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ABSTRACT OF DISSERTATION  

SERIES EXPANSION OF THE MODIFIED EINSTEIN PROCEDURE 

 

 

 This study examines calculating total sediment discharge based on the 

Modified Einstein Procedure (MEP).  A new procedure based on the Series 

Expansion of the Modified Einstein Procedure (SEMEP) has been developed.  This 

procedure contains four main modifications to MEP.  First, SEMEP solves the 

Einstein integrals quickly and accurately based on a series expansion.  Next, instead 

of dividing the suspended sediment and bed material samples into particle size 

classes, the total sediment discharge calculation is based on a median grain size in 

suspension (d50ss).  Thirdly, for depth-integrated samples the Rouse number (Ro) is 

determined directly by calculating the fall velocity (ω) based on d50ss, the shear 

velocity ( ghSu =* ) and assuming the value of the von Karman constant (κ) is 0.4.  

For point concentration measurements, the Ro is calculated by fitting the 

concentration profile to the measured points.  Lastly, SEMEP uses the measured unit 

sediment discharge and Ro to determine the unit bed discharge directly.  Thus, 

SEMEP can determine the unit bed discharge (qb), unit suspended sediment 

discharge (qs), unit total sediment discharge (qt), ratio of measured to total sediment 

discharge (qm/qt) and ratio of suspended to total sediment discharge (qs/qt). 

 Depth-integrated concentration measurements, for fourteen streams and 

rivers in the United States are tested using SEMEP.   Based on an evaluation of qm/qt 

the results indicate that when u*/ω is greater than 5, SEMEP will perform 

accurately, with a coefficient of determination (R2) of 0.99, concordance correlation 
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coefficient (ρc) of 0.98 and Mean Absolute Percent Error (MAPE) of 5%.  The high 

values of R2 and ρc, and the low value of MAPE indicate that SEMEP works well.  

Seven of the fourteen streams and rivers were also tested using the Bureau of 

Reclamation Automated Modified Einstein Procedure (BORAMEP), which resulted 

in a R2 of 0.65, ρc of 0.74 and MAPE of 18%.  BORAMEP failed to calculated total 

sediment discharge for over 30% of the samples due to various errors.  SEMEP 

always calculated total sediment discharge and performed better than BORAMEP 

because the series expansion procedure removed empirical relationships found in 

the original MEP. 

 The ratio of suspended sediment to total sediment discharge (qs/qt) as a 

function of u*/ω and relative submergence (h/ds) is determined using SEMEP.  

SEMEP supports a classification of the primary modes of sediment transport.  It is 

found that that when u*/ω is less than 0.2, sediment is not transported.  When u*/ω 

is between 0.2 and 0.5, more than 80% of the sediment moves as bed load; when 

u*/ω is between 0.5 and 2 the sediment transport occurs as mixed load (both as bed 

and suspended load); and when u*/ω is greater than 2, more than 80% of the 

sediment moves as suspended load.  Depth-integrated laboratory data corroborates 

SEMEP results and showed a high degree of variability in qs/qt for mixed loads 

(0.5<u*/ω<2).   

 For point velocity and concentration measurements, data from one 

laboratory and six river measurements are used to test SEMEP.  Results indicate that 

deeper rivers give a better estimate of total sediment discharge compared to 

shallow rivers.  This is because shallower rivers are generally governed by bed load 
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transport.  Furthermore, if the ratio of the measured depth to the representative bed 

particle size (hm/ds) is greater than 1,000, the comparison between SEMEP and 

measurements of qt are quite accurate with an MAPE less than 25%.  These point 

measurements are also used to explain why a deviation occurs between calculated 

and measured Ro.  The deviation is most pronounced when the value of Ro is greater 

than 0.5 (u*/ω<5), due to low concentrations and measurement errors.  In streams 

with near uniform concentration profiles, varying the value of Ro from 0.01 to 0.5 

(250<u*/ω>5), the total calculated sediment discharge changes by less than 25%.   

In summary, the results indicate that SEMEP performs accurately (error less 

than 25%) when the value of u*/ω is greater than 5 (or Ro less than 0.5).  SEMEP 

calculations are acceptable, but less accurate when u*/ω is between 2 to 5 

(1.25>Ro<0.5).  Both SEMEP and MEP should not be used when u*/ω is less than 2.  
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Chapter 1: Introduction 

1.1 Overview  

 Sediment transport in river systems is a function of geology, hydrology and 

hydraulics.  Based on natural change in the hydrological regime and manmade 

alterations to the landscape, the mass of sediment transported by a river is changes 

constantly.  Sediment within the river corridor impacts the storage capacity of 

reservoirs, balance between supply and capacity of sediment, and the water quality.  

There are severe engineering and environmental problems associated with an 

imbalance in the transport, erosion and deposition of sediment (Julien 1998).  The 

financial cost associated with sediment has grown over the years due to human 

influences.  Therefore, the ability to quantify sediment loads or discharge is 

essential for the management of our water bodies and land for the future.  Over the 

years, techniques have been developed to calculate the total load within the river 

environment.  Total load is determined based on the mode of transport (bed or 

suspended load), measurement techniques (measured and unmeasured load) and 

sediment source (bed material and wash load (Watson et al. 2005). 

 Hans Albert Einstein, one of the pioneers of sediment transport, developed a 

sediment transport equation based on the modes of transport.  His bed load 

transport equation is based on the probability that a given particle found in the bed 

will be entrained into the flow (Einstein 1942).  Then in 1950, Einstein developed a 

method to calculate total load, based on evaluating the bed load transport and 

integrating the suspended sediment discharge equation.  The suspended sediment 
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was evaluated based on integrating the product of the theoretical velocity profile 

(Keulegan 1938) and the concentration profile (Rouse 1937).  The integral is 

evaluated within the suspended sediment zone from the water surface (h) to a 

distance 2ds (two times the median grain diameter within the bed) above the bed.  

The value of the sediment diffusion coefficient (β) was set equal to 1, the von 

Karman constant (κ) was set equal to 0.4 and the shear velocity (u*) was replaced by 

the grain shear velocity(u* ’).  This method is useful when the majority of sediment 

transported is near the bed.  However, this study focuses on sand bed channels 

where the majority of the sediment is transported in suspension.  Therefore, it is 

more beneficial to measure the suspended sediment discharge and then extrapolate 

to estimate the unmeasured sediment discharge. 

 Colby and Hembree (1955) measured sediment discharge at a constricted 

river cross section and 10 unconfined river cross sections to determine the 

suitability of the constricted section for measuring total sediment discharge.  In this 

study, the Schoklitsch, Du Boys, Straub and Einstein formulas were used to 

determine the agreement between the calculated sediment discharge at the 

unconfined river cross sections and the measured sediment discharge at the 

constricted section.  The Einstein equation was modified to provide a total sediment 

discharge calculation, known as the Modified Einstein Procedure (MEP).  This 

method was developed to provide the total sediment discharge at a given point in 

time for a given cross-section.  In this method, the total sediment discharge is 

determined by measuring a portion of the suspended sediment discharge (depth-

integrated sampler) and extrapolating to estimate the unmeasured sediment 
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discharge (in the zone located very near the bed) using the Rouse number (Ro).  The 

spectrum of particle sizes are divided into bins (particle size classes).  Ro is 

determined by calculating total sediment discharge based on particles found in the 

bed and measured suspended sediment.  The value of Ro is varied until the total 

sediment discharge calculated based on the bed material and measured sediment 

discharge match for a given bin.  Ro is determined for only one size class (bin) based 

on overlap between the particles measured in suspension and within the bed.  Then 

a power law relationship to an exponent of 0.7 is used to determine Ro for the 

remaining bins.  However, the procedure is tedious and total sediment discharge 

results vary between users because of the procedure requires the use of charts. 

 Over the years many researchers and engineers have made improvements to 

the estimation of total sediment discharge based on MEP (Colby and Hubbell 1961; 

Lara 1966; Burkham and Dawdy 1980; Shen and Hung 1983).  Colby and Hubbell 

(1961) developed four nomographs simplify MEP calculations.  Lara (1966) 

determined that Ro should be estimated based on a least squares exponential 

regression of two or more overlapping bins for more accurate total sediment 

discharge calculations.  Burkham and Dawdy (1980) made three significant 

modifications.  First, they developed a direct relationship between bed load 

transport (Φ*) and bed load intensity functions (Ψ*).  Second, they redefined the 

roughness coefficient (ks) to be 5.5*d65.  Thirdly, they determined that u*  increased 

and the Einstein correction factor (χ) decreased compared to the values determined 

by Colby and Hembree.  Shen and Hung (1983) optimized the method for 

determining the fraction of suspended and bed particles within each bin (iS and iB).  
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MEP has been widely used to estimate the total sediment discharge within rivers.  In 

addition, it has been used to calibrate and check many existing sediment transport 

equations.  Thus programs were developed to provide consistent results. 

 Numerous programs have been developed that incorporate MEP and 

revisions introduced to the procedure.  These programs provide consistent total 

load calculations.  The motivation of this study was based on Shah’s (2006) detailed 

analysis on the Bureau of Reclamation Automated Modified Einstein Procedure 

“BORAMEP” (Holmquist-Johnson and Raff 2006).  Three main errors were reveled 

from the analysis of BORAMEP.  First, when particles in the measured zone were not 

found in the bed, a total load could not be determined because a Ro could not be 

evaluated because a minimum of two bins are required for a least squares 

regression analysis.  Second, when overlapping bins exist a negative exponent can 

be generated from the regression analysis to calculate Ro for the remaining bins.  A 

negative exponent is generated due to the size of the bin and the amount of 

sediment measured.  The results suggest that a finer sediment particle would have a 

larger Ro value, which is physically impossible.  Finally, on occasion the measured 

suspended sediment discharge was greater than the total sediment discharge.  

Though this is physically impossible, it occurred due to the location where the 

sediment is sampled versus the flow depth is measured.  

 Due to these errors and limitation associated with BORAMEP a new solution 

is needed to calculate total sediment discharge based using MEP.  The proposed 

procedure implements a solution based on series expansion to determine the 

Einstein Integrals (Guo and Julien 2004).  The series solution has been proven to be 
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an accurate and rapid mean to determine values for the Einstein integrals.  In 

addition, errors associated with Ro are avoided by simply determining the total 

sediment discharge based on a composite particle size.  Finally, the bed sediment 

discharge is calculated based on the measured suspended sediment discharge, not 

based on Einstein’s probability of entrainment.  As a result, total sediment discharge 

can be calculated when the bed is armored or when bedforms are present. 

1.2  Study Objectives 

 In many circumstances, MEP does not successfully calculate total sediment 

discharge.  The main purpose of this research is to develop a new procedure to 

enhance the calculation of total sediment discharge and load from depth-integrated 

and point samplers.  The main research objectives are as follows: 

1. Develop and test a new procedure to determine the ratio of measured to total 

sediment discharge (qm/qt) as a function of the ratio of shear velocity (u*) to 

fall velocity (ω).  River data from numerous locations in the United States will 

be used to statistically validate the new procedure. 

2. Show how the new procedure compares with the total sediment discharge 

calculated by the Bureau of Reclamation Automated Modified Einstein 

Procedure (BORAMEP).   

3. Determine the primary mode of sediment transport based on the 

relationship between the ratio of suspended to total sediment discharge 

(qs/qt) as a function of u*/ω.  Data from flume experiments collected by Guy et 

al. (1966) will be used to verify the modes of transport. 
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4. Show how the new procedure can be used to analyze point sediment 

measurements and determine how sampling depth and bed material size 

affect total sediment discharge calculation (qt).  

5. Explain the deviation between the measured and calculated Rouse number 

(Rom and Roc). 

1.3 Approach and Methodology  

 Development of the series expansion to solve the Einstein integrals by Guo 

and Julien (2004) presented an opportunity to develop a new program to calculate 

total sediment discharge.  The new program uses Visual Basic for Applications 

(VBA) in an Excel platform and will allow users to calculate total sediment discharge 

based on a representative particle size (d50ss) in suspension.  In addition, it calculates 

total sediment discharge based on measurements from either a depth-integrated or 

point sampler.  This study uses measurement data from various laboratory 

experiments and rivers.  All improvements are based on the theory that the water 

velocity follows a logarithmic profile and sediment concentration is represented by 

the Rouse concentration profile. 

 In the past 20 years, programs have been developed to aid users in 

calculating total sediment discharge based on MEP.  A few changes have been made 

to improve the overall calculation techniques within MEP, since the Remodified 

Einstein Procedure was developed in 1983.  Thus, this study will provide substantial 

improvements that will aid in total sediment discharge calculations.  In addition, it 

will provide for a better total sediment discharge calculation which researchers can 

use to test sediment transport equations.  
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Chapter 2: Literature Review 

 There exists no universal method to calculate sediment discharges in rivers.  

This is because sediment transport occurs in two distinct modes.  The first is in 

suspension and the second is near the bed as bed sediment discharge.  A fluctuation 

in turbulence and flow velocity has a tendency to move sediment from the river bed 

into suspension and keep it in suspension, while fall velocity (ω) has a tendency to 

deposit suspended particles along the river bed.  When the turbulence function 

represented by the u*  is greater than ω, particles have a tendency to stay in 

suspension.  Total sediment discharge is the summation of bed sediment discharge 

plus suspended sediment discharge (Equations (2.1) and (2.2)). 

sbt qqq +=  (2.1) 

  

∫=
h

a

s cvdyq  (2.2) 

  

Where, 
 qt is unit total sediment discharge;  

 qb is unit bed sediment discharge; 

 qs is unit suspended sediment discharge; 

 h is the flow depth; 

 a is the minimum depth of the suspended sediment zone; 

 c is the concentration; and 

 v is the velocity. 

 

This chapter provides a literature review for understanding sediment discharge, 

which aids in the calculation of the applicability and improvements to the Modified 

Einstein Procedure (MEP). 
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2.1 Turbulence and Velocity 

In open channels, flow is usually defined as turbulent due to irregular velocity 

fluctuations at a given location with respect to time (Figure 2.1).  However, as the 

fluid approaches the channel boundary, the effects of turbulence diminish.  This 

region is referred to as the laminar sub layer (δ).  The basis for sediment transport 

can be explained using the concepts of turbulence and velocity fluctuation. 

 
Figure 2.1. Velocity Fluctuation 

2.1.1 Logarithmic Velocity Law 

Prandtl (1925) first introduced the mixing length theory to explain turbulent 

fluctuation.  This is done by defining a confined length for which mixing occurs.  The 

study looks only at parallel flow, which varies along a streamline.  The turbulent 

velocity fluctuation is expressed in Equation (2.3).  









=

dy

dv
lv '  (2.3) 

  

yl κ=  (2.4) 

  

Where, 
 v’ is the turbulent velocity fluctuation; 

 l is the Prandtl mixing length ; 

dy

dv
 is the velocity gradient in the y direction; 

κ is the von Karman constant of 0.4; and 

y is the vertical distance from the bed 
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Near the wall or boundary of the channel, Prandtl focuses on how velocity is related 

to turbulent shear stress.  Shear stress, expressed in Equation (2.5), is the force 

exerted by the water on the bed.   

2

2








=

dy

dv
lρτ  (2.5) 

  

Where, 
 τ is the turbulent shear stress; and 

ρ is the fluid density. 

 

Prandtl (1932) and von Karman (1932) both obtained the logarithmic velocity 

distribution (Equation (2.6)) by assuming the shear stress is equal to the bed shear 

( )hSoo γττ == and that there is a relationship between the shear velocity and shear 

stress ( )ρτ 2
*u= . 

oy

y

u

v

y

u

dy

dv
ln

1

*

*

κκ
=→=              (2.6) 

  

Where, 
v is the velocity;   
u* is the shear velocity;  

yo vertical distance where velocity equals zero; 

γ is the specific weight of the fluid; 
So is the bed slope; and 

h is the total flow depth. 

 

Keulegan (1938) worked on developing detailed velocity distributions for the 

flow resistance in open channels, similar to what Nikuradse (1932; 1933) 

accomplished for circular pipes.  The only difference between open channel and 

circular pipes is the values used for the water surface characteristics.  The velocity 

distribution for open channels is described by Figure 2.2.  
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Figure 2.2. Description of the Velocity Profile (Julien 1998) 

The figure shows the effects of grain diameter on the shape of the velocity 

profile, laminar sub layer and the grain Reynolds number.  Refer to Equations (2.7) 

to (2.9) for a solution to the average velocity based on the boundary condition.  A 

smooth boundary is expressed as: 








=
v

yuu
v ** 05.9ln

κ
 (2.7) 

  

Where, 

v
 

is the average velocity in the x direction; and 

ν is the kinematic viscosity of the fluid.  

 

For a rough boundary the equation is expressed as: 

 









=

sk

yu
v 2.30ln*

κ
 (2.8) 

  

Where, 
ks is the thickness of the surface roughness layer. 

 

The roughness layer is usually defined as a function of the particle size found in the 

bed.  Finally, the transitional region between a smooth and rough boundary is 

expressed as: 
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







=

sk

yu
v

χ
κ

2.30ln*  (2.9) 

  

Where, 
 χ is a correction coefficient (Refer to Figure 2.3). 

 

 
Figure 2.3. The Correction Factor for χ (Einstein 1950) 

The effects of the correction factor (χ) are minor.  Thus Equation (2.8) is usually 

used to describe the velocity fluctuation in natural rivers.  

2.1.2 Wake Flow Function 

The wake flow function is a slight deviation from the logarithmic velocity 

law, which causes an increase in the flow velocity after fifteen percent of the flow 

depth(refer to Figure 2.4a).  Coles (1956; 1969) suggests that the velocity 

distribution follows the following form: 
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(2.10) 

  

Where, 
∆vx is change in velocity in the downstream direction; 

ПW is wake flow function; and 

π is 3.14. 

 

Equation (2.10) is a function of the law of the wall (logarithmic velocity profile), 

roughness function and the law of the wake.  Based on independent studies 

(Coleman 1981; 1986; Nezu and Rodi 1986; Nezu 1993), the wake law function has 

been shown to improve the accuracy of the velocity profile in open channels.  A 

study has been performed by Guo and Julien to explain the dip in the velocity profile 

at the surface.  This dip occurs due to surface tension at the water/air 

interphase(Guo and Julien 2008).  Figure 2.4 shows the changes to the logarithmic 

velocity profile due to the law of the wake and the dip caused by the surface tension.  

An example from the Mississippi River is used to show how actual data follows a 

combination of the logarithmic law, wake law and dip effects.   
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a. Schematic of Velocity Profile 

 
b. Example (Guo and Julien 2008) 

Figure 2.4. Log-Law Velocity Profile and Deviation Due to Wake at the Surface 

2.2 Sediment  

Sediment is defined as inorganic particulate matter that can be transported by fluid 

flow.  It is transported either by being pushed, rolled or saltated along the river bed 

(Einstein et al. 1940) or in suspension.  Sediment may deposit as a layer of solid 

particles on the floodplain, the river bed or the bottom of a body of water.  Sediment 

could also continue to be transported by fluid flow.  Some of the main sediment 

sources within the river system are landscape erosion, channel erosion, bank failure 

and bed scour. 
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As explained in the introduction, total sediment discharge is classified in 

three distinct methodologies.  Figure 2.5 shows the three distinct sediment 

classification methods.  The representative particle (ds) is used to define the division 

between the suspended sediment and bed load layers.   

d
n
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Figure 2.5. Classification of Sediment Load  

Figure 2.5 provides a depiction of the measured and unmeasured zones 

based on a suspended sediment sampler.  The suspended sediment sampler 

measures a water-sediment mixture from the water surface to a set distance above 

the bed.  This set distance varies based on the type of sampler used.  The 

unmeasured load is the portion of the sediment that is close to the bed, where the 

sampler cannot measure the sediment.  The zone identified as measured load 

contains a portion of the suspended load.  This is based on the depth of flow and the 

type of sampler used.  

