closest agreement to
the measured value were Laursen (1958) and Toffaletti (1969).

For the Colorado River: it was also difficult to judge which ones are the best three
of sediment transport relations. However. from the plotted graph shown in Julien (1995).
the equations which have closest agreement to the measured value were Engelund &
Hansen (1967). and Einstein & Brown. Julien (1995) also added the methods of Karim
and Kennedy (1981) and Ackers and White (1973) which have also the closest agreement
to the measured value.

Accordingly. with only two river system data the judgment may not be

representative if the sediment transport relations are applied to other rivers.

12. White et al. (1975)

They compared eight sediment transport relations including: Ackers and White
(1973). Bagnold (1966). Bishop et al. (1965), Einstein's bed-load function (Einstein
1950a). Engelund and Hansen (1967), Meyer-Peter (Meyer-Peter-Muller. 1948). Rottner

(1959). and Toffaletti (1969).
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A Total of 1280 flume and field data sets were used including 840 flume data sets
with sand bed rivers. 180 flume data sets with light weight material and 260 field data
sets. Range of particle sizes is from 0.04 to 68 mm. Only data with F, less than 0.8 were
used.

In comparison of the selected equations. they used four dimensionless parameters
including dimensionless grain size (d). dimensionless mobility number (Fg).
dimensionless flow depth (d/dso). and relative density (s). since they postulated that these
parameters are the basic quantity for sediment transport.

The best three of the comparison using the full data were Ackers & White (1973).
Engelund & Hansen (1967) and Rottner (1959).

[t should be noted that when using the dimensionless grain size as the prime
indicator. Ackers & White (1973) was the most reliable with 68 % of data falling in the
range. This is not surprising since the development of Ackers & White used this
parameter as the basis of its development. They also pointed out that Engelund & Hansen

equation tends to over predict the sediment transport at low shear stress.

13. Williams (1995)

In developing a numerical index to determine which sediment transport relation to
be used for any given condition. the author compared four sediment transport relations
including. Ackes & White (1973). Brownlie (1981a). Engelund & Hansen (1967). and
Yang Unit Stream Power (1973. 1979 & 1984).

A total of 3,739 flume and field data sets were used. including flume and field
data compiled by Brownlie (1981b). The flume data were obtained from 38 sources, the

field data were from 18 river systems. The range of mean bed diameter (dso) was greater
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than 0.062 mm but less than 2.00 mm (sand only). Range of standard deviation of
sediment sizes was less than 5. The sediment concentration (Cppm) was greater than 10.
The range of the ratio of hydraulic radius to mean bed diameter (r/d50) was greater than
100. These last two restrictions. as stated by the author. were to eliminate bimodal
distribution and to avoid shallow water effects.

Some conclusions have been made by the author for each sediment transport

relation.

1. Ackers & White (1973)

e although slightly over-estimate but good for flume data

e not good for particle <0.125 mm

e over-predict for medium sand and small flow depth (< 1 foot)
e under-predict for field data

e not applicable for large flow depths

2. Brownlie (1981a)

e limited for d/dsg > 100
e best when used Brownlie's flow depth predictor
e best for low velocity. small depth and medium sand

e over-estimate for flume data with concentration less than 50 ppm

3. Engelund & Hansen (1967)

e over predict at low shear stress

e good for light weight sediments (s<2.65)
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e good for fine sediment

e under-estimate generally for flume data but over-predict if Cypm less than 100

e over-estimate for flume data with dso less than 0.15 mm except for velocity >
3f/s

e over-predict for field data but under-estimate for medium sand

Additionally. Nordin & McLean (1989) stated that this equation would give a

reliable prediction over a very wide range of flow and bed roughness conditions.

so long as the bed sediments contain a fairly narrow range of sizes so that a

uniform particle diameter could representative the mixtures.

4. Yang

¢ not good for fine sediments (< 0.125 mm)
e good for medium sands

e over-estimate for coarse sands

e go0o0d for flume and small rivers

e under-predict for large flow depths

e not good for light weight sediment (s< 2.65)

14. Wu (1999)

Wu (1999) proposed a new method for predicting fractional transport rate of bed
material load in sand-bed channels. His method was developed based on the concept of
the transport capacity fraction approach. He compared his method to nine selected

sediment transport relations including Ackers & White (1973). Einstein (1950), Engelund
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& Hansen (1967). Karim & Kennedy (1981). Karim (1998). Laursen (1958). Li (1988).

Toffaletti (1969). and Yang (1973).

Wu used a total 118 sets of field data and flume data (containing 891 data points)

to develop his new method and compared to the selected sediment transport relations.

The field data included 19 sets of Niobrara River data and 15 sets of Middle Loup River

data. The flume data included 29 sets of Einstein data (1978). 22 sets of Einstein &

Chien data (1953b) and 33 sets of Samaga et al. data (1986a. 1986b). The range of data

were:

median diameter 0.10 — 0.90 mm (sand only),
geometric standard deviation 1.3 — 3.0.

flow discharge 0.0056 to 16.06 m*/s

velocity 0.49 to 1.41 m/s

flow depth 0.056 —0.58 m

slope 0.00093 - 0.013

For verification Wu used 48 sets of independent data (containing 327 data points)

of both field data and flume data. The field data included 9 sets of Rio Grande Convey

Canal data and 19 sets of Yellow River data at Tuchengzi station. The flume data

included 20 sets of White & Day data (1982). The range of data were:

median diameter 0.055 — 2.065 mm.
width 2.46 — 807 m

flow discharge 0.196 — 3,980.000 m*/s
velocity 0.49 to 1.41 m/s

tlow depth 0.437 — 2.808 m
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e slope 0.000078 - 0.0011

The best sediment transport relations using field data and flume data were: Wu
(1999). Karim & Kennedy (19810. Yang (1973). Engelund & Hansen (1967). The best
relation using the verification data of field and flume data were Wu (1999). Engelund &

Hansen (1967). Yang (1973). and Li (1988).

15. Yang and Molinas (1982)

The authors stated that application of basic fluid mechanics and turbulence
theories in open channel flow proved that suspended sediment concentration at a given
depth is a function of the turbulence production rate at that depth. Besides. total sediment
concentration can be expressed as a function of unit stream power.

They compared seven total load equations including Ackers & White (1973).
Colby (1964). Engelund & Hansen (1967). Maddock (1976). Shen & Hung (1971). Yang
(1973). Yang (1979). Yang (1973) is a dimensionless unit stream power equation to
calculate the total sediment concentration which includes criteria for incipient motion and
Yang (1979) is a dimensionless unit stream power equation to calculate the total sediment
concentration without any criteria for incipient motion (Yang. 1996: Yang & Molinas.
1982). Yang (1979) concluded that for sediment higher than 100 ppm by weight both
Yang (1973. 1979) are equally accurate. but for flows with low sediment concentration
Yang (1973) should be used because as the rate of sediment transport decreases the need
to include incipient motion criteria increases.

A total of 1,259 sets of data from flume data and field data were used. The flume
data were 1.093 sets; however, there was no specification of these data. A total of 166

sets of data from five river systems were used for analyzing and comparison including.
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Mountain Creek (Einstein. 1944). Niobrara River (Colby & Hembree. 1955). Middle
Loup River (Hubbel & Matejka. 1959). Rio Grande River (Nordin. 1964). and the
Mississippi River at St. Louis (Jordan. 1965). The range of data were:

e median diameter 0.15 — 1.71 mm (fine to very coarse sand)

e width0.134-532m

e velocity 0.23 to 1.91 m/s

e flowdepth 0.0l —152m

e slope 0.000043 - 0.0279.

The best equations can be divided into three groups: flume data. field data and
total data. The best relations for flume data include Yang (1979). Yang (1973) and
Maddock (1976). The best relations for field data were Yang (1979). Yang (1973) and
Shen & Hung (1971). The best relations for all data were Yang (1979). Yang (1973) and
Shen & Hung (1971).

Some notes were pointed by the authors including:

e The sediment transport relations which used the unit stream power produce

better results

e Colby (1964) should not be applied to laboratory data and this method also

underestimates the total bed material loads in natural rivers

e Shen & Hung and Maddock equations are only good for flume data and small

stream but not for large rivers

e Engelund & Hansen (1967) can predict the sediment discharge in flume data

with reasonable accuracy
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16. Yang and Wan (1991)

They made a comparison of overall accuracy as well as the accuracy within
different range of sediment concentration. Froude number and slope for seven sediment
transport relations including Ackers & White (1973). Colby (1964). Einstein (1950).
Engelund & Hansen (1967). Laursen (1958). Toffaletti (1969). Yang (1973).

A total of 1.438 sets of data from flume data and field data were used. The flume
data were 1.119 sets of data including Guy at al. (1966) 285 sets of data. Gilbert (1914)
637 sets of data. Nomicos (1956) 12 sets of data. Vanoni & Brooks (1957) 14 sets of
data. Kennedy (1961) 41 sets of data. Stein (1965) 42 sets of data. Williams (1967) 37
sets of data. Schneider (1971) 31 sets of data and White & Day (1982) 20 sets of data.
The range of the data were:

e median diameter 0.19 — 7.01 mm (fine sand to fine gravel)

o velocity 0.74 — 6.45 ft/s

e flowdepth 0.074 —2.82 ft

e slope 0.0001 - 0.0279.

A total of 319 sets of data from five river systems were used for analysis and
comparison including. Mountain Creek (Einstein. 1944) 81 sets of data. Niobrara River
(Colby & Hembree. 1955) 49 sets of data, Middle Loup River (Hubbel & Matejka. 1959)
79 sets of data. Rio Grande River (Nordin. 1964) 59 sets of data. and the Mississippi
River at St. Louis (Jordan, 1965) 51 sets of data. The range of data were:

e median diameter 0.130 - 0.925 mm (fine to coarse sand)

e velocity 1.20 to 7.82 ft/s
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e flowdepth0.27 - 404 ft

e slope 0.000043 —0.00192.

The best relations for flume data were Yang (1973). Engelund & Hansen (1967).
and Ackers & White (1973). The best relations for field data were Yang (1973).
Toffaletti (1969) and Einstein (1950).

The authors also made a comparison of accuracy of methods according to the
concentration. Froude number. and energy slope using both laboratory data and field
data. This information is summarized in Tables 3 to 8 in Yang & Wan (1991) and could
be used by the engineers as a reference for selecting the sediment transport relation to

solve engineering problems under different flow and sediment conditions.

5.3. Overall Results of Comparison Cppm Measured and Computed with Field Data

Most sediment transport relations have their own limitation of applicability.
which implies the range of data used in the formula calibration and development:
however. this limitation generally is not considered in the application (Woo and Yoo.
1991).

However. based on comparison by previous authors and the result analyzed in
Chapter four. a summary of the comparison among measured and computed of sediment
discharges is shown Table 5.3a. This table shows that it is a difficult task to judge and to
select the best sediment transport relations for all conditions. Even between formulas
accounting for both bed and suspended load (or the total bed material transport). the
variations are appreciable and by experience errors of 100 % are to be expected

(Raudkivi. 1967).
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Table 5.3a also shows that from the comparison of sediment discharge measured
and computed by 16 previous authors and this present study, more than 50 sediment
transport relations have been developed. However. none of these equations fit the whole
spectrum of data from flumes. canals and rivers. In other words. as stated by Simons and
Senturk (1992). a single universal sediment transport equation is not or may never be
available.

Accurate field measurements are difficult to achieve. In conditions with combine
bed-load and suspended load transport. bed-load sampling in rivers i1s complicated
(Gaweesh and Rijn, 1994). Errors associated with measuring devices and the extreme
temporal variations in transport rate are on of the feature characteristics of bed material
movements (Knighton. 1998: Hubbell. 1987: Gomez. 1991).

Hence. foremost among the needs of improvement sedimentation research
probably is the need for refinement of the procedures of measurement and the
development of more convenient and inexpensive measuring devices for practical
purposes (Renard and Hickok. 1967: Simons and Senturk. 1992).

However. an attempt to draw conclusions about the applicability of the selected

sediment transport relation is shown in Table 5.3b.
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Table 5.3b. Summary of the applicability of the selected sediment transport
relations based on comparison by the results of previous authors and the results

analyzed in Chapter Four

Method gravel |medtov v.lneto [sit small interme.jlarge Tl flume
: coarse saifae sand rivers rivers  |rivers data data
1 Acker & White x 3 ‘ X x
2'Bagnold ™ T I R T x| x x
3 Brownlie x x : x X [ X x
4 Einstein x 1 x | i i 3
5 Karm X x| | x v
|~ 6 Karim & Kennedy x X X | j x x
7iLaursen X Tx j' Tx ] - X X X
|~ 8iShen & Hung x x 3 x x
gTToHalet X X X X x
f01Yang 73 &84 X X | X X 3
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Chapter 6
DEVELOPMENT OF PROPOSED METHOD

The primary objective of this study was to create one or more new equations of
total load sediment transport. Using statistical approaches and non-linear optimization,
simple sediment transport relations were developed so they can be easily applied and be
used for practical purposes. Field data were used to test the applicability of existing
(selected) sediment transport equations for alluvial rivers and to investigate how the

hydraulic geometry and sediment characteristics correlate to the sediment transport rate.

Using the results of computation in Chapter 4, discussion of theory and
applicability of the selected sediment transport equations in Chapter 2, and summary
analysis comparison of sediment discharge measured and computed from some sediment
transport relations by previous authors, dominant variables were examined carefully. The
selected variables were used to propose new methods in determination of sediment

discharge or to modify one of the selected sediment transport relations.

An attempt to modify simple sediment transport equations such as Posada (1995)
and Simons et al. (1981) is presented. Additionally, from analyzing of the ten selected
sediment transport relations, Laursen (1958) was chosen to be modified since it has a

functional relation between u+/® and f(u+/®) for a wide range of bed material sizes.
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6.1. New Proposed Method Based on Modification of Posada (1995)

As stated earlier, any proposed new equation should be relatively simple and easy
to be applied in the field. Therefore, a new sediment transport relation is developed based
upon Posada (1995).

Equation (5.2) on page 113 (Posada, 1995) can be analyzed in more detail. Using
this equation and the data in Group 1 the relationship between measured and computed of
the unit sediment discharge is shown in Figure 6.1 and Table 6.1. The discrepancy ratio

and the correlation coefficient are shown in Table 6.1.

Table 6.1. Discrepancy ratio and correlation coefficient between qs measured and q.

computed using Equation (5.2)

Gravel- med. tov v fine to silt-bed  small intermed  large
bed coarse sand- fine sand-  rivers rivers 1ate nvers
rivers bed nivers bed rivers rivers
. . = 2 2 33 3 2
Discrepancy Ratio RD 31246 1.12 0.33 0.18 0.19 0.43 0.12
Correlation coefficient C. 0.218 0.727 0.682 0.511 0.859 0.752 0.714

Posada developed her equations using a total of 119 data sets (114 data of
Amazon & Orinoco River Systems and 85 data of Mississippit River). The range of

hydraulic data and particle diameter is shown in Table 6.2.

Table 6.2. Range of data used by Posada (1995) to develop Equation (5.2)

width depth
lm >20m <Ilm - 1m<d<3m >3m
2.51% 97.49% 0.50% 10.05% . 89.45%
Mean bed material diameter
<0.125 mm ©0.125-0250 mm . 0.250 - 2.000 mm
5.88% 31.93% 77.39%
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Figure 6.1. Detail relationship of unit sediment discharge q, from measured and computed

reults using Equation (5.2) for several bed-rivers and channel sizes using data in Group 1.
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It can be seen from Table 6.2 that Posada developed her sediment transport
relation in large rivers and using mostly medium to very coarse mean bed material (77.39
%). Accordingly, as shown in Figure 6.1b it is not surprising that the unit sediment
discharges computed by Equation (5.2) fit quite well for those conditions. For medium to
very coarse sand bed rivers the discrepancy ratio between q, measured and qs computed is
1.12. However, it is only 0.33 for very fine to fine sand-bed rivers, it is 0.18 for silt-bed
rivers and it is 312.46 for gravel (much over-prediction). The equation gives relatively
better results for large rivers compared to small and intermediate rivers.

As shown in Table 5.2. and Figure 5.2 the unit stream power (uS) and the
dimensionless unit stream power (uS/®) have relatively strong correlation to the
measured sediment discharge (Cypm). Considering these two parameters and the
correlation coefficient for each variable of hydraulic geometry and the sediment
characteristics shown in Tables 4.2., 44 4.6. and 4.8, Equation (5.2) using non-linear
optimization, and the field data for different kinds of river beds can be modified. The

procedures of analyzing Equation (5.2) are as follows.

1. Selection of statistical parameters

The objective of this selection is to test the goodness of fit of the new equation.
Three parameters were selected including the discrepancy ratio l—{;, the correlation
coefficient C., and graphical comparison between the unit sediment discharge gs
measured and computed.
2. Selection of hydraulic geometry and sediment characteristic variables

This selection is based on the correlation coefficient C.between each hydraulic

geometry and sediment characteristic variable. The analysis has been done and the results
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are tabulated as shown in Tables 4.2., 4.4._ 4.6. and 4.8. For silt-bed rivers the Pearson

correlation coefficient are summarized as follows (see Table 4.8);

C (measured): Q: w: g v! d, S, Tre, u. u d. a
ppm| els: m: m m: mmi °C. (Nlm")i ms ! ar's [1,%
IC (measured) 1.00 0.04 0.23 -0.23, 0.46 029 032 0.26 0.20 0.21 -0.21 0.35 O.Sd

Table 6.3. Pearson correlation coefficient C. between C,,,, measured and
hydraulic geometry and sediment characteristic variables for silt-bed rivers data in

Group 1

3. Selection of variables that will be added to Equation (5.2)
From Tables 5.2, 6.3 and Figure 5.2, the variables of velocity u, flow depth h and
slope S are selected to be added to Equation (5.2). Accordingly, for silt-bed rivers

Equation (5.2) is modified to become

q, =a(30u” fu*h-s*) (6.1)
in which
a = coefficient to be analyzed

b. c. d. = power coefficients of velocity, depth and slope to be analyzed.

4. Non-linear Optimization

In Microsoft Excel Solver for non-linear optimization software, Equation (6.1) 1s
proposed using silt-bed river data in group 1. The Microsoft Excel Solver is used to
optimize Equation (6.1) by finding the values of b, c and d” in iteration procedures
with constraints: the correlation coefficient C. is optimum (close to 1) and the trends of
all silt-bed river data in graphical comparison between the unit sediment discharge q

measured and computed are almost forms line with angle 45 degree to the horizontal

6, 97

line. The results are optimized to get ﬁ close to one by changing the value of “a
143
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(iteration procedures using “goal seek tool” in Microsoft Excel Solver). The description

above is illustrated in Figure 6.2a.

>

Q7 £.04 Y < silt (onginal Posada)

s, o Final Cc {modified Posada)
£ A very bad Cc (modified Posada)
@ E*03 4 o final modified Posada

<

Q

o1 E-02

‘=

b

21 E+01

<

@1 .E-00

1.E-02

qs comput
m

1.E-03 ‘ |
1 E-03 1.8-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E~0S
qs measured (m etrictons/m/day)

al

Note:

1. q. measured and computed using original Posada [Equation (5.2)}

2. Optimization of C. to make the result form a line. In this result, q, measured and computed i
formed straight-line by changing the values of “b, ¢ and d” in iteration procedures i
Microsoft Excel Solver. However, the correlation cocfTicient C. is only 0.118 (bad correlation
because the results almost form a horizontal line. Again using non linear optimization in
Microsoft Excel Selver, change the values of “b, ¢ and d” in iteration procedures to reach C

close to one and the graphical results reach close to an angle of 4S degrees.

i opionnad 0 T T 0 et the craphicar vosatrs anete st 45 Jewree, Howover, RD [ENFTTE

rl. C. is optimal (=0.772) and RD is optimal (=1.00) by iteration the value of =a™. The results
close to the perfect aggrement line

Figure 6.2a. Step of non-linear optimization to modify Equation (5.2) for silt-bed rivers using

data in Group 1

The final result of the optimization for silt-bed river data in Group 1 is a = 9.380,
b =-2.738, ¢ = 0.182 and d = 0. Accordingly, for Silt-bed rivers, Equation (6.1) can be

rewritten as
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q, =9.380 30u’ Xu -237p 0182 )

(6.2)

Similarly, the new equations for very fine to fine sand-bed, medium to very

coarse sand-bed and gravel-bed rivers follow the procedure of calculation above.

Summary result of coefficients a. b, c, for several river-beds are shown in Table

6.4.

Table 6.4. Parameters of a, b, ¢, d of Equation (6.1) for several river-bed materials

using data in Group 1

a b c d
silt-bed rivers 9.380 -2.378 0.182 0
_very fine to fine-bed rivers . 9432 -1.354 0.406 0412
medium to v coarse sand-bed rivers 70.78 -1.700 0.468 0.613 |
_gravel-bed rivers 14,396.16  -4.000 1.000 2.000

Discrepancy ratio and correlation coefficient of original Posada and modified

Posada are shown in Table 6.5.

Table 6.5. Discrepancy ratio and correlation coefTicient of original Posada and

modified Posada using data in Group 1

Original Posada modified Posada

RD C. RD C.
Silt bed rivers 0.18 0.7567 1.00 0.7724
_very fine to fine sand-bed nivers 0.33 0.68453 1.00 0.7242
medium to very coarse sand-bed rivers 1.12 0.7274 1.00 0.8146
gravel-bed rivers 31246 0.2175 1.00  0.7625

The comparison between original Posada and modified Posada using the data in

Group 1 for various river-beds can also be seen in Figure 6.2b.
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Figure 6.2b. Comparison among q, measured and q, computed using original Posada and

modified Posada for various particle diameters of river-bed materials using data in Group 1.

6.2. New Proposed Method Based on Modification of Simons et al. (1981)

Equation (5.3) (Simons et al., 1981), which was obtained for steep sand and

gravel-bed channel under supercritical flow, was analyzed and modified to obtain a new
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sediment transport rate with various ranges of hydraulic geometry and sediment

conditions. The range of parameter this equation was developed is shown in Table 6.6.

Table 6.6. Range of parameters Equation (5.3) was developed by Simons et al.

(1981)

Parameter Value range St Units
Froude number 1 -4 -

Velocity 7 198-792 ‘m/s
Bed slope - T 0.005-0.040 ~ 00.000
unit discharge.q  ~ 305-6096 ~ m/s
particle size.dsp T >0062 0 mm

Using statistitical approach. non-linear optimization. and the field data for
different kinds of river bed Equation (5.3) can be modified. The procedures of analyzing

Equation (5.3) are as the same as the procedures of modified Posada equation.
q, = a(ci,dc‘:u°“ ).1"5c (6.3)
in which:

gt = total unit sediment discharge (ft*/s/ft width)

c.; = coefficient

c,> = power of depth related to diameter of river-bed materials

cs; = power of velocity related to diameter of river-bed matenals
d = flow depth (ft)

u = velocity (ft/s)

S = Slope

a. b. ¢ = coefficient of Equation (6.3)

Coefficients a, b, c for several river-beds are shown in Table 6.7.
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Table 6.7. Parameters a,b and c¢ of Equation (6.3) for several river-beds using

data in Group 1

a b c
silt-bed rivers 24.26 -1.00 0.250
| very fine to fine-bed rivers 826 0.750 0.250
medium to very coarse sand-bed rivers 3.30 0 0.200

Using this equation and the data in group1 the relationship between measured and

computed of the unit discharge is shown in Figure 6.3.
Discrepancy ratio I_{: and correlation coefficient C. of original Simons et al.

and modified Simons et al. are shown in Table 6.8.
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Figure 6.3. Comparison among q, measured and computed using original Simons et al. and
modified Simons et al. for various particle diameters of river-bed materials using data in Group

I
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Table 6.8. Discrepancy ratio R_D and correlation coefficient C. of original Simons

et al. and modified Simons et al. using data in Group 1

Original Simons et al. modified Simons et al.

ﬁ; C. R—D C.
Silt bed rivers 0.51 03613 1.00 04024
very fine to fine sand-bed rivers 1.27 _0.5930 1.00 0.6058
medium to very coarse sand-bed rivers 1.54 0.6547 1.00 0.6553

Extension of the coefficients cs;. ¢» and cs3 for gravel-bed rivers produces
theoretically very large amount of sediment rates, which does not make any sense. Hence.
for particle diameter of river-beds greater than 5.00 mm. the Simons et al. method was

not to be modified.

6.3. Modification of Laursen’s Method

Modification of Laursen’s method were conducted by Madden (1985) and by
Copeland (1989). A brief description of these modifications is presented before the
modification in this present study. Comparison among these modifications are also

presented.

6.3.1 Modification by Madden (1985)

In the Arkansas River channel design studies Madden (1985) modified the
Laursen method. The sediment transport relation by Laursen was adopted because it is
expressed in terms which permit separating readily the effects of the various parameters
which are generally considered to govern the bed material load, hydraulic geometry. and
sediment characteristics.

The range of data in the modification of Laursen is shown in Table 6.9.
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Table 6.9. Data range used in developing Laursen transport function (Waterways
Experiment Station, 1998)

Parameter - data range
1. Median particle size range. mm 0.04-48
2. Muitiple size classes ves
3. Velocity. fps 085-77
4. Dcpth. fi 0.25-54
5. Slope. ft per ft 0.00001 -0.1
6. Width. ft 3 -3640
7. Water Temperature. °F 36 -90

The modified Laursen by Madden is a muitiple grain size function for sand bed
transport that has been used for mixtures of sand and gravel (Waterways Experiment
Station, 1998). The modification of the Laursen graph is based on three sets of special
measurements on the Arkansas River: near Dardanelle in June-July 1957 and April 1958,
and near Morrilton in April 1958. The resuits of the Missouri River measurement by
Bondurant (1958) were used as a reference. Madden discovered that the rating curves
calculated from the original Laursen resulted in loads considerably smaller than the
curves developed from the longer term measurements, but the curves did parallel each
other. In the Arkansas River planning studies, a new graph of the Laursen method was
developed using Laursen’s parameters but based on Arkansas River data only. Two
versions of the modified Laursen’s graph were developed at different times as shown in

Figure 6.4.
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Figure 6.4. Development of the Laursen graph for the Arkansas River project planning studies

(Madden, 1964)

The procedure for developing the functional relationship used the equation

f( u- ] = C/p, (6.49)

o) d, 7o T, |
Pui d T,

C = sediment concentration of each grain size class. percent by weight

in which

u- = shear velocity = /1, /p

o = fall velocity
d; = diameter particle sediment of size fraction i

d = flow depth

Psi- Pbi = The fraction of suspended material and fraction of bed material of d;,

respectively
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t, = RS, = ydS, = 28.25 L2 (6.5)

° o FIE

T, '= [—u—z—dﬂ)m (6.6)
° {30d

1. =4d, ingeneral. but t.>4d, ford; <0.088mm (6.7)

q, =27qC (6.8)

Values f(u./o) for suspended sediment corresponding to each value of (u./o).

but values f(u./w) for bed-load were calculated from the equation

f(u. /0)=10.7378(u. /o)***" (6.9)

which was deduced from Laursen’s curve labeled “bed load™.

The bed load was added to the suspended load to obtain value f(u./w)applicable

to the total bed matenial load.

The final revision of the modified Laursen graph by Madden is shown in Figure
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Figure 6.5. Modified Laursen graph by Madden (1985)

Adjustment factor related to the Froude number was added to the Laursen

equation, and hence the modified Laursen equation by Madden (1985) becomes,

d.\ %t u. Y 0.1616
- i o _ylfl 2 22222 6.10
. Zp"(d) [r- MoIF”‘J “1

<1 | 4

6.3.2 Modification by Copeland (1989)

Copeland and Thomas (1989) modified the Laursen (1958) method to be used in
streams both sand-bed rivers and extending to larger gravel-bed rivers. The parameter of
(us/©;) was modified by the authors using additional sand-bed rivers and gravel-bed
rivers. The original Laursen equation was also modified using the grain hydraulic
roughness to compute the grain shear stress. Copeland & Thomas introduced a variable
critical shear stress in the modified Laursen sediment transport relation to enhance the

mobility of larger particles (gravels) in the presence of smaller particles.
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The original Laursen’s bed shear stress due to grain size t,” in Ib/ft’ as expressed
in Equation (2.13) can be rewritten as

uz d /3
ro'=9.—(i (6.11)
58 d

The grain shear stress is calculated from the grain hydraulic roughness.
Copeland computed this roughness using the Limerinos (1970) equation. as restructured

by Burkham & Dawdy (1976), as expressed.

1

2 _3.28+5.75log— (6.12)
u'. d,,
in which
u'. = Jar's (6.13)
(un)LS
r'= ———— 6.14)
1.811S°7 ¢
n =034k (6.15)
in which
n = Manning’s roughness coefficient
ks = coefficient of roughness for the bed
u = the mean velocity
u’. = the grain shear velocity
r° = hydraulic radius of bed grain roughness
dgs = particle size of which 84% of the bed is finer
S =slope
154
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Accordingly. the bed shear stress due to grain size 1, in Equation (6.11) is
calculated by inserting the mean velocity u computed from Equation (6.12).

The bed load transport is a function of the ratio of the applied grain size to the
critical shear stress and is expressed as (t,'/t, —1).

For turbulent flows over rough boundaries, the critical shear stress t; varies
linearly with particle size since the Shield parameter remains constant (Julien. 1995).
Highway Research Board (1970) plotted the relationship between critical shear stress and
median grain size dso on a flat horizontal surface (also found in Figure 7.7. in Julien.
1995). Paintal (1970) found that the critical stress varied with the applied shear stress.
decreasing significantly when the dimensionless shear stress was less than 0.05. The

dimensionless shear stress for the i Toi= Size class is defined as

Toe = e (6.16)
(v, -vM,
in which
T, = the bed shear stress due to grain size
7s = specific weight of sediment
v = specitic weight of water
di = geometric mean diameter of particle of the i" size

The critical dimensionless shear stress is defined by

T = —te 6.17)

"y, -vM,
Laursen (1958) assumed a constant critical dimensionless shear stress t¢+ 0.039

for all particle sizes. However. according to Julien (1993). this value is the threshold of
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motion for very fine gravel and is to be equivalent to a value of 0.2 for the ratio of shear
to fall velocity (u./®).

According to Copeland the critical dimensionless shear stress varies between 0.02
and 0.039. The lower limit was adopted from the research of Andrews (1983). When 1.
is greater than 0.050, it should be taken 0.039 as recommended by Laursen. The lower

limit of tg«_ is:

.. = 0.6477_. +0.0062 (6.18)

and. hence the critical shear stress is calculated by:

T, =T (v, — ), (6.19)

The modification of the critical dimensionless shear stress indicates that the
potential transport of coarser particles (such as gravel) is increased as the initiation of
motion for these particles at lower shear stresses.

The difference between the original Laursen and modified Laursen by Copeland
for suspended load is that in the original Laursen the suspended transport rate is the ratio
between total shear velocity to grain fall velocity (u«/e;). while in modified Laursen by
Copeland the suspended transport rate is the ratio of grain shear velocity to grain fall
velocity (u’+/e;).