Sediment classification based on transport mechanism is divided into 

suspended and bed load.  Suspended sediment load is the portion of the total load 

that is found in suspension and is distributed throughout the cross section.  These 
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suspended particles remain in suspension because the upward turbulent velocity 

fluctuation is greater than ω, which prevents the particles from settling.  Bed load 

consists of particles, which are in direct contact with the river bed.  The material 

that makes up the bed load is coarser than the material found in suspension.  The 

particles are transported at a rate that is related to the discharge.  Einstein’s study in 

1940 provided a clear distinction between the suspended and bed load zones.  The 

study suggests that once particles were a certain size they were no longer found in 

the bed in appreciable quantities.  Einstein defined the bed load layer as being two 

times the median bed particle size (2ds). 

Sediment can also be considered based on its source.  Wash load is defined as 

all particles smaller than d10 (particles size finer than 10%), which are usually not 

found in the bed.  Bed material load is the portion of sediment found in appreciable 

quantities in the bed.  It is composed of the bed load and a portion of the suspended 

load.  Many believe wash load has little impact on channel morphology, thus most 

sediment transport equations are based on bed material load.  However, when 

measurements are made using a sampler, wash load cannot be excluded.  A study 

performed on the hyper-concentrated Yellow River in China shows that wash load 

has a dramatic effect on channel morphology (Yang and Simoes 2005). 

2.2.1 Sediment Concentration Profile 

The sediment concentration profile in open channels was developed based on 

the theory of turbulent mixing of particulates in the atmosphere (Schmidt 1925), 

refer to Equation (2.11). 
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y

c
c s ∂

∂+= εω0  (2.11) 

  

Where,  
ω is the fall velocity; 

c is the sediment concentration; 

εs is the sediment diffusion coefficient; and 

∂c/∂y is the slope of the change in concentration over the change in depth.  
 

This theory was extended for applications in water in the 1930’s by Jakuschoff 

(1932) and Leighly (1932; 1934).  Later, O’Brien (1933) added the diffusivity 

distribution associated with sediment flow in water based on the shear stress 

distribution, which is shown in Equation (2.12).   

( )yh
h

y
um −= *κε  (2.12) 

  

Where,  
εm is the momentum exchange coefficient. 

 

The relationship between the momentum exchange coefficient and the sediment 

diffusion coefficient is presented in Equation (2.13). 

ms βεε =  (2.13) 

  

Where, 

 β is the diffusion coefficient. 

 

In the original analysis performed by Rouse on the concentration profile, the 

value of β was assumed to equal 1.  By combining Equations (2.11) through (2.13), 

the concentration profile was determined for open channels.  The following 

equations were introduced by Rouse (1937) to explain the suspended sediment 

distribution.  
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Where,  
ca is the measured concentration at a specified distance “a” from the bed; 
a is the depth where the concentration ca is evaluated; 
Ro is the Rouse number; 

d* is the dimensionless grain diameter; 

d50ss is the median particle size in suspension; 

G is the specific gravity (2.65); 

g is gravity; and 

v is the kinematic viscosity. 

 

Equation (2.14) provides the concentration at a specified distance y from the bed.  

The value of Ro is used to describe the curvature of the concentration profile.  Figure 

2.6 provides a graphical representation of the concentration profile for varying Ro 

values. 
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Figure 2.6. Rouse Concentration Distribution (Julien 1998)  

As the value of Ro increases, the bed load becomes a more significant portion of the 

total load and as Ro decreases, the suspended sediment load is the majority of the 

total load.  

2.3 Rouse Number – Effects of Sediment Stratification 

Numerous studies have been conducted on Ro, both through laboratory and 

field experiments, to validate Equation (2.15).  Vanoni (1941; 1946) performed 

experiments in the laboratory and determined that the concentration profile plotted 

logarithmically and that Ro followed Equation (2.15).  This occurred because the 

study consisted of only small particle sizes (ω is small) and allows the value of κ to 

vary based on measured velocity profile.  However, Anderson (1942) showed that 

the value of Ro used to calculate the concentration profile did not increase as rapidly 

for the Enoree River in South Carolina, with a constant κ of 0.4, as it did in Vanoni’s 

experiment.  The value of Roc and Rom has a tendency to deviate when the Roc values 

were greater than 0.2.  In addition, Einstein and Chien (1954) confirmed Anderson’s 

finding by recognizing that the Roc value was much larger than the Rom (refer to 
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Figure 2.7).  Their study showed that the deviation occurs after Roc was greater than 

1, instead of 0.2.  All the authors agree that the concentration profile fits Equation 

(2.14); however, the value of Ro proposed by Equation (2.15) was not necessarily 

accurate for larger values of Ro. 

R
o
m

 
a. (Anderson 1942) 

c

m

 
b. (Einstein and Chien 1954) 

Figure 2.7. Measured Rouse versus Calculated Rouse  

To explain the deviation between Roc and Rom, studies have been performed to 

show how suspended sediment affects open channel flow velocity and sediment 

concentration profiles.  Early studies focused on the effects of sediment laden flow 

on the velocity profile.  More recent studies have focused on the effects that the 

suspended sediment profile has on Ro. 

2.3.1 Effects of the Velocity Profiles 

Vanoni (1946), Einstein and Chien (1955), Vanoni and Nomicos (1960), Elata 

and Ippen (1961), Wang and Qian (1989) and many others have studied the effects 

of the logarithmic velocity law in sediment laden flows.  They all determined that 

the logarithmic law was valid and κ decreased with an increase in suspended 

sediment concentration.  Coleman (1981), Barenblatt (1996) and others stated that 

the reason for this decrease was due to the wake layer, thus κ is independent of the 
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suspended sediment concentration.  Nouh (1989) conducted an experiment on the 

effects of κ in the presence of sediment for both straight and meandering channels.  

Nouh’s experiment showed that the value of the κ was a function of both sediment 

and channel patterns. 

Continuing his work on wake law, Coleman (1981; 1986) studied the effects 

of suspended sediment on κ and ПW (wake strength coefficient) terms.  He 

determined that κ remains the same in sediment laden flow as it did in clear water, 

but ПW increases.  This has been supported by experiments conducted by Parker 

and Coleman (1986) and Cioffi and Gallerano (1991).  Table 2.1 provides a summary 

of the variation in ПW coefficient for studies performed from 1981 to 1995, all 

studies assume κ equals 0.4.  

Table 2.1. Summary of Different Wake Strengths  

Author 
ПW (Wake 

Strength) 
General Note 

Coleman (1981) 0.19 Low sediment  concentrations 

Nezu and Rodi (1986) 0.0 to 0.20  

Kirkgoz (1989) 0.10  

Cardoso et al. ( 1989) 0.077 Over a smooth bed 

Wang and Larsen (1994) NA High sediment concentrations 

Kironoto and Graf (1995) -0.08 to 0.15 Over a gravel bed 

 

These data suggest that there is no universal wake strength.  Thus, many 

scientists disagree with Coleman’s findings.  Lyn (1986; 1988) suggests that the 

effects of suspension occur near the river bed, causing κ to decrease.  Therefore, the 

wake strength coefficient is independent of sediment.  Kereseidze and Kutavaia 

(1995) suggest that both the κ and П terms vary with sediment suspension.   

 Villarent and Trowbridge (1991) developed a procedure based on a model, 

which uses existing measurements of mean velocity and mean particle 
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concentration from laboratory models and theoretical calculations.  Their model is 

based on the wake function (Coles 1956), the concentration profile (Rouse 1937) 

and the effects of stratification (series of distinct layers).  The measured data 

showed that stratification is associated with the velocity profile, not the 

concentration profile.  Recently, Guo (1998; Guo and Julien 2001) performed a 

theoretical analysis on the turbulent velocity profile and the effect of sediment laden 

flow.  His analysis showed a decrease in κ and an increase in ПW, but the change was 

negligible.  Therefore, the modified wake law for clear water can be used to model 

sediment laden flow, which is based on the effects of the outer boundary.  A 

program has been developed based on the modified wake flow function that 

calculates the ПW (Guo and Julien 2007).   

2.3.2 Variation Based on Particle Size 

 In 2002, Akalin looked at the effects that particle size had on the calculation 

of Ro.  His study of the Mississippi River showed that the suspended sediment 

concentration would be underestimated if Roc is used versus Rom.  In addition, his 

data indicated that as the particles coarsened the percent deviation between Roc and 

Rom varied significantly (refer to Table 2.2). 

Table 2.2. Percent Deviation by Particle Size Fraction 

Particles Size Percent Deviation 

Very Fine Sand 0.05% 

Fine Sand 37% 

Medium Sand 65% 

Coarse Sand 76% 
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Figure 2.8 shows a comparison between the Roc and Rom.  There is an 

underestimation of the concentration when Roc is used because the reference 

concentration is measured close to the bed. 

 
a.) Very Fine Sand 

 
d.) Coarse Sand 

Figure 2.8. Measured and Calculated Ro for Different Sand Sizes (Akalin 2002) 
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 Based on Akalin’s study, it is clear that particle size has a significant effect on 

the deviation of Ro.  However, he made no attempt to explain why this deviation 

occurred.  This occurred because near the surface the coarser particles have a very 

low concentration, which can be hard to measure accurately.  As a result there is a 

high deviation between the measured and calculated concentrations for large 

particles near the bed. 

2.3.3 Effects of the Suspended Sediment Concentration Profiles 

With the presence of sediment in the flow field, the effects of stratification 

can cause a variation in the idealized concentration profiles for different Ro, as 

shown in Figure 2.6.  When density stratification is not present, the velocity profile 

and concentration profile follow Equations (2.8) and (2.14) respectively.  Smith and 

McLean (1977) introduced the idea that the dampening of turbulence is based on 

density stratification.  Over the years countless studies have been proposed on the 

effects that stratification has on the concentration and velocity profiles.  A few of 

these studies are described below. 

Chien (1954) studied the concentration profiles in flumes and natural 

channels.  Chien determined that the Rom computed from the slope of the 

concentration profile was less than Roc determined using Equation (2.15), thus 

suggesting that the sediment diffusion coefficient (β) is greater than one.  When β is 

greater than one there is a dominant influence by the centrifugal force.  This is what 

allowed van Rijn (1984b) to develop Equation (2.19), which supports Chien’s 

findings.   
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McLean (1991; 1992) looked at the effects of stratification on total load 

calculations and developed a methodology that iteratively solved the concentration 

and velocity profiles to determine the total load.  This study states that stratification 

of sediment can lead to a reduction in the total sediment load calculated.  Then, 

Herrmann and Madsen (2007) determined that the optimal values for α (ratio of 

neutral eddy diffusivity of mass to that of momentum; i.e., Schmidt number) and β 

(sediment diffusion coefficient).  For stratified conditions α was 0.8 and β was 4, 

while for neutral conditions α was 1 and β was 0.  Ghoshal and Mazumder (2006) 

also looked at the theoretical development of the mean velocity and concentration 

profile.  They determined that the effects on sediment-induced stratification were 

caused by viscous and turbulent shear, which are functions of concentration.  

Wright and Parker (2004a; 2004b) developed a method to account for density 

stratification based on a simple semi-empirical model, which adjusts the velocity 

and concentration profiles.  However, there is no consistent form that explains the 

deviation between Rom and Roc.   

2.4 Sediment Transport Formulas 

A wide variety of sediment transport formulas exist for the calculation of the 

sediment load.  The equations developed have limited applicability due to the 

concepts surrounding their development.  All of the existing equations can be 

classified as bed load, bed material load, suspended load or total load equations.  

There exists no completely theoretical solution to sediment transport. 
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2.4.1 Bed Load 

In general the amount of bed load that is transported by sand bed rivers has 

been estimated to range from five to twenty-five percent of the total load.  This 

number may seem insignificant, but the transport of sediment within the bed layer 

shapes the boundary and influences the stability of the river (Simons and Senturk 

1992). 

There are numerous equations for quantifying bed load; the following three 

equations are investigated in this study.  The first equation is based on the tractive 

force relationship and was developed in 1879 by DuBoys (Vanoni 1975).  Meyer-

Peter and Mőller (1948) developed a bed load formula based on the median 

sediment size (d50), which has been found to be applicable in channels with large 

width to depth ratio.  Wong and Parker (2006) corrected the MPM procedure by 

including an improved boundary roughness correction factor.  Einstein (1942) 

developed a bed load equation based on the concept that particles in the bed are 

transported based on the laws of probability.  All existing equations are based on 

steady flow and must be applied using engineering judgment.  They estimated the 

maximum capacity of bed load a river can transport for a given flow condition. 

2.4.2 Suspended Load 

 Fine particles are in suspension when the upward turbulent velocity 

fluctuation is greater than the downward ω.  This section examines the relationship 

between the ratio of suspended to total sediment discharge (qs/qt) as a function of 

the ratio of shear velocity to fall velocity (u*/ω =2.5/Ro).  Studies performed by 
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Larsen, Bondurant, Madden, Copeland and Thomas, van Rijn, Julien, Dade and 

Friend, and Cheng are reviewed. 

Laursen 

 Laursen (1958) developed a load relationship which accounts for total load 

(qt) using data from numerous flume tests.  The relationship includes three 

important criteria: 1) the ratio of shear velocity and fall velocity, 2) the ratio of 

tractive force to critical tractive force and 3) the ratio of the velocity of the particles 

moving as bed load to the fall velocity.   
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Where,  
 Ct is total sediment concentration in weight by volume; 

 γ is the specific weight of fluid; 

 ib fraction of material measured from the bed for the given bin; 

 di is the diameter of the sediment particle for the given bin in ft; 

 τo’ is the grain boundary shear in lbs/ft2; 

 τci is the critical tractive force at beginning of motion for a given particle; 

 u*  is the shear velocity in ft/s; and  

 ωi is the fall velocity of particle moving in the bed in ft/s. 

 

 Figure 2.9 provides a plot of the relationship described by (2.20.  Laursen 

suggests that a single line can be used to describe the sediment load relationship.  

The figure shows the difference between bed sediment discharge and total sediment 

discharge transport and how as the value of u*/ω increases, qb becomes a small 

percentage of qt.   

 Bondurant (1958) tested Laursen’s findings using data from the Missouri 

River.  His study showed that the data plotted considerably higher than Laursen’s 

prediction.  Thus Figure 2.9b contains a revision for larger rivers. 
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a  (Laursen 1958) 

 
b (Bondurant 1958) 

Figure 2.9. Sediment Discharge Relationship  

 Over the years, modifications have been proposed to the Laursen method.  

Copeland and Thomas (1989) modified the Laursen method by including the grain 

shear velocity(u* ‘) instead of the total shear velocity (u*). 
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Where, 
 u* ’ is the grain shear velocity  

 

Madden (1993) modified the Laursen Procedure based on data from the Arkansas 

River accounting for Froude number (Fr). 
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Where, 

 Fr is the Froude number  

 

Both studies resulted in the graph shifting similar to the Bondurant results.  These 

studies suggest that Laursen’s method will under-predict the total sediment 

concentration, therefore the modified formulations should be considered. 

van Rijn 

 van Rijn (1984a; 1984b) developed an analysis looking at how u*/ω varied 

qs/qt.  This study is based on κ of 0.4 and a ratio of a/h equal to 0.5.  The equation is 

developed based on a modification of the concentration profile (Equation (2.2)).   
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Equation (2.23) suggests that the concentration profile does not completely follow 

Rouse’s formulation.  The equation is further simplified as:   

as hcuFq =  (2.24) 
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The simplification of F results in up to 25% inaccuracy in the sediment discharge 

estimation.  Figure 2.10 provides a schematic representing Equation (2.26).   
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Figure 2.10. Ratio of Suspended to Total Sediment Discharge (van Rijn 1984b) 

In addition, van Rijn recognized that the value of β was greater than 1.  Thus, there 

are two sets of lines in Figure 2.10 to account for the variation in β.  The data 

measured by Guy et al. (1966) have been plotted in the figure above, but it does not 

clearly show when to assume β is 1 versus greater than 1.  This may be more 

significant when field data are used, since there is a higher degree of particle 

variability.  The graph also shows that when the ratio of the average reference 

velocity ( v a) to average channel velocity ( v ) is small, the suspended sediment 

discharge is a greater percentage of the total sediment discharge. 

 Julien 

 After reviewing previous studies, Julien (1998) looked at the effects of 

relative submergence (h/ds) has on qs/qt.  By combining the concentration 

distribution (Equation (2.14)) and the velocity profile (Equation (2.9)), the 

following equation is developed:  
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Equation (2.27) can be further simplified as: 
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Where, 

 E is a/h; 
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Based on studies performed by Einstein, the reference concentration and velocity 

were determined to be: 

aab cavq =  (2.29) 

  

*6.11 uva =  (2.30) 

Where, 

 va is the reference velocity at 2ds above the bed 

 

 

Combining Equations (2.29) and (2.30) into Equation (2.28), Equation (2.31) is 

determined.  
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Equation (2.31) is the unit suspended sediment concentration based on the flow 

velocity and concentration profile within a river.  The total unit sediment load can 

be determined based on the following equations. 

sbt qqq +=  (2.32) 

 

Equation (2.33) provides the ratio of suspended to total sediment discharge.   
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 Julien (1998) assumed that β = 1 and κ = 0.4.  Refer to Figure 2.11 to see how 

the relative submergence (h/ds) varies based on qs/qt versus u*/ω.   

 
Figure 2.11. Ratio of Suspended to Total Sediment Discharge (Julien 1998) 

Figure 2.11 shows that when the value of u*/ω is equal to 2 the lines for h/ds cross.  

There is no clear explanation why this occurred.  This analysis also provides a good 

indication of the breaks in the mode of transport, which have been summarized in 

Table 2.3. 
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Table 2.3. Mode of Transport  (Julien 1998) 

u*/ω 
Rouse 

number 

(Ro) 

qs/qt Mode of Sediment Transport 

<0.2 >12.5 0 No motion  

0.2 to 0.4 6.25 to 12.5 0 Sediment Transported as bed load 

0.4 to 2.5 1 to 6.25 0 to 0.8 Sediment Transported as mixed load 

>2.5 <1 0.8 to 1.0 Sediment Transported as suspended sediment load 

 

Dade and Friend 

 Dade and Friend (1998) performed an analysis to determine the relationship 

between channel morphology and grain size.  They developed a relationship to 

determine the mode of transport based on the flux of sediment.  Their findings, 

summarized in Table 2.4, are slightly different from Julien’s findings. 

Table 2.4. Mode of Transport  (Dade and Friend 1998) 

ω/u* qs/qt Mode of Sediment Transport 

≥ 3 <0.1 Sediment Transported as bed load 

0.3 to 3 0.1 to 0.9 Sediment Transported as mixed load 

≤ 0.3 >0.9 Sediment Transported as suspended 

sediment load 

 

Using river data from various sources, they were able too show that slope and mode 

of transport were a function of relative grain size (ds/h) (refer to Figure 2.12). 

 
Figure 2.12. Channel Slope vs. Relative Grain Size (Dade and Friend 1998) 
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Cheng 

 Cheng (2008) developed a simple relationship between critical shear velocity 

(uc*) and ω as a function of dimensionless grain diameter (d*).  The solution is based 

on probabilistic solution; refer to Equation (2.34) and Figure 2.13.   
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Where, 
 u*c is the critical shear velocity. 

 
Figure 2.13.Threshold for Motion (Cheng 2008) 

2.4.3 Total Load  

 The following section provides a summary of some equations developed to 

determine total load.  The equations selected are based on the formulation of the 

Modified Einstein Procedure (MEP), which is the basis for this dissertation.   

Einstein Procedure 

 Einstein’s equation (1950) is based on the combination of a bed load 

equation and the concentration profile (Rouse equation) to represent the suspended 

sediment region.  Einstein measured the bed material (sieve analysis) and a point 

Eq 2-34 
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suspended sediment sample at a distance 2ds from the bed (transition point 

between the bed and the suspended sediment layers).  Total load is calculated by 

taking the bed load transport and extrapolating to determine the suspended load.  

The functions used to develop the equation are based on the theory of turbulence, 

experiments, and engineering judgment.  A second approximation was introduced to 

improve the suspended sediment theory ( Einstein and Chien 1954).  It is based on a 

necessary modification to Ro used as the exponent in the concentration profile to 

predict the suspended sediment concentration.  Einstein and Chien used additional 

data sets to test this theory and suggested that the Rom is less than the Roc ((2.15).  

They recognized that there was need to improve the methods used to determine Ro.  

Their study indicated the need for more data prior to the development of a more 

accurate calculation.  Einstein and Chien (1955) performed another study using a 

laboratory flume to understand the effects of heavy sediment concentration near the 

bed and how this affects the velocity profile and concentration distribution.  They 

found a deviation from the initial equation developed and used by Einstein (1950).  

Einstein and Abdel-Aal (1972) developed a method to determine total load under 

high concentrations of sediment.  They accomplished this by changing κ in the 

velocity profile and Ro.  Einstein’s procedure was groundbreaking for calculating 

total load within a river system, which led to the development of many other 

equations. 
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Derivatives of the Einstein Procedure 

 Laursen (1957; 1958) calculated the total load by assuming that the 

suspended sediment load was a factor of the bed load (0.01).  This method deviates 

from Einstein’s original method because it uses tractive force to explain whether the 

particles are in motion.  Toffaleti (1968; 1969) looked at total load calculations 

based on rivers with high sediment concentrations near the bed.  He deviates from 

Einstein’s procedure by developing a velocity distribution based on the power 

function and by dividing the suspended sediment concentration profile into 3 

distinct zones, which caused Ro to be variable within the concentration profile.  

Modified Einstein Procedure 

The Modified Einstein Procedure (MEP) was developed by Colby and 

Hembree  in 1955.  They wanted to determine an equation that could calculate the 

total load in the Niobrara River in Nebraska, which is a sand bed channel.  They 

reviewed the Du Boys (1879), Schoklitsch (1930), Straub (1935) and Einstein 

(1950) formulas.  None of the methods were consistent with the measurements 

made at the cross sections.  Therefore, they developed a procedure based on the 

measured suspended sediment.  The difference in their procedure was that a depth-

integrated sampler was used to measure the suspended sediment concentration and 

a particle size distribution was determined for the bed through sieve analysis.  Ro is 

determined by matching the total load determined based on the measured 

suspended sediment and the measured bed material.  When the total load matches, 

Ro is known for the given bin.  Next, a power equation is used to determine Ro for 

the remaining bins.  Once this is done the load is calculated for each bin and they are 
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summed to calculate the total load.  Unlike many other equations, it does not give an 

equilibrium sediment load; it actually gives the total load at a given point and time 

based on the measurements.  The research performed by Colby and Hembree in 

1955 is used as a starting point for this research and is outlined in detail in 

Appendix A.   

 Over the years a few modifications have been suggested for MEP.  Colby and 

Hubbell (1961) developed nomographs to simplify the calculations, which today can 

be easily programmed into a computer model. Table 2.5 summarizes the four 

nomographs that were developed by Colby and Hubbell. 

Table 2.5. Summary of Developed Nomographs 

Number Description of Nomograph 

1 Nomograph for computing ( )mRS and mP  

2 Nomograph for computing bbQi  

3 Nomograph for computing the Rouse number from =
bB

s

Qi

Q '

( )'
2

'
1

1

1 JJP
J

I
m +  

4 Nomograph for computing the total load from 
''

'
21

21

JJP

JJP
Q

m

m
si +

+
 

* Refer to Colby and Hubbell 1961 for these nomographs. 

  

 Lara (1966) noticed that the approach for calculation of Ro determined by 

Colby and Hembree (Step C, Appendix A) was subjective and could result in many 

different answers based on the bin used.  Therefore, Lara introduced a least squares 

regression to determine the Ro.  The regression analysis requires a minimum of two, 

or preferably three, overlapping bins (particle size classes) to determine an 

exponential relationship between Ro and ω.  Equation (2.35) provides an example of 

the power function.  Lara determined that the exponent was not always 0.7.   
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( ) 2

1
CCRo ω=  (2.35) 

  

Where,  
 C1 and C2 are constants determined from the regression analysis. 

 

 Burkham and Dawdy (1980) worked together and performed a general study 

of MEP in an attempt to develop a reliable method for measuring and computing 

sediment discharge.  Their study resulted in 3 main deviations from the current 

procedure.  First they determined a direct relationship between Φ*  (bed load 

transport function) and  Ψ*  (bed load intensity function).  In addition, they defined 

the roughness coefficient (ks) as 5.5*d65.  Lastly, their study also showed that the 

calculated u*  had a tendency to be higher and the Einstein correction factor (χ) had a 

tendency to be lower than the values determined by Colby and Hembree.  Their 

studies focused on sand bed channels and they did not consider bedforms.  This 

method is referred to as the Revised Modified Einstein Method.   

 Finally, the Remodified Einstein Procedure was developed to determine an 

even more accurate calculation of total sediment transport rates from the flow and 

suspended sediment measurement based on MEP (Shen and Hung 1983).  They 

introduced an optimization technique to adjust the measured is (fraction of sampled 

suspended sediment for a given bin) and ib (fraction of material measured from the 

bed for a given bin), so that the calculated suspended sediment loads in the sampled 

zone are a closer match to the measured suspended sediment load in the sample 

zone.  They also include Lara’s finding in their procedure.  Over the years, computer 

programs have been developed to perform these calculations, but there are still 

many questions which have not been answered. 
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2.5 Current Programs 

 To provide consistency in calculations using MEP, computer programs have 

been developed to aid in the calculation of bed load, bed material load and total 

load.  The programs have been developed and are supported by numerous agencies.   

 MODIN was developed at the US Geological Survey (USGS) (Stevens 1985).  

This program computes total sediment discharge at a given cross section for a sand 

bed alluvial stream based on measured hydraulic variables, measured suspended 

sediment concentration and particle-size distributions of the measured suspended 

sediment and bed material.  The program is based on the procedure developed by 

Hubbell and Matejka (1959).  The program requires the user to enter the 

measured/calculated Ro.  Then, based on the given data, the program performs a 

best fit to the computed Ro value and returns a total load calculation.  The program 

contains a polynomial approximation of the nomographs used in MEP.   

Zaghloul and Khondaker  (1985) developed a computer program to calculate 

total load based on MEP.  Their procedure uses A Programming Language (APL) to 

convert the standard polynomials into equations that can be implemented. 

The US Bureau of Reclamation (USBR) developed BORAMEP to calculate total 

load (Holmquist-Johnson and Raff 2006).  It does not require the user to make 

engineering judgment on the calculation of Ro.  It uses the method outlined by the 

USBR (1955; 1955 revised) and Lara (1966) to determine Ro for each bin.   

Shah (2006) performed a detailed analysis of BORAMEP.  There were three 

main errors that were observed in the analysis.  First, when particles in the 

measured zone were not found in the bed, a total load could not be determined 
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because a Ro could not be evaluated since a minimum of two bins are required.  

Next, when overlapping bins exist, a regression analysis is performed to determine 

Ro for the remaining bins, but a negative exponent is generated based on the data.  

The program stopped calculating total load because a negative exponent would 

result in a larger Ro for fine particles and a smaller Ro for coarser particles, which is 

not valid.  Finally, on occasion the suspended sediment load was greater than the 

total load because in performing total load calculations based on the estimation of 

the Ro, the program underestimates the total load.  Therefore, the goal of this study 

is to revisit MEP and develop improvements that will aid in the overall total load 

calculation. 

Due to the complexity of the integral used in the Einstein Procedure and MEP 

to calculate suspended sediment load, many sediment load programs do not include 

these two procedures.  The computation of the Einstein Integrals in closed form is 

not possible.  An analytical expansion of the Einstein Integrals has been developed 

by Guo and Julien (2004).  This has not been implemented into a program at this 

time, but it has been tested and matches with the curves presented by Einstein.  

Equations (2.36) to (2.41) summarize how the Einstein Integrals are solved by the 

series expansion approach.  
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Where, 
 E is equal to a/h; 
 y’ is equal to y/h; and  
 k is equal to 1 for the initial point for performing a summation. 

 

Appendix B contains the procedure developed by Guo to solve the Einstein Integrals.  

The procedure has the following limitations: the range of E is from 0.1 to 0.0001 and 

the range of Ro is from 0 to 6. 

2.6 Statistical Analysis 

Statistical tools are used to describe how data behave.  These statistical parameters 

provide a goodness of fit between the computed and measured data.  Table 2.6 

summarizes the statistical parameters used to analyze the data (Lin 1989; Ott and 

Longnecker 2001).   
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Table 2.6. Statistical Parameters 

Function Name Abbreviation Equation 
Equation 
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Coefficient of 
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Where, 
Xi is the measured load; 

xys is the covariance; 

2
xs  and 2

ys  are the variances; 

Yi is the calculated load; 

Yavg is the average calculated load; 

Ymax is the maximum calculated load; 

Ymin is the minimum calculated load; and 

n is the number of samples. 
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 The values of these statistical parameters vary.  The calculated and measured 

data are in good agreement if the coefficient of determination and concordance 

correlation coefficient are close to one.  However, the values of the other statistical 

parameters need to be close to zero for a good agreement.   
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Chapter 3: Available Data 

 Thorough research was conducted to obtain data for this study.  Both 

laboratory and field data have been obtained from the following sources: refereed 

journal publications, US Geological Survey publications, US Army Corp of Engineers 

publications, and various dissertations.  Appendix C contains a review of all data 

initially obtained for this analysis.  This chapter provides a summary of only the data 

used as part of this dissertation.   

3.1 Laboratory Data 

3.1.1 Total Load Data Set 

Guy, Simons and Richardson – Alluvial Channel Data from Flume Experiments  

 From 1956 to 1961 Simons and Richardson performed studies on a two foot 

and an eight foot wide, 150 foot long flume to determine the flow resistances and 

sediment transport rates.  They conducted 339 equilibrium runs in the re-

circulating flumes.  The study was conducted at Colorado State University in Fort 

Collins, Colorado.  The discharge varied between 0 and 22 cfs.  The channel slope 

varied from 0 to 0.015.  The following data were collected or calculated: water 

discharge, flow depth, average velocity, water surface slope, suspended sediment 

concentration and gradation, total sediment concentration and gradation and bed 

configuration.  The primary purpose of their study was to collect and summarize 

hydraulic and sediment data for other researchers (Guy et al. 1966).  The data can 

be categorized based on bed forms and particle sizes for analysis purposes.  Figure 

3.1 provides a schematic of the 8 foot flume used to obtain samples. 
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a. pumping units; b. orifices; c.  headbox and diffuser; d.  baffles and screens; e. Flume (8 by 2 by 150); f. tailgate; g. total-load 

sampler; h. tail box; i. jack supporting flume; j. connection to storage sump; k. transparent viewing window 

Figure 3.1. Flume Set-up at Colorado State University (after Simons et al. 1961) 

3.1.2 Point Velocity and Concentration 

Coleman – Velocity Profiles and Suspended Sediment 

 Coleman (1981; 1986) performed flume studies to develop a better 

understanding of the influence of suspended sediment on the velocity profile.  A 

Plexiglas flume 356 millimeters (1.2 feet) wide by 15 meters (49 feet) long was used 

in the experiments.  The bed slope was adjusted to ensure uniform flow conditions 

within the flume.  A total of 40 runs were conducted with three distinct sand sizes 

(0.105, 0.210 and 0.420 mm).  The following data were obtained: water discharge, 

total flow depth, energy grade line, water temperature, boundary layer thickness, 

velocity distribution and a suspended sediment concentration distribution.   
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3.2  Field Data 

3.2.1 Total Load (Depth Integrated and Helley-Smith Sampler) 

93 US Streams  

 Williams and Rosgen (1989) summarized measured total sediment discharge 

data from 93 US streams.  Only 10 rivers were selected for testing based on the 

completeness of the data set.  A total of 256 data sets were tested on the following 

rivers: Susitna River near Talkeetna, Alaska; Chulitna River below Canyon near 

Talkeetna, Alaska; Susitna River near Sunshine, Alaska; Snake River near Anatone, 

Washington; Toutle River at Tower Road near Sliver Lake, Washington; North Fork 

Toutle River, Washington; Clearwater River, Idaho; Mad Creek Site 1 near Empire, 

Colorado; Craig Creek near Bailey, Colorado; North Fork of South Platte River at 

Buffalo Creek, Colorado.  The following data were obtained: discharge, mean flow 

velocity, top width, mean flow depth, water surface slope, water temperature, 

suspended sediment discharge (measured using depth integrated sampler), bed 

sediment discharge (measured using a Helley-Smith sampler), particle size 

distribution of suspended sediment, bed sediment discharge and bed material.  The 

three rivers from Colorado did not include suspended sediment particle size 

distribution due to low measured concentration.   

Idaho River Data  

 The Boise Adjudication Team of Idaho (RMRS 2008) developed a website 

that summarized the following river data:  bed sediment discharge, suspended 

sediment discharge, particle size distribution of surface material, channel geometry, 

cross section, longitudinal profile and discharge data.  Particle size distribution is 
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provided for the bed sediment discharge but not for the suspended sediment 

discharge.  The following sites were used to determine if measuring data from a 

Helley-Smith will give good results for determining total sediment discharge:  Big 

Wood River; Blackmare Creek; Boise River; Cat Spur Creek; Dollar Creek; Eggers 

Creek; Fourth of July Creek; Hawley Creek; Herd Creek; Johns Creek; Johnson Creek; 

Little Buckhorn Creek; Little Slate Creek; Lochsa River; Lolo Creek; Main Fork Red 

River; Marsh Creek; Middle Fork Salmon River; North Fork Clearwater River; Rapid 

River; Salmon River below Yankee Fork; Salmon River near Obsidian; Salmon River 

near Shoup; Selway River; South Fork Payette River; South Fork Red River; South 

Fork Salmon River; Squaw Creek (USFS); Squaw Creek (USGS); Thompson Creek; 

Trapper Creek; Valley Creek; West Fork Buckhorn Creek. 

South Platte, North Platte and Platte Rivers in Colorado and Nebraska 

 Data on the South Platte, North Platte and Platte Rivers were collected in 

1979 and 1980.  The data are summarized by Kircher (1981).  The following data 

were collected: discharge, width, mean depth, mean velocity, area, temperature, 

suspended sediment concentration (integrated depth sampler), bed sediment 

discharge rate (Helley–Smith sampler), and particle size distribution of suspended 

sediment, bed sediment discharge and bed material.  There were 50 samples taken 

in 1979 to 1980, but only 17 samples were tested based on the completeness of the 

results.  Figure 3.2 shows the location of the South Platte, North Platte and Platte 

Rivers.   
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Figure 3.2. South Platte, North Platte and Platte Rivers (after Kircher 1981) 

3.2.2 Total Load (Depth Integrated at Contracted Section)  

Colby and Hembree – Niobrara River, near Cody Nebraska 

 Field data on the Niobrara River located near Cody, Nebraska were collected 

from April 1948 to September 1953 (Colby and Hembree 1955).  Data were 

collected by the US Geological Survey (USGS).  The study to determine total 

sediment discharge in the Niobrara River was conducted jointly by the USGS and the 

USBR.  The following data were collected to aid with the development of MEP: water 

discharge, water surface slope, cross sectional area, channel width, flow depth, 

water temperature, mean velocity, point velocity measurements, point sediment 

concentration and particle gradation, depth-integrated sediment concentration and 

particle gradation and bed gradation.  Total sediment discharge was measured at 

the contracted section where the sediment is in complete suspension.  Figure 3.3 is a 

site map of the Niobrara River in Nebraska.   
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Figure 3.3. Niobrara River (Colby and Hembree 1955) 

3.2.3 Point Velocity and Concentration Data 

Anderson - Enoree River, South Carolina  

The Sediment Division of the Soil Conservation Service collected data on the 

Enoree River in South Carolina to determine the relationship between the  Rom and 

Roc (Anderson 1942).  The following data were collected: flow depth, channel width, 

bed slope, water temperature, point velocity measurements, point suspended 

sediment measurements and particle gradation. On average, the flow depth of the 

Enoree River is between 3 and 5 feet.  Figure 3.4 is a site map of the Enoree River 

and site picture of the sediment sampling station.   
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Figure 3.4. Enoree River Map and Sampling Location (after Ettema and Mutel 2006) 

 

Nordin – Middle Rio Grande, New Mexico  

 In the 1960’s, three studies were performed on the Middle Rio Grande 

(Nordin and Dempster 1963; Nordin 1964; Nordin and Beverage 1965).  The 

reports contain data from the 1950’s and 1960’s.  The suspended sediment 

transported by the Middle Rio Grande consists of silts, sands and fine gravel.  The 

following data were obtained: water discharge, flow depth, mean velocity, water 

temperature, point velocity measurements, point concentration and particle 

gradation, depth-integrated concentration and particle gradation and bed gradation.  

Some of the data were supplemented by surface water quality data of the United 

States (Love 1959; 1960; 1961; 1963).  The average flow depth was approximately 3 

feet.  The site used contains data from Bernalillo, Figure 3.5. 
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Figure 3.5. Middle Rio Grande (Bartolino and Cole 2002)  

Mississippi River  

 The Mississippi River is the longest river in the United States.  It is the source 

of water for millions of people in many different states.  There has been a 

substantial amount of data collected on the Mississippi River over the years.  In the 

1990’s, efforts were made by the US Army Corp of Engineers to collect additional 

information.  The data have been summarized by Akalin (2002).  The following data 

were collected:  water discharge, bed slope, point velocity measurements, point-

integrated sediment concentration and particle gradation.  Figure 3.6 is a map of the 

4 sites (Union Point, Line 13, Line 6 and Tarbert Landing) on the Mississippi where 

point data have been collected.   
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Figure 3.6. Mississippi River and Location of the Sampling Sites (Akalin 2002) 
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Chapter 4: Theory and Proposed Methodology  

 The Modified Einstein Procedure (MEP) calculates total sediment discharge 

based on the relationship between the material in the bed and the material 

measured in suspension.  In order to understand MEP, a review was performed on 

some of the different modes of transport (bed sediment discharge, suspended 

sediment discharge, measured sediment discharge and total sediment discharge).  

This section provides detailed derivation of the proposed procedure, which has 

been coded into Visual Basic Applications (VBA).  The proposed procedure is called 

the Series Expansion of the Modified Einstein Procedure (SEMEP)     

4.1 Suspended Sediment  

 Sediment is found in suspension when the upward turbulent velocity is 

greater than ω.  In order to quantify suspended sediment, the logarithmic velocity 

law (Equation (2.8)) and the concentration profile (Equation (2.14)) are inserted 

into Equation (4.1), resulting in Equation (4.2). 
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 Where, 
  d65 is the particle size found in the bed associated with material finer  

                                 than 65% and is the thickness of the roughness layer used by  

                                 Einstein. 
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Einstein performed laboratory experiments to relate unit bed sediment discharge 

(qb) to the reference concentration (ca).  Equation (4.3) is the results of his 

experiments.   
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When Equation (4.3) is inserted into Equation (4.2), u*  cancels out and Equation 

(4.4) is formed.   
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The Einstein Integrals cannot be solved explicitly; therefore, a numerical analysis is 

needed.  The trapezoidal rule is used to solve these integrals. Equations (4.5) to 

(4.7) outline the mathematical procedure.  
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Where, 
n is the number of slices. 