The modified Laursen equation by Copeland (1989) can be written as

C, = o.ow}; P, [%)7 6( : - lJf(LJ (6.20)

<

in which:

C, = total average sediment concentration in weight per unit volume
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v = specific weight of water

pi= fraction
u’. = grain shear velocity

d = flow depth

d; = diameter particle of the i size fraction

To. = bed shear stress due to grain size

Tg = critical shear stress for sediment size d;

; = fall velocity of particle size d;

plotted in Figure 6.6.
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£ //
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Figure 6.6. Modified Laursen graph by Copeland (1989)
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The range of data used in the development of the Laursen transport function is

shown in Table 6.10.

Table 6.10. Data range used in development of the Laursen transport function by

Copeland (Copeland & Thomas, 1989; and Waterways Experiment Station, 1998)

Parameter River data Flume data
1. Median particle size range. mm 0.08 -0.70 0.011-29
2. Multiple size classes yes ves
3.  Velocity. fps 0.068 - 7.8 0.70-94
4. Depth. fi 0.67 - 54 0.03-3.6
5. Slope. ft per ft 0.0000021 - 0.0018 0.00025 - 0.025
6. Width. ft 63 - 3640 0.25-6.6
7. Water Temperature. °F 32-93 46 - 83

The modified Laursen by Copeland was applied by Raphelt (1996) to ten river
systems including the Toutle. North Fork Toutle. Susitna. Tanana. Oak Creek.
Clearwater. Chippewa near Durand. Chippewa near Caryville and Granite Creek Rivers.
From a total of 187 sets of gravel-bed river data. 147 sets of data were above the
measured values. 39 sets of data were within the range of accuracy compared to the
measured values (discrepancy ratio of computed to measured values is in the range of 0.2
to 5) and only 1 set of data were below the range of accuracy. Raphelt (1996) concluded
that modified Laursen by Copeland significantly over-predicted gravel bed transport for
individual grain size. The maximum over prediction is as much as 6000 times higher
than the measured value. The data within the range of accuracy all had dso of bed
material either sand or very fine gravel. The lowering of the critical dimensionless shear
stress without accounting for the probability of grains to move, and without the hiding
factor. probably are the reasons for the over-prediction of modified Laursen by Copeland

for gravel-bed transport with dsp > 4.00 mm.
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6.3.3 New Proposed Method Based on Modification of Laursen (1958)

The total average sediment concentration, C, using Laursen can be computed

using Equation (2.2). This equation is rewritten

6,
C, :0.0]yZpi((:i—ij (: —ljf(:j (6.21)

Since the calculation is using the mean bed diameter (uniform material), dso, this

equation reduces to

C,=00 l‘y[d"o ) (t“' - lJf[u—J (6.22)
d T, [ I

From Chapter 4. the comparison between Cpm measured and computed is

summarized in Figures 6.7 and 6.8.

1 Es06 -

1 E.05 &~

t E+04 -
i

Es03 +

Com (cOmputed)

1 Es02 4

St '
= fine zrana l;
coarse send '
o gravel !
Perfect
200% '
-50% i
02 1 E«~03 1 E«O4 1 E«05 t E«08:

1 E«01 .

Copm (Measured)

Figure 6.7. Comparison Cppm (measured) and computed (Laursen method) for various river-

beds
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Figure 6.8 Comparison Cppm (measured) and computed (Laursen method) for various

channel sizes

From Figures 6.7. and 6.8, and Tables 4.15 to 4.22 it can be seen that for various

river-beds and channel sizes, summaries can be given:

I. Silt-bed rivers

Most of the C,pm computed is greater than Cppm measured with discrepancy ratio
of 3.01. Range of discrepancy ratio of 0.5 up to 2 is 48 %, discrepancy ratio less than
0.5 is 19 % and discrepancy ratio greater than 2 is 33 % (for detail see Table 4.19 and

Figure 4.8g). However, only 22 % has discrepancy ratio of 0.75 — 1.25.

2. Very fine to fine-bed rivers

Most of the Cppm computed is much smaller than C,pm measured with discrepancy

ratio of 0.36. Range of discrepancy ratio of 0.5 up to 2 is only 19 %, discrepancy ratio
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less than 0.5 is 80 % and discrepancy ratio greater than 2 is only 2 % (for detail see Table

4.18 and Figur 4.8g). However. only 7 % has discrepancy ratio of 0.75 - 1.25.

3. Medium to coarse bed rivers

Most of the Cypm computed is smaller than Cppm measured with discrepancy ratio
of 0.60. Range of discrepancy ratio of 0.5 up to 2 is only 20 %. discrepancy ratio less
than 0.5 is 75 % and discrepancy ratio greater than 2 is only 5 % (for detail see Table

4.17 and Figure 4.8g). However. only 6 % has discrepancy ratio of 0.75 — 1.25.

4. Gravel bed rivers

Most of the Cppm computed is much greater than Cpm measured with discrepancy
ratio ot 7.16. Range of discrepancy ratio is shown in Table 4.16.

Range of discrepancy ratio of 0.5 up to 2 is only 15 %. discrepancy ratio less than
0.5 is only 3 % and discrepancy ratio greater than 2 is 81% (for detail see Table 4.16 and

Figure 4.8¢). However. only 3 % has discrepancy ratio of 0.75 — 1.25.

S. Small rivers

Most of the Cppm computed is greater than Cp,m measured with discrepancy ratio
of 1.43. Range of discrepancy ratio of 0.5 up to 2 is 60 %, discrepancy ratio less than 0.5
is 20 % and discrepancy ratio greater than 2 is only 21 % (for detail see Table 4.20 and

Figure 4.8¢g). Discrepancy ratio of 0.75 — 1.25 is about 23 %.
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6. Intermediate rivers

Most of the Cppm computed is smaller than Cppm measured with discrepancy ratio
of 0.37. Range of discrepancy ratio of 0.5 up to 2 is only 15 %. discrepancy ratio less
than 0.5 is 85 % and discrepancy ratio greater than 2 is only 2 % (for detail see Table

4.21 and Figure 4.8g). Discrepancy ratio of 0.75 — 1.25 is only about 5 %.

7. Large rivers

Most of the Cppm computed is much smaller than Cp,m measured with discrepancy
ratio of 1.13. Range of discrepancy ratio of 0.5 up to 2 is only 9 %. discrepancy ratio less
than 0.5 is 83 % and discrepancy ratio greater than 2 is only 8 % (for detail see Table

4.22 and Figure 4.8g). However. only 5 % has discrepancy ratio of 0.75 — [.25.

6.3.3.1 Modified Laursen Graph

Bondurant (1958) proposed a modification of the Laursen graph. He plotted the
relationship between (u</w) and f(u./®) in the Laursen graph from the Missouri River
data at Omaha and at Kansas City. At the lower part of Laursen graph. Bondurant (1958)
modification fit quite well with the Laursen graph. However. between the upper part and
the lower part. the values of u«/®; for the Missouri River data deviate sharply from those
of Laursen graph. This deviation seems quite well compare to the value of u./®; from
various river-bed rivers (see Figure 6.9.).

Data of the original graph plotted roughly from Laursen data and modification

proposed by Bondurant (1958) are shown in Figure 6.9.
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Figure 6.9. Points of Laursen data and values of the relation between u vw; and f(u o) from
Missouri River (after Laursen, 1958 and Bondurant, 1958)

Sediment transport can be subdivided into three zones describing the dominant
mode of transport: bed load, mixed load and suspended load (Julien, 1995; Middieton &
Southard. 1984; Dade & Friend, 1998). The parameters u+/& and dso/d in Equation (6.22)
are also indicators how the mode of the sediment transport.

Figure 6.10. shows the ratio of suspended load to total as function of u-/& and

d/dso.
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Figure 6.10. Ratio of suspended load to total load versus ratio shear to fall velocities and
dimensionless flow depth d/dso (Julien, 1995)

Julien (1995) stated that for turbulent flow over rough boundaries that generally
occurs in natural streams. the incipient motion corresponds to u</® = 0.2. Furthermore.
bed load will be dominant for u./® less than about 0.4. Mixed load or transition zone is
found where 0.4 < u./® < 2.5. In this zone. bed-load and suspended load contribute the
total load. When u./® > 2.5, the suspended load is dominant and effects of gravity on
particles are negligible compared with turbulent mixing. Dade & Friend (1998) gave a
slight different criterion of mode of sediment transport compared to Julien (1993).
Dominant suspended load occurs when u-/® > 3.33. u./o of mixed load is in the range of

0.33 — 3.33. and dominant bed load is when u«/® < 0.33. In mode of suspended load.

(U]

less than approximately 10 — 20 % total sediment load is bed load. However. in mode of

bed load. more than about 80 — 90 % is bed load. In mobile boundary channel. these
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different modes of sediment transport cause the changes of flow condition (Ansley.
1965).

However. all modes of bed material transport can occur simultaneously over a
wide range of flow conditions, even though one could dominate at any given stage
(Knighton. 1998).

Table 6.11. summarizes the modes of sediment transport given shear and fall

velocities.

Table 6.11. Modes of sediment transport given shear and fall velocities

u/o Julien (1993) Ue/® Dade & Friend (1998)
<0.2 no motion for all possible grain sizes <0.33 predominant bed load

0.2 lowest possible incipient motion for 0.33 <us/o <333 | mixed load
turbulent flow over rough boundaries >3.333 predominant suspended load

0.2 - 0.4 | sediment transport as bed-load
0.4 — 2.5 | sediment transport as mixed-load
5 sediment transport as suspended-load

5
3 Cng=0.75Cs>
00 Co3=0.93Con>
400 Co5=0.98C,,

note: Cy 5 Is the concentration at v = 0.8 d

A
1

Figure 6.11. shows the mode of sediment transport plotted in original Laursen

graph.
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Figure 6.11. Modes of sediment transport plotted in original Laursen graph (Laursen, 1958;
Julien, 1995; and Dade & Friend, 1998)

The parameter (t,'/t, —1) in Equation (6.22) is important to the determination of

bed-load. and the parameter u./©® relates to the suspended load. When there is no

suspended load, the value of f(u./®,) is unity. If the lowest part of Laursen graph is

assumed to be linear, therefore this part could be extended to get the value u</c for

f(u./®,) equals to unity. This extension is shown in Figure 6.12.
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Figure 6.12. Theoretical range of bed load from Laursen method {Equation (6.22)}

From Figure 6.12. we can say that theoretically the bed-load (from original
Laursen graph) has value of u+/©; in the range from 10 (very small and can be assumed
to be zero) to eight. However, as stated by Julien (1995) and shown in Figure 6.10, in

natural streams the incipient motion for gravel corresponds to u-/e = 0.2.

Equation (6.22) can be rewritten as

f( u- ): C. (6.23)

050
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Using Equation (6.23) and field data the relationship between u+/©; and flus/w;)
can be plotted on the original Laursen Graph. The resuits for different sizes of river-bed
particles and different of channel sizes are shown Figure 4.13 and Figure 4.14 in Chapter
Four.

Plotting u</®; and f{u«/©; ) of several kinds of river-bed diameter data in Group I
graph (re-plotting of Figure 4.13) and modes of sediment transport into Laursen graph

(combining Figure 4.13 and Figure 6.11) are shown in Figure 6.13.
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Figure 6.13. Plotting uvw; and f(uvw; ) for several diameters of river bed data from Group 1,
graphs and modes of sediment transport defined by Julien (1995) and Dade & Friend (1998)

into Laursen graph

It can be seen that for various mean bed diameters there is a consistent tendency
of the relation between u+/®; and fu-/®;). Lowest incipient motion zone occurs for

gravel-bed rivers, the bed load zone consists mostly gravel-bed materials with small

168

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



amount of coarse-bed materials. The mixed load zone is mostly medium to very coarse
sand-bed materials and relatively small amount of very fine to fine sand-bed materials.
In suspended load zone mixture of very fine to fine sand-bed matenals and silt-bed
materials occurs. However, although there is also a consistent tendency of the relation
between u«/®; and f{u«/®;) for various channel sizes (see Figure 4.14.), scatter result still
exists.

From Figure 6.13. modification of Laursen graph could be developed. Relation

of u«/®; and log flu-/®;) is plotted in Figure 6.14.
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Figure 6.14. Relation of u<vw;and log f(uvw)

The proposed modified Laursen graph is shown in Figure 6.15. The vertical line
shown in the bed load zone in Figure 6.15. indicates that prediction of bed load could not
be fairly accurate. Hence, czlculating bed load accurately is still problematic since the
formulas proposed so far do not provide a good fit to all data (Garg et al., 1971). Besides,
bed-load sampling in river is rather complicated and taking samples at only one location

may lead to a large error of about 50 % (Gaweesh and Rijn, 1994; Hubbel, 1989).
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The equations fer each line in Figure 6.15. for silt-bed, very fine to fine sand-bed.

medium to coarse sand-bed and gravel-bed rivers are

y = 0.2003Ln(x) +3.1192 (6.24a)

y =0.6031Ln(x) +2.1116 (6.24b)

y = 0.5553Ln(x) +1.8086 (6.24¢)

y = 7.1575Ln(x) + 8.479 (6.24d)
in which

y = Log f{u-/®;,)
X = U+,
With Figure 6.15 and Equation (6.24), the original Laursen equation {(Equation

(6.21)} is modified to become
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C, =o_01y]@(-11) ("' —1)10 <050 (6.25)

\ tc50

This equation is called modified Laursen 1.

Among the variables which have the relations to the Cy,n measured. the
dimensionless unit stream power has a strong relation (see Figure 5.2.). The range of this
dimensionless unit stream power, uS/®, when compared to Cppm measured is 0.0000426
to 0.403. The range of dimensionless mean diameter particle size dso/d is 0.00000197 to

0.00616. These relationships are plotted in Figure 6.16.
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Figure 6.16. Range of dimensionless unit stream power and dimensionless flow depth

compared to Cp,,, measured.
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Accordingly, the dimensionless unit stream power. using regression analyses and
non-linear optimization technique can be added as another variable into Equation (6.25).
Therefore. the equation can be rewritten

76 ' ff 2 ) a
C, =0.0ly(%) (“’ —1)10 “’“"(ﬁj (6.26)

tcSO ©

This equation is so-called modified Laursen 2.
in which

a = the variable according to mean bed particle size as shown in Table 6.12.

Table 6.12. Value of “a” in Equation (6.26) for various bed materials

River-bed materials a
gravel 0
medium to very coarse sand -0.2
very fine to fine sand 0.078
silt 0.06

6.3.3.2 Statistical Analysis of Modified Laursen Equation Using Data in Group 1

Using modified Laursen 1 and Figure 6.15. comparison of Cp,m computed and
measured for various river-beds data in Group | are summarized in Figure 6.17 and Table
6.13.

In Chapter 7, validations of modified Laursen 1 and 2 are done using data in
Group 2 and additional data of Rivers in USA (see Section 7.1. on page 179) for both

based on mean diameter of river-beds and channel sizes.
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Figure 6.17a. Comparison Cpp,, measured and computed using Laursen and modified Laursen

1 for silt-bed river data of Groupl.
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Figure 6.17b. Comparison Cyp, measured and computed using Laursen and modified Laursen

1 for very fine to fine-bed river data of Groupl.
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Figure 6.17d. Comparison Cpp measured and computed using Laursen and modified Laursen

1 for gravel-bed river data of Groupl.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

174



Table 6.13. Comparison discrepancy ratio between C;,» measured and C;,

computed by Laursen and modified Laursen 1 using data in Group 1.

Discrepancy Ratio Discrepancy Ratio
( Laursen) (Modified Laursen 1)
silt-bed rivers 2.001 1.263
v fine to fine sand-bed rivers 0.345 1.447
med to v coarse sand-bed rivers | 0.342 1.466
gravel bed rivers 4.379 3.003

6.3.4 Comparison Original and Modified Laursen’s Methods

. Original Laursen equation is expressed {see Equation (2.12)

d. 76 T N u.
C, =0.01 | — o 1 If] =
-oonEa(G) (-5

Modified Laursen equations are the following

(0]

a. By Madden (1985) {see Equation (6.10)}

c-2ol3) (L)

r

b. By Copeland (1989) {see Equation (6.20)}

d_ ) T ' ul.
C, =000 - -~ |f] —
-oonZn(g) (rm J(m.)
c.Proposed method from the present study:
two new modifications were developed labeled modified Laursen | and modified

Laursen 2.

e modified Laursen 1 {see Equation (6.25)}
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e modified Laursen 2 {see Equation (6.26) and Table 6.12}

C, =0.01ly

7/6 ,
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— -1 lOr(

(Q)

The difference among those modifications is summarized in Table 6.14.

Table 6.14. Comparison among modified Laursens (in general)

A\jrodiﬁcd by Madden

17 Used the same equation I

tv

N

_Modified by Copeland

Modified by Kodoatic

but adding adjustment
factor related to Froude
Number

Used the modified graph 2.
Used size fraction 3.
Used Arkansas River 4.

data

Graph is higher than the
original for sand bed.
but not specified tor
gravel and silt

n

Instead of grain shear stress
Copeland used grain hydraulic
roughness

Used modified graph

Used size fraction

Used both rivers and flume data
(not specified)

Graph is higher than the original
for sand bed. but for silt not
specified. graph for gravel is
smaller than new proposed

19

(7]

Uscd the same equation but adding dimensionless
stream power as the adjustment factor

Used modified graph but more specific by
using diameter of bed material from silt to
gravel

diameter (no fraction) which is simpler

Used 33 river systems and 18 sources of flume data
(total data more than 5300 sets of data)

Graph is higher than the original for sand bed (for
sand bed is more specific for very fine to fine sand
and medium to very coarse sand). but smaller for siit
compared to original. graph for gravel is proposed

A comparison of original and modified Laursen graphs is shown in Figure 6.18.
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previous authors and new proposed Laursen graph.
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Chapter 7
VERIFICATION AND VALIDATION

7.1. General

To verify the validity of sediment transport relations developed in Chapter 6, data
in Group 2 were used. A comparison between Cypr new proposed method and existing
sediment transport relations which produce best relations to Cppm measured also were
presented. Note that because sets of data for gravel-bed rivers were relatively small, the
laboratory data of Meyer, Peter and Muller (1948) containing 139 sets of data were used

for validation and verification. The other verifications used the field data of Group 2.

1. Gravel-bed rivers

The mean diameter of particle size has the range of 2.69 mm (very fine gravel) to
28.65 mm (coarse gravel).

The data have a wide range of hydraulic geometric data, including:

e discharge :0.001 —4.614 m3/s

e width :0.1-20m
e depth :001-1.092m
e slope - 0.0004 - 0.0227
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2. Sand-bed rivers
The sand-bed rivers were divided into two kinds of sand-bed: very fine to fine
sand-bed rivers (0.062 mm — 0.5 mm) and medium to very coarse sand-bed rivers (0.5

mm - 2.00 mm).

a2 Very fine to fine sand-bed rivers (0.062 — 0.250 mm)

were used. The hydraulic geometric data are:

e discharge :0.003673 — 235.000 m3/s

e width :0.346 - 3.090 m
e depth :0.0341 —68.00 m
e slope : 0.0000027 — 0.00769

2 Medium to very coarse sand-bed rivers (0.251 mm - 1.990 mm)

and additional data of 68 data from rivers in the USA were used. The additional data of
rivers in USA included: 7 sets of data of the Black River near Galesville. Wisconsin. 3
sets of data of the Chippewa River near Caryville. Wisconsin. 14 sets of data of the
Chippewa River at Durand. Wisconsin. 18 sets of data of the Chippewa River near Pepin
Wisonsin. 6 sets of data of the Toutle River at Tower Road near Silver Lake.
Washington. 9 sets of data of the Wisconsin River at Muscoda. Wisconsin and 11 sets of
data of the Yampa River at Deerlodge Park. Colorado.

The hydraulic geometric data have the range:
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e discharge :0.0075 - 151.000 m3/s

e width :1.00-2.608 m
e depth :0.061 —65.00 m
e slope : 0.0000138 — 0.0029

3. Silt-bed rivers

Total of 141 data sets of Group 2 from 3 river systems as mention in Section
4.2.3. were used.

The hydraulic geometric data are:

e discharge :1.15-41.200 m3/s

e width :4.3-3.110m
e depth :0.55-13.10m
e slope : 0.0000120 — 0.00087

4. Small Rivers (width < 10 m, and depth <1.0 m)

A total of 81 data sets of Group 2 rivers from 6 river systems as mentioned in
Section 4.2.4. were used.

The hydraulic geometric data are:

e discharge :0.2268 — 7.35 m3/s

e mean bed diameter : 0.042 mm (coarse silt) — 57.51 mm (very coarse gravel)

e slope :0.000115 -0.00745
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5. Intermediate Rivers ( 10 m < width <50 m, and 1.0 m <depth <3 m)

A total of 61 data sets of Group 2 from 9 river systems as mentioned in Section
4.2.5. were used.

The hydraulic geometric data are:

e discharge :17.50 — 268.72 m3/s

e mean bed diameter :0.021 (medium silt) - 1.91 mm (very coarse sand)

e slope : 0.000058 — 0.0024

6. Large Rivers (width > 50 m and depth > 3 m)

A total of 374 data sets of Group 2 rivers from 13 river systems as mentioned in
Section 4.2.6. were used.

The hydraulic geometric data are:

e discharge : 107 ~235.000 m3/s

e mean bed diameter :0.02 mm (medium silt) — 1.05 mm (very coarse sand)

e slope : 0.0000027 - 0.000121

7.2. Modified Posada (1995)

Equation (6.1) was verified using data in Group 2. As a result of this verification.
discrepancy ratio and correlation coefficient of original Posada and modified Posada are

shown in Table 7.1.
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Table 7.1. Discrepancy ratio and correlation coefTicient of original Posada and

modified Posada using data in Group 2

Original Posada modified Posada
R, & R, G
D D

Silt-bed rivers 0.12  0.8393 0.88 08018
_very fine to fine sand-bed rivers 0.33 0.7845 1.01 0.8239
medium to very coarse sand-bed rivers 1.12 0.7511 1.07 0.8006

gravel-bed rivers 13.516 0.8357 047 0.9591

The comparison between original Posada and modified Posada using the data in

Group 2 for various river-beds can also be seen in Figure 7.1.

e
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Figure 7.1. Verification of Equation (6. 1) for several diameters of river bed data from Group 2
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7.3. Modified Simons et al. (1981)

Equation (6.3) was verified using data in Group 2. As a result of this verification,

discrepancy ratio and correlation coefficient of original Simons et al. and modified

Simons et al. are shown in Table 7.2.

The comparison between original Simons et al. and modified Simons et al. using

the data in Group 2 for various river-beds can also be seen in Figure 7.2.
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Figure 7.2. Verification of Equation (6.3) for several diameters of river bed data from Group 2
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Table 7.2. Discrepancy ratio and correlation coefficient of original Simons et al. and

modified Simons et al. using data in Group 2

Original Simons et al. modified Simons et al.
R, C. R, C.
silt-bed rivers 0399 0258 1.01 0.285
very fine to fine sand-bed rivers 1281 0.684 1.08  0.6605
medium to verv coarse sand-bed nvers 1.364 0.627 0.85 0.6601

7.4. Modified Laursen (1958)

Using the proposed method and data in Group 2 the sediment discharge for each

kind of river bed was computed and the results are summarized in the following.

1. Gravel-bed rivers

The relationship between u</e; and f{u-/®;) from Meyer-Peter-Muller data for
gravel-bed materials is still in the range of the relationship between u+/©; and f(u-/c;)
from data in Group 1 (see Figure 7.3).

However, using Figure 7.3. and trend line analysis in Excel software, Equation

(6.24d) can be modified into

y =3.4943Ln(x)+4.112 “.1)
with R* = 0.8817
in which
v = Log f(u/0i,)

X = U«/@;,
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Figure 7.3. Relationships between uJw; and logf(uve) for gravel-bed rivers (groupl) and
gravel-bed Meyer-Peter-Muller laboratory data (group2).

Using this equation and Equation (6.26) with variable a = 0 {Equation (6.26) is
the same as Equation (6.25) or modified Laursen 2 is the same as modified Laursen 1},

comparison of Cppm measured and Cppm computed by modified Laursen was plotted in

Figure 7.4.
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Figure 7.4. Cypn measured and computed using proposed method for gravel-bed rivers using

data Group 2

The original Laursen graph produces C,om computed mostly greater than Cypm
measured. The modified Laursen graph as shown in Figure 7.4. shifted the Cyom
computed to become closer to the Cppm measured. However, two ranges of values occur
when the Cyppm computed is compared to Cppm measured. These phenomena possibly due
to the fact that although dso is gravel, some sand particles still exist in the river-bed hiding
behind the gravel particles in the bed. This condition produces bimodal distribution when
the grain size versus probability is plotted, because as stated by ASCE Task Committee
(1992), cobble-gravel stream beds are characterized by bimodal distribution: a surficial
layer of cobble and gravel overlies a poorly graded mixture of coarse and finer material
(sand). This layer is relatively stable during most flows in some stream and some sands
move over this layer throughout. Conversely, these phenomena also happen in medium to
very coarse sand-bed rivers. Although dso is in the range of sand-bed, some gravel

materials still exist.
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Accordingly, since only a few data of Group 2 (only lab data) and the occurrence
of bimodal distribution, for gravel-bed rivers, further research should be done to develop
the best relationship between Cppm measured and computed. The results could be
compared to Meyer-Peter and Muller formula since this method was preceeded by almost
20 years of experimental work and probably is the most widely used in engineering

practise particulary in European countries (Bogardi, 1978; Simons & Senturk, 1992).

2. Medium to very coarse sand-bed rivers

From computation C,,m for data in Group | using existing sediment transport
relation, Toffaletti are the best with discrepancy ratio of 0.93 (See Figure 4.3 and Table
4.5.). Comparisons C,pm measured and Cppm computed using original Laursen. modified

Laursen 1, modified Laursen 2 {Equation (6.26) with a = -0.2} and the best existing

relation for medium to very coarse sand-bed rivers (Toffaletti, §:=0.93) are shown in

Figure 7.5.
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Figure 7.5. Comparison Cpe measured and C,,,., computed using original Laursen, modified
Laursen 1, modified Laursen 2 and Toffaletti for medium to very coarse sand bed-rivers data

in Group 2
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The discrepancy ratios between Cppm measured and computed are shown in

Table 7.3.

Table 7.3. Discrepancy ratio, R, , between Cppm computed and measured for

medium to very coarse sand-bed rivers data in Group 2

Modified Modified Laursen Toffaletti
Laursen 1 Laursen 2 method
Discrepancy ratio l—{: 0.98 1.57 0.24 0.89

Although the discrepancy ratio of modified Laursen 2 is greater than modified
Laursen 1. visually from Figure 7.5. it seems that modified Laursen 2 is much better than
the other methods. This is possibly due to error in measurement causing some results for
the comparison to fall outside of the range of good correlation. For example. Brownlie
(1981c¢) reported some field data sets contained a number of errors and Rijn (1982) also
mentioned that India Canal data contained a 12 % error in sediment concentration.

Accordingly. for this river-bed modified Laursen 1 or Laursen 2 are

reccommended to be used.

3. Very fine to fine sand-bed rivers

From computation Cy,m for data in Groupl using existing sediment transport
relation Karim & Kennedy are the best with discrepancy ratio of 0.90 (See Figure 4.2.
and Table 4.3.).
Comparisons of Cpypm measured and Cppm computed using original Laursen. modified

Laursen 1. modified Laursen 2 {Equation (6.26) with a = 0.078} and the best existing

relation for very fine to fine sand-bed rivers (Karim and Kennedy, E[; = 0.90) are shown

in Figure 7.6.
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Figure 7.6. Comparison Cpy,, measured and C,,,. computed using original Laursen, modified

Laursen I, modified Laursen 2 and Karim & Kennedy for very fine to fine sand-bed rivers data

in Group 2

The discrepancy ratios between C,,m measured and computed are shown in Table

7.4.

Table 7.4. Discrepancy ratio, R, , between Cppm computed and measured very fine

to fine sand-bed rivers for data in Group 2

Modified Modified Laursen Karim &
Laursen 1 Laursen 2 method - Kennedy
Discrepancy ratio E{; 1.32 1.01 0.36 1.11
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From Figure 7.6 and Table 7.4. it seems that Cpm computed using modified
Laursen 2 fits quite well with Cyr, measured. Hence, for very fine to fine sand-bed rivers,

this proposed modified Laursen can be used.

4. Silt-bed rivers

From the results of computation C,pm for data in Groupl, Einstein is the best with
discrepancy ratio of 1.06 (See Figure 4.4 and Table 4.7). Comparisons Cppm measured
and Cppm computed using original Laursen, modified Laursen 1 (Equation (6.25);.
modified Laursen 2 {Equation (6.26) with a = 0.06} and the best existing sediment

transport relation for silt-bed rivers (Einstein) are shown in Figure 7.7.

164065 -

1800 1601 1E:2 1608 1E04 1605
Cppm (meaared)

Figure 7.7. Comparison C,,,, measured and C,,,, computed using original Laursen, modified

Laursen 1, modified Laursen 2 and Einstein for silt-bed rivers data in Group 2
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The discrepancy ratio between Cppm measured and computed are shown in

Table 7.5.

Table 7.5. Discrepancy ratio R, between Cppm computed and measured for silt-

bed rivers data in Group 2

Modified Modified Laursen Einstein
Laursen 1 Laursen 2 method
1.17 0.99 1.45 0.50

Discrepancy ratio R,

It is obvious from Figure 7.7 and Table 7.5 that Modified Laursen 2 produces the
closest results to the Cppm measured compared to Modified Laursen 1. Laursen method.
and Einstein. Hence. for silt-bed rivers. modified Laursen 2 is recommended to be used to

calculate the sediment discharge.

5. Channel Size

As stated in the previous chapter the analysis of sediment transport relations is
also divided based on channel size into three main categories: small rivers. intermediate
rivers and large rivers. From Figure 4.14. the relationships between u+/m; and f(u./e;) for
these three kinds of channel size from data in Groupl seem to follow the proposed
modified Laursen graph. Validation for this consistency is examined using data in Group
2 for three kinds of channel size. The relationships between u./w; and f(u./®;) from data
of Group 2 for these three kinds of channel size are plotted with the Laursen graph and

are shown in Figure 7.8.
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Figure 7.8. Relationships between uvw; and logf(uv/w) for various river size and proposed

modified Laursen graph.

From Figure 7.8 it can be concluded that consistency of the relationships between
u«/e; and logf(u+/e;) is quite good for several kinds of river size based on data in Group
2. This figure also shows that for different kinds of mean bed sediment size (from silt to
gravel) the proposed modified Laursen graph works well. However, aithough for gravel-
bed the field data and laboratory data tend to have the same values of the u.</®; and
logflu-/ey;) relationships, further research should be done since available data for this

river-bed type are not as many as the sand-bed rivers.
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7.5. Verification Using Laboratory Data

7.5.1 General

The new proposed methods (modified Posada. Simons et al. and Laursen) were
developed for various conditions using field data. However. the applicabilty of these
methods were verified using laboratory data.