 
To calculate the value of qs/qt accurately using the trapezoidal rule, numerous slices 

are needed to provide accuracy.  

 Guo and Julien (2004) developed an efficient series expansion algorithm to 

solve the Einstein Integrals. Their solution for computing the Einstein Integrals is 
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both accurate and rapid compared to the trapezoidal rule.  The algorithm is used to 

determine the value of J1 and J2 in the following equations. 
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A paper describing the series expansion can be found in Appendix B.   

 The values of J1 and J2 from the trapezoidal rule are compared to the series 

expansion.  When solving the Einstein Integrals using the trapezoidal rule, the slices 

are divided as follows: 
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The values of J1 and J2 are summarized in Table 4.1 and Figure 4.1. 

Table 4.1. Numerical Values of the Einstein Integrals   

Trapezoidal Rule - Number of Slices Rouse 

Number 100 1,000 10,000 
Series Expansion 

  J1 J2 J1 J2 J1 J2 J1 J2 

6 9.2E+17 -7.7E+18 6.5E+17 -5.4E+18 6.3E+17 -5.2E+18 6.2E+17 -5.2E+18 

1 1.4E+01 -7.5E+01 8.0E+00 -3.9E+01 7.6E+00 -3.6E+01 7.5E+00 -3.5E+01 

0.5 1.8E+00 -5.1E+00 1.6E+00 -3.6E+00 1.5E+00 -3.5E+00 1.5E+00 -3.4E+00 

0.25 1.2E+00 -2.0E+00 1.1E+00 -1.7E+00 1.1E+00 -1.7E+00 1.1E+00 -1.7E+00 

 

 
Figure 4.1. Comparison between the Trapezoidal and Series Expansion 

The comparison between the trapezoidal rule and series expansion for the Einstein 

integrals show that approximately 10,000 slices are needed for the trapezoidal rule 

to have similar results to the series expansion.  Also, there is a discrepancy between 

the trapezoidal rule and series expansion when u*/ω is between 1.25 and 2.5.  This 

occurs because addition slices are necessary for the range of u*/ω due to the rapid 

variation in qs/qt value.  In addition, the trapezoidal rule takes more time for 
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calculation.  There are limitations to the series expansion program developed by 

Guo.  The value of relative submergence (h/ds) must be greater than 20 and Ro must 

be less than 6.  Therefore, the trapezoidal rule will be used under certain 

circumstances. 

 SEMEP incorporates the series expansion algorithm and Figure 4.2 provides 

a flow chart.  Refer to Appendix D for detailed computer code. 
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Figure 4.2. Flow Chart Describing Calculation of qs/qt Using SEMEP 
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4.2 Measured Load  

 The transport of sediment in a river environment is sampled as particles 

(bed load sampler) or as a water-sediment mixture (suspended sediment sampler).  

The suspended sediment discharge can be measured using a point sampler or a 

depth-integrated sampler.  The bed load per unit time is sampled using a Helley-

Smith sampler, which has a tendency to measure the bed sediment discharge and a 

portion of the suspended sediment discharge. 

4.2.1 Suspended Sediment Sampler 

 There are two types of samplers that measure the concentration in 

suspension.  A depth-integrated sampler continuously extracts a water-sediment 

sample into a container isokinetically, which means that water-sediment is entering 

the nozzle at a rate equal to the velocity of the stream.  The sampler is lowered from 

the water surface to the streambed and returned back to the surface (Edwards and 

Glysson 1999).  Figure 4.3 shows different depth-integrated samplers.   

 
a) Wading Type, US DH-48 

 
b) Reel Type, US D-74 

 
c) Suspended Type- US D-77 

 
d) USGS Frame-Bag Sampler 

Figure 4.3. Depth Integrated Samplers (Rickly Hydrological Company 1997-2007) 
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The second type of sampler is a point sampler.  It is used to determine the 

concentration at a given depth in the stream over a given time interval.  An 

electronic or manual control allows the user to open and close the sampler valve 

(Edwards and Glysson 1999).  A point sampler is useful in determining the 

suspended sediment concentration profile within a river and is often the only way 

to get samples in large rivers due to the size of the sampling bottles.  Refer to Figure 

4.4  for a point integrated sampler. 

 

 
Figure 4.4. Point Integrated Sampler US P-72  (Rickly Hydrological Company 1997-

2007) 

 When a suspended sediment sampler is used to determine the measured 

suspended sediment discharge, Equation (4.12) can be used to describe the 

measured suspended sediment discharge. 

∫=
h

d

ym

n

dycuq  (4.12) 

  

Where, 
 dn is the nozzle depth or the unmeasured depth. 

 

The differences between Equations (4.1) and (4.12) are the limits of integration.  

The value of dn (unmeasured depth) is based on the type of sampler.  

 Equation (4.13)is used to determine the calculated sediment discharge when 

a depth integrated sampler is used.  
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A is dn/h. 
 

The value of Ro is determined by Equation (2.15).  The value of qb is determined 

directly since all other variable in Equation (4.13) are known.  Once qb is 

determined, qt can be calculated based on Equation (4.9).  When just the ratio of 

measured sediment discharge to total sediment discharge (qm/qt) is desired, the bed 

sediment discharge does not need to be calculated because the variable will cancel 

out of the equation. 

( )

( ) 





 +









−
+







 +









−=
−

−

21

1

21

1

60
ln

1
216.01

60
ln

1
216.0

JJ
EE

E

JJ
EE

E

q

q

Ro

Ro

AARo

Ro

t

m  (4.14) 

 

 When using a point sampler, the actual or measured sediment discharge 

needs to be determined.  The actual sediment discharge is determined by 

multiplying the velocity profile by the concentration profile and calculating the area 

under the curve.  Refer to Figure 4.5 for a graphical explanation of this method used 

to determine the measured sediment discharge from point data.   
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Figure 4.5. Schematic on Calculating Measured Sediment Discharge 

The sediment discharge can be determined for each incremental flow depth by 

calculating the area under the curve using the trapezoidal rule.  Equation (4.15) is 

used to calculate the total sediment discharge.   
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n
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Where, 

 qt is the total sediment discharge 

 n is the number of point samples 

 ci is the concentration at  given point 

 vi is the velocity at a given point 

 yi+1  -yi is the unit distance 

 

 In general, due to the type of instrumentation, measurements of suspended 

sediment and velocity cannot be made at the bed or surface using a point sampler.  

Therefore, it is assumed that the concentration and velocity are equal to the closest 

measurement to get a feel for the total sediment discharge.  The velocity 

measurement at the bed is assumed to be zero, as shown in Figure 4.5.  The 
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measured sediment discharge is determined by excluding the slice closest to the bed 

from the analysis.   

 The calculated sediment discharge is determined by fitting a logarithmic 

velocity profile and Rouse concentration profile to the measured data sets.  Figure 

4.6 shows a schematic of the trend lines generated for the velocity and 

concentration data set.   

 
Figure 4.6. Fitted Velocity and Concentration Profiles 

Equation (4.16) is derived from the logarithmic trend line generated from the 

measured velocity data and Equation (4.17) is developed from the power function 

fitted to the concentration measurements.  









=

oy

yu
v ln*

κ
 (4.16) 

  
Ro

a ah

a

h

yh
cc 









−
−=  (4.17) 

 



63  

Assume that the value of κ is 0.4.  The values of u*  , yo (depth of zero velocity) , ca and 

Ro are constants determined from the regression analysis.  The calculated measured 

and total sediment discharges can be determined from Equations (4.18) and (4.19). 

 ∫ 
















−
−=

h

d o

Ro

am

n

dy
y

yu

ah

a

h

yh
cq ln*

κ
 













+
















−
= AA

o

Ro

a
m JJ

y

h

E

Ehuc
q 21

* ln
1κ

 

(4.18) 

  













+
















−
+= EE

o

Ro

a
aam JJ

y

h

E

Ehuc
aucq 21

* ln
1κ

 (4.19) 

 

If the value of dn is less than the value of yo the measured sediment discharge is 

equal to the total sediment discharge shown in Equation (4.19).   

Finally, sediment discharges are determined based on SEMEP.  Equation 

(4.13) is used to calculate qm and Equation (4.9) is used to determine qt.  The actual 

unit measured sediment discharge (qm) is known from Equation (4.15) and Ro is 

based on the concentration profile (Equation (4.17)).  The value of qb can be 

determined directly since all other variables are known.  When evaluating the 

theoretical sediment discharges, the Rom is used because Roc results in a theoretical 

total sediment discharge that is significantly higher.   

 Figure 4.7 provides a flow chart to explain the different approaches to 

determine the measured sediment discharge using SEMEP.  Refer to Appendix E for 

detailed VBA code.  
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Figure 4.7. Flow Chart Describing Calculation of qm/qt 
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4.2.2 Helley–Smith 

 Bed sediment discharge is measured using a Helley-Smith sampler.  It is a 

device designed to capture sediment near the bed.  The sampler measures the bed 

sediment discharge and a portion of the suspended sediment zone based on the 

depth of the river.  The sampler has a standard 3-inch by 3-inch opening for 

sediment to enter.  The sampling bag contains a screen mesh to capture sediment 

particles; this mesh allows particles finer than 0.2 mm to pass through the bag.  This 

suggests that a Helley–Smith sampler primarily collects sediment samples within a 

portion of the bed zone.  Fine particles are referred to as wash load and are 

considered not significant in the channel forming process.  Therefore, fines are not 

captured by a Helley Smith.  Refer to Figure 4.8 for a typical Helley-Smith. 

 
Figure 4.8. Helley-Smith Sampler  (Rickly Hydrological Company 1997-2007) 

 In gravel and mountain streams a Helley-Smith sampler is ideal for 

measuring sediment discharge, because most of the sediment is transported near 

the bed. Equation (4.20) is used to determine the unit sediment discharge captured 

by the sampler (qhs). 
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The value of Ro is calculated based on Equation (2.15).  The value of qb is 

determined directly since all other variables are known in Equation ((4.20).  Then, qt 

is determined using Equation (4.9).  Due to the fact that the limits of integration are 

not normalized to one, the trapezoidal rule is used to calculate the integral.  This is 

because the series expansion requires the upper limit of integration to be set equal 

to 1.   
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Chapter 5: Results from Depth-Integrated and Helley-Smith 

Samplers 

 Velocity and concentration profiles within a river can be expressed by the 

logarithmic velocity and Rouse concentration equations, respectively (Figure 5.1).  

This study looks at understanding the relationship between suspended sediment 

discharge, bed sediment discharge, measured sediment discharge (in suspension or 

near the bed) and total sediment discharge.  Data from laboratory experiments and 

natural rivers composed of sand and gravel bed streams are used in this analysis.   
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Figure 5.1. Velocity and Concentration Profiles 

5.1  Ratio of Suspended to Total Sediment Discharge  

 The ratio of suspended to total sediment discharge is defined as qs/qt.  The 

values of qs/qt are determined using SEMEP, outlined in Section 4.1. 
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5.1.1 Mode of Transport 

 The value of qs/qt is used to determine the mode of sediment transport.  

There are three main modes of transport: suspended load, mixed load, and bed load.  

The modes of transport are a function of u*  of the river and ω of the d50ss.  The value 

of qs/qt is determined by varying the value of relative submergence (h/ds) and u*/ω.  

Equations (4.8) and (4.9) are used to determine qs/qt.  Figure 5.2 shows the influence 

that h/ds has on u*/ω as a function of the qs/qt and the modes of transport.  The value 

of h/ds is an important variable when evaluating the modes of transport.  The 

significance of this figure is to identify the modes of transport related to u*/ω or Ro. 

 
Figure 5.2. Modes of Transport as a function of qs/qt  

Based on figure it is clear to identify the transport mechanism based on where the 

theoretical lines cross qs/qt.  The mode of transport can be classified as bed load 

when the ratio of qs/qt is less than 0.2; this occurs when u*/ω is less than 0.5 (Ro is 
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greater than 5).  However, once the value of u*/ω is less than 0.2, theoretically 

sediment will not be transported.  This is also shown in the literature review based 

on the study by Julien (1998) and Cheng (2008) on incipient motion.  In addition, 

the mode of transport can be classified as suspended load when the ratio of qs/qt is 

greater than 0.8; this occurs when u*/ω is greater than 2 (Ro less than 1.25).  

Therefore, Table 5.1 provides a revision to the modes of transport developed by 

Julien (1998), and Dade and Friend (1998). 

Table 5.1. Revised Mode of Transport   

u*/ω Ro qs/qt Mode of Sediment Transport 

<0.2 >12.5 0 No motion 

0.2 to 0.5 5 to 12.5 0 to 0.2 Sediment Transported as bed load 

0.5 to 2 1.25 to 5 0.2 to 0.8 Sediment Transported as mixed load 

>2 <1.25 0.8 to 1.0 Sediment Transported as suspended sediment load 

 

5.1.2 Explanation of Theoretical Lines  

When the value of u*/ω is less than 1 (or Ro is greater than 2.5), the various 

lines associated with h/ds has a tendency to converge.  This suggests that the 

majority of the sediment is located close to the bed (Refer to Figure 2.6) and the 

suspended sediment concentration is small and the bed load is a higher quantity.  

The bed load is determined using Equation (4.3), which is a function of the reference 

concentration (ca).  The lines converge because at low values of u*/ω (<1) the 

variation in concentration at a given depth hardly varies (refer to Figure 5.3). 
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Figure 5.3. Concentration as a Function of Depth for Ro = 5 and ds = 1 mm 

The figure shows that regardless of flow depth when Ro is 5 (u*/ω is 0.5) the ratio of 

c to ca is equal at all flow depths for both examples.  This is because there is very 

little sediment within the water column. 

When the value of u*/ω is greater than 2.5 (or Ro is less than 1), lines 

associated with relative submergence have a tendency to diverge.  This occurs 

because the majority of load is in suspension, based on the concentration profile 

(Refer to Figure 2.6).  The suspended sediment is determined by integrating 

Equation (4.2) from 2ds to h.  As the value of flow depth increases, the amount of 

sediment in suspension has a tendency to increase, refer to Figure 5.4.   
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Figure 5.4. Concentration ration as a Function of Depth for Ro = 0.25 and ds = 1 mm 

Therefore, for the same value of Ro, the total concentration will be higher in a 

deeper river (area under curve), thus making h/ds an important factor when the 

suspended load is over 60% of the total load.  In this case the ratio of c to ca is only 

equal when the flow depth is less than 0.1 meters.   

5.1.3 Validation using Flume Data 

 Laboratory data summarized by Guy et al. (1966) were used to determine 

whether the theoretical calculation of qs/qt based on SEMEP as a function of u*/ω is 

accurate (refer to Section 3.1.1) compared with laboratory data.  When the data for 

qt was reported as “not detected” or where qs/qt was greater than one, those data 

points were removed from the analysis due to measurement error.  The data were 

categorized based on particle size and bed forms.  The results from dunes and upper 

regime are shown in Figure 5.5. 
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B) Upper Regime  

Figure 5.5. Values of qs/qt from Flume Experiments Stratified by Bedform Type 
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Figure 5.5 shows how the theoretical lines somewhat agree with the measured data.  

The red and green shaded zones identify the bed load and suspended sediment load 

transport zones, respectively.  In both cases the majority of the data was collected in 

the mixed load zone, where there is a high degree of variability.  This occurs because 

both modes of transport (bed and suspended) are present in the mixed load zone.  

When the value of u*/ω is less than 0.2 there are no measurements, suggesting no 

motion.  When analyzing the data from Figure 5.5 the theoretical lines seem to 

follow the same general trend as the data from Guy et al., even though there is a high 

degree of scatter.  For the dune data set, there are a few points located in the 

suspended and bed load transport zone; however, the upper regime data set shows 

data primarily located in the mixed transport zone.  One of the potential reasons for 

the scatter in the data occurred because the measurement depth is unknown.  It is 

assumed that since the publication refers to the measured unit sediment discharge 

as qs, the measurement occurred from the water surface to a distance 2ds from the 

bed.  In addition, most of the data in both graphs are located within the mixed load 

zone, where scatter is the most dramatic because of the high degree of variability in 

the value of qs/qt when u*/ω is between 0.5 and 2. 

 Further analysis was performed to clearly show that once u*/ω is less than 

0.2, data are not collected.  This was performed by plotting u*/ω by dimensionless 

grain diameter (d*).  The results from the Guy et al. (1966) data set and the line of 

incipient motion developed by Cheng and Chiew (1998; 1999) are shown in Figure 

5.6. 
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Figure 5.6. u*/ω as a Function of d* for Flume Data 

The solid line in Figure 5.6 represents the division between sediment in motion and 

not in motion.  The figure shows no stratification based on bed form; however, most 

of the samples are in motion.  In addition, the green points represent suspended 

sediment (u*/ω > 2), the gray points represent mixed load (2 < u*/ω > 0.5) and the 

red points represent bed load (u*/ω < 0.5).  The samples that are crossed out 

indicated that zero sediment was measured.  Most of those samples are plotted 

below or close to the line of incipient motion.  One of the crossed out samples is not 

located near the line of incipient motion; this is most likely associated with 

measurement error.  This figure is similar to the Shields diagram.  This also shows 

that as the value of d* increases, the value of u*/ω asymptotically approaches 0.2. 

 Next a particle motion diagram was developed which plots the Shields 

parameter (τ*) against the d* .  The data from Guy et al. are re-plotted and the modes 
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of transport are shown (suspended sediment is green, mixed load is white and bed 

load is red) in Figure 5.7. 

 
Figure 5.7. Shields Parameter as a Function for of d* for Flume Data 

The figure shows that the probabilistic approach of Cheng plots slightly higher than 

the original particle motion diagram developed by Shields.  Once d*  is less than one 

or greater than forty, the two lines converge.  The samples which have been crossed 

out are associated with no measured sediment transport.  Figure 5.7 suggests that d*  

and τ*  are also important variables when calculating modes of transport.  However, 

d*  can be related to ω through ds and u*  is directly related to τ* . 

 Next the data are stratified based on the bed slope (So) and submergence 

depth (h/ds), similar to the analysis of Dade and Friend(1998).  The results are 

shown in Figure 5.8. 
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Figure 5.8. Channel Slope as a Function of Submergence Depth for Flume Data 

This figure shows that there is overlap between the modes of transport.  Thus, if the 

So and h/ds are known, the mode of transport can be identified.  The scatter observed 

in Figure 5.5 can be explained using this graph, because most of the data is located 

in the mixed load zone where multiple modes of transport are possible.  

5.2 Ratio of Measured to Total Sediment Discharge  

 Sediment in rivers can be measured using a suspended sediment sampler 

and or a bed load sampler.  Measured sediment discharge is generally defined as the 

sediment measured by a suspended sediment sampler (Figure 2.5).  Suspended 

sediment samplers cannot measure sediment close to the bed due to the location of 

the sampling nozzle.  The ratio of measured to total sediment discharge (qm/qt) is 
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determined by taking the ratio of the unit measured sediment discharge to the unit 

total sediment discharge.  The value of qm/qt is calculated using SEMEP, outlined in 

Section 4.2.   

5.2.1 Function of Grain Size and Flow Depth 

Measured unit sediment discharge (qm) is a function of the sampling depth 

(hm).  If the unmeasured flow depth (dn) is constant, then the value of qm/qt will 

increase as the flow depth increases for a given value of u*/ω.  Figure 5.9 shows how 

ds and percent of measured flow, which cause qm/qt to vary.  In this graph, dn equals 

0.1 meters and h is varied from 0.2 to 10 meters for particle sizes of 0.2 and 2 mm.  

As a result, a series of lines are constructed to represent the qm/qt as a function of 

u*/ω. 

 
Figure 5.9. Ratio of Measured to Total Sediment Discharge for Sand Size Particles 
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Figure 5.9 suggests that particles with a larger diameter have a tendency to have a 

higher qm/qt at the same depth.  However, the actual sediment discharge is 

significantly smaller for the larger particles (refer to Figure 5.10) since a smaller 

quantity of sediment is found in suspension. 
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a) Flow Depth 0.2 m 

 
b) Flow Depth 0.5 m 

 
c) Flow Depth 1 m 

 
d) Flow Depth 10 m 

Figure 5.10. Unit Total and Unit Bed Sediment Discharge at Different Flow Depths  
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Figure 5.10 shows the ratio of sediment discharge (unit measured or total) to unit 

bed sediment discharge.  For a given river, smaller particles (0.2 mm) have a higher 

measured sediment discharge and total sediment discharge compared to larger 

particles (2 mm).  Mathematically for a given percent hm/h the value of qm/qt is 

smaller for finer particles because the overall concentration of sediment is higher 

near the bed. 

5.2.2 Calculation based on Depth-Integrated Sampler 

 SEMEP was tested using data from natural rivers.  This procedure was tested 

using data from three different USGS publications (Colby and Hembree 1955; 

Kircher 1981; Williams and Rosgen 1989).  Additional details of each data set can be 

found in Section 3.2.  The Platte River (Colby and Hembree 1955; Kircher 1981; 

Williams and Rosgen 1989) and 93 US Stream (Colby and Hembree 1955; Kircher 

1981; Williams and Rosgen 1989) publications are considered to be total sediment 

discharge data sets because they contain measurements from both a Helley-Smith 

and a depth-integrated sample.  In addition, data from the Niobrara River collected 

by Colby and Hembree (1955) were also tested to determine the validity of the 

method.  The Niobrara River data contains a total load sample at a constricted 

section using a depth-integrated sampler, where it is assumed that a suspended 

sediment sampler can measure the total sediment discharge. 

 The approach assumes that Ro follows Equation (2.15).  The values of ω are 

determined based on Equation (2.16) and assume that the median particle in 

suspension will be used.  The values of u*  are based on Equation (2.18).  The qb for 

each sample is determined directly based on the value of qm, which is known from 
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the depth integrated sampler and discharge measurements.  Then the suspended 

sediment discharge is determined by integrating the concentration and velocity 

profile from h to 2ds (Equation (4.8)).  The total sediment discharge is calculated by 

adding the bed sediment discharge and suspended sediment discharge (Equation 

(4.9)). 

Some of the data from the South Platte, North Platte and Platte Rivers in 

Colorado and Nebraska were incomplete.  As a result only 17 samples were tested.  

In addition, bed slope was not measured; therefore, the shear velocity was 

determined based on the velocity profile shown in Equation (5.1). 
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When using Equation (5.1) instead of Equation (2.18), the resulting value of u*  is 

smaller.  As a result, the value of Ro would be larger for a given data set.  Refer to 

Figure 5.11, Figure 5.12 and Figure 5.13 to see the results that compare the 

calculated and measured sediment discharges. 
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Figure 5.11. qm/qt as a function of u*/ω and %hm/h for Platte River 

 
Figure 5.12. % Error in Measured and Calculated qt for Platte River 
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Figure 5.13. Accuracy of Calculated qt for Platte River 

The results in Figure 5.11 show the relative location of the measured value of qm/qt 

based on the theoretical lines represented by SEMEP.  The results are quite variable.  

If the slope was known, the data points would have been shifted slightly to the right, 

thus more points would have been contained within the theoretical lines 

determined by SEMEP.  The Figure 5.12 shows that 50% of the procedure has good 

results.  The measured total which is not within 25% of the actual total sediment 

discharge is crossed out, indicating poor agreement.  Figure 5.13 divides those data 

based on the value of u*/ω.  The results indicated that once u*/ω is greater than 5 the 

results seem to follow the line of perfect agreement (45º line), with only one outlier. 

 To provide a more meaningful explanation, the following statistical 

parameters are determined: Mean Percent Error (MPE), Mean Absolute Percent 

Error (MAPE), Coefficient of Determination (R2) and Concordance Correlation 



84  

Coefficient (ρc).  Table 5.2 summarizes the statistical results for the Platte River data 

set. 

Table 5.2. Statistical Results for Platte River Data Set 

    n MPE MAPE R2 ρc 

All Data 17 -6.8% 17.2% 0.574 0.719 

u*/ω < 5 11 -17.1% 18.0% 0.621 0.706 Platte River 

u*/ω > 5 6 12.1% 15.6% 0.706 0.762 

 

The results indicate that when the value of u*/ω is greater than 5 the data fit well 

with the line of perfect agreement, with a MPE and MAPE close to zero and an R2 

and ρc  are close to one.  Better agreement between the measured and calculated 

total sediment discharge would have been achieved if the one outlying point was 

removed from the analysis.  The value of MAPE, R2 and ρc would be 3.1%, 0.988 and 

0.991.  When the value of u*/ω is small (less than 5), the measured and calculated 

data do not as correlate well, with a slightly smaller R2 and ρc, and high MPE and 

MAPE.   

 The next data set was obtained from the USGS publication on total measured 

sediment discharge in 93 US streams (Williams and Rosgen 1989).  Two distinct 

data sets are used.  The first is composed of data with higher measured sediment 

discharge and a complete summary of results.  The second set does not contain 

particle size distributions of the suspended sediment measurements due to the low 

measured sediment discharge.  Figure 5.14 show the relative location of the actual 

qm/qt compared with the theoretical lines represented by SEMEP.  Figure 5.15 and 

Figure 5.16 show two distinct methods for comparing the measured and calculated 

total sediment discharges. 
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Figure 5.14. qm/qt as a function of u*/ω and % hm/h for US Stream  

 
Figure 5.15. % Error in Measured and Calculated qt for US Stream 
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Figure 5.16. Accuracy of Calculated qt for US Stream 

Figure 5.14 shows the relative location of the actual qm/qt with respect to SEMEP.  

Once the value of u*/ω is greater than 5, the majority of the measurements are 

within the bounds of the theoretical derivation of SEMEP.  Figure 5.15 represents 

the percent difference between the measured total sediment discharge and 

calculated total sediment discharge.  It validates that once the value of u*/ω is less 

than 5 the procedure is not able to accurately calculate total sediment discharge.  

There are twelve points in Figure 5.14 and Figure 5.15, which have been crossed out 

because the percent difference is greater than 25%.  Figure 5.16 shows how the data 

deviate from the line of perfect agreement.  In addition, the data set has been 

divided based on the value of u*/ω.  When the value of u*/ω is greater than 5; the 

values seem to line up well with the line of perfect agreement, and the calculated 

data have a tendency to be greater than the measured total sediment discharge.  
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However, when the value of u*/ω is less than 5 the calculated data have a tendency 

to be less than the measured total sediment discharge. 

 To provide a more meaningful explanation, the following statistical 

parameters are determined:  MPE, MAPE, R2 and ρc.    The results are summarized in 

Table 5.3. 

Table 5.3. Statistical Results from the 10 selected US streams  

    n MPE MAPE R2 ρc 

All Data 207 1% 2% 0.98 0.99 

u*/ω < 5 4 -11% 13% 0.99 0.81 US streams with SS 

u*/ω > 5 203 2% 2% 0.99 0.99 

All Data 46 26% 76% 0.84 0.85 

u*/ω < 5 45 26% 77% 0.82 0.84 US streams   Colorado 

u*/ω > 5 1 2% 2% - - 

 

The statistical results show that when u*/ω is greater than 5 the values of MPE and 

MAPE are close to zero and the value of R2 is close to one.  This suggests that the 

SEMEP works well.  However, the proposed procedure does not work well when the 

value of u*/ω is less than 5.  The value of ρc is also closer to one for the data set with 

values of u*/ω greater than 5.  There is only one data point where the value of u*/ω is 

greater than 5 for the streams in Colorado, thus an R2 and ρc were not calculated.   

 Finally, testing is conducted using data from the Niobrara River (Colby and 

Hembree 1955).  Only 26 samples were used in this analysis because measurements 

were made at both the contracted cross section and the gaging station on the same 

day.  Figure 5.17 show the relative location of the ratio of the actual measured to 

total sediment discharge and the theoretical lines represented by SEMEP.  Figure 
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5.18 and Figure 5.19 show two distinct methods for comparing the measured and 

calculated total sediment discharges.   

 

 
Figure 5.17. qm/qt as a function of u*/ω and % hm/h for Niobrara River 
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Figure 5.18. % Error in Measured and Calculated qt for Niobrara River 

 
Figure 5.19. Accuracy of Calculated qt for Niobrara River  
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The results from Figure 5.17, Figure 5.18 and Figure 5.19 indicate significant 

variability.  Only 31% of the data are within 25% of the measured total sediment 

discharge.  Based on previous results, it was expected that the proposed procedure 

would have better results, since the values of u*/ω were almost always greater than 

5; however this was not the case due to low measured total sediment discharge.  On 

average, the measured results are greater than the calculated results.  Table 5.4 

summarizes the statistical parameters of this data set.   

Table 5.4. Statistical Results for Niobrara River 

  n MPE MAPE R2 ρc 

All Data 26 18% 24% 0.48 0.56 

u*/ω < 5 1 45% 45% - - Niobrara River 

u*/ω > 5 25 17% 23% 0.48 0.57 

 

This data set shows very poor agreement based on the statistics.  However, if more 

data were available there might have been better agreement.  The data from the 

Niobrara River were collected in the late 40s and 50s versus the data from the 93 US 

streams, which were collected in the 70s and 80s.  Thus, the measurement 

technique may have improved, which causes an increased level of accuracy.  Finally, 

the measured sediment discharge is significantly less in the Niobrara data set 

compared to the 93 US streams data set.   

 The following analysis looks at the effects that total sediment discharge has 

on the correlation between the measured and calculated total sediment discharges.  

The three data sets are divided based on the actual total sediment discharge 

measured.  Only the samples with total sediment discharge values less than 10,000 

tones/day are analyzed.  The results are shown in Figure 5.20. 
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Figure 5.20. Accuracy of Low Calculated qt   

The results indicate that the low sediment discharges has a significant effect on the 

scatter of the data, even in cases where the value of u*/ω is greater than 5.  Table 5.5 

summarizes the statistical parameters for the data plotted in Figure 5.20. 

Table 5.5. Statistical Summary of Total Sediment Discharge < 10,000 tonne/day 

River   n MAPE R2 ρc 

All Data 10 19% 0.20 0.40 

 u*/ω < 5 6 17% 0.31 0.48 Platte River 

u*/ω > 5 4 22% 0.38 0.42 

All Data 57 4% 0.96 0.97 

 u*/ω < 5 3 7% 1.00 0.92 
US streams 

with SS 
u*/ω > 5 54 3% 0.97 0.98 

All Data 46 79% 0.65 0.73 

 u*/ω < 5 45 77% 0.82 0.84 
US streams 

from Colorado 
u*/ω > 5 1 125% - - 

All Data 26 24% 0.48 0.56 

 u*/ω < 5 1 45% - - Niobrara River 

u*/ω > 5 25 23% 0.48 0.57 

All Data 139 2% 0.93 0.96 

 u*/ω < 5 55 66% 0.89 0.92 Overall 

u*/ω > 5 84 10% 0.91 0.94 
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The results show that low sediment discharges results in a significant amount of 

scatter.  The values of MAPE deviated significantly from zero and the value of the R2 

and ρc are close to 1 only for the US streams; the other samples suggest that the line 

of perfect agreement is off.  Therefore, the value of u*/ω needs to be greater than 5 

and the sediment discharge needs to greater than 10,000 tonne/day for a higher 

degree of accuracy. 

5.2.3 Applicability of Procedure  

 Based on the data analysis from the Platte River, US streams and Niobrara 

River, Figure 5.21 can be constructed on the applicability of the procedure.   

 

 
Figure 5.21. Applicability of SEMEP 
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 Based on the analysis using the data from the USGS publications, a range of 

applicability is developed.  Figure 5.21 shows that once u*/ω is greater than 5 (Ro 

less than 0.5), SEMEP is valid.  When the value of u*/ω is between 1 to 5 there is a 

higher degree of uncertainty between the measurement and calculated sediment 

discharge from SEMEP.  This is due to the low measured concentrations and the fact 

that wash load is more significant in the suspended sediment zone but cannot be 

measured by the Helley-Smith sampler.  This is validated by the statistical analysis 

performed on the data sets based on u*/ω and sediment discharge.  The applicability 

analysis can be combined with the modes of transport.  Figure 5.21 and Table 5.6, 

shows which procedure to use at a given u*/ω value. 

 
Figure 5.22. Modes of Transport and Procedure for Sediment Load Calculation 
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Table 5.6. Mode of Transport and Procedure 

u*/ω Ro Mode of Transport Procedure 
<0.2 > 12.5 no motion  

0.2 to 0.5 5 to 12.5 bed load Bed Load Procedure 

0.5 to 2 1.25 to 5 mixed load 
Einstein Procedure / 

Bed Material Load Procedure 

2 to 5 0.5 to 5 suspended load 
SEMEP with low accuracy/ 

Bed Material Load Procedure 
>5 < 0.5  SEMEP with high accuracy 

 

5.3 Comparison with the Modified Einstein Method 

MEP was developed in 1955 by Colby and Hembree.  It is based on data 

obtained at a single cross section to calculate total sediment discharge.  Though the 

procedure is simpler to use than the Einstein Procedure, a great deal of experience 

and judgment is needed to calculate total sediment discharge reliably.  In addition, 

the results could vary 20% between users due to the fact that there is not an explicit 

solution to the Einstein Integrals.  MEP is useful in determining total sediment 

discharge at a given location and time within a cross section to quantify total 

sediment discharge.  It has been beneficial for the development of equilibrium 

sediment transport equations.   

5.3.1 Bureau of Reclamation Automated Modified Einstein Procedure  

In 2006, the US Bureau of Reclamation developed BORAMEP.  It is a 

computer program that was developed to provide more reliable and consistent total 

sediment discharge results based on MEP.  The program requires users to enter 

necessary at-a-station hydraulic data, suspended sediment concentration and 

particle size distribution, and bed material particle size distribution.  Numerical 

solutions are developed to calculate the Einstein Integrals, which removes the 
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variability of answers between users.  BORAMEP is based on the method developed 

by Colby and Hembree (1955) and the Bureau of Reclamation (Lara 1966; Shen and 

Hung 1983).  Details of the procedure are outlined in Appendix A. 

As mentioned earlier, prior to developing SEMEP, the author reviewed 

BORAMEP in detail.  There were three main errors that were observed in the 

analysis.  First, when the bed was armored (particles in the measured zone were not 

found in the bed), a total sediment discharge could not be determined because 

BORAMEP requires a minimum of two overlapping bins to determine the Ro.  Next, 

when overlapping bins exist, a regression analysis is performed to determine Ro for 

the remaining bins, but a negative exponent is generated based on the data.  Finally, 

on occasion the suspended sediment discharge was greater than the total sediment 

discharge because in performing total sediment discharge calculations based on the 

estimation of the Ro, the program underestimates the total sediment discharge.  

Therefore, the goal of this study is to develop a program that can be more 

applicable.   

5.3.2 Calculation of Total Sediment Discharge Based on Particle Size Classification 

Total sediment discharge calculations based on a median particle in 

suspension resulted in good agreement between the measured total sediment 

discharge and the calculated total sediment discharge.  However, the original MEP 

and BORAMEP both divide the bed material and suspended sediment into bins for 

analysis.  An analysis is performed to determine if dividing particles into bins will 

result in a better analysis based on SEMEP.  SEMEP does not perform a regression to 
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determine Ro for each bin.  It calculated Ro for each bin based on a representative 

particle (di) from each bin.   

Table 5.7 shows the particle size classes associated with each bin.   

Table 5.7. Bin division for Total Sediment Discharge Analysis 

Bin No Lower Limit (mm) Upper Limit (mm) 

Bin 1 0.001 0.002 

Bin 2 0.002 0.004 

Bin 3 0.004 0.008 

Bin 4 0.008 0.016 

Bin 5 0.016 0.032 

Bin 6 0.032 0.064 

Bin 7 0.064 0.125 

Bin 8 0.125 0.25 

Bin 9 0.25 0.5 

Bin 10 0.5 1 

Bin 11 1 2 

Bin 12 2 4 

Bin 13 4 8 

Bin 14 8 16 

Bin 15 16 32 

Bin 16 32 64 

Bin 17 64 128 

 

The data set used to test total sediment discharge calculated was from the 

USGS publication (Williams and Rosgen 1989).  Data from Chulitna River below 

Canyon near Talkeetna, Alaska contained 43 samples tested in the 1980s.  This river 

was used to test compare the results from the median particle size and bin analysis.  

Figure 5.23 shows the results from the bin analysis, composite analysis and 

measured total sediment discharge.  
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Figure 5.23. Comparison for Bin, dss50 and Measured qt for Chulitna River  
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In general, the results indicate that the total sediment discharge calculated based on 

a median grain size in suspension has a tendency to be slightly less than the 

measured sediment discharge, except for sample 26.  The total sediment discharge 

based on the bin analysis is always greater than the median grain size in suspension 

analysis, except for sample 26, and also occasionally greater than the measured total 

sediment discharge.  For some samples the bin analysis results in a total sediment 

discharge significantly greater than that determined by the median grain size in 

suspension.  There are more samples further from the line of perfect agreement and 

calculated sediment discharge is greater than the measured sediment discharge in 

the bin analysis.  Therefore, it is recommended that the analysis be performed based 

on a median grain size in suspension analysis, since the results are more consistent 

and provide better accuracy.   

5.3.3 Comparison of Proposed Procedure to BORAMEP 

 Data from the 93 US streams publication was also used to compare 

BORAMEP to SEMEP.  The seven sites are summarized in Table 5.8, were used to 

perform the analysis in BORAMEP and SEMEP.  The number of calculated total 

sediment discharge within 25% of the measured total sediment discharge is also 

shown in the table. 
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Table 5.8. Comparison between Proposed Procedure and BORAMEP 

Total Sediment Discharge 

BORAMEP 

Total Sediment Discharge 

SEMEP 
RIVER 

No. of 

Samples Not 

Calculated 

Within 25% of 

Measurement 

Not 

Calculated 

Within 25% of 

Measurement 

Susitna River  near 

Talkeetna Alaska 
37 8 2 0 37 

Chulitna River below 

Canyon near Talkeetna, 

Alaska 

43 40 0 0 35 

Susitna River at Sunshine, 

Alaska 
37 7 3 0 36 

Snake River near Anatone, 

Washington 
31 5 1 0 28 

Toutle River at Tower Road 

near Silver Lake, 

Washington 

19 5 9 0 18 

North Fork Toutle River 

near Kid Valley, 

Washington 

5 3 2 0 5 

Clearwater River at 

Spalding, Idaho 
35 0 1 0 34 

Totals 207 68 (33%) 18 (9%) 0 (0%) 193 (93%) 

 

The analysis shows that out of the 207 samples, total sediment discharge could not 

be calculated by BORAMEP for 68 samples.  There were a variety of reasons why 

total sediment discharge was not calculated.  Of the remaining samples, only 18 

were within 25% of the measured total sediment discharge.  However, SEMEP 

calculates total sediment discharge for all 207 sites and 193 sites contained total 

sediment discharge calculations within 25% of the measured total sediment 

discharge.  This suggests that SEMEP is an improvement on the existing MEP used in 

BORAMEP.  Figure 5.25 shows a schematic representation of the results from both 

BORAMEP and the proposed procedure.  There is a greater percent difference in 

measured total sediment discharge when using BORAMEP. 
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Figure 5.24. Comparison between BORAMEP and SEMEP vs. Measured qt  

 
Figure 5.25. % Error Analysis of qt for BORAMEP and SEMEP 
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Figure 5.24 and Figure 5.25 both show that SEMEP improves total sediment 

discharge calculations compared to BORAMEP.  Table 5.9 summarizes the statistical 

parameters for the comparison between BORAMEP and SEMEP.   