For a long time. experiments involving laboratory-scale alluvial channels is an
important component of the study of river channel developments. evolutions and
geometric forms (Leopold & Wolman. 1957; Wolman & Brush. 1961: and Schumm &
Kahn. 1972). However. Dade & Friend (1998) pointed out an important limitation of this
approach. When they plotted the relationship of shield parameter (z-) and grain Reynolds
number (Re.). note that mixed load and bed load from laboratory data have lower values

of Re. for the same t. compared to the same load obtained from rivers.

in which
T. :————( deh (7‘2)
ps —-p s
R, =4 (1.3)
v
in which

p = density of water
= channel slope
d = flow depth
ds = particle diameter of bed material

u- = shear velocity

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



p< = density of solid particle

v = kinematic viscosity of transporting fluids

In fact, the form of laboratory scale channels appears to be near critical condition
for sediment transport. This difference between experimental and natural channels is due
in part to the relatively small Reynolds numbers of laboratory scale. Open channel flows,
when Re is less than about 10*, do not fully develop the turbulence patterens (Schlicting.
1979). The mixing created by the turbulence is not only responsible for the transfer of
momentum and shear, but also for that of suspended matter (Holtorff, 1983; Kikkawa &
Ishikawa, 1978).

Brownlie (1981a), during the development of his equation for sediment transport
relation, used a coefficient of Cg to distinguish laboratory data and field data, since field
data tended to have slightly higher sediment concentration than laboratory for a similar
range of dimensionless numbers. The values of Cg for laboratory data and field data are
unity and 1.268 respectively. However, no theoretical description is found in his
dissertation.

A total of 780 sets of laboratory data from 18 sources (see Sub-chapter 3.3) were

used to verify the new methods.

7.5.2 Maodified Posada

Comparison unit sediment transport discharges q; measured and s computed

from modified Posada using laboratory data are shown in Figure 7.9 and Table 7.6.
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Table 7.6. Discrepancy ratio ﬁ; and Coefficient Correlation C. between q;

computed and measured from Modified Posada using laboratory data

River-bed Original Posada [Modified Posada Modified Posada
without correction Factor  |with Correction Factor
R D Cc R D Cc R b Cc
silt-bed 0.004| 0.885 0.150 0.944 1.000 0.944
v. fine to fine sand-bed 0.277| 0.890 1.440 0.929 - -
med to v. coarse sand-bed 1.060| 0.755 1.230 0.812 - -
gravel-bed too high| 0.297 9.150 0.950 1.000 0.950

As shown in Figure 7.9 and Table 7.6. the modified Posada can be applied to the
laboratory data. However. a correction factor Cg has to be added for silt-bed data. since as
described in Section 7.5.1. the silt-bed channels from laboratory data did not (possibly)

develop fully turbulent as the silt-bed data from field data. To increase the discrepancy

ratio R, from 0.150 to become 1.00. a value Cy of 6.66 should be added to the
Modified Posada for silt-bed channel from laboratory data. No correction factor was
needed for the Modified Posada for sand-bed channels from laboratory data. However.

for gravel-bed channel a value of 0.109 was added to the Modified Posada.

7.5.3 Modified Simons et al.

A comparison sediment transport discharges Cppm measured and Cypm computed
from modified Simons et al. using laboratory data are shown in Figure 7.10 and Table

7.7.
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Table 7.7. Discrepancy ratio ED_ and Coefficient Correlation C. between Cppm

computed and Cypm measured from Modified Simons et al. using laboratory data

River-bed Original Simons {Modified Simons et al. Modified Simons et al.
et al. without correction Factor  |with Correction Factor
R b Cc R D Cc R D Cc
silt-bed 0.044| 0.451 0.362 0.314 1.000 0514
v. fine to fine sand-bed 0.463| 0.733 0.450 0.828 1.000 0.828
med to v. coarse sand-bed 1.407( 0.704 1.190 0.700 -

As shown in Figure 7.10 and Table 7.7. the modified Simons et al. can be applied
to the laboratory data. However. a correction factor Cg has to be added for silt-bed data.
since as described in Section 7.5.1. the laboratory data silt-bed channels from may have
fully developed the turbulence patterns as the silt-bed data from field data. To increase
the discrepancy ratio R, from 0.362 to become 1.00, a value Cg¢ of 2.761 should be
added to the Modified Simons for silt-bed channel from laboratory data and for very fine
to fine sand bed channel, to increase the discrepancy ratio R, from 0.450 to become
1.00. value Cf of was 2.224. No correction factor was added to the Modified Simons for

medium to very coarse sand-bed channels from laboratory data.

7.5.4 Modified Laursen

The values f(u-/®) from laboratory data (780 sets of data) seem to follow the
theoretical explanation in Section 7.5.1 (see Figure 7.11). The values of f(u+/v) are less
than the values of f(u./w) from field data for the same value of u./®. Correction should be
made when the modified Laursen will be used in the experimental lab. Constants of 1.1
and 1.3 as correction factors Cg for silt bed and for sand-bed rivers, respectively, have to

be added to laboratory data to achieve the modified Laursen graph. Hence, the correction
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factors Cg¢ (Brownlie used Cg) for silt bed and for sand-bed rivers are: C. =1/1.1=091
for siit bed rivers and C. =1/1.3=0.77 for sand-bed rivers. These correction factors also

indicate that the smaller the bed material diameter the smaller the turbulence because of

the more stream lined bed forms.
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Figure 7.11. Relationships between u Jw; and f(u vw) from laboratory data
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Figure 7.12. Verification and correction for proposed method using various laboratory data
(780 sets of data from 18 sources)
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A plot of the field data and lab data after correction of the relationships u+/© and
f(us/®) into the Laursen graph shows that the modification laboratory data seems to fit

quite well with the laboratory data for several kinds of river-beds (see Figure 7.13).
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Figure 7.13. Comparison of field and modified laboratory data for the relationship between
u vow and f(uvw) for several kinds of river-bed.

Comparison Cppm measured and Cppm computed for several diameters of river-bed
material using laboratory data are shown in Figure 7.14. Simons (1957) were also used in
this comparison. Simons (1957) data were very carefully collected on straight and
uniform sections with very good weather condition. Although the data were very limited
(only 12 sets of data) but they were the most accurate field data (Albertson, 1999).

Figure 7.14 shows that laboratory and Simons (1957) data seem to fit quite well
with the new proposed method based on modification of Laursen tor several kinds of

river-beds (see also Figure 7.13).
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Figure 7.14. Comparison between Cpp, measured and original Laursen and comparison
between C,p measured and Cppe modified Laursen for several diameters of river-bed material

using laboratory data and Simons (1957)data

7.6. Bedform

The bed configuration in alluvial channels can be divided into two sub divisions,
including lower regime and upper regime based on the shape, resistance to flow and
mode of transport (Simons & Richardson, 1966). The bed configuration that may form in
alluvial channel in the lower regime includes: plane bed without sediment movement,

ripples, dunes, washout dunes or transition. The bed configuration that may form in
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alluvial channel in the upper regime includes: plane bed with sediment movement,
antidune standing waves, antidune breaking waves. chutes and pools. Alluvial channels
under quasi-steady conditions will adopt some definite bed configuration that dominates
on the magnitude of hydraulic resistance and naturally this resistance would vary with the
changes in the bed. (Engelund. 1966; Garde & Rangaraju. 1966).

The antidune is the characteristic of the bed formation and the transition from
fully suspended flow to flow with a bed formation for supercritical flow of sand-water
mixtures (Ansley. 1965). Different bed form in alluvial channels has been considered as
an instability factor in a flat bed flow (Hill et al.. 1969). Their experimental resuits show
that the flow depth has no effect on the value of critical shear stress at which the flat bed
becomes unstable. The turbulence phenomena in rivers may still be the instigator of the
development of bed form (Vanoni & Brooks. 1957). If the bed Reynolds number (u.d/u)
reduces. the frequency of eddies to penetrate the bed decreases. However. the laminar
sublayer never becomes a perfect insulator.

Accordingly. flow regime (bed configuration) at least should be considered in the
development of sediment transport relations in alluvial streams (Garde & Albertson.
1958: Bishop et al.. 1965, and Albertson. 1999).

In verification of the proposed method the flow regime should be included.
However. from the 33 river data only 5 river systems were observed with regard to flow
regime: American Canals collected by Simons (1957). Pakistan Canals collected by
Mahmood et al. (1979). Rio Grande Conveyance Channel, the Niobrara River. and the

Hii River. In American Canals, Pakistan Canals, Rio Grande Convey and the Niobrara
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River the bed forms were dunes, transition and plane bed with sedimentation. The bed
torms in the Hii River, however, were only ripples and dunes.

American Canals consist of only 12 data. Pakistan Canals consist of 142 data, but
the data with bed form observed were only 30 sets of data. The Rio Grande Conveyance
Channel consists of only 9 sets of data. Data of Niobrara River were 40 sets and the Hii
River consists of 38 sets of data. Hence, the total field data with bed form observation
were 139 sets. Additionally, laboratory studies with a total of 780 sets of data from I8
sources were selected. These data were described in detail in Section 3.3.

The comparison of Cppm measured and Cypm computed using modified Laursen 2
for each bed form condition is shown in Figure 7.15.
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Figure 7.15. Comparison between Cypn measured and C,,,, computed by modified Laursen 2

for several bed-forms using 780 sets of laboratory data.

From this figure it can be concluded that the Cppm computed tends to increase

from plane bed to transition in the lower regime. However, in ripple some values has
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Copm computed quite high. In the upper regime the Cypm also has a tendency to increase
from plane bed with sediment movement to chute (or pool). However, some values of

Copm in ripples (lower regime) are higher than Cppr, in chute (or pool) zone.

Considering the conditions of bed forms in term of lower regime and upper
regime Figure 7.16 shows the comparison C,,m measured and Cpm computed by
modified Laursen 2 for lower regime and upper regime. From Figure 7.16, the distinction
between lower and upper for both methods is quite clear. For both methods. the lower
regime mostly has lower value of Cppm than the upper regime. The treshold between the
upper regime and the lower regimes lies on sediment concentration of about 1000 Cypn.
This value agrees with what Watson et al. (1998) have observed. A substantial increase in
stability is found as disturbed channels evolve to sediment transport capacity less than

about 1,000 — 1,200 ppm in a severely incised sand bed in northern Mississippi.
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Figure 7.16. Comparison between C,p measured and Cppn, computed by modified Laursen 2 in

the lower and upper regimes using laboratory data
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Plotting slope versus sediment concentration (Figure 7.17.) indicates that beyond
a slope of S = 0.006. only upper regime exists. At sediment concentration about 1.000
ppm mixed conditions between lower regime and upper regime occur. Accordingly. the
sediment concentration can also be related to a treshold of sepecific stream power. Sp,.
which is defined as Sy, = YQS/w (Bledsoe. 1999).

When the slope S versus grain Froude number F, are plotted (Figure 7.18). the
results of flow regimes mostly agree with the Brownlie data as plotted in Figure 2.12.
Plane bed without sediment. ripples and dunes that characterize the lower flow regime
occur below the line of F;". Antidunes and chutes/pools that characterize the upper flow
regime lie above the line.

The transition zone exists between washout dunes to plane bed with sediment
transport (Simons and Richardson. 1966). These two kinds of bed configuration as shown
in Figure 7.18. mostly follow the line of F,". However. some values of plane bed with
sediment transport are much below of the line.

The shift from lower to upper regime represents an abrupt and significant
decrease in bed roughness. with a corresponding decrease in depth. and increase in flow

velocity and sediment transport (Bledsoe, 1999).
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Chapter 8
CONCLUSIONS

8.1. General

In this dissertation, new methods for predicting the sediment transport rates of
bed-material in alluvial channels are presented. The proposed methods were developed
based on the Posada method (1995), the Simons et al. method (1981), and the Laursen
method (1958).

A total of 33 river systems including rivers in the USA, South America and Asia
with a total of 4532 sets of data (after compilation, 2946 sets of data) were used. The

summary and range of field data include:

Table 8.1. Summary of Field Data

Parameter min max
Discharge (m’/s) 0.064 557,445
Width (m) 1 3,338
Flow depth (m) 0.04 68
Flow velocity (m/s) 0.21 9.25
Mean bed diameter (mm) 0.005 76.113
Slope 0.000002 0.0126
Temperature (°C) 0 36
Transported sediment (Cppm) 0.1 482,409
Range of bed form ripple | plane bed upper regime

Note: Bed form was observed only in 5 canals and rivers including American. Pakistan Canals . and Rio
Grande Convevance Channel and the Niobrara and the Hii Rivers.

The data were divided into two groups in random order; one for analysis and

development of new methods and the other for verification and validation.
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Additionally, 919 sets of laboratory data from 19 sources were selected to verify

the proposed methods. The laboratory data are summarized as follows:

Table 8.2. Summary of Laboratory Data

Parameter min max
Discharge (m’/s) 0.001 4614
Width (m) 0.267 2.438
Flow depth (m) 0.008 1.092
Flow velocity (m/s) 0.188 5.547
Mean bed diameter (mm) 0.011 28.60
Slope 0.00015 0.03310
Temperature (°C) 1.67 48.00
Transported sediment (Cppm) 0.0036 110,998.8
Bed form plane bed without sed. chute or pools

8.2. Ten Sediment Transport Relations

First, the 10 sediment transport relations were used to calculate the sediment
transport rates for gravel-bed rivers, medium to very coarse sand-bed rivers, very fine to
fine sand-bed rivers and silt-bed rivers. These relations were also used to compute the
sediment transport rates for small rivers (width < 10 m and depth < 1 m), intermediate
rivers (10 m < width <50 m and 1 m < depth < 3 m). and large rivers (width > 50 m and
depth > 3 m). The following conclusion can be drawn from the results of computational

sediment discharge (Cppm):

1. Gravel-bed rivers (2 mm < d; < 64 mm)

Compared to the measured values, none of the selected sediment relations can

accurately predict the sediment discharge. The closest values based on the discrepancy

ratio are Ackers & White (R,=0.33) and Brownlie (R,=4.25). However, based on the
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Pearson correlation coefficient for computed to measured Cppm. the best are Bagnold and
Shen & Hung. both with C. of 0.70 (see Table 4.2). On the other hand. as indicated in
Figure 4.1.. although Brownlie was developed for sand-bed rivers. it has the closest value
to Cppm measured. Hence, for gravel-bed rivers, it is difficult to decide which method s

the best.

2. Medium to very coarse sand-bed rivers (0.250 mm < d; <2.00 mm)

Toffaletti (R—D=O.93), and then Laursen (E;=0.60) and Bagnold (—R—D=l.68) are
the closest to the Cppn, measured. However, based on the Pearson correlation coefficient
Karim (C. = 0.66) followed by Brownlie (C. = 0.60) have the highest values compared to

measured values. Visually, the best relations are shown in Figure 4.8.

3. Very fine to fine sand-bed rivers (0.062 mm < d; < 0.250 mm)

Karim & Kennedy (R, =0.90), followed by Karim (R, =1.28) are the closest to
the Cppm measured. On the other hand, as shown in Table 4.4.. Brownlie (C. = 0.58) and
Toffaletti (C. = 0.52) have the highest correlation to the C,pm measured. Visually, the

best relations are shown in Figure 4.9.

4. Silt-bed rivers (0.004 mm < d, < 0.062 mm)

Einstein (R,=1.06) and Bagnold (R,=0.56) have the closest results to the Cppm
measured. However, as shown in Table 4.8., Toffaletti (C. = 0.48) and Brownlie (C. =
0.38) have the closest correlation to the C,,m measured. Visually, the best relations are

shown in Figure 4.10.
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s. Small rivers (width < 10 m and depth <1 m)

Brownlie (R, =1.18) and Karim (R, =1.19) give the closest results. However, as
shown in Table 4.10., Yang (C. = 0.85) followed by Toffaletti (C. = 0.79) have the

highest correlation to the Cypm measured.

6. Intermediate rivers (10 m < width <50 m and 1 m <depth <3 m)

Toffaletti (R,=0.94) and Brownlie (R,=0.94) are the closest to the Cypm
measured. However, from Table 4.12., Karim (C. = 0.76) followed by Yang (C. = 0.70)

have the highest correlation to the Cppm measured.

7. Large rivers (width > 50 m and depth > 3 m)

Bagnold (R, =1.04) and Laursen (R,=1.13) have the closest results to the Cppm
measured. However, from Table 4.14., Brownlie (C. = 0.80) and Shen & Hung (C. =

0.76) have the highest correlation to the C,pm measured.

It should be noted that for silt-bed rivers and for very fine to fine sand-bed rivers.
the Yellow River contributes about 77 % and 63 % of the data, respectively. As reported
by many authors. this river is an extremely heavily sediment-laden river and floods at
hyperconcentrations of sediment frequently occur. Accordingly. the characteristics of
hydraulic geometry and sediment will not be the same as in the case of common alluvial
rivers.

From Table 4.15. it can be seen that both Ackers & White and Toffaletti have a

tendency to increase the Cppm as the mean diameter of river becomes finer. This tendency
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also occurs when river size increases. The applicability the selected sediment transport
relations based on comparison between measured and computed sediment transport rates

by previous authors and the results analyzed in this study is summarized in Table 5.3b.

8.3. New Proposed Methods

8.3.1 Based on Modification of Posada Method (1995)

In a comparison to measured value the proposed method expressed in Equation
(6.1) and Table 6.4 gives best prediction for the data in Group 1 (see Table 6.5 and Figure
6.2b). The proposed method is also considerably improved over existing relationships

when it was verified by data in Group 2 (see Table 7.1 and Figure 7.1).

8.3.2 Based on Modification of Simons et al. Method (1981)

Compared to measured value, the new proposed method expressed in Equation
(6.3) and Table 6.7 gives best prediction for the data in Group | (see Table 6.7 and Figure
6.3). The proposed method is also considerably improved over existing relationships
when it was verified by data in Group 2 (see Table 7.2 and Figure 7.2). Although Simons
et al. was obtained under supercritical flow and for steep sand and gravel-bed rivers. the
proposed method can be applied to sub-critical flow for various sand-bed and siit-bed

rivers.

8.3.3 Based on Modification of Laursen Method (1958)

The Laursen method was modified in both the Laursen graph and Laursen
equation. The Laursen graph was modified and expressed in Figure 7.8. for various river-

beds and channel sizes. The Laursen equation was modified and expressed in Equation
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(6.25) (so-called modified Laursen 1) and in Equation 6.26 (so-called modified Laursen
2) with Table (6.12).

Based on comparisons of the new proposed Laursen graph to Laursen graph
modified by Madden (1985) and Copeland (Copeland and Thomas. 1989) as expressed in

Figure 5.20. some conclusions can be drawn:

a Gravel-bed rivers
Only the new proposed and Copeland graphs plotted the Laursen’s functional
relation. However. the new proposed produce smaller of f(u./®;) for the same value

of u./w; than the Copeland graph. although both are parallel.

a Sand-bed nivers
all modifications produce considerably higher values than the Laursen graph.
However. the proposed method is plotted more specifically according to particle

size ranging from very fine sand to very coarse sand-bed rivers.

2 Silt-bed rivers

Only the new proposed Laursen graph plotted the Laursen’s functional relation for

this kind of river-bed with values lower than the original Laursen graph.

The modification of Laursen by Madden and Copeland produced a modified
equation but still using size fraction. However. the new proposed method is simpler
because it uses uniform bed particle, ds,. (no size fraction) for the whole flow depth.

Although the new proposed methods produce best results compared to other
methods. errors in estimation of sediment transport load can be as large as one order of
magnitude (Julien, 1999). This is due to the complexity of parameters and variables

involved in sedimentation.

8]
(8]
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These three new proposed methods indicate that using a wider range of data it

may also be possible to modify the other sediment transport relations.

8.4. Laboratory Data

Modified Posada can be applied in the laboratory data with correction factors Cr

of 6.66 for silt-bed streams, no correction for sand-bed streams and 0.109 for gravel bed.

Modified Simons et al. can be applied in the laboratory data with correction
factors Cr of 6.66 for silt-bed streams, 2.224 for very fine to fine sand bed channels and

no correction factor for medium to very coarse sand-bed channels.

Modified Laursen can be applied in the laboratory data with correction factors of
0.91 for silt-bed streams and 0.77 for sand-bed streams. No correction factor is added into

the gravel-bed channels.

8.5. Bedform

From Figure 7.13, it can be concluded that in the lower regime the C,pm computed
tends to increase from plane bed to transition. However. in the ripple zone some values
have Cppm computed quite high. In the upper regime the Cppm also has a tendency to
increase from plane bed with sediment movement to chute (or pool). From Figure 7.16, it
can be concluded that the lower regime mostly has lower values of Cypm than the upper
regime.

The treshold between the upper regime and the lower regimes lies on sediment

concentration of 1,000 Cppm. Accordingly, the sediment concentration can also be related
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to a treshold of sepecific stream power. ®. Plotting slope versus sediment concentration

(Figure 7.18) indicates that beyond a slope of S = 0.006. only upper regime exists.

8.6. Overall Conclusions

Some major contributions of the present research were developed from a wide
range of field and laboratory data. These contributions are:

The applicability of the ten sediment transport relations in various river beds and

channels sizes.

e The study also indicates that there is no universal sediment transport equation
available for all conditions, including various river-beds and river sizes.

e This study shows the modifications of Posada (1995), Simons et al. (1981) and
Laursen (1958) methods. Although a wide variety of field data were used and the new
proposed methods produce better results compared to other methods. However. errors
in estimation of sediment transport load can be as large as one order of magnitude.

e Eventhough the modifications were developed using field data. they can be also
applied in the laboratory by adding a correction factor.

e The new proposed methods indicate that using a wider range of data it may also be

possible to modify other sediment transport relations.
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Chapter 9
RECOMMENDATIONS

Some recommendations can be drawn from this study:
1. Applicability of the new proposed methods in the present study should be tested for a
wider range of sediment conditions, especially for gravel-bed and silt-bed rivers. The

results for gravel-bed rivers could be compared to Meyer-Peter and Muller.

(28]

Since the Yellow River, with hyper-concentrations of sediment, dominates the data
for fine-sand to silt-bed rivers, further research related to hyper-concentrations of
sediment of this kind of river-bed should be conducted.

Selection of parameters to evaluate sediment transport models in terms of accuracy

(V]

and validation should be conducted.

4. This study does not include the effect of water temperature. As stated by Hong et al..
1984. temperature changes from 30° C to 15° C has no effect on the sediment
discharge. However, the effect will become more pronounced with further
temperature decrease. About 40 % of the data inlvolve temperatures lower than 15° C.
Accordingly, further research should be conducted on sediment transport relations

involving water temperature especially for this range of data.

o
—_—
]
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5. Since field data are used as the data base for developing new sediment transport
relations. improvement and refinement of the procedures of measurement for
practical purposes should be done to obtain more accurate field data.

6. Modification can also be applied for any sediment transport equation using a wider
range of data. Therefore. for engineering purposes. the steps of sediment transport
analysis are as follows (Simons & Senturk. 1992, also strongly recommended by
Simons. 1999):

2 Examine the available transport equations and determine which ones are best for a
specific river system.

a Calculate the rates of transport using selected relationships and compare the
results with field data.

o Select the relationship which best agrees with field observations and if data are
available. refine and modify this relationship so that it is site specific.

a3 If the river will be used for very important purposes. such as dams. navigation.
etc.. additional field observation should be conducted so that the chosen sediment
transport relation could be extended to a wider range of flow conditions.

7. Most sediment transport relations have been developed under the condition of steady
uniform flow. but. research on the condition of unsteady flow is fairly limited
(McDowell. 1989; Song & Graf. 1997). The basic equations for unsteady flow can be
derived from the equation of motion of sediment-laden water. continuity for sediment
and continuity for water (Chang & Richards, 1971; Lyn. 1987; Palaniappan et al.,

1998). Increased research should be conducted for this condition.
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8. Research should be conducted for predicting total bed material transport rate for
several kinds of river-bed with more data especially on gravel-bed and silt-bed rivers.
9. Since flow regime should be considered in the development of sediment transport
relations in alluvial streams and mostly only laboratory data have been used for
verification. investigation should be conducted with more field data on bed

configuration.
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APPENDIX A. DETAILS OF FIELD DATA

(28 pages)
Data Date of Water Channel Flow Flow Mean bed WS Water Transported Bed
Source mecasure- discharge width Depth velocity diameter Slope  temp Sediment Form
ment w h v d, S. Concent.
m's m m m/s mm mm °C ppm

1 2 3 4 5 6 7 8 9 ] 11
Ama Apure above El Saman 0206/87 300.00 135.00 247 0.90 0.364 0.000145 29 56 0
Ama Apure above El Saman 05/21/86 1290.00 218.00 5.26 112 0.298 0.000t46 29 166 0
Ama Apure above Portuguesa 05/19/86 1430.00 263.00 195 1.10 0.378 0.000089 29 236 0
Ama Apure at Cano Ruende 02,0887 252.00 151.00 223 0.75 0.584 0000139 29 34 [}
Ama Apure at El Perro 03/16/83 235.00 237.00 1.98 0.50 0.273 0.000030 29 5 [
Ama Apure at El Perro 02:14/87 324.00 234.00 2.38 0.56 03313 0000118 29 23 0
Ama Apure at El Perro 05/15/86 800.00 266.00 331 0.79 0296 0000057 30 65 0
Ama Apure at El Perro 06/06/85 874.00 266.00 490 0.67 0.308 0 000030 29 15 0
Ama Apure at El Perro 11729/82 1040.00 260.00 4.71 0.85 0227 0.000030 27 72 0
Ama Apure at El Perro 10/10/84 2400.00 233.00 8.73 1.18 0.273 0.000030 29 130 0
Ama Apure at Las Culatas 02/10/87 322.00 235.50 2.71 0.51 0.542 0000139 29 13 Q
Ama Apure at Palmanto 020287 134.00 106.00 211 0.60 0.279 0.000218 29 68 0
Ama Apure below Bruzual 02,05/87 293.00 186.00 1.85 0.85 0.896 0.000238 29 43 0
Ama Apure below Bruzual 0522/86 1190.00 21400 435 1.28 0.438 0.000182 29 220 0
Ama Cano Boqueron below puente Boqueron 0/11/87 32.40 67.00 240 0.20 0220 0.000118 29 10 0
Ama Cano la Tigra. $ km above mouth 020287 106.00 136.00 1.42 0.55 0.767 0.000225 29 38 0
Ama Cano la Tigra. 4 km above mouth 05723/86 308.00 140.00 245 0.90 0.37 0.000225 29 136 0
Ama Cano Las Garzas. 1 km above mouth 02/09/87 22.10 31.50 123 0.57 0.519 0.000139 29 15 0
Ama Cano Las Garzas. 2 km above mouth 02,09/87 52.10 102.50 1.51 0.34 0423 0.000139 29 8 0
Ama Cano Manati at Manati 0215/87 185.00 104.00 433 0.41 0185 0.000076 29 46 0
Ama Madeira at Urucurituba 12/11/82 23100.00 1010.00 19.90 LIS 0089 0 000060 27 89 0
Ama Madcira at Urucurituba 7/11/83 24700.00 1040.00 23.70 1.00 0196 0.000045 27 1 0
Ama Masparro, | km above mouth 02/04/87 8.60 23.00 113 0.33 0.282 0.000238 29 39 0
Ama Masparro, 5§ km above mouth 052286 52.00 49.50 1.46 0.72 0.296 0000182 29 194 0
Ama Orninoco at bachaquito 03.09/83 4030.00 1315.00 3.74 0.82 0§32 0.000059 32 6 0
Ama Orinoco at bachaquito 05/30/85 12100.00 2170.00 6.50 0.86 0492 0 000063 28 15 0
Ama Onnoco at bachaquito 11/19/82 14000.00 2181.00 6.85 094 0.487 0.000058 29 17 0
Ama Orinoco at bachaquito 11/18/82 14400.00 2172.00 6.99 0.95 0499 0.000058 29 17 o]
Ama Orninoco at bachaquito 10/15/8% 22600.00 2501.00 9.05 1.00 0393 0.000065 28 24 0
Ama Onnoco at Cabruta-Caicara 08/18/82 59900.00 2560.00 16.50 1.42 0374 0 000047 29 6l 0
Ama Onnoco at Caura mouth 08/19/82 57300.00 2195.00 17.40 1.50 0.396 0.000058 28 60 0
Ama Onnoco at Cuniquima-Capuchinos 06/05/85 22100.00 2890.00 7.21 1.06 0217 0000033 28 80 0
Ama Orinoco at Curiquima-Capuchinos 10/11/84 34600.00 3270.00 11.00 0.96 0.342 0 000035 29 30 0
Ama Orinoco at Curiquima-Capuchinos 08/17/82 47100.00 3338.00 12.60 112 0.375 0000033 28 37 0
Ama Orinoco at El Almacen 12/05/82 23800.00 221500 1090 0.99 0428 0.000047 28 8 0
Ama Orinoco at El Almacen 06/24/82 50900.00 2650.00 16.30 1.18 0350 0.000041 28 59 0
Ama Orinoco at El Almacen 087282 65000.00 2680.00 17.20 [ 0431 0 000042 29 82 0
Ama Orinoco at Guarampo-Punia Cuchillo 12/06/82 23000.00 1905.00 15.50 0.78 0378 0.000039 28 4 0
Ama Orinoco at Guarampo-Punta Cuchillo 06/25/82 49600.00 1910.00 19.60 1.33 0.495 0.000043 28 2 1]
Ama Orinoco at Guarampo-Punta Cuchillo 08/23/82 67100.00 2040.00 21.40 1.54 0426 0.000048 30 75 0
Ama Orinoco at Isla Ceiba 08/15/82 30800.00 2505.00 .40 1.08 0.404 0.000062 27 29 0
Ama Orinoco at Musinacio 03/19/83 7240.00 1120.00 13.50 0.48 0427 0.000042 30 0 o]
Ama Oninoco at Musinacio 12/03/82 25400.00 1275.00 18.80 1.06 0.489 0.000046 28 16 Q
Ama Orinoco at Musinacio 06/22/82 52000.00 1208.00 26.20 1.64 0338 0.000055 27 32 0
Ama Orinoco at Musinacio 08/20/82 70700.00 1310.00 28.00 1.93 0499 0.000058 30 58 0
Ama Orinoco at Parguaza 03/12/83 5390.00 918.00 15.10 0.39 0.297 0.000058 31 0 0
Ama Orinoco at Parguaza 1121/82 17300.00 1227.00 13.80 1.02 0110 0.000058 29 It 0
Ama Orinoco at Parguaza 10/13/84 27300.00 1150.00 17.20 1.38 04326 0.000058 28 35 0
Ama Orinoco at Parguaza 08/16/82 43700.00 1333.00 17.80 1.84 0.436 0.000061 27 102 0
Ama Orinoco at San Femando de Atabapo 05/26/85 2650.00 849.00 3.76 0.83 0.699 0.000037 30 21 0
Ama Orinoco at San Femmando de Atabapo 10/18/84 5260.00 840.00 6.73 093 0911 0.000037 30 8 0
Ama Paguey, 0.5 km above mouth 02/04/87 17.50 22.50 1.10 0.71 0427 0.000238 29 262 0
Ama Portuguesa at El Sombrerito 01 1/87 152.00 67.50 4.66 048 04318 0.000139 29 25 0
Ama Portuguesa at El Sombrento 05/18/86 317.00 77.50 6.14 0.67 02it 0 000089 29 1 0
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Ama Purus below Berun

Ama Sarare above Puente Remolino
Ama Sarare above Puente Remolino
Ama Solimoes at Anon

Ama Solimoes at [lha Xibeco
Ama Solimoes at lquitos

Ama Solimoes at Iquitos

Ama Solimoes at Jutica

Ama Solimoes at Manacapuru
Ama Solunoes at Manacapuru
Ama Solimoes at Santo Antonio do Ica
Ama Solimoes at Santo Antonio do fca
Ama Solimoes at Santo Antonio do Ica
Ama Solimoes at Sao Paulo de Olivenca
Ama Solimoes at Vargem Grande
Ama Solimoes below Itapeua
Ama Solimocs below Itapeua
Ama Solimocs below Itapeua
Ama Solimoes below Tupe
Amazon at Costa do Paura
Amazon at Iracema

Amazon at Obidos

Amazon at Obidos

Amazon at Obidos

Amazon at Obidos

Amazon at Obidos (Vertical c)
Amazon at Obidos (Vertical d)
Amazon at Obidos (Vertical ¢)
Amazon at Obidos (Vertical f)
Amazon at Obidos (Vertical g)
Amazon at Sao Jose do Amatari
American Canal

American Canal

American Canal

Amernican Canal

American Canal

American Canal

American Canal

American Canal

American Canal

American Canal

American Canal

American Canal

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

Atchfalaya River

3

12/06/82
01.30:87
05725/86
12/06/82
11/30/82
07.08/76
052077
12.:03/82
0572877
062276
11729/82
052277
06/29/76
052277
11727/82
12/05/82
02722/34
0526:77
12/01/82
12/1/82
06/11:77
12/13/82
03/04/84
06/02777
06/14/76
06/0277
06/0277
06/:0177
06:02/77
06,0277
12/10/82

12/18/53
03/19/54
03724/54
12/10/53
06/19/54
12/03/53
04724/55
05/01/55
03/10/54
01728/55
0121/55
06/25/54
07/06/54
03/31/54
10/08/54
03/05/54
09/24/54
10/15/54
11726:53
1231/54
04/07/45
110117

k)

5010.00
135.00
272.00
75700.00
66600.00
38100.00
43600.00
71300.00
133000.00
140000.00
65400.00
83700.00
86100.00
63600.00
57100.00
80800.00
85200.00
151000.00
62700.00
120000.00
155000.00
123000.00
177000.00
230000.00
235000.00
139.00
128.00
111.00
118.00
139.00
90600.00
1.22

1.56

3.20

4.14

4.83

5.01

5.62

6.42
10.47
12.59
29.18
29.40
382.32
637.20
651.36
719.33
843.94
1073.33
1084.66
1138.46
1169.62
1200.77
1214.93
1237.58
1237.58
1240.42
1263.07
1376.35
1393.34
144998
1707.70
1770.00
2044.70
2143.82

580.00
170.00
167.50
1819.00
1720.00
970.00
1080.00
3020.00
3130.00
3100.00
2160.00
2129.00
2100.00
1400.00
1360.00
1400.00
1418.00
1000.00
1530.00
2500.00
2400.00
2200.00
2250.00
2340.00
2600.00
1.00
1.00
1.00
1.00
1.00
1510.00
3.19
349
3.96
9.33
10.73
7.62
7.59
12.56
6.92
11.73
22.19
14.81
304.80
307.85
307.85
307.85
310.90
313.94
313.94
31394
31394
316.99
316.99
313.94
316.99
313.94
316.99
316.99
316.99
316.99
323.09
323.09
321.56
32827

2340
(1)
1.68

21.80

21.80

23.00

23.80

16.90

27.60

28.10

19.00

22.00

21.90

2370

22.70

36.10

37.30

62.30

23.90

38.90

45.00

46.20

48.50

55.80

48.90

65.00

68.00

63.00

65.00

63.00

44.60
0.80
0.80
1.32
1.07
0.89
0.89
1.01
1.01
1.60
1.83
253
2.59
6.10
6.22
6.22
6.25
643
6.89
6.28
6.22
6.83
6.46
6.40
6.74
6.80
6.80

6.61
7.19
6.89
6.92
71.59
7.04
997
9.85

0.37
0.68
097
1.84
1.78
1.7
1.70
1.40
1.54
1.61
1.59
1.79
1.87
1.92
1.85
1.60
1.61
242
1.71
1.3
1.44
1.21
1.62
1.76
.85
214
1.88
1.76
1.81
220
1.35
047
0.56
0.61
0.41
0.51
0.73
0.73
050
0.95
0.59
0.52
0.77
0.2t
0.33
034
0.37
042
0.50
0.55
0.58
0.55
0.59
0.60
0.59
0.57
0.58
0.60
0.60
0.64
0.66
0.70
0.78
0.64
0.66

0.232
0.349
0.211
0.331
0212
0.255
0.220
0.192
0.216
0.244
0.244
0.198
0.238
0233
0.196
0.154
0.120
0.409
0343
0.141
0.171
0.135
0.122
0.237
0.243
0.149
0.149
0.371
0.376
0.124
0.259
0.229
0.173
0.349
0318
0.465
0.580
0.715
0.446
0360
0.096
0.253
0.311
0.124
0.161
0.091
0.153
0.127
0.138
0.091
0.091
0.157
0.138
0.130
0.123
0.132
0.155
0.123
0.151
0.119
0.141
0.169
0.144
0.189
0.223
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Atchfalaya River
Atchfalaya River
Atchfalava River
Atchfalava River
Atchfalaya River
Atchfalaya River
Artchfalaya River
Atchtalaya River
Atchfalaya River
Atchfalava River
Atchtalaya River
Atchtaiaya River
Atchtalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Archfalasa River
Atchfalava River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Archfalayva River
Atchfalasa River
Archfalaya River
Atchfalaya River
Atchfalaya River
Atchfalava River
Atchfalaya River
Atchfalaya River
Archfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Atchfalaya River
Black River

8lack River

Black River

Black River

Black River

Black River

Black River

Chippewa River,
Chippewa River,
Chippewa River,
Chippewa River,
Chippewa River
Chippewa River
Chippewa Ruver,
Chippewa River,

. Carryville
, Carryville
, Carryville
. Carrywville
. Carryville
. Camryville
, Carryville
. Carrywville

v

o1/12/46
10/05/45
11/15/17
06/12725
1217/43
03724/45
09/10/70
11/16726
10120/45
05/05/17
11/03/00
12/51/44
01/01/00
09/04/53
07/07.00
08/19/81
01/05/55
12/05/72
08128/53
08/17/55
08/05/81
12/06/79
01725/46
0772281
03/12/80
07731/55
04/15/81
04/29/81
09/11/44
12720779
01/06/81
01727/81
10729771
06:01/53
03/26/80
01/13/81
04/18726
01/19/81
09:03/53
o1/1281
09/30/80
10/06./80
01/05/81
04/10/71
07/16/71
10/20/80
10/13/80
0722/71
10/1171
08/17/98
03/31/78
08/09/78
05/10/78
11/08/77
06/13/78
10/28/78
05/31/79
04/13777
1116177
C4/14/78
05/10/77
06/06/78
07/06/77
1117176
10112777

3
2155.15
2177 81
217976
2282.59
2288.26
2288.26
232790
2359 06
2415.70
242136
247517
2500.66
2554.46
2730.05
2766.86
3086.88
328512
3398.40

362496
3851.52
4163.04
4616.16
4984.32
5380.80
5494.08
6598.56
6853.43
7788.00
7986.24
8042 88
835440
843936
852432
852432
866592
9175.68
9543 .83
10223 52
11243.04
11497 92
11639.52
1178112
12007 68
12149.28
12574.08
13848 48
1418832
163
201
289
323
261
242
929
117

141

74
518
172

337

32

433

bR N

9 W W 19ty e
~) 0 b 1 N
[

® D L
S »

&

10.30
10.24
9.94
994
10.18
988
9.20
8.90
10.58
9.91
10.52
10.45
991
823
10.49
948
7.86
10.52
9.30
832
10.09
8.11
10.85
10.55
9.05
9.42
10.88
11.25
12.86
11.00
10.88
11.86
13.62
12.07
11.64
12.80
13.81
1295
1338
1387
13.23
13.17
13.29
14.75
14.54
13.41
13.75
14.20
14.41
14.72
19
0.55
0.57
077
0.75
0.58
15
14
14

0.99
1.5
2.2

22

0.63
066
069
0.69
0.69
071
0.76
0.78
0.70
073
0.70
0.73
0.74
0.96
0.76
0.87
119
0.87
1.07
.16
092
121
1.04
1.00
1.31
137
1.22
1.20
1.30
1.55
1.74
1.53
1.45
1.67
1.77
1.53
1.50
1.53
1.64
1.54
1.7
1.88
1.91
1.68
1.73
1.96
193
1.86
2.03
192

1.0

0.5

0.5

0.5

0.5

04

0.5

Q.5

0.5

o8

0.3

06

0.8

0.2

0.9

0.195
0.241
0.209
0.201
0.208
0213
0.148
0.261
0226
0223
0.215
0.189
0.200
0.177
0.227
0.153
0.103
0.308
0.177
0.130
0.153
0.154
0.305
0.153
0.171
0.143
0.232
0.153
0211
0.172
0.179
0.188
0.192
0221
0.169
0.175
0.181
0.286
0.193
0.235
0.199
0.197
0.260
0.274
0.289
0.229
0.235
0.183
0.181
0.193
0.365
0.400
0.405
0.420
0.440
0.440
0.530
0.980
1.100
1.990
3.000
3.200
3.330
3.500
4.650
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8
0.000017
0.006017
0.000015
0.000022
0.000020
0.000018
0.000018
0.000024
0.000019
0.000017
0.000024
0.000019
0.000027
0.000019
0.000026
0.000027
0.000015
0.000029
0.000020
0.000023
0.000032
0.000024
0.000020
0.000031
0.000028
0.000028
0.000035
0.000036
0.000034
0.000034
0.000038
0.000038
0.000037
0.000043
0.000039
0.000038
0.000040
0.000041
0.000042
0.000045
0.0000-44
0.000048
0.000050
0.000045
0.000045
0.000051
0.000051
0.000047
0.000050
0.000049
0.00018
0.00027
0.00024
0.00023
0.00029
0.00018
0.00011
0.00013
0.00015
0.00025
0.00011
0.00019
0.00023
0.000093
0.00025

155
10
21

18
115
85
6.5
17
22
26
45
13

10
16
20
15
13
26
21
136
23
37
44
155
29

67
33
19
225
41
ol
208
57
174

122

232
252

74
120
146
183
102

1.147

27

13
23

22
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Chippewa River,
Chippewa River,
Chippewa River,
Chippewa River.
Chippewa River.
Chippewa River,
Chippewa Ruver,
Chippewa River,
Chippewa River,
Chippewa River,
Chippewa River,
Chippewa River.
Chippewa River,
Chippewa River,
Chippewa River,
Chippewa River,
Chippewa River,
Chippewa River.
Chippewa River,
Chippewa River,
Chippewa River,
Chippewa River,
Chippewa River,
Chippewa Rweer,
Chippewa River,
Chippewa River,
Chippewa River.
Chippewa River,
Chippewa River.
Chippewa River,

Chippewa River

Chippewa River,
Chippewa River,
Chippewa River,
Chuppewa River,
Chippewa River,
Chippewa River,
Chippewa River,
Chuppewa River.

Chuhtna River
Chuiitna River
Chulitna River
Chutitna River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Culorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River

{
Carryville
Carryville
Carryville
Carnryville
Carryville
Carryville
Carryville
Durand
Durand
Durand
Durand
Durand
Durand
Durand
Durand
Durand
Durand
Durand
Durand
Durand
Durand
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin
Pepin

5
10/18/76
04/05/78
04/17/79
10/31/78
09/13/77
07/06/78
04/23/79
05/10777
Q3717777
09/13/77
0Q7/06777
04/13/77
11/16/77
04/17/79
11/16/76
06/06/78
1012777
Q7/06/78
10/18/76
08724777
04/23/79
08/11/77
04/14/77
03/16/77
07724779
0707177
04/06/78
Q5730779
Q911779
09/14/77
06/07/78
10/19/76
09/20/78
1117176
11/01/78
09/20/76
05/16/78
09/01/76
11777
05/19/83
09/13/83
05/18/84
07/27/82

306
320
620
123
255
348
779
132
219
279
377
139
198
739

§1.5
247
479
473

507

5§3.8
884
110
155
257
140
399
391
219
118
295
217

725
320

70
187

70.5
170

76.2
210
347
279

924.5
77.53
92.03
96.79

105.34

105.34

108.23

109.16

111.65

115.25

118.19

12111

121.76

127.74

128.90

13145

132.24

134.00

13592

137.87

154.47

155.52

157.36

124
225
245

171

171
246
171
261
195
270
985
101
100
123
103 .08
130.54
95.73
130.54
106.35
106 .99
95.17
96.29
136.14
99.95
107.59
108.15
132.52
106.77
107 54
136.11
136.72
106.43
92.64
110.11
109 93
134.74

1
18
25
13
18
19
28

13
15
18
11
13
29
062
16
22

061
0.68
32
095
11
15
085
16
18
14
076
13
11
075
15
076
12
[oX-3
097
o8s
14
19
18
17
31
113
149
191
1.51
1 40
137
155
1.99
137
201
i 48
I 59
1.68
131
157
145
1 47
1.67
193
1.86
193
194

02
o8
1.0
05
Q7
[oX:]
11
07
08
09
09
07
0.8
11
0.6
07
10
1.0
Qs
0.5
1.1
05
06
07
0.7
0.9
0.8
07
07
0.9
07
06
08
05
06
05
07
05
06
18
1.5
15
25
0.66
047
0.53
0.53
.71
0.74
0.74
0.58
0.62
0.59
0.76
071
0.57
080
0.78
0.67
0.67
0.76
0.77
0.76
073
0.60

5.000
5.800
6.000
7.600
7.660
7.900
15.500
0.550
0570
0.580
0.600
0.610
0.630
0.640
0.650
0.680
0.710
0.740
0.870
0.880
1.300
0.400
0.440
0.460
04758
0.480
0.480
0.480
0.480
0.480
0.510
0.540
0540
0.560
0.560
0.580
0.600
0.620
0.710
2.500
7.650
20.500
24.500
0310
0.313
0.280
0.290
0.310
0.315
0.280
0.260
0.310
0.280
0.273
0.300
0.285
0.330
0.288
0315
0.285
0315
0.236
0.293
0.325
0.260
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8
0.00011
0.00023
0.00025
0 00017
0.00021
0.00025
0.00025
0.00033
0.00032
0.00034
0.00036
0.00034
0.00031
0.00031
0.00032
0.00035
0.00032
0.00029
0.00029
0.00032
0.00032
0.00032
0.00041
0.00045
0.00029
0.00037
0.00028
0.00017
0.00025
0.00037
0.00024
0.00036
0.00033
0.00058
0.00029
0.00039
0.00025
0.00039
0.00036
0.00068
0.00064
0.00074

0.0014
0.000207
0.000073
0.000133
0.000060
0.000233
0.000253
0.000277
0.000147
0.000176
0.000113
0.000333
0.000220
0.000100
0.000233
0.000260
0.000389
0.000183
0.000220
0.000196
0.000207
0.000167
0.000200

9

45
45
105
19
21

175

18.5
15
4.5
245
255

20.5
18.5
185
225

19
75

16
16.5

19
17

i
19
38
47
68
176
101

201

357

450
830
693

.183

86

23

23
312
133
113
365

18

62

21
152
105
139
239
225
172
176
195
13
198
200
177
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Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado Rinver
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Cotorade River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado Risver
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Cotorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
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158 40
166.08
169.90
173 16
175.59
178.11
181.17
181.65
183.78
184.20
187.60
191.93
194.90
196.07
198.90
203.52
209.80
210.28
216.91
217.08
219.12
219.80
220351
221.49
221.72
223.62
226.53
228.94
234.49
239.11
240.07
241.83
243.52
24576
254.20
26994
272.78
27422
279.77
279.77
288.83
293.28
293.50
29444
296.76
301.86
30392
307.10
308.65
31061
31573
32323
32462
32479
328.48
33071
334.14
335.84
343.65
344.62
34490
345.44
348.30
348.75
358.77

110.32
134.58
137 42
102.77
102.43
100.97
110.67
109.79
136.17
102.43
110.69
104 83
101 .49
110.06
103.28
151.82
110.90
10423
146.03
110.92
107.58
110.59
109.44
103.95
104.27
11222
139.33
146.62
153.28
140.22
[11.68
14379
103.01
16579
24728
112.79
108 45
112.51
14212
112.77
14210
11223
11028
158.25
11278
13997
113.05
113.61
139.54
113.09
114.01
144.34
14097
14175
14697
147 69
109 06
146 54
157.90
144.79
146.37
11435
159.88
11159
11015

1.91
1.91
1.59

2.06

2.26
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262

292
291
318
263
285
282
262
2.7

307
389
334
337

0.75
0.63
0.78
0.83
083
0.85
0.76
0.86
0.67
0.94
0.78
0.81
0.84
0.87
0.85
0.60
0.84
0.98
0.73
0.88
0.81
097
0.70
092
0.86
0.80
0.67
0.58
0.58
0.70
097
0.56
092
097
0.70
0.89
0.94
092
0.75
091
0.79
0.84
0.87
0.67
094
085
0.95
0.94
0.84
095
1.00
0.76
0.86
078
0.77
0.71
1.16
0.80
0.77
091
0.87
0.99
0.56
0.94
097

0.300
0285
0320
0250
0335
0340
0.340
0.315
0270
0.300
0.360
0.430
0.290
0.300
0.295
0.245
0335
0310
0220
0.330
0.270
0.340
0315
0320
0.285
0.355
0.290
0.230
0.155
0.205
0.370
0.200
0.300
0.280
0.270
0.340
0.695
0.370
0.200
0.400
0.225
0.280
0.275
0.2i0
0.395
0.395
0.320
0.295
0.320
0.350
0.33s5
0.265
0.400
0.240
0.200
0.230
0.240
0.225
0.195
0.320
0.340
0.360
0.180
0.260
0.250

0.000173
0.000100
0.000107
0.000153
0.000407
0.000127
0.000177
0.000213
0.000157
0.000267
0.000173
0.000140
0.000173
0.000260
0.000277
0.000100
0.000227
0.000067
0.000100
0.000216
0.000267
0.000193
0.000213
0.000220
0.000240
0.000173
0.000080
0.000146
0.000080
0.000127
0.000187
0.000346
0.000177
0.000110
0.000167
0.000224
0.000103
0.000206
0.000153
0.000147
0.000067
0.000193
0.000150
0.000100
0.000233
0.000147
0.000207
0.000216
0.000120
0.000193
0.000233
0.000166
0.000153
0.000087
0.000073
0.000069
0.000283
0.000060
0.000142
0.000113
0.000160
0.000227
0.000037
0.000196
0.000220

193
193
143
289
36

413

178
394
148
178
255
168
202
181
573
159

87
230
328

166
302
264
193
11
228
152
160
233
338
140
11s
201

57
172
355
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Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Colorado River
Hii River

Hit River

Hit River

Hit River

Hir River

Hii River

Hii River

Hii River

Hii River

Hii River

Hii River

Hii River

Hit River

Hit River

Hit River

Hit River

Hii River

Hii River

Hii River

Hii River

Hit River

Hii River

Hii River

Hii River

Hit River

Hii River

Hii River

Hii River

Hui River

Hit River

Hit River

Hii River

Hii River

Hii River

Hu River

Hit River

Hii River

Hii River

India Canal
India Canal
India Canal
India Canal
India Canal
India Canai
India Canal
India Canal
India Canal
India Canal
India Canal
India Canal
India Canal
India Canal
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359.20
359.99
360.50
362.46
370.61
387.66
389.58
403.57
408.39
413.43
443.16
454.32
500.16
0.00094
0.00145
0.00199
0.00168
0.00244
0.00303
0.00448
0.00542
0.00440
0.00651
0.00745
0.00367
0.00513
0.00437
0.00775
1.78047
235603
2.42392
2.76436
3.49857
4.85132
4.47922
4.72729
1.13182
2.23740
1.95123
291789
0.18104
0.24806
0.34433
0.42868
0.52172
0.71449
0.04740
0.07000
0.39008
0.49427
0.53144
1.15
1.29
2.02
3.00
13.19
13.41
14.03
1411
14.81
15.84
15.87
19.22
19.45
24.59

1462t
116.81
114.73
117.03
11164
149.09
11491
253.10
112.77
148.29
162.43
160.67
254.55
0.35
0.35
0.35
0.35
0.35
0.35
0.35
035
0.35
0.3$
0.35
0.35
0.35
0.35
0.35
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
3.00
8.00
2.00
2.00
2.00
2.00
2.00
2.00
0.80
0.80
2.00
2.00
2.00
435
431
534
5.78
10.70
10.58
14.66
13.49
13.55
17.31
17.34
1595
16.03
18.07

LN

Q.31
0.40
042
0.49
059
0.65
0.70
073
0.20
0.37
0.39
045
0.16
0.20
0.26
0.29
033
047
0.11
01s
0.30
036
036
067
0.79
094
1.10
1.94
1.97
1.72
1.85
.86
1.57
1.57
237
238
2.24

0.83
100
1.00
1.09
127

084

093
069
1.26

0.83

0.76

0.85

0.90

014

019

023

0.19

0.25

0.28

0.40

0.36
0.35
0.51
0.56

0.31

0.35

0.29

0.50

0.73

074

071

070

073
093
0.80
0381
070
0.75
0.63
0.80
0.58

0.63

067
073

0.76

076

0.55

0.60

0.66

0.69

0.74

0.39

0.38

0.40

0.47

0.64
0.65

0.56

0.57

059

058

058

0.51

0.51

0.6l

~4

0270
0270
0375
0 300
0275
0.280
0.230
0310
0248
0230
0.195
0175
0.360
0210
0210
0210
0210
0210
0210
0.210
0210
0210
0210
0210
0210
0.210
0.210
0.210
1.340
I 340
1340
14430

260

,.________________
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1.460
0.048
0.063
0.042
0.046
0.051
0.050
0.037
0036
0.043
0.070
0.056
0.048
0.044
0.046

8
0.000127
0.000127
0.000257
0.000187
0.000160
0.000207
0.000200
0.000140
0.000310
0.000177
0.000134
0.000170
0.000180
0.008090
0.011300
0.010700
0.009750
0.009270
0.008040
0.007280
0.008390
0.007080
0.006690
0.006440
0.005820
0.005820
0.007690
0.005150
0.000840
0.001060
0.000850
0.000860
0.000880
0.001480
0.001010
0.001530
0.001660
0.001380
0.000890
0.001420
0.00169%0
0.001610
0.001610
0.001670
0.001660
0.001660
0.001690
0.001720
0.001370
0.001400
0.001460
0.000145
0.000165
0.000115
0.000115
0.000100
0.000100
0.0600080
0.000080
0.000080
0.000120
0.000120
0.000088
0.000088
0.000120

1]
33
209
213
151
36
114
212
32
347
119
48
184
769
925
1.955
3316
2347
1,728
4.878
4274
5639
3.546
3.261
4323
1.249
1.325
1.702
2342
121
167
116
17
299
271
154
191
553
207
136
167
296
284
275
283
243
242
225
127
222
210
270
1.031
760
1417
3132
671
981
4,230
1.894
2467
726
596
S12
624
2,517
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Indsa Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

India Canal

MiddleLoup River

MiddleLoup River

MiddleLoup River

MiddleLoup River

MiddleLoup River

Middleloup River

MiddleLoup River

MiddlcLoup River

MiddlcLoup River

MiddleLoup River

MiddleLoup River

MiddleLoup River

MiddleLoup River

MiddlcLoup River

MiddleLoup River

Missi Arkansas River at Pendleton ARK
Missi Arkansas River at Pendleton ARK
Missi Illinois River at Valley City. [L
Missi [llinois River below Meredosia. IL
Missi Missoun River at Hermann, MO
Missi Missoun River at Hermann, MO
Missi Missoun River at Hermann, MO
Misct Missoun River at Hermann, MO
Missi Missoun River at St. Charles. MO
Missi Ohio River at Olmsted. IL

Missi Ohio River at Olmsted. 1.

Missi Ohio River at Olmsted. IL

Missi Ohio River at Olmsted. [L

Missi Ohio River at Olmsted. [L

Missi Ohio River at Olmsted. IL.

Miss: Ohio River at Uniontown. KY
Missi Old River near Knox Landing. LA
Missi Old River near Knox Landing. LA
Missi Old River near Knox Landing. LA
Missi Old River near Knox Landing. LA
Missi Old River near Knox Landing. LA
Missi Wabsh River near New Haven, L
Missi White River at mile 11.5, ARK
Missi White River at mile |1 3, ARK
Missi White Riverat mile 11 5. ARK
Missi White Riverat mile !1 .3, ARK
Missi Whitc Riverat mile i1 5, ARK
Missi Yazoo River below Stecle Bayou. MS
Missi Yazoo River below Steele Bayou. MS
Missi Yazoo River below Steele Bavou. MS

Mississippi River above Arkansas City. ARK
Mississippi River above Arkansas City. ARK
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09/03.25
03/15°26
0372597
08/10770
03728126
04/25/98
11/18/70
12,0725
08/17/99
05/05/70
10/29/69
02/10/70
022499
10/09/69
1272571
03723/89
06/19/89
06/07./90
05/16/88
03/09/89
05/19:/88
06/07/89
07/20/87
12/02,87
0523/88
12/06/87
06/11/89
06/14/90
03/03/90
03/16/89
03/01/90
12/17/87
08/06/87
06/04/88
06/25/89
0329/89
02/28/90
07/31/87
0529/88
1271287
06/18/89
0372289
06/22/89
06/22/90
03/26/89
08/02/87
05/30/88

3

2750
2767
27 89
30.86
3374
39.16
60.72
68.82
68.92
131 39
132.80
153.25
156.05
157 .41
158.37
16372
166.36
242.19
934
9.46
10.22
10.31
10.36
10.39
10.45
1093
11.30
11.30
1161
11.72
12.09
12.23
12.54
1900.00
3590.00
1230.00
332.00
1480.00
1480.00
1760.00
2640.00
2810.00
3230.00
4200.00
8760.00
9550.00
16100.00
20400.00
6620.00
1830.00
2050.00
2150.00
4880.00
6150.00
2340.00
332.00
438.00
519.00
860.00
1500.00
1070.00
1250.00
1500.00
7630.00
8160.00