Table 5.9. Statistical Summary between BORAMEP and SEMEP 

Program n MAPE R 2 CC 
BORAMEP 139 18% 0.65 0.74 

SEMEP 207 2% 0.98 0.99 

 
The results in Table 5.9 show that SEMEP has a MAPE closer to zero and a R2 and ρc 

closer to 1 compared to the data from BORAMEP.  In addition, total sediment 

discharge could be determined for all the samples. 

5.4 Calculation of Total Sediment Discharge based on Helley-Smith 

 The previous section calculated total sediment discharge by using the 

measured suspended sediment discharge and extrapolating to determine the 

sediment discharge near the bed.  This section looks at the material near the bed, 

collected using a Helley-Smith sampler, and extrapolates to determine the material 

in suspension.  The procedure for this analysis is outlined in Section 4.2.2.  Figure 

5.26 is a schematic of a handheld Helley-Smith and the zone of measured and 

unmeasured sediment discharge.   
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Figure 5.26. Schematic to depict measured and unmeasured zone of a Helley-Smith 

 This procedure would be applicable in regions where the majority of 

sediment is transported near the bed.  To test this method, data sets from Idaho and 

Colorado were used where the majority of transport is expected to be near the bed 

since the rivers are gravel to cobble bed (Williams and Rosgen 1989; RMRS 2008).  

It is important to note that that the Helley-Smith sampler does not collect particles 

smaller than 0.2 mm.  As a result, fine particles moving near the bed cannot be 

measured.  Figure 5.27 and Figure 5.28 show how the measured data fit the 

theoretical derivation of the total sediment discharge.
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Figure 5.27. Helley-Smith Analysis of Idaho Streams 
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Figure 5.28. Helley-Smith Analysis of Colorado Streams 
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The results suggest that the method cannot be used to determine what is in 

suspension based on the measurements found near the bed.  The figures show that 

when SEMEP is graphed with the measured data (qhs/qt); there is significant scatter 

in the data.  One of the main causes of this error is the fact that even though these 

streams are coarse sand to cobble bed streams, a significant amount of sediment 

was measured in suspension.  The high suspended sediment measurement is 

associated with the measurement of fine particles by the depth-integrated sampler, 

while the Helley-Smith sampler cannot measure fine material.  Thus, the calculated 

sediment discharge is usually less than the measured total sediment discharge.  In 

addition, the total sediment discharges for all these streams are very low (less than 

10,000 tonnes/day for Idaho and less than 1,000 tonnes/day for Colorado).  The low 

measured sediment discharges and the Helley-Smith sampler’s inability to fine 

particles is why this procedure in not valid.
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Chapter 6: Validation and Effect of Unmeasured Depth  

 Suspended sediment data are collected by either a point sampler or depth- 

integrated sampler.  The previous chapter uses data from a depth-integrated 

sampler or Helley-Smith sampler to determine the total sediment discharge by 

calculating Ro based on u* , κ and ω.  Research has shown that there is a deviation 

between the measured and calculated Rouse number (Rom and Roc).  On average, the 

Rom is less than Roc (Anderson 1942; Einstein and Chien 1954).  Thus, using a point 

sampler allows for the total sediment discharge to be calculated directly by fitting a 

regression through the measured concentration and velocity points.  As a result, the 

following parameters are determined directly: u* , yo, ca and Ro.  This chapter 

compares total sediment discharge results between the measured, calculated (based 

on regression analysis) and proposed procedures (SEMEP).  In addition, an 

explanation is developed for the deviation between the Rom and Roc. 

6.1 Effects of Unmeasured Depth 

The depth of flow is variable based on the sampler type, percent of flow 

sampled and site being analyzed.  Using SEMEP, the value of qm/qt is determined and 

plotted against u*/ω at different values of dn.  Figure 6.1 shows how the percent of 

flow depth affects the calculation of qm/qt.  The value of h/ds is held constant.   
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Figure 6.1. Variation in qm/qt based on Percent flow depth measured. 

Figure 6.1 suggests that as a higher percentage of flow is measured, a large value of 

qm/qt is determined.  The benefit of this graph is to show that measuring 50% of the 

flow does not mean that one will measure 50% of the sediment.  The value of qm/qt is 

a function of the measured depth (hm) and u*/ω.  Table 6.1 summarizes the results in 

a tabular form.   

Table 6.1. qm/qt  Based on the Measured Depth  

qm/qt 
hm (m) 

% Flow 

Depth 

Measured u*/ω = 1 u*/ω = 2.5 u*/ω = 10 u*/ω = 100 

19.9 99.50% 0.0 0.55 0.986 0.996 

19 95% 0.0 0.29 0.9 0.96 

15 75% 0.0 0.1 0.63 0.76 

10 50% 0.0 0.03 0.37 0.51 
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This analysis is helpful for understanding how much of a given river will need to be 

sampled to provide an accurate estimate of total sediment discharge based on the 

value of u*/ω.   

6.2 Validation using Point Data  

 To validate SEMEP, laboratory and rivers are used.  Table 6.2 summarizes the 

data used for this analysis; more detailed information can be found in Chapter 3.  

Coleman’s laboratory experiment, the Enoree River, Middle Rio Grande and 

Mississippi River data sets were selected because they contain point velocity and 

concentration measurements.   

Table 6.2. Data Summary        

Data h  dn  h/ds 

a.) Coleman Lab Data (Coleman 1986) 0.170 to 0.172 m 0.006 m 1,600 

b.) Enoree River, SC (Anderson 1942) 3 to 5.15 ft 0.06 to 0.103 ft 3,200 to 6300 

c.) Middle Rio Grande at 

     Bernalillo, NM (Nordin and Dempster 1963) 
2.36 to 2.56 ft 0.27 to 0.37 ft 11,500 to 12,500 

d.) Mississippi River, MS (Akalin 2002) 21 to 110 ft 0.4 to 2.2 ft 15,000 to 530,000 

 

The data from the point measurements are analyzed by determining the measured 

sediment discharge, calculated sediment discharge based on regression and 

sediment discharge determined using SEMEP.  This will provide validation of 

SEMEP.  In addition, the significance of the h/ds and hm can be determined.  Statistical 

analyses are performed on each of the data sets to determine the reliability of the 

results.  The values will be compared based on qm /qt and qt.   

6.2.1 Ratio of Measured to Total Sediment Discharge 

 Using SEMEP, outlined in Section 4.2.1, the values of qm /qt are determined 

and graphed as a function of u*/ω and dn/h.  These results are shown in Figure 6.2 to 

Figure 6.8.  
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Figure 6.2. qm/qt  for Coleman Laboratory Data 

 
Figure 6.3. qm/qt  for Enoree River  
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Figure 6.4. qm/qt  for Middle Rio Grande 

 
Figure 6.5. qm/qt  for Mississippi River – Tarbert Landing 
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Figure 6.6. qm/qt  for Mississippi River - Union Station 

 
Figure 6.7. qm/qt  for Mississippi River - Line 6 
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Figure 6.8. qm/qt  for Mississippi River – Line 13 

 

The figures compare the value of qm/qt determined by SEMEP to the measured and 

calculated qm/qt.  The series of solid lines represent SEMEP.  The actual measured 

data points are represented by a filled dot and the calculated data determined from 

the regression analysis are represented by a square.  As the ratio of h/ds increases, so 

does the value of u*/ω, thus the calculated and SEMEP values of qm/qt are closer to 

the measured qm/qt.  In Chapter 5, the applicability of SEMEP was determined.  If the 

value of u*/ω is less than 5 the procedure is not valid.  Based on Figure 6.2 and 

Figure 6.3 that data from Coleman’s laboratory experiment and the Enoree River 

have values of u*/ω less than 5.  The value of qm/qt determined based on SEMEP and 

calculated based on the regression analysis under-predicts qm/qt compared to the 

actual measurements.  As a result, the total sediment discharge is over-predicted 
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using SEMEP.  It is interesting to note that once a minimum of 80% of the flow depth 

is measured the error between the measured, calculated and SEMEP qm/qt coincide 

well.  This occurs because a limited amount of data points are used to determine the 

measured and calculated total sediment discharges.  Figure 6.4 to Figure 6.8 shows 

data with value of u*/ω greater than 5.  In general, this analysis validates previous 

findings that once the value of u*/ω is greater than 5, SEMEP works well.  In addition, 

the higher the value of h/ds, the higher the degree of agreement with the amount of 

sediment that will be measured versus the amount of sediment calculated or 

determined based on the proposed procedure (refer to Figure 6.9). 

 Figure 6.9 clearly shows that as the value of h/ds increases the percent 

difference decreases significantly.  As seen in Figure 6.2 to Figure 6.8, as the percent 

of measured flow depth decreased there seems to be less agreement with the 

amount of sediment that will be measured versus the amount of sediment calculated 

or determined based on SEMEP (refer to Figure 6.10). 
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a.) SEMEP (use Ro from regression) 

 
b.) SEMEP (use all regression variables) 

Figure 6.9. Variation in Percent Difference at various h/ds 
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a.) SEMEP (use Ro from Regression) 

 
b.) SEMEP (use all variables from Regression) 

       Figure 6.10. Variation in Percent Difference at various h/(ds) 



116  

Figure 6.10 shows that as the value of hm/ds increases, the percent difference 

decreases.  However, the results are a function of the site.  Table 6.3 summarizes the 

number of data points with hm/ds greater than 1,000 and a percent difference less 

than 25%.   

Table 6.3. Summary of Point Data with hm/ds greater than 1000  

hm/ds > 1000 and % Difference < 25% 

SEMEP (Ro) SEMEP (all variables) Data Set 

Number 

of 

Samples No. 

Samples 

Percent of 

Samples 

No. 

Samples 

Percent of 

Samples 

Coleman Laboratory 

Experiment 72 3 4.2% 5 6.9% 

Enoree River 43 23 53.5% 30 69.8% 

Middle Rio Grande  20 12 60.0% 13 65.0% 

Mississippi River at Union 

Point 145 122 84.1% 134 92.4% 

Mississippi River at Line 13 140 128 91.4% 136 97.1% 

Mississippi River at Line 6 115 99 86.1% 110 95.7% 

Mississippi River at Tarbert  133 91 68.4% 126 94.7% 

Total 668 478 71.6% 554 82.9% 

 
The table shows that once the value of hm/ds is greater than 1,000, most of the 

samples will have less than a 25% error.  In addition, the calculated sediment 

discharge based on the regression analysis performs better than SEMEP due to the 

method in which the variables are determined. 

 For detailed interpretation of the data, a statistical analysis is performed on 

qm/qt.  The mean percent error (MPE) and mean absolute percent error (MAPE) are 

the best descriptors of how the actual measurements compare with the calculated 

and SEMEP values of qm/qt.  The mean square error (MSE), root mean square error 

(RMSE), and normal root mean square error (NRMSE) cannot be used with meaning 

because the analysis is based on qm/qt.  The values of the MPE and MAPE are 

summarized in Table 6.4. 
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Table 6.4. Statistical Results from qm/qt 
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The results show that h/ds, hm/ds and u*/ω are important characteristics in 

determining the validation of the method and to calculate the necessary measured 

flow depth.  When a negative value is reported for MPE the measured qm/qt is less 

than the calculated or SEMEP value for qm/qt.  The statistical analysis on Coleman’s 

laboratory data shows poor agreement since the values of MPE and MAPE are quite 

large.  For the remaining samples, as the flow depth increases the amount of 

measured depth does not have too be as large to get reasonable results.  When the 

value of hm/ds is greater than 1000, the results between SEMEP and measured data 

are quite accurate, with an MAPE of less than 0.25 for approximately 80% of the 

data sets.  This aggresses well with previous findings.  Even though the Enoree River 

is deeper than the Middle Rio Grande, the larger particle size in the Enoree River 

causes a smaller value of h/ds, thus requiring more of the flow depth to be sampled 

to get good results.  The Enoree River requires 70% of the flow depth to be sampled 

compared to only 50% for the Middle Rio Grande to get good results (within 25% of 

the measured data).  The Mississippi River is a large sand bed river with a 

significant amount of sediment transported in suspension.  As a result, only 30% of 

the flow depth needs to be sampled to have good agreement. 

 When the measured data are compared to the data determined from the 

regression calculations, even less flow depth needs to be sampled for good 

agreement.  This is because the values of u* , yo, ca and Ro are all determined from the 

measured point data.  A comparison is performed on the total sediment discharge to 

have a better understanding of the results in the next section. 
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6.2.2 Total Sediment Discharge Calculations 

 The measured total sediment discharge is determined for each of the data 

sets.  Then the total sediment discharge is compared to the calculated total sediment 

discharge and SEMEP total sediment discharge.  These results are shown in Figure 

6.11 and Figure 6.17. 

 
Figure 6.11. Total Sediment Discharge on Coleman Laboratory Data 
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Figure 6.12. Total Sediment Discharge on Enoree River  

 
Figure 6.13. Total Sediment Discharge on the Middle Rio Grande  
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Figure 6.14. Total Sediment Discharge on the Mississippi River at Tarbert Landing 

 
Figure 6.15. Total Sediment Discharge on the Mississippi River at Union Point  
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Figure 6.16. Total Sediment Discharge on the Mississippi River at Line 6 

 
Figure 6.17. Total Sediment Discharge on the Mississippi River at Line 13 
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SEMEP results are represented by purple squares and the calculated results are 

represented as orange triangles.  The one to one line represents perfect agreement.  

The results indicate that for the Coleman laboratory data, Enoree River and Middle 

Rio Grande data all results have a tendency to have a calculated and SEMEP total 

unit sediment discharge greater than the measured unit total sediment discharge.  

This is partially associated with the low measured sediment discharge (less than 1 

lb/ft-s) and smaller value of u*/ω.  The measured unit total sediment discharge for 

the Mississippi River has a tendency to be greater than 1 lb/ft-s and the calculated 

and SEMEP total unit sediment discharge has a tendency to be greater and less than 

the measured total unit sediment discharge.  As the measured unit total sediment 

discharge increases, a higher degree of accuracy is achieved in both SEMEP and 

calculated total sediment discharge based on regression. 

 A statistical analysis is performed to understand the total unit sediment 

discharge.  The MSE, RMSE, ME, MPE and MAPE all are meaningful statistical 

parameters.  Table 6.5 contains a summary of the statistical parameters which 

compare the total measured unit sediment discharge to the total calculated unit 

sediment discharge and total SEMEP unit sediment discharge.   
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Table 6.5. Statistical Results from the Total Sediment Discharge Comparison 
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The results in Figure 6.11 to Figure 6.17 and Table 6.5 show that h/ds, hm and u*/ω 

are important characteristics in validating SEMEP and determining the necessary 

flow depth needed for measurement.  The results from SEMEP suggest that most of 

the measured data are less than the calculated unit total sediment discharge.  The 

MSE and RMSE are always positive values since the term is squared.  The value of 

the MSE and RMSE increases with increased unmeasured depth, but there is no set 

pattern to the increase.  The results from the statistical analysis signify that the 

error between the measured and SEMEP unit total sediment discharge increases as 

the percent of flow depth measured decreases.  The ME is a negative number when 

the actual total unit sediment discharge is less than the measured unit total 

sediment discharge.  The value deviates from zero as percent of sampling depth 

decreases.  The MAPE is a better indicator than the MPE because it summarizes the 

deviation from the actual measurements and it is not an average of positive and 

negative numbers, thus causing the MPE to be a smaller value.  The MAPE suggest 

that for the Coleman’s data set, more data points are needed near the bed to reduce 

the percent error.  For the Enoree River and Middle Rio Grande data, when the value 

of hm/ds must be greater than 5,000 then SEMEP total unit sediment discharge is 

within 25% of the measured unit total sediment discharge.  Finally, for the 

Mississippi River data when hm/ds must be greater than 10,000 then SEMEP total 

sediment discharge is within 25% of the measured unit total sediment discharge. 
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6.3 Rouse Number Deviation 

 Previous studies have shown a deviation in the Rom and Roc (Anderson 1942; 

Einstein and Chien 1954) .  The location of the deviation varied based on the data 

tested.  A similar comparison is performed on the point data available from this 

study.  The results are shown in Figure 6.18.   

0

0.25

0.5

0.75

1

1.25

1.5

1.75

0 0.25 0.5 0.75 1 1.25 1.5 1.75

R
o

m
e

a
su

 r
e

d

Ro  calculated

Coleman Lab Data

Enoree River

Middle Rio Grande

Union Point (Mississippi)

Line 13 (Mississippi)

Line 6 (Mississippi)

Tarbert Landing (Mississippi)

 
Figure 6.18. Comparison of measured and calculated Ro 

The results from the Coleman laboratory data, Enoree River, Middle Rio Grande and 

Lower Mississippi River show that there is a deviation between the Rom and Roc.  

The value of Roc is determined based on calculating the ω based on the d50ss and 

determining the u*  based on the flow depth and slope of a given river.  In general, 

the value of Rom is less than Roc.  However, when the Coleman data are plotted, Rom 

is actually larger than Roc; this can be attributed to the use of the energy slope (Se) 

to determine u*  or the low sediment discharge, which results in poor measurements.  
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The data from the Middle Rio Grande agree the best.  This is associated with the fact 

that the value of Ro is very low (< 0.15).  The data from the Enoree River and 

Mississippi River show that there is a reduction in Rom compared to the Roc.  The 

values of the Roc determined for the Mississippi River might deviate due to the 

unknown value of slope in determining u* .  A value of So of 0.0000583 was used for 

this analysis for all four sites (Biedenharn et al. 2000).  Based on the results in 

Section 6.2, even though Rom and Roc do not agree well, the procedure calculates 

total sediment discharge quite accurately.   

 Akalin (2002) performed a study where he divided the point measurements 

into bins to evaluate the variability in the Rom and Roc.  He determined that finer 

particles had better agreement between the Rom and Roc.  The value of Ro matches 

well because of the amount of sediment sampled.  Smaller particles have a lower Ro 

value and are found in larger quantities, resulting in a better agreement.  Thus, 

based on this study, if the value of Ro is less than 0.5, the proposed total sediment 

concentration will agree well with the measured total sediment concentration.  

Akalin’s study shows similar findings.  This is because the concentration profile is 

relatively uniform.    

 The following study is performed to see the effects that the value of the Roc 

has on the total sediment discharge calculations.  Data from the Susitna River in 

Alaska are used (Williams and Rosgen 1989).  There are 37 total sediment discharge 

samples taken between 1982 and 1985 (refer to Figure 6.19).   



128  

 
Figure 6.19. % Error between the Actual and Calculated qt for Susitna River  

The results indicate that the variation in total sediment discharge is not that large as 

long as Ro is less than 0.5.  This coincides well with the previous analyses.  The 

proposed procedure total sediment discharges will be relatively close to the 

measured total sediment discharge when the value of Ro is less than 0.5.  The five 

samples (4/14/83, 10/6/63, 9/13/83, 9/25/84 and 9/6/85) that have a difference 

of more than 25% are the samples where the measured total sediment discharge 

was less than 2600 tonne/day.  This also concurs with earlier findings, that the total 

sediment discharge needs to be high to get an accurate comparison.  This is because 

the measurement is not sufficient to get an accurate particle size distribution and 

sediment discharge measurement and there are measurement errors. 
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Chapter 7: Conclusions 

 This study improves total sediment load calculations based on a depth-

integrated and point sediment concentration measurements.  The new total load 

calculation uses a Series Expansion of the Modified Einstein Procedure (SEMEP) to 

remove the empiricism found in the Modified Einstein Procedure (MEP).  This 

procedure contains four main modifications to MEP.  First, SEMEP solves the 

Einstein integrals quickly and accurately based on a series expansion.  Next, instead 

of dividing the suspended sediment and bed material samples into particle size 

classes, the total sediment discharge calculation was based on a median grain size in 

suspension (d50ss).  Thirdly, for depth-integrated samples the Rouse number (Ro) 

was determined directly by calculating the fall velocity (ω) based on d50ss, the shear 

velocity ( ghSu =* ) and assuming the value of the von Kármán constant (κ) was 

0.4.  For point concentration measurements, the Ro was calculated by fitting the 

concentration profile to the measured points.  As a result there was no need to 

determine the Ro for each overlapping bin and fitting a power regression to the 

data.  Lastly, SEMEP uses the measured unit sediment discharge and Ro to 

determine the unit bed discharge directly, rather than Einstein’s probability of 

entrainment.  SEMEP was developed using measurements from two laboratory and 

twenty rivers within the United States.  The main conclusions of this research effort 

are summarized:   

1. The developed code for SEMEP can be found in Appendix F.  The procedure 

can calculate total sediment discharge (qt) in both SI and English units.  The 
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applicability of SEMEP was determined based on the ratio of the measured to 

total sediment discharge (qm/qt).   Depth-integrated concentration 

measurements, from fourteen streams and rivers in the United States were 

used to test SEMEP.  SEMEP performs well (Figure 5.16 and Figure 5.20) 

when the value of u*/ω was greater than 5 and the measured total sediment 

discharge was greater than 10,000 tonnes/day.  These results have a 

coefficient of determination (R2) of 0.98, a concordance coefficient (ρc) of 

0.99 and a mean absolute percent error (MAPE) of 5% when u*/ω was 

greater than 5 compared to a R2 of 0.92, ρc of 0.96 and MAPE of 62% when 

u*/ω was less than 5. 

2. Total sediment discharge comparison between SEMEP and BORAMEP were 

possible for seven streams within the United States.  A total of 207 samples 

were tested.  BORAMEP failed to calculate total sediment discharge for 68 of 

those samples.  Further, only 18 samples calculated using BORAMEP were 

within 25% of the measured total sediment discharge.  In comparison, 

SEMEP always calculated a total sediment discharge, and over 90% of the 

samples were within 25% of the measured total sediment discharge.  The 

statistical analysis for SEMEP were a R2 of 0.98, ρc of 0.99 and MAPE of 2%, 

compared to BORAMEP values with a R2 of 0.65, ρc of 0.74 and MAPE of 18%.  

Statistically, SEMEP performed much better than BORAMEP. 

3. Criteria defining thresholds for different modes of transport were redefined 

based on SEMEP.  The laboratory data set of Guy et al. (1966) were used to 

define the transport modes.   Figure 5.5 shows the ratio of suspended to total 
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sediment discharge (qs/qt) as a function of u*/ω.  The results indicate that 

when the value of u*/ω was between 0.2 and 0.5, the sediment will move 

primarily as bed load.  When u*/ω was between 0.5 and 2, the sediment will 

move as mixed load.  Mixed load can be defined as sediment that contains a 

high percentage of both bed and suspended sediment load.  When the value 

of u*/ω was greater than 2, the sediment will move primarily as suspended 

load.  Finally, Figure 5.7 was used to show that when u*/ω was less than 0.2, 

no sediment will be transported. 

4. SEMEP can be used to determine total sediment discharge based on point 

sediment concentration and point velocity measurements by calculating the 

ratio of measured to total sediment discharge (qm/qt).  The relative 

submergence (h/ds), the measured depth (hm) and the u*/ω were all important 

characteristics in total sediment discharge calculations using SEMEP.  Figure 

6.9 shows that as the value of h/ds increases, a better estimate was calculated 

for qm/qt.  Thus, for a given grain size deeper rivers have better total sediment 

discharge estimates.  Figure 6.10 shows that as the value of hm/ds increases, 

the accuracy of the calculations improve.  When values of hm/ds were greater 

than 1,000, over 80% of the SEMEP results were in good agreement (errors 

less than 25%) with the measurements.  The point data also coincided with 

the fact that when u*/ω was greater than 5 (Figure 6.2 to Figure 6.8), there 

was good agreement between SEMEP total sediment discharge and the 

measurements.   
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5. As discussed in Section 6.3, the deviation of Ro between the calculated and 

measured Ro can be significant when the value of Ro was greater than 0.5 

(u*/ω<5).  This occurs because of low concentration measurements and 

measurement errors.    In addition, when the value of Ro was changed from 

0.01 to 0.5 (250>u*/ω>5) the total sediment discharge was calculated using 

SEMEP will vary by less than 25% of the measurements (Figure 6.19).  

However, as Ro was increased above 0.5, the variability in total sediment 

discharge increased exponentially.  Therefore, a more uniform concentration 

distribution gave more accurate results because a higher amount of sediment 

in suspension was measured.   

 

In summary, SEMEP is most beneficial in streams where most of the 

sediment is transported in suspension.  The results indicate that SEMEP performs 

accurately (error less than 25%) when the value of u*/ω is greater than 5 (or Ro less 

than 0.5).  SEMEP calculations are acceptable, but less accurate when u*/ω is 

between 2 to 5 (1.25 >Ro<0.5).  Both SEMEP and MEP should not be used when u*/ω 

is less than 2.  

 

   



133  

References 

(1997-2007). "Http://Www.Rickly.Com/." Sediment Sampling, Rickly Hydrological 

Company Columbus, OH. 

Akalin, S. (2002). "Water Temperature Effect on Sand Transport by Size Fraction in 

the Lower Mississippi River," Dissertation, Colorado State University, Fort 

Collins. 

Anderson, A. G. (1942). "Distribution of Suspended Sediment in Natural Streams." 

Transactions - American Geophysical Union 678-683. 

Barenblatt, G. I. (1996). On the Scaling Laws (Incomplete Self-Similarity with Respect 

to Reynolds-Numbers) for the Developed Turbulent Flows in Tubes, Cambridge 

University Press, Cambridge. 

Bartolino, J. R., and Cole, J. C. (2002). "Ground Water Resources of the Middle Rio 

Grande Basin " Water-Resources Circular 1222, US Geological Survey. 

Biedenharn, D. S., Thorne, C. R., and Watson, C. C. (2000). "Recent Morphological 

Evolution of the Lower Mississippi River." Geomorphology, 34, 227-249. 

Bondurant, D. C. (1958). "The Total Sediment Load of Stream -Discussion." Journal of 

the Hydraulic Division of ASCE, 84(HY6), 64-74. 

Burkham, D. E., and Dawdy, D. R. (1980). "General Study of the Modified Einstein 

Method of Computing Total Sediment Discharge." Water-Supply Paper 2066, 

US Geological Survey, Washington. 

Cardoso, A. H., W. H. Graf , G. Gust. ( 1989). "Uniform-Flow in a Smooth Open 

Channel." Journal of Hydraulic Research, 27(5), 603-616. 



134  

Cheng, N. S., and Chiew, Y. M. (1998). "Pickup Probability for Sediment 

Entrainment." Journal of Hydraulic Engineering, 124(2), 232-235. 

Cheng, N. S., and Chiew, Y. M. (1999). "Analysis of Initiation of Sediment Suspension 

from Bed Load." Journal of Hydraulic Engineering, 125(8), 855-861. 

Cheng, N. S. (2008). "Comparison of Settling Velocity Based Formulas for Threshold 

of Sediment Motion." Journal of Hydraulic Engineering, 134(8), 1136-1141. 

Chien , N. (1954). "The Present Status of Research on Sediment Transport." Trans. 

American Society of Civil Engineers, 121, 833–868. 

Cioffi, F., and Gallerano, F. (1991). "Velocity and Concentration Profiles of Solid 

Particles in a Channel with Movable and Erodible Bed." Journal of Hydraulic 

Research - IAHR, 29(3), 387-401. 

Colby, B. R., and Hembree, C. H. (1955). "Computations of Total Sediment Discharge 

Niobrara River near Cody, Nebraska." Water-Supply Paper 1357, US 

Geological Survey, Washington. 

Colby, B. R., and Hubbell, D. W. (1961). "Simplified Method for Computing Total 

Sediment Discharge with the Modified Einstein Procedure." Water-Supply 

Paper 1593., U.S. Geological Survey, Washington. 

Coleman, N. L. (1981). "Velocity Profiles with Suspended Sediment." Journal of 

Hydraulic Research - IAHR, 19(3), 211-229. 

Coleman, N. L. (1986). "Effects of Suspended Sediment on the Open Channel Velocity 

Distribution." Water Resources Research, 22(10), 1377-1384. 

Coles, D. E. (1956). "The Law of the Wake in the Turbulent Boundary Layer." Journal 

of Fluid Mechanics, 1(2), 191-226. 



135  

Coles, D. E. "The Young Person's Guide to the Data." Proceedings of the Computation 

of Turbulent Boundary Layers AFOSR-IFP 1969, Stanford, 1-19. 

Copeland, R. R., and Thomas, W. A. (1989). "Corte Madera Creek Sediment Study 

Numerical Investigation." TR HL-89-6, US Army Engineer Waterways 

Experiment Station, Vicksburg. 

Dade, W. B., and Friend, P. F. (1998). "Grain-Size, Sediment-Transport Regime and 

Channel Slope in Alluvial Rivers." Journal of Geology, 106, 661-675. 

Du Boys, M. P. (1879). "E ´ Tudes Du Re´Gime Du RhoˆNe Et De L’action Exerce´E Par 

Les Eaux Sur Un Lit a` Fond De Graviers Inde´Finiment Affouillable." Ann. 

Ponts Chausse´es, 5(8), 141-195. 

Edwards, T. K., and Glysson, G. D. (1999). "Field Methods for Measurement of Fluvial 

Sediment." US Geological Survey, Reston, Virginia. 

Einstein, H. A., Anderson, A. G., and Johnson, J. W. (1940). "A Distinction between 

Bed-Load and Suspended Load in Natural Streams." Transactions - American 

Geophysical Union, 628-633. 

Einstein, H. A. (1942). "Formulas of the Transportation of Bed Load." Paper No. 

2140, American Society of Civil Engineers. 

Einstein, H. A. (1950). "The Bed-Load Function for Sediment Transportation in Open 

Channel Flows." Technical Bulletin No. 1026, US Department of Agriculture, 

Soil Conservation Service, Washington, DC. 

Einstein, H. A., and Chien, N. (1954). "Second Approximation to the Solution of the 

Suspended Sediment Load Theory." Report No. 3, U.S. Corp of Engineers, 

University of California Institute of Engineering Research. 



136  

Einstein, H. A., and Chien, N. (1955). "Effects of Heavy Concentration near the Bed on 

the Velocity and Sediment Distribution." Report No. 8, U.S. Corp of Engineers, 

University of California Institute of Engineering Research. 

Einstein, H. A., and Abdel-Aal, F. M. (1972). "Einstein Bed-Load Function at High 

Sediment Rates." Journal of the Hydraulics Division of ASCE, 98(1), 137-151. 

Elata, C., and Ippen, A. T. (1961). "The Dynamics of Open Channel Flow with 

Suspensions of Neutrally Buoyant Particles." Technical Report No. 45, MIT, 

Department of Civil and Sanitary Engineering, Boston. 

Ettema, R., and Mutel, C. F. (2006). "Hans Albert Einstein in South Carolina." Journal 

of Hydraulic Engineering - ASCE, 132(8), 754-758. 

Ghoshal, K., and Mazumder, B. S. (2006). "Sediment-Induced Stratification in 

Turbulent Open Channel Flow " Environmetrics, 16, 673-686. 

Guo, J. (1998). "Turbulent Velocity Profiles in Clear Water and Sediment-Laden 

Flows," Dissertation, Colorado State University, Fort Collins. 

Guo, J., and Julien, P. Y. (2001). "Turbulent Velocity Profiles in Sediment-Laden 

Flows." Journal of Hydraulic Research - IAHR, 39(1), 11-23. 

Guo, J., and Julien, P. Y. (2004). "Efficient Algorithm for Computing Einstein 

Integrals." Journal of Hydraulic Engineering - ASCE, 1198-2001. 

Guo, J., and Julien, P. Y. (2007). "Application of the Modified Log-Wake Law in Open-

Channels." 7. 

Guo, J., and Julien, P. Y. (2008). "Application of the Modified Log-Wake Law in Open-

Channels." Journal of Applied Fluid Mechanics, 1(2), 17-23. 



137  

Guy, H. P., Simons, D. B., and Richardson, E. V. (1966). "Summary of Alluvial Channel 

Data from Flume Experiments, 1956-1961." Professional Paper 462-I, US 

Geological Survey, Washington. 

Herrmann, M. J., and Madsen, O. S. (2007). "Effect of Stratification Due to Suspended 

Sand on Velocity and Concentration Distribution in Unidirectional Flows." 

Journal of Geophysical Research, 1-13. 

Holmquist-Johnson, C., and Raff, D. A. (2006). "Bureau of Reclamation Automated 

Modified Einstein Procedure (BORAMEP) Program for Computing Total 

Sediment Discharge." U.S. Department of the Interior, Bureau of Reclamation, 

Denver, CO. 

Hubbell, D. W., and Matejka, D. Q. (1959). "Investigations of Sediment 

Transportation Middle Loup River at Dunning Nebraska." Water-Supply 

Paper 1476, US Geological Survey, Washington. 

Jakuschoff, P. (1932). "The Movement of Suspended Matter in Rivers in Theory and 

Practice." Report No 5-6, Die Wasserwirtschaft. 

Julien, P. Y. (1998). Erosion and Sedimentation, Cambridge University Press. , 

Cambridge. 

Kereselidze, N. B., and Kutavaia, V. I. (1995). "Experimental Research on Kinematic 

of Flows with High Suspended Solid Concentration." Journal of Hydraulic 

Research - IAHR, 33(1), 65-75. 

Keulegan, G. H. (1938). "Laws of Turbulent Flow in Open Channels." Journal of 

Research of the National Bureau of Standards, 21, 707-741. 



138  

Kircher, J. E. (1981). "Sediment Analyses for Selected Sites on the South Platte River 

in Colorado and Nebraska, and the North Platte and Platte Rivers in 

Nebraska; Suspended Sediment, Bedload, and Bed Material." U.S Geological 

Survey Open-File Report 81-207, United Stated Department of the Interior 

Geological Survey, Denver, Colorado. 

Kirkgoz, M. S. (1989). "Turbulent Velocity Profiles for Smooth and Rough Open 

Channel Flow " Journal of Hydraulic Engineering - ASCE, 115(11), 1543-1561. 

Kironoto, B. A., and Graf, W. H. (1995). "Turbulence Characteristics in Rough Non-

Uniform Open-Channel Flow." Proceedings of the Institution of Civil Engineers-

Water Maritime and Energy, 112(4), 336-348. 

Lara, J. M. (1966). "Computation of “Z’s” for Use in the Modified Einstein Procedure." 

U.S. Department of the Interior, Bureau of Reclamation, Office of Chief 

Engineer., Denver, CO. 

Laursen, E. M. (1957). "An Investigation of the Total Sediment Load." Iowa Institute 

of Hydraulic Research, State University of Iowa, Iowa City. 

Laursen, E. M. (1958). "The Total Sediment Load of Streams." Journal of Hydraulic 

Division of ASCE, 84(HY1), 1-36. 

Leighly, J. (1932). "Toward a Theory of the Morphologic Significance of Turbulence 

in the Flow of Water in Streams." University of California Publication in 

Geography, 6(1), 1-22. 

Leighly, J. (1934). "Turbulence and the Transportation of Rock Debris by Streams." 

Geographical Review, 24, 453-464. 



139  

Lin, L. I. (1989). "A Concordance Correlation Coefficient to Evaluate Reporducibility 

" Biometrics, 45(1), 255-268. 

Love, S. K. (1959). "Quality of Surface Waters of the United States 1955." Water-

Supply Paper 1402, US Geological Survey, Washington. 

Love, S. K. (1960). "Quality of Surface Waters of the United States 1956." Water-

Supply Paper 1452, US Geological Survey, Washington. 

Love, S. K. (1961). "Quality of Surface Waters of the United States 1957." Water-

Supply Paper 1522, US Geological Survey, Washington. 

Love, S. K. (1963). "Quality of Surface Waters of the United States 1958." Water-

Supply Paper 1573, US Geological Survey, Washington. 

Lyn, D. A. (1986). "Turbulence and Turbulent Transport in Sediment-Laden Open-

Channel Flow." M. Keck Laboratory of Hydraulics and Water Resources, 

California Institute of Technology Pasadena, CA. 

Lyn, D. A. (1988). "A Similarity Approach to Turbulent Sediment-Laden Flows in 

Open Channels." Journal of Fluid Mechanics, 193, 1-26. 

Madden, E. B. (1993). "Modified Laursen Method for Estimating Bed-Material 

Sediment Load." Contract Report HL-93-3, U.S. Army Corps of Engineers, 

Washington. 

McLean, S. R. (1991). "Depth-Integrated Suspended Load Calculations." Journal of 

Hydraulic Engineering, 117(11), 1440-1458. 

McLean, S. R. (1992). "On the Calculation of Suspended Load for Noncohesive 

Sediment." Journal of Geophysical Resources, 97(C4), 5759-5770. 



140  

Meyer-Peter, E., and Műller, R. "Formulas for Bed Load Transport." Proc. 3rd Meeting 

IAHR, Stockholm, 39-64. 

Nezu, I., and Rodi, W. (1986). "Open Channel Flow Measurements with a Laser 

Doppler Anemometer." Journal of Hydraulic Engineering - ASCE, 112(5), 335-

355. 

Nezu, I. (1993). "Field-Measurements of Secondary Currents in Straight Rivers." 

Journal of Hydraulic Engineering - ASCE, 119(5), 598-614. 

Nikuradse, J. (1932). "Gesetzmassigkeiten Der Turbulenten Stromung in Glatten 

Rohren." 356, Vereines Deutscher Ingenieure, Forschungsheft  

Nikuradse, J. (1933). "Stromungsgesetze in Rauhen Rohren." 361, Ver. Deut. Ing., 

Forschungsheft. 

Nordin, C. F., and Dempster, G. R. (1963). "Vertical Distribution of Velocity and 

Suspended Sediment, Middle Rio Grande, New Mexico,." Professional Paper 

462-B, US Geological Survey, Washington. 

Nordin, C. F. (1964). "Aspects of Flow Resistance and Sediment Transport, Rio 

Grande near Bernalillo, New Mexico." Water-Supply Paper 1498-H, US 

Geological Survey, Washington. 

Nordin, C. F., and Beverage, J. P. (1965). "Sediment Transport in the Rio Grande, New 

Mexico." Professional Paper  462-F, U.S. Geological Survey Washington. 

Nouh, M. (1989). "The Von Karman Constant in Sediment Laden Flows." Journal of 

Hydraulic Research - IAHR, 27(4), 477-499. 



141  

O’Brien, M. P. (1933). "Review of the Theory of Turbulent Flow and Its Relations to 

Sediment Transportation." Transition of the American Geophysical Union, 14, 

487–491. 

Ott, R. L., and Longnecker, M. (2001). An Introduction to Statistical Methods and Data 

Analysis, Fifth Edition, Duxbury Thomson Learning. 

Parker, G., and Coleman, N. L. (1986). "Simple-Model of Sediment-Laden Flow." 

Journal of Hydraulic Engineering - ASCE, 112(5), 356-375. 

Prandtl, L. (1925). "Bericht Ueber Untersuchungen Zur Ausgebileten Turbulenz." 