17.89
1798
18.17
20.57
20.58
2549
25.56
2577
2568
S1.51
51.90
56.02
56.27
56.47
56.61
66.55
66.54
79.10
44.81
45.42
44.20
43.89
4511
4481
4328
45.11
37.49
44.20
4298
44.20
46.33
43.89
45.11
380.00
391.00
221.00
228.00
270.00
350.00
270.00
377.00
428.00
945.00
974.00
1008.00
1046.00
1080.00
1070.00
761.00
§25.00
519.00
515.00
562.00
§56.00
355.00
168.00
164.00
177.00
195.00
200.00
165.00
200.00
182.00
850.00
838.00
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3.56
0.33
0.31
0.33
032
0.33
0.37
0.36
0.33
0.33
0.34
0.29
0.50
0.31
0.30
0.25
7.08
7.19
6.20
3.61
4.52
4.31
5.18
5.65
5.30
5.85
7.82
9.31
11.80
12.50
13.70
9.84
5.54
4.08
4.06
9.62
i1.10
6.11
2.92
3.17
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! 2 3 3 5 6 7 3 9 10
Mississippt River above Arkansas City. ARK 121387 9920.00 904 .00 11.00 1.00 0.398 0.000066 9 314
Mississippr River above Arkansas City. ARK 06:20:39 2330000 990.00 15.10 1.56 0 286 0.000069 23 13
Mississippr River above Arkansas City. ARK 03/24.89 26800.00 1035.00 15.90 1.63 0.321 0 000066 ] 119
Mississippr River at Fullton. Tenn 05726.88 7170.00 805.00 8.36 1.07 0 380 0.000104 22 34
Mississippn Ruver at Fullton, Tenn. 12/08/87 9470.00 844.00 9.67 i.16 0.846 0.000101 9 37
Mississippt River at Fullton. Tenn. 06/14/89 15300.00 902.00 11.50 147 0469 0.000098 24 61
Mississippt River at Helena, ARK 07/30:87 6850.00 701.00 6.75 1.45 0.370 0.000094 30 85
Mississippi River at Helena, ARK 052888 7050.00 754.00 7.36 1.27 0.394 0.000096 23 83
Mississippi River at Helena, ARK 12/11/87 8770.00 750.00 7.96 1.47 0.334 0.000G95 152
Mississippi River at Helena. ARK 06/17/89 16900 00 897.00 13.10 1.44 0441 0.000094 24 84
Mississippi River at Helena, ARK 03/07/90 23300.00 855.00 17.30 1.58 0.365 0.000082 7 84
Mississippt River at Helena, ARK 03/21/89 25900.00 913.00 16.50 1.72 0.681 0.000085 9 102
Mississippi River at St Louis. MO 05/20/88 3350.00 487.00 6.75 1.02 0.386 0.000085 23 36
Mississippi River at St Louis, MO 07/22/87 3830.00 482.00 735 1.08 0.324 0 000085 28 7
Mississippt River at St Louts. MO 03/13/89 3940.00 490.00 6.90 1.17 0.389 0.000085 6 120
Mississippi River at St Loms. MO 06/08:89 4760.60 508.00 7.66 122 0.443 0.000092 25 83
Mississippi River at StLouts 01/15/79 1512.29 45598 494 0.67 0.235 0.000079 3 13
Mississippi River at StLouis 09/14/70 1512.29 457.20 4.66 0.71 0.505 0.000072 2 5
Mississippi River at StLouis 04/0136 1560.43 46025 4.82 0.70 0.296 0.000134 14 26
Mississippt River at StLouts 03/16/09 1634.06 359.64 5.18 0.69 0328 0.600103 2 45
Mississippi River at StLouts 05/25/51 1755.84 470.61 6.00 0.62 0.544 0.000072 5 14
Mississippi River at StLouis 05720/54 1767.17 462.69 5.39 0.71 0.268 0.000056 7 21
Mississippi River at StlLouts 05726i51 1806 82 470.92 6.10 0.63 0.573 0.000057 5 14
Mississippi River at StLouis 11/17/53 1886.11 463.91 5.55 0.73 0.287 0.000052 I8 12
Mississippi River at StLouis 01728727 1886.11 471.53 6.16 0.65 0.598 0.000057 2 2
Mississippi River at StLouis 0172727 1911.60 47214 6.19 0.65 0.572 0.000052 2 23
Mississippi River at StLouis 08/19/53 2005.06 467.26 5.61 0.77 0.293 0.000052 21 14
Mississippi River at StLouis 07/04126 2064.53 471.83 634 0.69 1.152 0.000046 11 15
Mississippi River at StLouis 05/12/63 2095.68 464.52 5.64 0.80 0.386 0.000103 17 44
Mississippi River at StLouis 04,0226 211550 474.88 6.52 0.68 0.642 0.000052 21 7
Mississippi River at StLouis 072281 220896 465.43 6.07 0.78 0.299 0.000072 6 30
Mississippi River at StLouis 01.24/46 2271.26 469.39 597 0.81 0.574 0 000072 2 67
Mississipps River at StLous 112379 2279.76 470.92 6.04 0.80 0.224 0 0600072 6 37
Mississippi River at StLous 11,2379 2279.76 470.92 6.04 0.80 0.224 0 006093 6 36
Mississippi River at StLous 08/28/63 2299.58 470.61 5.55 0.88 0.625 0.000098 9 51
Mississippi River at StLouis 08.04/53 2486.50 47122 6.40 0.82 0.274 0 000056 22 19
Mississippi River at StLouis 09.0218 2628.10 46939 594 0.94 0.549 0.000093 2 70
Mississippi River at StLouis 07:12/45 2633.76 46939 6.64 0.84 0.641 0.000062 18 14
Mississippi River at StLouis 04/13.07 2789.52 469.39 6.95 0.86 0.306 0 000069 23 21
Mississippi River at StLouis 12r26:80 2832.00 177.62 6.95 0.85 0299 0.000065 21 31
Mississippi River at StLous 03/31.90 2888.64 472.44 6.95 0.88 0472 0.000077 25 37
Mississippi River at StLouis 09:21.90 2916.96 1477.62 6.40 0.95 0.429 0.000062 18 19
Mississippt River at Stlouis 05/05/17 3001.92 474.88 6.83 0.93 0.511 0.000077 26 18
Mississippi River at StLouis 0315726 3030.24 480.06 7.74 0.82 0579 0.000031 24 24
Mississippi River at StLouis 05/27/89 3086.88 47793 6.74 0.96 0.377 0.000093 22 61
Mississippi River at StLouis 1071645 3115.20 478.54 732 0.89 0.646 0.000061 8 27
Mississippi River at StLouis 06/14/80 3256.80 472.74 735 0.94 0310 0.000060 27 24
Mississippi River at StLous 07/19/81 3256.80 472.74 735 0.94 0.310 0 000062 27 23
Mississippi River at StLouis 01/1891 3398.40 480.97 7.35 0.96 0.350 0.000067 13 70
Mississippi River at StLouis 12/15/44 3426.72 478.54 7.99 0.90 0.741 0 000042 28 15
Mississippi River at StLouis 01/0926 3568.32 479.15 6.58 1.13 0.187 0.000079 17 201
Mississippi River at StLouis 04/05/00 3624.96 486.16 7.47 1.00 0.429 0.000049 18 37
Mississippi River at StLouis 0621/90 3624.96 47549 7.53 1.01 0.443 0.000072 26 59
Mississippi River at StLouis 0313/17 3681.60 481.28 7.65 1.00 0.555 0.000077 27 41
Mississippi River at StLouis 03/23/45 3766.56 480.97 7.1 1.01 0.643 0.000031 29 17
Mississippi River at StLouis 0226/89 3823.20 486.46 7.56 1.04 0354 0.000093 3 100
Mississippi River at StLouis 01/16/62 3851.52 484.02 747 1.07 0.229 0.000108 8 202
Mississippi River at StLouis 04/08/00 3851.52 484.63 7.74 1.03 0.469 0 000052 20 36
Mississippi River at StLouis 08/12/79 3908.16 481.89 177 1.04 0225 0.000072 16 79
Mississippi River at StLouis 08/12/79 3908.16 481.89 777 1.04 0.225 0.000088 16 78
Mississippi River at StLouis 011717 3993.12 480.36 8.02 1.04 0.500 0.000077 24 62
Mississippi River at StLouis 050253 4021.44 480.36 799 1.05 0.225 0.000063 23 40
Mississippi River at StLouis 09/16/99 4049.76 480.36 8.02 1.05 0.467 0.000046 26 31
Mississippi River at StLouis 09/30/16 413472 485.24 8.08 1.05 0.447 0.000103 21 67
Mississippi River at StLouis 05/01/72 4191.36 482.80 835 1.04 0.604 0.000047 28 38
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1 2 3 4 5 6 7 8 9 10
Mussissippr River at StLouts 04/20/07 438960 48311 7.99 [RE] 0.216 0.000075 6 126
Mississipp River at StLouts 0421/53 150288 18616 8.41 1.10 0.208 0 000066 26 59
Mississippr River at Stlouss 01/23/53 453120 186.16 8.50 110 0.220 0.000062 29 69
Mississippt River at StLouts 120225 4559 32 196.82 9.63 095 0.519 0.000026 26 32
Mississippt River at StLows 08/20/79 4616 16 186.16 8.38 113 0.226 0.000072 18 108
Mississippt River at StLouis 10/18/52 4701.12 49225 835 114 0.243 0.000065 28 81
Mississippr River at StLouis 12713725 4729 34 197.74 9.24 1.03 0.624 0.000031 26 34
Mississippt River at StLouis 0%10/99 481440 493.78 9.66 1.0t 0.733 0.000025 17 92
Mississipps River at StLouis ox11/89 4871.04 19439 8.50 t.16 0.306 0.000103 8 106
Mississippt River at StLouis 1272861 4871.04 497.43 8.56 [ BB 0.307 0.000098 19 70
Mississippt River at StLouis 06/1299 4899 36 186.77 8.90 113 0.567 0.000046 28 31
Mississippi River at StLouis 10/13/71 4956.00 491 .95 9.05 1.11 0472 0.000067 25 39
Mississippi River at StLouts 10/03/52 4984.32 491.03 8.50 1.19 0.211 0.000066 27 98
Mississippi River at StLours o7/11/52 5040.96 49225 8.53 1.20 0.191 0.000062 23 103
Mississippr River at StLouts 09/09/25 504096 199 87 9.81 1.05 0.610 0.000042 28 235
Mississippt River at StLouis 07/10/52 5069.28 492.86 8.56 1.20 0.191 0.000079 21 101
Mississippi River at StLouis 09/15/51 5267.52 499.57 9.45 112 0313 0.000053 4 86
Mississipps River at StLouts 01/15/53 5324 16 395 30 8.99 120 0.225 0.000065 26 2
Mississippi River at StLouis 10726171 S437 44 497.74 9.33 117 0.610 0.000046 23 60
Mississippt River at StLouis 01/14/53 5579 03 498.35 9.17 1.22 0.225 0.000072 25 91
Mississippi River at StLouis 05727125 5607.36 502.92 10.12 .10 0.697 0.000036 27 45
Mississippi River at StLours 08/16/99 5720 64 199.87 9.66 1.18 0.176 0.000042 6 182
Misstssippi River at Stlouis 08725125 5947.20 502.92 10.49 113 0.680 0.000042 27 52
Mississippi River at StLouts 04/02/81 6060 .48 494.59 9.54 1.28 0.324 0.000088 14 112
Mississippi River at StLouis 04/02/81 6060 48 494.39 9.51 1.29 0.334 0.0600073 16 86
Mississippi River at StLouis 04/05/62 6071 .81 511.45 9.72 1.22 0.334 0.000108 22 105
Mississippt River at StLouis 05/17/99 6202.08 501.70 10.21 1.21 0.345 0.000026 8 167
Mississippi River at StLouis 04/28/62 6230.40 501.09 10.06 1.24 0.356 0.000108 25 77
Mississippi River at StLouis 03/31/52 6258 72 501.70 9.78 1.28 0.176 0.000063 12 1R
Mississippt River at StLouis 04/10/71 6258 72 499 .87 9.60 1.30 0417 0.000082 1 106
Mississippt River at StLouis 07/03/52 6238 72 304.14 9.97 1.25 0.463 0.000055 9 106
Mississippi River at StLouis 04/10/71 6400 32 499.87 9.57 1.34 0.399 0.000086 H 108
Mississippr River at StLouis 020399 6626 88 50597 10.97 1.19 0.733 0.000025 17 132
Mississippi River at StLouis 120289 6711 84 499.26 9.48 1.42 0.399 0.000108 26 137
Mississippi River at StLouis 10/07/16 6796.80 508.41 9.88 1.35 0.435 0.000098 19 103
Mussissippi River at StLouis 11/11:98 6796 80 504.75 11.22 1.20 0.723 0.000036 20 86
Mississippi River at StLouis 1172898 682512 505.36 10.00 .35 0.592 0.000072 21 68
Mississippi River at StLouis 10/19/16 6881 76 S05.97 933 1.46 0.356 0.000118 8 226
Mississippi River at Stlouis 11226772 691008 507.19 10.27 133 0.239 0 000057 17 112
Mississippi River at Stlouts 04/08/71 691008 495.00 9.88 141 0.399 0 000089 1 121
Mississippi River at StLowis 09:21/61 7323 55 515.72 9.81 1.45 0.221 0.000118 9 320
Mississippi River at StLouis 04/07/71 736320 498.65 10.12 1.46 0.399 0.000078 10 128
Mississippi River at Stlouis 06/18/06 7788 00 507.19 10.21 1.50 0.250 0.000076 2 239
Mississippi River at Stlouis 03/15/52 787296 510.84 11.09 139 0.520 0.000060 10 131
Mississippi River at StLouis 06/24/16 812784 518.16 10.73 1.46 0.427 0.000113 It 104
Mississippi River at StLouis 02/16/80 8184 48 514.50 10.42 1.53 0.233 0.000069 19 187
Mississippt River at StLouis 06/17/06 8241 12 509.63 10.36 1.56 0.260 0.000093 2 233
Mississippi River at Sthouis 01/11/62 811104 502.92 11.06 1.51 0.295 0.000103 18 175
Mississippi River at StLouis 08/30/98 83i1.04 495.00 10.85 1.57 0.496 0.000082 3 110
Mississippi River at StLouis 02727/99 852432 513.89 10.94 1.52 0.485 0.000072 2 132
Mississippi River at StLouis 08729/98 8524 32 507.80 10.64 1.58 0.496 0.000095 13 104
Mississippi River at StLouis 09/02/89 8779.20 510.84 10.67 1.61 0.350 0.000108 23 232
Mississippi River at StLouis 08/24/98 9912.00 508.71 11.40 L7 0.431 0.000105 9 145
Mississippi River at StLouis 10/04/97 10166 88 516.64 12.25 1.61 0.632 0.000088 21 214
Mississippi River at StLouis 0872298 10280 16 513.59 11.40 1.76 0.419 0.000082 9 178
Mississippi River at StLouis 1172843 10761.60 518.16 11.95 1.74 0.561 0.000108 17 97
Mississippi River at StLouis 11/02/98 10659 84 523.04 13.72 1.53 0.758 0.000046 21 236
Mississippi River at StLouis 02/1425 11639.52 505.97 12.07 1.91 0.188 0.000082 1 b0
Mississippi River at StLouis 04/29/98 13253 76 532.18 15.24 1.63 0.664 0.000077 28 118
Mississippi River at StLouis 01729125 19087 68 57546 13.69 242 0.475 0.000113 18 329
Mississippi River at StLouis 04/15/98 19937 28 548.64 16.76 217 0.696 0.000118 25 185
Mississippi River at StLouis 04/21/98 21608 16 542.54 17.28 230 0.664 0.000134 27 188
Mississippi River at Tarbert Lan 01/26/55 4248.00 896.11 7.59 0.62 0.297 0.000018 18 12
Mississippi River at Tarbert Lan 04/12/55 4276.32 896.11 7.53 0.63 0.287 0.000022 17 15
Mississippi River at Tarbert Lan 04/20/55 433296 896.11 7.53 0.64 0.307 0.000022 17 12
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| 2 3 4 5 6 7 8 9 10
Mississippt River at Tarbert Lan 07/01,53 4502.88 908.30 7.68 0.65 0.282 0.000020 28 12
Mississippi River at Tarbert Lan 04/27:53 4531.20 899 16 750 0.67 0.304 0.000022 18 13
Mississippr River at Tarbert Lan 06/23/53 4616.16 908.30 777 0.65 0.292 0.000020 31 3
Masstssipps River at Tarbert Lan 10/20/53 4701.12 908.30 7.59 0.68 0327 0.000020 24 12
Mississippr River at Tarbert Lan 10/13/58 481340 911.35 783 0.67 0.301 G.000025 26 3
Mississippr River at Tarbert Lan 09:22/54 4899 .36 908.30 7.85 0.69 0.305 0.000022 29 16
Misstssippr River at Tarbert Lan 01/19/55 4956.00 905.26 811 0.68 0.293 0.000020 18 33
Mississippr River at Tarbert Lan 09/30/54 5097.60 911.35 792 0.71 0.300 0.000023 28 15
Mississipps River at Tarbert Lan 11228} 512592 908.30 6.74 0.84 0.199 0.000036 34 70
Mississippr River at Tarbert Lan 06/18/54 5324.16 914.40 8.23 0.71 0.292 0.600020 31 16
Mississippt River at Tarbert Lan 02/13/82 5494.08 914.40 692 0.87 0.198 0.000037 32 19
Mississippr River at Tarbert Lan 01/07/55 6456.96 938.78 8.84 0.78 0.302 0.000023 21 34
Mississippr River at Tarbert Lan 04/03/54 6541.92 972.31 8.60 0.78 0.292 0.000027 29 20
Mississippi River at Tarbert Lan 03726/54 6938.40 978.41 8.56 0.83 0.292 0.000023 29 ]
Mississippt River at Tarbert Lan 12/16/53 7448.16 987.55 9.17 0.82 0.292 0.000028 29 21
Mississippt River at Tarbert Lan 03/18/54 7504.80 987.55 8.93 0.85 0.292 0.000027 a8 29
Mississippt River at Tarbert Lan 12/09/53 8042.88 993 65 9.54 0.85 0.294 0.000022 27 20
Mississippr River at Tarbert Lan 08/03:81 9827.04 1002.79 893 1.10 0.199 0.000041 34 110
Mississippt River at Tarbert Lan 03/12/54 10506.72 103327 10.61 0.96 0.292 0.000023 29 49
Mississippi River at Tarbert Lan 04/13/81 10563.36 1008.89 9.20 i.14 0.188 0.000037 25 97
Mississipps River at Tarbert Lan 12/02/53 10591.68 1024.13 10.58 098 0.284 0.000032 24 45
Mississippr River at Tarbert Lan 03/10/80 10704.96 1014.98 10.27 1.03 0210 0.000032 6 140
Mississippi River at Tarbert Lan 11725153 10903.20 1045.46 10.70 097 0.253 0.000027 24 33
Mississippr River at Tarbert Lan 08/02/55 11639.52 1027.18 1448 0.78 0292 0.000032 19 153
Mississippi River at Tarbert Lan 12/24/53 11752.80 1042.42 113 1.01 0.292 0.000033 28 16
Mississippi River at Tarbert Lan 04/27/81 12205.92 1033.27 9.57 1.23 0.179 0.000043 26 106
Mississippr River at Tarbert Lan 1225779 13933.44 1051.56 177 1.13 0.183 0.000035 7 26
Mississipps River at Tarbert Lan 1213779 14216.64 1054.61 11.46 1.18 0.200 0.000027 8 194
Mississippt River at Tarbert Lan 03/24/80 1517952 1066.80 11.52 1.24 0.198 0.000036 7 151
Mississippt River at Tarbert Lan 05/01/81 16340.64 1072.90 12.56 1.21 0.206 0.000033 6 207
Mississipps River at Tarbert Lan al/11/8% 16935 36 1085.09 1237 1.26 0.209 0.000037 6 167
Mississippr River at Tarbert Lan 01/18/81 17020.32 1091.18 12.13 1.29 0.205 0.000038 22 262
Mississipps River at Tarbert Lan 01/25/81 17416.80 1085.09 12.56 1.28 0.233 0.000033 8 103
Mississippt River at Tarbert Lan 01/04/81 18124.80 1088.14 1289 1.29 0212 0.000035 7 137
Mississippr River at Tarbert Lan 01/15/81 1849296 1097.28 12.53 1.35 0.199 0.000040 20 204
Mississippr River at Tarbert Lan 09/28/30 21013.44 1100.33 12.98 1.47 0.188 0.000032 1o 216
Mississippt River at Tarbert Lan 01/11/81 21211.68 110033 13.23 1.46 0.188 0.000038 19 144
Mississippt River at Tarbert Lan 05/30/53 2203296 1097.28 14.63 1.37 0.188 0.000037 17 59
Mississippi River at Tarbert Lan 10/:02/80 22061 .28 1103.38 13.81 1.45 0.199 0.000035 12 186
Mississipps River at Tarbert Lan 01/08/81 22656.00 1103.38 13.44 1.53 0.199 0.000038 18 244
Mississippi River at Tarbert Lan 09/05/53 22854.24 1100.33 1545 1.34 0.290 0.000042 26 77
Mississippr River ar Tarbert Lan 01/04/81 24298.56 1103.38 14.45 1.52 0.196 0.000037 18 193
Mississippt Ruver at Tarbert Lan 10/23/80 24298 .56 1103.38 14.69 1.50 0.199 0.000033 17 167
Mississippt River at Tarbert Lan 10/09/80 24468 .48 1103.38 1442 1.54 0.199 0.000037 15 136
Mississippt River at Tarbert Lan 10/12/80 25969 .44 1103.38 14.81 1.59 0210 0.000035 17 189
Mississippr River at Tarbert Lan 06/03/53 26026.08 §103.38 14.97 1.58 0.178 0.000035 18 165
Mississippt River at Tarbert Lan 09/10/53 26082.72 1097.28 15.06 1.58 0.282 0.000038 11 199
Mississippt River at Tarbert Lan 10/16/80 26309.28 1103.38 14.81 1.61 0.199 0.000036 17 160
Mississippi River at Tarbert Lan 05/09/53 2656416 1097 .28 15.67 1.55 0.322 0.000035 1 94
Misstssippr River at Tarbent Lan 08/29/53 28829.76 1109.47 16.40 1.58 0.299 0.000038 21 101
Mississippt River at Thebes, IL 05/22/88 3590.00 525.00 6.13 1.12 0.334 0.000114 23 68
Mississippt River at Thebes, [L 03/15/89 4890.00 602.00 7.29 111 0377 0.000128 8 77
Mississippt River at Thebes, IL 12/05/87 5190.00 574.00 6.62 137 0.378 0.000130 6 209
Mississippi River at Thebes, IL 06/10/89 5220.00 609.00 6.60 1.30 0.431 0.000127 25 107
Mississippi River at Thebes, [L 06/13/90 12600.00 623.00 11.40 1.77 0.572 0.000109 2 179
Mississippi River below Arkansas City, ARK 06/20/90 25500.00 1055.00 15.00 1.61 0.357 0.000080 26 85
Mississippi River below Belle Chasse, LA 06/07/88 5570.00 778.00 19.30 037 0.172 0.000003 26 0
Mississippi River below Belle Chasse, LA 12/20/87 9560.00 776.00 20.30 061 0.182 0.000006 13 3
Mississippi River below Belle Chasse, LA 06/28/89 20100.00 813.00 21.80 1.13 0.208 0.000020 26 51
Mississippi River below Belle Chasse, LA 04/01/89 22500.00 800.00 2150 1.31 0.224 0.000022 14 93
Mississippi River below Belle Chasse. LA 03/14/90 26700.00 881.00 21.20 143 0.323 0.000027 3 94
Mississippi River below Fullton, Tenn. 03/05/90 22800.00 1260.00 12.10 1.49 0.543 0.000088 8 138
Mississippi River below Fullton, Tenn. 03/19/89 24800.00 1337.00 12.10 1.53 0412 0.000093 9 142
Mississippt River below Grafton, IL 06/11/90 5040 .00 941.00 6.44 0.83 0.448 0.000036 22 21
Mississippr River below Hickman, KY 07/28/87 6270.00 995 00 6.11 1.03 0.479 0.000065 30 19
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Mississippt River below Hickman, KY 0524/88 6790.00 991.00 6.54 1.05 0.385 0.000066 22 34
Mississippy River below Hickman, KY 12/07/87 8820.00 1008.00 791 111 0.444 0.000066 8 70
Mississippt River below Hickman, KY 06/12/89 14100.00 113500 9 38 1.32 0.408 0.000079 25 36
Mississippr River below Hickman, KY 03/04/90 21000.00 115300 12.00 1.51 0.993 0.000073 6 79
Mississippt River below Hickman, KY 03/17/89 24700.60 1165.060 1280 1.65 0.686 0.600084 10 120
Mississippr River below Memphis, Tenn. 06/18,90 20800 00 1002.00 14.10 1.47 0.457 0.000087 26 61
Mussissippt River below Vickburg. MS 08/04/87 7750.00 1131.00 714 0.96 0.381 0.000067 30 21
Mississippt River below Vickburg, MS 06/02/88 7950.00 1129.00 6 81 1.03 0.377 0.000067 25 30
Mississipp River below Vickburg, MS 12/15/87 10400.00 1153.00 8.29 1.09 0.321 0.00006¢ 9 91
Mussissippr River below Vickburg. MS 06/23/89 24800.00 1222.00 13.20 1.53 0374 0.000064 25 98
Mississippt River below Vickburg, MS 03/27/89 26600.00 1210.00 14.50 1.52 0314 0.000027 12 128
Mississippr River below Vickburg, MS 06/23/90 27300.00 1255 00 1490 1.46 0.392 0.000055 27 58
Mussissippt Ruver below Vickburg, MS 03/10/90 34100.00 1308.00 15.20 1.72 0.251 0.000060 I 153
Mississippt River Chester, IL 07723/87 4250.00 591.00 6.46 1.1 0.345 0.000089 29 57
Mississippt River near St. Francisville, LA 06.05/88 §700.00 900.00 7.59 0.83 0.259 0.000028 25 12
Mississippr River near St. Francisville. LA 08/07/87 6190.00 983.00 759 0.83 0.266 0.000029 30 14
Mississippr River near St. Francisville, LA 12/18/87 8180.00 970.00 9.04 093 0.249 0.000051 9 58
Mississippt River near St. Francisville, LA 06/26/89 19000.00 1020.00 14.30 1.31 024 0.00004 § 26 77
Mississippt Ruver near St. Francisville. LA 03/30/89 23100.00 1010.00 15.60 1.47 0212 0.000040 14 12
Mississippt River near St. Francisville, LA 06/25/90 23200.00 1025.00 15.90 1.42 0252 0.000040 27 76
Mussissippt River near St Francisville, LA 03/12/90 26300.00 1013.00 16.80 1.55 0267 0.000039 13 115
Mississippt River near Winficld. MO 06/05/89 2320.00 562.00 6.16 0.67 0.498 0.000039 24 4
Mountain Creck - 0.06 392 0.04 0.41 0.286 0.003150 20 1.046
Mountain Creek - 0.08 329 0.06 0.37 0.899 0.001510 20 54
Mountain Creek - 0.09 392 0.05 0.50 0.286 0.003110 20 584
Mountain Creck - 0.09 392 0.05 0.50 0.286 0.003110 20 360
Mountain Creek - 0.09 392 0.05 0.50 0.286 0.003090 20 360
Mountain Creek - 0.09 3.51 0.07 0.39 0.899 0.001610 22 70
Mountamn Creek - Q.10 355 0.07 0.40 0.899 0.001520 25 73
Mountain Creck - 0.10 392 0.05 0.53 0.286 0.003090 20 520
Mountatn Creek - 0.11 392 005 0.55 0.286 0.003090 20 689
Mountain Creek - 0.12 376 008 0.42 0.899 0.001580 2 41
Mountain Creek - 0.12 392 005 0.57 0.286 0.003060 20 656
Mountasn Creek - 013 392 0.06 0.59 0.286 0.003060 20 603
Mountam Creek - 0.13 392 0.06 0.59 0.286 0.003070 20 573
Mountain Creek - 0.15 192 0.06 0.61 0.286 0.003020 20 1.029
Mountain Creek - 0.15 39 0.09 0.45 0.899 0.001370 25 79
Mountain Creek - 0.15 392 0.09 0.45 0.899 0.001400 25 7

Mountain Creek - o.16 392 006 063 0.286 0.003020 20 1.092
Mountain Creek - 0.16 395 009 0.45 0.899 0.001390 25 74
Mountain Creek - 0.16 395 009 045 0.899 0.001370 25 74
Mountain Creek - 0.17 398 0.09 0.46 0.899 0.001390 25 83
Mountain Creek - 0.17 392 0.07 0.63 0.286 0.002480 20 418
Mountain Creek - 0.18 102 0.10 0.47 0.899 0.001600 26 200
Mountasn Creek - 0.18 402 0.10 047 0.899 0.001590 26 178
Mountain Creek - 0.18 4.02 0.10 047 0.899 0.001590 26 200
Mountain Creek - 0.18 4.02 0.10 047 0.899 0.001590 26 178
Mountain Creek - 0.18 392 0.07 0.67 0.286 0.002960 20 1.120
Mountain Creek - 0.19 4.02 0.10 0.47 0.899 0.001480 22 82
Mountain Creek - 0.19 4.02 0.10 0.47 0.8399 0.001510 22 109
Mountain Creek - 0.19 3404 0.10 047 0.899 0.001580 26 215
Mountain Creek - 0.19 4.04 0.10 0.47 0.899 0.001580 26 172
Mountain Creek - 0.19 4.04 0.10 047 0.899 0.001490 22 85
Afountain Creek - 0.19 4.04 Q.10 047 0.899 0.001520 22 106
Mountain Creek - 0.19 404 0.10 0.47 0.899 0.001550 22 132
Mountain Creek - 0.19 4.04 0.10 047 0.899 0.001560 22 95
Mountain Creek - 0.19 4.04 .10 047 0.899 0.001570 22 116
Mountain Creek - 0.20 4.06 0.10 0.48 0.899 0.001480 24 123
Mountain Creek - 0.20 408 0.10 048 0.899 0.001480 24 19
Mountain Creck - 0.21 422 0.13 0.38 0.899 0.001640 20 74
Mountain Creek - 0.21 4.10 0.11 0.48 0.899 0.001480 24 113
Mountain Creck - 022 3.12 0.11 0.49 0.899 0.001490 24 92
Mountain Creek - 0.23 4.30 0.14 0.37 0.899 0.001630 25 27
Mountain Creck - 023 $.13 0.11 0.49 0.899 0.001490 24 105
Mountain Creek - 0.24 4.15 0.12 0.50 0.899 0.001500 24 136
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Niobrara River
Niobrara River
Niobrara River
Niobrara River
Niobrara River
Niobrara River
Niobrara River
Niobrara River
Niobrara River
Niobrara River
North Fork Totle River
North Fork Totle River
Qak Creck
Oak Creck
Oak Creck
Ouk Creek
Oak Creck
Oak Creck
Oak Creek
Qak Creck
Qak Creek
Qak Creek
Qak Creck
Oak Creek
Oak Creck
Qak Creek
Oak Creck
Qak Creek
Qak Creek
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2
1271025
07/10/43
08/11770
08720725
01/09727
06/20/71
0322771
10/11/69
01730770
06/30/97
05/07/70

01/19/86
02s26/86

7.53
7.56
7.64
7.18
9.40
9.42
9.74
11.35
11.72
12.88
16.05
1235
137
2.01
1.42
1.53
2.61
2.61
263
2.83
3.40
1.90
1.81
2.61
221
1.53
133
1.44
1.76
2.10
27.50
28.77
29.48
29.59
44.00
47.83
48.62
49.64
50.60
51.42
51.88
51.90
52.13
52.13
5227
5241
5247
52.92
54.14
54.37
54.74
55.16
55.64
56.29
56.80
5833
61.73
63.77
65.92
67.11
67.71
67.85
68.13
68.78
68.84

21 .34
2149
2134
2134
21.34
21.03
21.34
2134
21.64
2l.6d
2195

59
5.74
5.71
5.68
5.60
5.60
§.65
537
5.78
5.75%
591
582
531
4.43
4.23
4.46
4.83
5.28

86.26
85.65
9327
35.66
48.77
46.33
3566
46.63
3566
35.66
3536
35.66
35.66
49.07
3536
35.66
35.36
3536
35.36
3536
35.66
35.97
35.66
3597
46.33
35.97
3566
47.55
46.63
46.94
46.63
46.63
46.03
47.24
47.85

0.49
047
0.48
0.49
0.43
048
0.47
0.49
049
053
0.58
0.85
0.85
037
Q.31
0.32
047
047
047
0.49
0.53
039
0.37
0.45
0.43
040
0.39
0.39
042
043
091
091
076
1.68
.34
1.80
232
1.68

223

(SIS
ra e b
W

-
9

247
153
216
216
213
216
213
207
223

2.19

[ I~ T = =]
~b =~ =1
(VIR N - )

~
4a

o -
0 o
o -

098
1.09
1.10
113
1.27

26

2.4
0.94
081
0.84
1.00
100
1.00
1.07
112
0.85
0383
1.00
0.96
0.85
082
0.82
0.87
092
035
0.37
04l
0.49
0.67
0.57
0.59
0.63
0.64
0.62
0.67
0.66
0.64
074
066
058
065
0.69
068
0.70
070
0.69
0.66
068
064
0.66
068
062
065
0.67
0.67
068
0.71
0.65
0.66

0.299
0.304
0.286
0314
0334
0327
0262
0507
0286
0314
0215
6.900
8.600
22.000
16.000
20.000
25.000
17.000
19.000
26.000
24.000
13.000
8200
27.000
19.000
9.500
11.000
10.000
12.000
23000
0.128
0154
0.152
0.085
0.177
0.169
01lie6
0.147
0128
0114
0.123
0.136
0110
0.140
0121
0.117
0.123
0.132
0.112
0.129
0.124
0.112
0.113
0.i38
0.144
0.122
0.127
0.156
0.151
0.152
0.147
0.159
0.149
0.155
0.152

8
0001155
0.001345
0.001269
0001288
0001610
0.601402
0.001420
0.001705
0.001705
0.001686
0.001799

0.0041

0.0037
0.012600
0.012500
0.012500
0.009700
0.009700
0.009700
0.009800
0.009900
0.010000
0.010000
0.010200
0.010800
0.010500
0.010400
0.010000
0.010000
0.010000
0.000142
0.000124
0.000088
0.000085
0.000145
0.000108
0.000072
0.000110
0.000074
0.000070
0.000086
0.000086
0.000075
0.000148
0.000073
0.000076
0.000088
0.000085
0.000067
0.000085
0.000089
0.000085
0.000077
0.000076
0.000109
0.000087
0.000074
0.000150
0.000107
0.000112
0.000110
0.000124
0.000127
0.000147
0.000148

6.5
8.5

[ - - R - R - R e R R L. L. BV IV RV S - - S )

——ulomuuww—.—_
[--JRN) o © WY = = a3 00 0 N

550
825
577
747
940
1.118
1.069
1267
1.600
1293
1.488
16,364
13,266
28

68
52
41
38
11

103
94
215
32
36
54
76
422
386
156
445
58
128
869
153
61
367
560
289
511
184
225

79
110
290

54
n
146
529
845
410

256

OO0 SO0 0000000000000 0000000000000 0000000000000 0000000 oOoOO0 OO0 DIDOOOOOOO0D O —



Pakistan Canal
Pakistan Canal
Palastan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakastan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

68.92
69.18
70.03
70.40
70.40
70.42
70.71
71.30
71.92
72.66
72.66
73.60
7411
74.22
74.30
74.84
75.32
75.69
75.86
76.94
77.11
77.28
78.55
78.92
79.17
79.60
80.19
81.52
83.31
84.02
85.21
85.29
86.25
86.34
86.54
87.50
89.48
90.42
90.53
92.79
94.27
96.59
97.44
98.94
99.48
110.12
110.72
130.46
136.32
137.82
138.04
139.74
140.14
146.62
151.24
153.31
153.82
156.48
158.09
166.87
169.08
169.67
179.56
183.83
207.62

12497
1694
47.24
46.63
46.65
46.63
46.63
46.63
146.63
46.63
46.63
46.63
46.63
46.63
94.79
46.63
4633
49.07
46.63
69.49
4633
46.63
46.63
99.67
46.94
50.60
49.07
49.07
49.07
4938
17.85
88.39
49.68
4938
19.68
4938
49.68
4938
88.39

100.89
8839
86.56
70.41
86.56
86.56

125.58
71.02
70.41

127.41
69.19
7041
71.93
70.10

126.49
90.22
70.71
71.63
7224

118.87
90.53
7224
70.71

12436
91.14

126.19

1.46

19
=

BL;\»\..L.'._
DI Y- RV IRV IR RV RS N =

(= -

P R VI R I Y IR W NI T )
P A W

s gG

I‘JIJ—IJIJIJIJIJIQ!Q—l\llJ!J:—'!-J!J!Jld:—!JIJIJ!J!JIJIJ!J!J!J!\J!J_

[ A
—_ e b e = 9 de
LYV - Y- T - S« N WYV - S = )

i~

o in
[SIN¥]

1.46
1.62
2.10
1.65
1.65
1.86
216
2.35
1.77
238
241
223
235
1.71
1.89
2.10
235
2.41
223
1.89
2.47
1.89
2.04
2.9
2.16

0.38
0.68
068
0.70
065
0.69
0.70
0.73
0.67
0.67
0.66
0.70
0.71
0.70
052
0.70
Q.71
0.71
0.70
0.61
0.74
0.73
0.73
0.59
0.69
0.74
0.80
0.78
0.82
0.79
0385
0.66
0.78
0.81
0.30
0.81
0.83
0.86
0.67
0.66
0.73
0.69
0.66
0.69
0.70
0.47
0.72
0.79
0.61
0.81
0.81
0.87
0.85
0.68
0.89
1.03
09!
0.90
0.60
098
0.95
1.27
0.7}
0.92
0.76

0195
0164
0153
0132
0134
0143
0.146
0211
0.148
0150
0.156
0.145
0.142
0.155
0146
0152
o6l
0.193
0.148
0.108
0.149
0.147
0.149
0167
0.142
0.191
0178
0182
0179
0167
0168
0164
0186
0.170
0207
0176
0185
0173
0.148
013
0084
0131
0147
0167
0.192
024§
0.179
0125
0133
0132
0118
0.149
0.126
0.198
olle6
0174
0144
0.161
0082
0179
0.162
0.164
0223
0.173
0273

8
0.000043
0000102
0000116
Q000101
0000116
0000115
0000099
0000104
0000112
0000116
0000112
0000111
0000116
0000114
0000142
0000107
0.000104
0000148
0.000115
0.000132
0000108
0000109
0000107
0.000104
0 000095
0000154
0.000148
0000152
0000145
0000146
0000132
0000129
0000154
0000147
0000154
0000144
0000154
0000153
0000137
0000106
0000137
0000139
0.000134
0.000127
0009129
0.000086
0.000137
0000129
0 000086
0000133
0000149
0.000107
0000134
0 000087
0000152
0000135
0.000166
0.000149
0.000070
0.000113
0000121
0000134
0.000112
0.000138
0.000099

26

00 W &

W WY Y NN
O 0O WL W

122

563
391
564

438
188
419
584
228
369
319
169
872

52
373

49

257

OO0 0000 OO OO0 OO0 O0OOOOO0OOOCO0OO0O OO0 OO0O0OOOO0OO0O0O0OOO0ODOO0DOO0OOO0O0O0 OO0 O0O0CLOO 000000 O —



Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Pakistan Canal
Portugal River
Portugal River
Portegal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

22209
22444
23310
267 65
279.80
291.27
297.16
29741
32151
33728
34295
346.71
349.46
349.97
35572
357.76
36291
363.33
363.64
371.80
375.65
380.58
387.69
388.05
391.06
392.70
393.21
394.77
395.13
404.62
412.04
41229
412.72
414,47
417.42
423.25
428.15
441.29
451.40
481.92
486.82
528.68
29.00
30.00
33.00
35.00
36.00
36.50
37.50
38.00
40.00
40.00
40.00
41.00
42.00
42.50
44.00
45.50
48.00
50.00
56.50
58.00
58.30
59.60
60.00

128.02
120.70
130.21
117.35
13594
128.63
12832
129.24
119.79
116,43
110.95
110.64
111.56
112.17
116.74
111.25
120.09
128.02
110.95
11339
125.88
101.50
12223
121.92

92.05
119.79
111.86
117.65
113.08
11430
111.86
11826
118.26
111.56
112,47
118.26
114.00
120.40
121.92
123.44
123.44
123.44

69.65

69.65

69.70

69.60

69.70
124.25

69.70

69.70

70.40

69.70
126.65

69.70
131.35
130.50

69.70

69.70
134.45
136.00

70.40
137.25

70.40
110.00

69.90

262
341
320
329
332
341
3.47
3.26
354
3.57
2.77
344
3.51
3.81
290
3in
3.66
3.66
3.57
3.57
3.54
3.81
3.57
3.63
3.63
3.60
3.69
3.66
3.63
3.69
4.08
424
4.30
4.27
3N
0.55
0.56
0.63
0.63
0.63
0.46
0.67
0.66
0.67
0.70
048
0.72
0.48
0.48
0.75
0.77
0.51
0.52
0.86
0.56
0.88
0.69
0.95

0.77
0.74
0.80
0.81
0.89
0.87
0.90
0.88
0.79
091
0.94
094
092
0.90
0.93
091
0.85
1.02
095
0.94
0.78
1.29
0.85
0.87
1.16
092
0.99
095
092
099
1.02
0.96
097
1.01
1.01
099
1.02
0.90
0.87
091
092
115
0.76
0.76
0.75
0.80
0.81
0.64
0.80
0.82
085
082
0.66
082
0.67
0.68
0.84
0.84
0.70
0.70
0.93
0.75
0.94
0.79
0.90

0226
0195
0 206
0313
0.293
0.176
0.15%
0187
0.169
0289
0.250
02852
0.230
0205
0.299
0.201
0272
0 260
0.275
0.234
0.268
0.182
027

0.331
0.157
0275
0.242
0279
0222
0197
0170
0233
0220
0214
0202
0.258
0210
0 208
0202
0364
0199
0113
03l
0 328
0277
0438
0397
0575
023§
0.453
0174
0.303
0 395
0378
0.444
1.056
0424
0.396
0337
0705
0460
0.424
0516
0.374
0.286

3
0000104
0 000082
0.000098
0.000112
0000112
0.000100
0.000097
0.000098
0 000088
0.000112
0.000119
0000123
0.000121
0.000112
0.000109
0.000125
0.000112
0 000093
0000120
0.000120
0.000116
0.000105
0.000107
0000108
0.000150
0.000112
0.000121
0.000113
0 000061
0.000119
0.000119
0000120
0000121
0000121
0.000117
0000121
0000122
0 0600093
0 000098
0.000079
0.000103
0 000055
0000710
0 000660
0 000660
0 000620
0 000620
0000700
0 000670
0 000630
0 000670
0 000730
0.000710
0.000730
0.000710
0.000720
0000720
0 000750
0.000730
0 000730
0000720
0 000810
0.000730
0 000690
0 000780

103

342
94
108

89
614
216

57

reg
59
54
181
67
29
205
95
34
10
37
35
58
38
39
102

107
48
75

258

00O 000000000000 OO0 O0O0OO0O0CO0OO0O0OO0OO0OO0ROOOLOOOO0O0OROOO0OOO0O0O0O0OODEOOOO0O0O0OO OO0 O0 OO -~



Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Partugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portegal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

L

v

6550
66 40
68.00
7100
7300
74.00
7500
75.00
75.00
7705
7790
78 00
78 40
79.00
81.00
8300
8330
8100
8100
8500
86 80
8700
8700
8820
89.00
89 90
9400
96.00
96 00
96 50
97 00
99 00
102.00
10200
102 00
102 00
103 00
104 00
104 70
106 00
107 00
107 00
109 00
11200
112.00
11350
11400
11490
11500
116 .50
117.00
118.00
11900
120 00
120 00
121.00
122.00
122.00
12300
12300
124.00
124.00
124.50
125.00
128.00

0.96
1.09
0.60
0.59
0.65
1.09
111
113
0.63
1.08
I.10
1.16
0.79
1.15
1.18
115
093
1.20
1.21
0.66
1.20
0.68
1.23
0.59
0.60
0.72
133
1.35
1.30
1.39
0.72
1.33
1.46
1.45
1.40
0.71
1.40
1.38
0.82
1.41
1.50
141
1.44
1.46
0.82
1.53
1.48
0.65
0.76
1.56
147
0.78
.51
1.50
0.87
1.56
1.61
0.91
1.54
1.57
1.56
1.62
0.79
0.80
1.59

097
0 86
0.77
0.88
0.77
0.97
0.96
0.94
0.77
1.02
1.01
0.95
0.87
0.98
098
1.03
0.88
1.00
0.99
0.80
1.03
0.80
1.00
0.86
0.86
0.89
1.00
1.01
1.05
0.98
0.82
1.06
0.99
0.99
1.03
0.83
1.04
1.07
091
1.07
1.01
1.07
1.07
1.08
0.83
1.05
1.09
0.97
0.85
1.06
1.13
0.84
.12
1.13
0.83
1.10
1.07
0.96
1.13
.11
1.13
1.08
0.87
0.86
1.14

0.344
0.402
0.645
0473
0.6G3
0.301
0.348
0.398
0.623
0.395
0.397
0.469
0.421
0.296
0.300
0.363
1.909
0.228
0277
0.608
0.500
0.313
0.318
0527
0.429
0474
0.343
0.247
0.265
0.369
0.391
0.344
0218
0.254
0.278
0.442
0.294
0.302
0.565
0.222

0.230
0.254
0.364
0.197
0.380
0224
0.337
0.314
0.400
0.283
0.390
0.361
0.361
0.303
0.330
0379
0310
1.407
0215
0.332
0.279
0.328
0.363
0.393
0.246

8
0 000730
0.000740
0.000790
0.000790
0.00077
0.000840
0.000720
0.000730
0.000670
0.000770
0.000750
0.000770
0.000730
0.000730
0000730
0.000750
0.000850
0.000740
0.000740
0.000680
0.000730
0.000740
0.000730
0.00G800
0.000820
0.000770
0.000730
0.000760
0.000880
0.000760
0.000540
0.000770
0.000720
0.000710
0.000860
0000760
0.000750
0.000790
0.000870
0.000840
0.000700
0.000850
0.000830
0.000830
0.000620
0.000680
0.000830
0.000910
0.000810
0.000680
0.000890
0.000810
0.000880
0.000890
0.000650
0.000880
0.000700
0.000820
0.000870
0.000880
0.000890
0.000750
0.000850
0.000680
0.000880

69
17
107

43

51
201

50

113
129
61
83
73
73
131
103
45
129
155
115
81
113
161

79
105
86
109
150
198
95
203
113
133
165§
182
57
160
73
178
198
148
189
136
87
234
186
130
199
178
193
193
240
92
133
176
169
149
221
208
307
191
161
121
297

259

OO0 OO0 0O QOO0 O0OO0O U OO OO0O0OO0O0OO0OOOO0OOOOOOREEOOOLOLOO0 OO OLOOOO OO OO OOV OOLOoOOoOOoOOLOE O O~



Portugal River
Portugal River
Portugat River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Partugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

128.00
128.50
130 00
131 00
13300
133.50
134.60
135.00
135.00
137 00
137 00
137.00
137.00
137.00
138.00
138.00
139.00
140.00
141.00
141.00
141.00
141.00
141.00
141 .00
142.00
142.00
143 .00
143.00
144 00
146 0O
146 00
146 00
147 00
147 00
148.00
148 .00
149.00
150 00
150 00
150 00
150 .00
151 .00
15t 00
15t 00
151 00
151.00
151.00
151.00
152.00
152.00
152.00
152.00
152.40
153.00
153 00
153.00
154.00
156 .00
157 .00
157.00
158.00
158.00
158.00
159.00
159 .00

3
168.50
70.80
165.15
70.80
169 40
70.80
71.00
70.70
70.90
70.90
175.80
70.80
182.80
70.80
70.90
70.90
70.80
70.80
70.90
70.80
70.80
70.80
70.70
70.70
70.90
183.00
71.00
70.90
70.90
70.80
183.25
70.80
70 70
70.80
70.70
70.80
7110
70.70
7070
7090
70.80
70.80
7090
7080
71.10
70.80
70.70
70.80
70.70
7110
71.10
70.70
183.00
70.90
70.90
70.90
71.20
71.20
70.90
71.40
71.00
71.10
70.80
70.80
70.80

0.90
168
034
191
092
1.73
1.88
1.6l
1.94
1.97
091
1.63
0.84
1.70
198
1.82
1.95
1.74
202
1.97
1.70
1.97
1.84
1.82
2.01
0.85
1.78
1.95
2.03
1.88
0.84
1.99
1.91
1.89
1.88
1.90
1.86
1.78
t.79
1.87
2.06
2.01
205
1.80
213
1.83
1.79
193
1.80
214
214
1.80
0.89
1.91
191
191
1.92
1.98
1.99
1.94
2.10
213
2.18
2.08
1.80

0.84
1.08
0.94
097
0.85
.09
1.01
1.18
0.98
098
0.86
1.19
0.90
1.14
0.98
1.07
1.01
P14
0.99
1.01
1.17
1.01
1.09
1.10
0.99
0.91
1.13
1.04
1.00
1.10
0.95

1.03
1.08
1.24

0116
0332
0336
0336
0.247
0379
0397
0314
0374
0215
0243
0.329
0331
0452
0.237
0.399
0325
0414
0274
0276
0.291
0368
0.408
0.454
0495
0610
0.445
0.544
0.201
0348
0.361
0372
0300
0342
0.233
0.293
0.420
0.238
0293
0.354
1.077
0330
0.336
0.371
0372
0380
0.536
0340
0232
0311
0362
0.433
0339
0294
0318
0439
0291
0377
0270
0312
0329
0375
0513
0343
1.000

0.000680
0.000760
0.000620
0.000870
0.000710
0.000760
0.000740
0.000880
0.000840
0.000850
0.000710
0.000870
0.000860
0.000820
0.000870
0.000760
0.000850
0.000870
0.000760
0.000880
0.000890
0.000870
0.000870
0.000900
0.000880
0.000820
0.000900
0.000890
0.000890
0.000890
0.000860
0.000890
0.000870
0.000930
0.000870
0.000910
0.000880
0.000870
0.000900
0.000920
0.000910
0.000880
0.000910
0.000880
0.000740
0.000920
0.000890
0.000950
0.000900
0.000740
0.000730
0.000910
0.000870
0.000940
0.000810
0.000940
0.000880
0.000750
0.000950
0.000950
0.000780
0.000890
0.000970
0.000830
0.000910

187
228
223
319
22
210
271
201
255
282
174
148
m
199
147
232
220
168
202
193
153
239

OO0 0 OO0 O 0 0000000000000 OO0 OO0 00O OO0 O OCO OO0 OO0 00O OLOO OOOC O OO OO OO0 OO O OoeCc oo oo -



Portugal River
Portuyal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal Rives
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal Raver
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portural River
Portugal River
Portugal River
Portugal River
Portupal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal Raver
Portugal River
Portugal River
Portugal River
Portugal River
Portugal River
Portugal Ruver

"~

160.00
160 00
160.00
161.00
161.00
162.00
162.00
162.80
165.99
165.99
166.99
169.99
169.99
170.89
171.99
172.99
17399
174.99
174.99
177.99
178.99
178.99
180.99
18499
189.99
191.19
192.49
194.09
196.99
196.99
196.99
196.99
201.99
21199
215.59
21849
221.79
22799
§2.99
25439
259.99
261.99
269.99
279.79
29499
297.99
299.99
305.19
309.99
31799
320.39
34999
357.59
36999
409.99
432.59
45199
469.99
177.99
54498
57498
57998
61598
61498
639.98

~ ot

7090
176.35
70 80
70.90
7160
70.90
70.90
183.00
71.30
70.90
183 .44
71.00
176.60
183.40
183.50
18335
71.00
71.50
70.10
176.75
71.50
71.00
71.20
183.50
71.80
183.50
181.00
182.90
183.46
176.00
7100
183.63
177.25
177.30
183.65
183 60
183 .80
184.00
18240
183 80
183 85
185.00
184.74
184.00
184.00
185.00
185.00
183.05
184.10
18530
183.10
184.10
184.60
186.00
187.27
187 60
187.50
187.60
187.60
188.50
187.40
187.90
188.94
188.00
187.70

216
096

221

9
[}

o=
e O
D-a

1.09
s
1.09

t9

I S S N R i N Al i i e i T i e i e B B S D
w

110
091
1.21
132
1.07
1.09
117
0.90
s
1.08
095
1.08
093
092
094
1.06
L1
P14
1.06
093
1.14
1.18
112
095
L.16
0.96
093
0.97
0.96
0.97
1.28
097
0.96
0.99
1.01
097
1.02
094
096
1.02
1.04
093
097
L2
1.00
0.99
098
[N}
1.00
1.01
112
1.10
111
1.08
.18
1.31
1.21
1.23
138
1.36
1.43
1.32
1.40
1.38
1.40

0 345
0368
0578
0323
0372
0.298
0.712
0.384
0.365
0.401
0.352
0.301
0.47.

0472
0.258
0.249
0.303
0305
0.569
0.360
0.405
0.480
0394
0.333
0.542
0.531
0.378
0.932
0.386
0.408
0.525
1.466
0.409
0.211
0.629
0349
0.380
0272
0.499
0382
0.291
0.282
0474
0.569
0.655
0.406
0.389
0321
1.190
0310
0314
0411
0.261
0.698
0.256
0415
0.325
0.462
0.335
0.643
0.404
0.419
0.609
0.375
0.486

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0.000870
0.000790
0.000930
0.000950
0.000970
0.000860
0.000890
0.000730
0.000750
0.000890
0.000880
0.000740
0.000800
0.000820
0.000890
0.000870
0.000770
0.000770
0.000950
0.000810
0.000760
0.000910
0.000780
0.000870
0.000830
0.000800
0.000940
0.000710
0.000810
0.000860
0.000940
0.000810
0.000830
0.000790
0.000800
0.000940
0.000780
0.000730
0.000720
0.000920
0.000890
0.000780
0.000750
0.000750
0.000610
0.000770
0.000780
0.000850
0.000650
0.000760
0.000930
0.000720
0.000840
0.000680
0.000740
0.000910
0.000740
0.000770
0.000950
0.000790
0.000750
0.000770
0.000810
0.000790
0.000820

10
267
182
21
288
124
287
188

95

68
248
205
198
2

71
281
258
225

94
178
275
195
332
148
214

81
228

89
156
21
172
146
257
191

72
193

96
249
16l
260

110

261

- - I == - I - I =R~ - - I~ T - T - =Y — S — N — A — S - T~ S — T — S — S — T~ S - I~ B~ S - B~ S B I - R - -2 - I - T — - T~ B~ - O - I - B T — = - I = =~ I =



Portugal River

Red River

Red River

Red River

Red River

Red River

Red River

Red River

Red River

Red River

Red River

Red River

Red River

Red River

Red River

Red River

Red River

Red River

Rzd River

Red River

Red River

Red River

Red River

Red Risver

Red River

Red River

Red River

Red River

Red River

Red River

Rio Grande Convey Canal
Rio Grande Convey Canal
Rio Grande Convey Canal
Rio Grande Convey Canal
Ri10 Grande Convey Canal
Rio Grande Convey Canal
Rio Grande Convey Canal
R0 Grande Convey Canal
Rio Grande Convey Canal
Rio Grande near Bemalilio
Rio Grande near Bemalillo
Rio Grande necar Bemahitlo
Rio Grande near Bemalillo
Ri0 Grande ncar Bemalillo
Rio Grandz ncar Bemahllo
Rio Grande near Bemahllo
Rio Grande near Bernahllo
Rio Grande near Bemalillo
Rio Grande near Bemalillo
Rio Grande near Bemalillo
Rio Grande near Bemalillo
Rio Grande near Bemalillo
Rio Grande near Bemalillo
Rio Grande near Bemalillo
Rio Grande near Bemalillo
Rio Grande near Bemalillo
Rio Grande ncar Bemalillo
Rio Grande near Bemalitlo
Rio Grande near Bemalillo
Rio Grande near Bemnalitlo
Riu Grande near Bemalitlo
Ri0 Grande near Bemalillo
Ryo Grande near Bemalillo
Rio Grande near Bemalillo
Rio Grande near Bemalillo

]

07/14/26
08/07/72
01,0391
09:04/15
07:01/25
08/16/55
03/23/45
06/17725
0925/44
12/16/44
06/18/44
07/13/45
06/04/44
10/18/45
112772
06/1299
04/13/17
03720725
05/02/72
04/13726
03/06/99
1172998
10/26/00
03/20/99
08°21/72
12/04/98
@9/02/70
02/07/98
11/02/97
01/13/81
01/13/81
01/14/81
01/14/81
04/13/81
05/24/08
04/14/81
09/22/82
09/23/82
03/05/44
03/05/44
06/11/44
06/11/44
09/09725
09/09125
11/08/43
11/08/43
1171424
06/03/25
06/03125
11714724
07/01/71
07/0171
09/03/89
08/29/89
08/29/89
0528725
09/03/89
05728125
08/26/89
08/26/89
09/10/89
09/10/89
05725125
05725125

3
65998
190.31
199 .66
206.74
206.74
223.73
229.39
242.99
254.03
25573
263.09
27499
278.10
331.34
334.18
362.50
396.48
407.81
421.97
461.62
§35.25
594.72
702.34
736.32
863.76
926.06

1019.52
111581
1297.06
1537.78
2575
2575
25.19
25.19
33.68
36.22
36.51
3538
3538
35.12
35.12
57.49
57.49
5749
58.34
5947
59.47
7731
78.16
80.71
8241
95.16
110.16
113.28
122.91
124.04
133.67
13395
136.79
154.34
164.26
168.79
171.05
172,75
173.88

3
188.79
15575
139 90
159 31
13899
130.45
14508
146.30
146.30
149 38
150.57
160.02
140.51
16032
155.75
156.97
16276
162.15
159 41
164.90
166.12
168.55
169.16
16351
17038
170.38
17313
17526
177.70
18288
2132
2286
2286
2012
2256
2133
2743
2256
2256
40 54
13990
8169
108 81
176 78
8230
81.99
192.63
8291
8199
112,78
195.07
82.30
194 46
81.38
8108
151 79
106 .68
157 89
8291
158 50
82.30
162.15
83.21
14905
8291

8 ;‘:' i

v Y Y T A )
[V VNS

HE&RIVER

W ottt

DR R I I R R R
o

b e
L I T e I BN Y S
N~V I ]

il
19 -
3 -

143
041
041
0.37
042
051
0.48
047
Q.35
047
0.48
0.16
0.53
0.47
0.57
062
Q.55
0.60
0.71
0.64
0.78
0.67
0.67
0.86
0.87
0.94
0.83
0.99

1.03

114
093
0382
074

1.00

1.67

1.66

1.50

143

142
0383
0.62
0.79

1.20
068
0.36
0.93
093

1.24

1.13
0.97

117

1.22

1.06

1.54

1.86

1.40
1.68

1.22

1.55
1.50

191

1.63

1.98

1.74

1.82

0.525
0.149
0.102
0.109
0.110
0.178
0.157
0.115
0.170
0.109
0.100
0.179
0.115
0.159
0.185
0.112
o111
0.175
0.166
0.119
0.136
0.176
0202
0.156
0.138
0.126
0.161
0224
0.166
0212
0.270
0.280
0.210
0.230
0.200
0.210
0.180
0.180
0.180
0.302
0.302
0.281
0.281
0.338
0.272
0.317
0317
0.230
0312
0318
0.306
0223
0212
0.308
0.308
0.308
0.330
0.308
0.328
0.308
0.308
0.308
0.308
0.317
0.293

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

8
0.000820
0.000074
0.000073
0.000077
0.000076
0.000073
0.000077
0.000077
0.000076
0.000078
0.000081
0.000080
0.000077
0.000082
0.000077
0.000077
0.000076
0.000075
0.000077
0.000077
0.000076
0.000076
0.000072
0.000076
0.000075
0.000080
0.000066
0.000077
0.000073
0.000075
0.000650
0.000650
0.000650
0.000650
0.000730
0.0011t0
0.000520
0.000660
0.000590
0.000830
0.000830
0.000820
0.000820
0.000800
0.000800
0.000830
0.000830
0.000890
0.000760
0.000760
0.000890
0.000830
0.000830
0.000760
0.000760
0.000760
0.000790
0.000760
0.000790
0.000740
0.000740
0.000800
0.000800
0.000830
0.000830

mwu-—wtlwuw
Wi e o da e D = WY N WO

10
208

127
153
239
129
68
345
155
239
170
286
293
500
1.025
1.025

906
1.348
2475

985
2486
3.049

783

463

598

596

924
1.000
L7
2517
113

724
2917
1.724
1.635
3,653
2978
2,881
2,118
3.621
1.849
2.791
3.588
2819
4.530
2415
2,139

262

O QO 0 OO0 0000 OO0 0 OO0 OO0 OO O©OOOOO W W Wididbuuuwuwoddooo OO0 OO0 OO0 OO0 OO OOKH OO OOoOO L OO O O —



1
Rio Grande ncar Bemalillo
Rio Grande near Bermalitlo
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1 b 3 4 5 6 7 8 9 10

Rio Grande River - 750 2957 046 0.55 0.333 0.001100 2 1.070
Rio Grande River - 759 2347 0.53 0.61 0378 0001100 7 166
Rio Grande River - 7.65 54.86 0.28 0.49 0.228 0 000860 27 74
Rio Grande River - 7.70 3475 0.40 0.56 0.525 0.001290 14 374
Rio Grande River - 7.73 3780 0.36 0.57 0.372 0001500 n 1.700
Rio Grande River - 796 29.87 0.44 0.61 0.557 0 001100 14 637
Rio Grande River - 8.30 48.46 0.35 0.49 0.266 0001100 8 268
Rio Grande River - 8.32 30.48 0.49 0.56 0.349 0.001290 14 276
Rio Grande River - 8.32 45.72 0.33 0.55 0438 0001500 25 196
Rio Grande River - 8.64 4572 0.32 0.60 0 169 0.001500 6 681
Rio Grande River - 875 46.03 0.35 0.54 0.420 0.001500 23 213
Rio Grande River - 8.75 53.95 0.31 0.53 0.629 0001290 1 43
Rio Grande River - 895 35.66 0.41 0.61 0.357 0 000690 1 558
Rio Grande River - 9.00 39.62 0.39 0.58 0.352 0.001100 19 415
Rio Grande River - 9.26 35.05 0.44 0.61 0418 0001290 3 1.290
Rio Grande River - 9.34 4420 0.35 0.60 0 460 0001500 24 405
Rio Grande River - 9.83 35.05 0.45 0.62 0.378 0001290 9 877
Rio Grande River - 985 54.25 0.35 0.52 0.376 0.001100 6 505
Rio Grande River - 9.97 4115 0.39 0.62 0416 0001290 6 1.700
Rio Grande River - 10.14 5243 033 0.59 0.294 0.001500 i 1280
Rio Grande River - 10.19 5243 0.35 0.55 0.343 0.001500 7 1.260
Rio Grande River - 1022 60.35 0.25 0.67 0.174 0.001500 23 1.550
Rio Grande River - 10.36 39.01 0.44 0.60 0.360 0001100 22 2.640
Rio Grande River - 10.36 4724 0.30 0.74 0414 0.001500 22 3410
Rio Grande River - 10.45 5245 0.32 0.62 0.398 0001500 5 1.190
Rio Grande River - 10.53 3841 0.41 0.68 0318 0001500 1 1.380
Rio Grande River - 10.82 49.07 0.41 0.54 0.351 0.000690 7 557
Rio Grande River - 10.90 31.70 041 0.84 0.330 0001290 4 1.360
Rio Grande River - 10.93 103.02 0.21 0.50 0.235 0.00:100 14 729
Rio Grande River - 10.93 2286 0.56 0.85 0 365 0001300 0 1260
Rio Grande River - 1099 35.05 0.63 0.50 0248 0001100 19 204
Rio Grande River - 11.18 7437 0.34 0.44 0215 0 000860 16 1.310
Rio Grande River - 11.18 47.24 0.41 0.58 0337 0001100 10 306
Rio Grande River - 11,44 80.77 0.28 0.51 0314 0 000690 25 3N
Rio Grande River - 11.50 4724 0.40 0.61 0.361 0.001100 9 570
Ric Grande River - 11.72 $6.63 041 0.61 0575 0 001500 12 320
Rio Grande River - 11.72 36.58 0.48 0.66 0.643 0.001290 9 543
Rio Grande River - 11.78 63.40 0.36 0.52 0472 0.001290 12 178
Rio Grande River - 11.89 3048 0.59 0.66 0211 0001290 24 244
Rio Grande River - 12.06 33.83 043 0.82 0312 0001500 7 1.680
Rio Grande River - 12.09 41.15 0.51 0.58 0372 0001100 19 574
Rio Grande River - 12.15 4145 047 0.62 0311 0.001100 i4 539
Rio Grande River - 12.18 40.54 048 0.62 0.345 0.001100 6 807
Rio Grande River - 12.57 7193 0.30 0.59 0234 0001100 3 996
Rio Grande River - 12.63 53.65 0.46 0.51 0.542 0.001500 15 311
Rio Grande Ruver - 12.83 69.19 0.30 0.61 0.424 0.000790 26 315
Rio Grande River - 12.83 53.04 0.42 0.58 0 445 0.001500 22 1.450
Rio Grande River - 12.86 63.40 043 0.47 0.174 0 000690 b 549
Rio Grande River - 12.94 46.63 0.42 0.66 0.395 0.001500 13 367
Rio Grande River - 13.00 8291 033 0.48 0 251 0.000690 23 407
Rio Grande River . 13.14 3841 0.52 0.66 0.404 0.001290 3 1.800
Rio Grande River - 13.14 37.80 0.50 0.69 0411 0.001290 2 1,850
Rio Grande River - 13.25 3901 0.52 0.65 0389 0.001290 2 1.200
Rio Grande River - 13.54 3597 048 0.79 0.336 0.001500 8 1.300
Rio Grande River - 13.54 39.62 0.51 0.68 0375 0.001290 6 3.350
Rio Grande River - 13.56 48.77 0.52 0.54 0318 0.000860 23 562
Rio Grande River - 13.59 54.25 0.38 066 0.305 0.001500 6 722
Rio Grande River - 13.70 34.75 0.38 1.03 0356 0.001290 2 2,000
Rio Grande River - 13.73 53.04 0.39 0.67 0397 0.001500 2 1.120
Rio Grande River - 13.96 6523 040 0.54 0302 0.000860 22 759
Rio Grande River - 14.04 79.25 031 0.56 0222 0 000860 24 985
Rio Grande River - 14.07 33.83 0.51 082 0439 0.001500 4 1.730
Rio Grande River - 14.16 5425 0.46 0.57 0335 0.001290 21 639
Rio Grande River - 14.24 3962 0.54 0.66 0.406 0001290 4 1.390
Rio Grande River - 1438 32.00 0.60 0.75 0237 0.001500 11 981
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0.37
0.48
0.50
1.03
0.66
0.89
0.47
0.58
0.63
0.89
0.68
0.82
0.76
0.66
0.78
0.78
0.82
0.83
0.80
143
0.71
0.94
0.60
0.81
0.73
0.75

145
0.84

1.62
0.74
0.65

1.21
0.73
0.67
0.77
0.95
0.78
1.22
1.50
0.86
0.84
0.78
0.90
233
092
093

0.89
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0.76
068
0.79
0.97
0.74
0.94
113
0.86
0.78
0.69
0.89
0.90
0.83
0383
0.99
0.65
0.71
1.05
0.83
0.80
1.18
0.81
1.13
L14
0.90
091
0.79
097
0.86
0.95
1.03
093
0.95
1.40
135
0.96
129
Lo
147
1.19
1.09
1.19
1.24
153
113
132
131
1.06
1.60
121
1.58
1.42
1.22
147
1.67
1.58
1.38
124
1.16
1.54
1.25
1.27
1.53

0.279
0369
0246
0.705
0.536
0.242
0.698
0.655
0.374
0.360
0.516
0.610
0.250
0.405
0310
0.256
0.303
0348
0330
0.250
0.233
0.337
0.380
0.340
0.291
0.348
0.339
0.500
0.283
0473
0270
0336
0.337
0328
0.342
0232
0.433
0224
0.421
0218
0.238
0.300
0.348
0.424
0.233
0.384
0.323
1.407
0.265
0.258
0.291
0.189
0.301
0.361
0.230
0.249
0.293
0.380
0.444
0.281
0.289
0.274
0.932
0.298
0.286
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1,450
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1.470
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1.400
2,090

894
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1.260
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1.480
1.460
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1.620
1.640
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1.450
5.820
1.710
3.300
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2.810
3.350
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1.540
7.550
5.830
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Rio Grande River
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Ruo Grande River
Rio Grande River
Rio Grande River
Rio Grande River
Rio Magdalena & Canal del Dique
Rio Magdalena & Canal del Dique
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Rio Magdalena & Canal del Dique
Rio Magdalena & Canal del Dique
Rio Magdalena & Canal del Dique
Rio Magdalena & Canal del Dique
Rio Magdalena & Canal del Dique
Rio Magdalena & Canal del Dique
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11893
122,89
129 40
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136 77
141 30
141.58
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i 2 3 4 35 6 7 8 9 10
Rio Magdalena & Canal del Dique - 232.00 197 .00 1.32 0.89 1.080 0.000350 30 99
Rio Magdalena & Canal del Dique - 261.00 198.00 1.57 0.84 1.080 0.000360 30 49
Rio Maydalena & Canal del Dique - 280.00 85.00 315 1.05 0.120 0.000077 30 193
Rio Magdalena & Canal del Dique - 284.00 270.00 1.39 076 0.265 0.000450 30 412
Rio Magdalena & Canal del Dique - 322.00 69.00 5.78 1.23 0.120 0.00009! 30 329
Rio Magdalena & Canal del Dique - 370.00 88.00 391 1.08 0.120 0.000089 30 141
Rio Magdalena & Canal del Dique - ) 421.00 135.00 3.82 0.82 0.210 0.000057 30 626
Ric Magdalena & Canal del Dique - 440.00 85.00 147 1.16 0.150 0.000059 30 233
Rio Magdalena & Canal del Dique - $75.00 195.60 2.18 112 1.080 0.000460 30 179
Rio Magdalena & Canal del Dique - 478.00 120.00 3.55 .12 0.210 0.000062 30 267
Rio Magdalena & Canal del Dique - 504.00 190.00 2.46 1.08 1.080 0.000410 30 198
Rio Magdalena & Canal del Dique - 544.00 84.00 5.13 1.26 0.150 0.000089 30 156
Rio Magdalena & Canal del Dique - 567.00 140.00 4.60 0.88 0.210 0.000071 30 591
Rio Magdalena & Canal del Dique - 604.00 284.00 2.08 1.02 0.500 0.000230 30 197
Rio Magdalena & Canal del Dique - 611.00 290.00 217 0.97 0.265 0.000450 30 3.000
Rio Magdalena & Canal del Dique - 793.00 290.00 279 0.98 0.500 0.006220 30 492
Rio Magdalena & Canat del Dique - 886.00 194.00 322 142 1.080 0.000570 30 423
Rrio Magdalena & Canal del Dique - 979.00 285.00 298 115 0.500 0.000170 30 464
Rio Maygdalena & Canal det Dique - 1140.00 300.00 2.78 1.37 0.500 0.000210 30 570
Rio Magdaiena & Canal del Dique - 1250.00 395.c0 2.50 1.27 0.920 0.000380 30 304
Rio Magdalena & Canal del Dique - 1260.00 845.00 153 097 0.405 0.000400 30 293
Rio Magdalena & Canal del Dique - 1310.00 295.00 3.01 1.48 0.500 0.000230 30 710
Rio Magdalena & Canal del Dique - 1370.00 174.00 6.58 1.20 0375 0.000100 30 2.000
Rio Magdalena & Canal del Dique - 1400.00 622.00 2.03 .1 1.050 0.000490 30 517
Rio Magdalena & Canal del Dique - 1493.00 437.00 3.09 P11 0.375 0.000130 30 147
Rio Magdalena & Canal del Dique N 1529.00 415.00 4.06 091 0310 0.000290 30 149
Rio Magdalena & Canal del Dique - 1615.00 400.00 3.38 1.19 0.920 0.000170 30 381
Rio Magdalena & Canal del Dique - 1665.00 400.00 3.05 1.36 0.920 0.000170 30 435
Rio Magdalena & Canal del Dique - 1785.00 295.00 3.69 1.64 0.500 0.000240 30 591
Rio Magdalena & Canal de! Dique - 1900.00 605.00 228 1.38 1.050 0.000360 30 622
Rio Magdalena & Canal del Dique - 1940 00 785.00 2.00 1.24 0.405 0.000480 30 318
Ri0 Maygdalena & Canal del Dique - 1954.00 451.00 3.53 1.23 0375 0.000150 30 329
Rio Magdalena & Canal del Dique - 1995.00 434.00 3.88 1.18 0.375 0.000150 30 152
Rio Maypdalena & Canal del Dique - 2270.00 620.00 342 107 1.050 0.000540 30 379
Rio Magdalena & Canal dei Dique - 2480.00 415.00 4.15 .44 0.920 0.000170 30 386
Rio Maydalena & Canal del Dique - 2630.00 78500 2.80 1.20 0.405 0.000360 30 601
Rio Maydalena & Canal dei Dique - 2680.00 450.00 444 1.34 0.375 0.000200 30 723
Rio Magdalena & Canal del Dique - 2710.00 610.00 394 1.13 1.050 0.000480 30 389
Rio Magdalena & Canal del Dique - 2720.00 400.00 1.62 1.47 0.920 0.000130 30 708
Rio Magdalena & Canal del Dique - 2820.00 410.00 6.35 1.08 0310 0.000160 30 231
Rio Magdalena & Canal del Dique - 2858.00 410.00 6.57 1.06 0310 0.000160 30 190
Rio Magdalena & Canal del Digue - 3050 .00 460.00 4.78 1.39 0.320 0.000150 30 445
Rio Magdalena & Canal del Digue - 3080.00 436 00 4.66 1.48 0.375 0.000200 30 499
Rio Magdalena & Canal del Dique - 3085.00 41500 4.69 1.59 0.920 0.000220 30 507
Rio Magdalena & Canal del Dique - 3090.00 798 .00 264 1.47 0.405 0.000620 30 517
Rio Magdalena & Canal del Dique - 3650.00 570.00 8.82 0.73 0.210 0.000026 30 16
Rio Magdalena & Canal del Dique - 3720.00 620.00 5.19 1.16 1.050 0.000410 30 3
Rio Maygdalena & Canal det Dique - 3850.00 405.00 6.94 1.37 0.310 0.000160 30 188
Rio Magdalena & Canal del Dique - 3940.00 410.00 762 1.26 0310 0.000190 30 308
Rio Magdalena & Canal del Dique - 4800.00 565 00 929 091 0.210 0.000035 30 91
Rio Magdalena & Canal del Dique - 10200.00 582.00 13.28 1.32 0210 0.000062 30 330
River Data of Leopold - 83.33 238.66 0.96 0.36 0.156 0.000090 12 517
River Data of Leapold - 109.16 9205 1.60 0.74 0.140 0.000277 9 260
River Data of Leopold - 118.19 96.32 210 0.58 0.299 0.000113 13 1
River Data of Leopold - 118.93 104.55 1.50 0.76 0.273 0.000333 12 95
River Data of Leopold - 12493 95.71 2.09 0.62 0.289 0.000107 13 52
River Data of Leopold - 134.78 10423 1.65 0.79 0.143 0.000260 12 140
River Data of Leopold - 137.87 88.70 2.01 0.77 0.236 0.000196 14 64
River Data of Leopold - 181.17 106.07 2.25 0.76 0.338 0.000177 2 269
River Data of Leopoid - 187.59 106.07 227 0.78 0.364 0.000173 b2} 207
River Data of Leopold - 191.93 10028 2.36 0.81 0.443 0.000140 I 130
River Data ot Leopold - 198.89 98.76 2.36 0.85 0.146 0.000277 9 192
River Data of Leopold - 208.92 102.41 2.65 0.77 0.318 0.000267 17 275
River Data of Leopold - 209.79 106.38 234 084 0.332 0.000227 22 151
River Data of Leopold - 210.27 99.97 2.15 0.98 0.155 0.000067 9 373
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River Data of Leopold
River Data of Leopold
Ruver Data of Leopold
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River Data of Leopold
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Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Eibow River
Saskatchewan & Eibow River
Saskatchewan & Elbow River
Saskatchewan & Eibow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
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Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
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Saskatchewan & Elbow River
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21690
219.79
21993
220.30
223 61
239.10
240.06
241.82
243.52
24575
267.90
269.94
272.77
279.76
279.76
288.82
293.27
293.50
294.43
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34461
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22,14
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9876
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3.05
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3.05
3.05
305
6.10
6.10
6.10

I R N N P
= QO = O
td = = W W = 0 '

N I N A i S A B
EUREV I ST N VYR S ¥ I )

D 00 W W O

Yo W
o 1 L
~N % v &

296
2.64
299
302
274
302
3.28

19 1919
O o w3
[y g

N RV SIS
Wi O N W - X )
— O e N = O =

stegw

= I I
~ t9
[ ERW

o o
w
)

079
0.76
073
0.85
0.79
0.88
0.79
0.79
0.88
1.0}
0.82
0382
0.79
0385
i.16
1.19
1.07
1.37
1.55
1.83
1.77

089
0.94
0.75
091
079
084
086
0.67
094
0385
095
095
0.84
0.76
071
ile
0.80
077
091
0387
036
094
097
1.09
100
069
1.26
0832
G 85
089
211
201
196

! 19 19 o 9
o = O oty @
R I - S VR - Y - SRRV

PU R FE
P ]

W 0 O -
wow 19

'Jg

PO - R
J o

e e e N I S i A I e S A D
~
- 4

(=
w

0.220
0167
0.163
0156
Q9552
Q203
0370
0204
0301
0288
0.5%90
0167
03814
0229
0.391
0227
0.274
0276
0.2
0.391
0420
0.319
0.293
0344
0.262
0224
0264
0.294
0.195
0345
0.371
0177
0 261
0.249
0.356
0.389
0.308
0318
0.244
0172
0321
29.122
34928
14.086
57 506
33.096
31.008
30.488
25.548
41.227
49.395
54.890
45.102
27.401
38.057
41.335
57.636
44176
76.113
50916
50916
31.164
22.558
20.547
20.188

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

8
0.000100
0.000190
0.000216
0.000213
0.000173
0.000127
0.000187
0.000346
0.0600177
0.000110
0.000053
0.000224
0.000103
0.000153
0.000147
0.000066
0.000193
0.000153
0.000100
0.000233
0.000147
0.000207
0.000216
0.000120
0.000166
0.000069
0.000283
0.000060
0.000144
0.000113
0.000160
0.000037
0.000196
0.000220
0.000187
0.000127
0.000140
0.000290
0.000177
0.000170
0.000180
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.007450
0.001580
0.001580
0.001580

98
17
151
153

76
270

77
152
379
115

2

94
168
142
119
147
470
13

86

50
214
248
159

63
233
146
138
206
280
110

93

49
1o
244

269

OO0 0O 0 OO0 OO0 O OO0 O0OO0O0O0O0D0OOOOOO0OOOOO0OROOOOREOOOODODODOOOOOOOODOO0OROEeO0RO0 0000 O ~



1
Sashatchewan & Elbow River
Saskatchewan & Elbow River
Saskatcheswan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Eibow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Eibow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Eibow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Saskatchewan & Elbow River
Snake & Cleanwater River
Snake & Cleanvater River
Snake & Clearwater River
Snake & Cleanvater River
Snake & Clearwater River
Snake & Clearwater River
Snake & Clearwater River
Snake & Clearwater River
Snake & Cleanwater River
Snake & Clearwater River
Snake & Clearwater River
Snake & Clearwater River
Snake & Clearwater River
Snake & Clearwater River
Snake & Clecarwater River
Snake & Clearwater River
Snake & Clearwater River
Susitna River
Susitna River
Toutle River
Toutle River
Toutle River
Toutle River
Toutle River
Toutle River
Toutle River
Toutle River
Toutle River
Trinity River
Trnity River
Trinity River
West Pakistan (Chop) Canal
West Pakistan (Chop) Canal
West Pakistan (Chop) Canal
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10/04/83
Q7126182
03/23/85
04/02/85
02/16/86
04/11/85
01/28/87
11/21/86
11/22/86
06/07/85
02/11/86

3
2307
24.10
2416
23.16
24.29
25.16
26.03
26.03
2603
26.47
2647
26.54
26.90
26.98
27.91
29.30
29.38
29.55
30.03
30.50
31.08
31.60
3168
3.
3441
34.64
36.43
36.47
36.90
39.14
39.14

971.24
1149.63
1353.50
1353.50
1543.22
1551.72
157437
1619.67
1812.22
1832.04

2059.92

2293.60

2811.78

2944.86

3114.80

3143.08

3511.18

796
2770
101.45
83.5
171
93.35
130
190
2535
250.5
43.2
39.64
82.12
82.68
27.52
109.58
112.41

6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
6.10
137.16
138.68
14021
140.21
141.73
141.73
142.04
142.04
14295
176.78
190.50
14539
188.98
192.02
193.55
193.55
198.12
186
308
61

61

63

67
69
245
30.18
53.95
31.70
23717
57.91
57.30

2.0t
1.71
1.80
1.80
2.16
2.04
1.83
1.83
1.83
1.83
1.83
1.92
2.04
1.98
1.95
201
2.01
2.38
229
207
213
247
226
219
2.50
253
2353
244
2.53
274
274
4.21
445
4.69
4.69
4.02
494
5.00
5.06
5.21
4.36
5.27
567
5.21
5.33
549
5.55
591
24
44
0.77
0.76
12
0.76
11
1.2
15
1.5

0.85
1.12
1.20
1.68
2.68
2.32
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28 307
31 980
30.701
31916
13 606
40 296
12001
24 108
22301
32.530
19101
45165
23 644
18.639
24325
28 132
30.826
19 309
13 993
13373
37.223
23 807
21 540
17 600
19.593
24377
27 345
217
31815
29 i86
34141
0420
0470
0 180
0 180
0 590
0950
0.390
0 580
0 100
03520
0 560
0 760
0S40
0 830
0 560
0610
0 640
34 000
35.000
0595
0.700
0 800
0845
0950
1 500
3000
4 000
4750
3400
4.700
4.200
0200
0.110
0 200

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

8

0 001580
0 001580
0.001580
0.001580
0.001580
0.001580
0.001580
0.001580
0.001580
0001580
0.001580
0.001580
0.001580
0.001580
0.001580
0.001580
0.001580
0.001580
0001580
0.001580
0.001580
0.001580
0.001580
0.001580
0.001580
0.001580
0.001580
0.001580
0.001580
0.001580
0001580
0.000245
0.000280
0.000318
0000318
0.000353
0.000354
0.000360
0.000367
0.000405
0.000870
0.00109%0
0.000490
0.001080
0.001100
0.001130
0.001 140
0.001210
0.0014
0.0024
0.0024
0.0024
0.0029
0.0026
0.0018
0.0027
0.0028
0.0055
0.002
0.003000
0.002600
0.002800
0.000086
0.000080
0000134

~N O O &

105

122

161
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i 2 3 4 S 6 7 8 9 10
West Pakistan (Chop) Canal - 114.96 57.91 238 0.85 0.300 0.000140 17 236
West Pakistan (Chop) Canal - 12091 55.47 2.4 0.89 0.100 0.000200 20 181
West Pakistan (Chop) Canal - 122.04 53.65 2.38 0.96 0 300 0.000185 1 302
West Pakistan (Chop) Canal - 138,37 66.13 229 092 0.300 0.000165 13 395
West Pakistan (Chop) Canal - 138.47 59.44 238 098 0 300 0 000179 11 130
West Pukistan (Chop) Canal - 139.03 5791 244 098 0311 0.000176 22 198
West Pakistan (Chop) Canal - 143.85 63.40 247 092 0300 0.000238 23 197
West Pakistan (Chop) Canal - 146.11 5578 2.62 1.00 0.290 0.000182 27 244
West Pakistan (Chop) Canal - 146.68 67.67 2.68 0.81 0.120 0.000232 p) 473
West Pakistan (Chop) Canal - 15347 58.52 271 097 0.290 0.000165 24 261
West Pakistan (Chop) Canal - 166.75 67.67 2.56 0.96 0.190 0.000051 27 116
West Pakistan (Chop) Canal - 172.44 112.78 1.31 1.17 0.090 0.000194 i6 232
West Pakistan (Chop) Canal - 209.26 71.63 3.32 0.88 0.210 0.000127 n 484
West Pakistan (Chop) Canal - 226.53 109.42 229 091 0311 0.000185 19 388
West Pakistan (Chop) Canal - 233.61 118.26 2.47 0.80 0110 0.000214 15 148
West Pakistan (Chop) Canal - 255.41 112,17 2.56 0.89 0.290 0.000207 12 305
West Pakistan (Chop) Canal - 322.80 120.40 2.68 1.00 0.200 0.000196 32 526
West Pakistan (Chop) Canal - 328.47 97.54 332 1.0t 0210 0.000188 19 432
West Pakistan (Chop) Canal - 334.13 11034 2.47 1.23 0210 0.000139 20 428
West Pakistan (Chop) Canal - 34262 116.74 3.1 0.94 0.210 0.000253 22 620
West Pakistan (Chop) Canal - 351.12 112.17 213 1.47 0.130 0.000124 18 706
West Pakistan (Chop) Canal - 359.61 111.25 210 1.54 0.120 0.000116 23 531
West Pakistan (Chop) Canal - 362.44 99.06 3.08 1.19 0.120 0.000118 29 464
West Pakistan (Chop) Cana! - 362.44 11826 299 1.03 0.200 0.000161 18 663
West Pakistan (Chop) Canal - 376.60 115.82 235 139 0.210 0.000141 21 702
West Pakistan (Chop) Canal - 393.59 99.67 3.38 1.17 0.200 0.000181 17 299
West Pakistan (Chop) Canal - 399.26 112.78 341 1.04 0211 0.000178 17 1317
West Pakistan (Chop) Canal - 413.41 110.64 2.44 1.53 0.200 0.000115 18 1.297
West Pakistan (Chop) Canal - 42474 111.86 238 1.60 0.130 0.000155 19 1,153
West Pakistan (Chop) Canal - 427.57 121.62 317 1.1t 0.210 0.000202 16 1.217
Wisconsin River 05/08/78 195 299 12 0s 0 400 0.00033 13§ 56
Wisconsin River G7/11/78 714 310 26 09 0400 0 00037 22 49
Wisconsin River 06/06/78 368 306 16 0.8 0425 000035 225 50
Wisconsin River 10/18/77 289 302 1.3 0.7 0430 0.00031 10 83
Wisconsin River 04/17/78 456 309 2 08 0.430 0.00031 9 22
Wisconsin River 08/15/78 145 292 1 0.5 0430 0.00029 26 75
Wisconsin River 0372477 149 283 0.88 06 0 440 0.00032 75 110
Wisconsin River 08724177 86.9 219 0.85 0.5 0440 0.00028 22 29
Wisconsin River 05/16/77 118 278 0.82 0.5 0 490 0.00041 25 27
Yampa River 06/10/83 425 91 35 13 0450 0.00073 13 832
Yampa River 05/23/83 244 92 24 1.1 0.460 0.0006 145 1.524
Yampa River 05/26/83 430 92 3.6 13 0460 0.00087 145 2.342
Yampa River 06/08/83 408 92 34 13 0460 000067 115 1.049
Yampa River 04/22/83 108 90 1.5 08 0.510 0.00047 95 2.649
Yampa River 06/21/83 447 g1 37 13 0.570 0.00065 16.5 662
Yampa River 05/27/83 447 92 39 13 0.590 0.00078 14 2.080
Yampa River 04/07/83 26.3 69 0.65 0.6 0.620 0.00072 55 599
Yampa River 05/07/83 185 91 18 11 0 660 0.00071 5 1.465
Yampa River 07/12/83 203 92 2.1 1.0 0.660 0.0004 20 602
Yampa River 05/12/83 337 93 2.9 12 0700 0.00085 9.5 2.933
Yangtze River 40 sets of data can be found in Hydrau-Tech, Inc., 1998
Yellow River 1112 sets of data can be found in Hydrau-Tech, Inc.. 1998
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APPENDIX B. DETAILS OF LABORATORY DATA

(14 pages)

Data Date of Water Channel Flow Flow \fean bed WS Water [rumsported Bed
Nowrce measure- discharge width Depth velociry diameter Slope 1emp Seddiment Form
ment " h v d, S. Concent.
m' s m n s mns nom ¢ ppm

I 2 3 4 3 6 - ) 9 10 11
LABORATORY DATA
Bearton [ - 0126 1219 02358 0435 018 0 0880 143 551 3
Barton [ in - 0085 1219 01~ 0 405 0l 0 000560 233 2= 3
Barton | i - 0099 1219 0192 nd423 [1 A 0 (0S66 04 450 J
Barton Lin - Q113 1219 0210 0442 01Is 0 G00SM0 =9 334 3
Bearton Lin - 0156 1219 0256 1 399 01 7 000580 229 629 3
Barton [in - 0 088 1219 0198 03565 ors 0000810 213 233 3
Barton [ m - 005~ 1219 0155 0299 018 0 000850 190 256 3
Barton Lin - 0042 1279 @140 71.249 als 0 0008~0 203 65 3
RBarton [an - 00356 1219 020 0226 018 0.000440 223 19 3
Rarton i - o043 1219 0165 0216 0is 0 (K450 229 279 3
Rearton L - 0076 1219 ails- 035~ 018 0 001500 208 1.221 3
Rarton [ - 0054 1219 0122 7362 als 0 001550 216 373 3
Bartan {in - 0038 1219 0110 0284 08 0001610 193 304 3
Berton [ - 0025 1219 009t 0229 als 0 (1600 29 112 3
Barton [an - 0059 1219 022 0400 0ils 0001350 243 1.006 3
Rearton Lan - 0n0°s 1219 0146 0419 ars 2160 234 9204 3
Barton [ - 0lls 1279 0223 0433 0N 0 00NK20 %0 359 3
Barton [an - 0204 1219 0314 0333 01rs 0 000610 265 360 3
Barton i - 025f 1219 0321 ) 489 a8 0 (K650 254 333 3
Bearton [ - 0210 1219 021 A7 oIS 00015360 22N 1959 5}
Barton [y - 0255 1219 229 0913 0178 00NI6"0 20N 1.826 5
Barton Lin - 0 190 1219 0156 083~ UNAS 01660 23 1,922 5
Barton [ m: - 0238 1219 0252 092 01s 0001700 202 1741 5
Barton Lin . 0210 1219 VN UAY 0 868 01s 0001830 262 1,704 5
Berrton [in - 0229 1219 023N 0 "9 0N 00012430 246 1 606 3
Barton in - 020} 1219 0210 [/ * 01N 0001250 297 1.409 5
RBarton [ - 0164 1219 0185 03" 0is 000i2o0 233 1.060 5
Burton [ - 0119 121y 0125 075! 0niIs 0001290 263 1.638 5
Barton L - 0204 12719 0l 0950 nirs 0001600 25 2472 5
Barton Lin - 025 1219 0162 1.093 01N 0002100 261 3.764 b
Brooks 1957 - 0008 026~ 003 0405 0145 ) 0026(H) 275 1.099 3
Brooks 19357 - 0 006 a26” 0076 0279 01745 0 (02400 240 24} 3
Brooks 1937 - 0lo 026~ Qo9 0 450 0145 0002200 260 =20 3
Brooks 1957 - 0 006 026~ 0 060 0 350 01435 0 003500 265 1199 3
Brooks 1937 - 0.008 026~ 0 069 0409 0.088 0002500 250 3.990 3
Brovks 1957 - 0.006 026 Nnos- 0.373 00NN 0003300 0 3.283 3
Brooks 1957 - 0 006 0267 0085 0 250 O 0K 0 001300 250 190 3
Bruooks 1957 - 0006 026~ 0noso 0302 0.08% 02350 250 1.349 5
Brooks 19357 - 009 026~ 0nos~ 0405 0088 0 002300 50 3.592 3
Broovks 1937 - 0008 026~ 056 0329 [7A/A0 1 021350 350 1.73% 3
Brooks 1937 - 0008 026" o055 542 0145 0003100 2640 1.89% 4
Brooks 19357 - a0l 026 0o~3 0344 0145 0002300 275 1.499 4
Brooks 1957 - 0 006 0267 [(X/2 0461 0.143 0003500 260 2696 4
Brooks 1937 - 0012 026~ 00" 0.624 0145 0002500 220 1.94% 5
Brooks 19357 - 0012 026" 00-2 0635 0145 0 002300 125 2,446 5]
Brooks 1957 - oo 026~ 0059 0616 0145 0 002300 210 2. 446 5
Brooks 193~ - 0012 026~ 004 0624 0145 0002100 313 2147 5
Brooks 1957 - oM 026" 0Hn0"2 0632 0088 0002250 230 4833 5
Brooks 1937 - 0012 26" 0672 0642 0 088 7002200 250 4 885 5
Brooks 1937 - 0.009 726~ 0058 0.599 008 0 002450 250 3.084 5
Brooks 1957 - [ XITH) 0267 0085 06347 0088 0001550 250 3. 443 5
b ranceo 1965 B 0053 0914 0159 0.365 023 0001196 4 40 2
I runco 1968 - 0053 0914 0161 0.361 023 0001109 44 40 2
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}ranco 1765

Franco 1968

I runco 1965

Famco 1965

Frmco [968

I ranco 1968

I rmco 1965

Framco 1968

Frunco 1965

I ranco 1965

Frunco 1965

Franco 1965

Franco 1968

I raowco 1965

Irimco 1968

Frunco 1965

Frunco 1965

Gy Nemons Richanhon
Gy Nimans Richardson
Gy Simons Richardson
Cray Nemons Richardvon
Gy Stmons Richardson
Gy Stmons Richardson
Gy Semons Richardson
Gy Stmons Richardson
(v Stmons Richardvon
Gy Simons Richandson
iy Stmons Richardson
Gy Simons Richardson
Gy Simons Richardson
Cruy Simons Richardson
Crann Semons Richardson
Crny Stmons Richardson
Gy Nemons Richardson
Gy Simons Richardhon
Craey Sumons Kichardvon
Gy Stmony Richardvon
Caany Stmons Kichardson
Craey Nemons Richandson
Gy Semons Rachardson
Gy Ntmons Richardson
Gy Stmons Kichardson
Gy Smons Richardson
Craes Stmons Richardson
Ciis Nimons Richardson
Gy Semons Richarzbson
Gy Nimons Richardson
Crey Simons Richardson
Cry Simons Richardson
Gy Sumons Richardvon
Cien Semons Richardson
€y Semons Richardson
Gy Nemons Richardson
Crey Simons Richardvon
Cerrn Semons Richardson
iy Stmons Richardson
Cruy Nemoms Richardson
Gy Simons Richardson
Gy Semons Richardson
Gy Semaons Richardson
Craar Simons Richardson
Crren Ntmons Richardson
Cries Simons Richardson
Criey Simons Richardvon

Cirer Stmons Richardson

1o

3
0.053
0053
0053
0033
0053
0053
0053
0053
0033
0056
0036
0036
0.036
0036
0036
00356
0036
0189
0155
0252
009~
0301
0116
0359
0.085
012"
0.134
014°
01°2
0279
0347
0145
0220
0118
0304
0 381
03503
0139
0204
0144
0224
0224
0109

0222
0225
0055
0108
ol
00355
0055
019"
0196
020
0201
019"
0.201
003~
0044
0028
0032
0030
0.030
0031
0034
0045

4
0.914
0914
0914
0914
0913
0913
0914
0913
0914
0914
0914
0914
0914
0914
0914
0.914
0914
2438
2438
2438
2438
2438
2438
2438
2438
2 438
438
438
438
438
438
438
438
438
438
2438
2438
2438
2438
2438
243
2438
2438
2438
2438
2438
2438
2438
2438
2438
2438
2 438
2438
2,438
2 438
2438
0610
0610
0610
0610
0610
0610
0610
0610
0610

P N A F L I )

‘o

i}

s
0159
0.159
014"
0143
0141
0139
0135
0134
0129
0141
0142
0134
0135
0150
0146
0131
0126
0323
02835
0305
0l
N3t
01658
0314
0133
0165
0l
0165
02"
0302
028~
0146
0 308
0150
0305
0 305
0262
0150
013
0234
0250
0259
0168
0244
0229
010"
0155
0140
0101
0088
0229
0232
0238
02226
0153
0183
0165
013
0152
0149
0152
0155
0158
01x9
0150

6
0363
0.365
03594
0303
0412
041
0429
0434
03450
0250
027y
0295
0291
02635
0270
0304
0313
240
0264
0339
0225
03597
0283
0 469
0259
0.3t~
0336
0360
®255
0 350
049~
0 406
0293
0.269
0409
0513
0475
031S
0351
0231
0356~
0354
0266
0374
04303
0212
0286
0323
0225
0256
0.354
034~
034~
0.366
0443
0.450
0370
0d4r=
0305
0348
0320
031
0428
029"
0411

0.23
023

Vo 1 by Vo 1y 1y 4y Ay

[P P T T I ™

0 1999488
0 [868424
& 1905048
0 1959564
0 [N9N904
0 1898903
01950"2
01819656
0. 1898904
01959864
0 2008632
0 2609088
2709672
0 239936
0 2898635
0 300228
1 2639368
0 30022
02892552
0 2739296
0 28985645
0 2700525
0438912
041135
04351104
0469392
0 438912
) 3463296
0.43500%
0423672
0499872
0.469392
0.469392
0 4636008
04379976
0 34578096
0499872
0413004
0 4599432
0 2602992
03112008
03197352
032766
0309372
0.2%956
0333528
0483108
0463512458
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8
0.001090
0.000938
000139~
0001322
onnilTs
0001693
0001527
0001258
0001308
D N308
00342
0000331
0000444
D00241
0000250
0481
0 000604
00001350
0400180
3 HHI250
000340
0 000430
000050
0 0003550
0000620
0000790
0 D08 31}
0000920
G 0001 %0
0 (460
0 0006350
0001260
0000250
0000310
0000450
0000630
0 000690
0000750
0001050
00002350
0000360
000390
0 (030
0000420
0000470
0 000390
0000600
O 00850
0 000850
0001060
1000360
0 000460
7000470
0 000490
0 000530
0.0006350
0 00860
0001100
0000870
0000880
0.000290
0000470
0.000630
0000260
0 000350

9
156

44
156

156

123
192
I~ 0
136
N1
iN
164
181
150
191
123
5%
160
160
139
109
151
16 5
16 4
146
149
160
1710
1o
113
120
90
o
115
120
93
105
-
191
1=0
12°
183
=1
183
27y
145
200
200
205
225
224
16 9
150

0
40
40
95
93
925
166
166
166
166

38
3N
11
104

20
150
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Gy
Crin
G
G
Crny
Cony
(ay
Gy
Gmn
Gy
(i
Guy
G
Crny
ey
Crn
Gy
Gin
Crn
(9772%
Gy
(97718
Loy
G
Crny
Crn
Can
G
Can
Gin
G
G
(n
G
Ciany
G
iy
Gy
Crry
G
(rn
Gm
Can
G
{an
Crany
G
(i
Gmn
Crny
G
Gm
[£773
{in
(¥
Gy
G
Gy
Gan
Gmn
Ciny
Gun
(i
L

G
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Stmons Richundson
Simons Richardson
Nimons Rechardson
Nemons Richardson
Semons Rechardson
Stmons Richanison
Stmons Richardson
Stmons Richardson
Stmons Richarndson
Sunons Richardson
Simons Richkardson
Sunons Richardson
Nemons Richardson
Semons Richardson
Semons Richaribson
Stmons Kichardson
Stmons Richardson
Nemors Richanbon
Semmoris Rechardson
SNtmons Richardson
Stmons Richandson
Nenens Richandson
Stmones Richardson
Stmorns Richardson
Stmons Kichardson
Strmons Rechardson
Semons Richardson
Stmons Richardson
Sunons Rechardvon
Stmons Richardson
Simorss Richardson
Nemons Richardson
Nimons Kichardson
Stmons Rechardson
Ntmons Richardson
Nemons Richardson
Stmons Richardson
Stnons Richardson
Simons Richardson
Nemons Richardson
SNimons Kichardson
Nemans Richardson
Sunony Rechardson
Stmons Richardson
Sumors Richardson
Semons Richardson
Simons Richardson
Semons Kichardson
Stmons Richarndson
Semons Richardson
Sunons Kichardson
Ntmons Richardson
Semons Richardson
SNemons Richardson
Stmons Richardson
Stmons Richardson
Nimons Richardson
Stmons Richardson
Simons Richardson
Stmons Richardson
Simons Richardson
Ntmons Richardson
Stmenns Richardson
Stmans Richardson

Nimons Richurdson

[

S
0.386
0419
0472
0 380
0198
0622
0231
0273
0213
0233
0 356
0441
0313
03504
0545
0.610
0.444
Q191
0446
0360
0244
0514
0430
035~
0250
O 488
0283
0433
0359
0156
0364
0225
0226
0120
0343
0383
01359
0231
Ni"x
0247
0 606
0129
0204
0202
0202
0436
0248
0341
0.255
0240
0233
0232
022"
0252
0433
022°
0.435
0320
0435
0231
0436
0326
0411
0 380
0.460

2438
2438
2438
2438
2438
2438
2438
2438
2438
2438
2438
2438
2.438
2438
2438
243%
2438
2438
2458
2438
2438
2438
J 438
2438
2438
2438
2438
24358
2438
RAFER
2438
2438
2438
2438
2438
2438
2438
2438
2438
2438
2438
2438
2438
2438
2338
2438
2438
2438
2438
2438
2438
2438
2438
2438
2458
2438
2438
2438
2438
2438
2.43%
2438
2438
2438
2438

5
0290
0283
0.323
0332
0.15%
0311
0186
020"
015%
0149
0283
0311
0.229
0329
0 344
0314
0287
0140
0323
0265
0189
0320
0280
326
019y
0ilt
0198
0 268
0 1%6
UNERS
0229
020
023
0125
0293
0305
0128
0 1%6
0198
0159
0n24=
0091
nis9
0192
01"
0244
0198
027"
n162
0192
0195
0198
0 16%
0156
024
0174
028"
024"
0 2830
0195
0265
0219
031"
0308
0320

6
0.54
060~
0.599
0716
0513
n820
0.508
0.541
0551
0639
0538
0582
0363
0628
0638
0 -9
0.636
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Stmons Richardson
Semons Richardson
Nemons Richarndson
Nemons Richardsorn
Nemionrs Rechardson
Ntmaons Richardson
Nimons Richarndson
Stmons Richardson
Simtenss Richardson
Nimans Richardson
Simons Richardson
Sitmons Kichardson
Stmeonrs Richardson
SNemrenrs Richardvon
Simons Richandson
Nemans Richurdson
Stmons Richardson
Simony Richardson
Nemons Richardvon
Stmaons Richardson
Stmons Richardson
Stmorns Richardson
Stmons Richardson
Simons Richardson
Stmons Kichandson
Nemtons Richardson
Ntmons Richardson
Srmaons Richardson
Nimons Richandson
Nemorrs Rechardson
Nemmons Richardson
Nemtons Rechardson
Nentons Richardson
Nemtons Richardson
Stmors Richardsern
Stmons Richardson
Nunorss Richardson
Nemons Kichardson
Nemons Richardson
Nunons Richardson
Nimons Richardson
Stmons Richardson
Simons Richandson
Sumons Richardson
Simons Richardson
Nemons Richardson
Ntmons Richardson
Nunons Richardson
Nemonns Richandson
Nimons Richardson
Stmons Richardson
Ntmeons Richardson
Nimons Richardson
Nemons Riclarnidson
Ntmons Richardson
Nimaons Richardson
Stmans Richardson
Stmons Kichardson
Nimons Richardson
Nemons Richardson
Nesteons Rechardson
Stmons Richardson
Stmons Rechardson
Stmons Richardson
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Guv Stmons Richardson
Gy Stmons Richarnivon
Cuv Stmons Richardson
Gy Nimons Richandson
Gy Sumons Kichardson
Gy Stmons Kicharidson
Guy Simens Richantson
Gy Simons Richandson
Gy Sumons Richandson
Gy Stmons Richantbson
Cruy Simtonns Richardson
Gy Semons Richardson
Crny Nemaons Richandson
iy Stmons Richardson
Crny Nemaons Richandson
Gy Stmons Richardson
Gy Semons Richanbon
Gy Srmons Richardsorn
Craey Nemrenrs Krchardson
Gy Senens Richardson
iy Nemones Richanbon
Ceav Nimons Richardson
v Sumons Richandson
iy Sunons Richanbson
o Stumons Richardson
Ciin Nimons Richandson
Gy Stmons Kichandson
Crrs Nemons Richarndson
G Stmons Richardson
Coas Nurtores Rechardsan
v Nemons Richardson
Gy Nemons Richardson
Gy Semons Richardson
Cinx Nemons Richardson
Gy Semons Richardson
Gy Stmons Richardson
Gy Nimons Richandson
Crnn Nemons Richarnison
Cony Simony Richandvon
Gy Stmons Richardson
Craey Stmans Richardson
Gy Sunones Richardson
Cruy Stmons Richardson
Can Nimons Richandson
Gy Sunrons Richanion
Gy Sumons Richardson
Gy Semons Richardson
Gy Numons Richandson
Gy Stmons Richardson
Gy Stmans Richandson
Gy Sumons Richardson
Guv Stmonts Richardson
Cruv Numtons Richandvon
Cian Stmons Richardyon
i Sumons Richardson
Gy Nunons Richardson
Crany Sunons Richandson
Coan Nimenns Richandson
Gy Simons Richardson
Gy Sunons Richardson
Craey Nimonrs Recherdson
Ceanv Stmons Richardson
G Sumons Rechardvon
G Stmons Kichanbon
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0195
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0186
0153
0192
0150
0168
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081"
0 ~66
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0948
1156
1089
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1312
1332
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0984
154
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1238
1210
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0669
1195
1269
71256
1526
1149
1314
1629
1379
1395
1300
13476
1505
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1557
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1850
1431
1429
1421
1413
1439
1348
172
1656
1518
16~
1262
1319
1.321
1395
1 308
1318
1301
1504
1182
1. 430
1371
1.452

7
0.3096768
0.5199588
0.5399176
05599176
05500344
0 3449824
04721352
017830032
0 17X9176
0 2520696
0 2898645
0 3142488
0. 2660904
02831592

0.499572
0 33486356
0.5099304
0 4540224

0461772
[/ i Ad 4

05350392

0981456

0 908304
0 2983992
0 3205448

0 339852

0 359664

() 289356

0 481384

0347372

0 39925%

0 354035

1) 414528
0 4825032
0 3020056

0493776

0 413004
03297424

0810765

0 X29056

0 738952

102108

0. 300228
03279136
0 3650992
01353599176
0 3248656
035221224
0.4599432

) 569976
03599176
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0003430
00019850
0003660
0003770
2003990
0 004080
0004330
0001120
0001700
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0001350
0001990
0002290
00027850
0003420
0003550
0005310
0005500
0 006400
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O 000250
0000540
0 000640
0004170
0003560
0002900
0003500
0004330
0 004560
0004320
0 004660
0003460
0006070
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0 006460
006310
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0004470
0005510
0005500
000435370
0 006250
0005650
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0003200
0 005050
0007900
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0 003000
0003500
0 003900
0 003600
0002500
0004930
0 008130
0003280
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250
243
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215
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i85
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147
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232
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133
7: -
16 8
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284

2040
200
208
205
175
I8~
175
16 0
194
10~
245
2
2t0
253
md4
196
200
205
216
21
225
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230
81
199
226
225
233
191
189
I8~
LR ]
185
136
159
102
150
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151
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4.320
321
1970
1.950
1.790
1.200
1.520
2.000
2450
1.670
1.540
2.7
2.760
3120
3,290
3.390
3.250
3.650
6.310
840
k)
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26
4.340
3.960
3.090
3.250
3.100
2.690
4.750
4.340
3.960
6.50
6.250
4350
4.490
4.390
5760
6,760
c320
10.200
~.000
=0l
~900
3.330
4.350
410
=640
3.350
3.690
3.330
3.400
9.730
4.650
9.230
12,900
16.200
23.900
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9.080
28, 700
3.060
10.500
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13.000
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Gy
(rn
Gm
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G
G
Gm
G
(rn
(i
G
(773
Gy
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Guy

Gy
G
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Gy
(s
Gy
(nn

Gy

Cruy

G
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(rn
(s
G
Gn
(s
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Stmons Richurdson
Simons Richarndson
Stmons Richandson
Nemons Richarihon
Stmens Richantson
Simons Richanbson
Nimans Richardson
Simons Richarndson
Ntmons Richardson
Nemons Richarndson
Nimaons Richanbson
Nimons Richardson
Nimons Richardson
Simons Richardson
SNtmons Richardson
Stmons Kichandson
Simons Richaridson
Simons Richardvon
Nimaons Richandon
Sunmons Richardson
Simons Kichardson
Stmens Richardson
Stmons Richardson
Stmons Richardson
Simons Richardson
Nimons Richandson
Semons Richardson
Ntmons Richardson
Stmons Richandson
Sitmons Richundson
Semons Richardson
SNemons Kichandson
Nemons Richardson
Nemons Richardson
Nemons Kichandson
Stmans Richardson
Stmenas Rechardson
Semons Richandson
Nemons Richardson
Stmons Kichardson
Stmony Kichardson
Stmons Richandson
Stmpons Kichardson
Stmons Richanbon
Nemons Richardson
Nemons Richandson

Nemmtons Richardson

Kalinshe Hara
Kalunke Hya
Kalunke Hyia
Kalinske Hyia
Kalinke fvia
Kulinske Hyia
Kalinvke Ha
Kalunke Hva
Kalinske Hvia
Kennedh Brooks
Kennedh Brooks
Kennedy Brooks
Nennedy Brooks
Kennedh Brooks
Kennedv Brooks
Kennedh Brooks
Kennedh Brooks
Kennedh Bruoks
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2438
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0.656
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0851
0851
0851
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0851
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s
0165
7091
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7085
0085
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0134
0152
013
0165
0180
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01835
0153
0183
0192
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0159
7 ING
0152
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01358
0138
0149
0155
0135
0213
0201
019
0195
0198
020"
0195
0155
01958
013"
0153
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0149
o201
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0135
0195
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0155
0165
0134
nit4
0105
104
(/X
00-2
o0l
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6
13505
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13541
0 "59
1374
1651
1 898
1574
1451
1415
13514
1492
1428
157"
IBIA
1621
1237
1261
1255
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1346
1448
1438
1604
1652
1 669
1 "3
1337
1421
13553
=70
1673
[ 5893
1805
1653
1511
1543
I N30
I 536
1762
1 8N6~
ti61
1250
1305
1336
1454
1429
0236
0348
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0 330
0372
0350
0311
0635
0554
02"
(} 345
0412
0342
) 335
0 600
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06355
0674

5
02752344
0 284988
041148
0405384
0530352
0.39624
0478536
0 367%68
0 I87IS48
0 3390288
04651245
0 4858512
0499872
0 435864
0458912
043547616
0 48676356
03051048
03051048
1 284958
0 3203438
0370332
03197352
0 353565
04654296
03361944
0 3752088
0341376
0 3096°6%
03197352
03297936
02801112
03297956
0 3396056
03849112
035221224
03399176
0315112
3399176
0 64005

0 5629656
0 2060448
02100072
0291084
0 3148584
0.2779"76
02999232
0011
o1l
onll
ongl
0041
0011
o0l
oo0tl
001t
0142
0142
0142
0142
0142
0142
0142
0142
0132

8
0008150
0 008200
0 006360
0 003620
0 005980
0 IS60
aoi0o0
0005°00
0057850
0005710
0005750
0006430
000400
000°340
0008210
0 008060
0 009600
0 NO35660
a0 00~i00
0 0604950
0 003050
0 008650
0007300
0 008350
0 006350
0009700
0 006560
0006200
0 005000
0 009100
0011400
0 06950
000910
0 BOISON
0 009000
0010750
0 013050
0011750
013650
0 G19280
0014350
O (OS450
0 009500
0009520
0010220
0009500
0010070
0 000250
0000250
0000250
0 000300
0 000500
0 000500
0 001000
0 001N
0001300
0 000560
0001450
0002060
0001950
0001600
0.002500
0 001950
0002070
0002100

9
109
116
80
89
194
200
IS5
2
212

216

1o
105
i
115
150
150
150
150
150
150
150
150
150
193
LR}
184

10
27600
19.900

6.1%0
9.630
4.160
11.300
11.500
3.360
3.450
5.160
3.150
~140
~.100
8,250
17700
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! 2 3 4 5 6 7 8 9 10

Laursernt 193% - 0.08] 09214 0171 03515 ot 0001220 206 223"
Lauren 1955 . 008" 0914 0229 0415 011 0.000350 N 290
Laursen 1958 - 0105 0914 0283 0 405 0t 0 000430 N 140
Laurnen 1935 - 0182 0914 0 2X3 a ~04 o1 0001010 240 2.696
Laursen [958 - 0084 09l N 0 383 01l 0.001520 213 4.239
Lauren 1935 - 0075 0914 0158 0 318 0l 0001440 216 3134
Lanrmen 1938 . 0.060 0914 0162 0402 011 0 001060 233 660
Lauren 1938 - 0l 0914 0230 0327 0l 0 000920 216 1.539
Lauren 1938 - 0.134 0913 0305 0 383 01l 0 O350 265 610
Lauren 1935 . 0 050 0914 0116 0472 01 0001560 249 2715
Lauren 1935 - 0028 0914 0095 0 326 01 0.001600 264 330
lauren 1935 B 0.042 0914 ali6 a 390 nil 0 001500 x5 1.029
L aursen 1955 - 0103 0914 Q221 03515 01l 0 000500 23 1.309
Laursen 1935 - 0024 0914 0076 0 351 01 0002100 198 1.429
Larsernt 195N - 0135 0914 0143 1024 01l 0001200 28 3.133
Lauren 1935 - 0133 0914 0216 0671 /Ny o 001070 232 N/ A
Lauren 1938 - 0090 0914 0173 03570 004 0 001000 29 X3.402
Lauren 19358 - 006X 0914 041 0 3350 004 000110 2y 81,998
Lauren 19355 - 0109 094 0205 0 582 nod 0 000860 229 38.597
Lauren 1935 - 005~ 0914 0165 0375 004 0 00aG810 229 30298
Lauren 1935 - 002" 0913 ntia 0 259 004 0 000780 229 T
laursen 1935 : 008" 0914 0146 0 649 004 0001070 29 97004
Laursen 1935 - 0125 0914 012 0 "9 004 0001140 29 X3.402
Lauren 1954 - 136 0914 0202 0 ~5x 004 0 001000 229 9N 9%
Mever, Peter & Muller - 1.641 1.999 038~ 2121 2N 65 0010"00 00 1 106
Vver Peter & Muller - 1.641 1 999 0 444 I 849 2865 0006538 150 2%
\ever Peter & \uller - 1641 1999 0397 2 066 IN6S 8009199 150 604
Mever, Peter & Muller - 1641 1999 0399 2 058 865 0 00927% 150 599
Vever Peter & Muller - 1641 1999 0399 2058 2% 65 0.009229 130 59°
Maver, Peter & Muller - 1641 1 999 0399 2057 2865 00045 150 61°
Vever Peter & \Muller - 1 641 1999 0398 2065 X635 000915 150 603
Vever, Peter & Muller - 1641 1999 0 368 222 2N65 a0l3"30 130 2332
Vever Peter & Muller - 1641 1999 0413 1 989 I8 65 0008204 150 302
Vever, Peter & Muller - 1641 1999 0418 1 965 2N 65 0.00760" 150 195
Vever, Peter & Muller - 1641 1.999 0455 1 805 NG5 0005613 150 19
Vever, Peter & Muller B 1641 1 999 0342 259 2863 0017690 130 5.102
\iever Peter & Muller - 3271 1999 0359 2 "0 2N 63 0012190 130 2 35x9
\ever, Peter & AMuller - 3271 1999 0653 2506 2% 65 0} (08483 150 1175
Mever, Peter & Muller - 3277 1999 694 235" X653 000070 150 N6
Vever Peter & Muller - e 1999 022 2266 NG5 00059135 130 295
Vever Peter & Muller - 3271 1999 0729 2245 IN 65 0005783 150 294
Viever, Peter & Muller - 327 1 999 0535 1.960 2865 0003520 150 10
Vfever Peter & Muller - 32! 1999 0553 1918 2863 0 (03446 150 Kt
Vever, Peter & Muller - 3271 1999 0 660 "2 2865 0012310 130 2589
Vever, Peter & Muller - 4614 1999 0801 257y 2865 0010870 130 1828
Vever. Peter & Muller - 4483 1999 0 "%l 2870 2565 0010670 130 1.896
Vever, Peter & Muller - 4378 1999 0861 2 660 2% 65 ) (H)3%3 130 534
Mever Peter & Muller - 43554 1999 552 2672 2565 000°369 150 ¥33
Veser Peter & Muller - 43483 1999 0 905 2524 2N65 0005782 130 421
Vever Peter & Muller - 4609 1999 0925 2491 2% 63 000574 150 416
Viever, Peter & Muller . 4 600 1999 09°3 2 363 2865 0004790 150 209
Aever, Peter & Muller - 4.600 1999 0961 2395 2863 0005021 130 204
Vever Perer & \Muller - 4600 1999 1015 2261 2565 0005953 150 363
Vever Peter & Muller - $.600 1999 1026 2232 2565 0003996 130 3=
Vever Peter & Muller - 4.600 1.999 1092 2106 %65 000311 130 6
Afever, Peter & Muller - 4600 1999 1092 210" 2865 0003247 130 -
Mever Peter & Muller - 1631 1999 0351 2 340 2565 0017672 130 5170
Vever, Peter & Muller - 3271 1999 0823 1 98% 865 0 0113895 150 10
Viever Peter & Muller : 04022 0354 0.060 1022 521 0022700 130 6.596
Vfever, Peter & Muller - 0022 0354 00~1 0 864 32 0 009630 130 398
\fever, Peter & \Muller - 0022 0 354 0no-" 093 521 0 006940 130 54
Vtever, Peter & Muller . 0.022 0354 0.06~ 0919 521 0012670 130 1.744
Mever Peter & Muller . 0.022 0354 0061 1 006 52 0017600 130 4085
\tever, Peter & Muller - 0022 0 354 0058 ! 063 32 0022260 130 =000
Mever, Peter & Muller - 0061 0 354 0136 1262 521 0011200 130 2336
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3.293

P
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3.733
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Srein 1965

Stem 1963

Stewm 1963

Sremn 1963

Sremr 1965

Sten 1963

Stewn 1963

Ntemn 1963

Stewr 19635

Ntews 1963

Ntemn 19635

Ntesrs 1963

Straub 1954& 1955
Straeh 1954& 1935
Strauh 1954& 1938
Ntrauh [954& 1935
Straub 1933& 1938
Straub 1954& 1938
Neraub 1953& 1755
Ntraub 1954& 1935
Ntrauh 19538 1935
Straub 195448 1955
Strerub [934& 1938
Ntrusuh [954& 1938
Nercub 19548 1938
Nerauh 19348 1938
Straub 1933& 1938
Straub [953& [958
Straub 1954& 1955
Ntrunb 1934& 1955
Straub [934& 1935
Neraub 1954& 1938
Straub [ 934& 1935
Nirvub 193544 193
Straub 19544 1955
Straub [9334& 1935
Tandor Vanont
Leslor Panons
Tavior Sanomns
Tavlor Vanom
lanvdor Vanom
Iandor Vanorm
Vanaont Brooks
Vanom Brooks
Fanaom Brooks
Vanom Brooks
Vanom Brooks
FVunom Brooks

L anont Brooks
Vanonr Brooks
Vanaom Brooks
Venom Broaks
Vanom Brooks
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Fanonr Brooks
Vanom Brooks
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Vanom Hwang
Vanom Hwang
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Vanom Hwang
Vanom Hwang
Yanom Hwang
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3
0.169
0 200
0226
0255
0281
0.393
0314
0238
0154
0.252
0262
0357
0008
0.008
0.00%
0 008
DX IR}
0.014
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00+
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0014
0 008
0 008
0008
0 008
0008
0024
005~
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010
0024
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0084
0084
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0012
0004
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0020
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0026
0028
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0034
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00335
0039
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0.005
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0 006
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0008
0004
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1.219
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1.219
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0305
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0305
0305
0305
0305
03505
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0914
094
0914
0914
0914
094
0914
0914
0914
0852
0852
0852
0852
0267
026"
0851
0551
0551
0851
0851
0551
0551
05851
0551
0851
0 851
0851
05851
085/
0851
0267
026~
026~
026~
026~
0.26-
026~
026"

3
0122
0422
0122
0122
0125
0213
0153
0149
0.091
0149
0149
026
0063
0074
0076
no4~
0no07s
00°3
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72070
0 069
0068
0043
0.040
003~
0035
0043
0048
0 08N
0 169
0203
0235
0223
0042
(L
0239
0051
00"y
0114
0112
0078
00°s
0073
004
0073
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0076
0092
0165
0161
016~
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0 169
0062
00°1
0166
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00"3
0073
0074
0073
007t
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1347
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1.713
1.842
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1410
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1551
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041"
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@ 666
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0683
612
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013
0757
0616
0546
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0752
0 ~64
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0833
650
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0692
0 -n-
0 N66
0NN
0585
0355
0234
0276
0325
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0428
0459
0423
0234
0318
0372
0 4354
0523
0629
064~
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6274
0246
0158
0376
0291
0335
0426
4229
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03
0+
04
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04
03
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04
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0191
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ai65
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0191
0191
0191
0197
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0228
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013~
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D600
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0010150
0015050
0016950
0005530
0005240
0005290
0004910
0 009500
0 006-90
0 13650
0 002950
0002536
0002642
0003439
00023350
0002560
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0 005240
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03620
0004043
Q005590
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00034~
0006574
0004620
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0 001050
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0001020
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¥.619
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"
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¥, 740
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670
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Vamorn Hwang
Vanont Hwang
Vanoms Hwang
Vanom Hwang
Vanomt Hwanye
Sunen Hwany
Vanons Hwany

Vumoms Hwang

Wilcock Southard 29 sets of duta can be found m Hhd

W s
Witliams
Wellicams
Wallramss
William s
Williams
Wrllrams
Welliams
Williams
Wrllrenns
Williams
Williams
Woelliam
Waillianis
Wellrams
Wallramy
Williams
Wellrcams
Williams
Waillrams
Williams
W eltcams
W lliants
Wrlliams
Welliaams
Willtams
Williams
Willians
Willianis
Wlliams
Brllrams
Walliams
William
Welliams
Wdlicams
Wlliams
Waellrams
Willrans
Wellrams
Williams
Wellrans
Wlliams
Willtamn
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Wilthams
Woallrerms
Walliiams
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Wlliams
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Wrllrams
Willicams
Willram
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llianis

Willrams
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006430
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0001370
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0000790
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0005160
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0001370
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252
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135
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3l
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116
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36
49
e
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A
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Willrams
Wellames
Wilhams
Willrams
Williams
880l licames
Williams
Willrames
Willrams
Witlanm
Willianis
alliams
Williams
William
lliams
Willtams
Williams
Williams
Wrtliams
selliams
el
Williams
Williams
W el
Billiums
Willrams
Williams
Wallis Coteman Flin
Walles Codeman Flhs
Willes Coleman Flin
Willis Coleman Flis
Widln Coleman Flin
Wetlis Coleman Fli
Willes Coleman Filis
Willis Colepns £l
Walles Coleman Fils
Wallis Coleman 1.1
Wiltis Coleman FAlrs
Willis Coleman F1ls
Willis Coleman Filles
Willes Coleman FHis
Willis Coleman Ll
Willis Coleman Fllis
Weltes Coleman s
Willes Coleman Flin
Willis Coleman FHn
Billys Coleman Fliis
Wl Coleman s
Walles Colenan £y
Walles Coleman Flfs
Willis Coleman Flis
Willes Coleman bl
Wells Cedeman s
Willes Celeman il
Willis Coleman Flis
Wllis Coleman Flin
Wallis Coleman Flls
Willes Coleman Fills
Waillts Coleman £y
Walles Coleman FHi
Walles Coleman Fllis
Welles Coleman I
Willes Coleman 1l
Willes Coleman Filis
Willes Coleman s
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1
0012
00356
0onls
0004
0005
0003
0 006
000~
0008
022
0022
0024
0030
0032
003"
0046
0053
00"t
064
00679
vulo
0ols
048
0063
009l
009
0130
0l9”
019°
0170
N2
0253
283
0255
0228
01
0142
[N ]
0194
0198
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0254
02"
[/ (]
0199
022"
nie2
014
0142
VN ]
022"
02
013
072"
007N
0084
0083
0085
0113
0142
0 136
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022"
0340
0340

4
0505
0 305
0.610
03505
0305
0305
0305
0305
0 505
0 305
0305
0 305
EUM
0305
0305
0 305
0 305
0305
0.305
n 303
0610
0610
0610
0610
0610
a610
3610
1219
1219
1219
1219
1219
1219
1219
1219
1219
1219
1219
1219
1219
1219
1219
1219
1219
1219
1.219
1219
1219
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1219
1.219
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1219
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1219
1.219
1.219
1219
1219
1219
1219
1.219
1219
1219
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0 09%
0030
0030
0.050
0.030
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0030
0030
0 0v0
0090
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0100
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0145
0145
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0.200
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0090
0090
0150
0140
0.260
0274
0335
0335
0320
0 305
0320
0 566
0375
0378
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0314
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0262
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028"
023~
0290
0262
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022y
0198
0195
0146
0143
0143
0168
0.232
0232
0.229
0.20
0213
0.256
0.302

6
0425
1.86~
0993
0450
0513
0.593
0.6%0
0°20
090~
[/ %]
084
0.830
0976
1.040
1208
1016
1199
1.396
1 000
1296
0622
0564
Nx~3
1130
0995
1134
1064
03589
0482
0316
038/
0 656
0726
03572
0498
0420
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0440
0506
0518
0622
0 =94
0"y
0356
0571
0753
0301
03558
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0538
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0533
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0456
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0401
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0023400
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0006750
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0001320
0001350
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0000615
0000750
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0000923

Q
198
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26.0
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236
48
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20
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2i6
250
B
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170
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200
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%4
M
265
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2
M
206
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233
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26~
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EA
=y
424
629
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Walles Coleman Elln
Willes Coleman Ll
Willes Coleman Ellis
Wil Coleman i
Welles Coleman Flis
Walles Coleman Fllrs
Wallis Coleman Flls
Wolles Coleman Flls
Willes Coleman Filis
Willis Coleman Flin
Witlis Coleman Fiin
Willes Coleman Flls
Willis Coleman Filis
Watlis Coleman i
Willis Coleman Elin
Welies Coleman §ls
Weiles Coleman FElln
Wilies Coleman Elin
Wortles Codeman 1
Watles Coleman s
Watles Coleman Fllis
Wl Coleman Ellis
Watles Colemarn Elin
Walles Coleman Fils
Willes Coleman Ellis
Willes Celeman Eils
Watlin Coleman Flls
Watles C oleman il
Willes Colemuan Flls
Balles Colemar Flln
Welles Coleman £l
Walles Coleman 11l
alles Coleman Flin
Welles Coleman Ells
Watles ¢ oleman Ells
Wellis Coleman Ll
Wiallis € oleman il
Willes Colenvan Ellis
ety Coleman Ll
SEelles Calenmare b i
Willes Coleman Pl
Walles Coleman Flls
Waetles Coleman Flls
Willis Coleman Fllis
Walles Coleman s
Wallin Coleman Filis
Watles Coleman Ells
Walles Coleman [l
Balles Coleman s
Wellis Coleman Ells
Witlis Colemuan Ellrs
Walles Coleman s
Welles Coleman Fllis
Willis Coleman Flln
Wallis Coleman Flin
Watlis Colenwan Flis
Willts Coleman Flls
Woellis Coleman Ellis
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0199
0283
0312
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0396
0425
0453
0455
0425
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03568
0340
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0312
0340
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0425
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010
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022"
0240
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