ZAMM 5, 136–139. 

Prandtl, L. (1932). "Zur Turbulenten Stromung in Rohren Und Iangs Platten." 

Ergedn. Aerodyn Bersuchsanst, Gottingen, 4, 18-29. 

RMRS. (2008). "Boise Aquatic Sciences Lab, Rocky Mountain Research Station, Boise 

Adjudication Team 

(Http://Www.Fs.Fed.Us/Rm/Boise/Research/Watershed/Bat/)." 

Rouse, H. (1937). "Modern Conceptions of the Mechanics of Turbulence." Trans. 

American Society of Civil Engineers, 102, 463-505. 

Schmidt, W. (1925). "Die Massenaustausch in Freier Luft." Hamburg. 

Schoklitsch, A. (1930). Handbuch Des Wasserbaues, S. Shulits., translator, Springer, 

Vienna. 

Shah, S. C. (2006). "Variability in Total Sediment Load Using BORAMEP on the Rio 

Grande Low Flow Conveyance Channel," Thesis, Colorado State University, 

Fort Collins. 



142  

Shen, H. E., and Hung, C. S. (1983). "Remodified Einstein Procedure for Sediment 

Load." Journal of Hydraulic Engineering - ASCE 9(4), 565-578. 

Simons, D. B., Richardson, E. V., and Albertson, M. L. (1961). "Flume Study Using 

Medium Sand (0.45 Mm)." Geological Survey Water-Supply Paper 1498-A, 

Geological Survey, Washington  

Simons, D. B., and Senturk, F. (1992). Sediment Transport Technology - Water and 

Sediment Dynamics, Water Resources Publications, Littleton, CO. 

Smith, J. D., and McLean, S. R. (1977). "Spatially Averaged Flow over a Wavy 

Surface." Journal of Geophysical Research, 82, 1735-1746. 

Stevens, H. H. (1985). "Computer Program for the Computation of Total Sediment 

Discharge by the Modified Einstein Procedure." Water Resource Investigation 

Report 85-4047, U.S Geological Survey. 

Straub, L. G. (1935). "Missouri River Report." House Document 238, Appendix XV, 

Corps of Engineers, US Army to 73rd US Congress. 

Toffaleti, F. B. (1968). "A Procedure for Computations of Total River Sand Discharge 

and Detailed Distribution, Bed to Surface." Technical Report No. 5, Committee 

on Channel Stabilization, Corps of Engineers, US Army. 

Toffaleti, F. B. (1969). "Definitive Computations of Sand Discharge in Rivers." Journal 

of Hydraulic Division of ASCE, 95(HY1), 225-248. 

USBR. (1955). "Step Method for Computing Total Sediment Load by the Modified 

Einstein Procedure." Bureau of Reclamation Denver. 



143  

USBR. (1955 revised). "Step Method for Computing Total Sediment Load by the 

Modified Einstein Procedure." Sedimentation Section Hydrology Branch 

Project Investigation Division Bureau of Reclamation, Denver, CO. 

van Rijn, L. C. (1984a). "Sediment Transport, Part I: Bed Load Transport." Journal of 

Hydraulic Engineering - ASCE, 110(10), 1431-1456. 

van Rijn, L. C. (1984b). "Sediment Transport, Part Ii: Suspended Load Transport." 

Journal of Hydraulic Engineering - ASCE, 110(11), 1613-1641. 

Vanoni, V. A. (1941). "Some Experiments of the Transport of Suspended Sediment 

Loads." Transactions of the American Geophysical Union Section of Hydrology, 

20(3), 608-621. 

Vanoni, V. A. (1946). "Transportation of Suspended Sediment by Water." ASCE, III. 

Vanoni, V. A., and Nomicos, G. N. (1960). "Resistance Properties of Sediment-Laden 

Strains." Transactions of American Society of Civil Engineers, 125, 30–55. 

Vanoni, V. A. (1975). "ASCE Manuals and Reports on Engineering Practice No. 54." 

American Society of Civil Engineers, New York. 

Villarent, C., and Trowbridge, J. H. (1991). "Effects of Stratification by Suspended 

Sediment on Turbulent Shear Flow." Journal of Geophysical Research, 96(C6), 

10659-10680. 

von Karman, T. (1932). "The Fundamentals of the Statistical Theory of Turbulence." 

Journal of Aerospace Science 4(4), 131–138. 

Wang, X., and Qian, N. (1989). "Turbulence Characteristics of Sediment Laden Flow." 

Journal of Hydraulic Engineering - ASCE, 115(6), 781-800. 



144  

Wang, Z. Y., and Larsen, P. (1994). "Turbulent Structure of Water and Clay 

Suspension with Bed-Load." Journal of Hydraulic Engineering - ASCE, 120(5), 

577-600. 

Watson, C. C., Biedenharn, D. S., and Thorne, C. R. (2005). Stream Rehabilitation 

Version 1, Cottonwood Research LLC, Fort Collins. 

Williams, G. P., and Rosgen, D. L. (1989). "Measured Total Sediment Loads 

(Suspended Load and Bed Loads) for 93 United States Streams." 89-67, 

United States Geological Survey, Denver, CO. 

Wong, M., and Parker, G. (2006). "Reanalysis and Correction of Bed-Load Relation of 

Meyer-Peter and Müller Using Their Own Database." Journal of Hydraulic 

Engineering - ASCE, 132(11), 1159-1168. 

Wright, S., and Parker, G. (2004a). "Density Stratification Effects in Sand Bed Rivers." 

Journal of Hydraulic Engineering - ASCE, 783-795. 

Wright, S., and Parker, G. (2004b). "Flow Resistance and Suspended Load in Sand 

Bed Rivers: Simplified Stratification Model." Journal of Hydraulic Engineering 

- ASCE, 130(8), 796-805. 

Yang, C. T. (1996). Sediment Transport Theory and Practice, McGraw-Hill, New York. 

Yang, C. T., and Simoes, F. J. M. (2005). "Wash Load and Bed-Material Load Transport 

in the Yellow River." Journal of Hydraulic Engineering, 113(5), 413-418. 

Zaghloul, N. A., and Khondaker., A. N. (1985). "A Computer Procedure for Applying 

the Modified Einstein Method." Civil Engineering Practicing and Design 

Engineers, 521-550. 

 



145  

Appendix A– Modified Einstein Procedure  
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MEP computes total sediment discharge based on: channel width, flow depth, 

water temperature, water discharge, velocity, measured sediment concentration 

(depth integrated sampler), suspended sediment particle gradation and sampled 

bed gradation.  Table A-1 provides a comparison of the Einstein and Modified 

Einstein Procedures.  

 

  Table A-1 – Comparison of Einstein and Modified Einstein (Shah 2006) 

Einstein Method Modified Einstein Method 

• Developed for Design  

•  

• Estimates bed-material discharge 

o Based on Channel Cross Section 

o Bed Sediment Sample  

•  

• Based on calculated velocity 

•  

• Rouse value determined based on a 

trial and error methodology 

•  

• Water Discharge computed from 

formulas (eg. Manning’s) 

 

• Single Cross Section 

•  

• Estimates total sediment discharge 

o Includes wash load 

•  

• Necessary Measurements 

o A depth integrated sediment 

sampler 

o Water discharge measurement 

•  

• Temperature Measurement 

•  

• Based on mean velocity 

•  

• Observed z value for a dominate 

grain size. 

•  

• Change to hiding factor 

•  

• Einstein’s intensity of bed load 

transport is arbitrarily divided by 2.  

•  

 

There are three main departures from the Einstein Method, the calculation of the 

Rouse number (z), shear velocity (u*) and intensity of the bed load transport (Φ*).   
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The following are the steps required for total sediment discharge based on MEP:   

Step A.  Trial and Error determine the Correction Coefficient 

1. Assume a value for the correction coefficient χ.   

 

 
Figure A-1 – Correction coefficient χ based on ks/δ 

2. Calculate the value of ''
* gSRu = using the velocity profile 
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Where,  
ū  is the mean velocity; 

u* ’  is the grain shear stress; 

g is gravity; 

S is the slope; 

R’ is the hydraulic radius associated with grain roughness; 

χ is a correction coefficient; 

A is the cross sectional area; 

W is the stream width; and 

d65 is the particles size where 65% of the material is finer. 
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3. The laminar sub layer is needed to determine if the initial estimate of x was 

appropriate.   

 

'
*

6.11

u

νδ =  (A-2) 

Where 
 δ is the laminar sub layer; and 

ν is the kinematic viscosity. 

4. Calculate the x-axis of Figure A.1.  δδ
65dks =  

 

5. If the initial guess in step 1 is equal to the value determined using Figure 2.3 
then continue.  If not, assume that the new value of χ is that from step 4 and 

repeat.   

 
6. Calculate the transport parameter Pm 

65

2.30
log3.2

d
W

A

Pm

χ
=  (A-3) 

 

Step B.  Calculation of Total Sediment Discharge...Place sample into bins.   

 

1. Choose a representative size for each bin. 

 

2. Identify the percent of suspended and sampled bed material in each bin. 

 

3. Calculate the intensity of shear on each particle based on the following two 

equation.  Use the larger value. 
•  
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Where, 
S is defined as slope; 

R’ is the hydraulic radius associated with grain roughness; 

d35 is the particle diameter where 35% of the material is finer; 

di is the mean particle diameter for the given bin; and 

Ψ is the Intensity of Shear. 

 
4. Compute ½ of the intensity of the bed-load transport (Φ*) using the following 

equation.   

)1(

023.0
* p

p

−
=φ  (A -5) 

Where,  
p is the probability a sediment particle entrained in the flow 
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The probability function is determined based on the following Error Function (Yang 

1996): 

 

∫
−−=

b

a

t dtep
21

1
π

 (A-6) 

Where: 

 a is equal to 
0

* 1

ηψ
−− B

;  

 b is equal to 
0

* 1

ηψ
−B

; 

     B*  is equal to a value of 0.143; and  

 η0 is equal to a value of 0.5.  
 

∫
−=

b

a

t dteERF
22

π
 (A -7) 

 

Therefore, to compute the probability “p”, evaluate the Error function from a to b. 

Then, multiply the Error Function by ½ and subtract it from 1.   

 

5. Calculated the bed load discharge 

 

65.1
2

1 3
* isbbb gdiqi γφ=  (in lbs/sec-ft) (A -8) 

bbbb qWiQi 2.43=  (tons/day) 

 

(A -9) 

Where, 
 Φ*  is the intensity of bed load transport; 

 ib is the fraction of particles in the bed within that bin range; 

γs is the specific weight of sediment; 

g is gravitational acceleration; 

di is the mean particle diameter for the given bin range; and 

W is the cross section width. 
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6. Calculate the suspended sediment discharge  
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Where, 

 Qsi’ is the suspended sediment discharge for a given size fraction (tons/day) 

 is is the fraction of particles in suspension within that bin range 

 γ is the specific weight of water 

 Cs’  is the measured concentration  

 q is the water discharge per unit width 

 E is the ratio of unstable depth to total depth 

 Pm is the parameter calculated in Equation (A-3). 

 

7. Need to determine the Rouse number for each bin (Refer to Step C) 
 

8. Need to determine the limits of integration  

 

h

d
A s2

=   (A -11) 

Where, 
 h is the flow depth 

 ds is the d50 of the bed material 

 

9. Calculate the Einstein Integrals (J1, J2, J1’, J2’, I1 and I2).   

 

10. There are two distinct methods for calculating the total sediment for the 

given particle size: 
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Step C.  Calculation of the Rouse number 

 

1. Determine all location where there is overlap.  

 

2. Assume a value for the Rouse number. 

 

3. If the following equations are equal then the assumed rouse number is good.  

Otherwise one needs to recalculate the rouse number 
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The Rouse numbers for the remaining bins are determined as follows:  
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Appendix B – Series Expansion Paper  
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Appendix C – Available Data
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Table C.1. Summary of Available Data 
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Vanoni - Some Experiments on Suspended 
Sediment

X (hard to read in 
a graph) X X X X X X

Brooks - Dissertation Lab Study X X (1 run) X X X X X (dunes)
Colman Lab Experiments X X X X

Paper 462-I CSU Flume Data 
X (different type 
of sampler) Uniform Particles X X X X X X d50

Bed Material 
Total Load X

Modified Laursen Method for Estimating Bed 
Material Sediment Load - Arkansas River X X X X X X X X

Mississippi River Data from Akalin's Dissertation
X X X X X X X X X

Paper 1819-J - Mississippi River at St Louis X X X X X X X (Some days)
Paper 1802 - Mississippi River at St Louis X X X X X X X X X X d50 X
Paper 1373 - Wind River Basin, Wyoming (Fivemile 
Creek) X X X X X X X X
Anderson - Enoree River X X X X X X X
Paper 562-J: Summary of Alluvial Channel Data 
from LFCC X X X X X X X X X X X X
462-B - Middle Rio Grande X X X X X X X X X X

Paper 462-F Rio Grande 
X

X (some data) 
found in other 
reports X X X X X X X

Paper 1498-H Rio Grande near Bernalillo X X X X X X X X X X

Paper 1357 - Niobrara River Data
X X X X X A/W X X X X X

Measured at 
Contacted 
Section X

Paper 1476 - Middle Loup River 
X X X X X X X X X X

Measured at 
a Turbulent 
Flume X

79-515: Suspended Sediment and Velocity Data 
Amazon River and Tributaries X X X X X X X X
83-135 Sediment and Stream Velocity Data for 
Sacramento River X % Sand X % Sand X X X X X
83-773 James River Basin X X X

80-1189-80-1191 East Fork River Wyoming
x (TWO 
STATIONS) MISSING X X X Sw X

X (HELLEY 
SMITH) X

89-233 - South Fork Salmon River X Percent Sand X X X X X X X X X X
89-67 Measured Total Loads For 93 US Streams X X X X X X X X X X
81-207 : Sediment Analyses for Selected Sited on 
the Platte River X X X X X X X X X X X

93-174 Stream flow and Sediment Data Colorado 
River and Tributaries

X X X X

USP-61A1 
(1985-1986) 
and USD-77 
(1983) X X X 

X (Helley smith 
load needs to be 
determined time 
30 sec) X X  
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Table C.2. Guy et al. Raw Data 1 
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Table C.3. Guy et al. Raw Data 2 
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Table C.4. Guy et al. Raw Data 3  
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Table C.5. Guy et al. Raw Data 4 
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Table C.6. Guy et al. Raw Data 5 
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Table C.7. Guy et al. Raw Data 6 
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Table C.8. Guy et al. Raw Data 7 
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Table C.9. Guy et al. Raw Data 10 
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Table C.10. Guy et al. Raw Data 11 
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Table C.11. Guy et al. Raw Data 12 
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Table C.12. Guy et al. Raw Data 11 
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Table C.13. Guy et al. Raw Data 12 
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Table C.14. Guy et al. Raw Data 13 

 

Table C.15. Guy et al. Raw Data 14 
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Table C.16. Guy et al. Raw Data 15 
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Table C.17. Platte River Data  

 

Table C.18. Niobrara River Data  
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Table C.19. Data from Susitna River, AK  
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Table C.20. Data from Chulitna River below Canyon, AK  
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Table C.21. Data from Susitna River at Sunshine, AK  

 

Table C.22. Data from Snake River near Anatone, WA  
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Table C.23. Data from Toutle River at Tower Road near Silver Lake, WA 

 

Table C.24. Data from North Fork Toutle River, WA 

 

Table C.25. Data from Clearwater River, ID 
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Table C.26. Data from Mad Creek Site 1 near Empire, CO 

 

Table C.27. Data from Craig Creek near Bailey, CO 

 

Table C.28. Data from North Fork South Platte River at Buffalo Creek, CO 
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Table C.29. Data from Big Wood River, ID 
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Table C.30. Data from Blackmare Creek, ID 
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Table C.31. Data from Boise River near Twin Springs, ID 
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Table C.32. Data from Dollar Creek, ID 
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Table C.33. Data from Fourth of July Creek, ID 
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Table C.34. Data from Hawley Creek, ID 
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Table C.35. Data from Herd Creek, ID 
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Table C.36. Data from Johnson Creek, ID 
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Table C.37. Data from Little Buckhorn Creek 
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Table C.38. Data from Little Slate Creek, ID 

 



189  

Table C.39. Data from Lolo Creek, ID 
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Table C.40. Data from Main Fork Red River, ID 
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Table C.41. Data from  Marsh Creek, ID 
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Table C.42. Data from Middle Fork Salmon River 
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Table C.43. Data from North Fork Clear River 
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Table C.44. Data from Rapid River, ID 
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Table C.45. Data from South Fork Payette River, ID 
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Table C.46. Data from South Fork Red River, ID 

 



197  

Table C.47. Data from South Fork Salmon River, ID  
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Table C.48. Data from Squaw Creek from USFS, ID 
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Table C.49. Data from Squaw Creek from USGS, ID   
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Table C.50. Data from Thompson Creek, ID 
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Table C.51. Data from Trapper Creek, ID 
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Table C.52. Data from  Valley Creek, ID 1 
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Table C.53. Data from  Valley Creek, ID 2 
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Table C.54. Data from West Fork Buckhorn Creek, ID  
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Table C.55. Data from Coleman Lab Data 
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Table C.56. Data from Coleman Lab Data 
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Table C.57. Data from Enoree River  
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Table C.58. Data from Middle Rio Grande 
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Table C.59. Data from Mississippi River – Union Point 1 
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Table C.60. Data from Mississippi River – Union Point 2 
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Table C.61. Data from Mississippi River – Union Point 3 
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Table C.62. Data from Mississippi River – Line 13 1 
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Table C.63. Data from Mississippi River – Line 13 2 
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Table C.64. Data from Mississippi River – Line 13 3 
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Table C.65. Data from Mississippi River – Line 6 1 
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Table C.66. Data from Mississippi River – Line 6 2 
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Table C.67. Data from Mississippi River – Line 6 3 
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Table C.68. Data from Mississippi River – Tarbert Landing 1 
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Table C.69. Data from Mississippi River – Tarbert Landing 2 
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Table C.70. Data from Mississippi River – Tarbert Landing 3 
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Appendix D – Computer Solution to qs/qt 
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USING SERIES EXPANSION 
 

Sub Einstein_Integral() 

 

Dim i, j 

 

For i = 1 To 42 

    For j = 1 To 4 

    Workbooks("Qs-Qt vs rouse - Series Expansion.xls").Activate 

    Sheets("Sheet1").Select 

    Range("A4").Select 

     

        Ro = ActiveCell.Offset(i, 1) 

    Range("B2").Select 

        E = ActiveCell.Offset(1, j + (3 * (j - 1))) 

    

    Workbooks("EinsteinIntegralComputations.xls").Activate 

    Sheets("Einstein Calculator").Select 

    Range("C17").Select 

     

    ActiveCell(1, 1).Value = Ro 

    ActiveCell(2, 1).Value = E 

     

    Range("C32").Select 

    J1 = ActiveCell.Offset(0, 0).Value 

    J2 = ActiveCell.Offset(1, 0).Value 

     

         

    Workbooks("Qs-Qt vs rouse - Series Expansion.xls").Activate 

    Sheets("Sheet1").Select 

    Range("C5").Select 

        

    ActiveCell(i, j + (3 * (j - 1))).Value = J1 

    ActiveCell(i, j + 1 + (3 * (j - 1))).Value = J2 

 

   

    qs = (0.216 * E ^ (Ro - 1) / (1 - E) ^ Ro) * (J1 * (Log(60 / E)) + J2) 

    qt = 1 + (0.216 * E ^ (Ro - 1) / (1 - E) ^ Ro) * (J1 * (Log(60 / E)) + J2) 

     

    ActiveCell(i, j + 2 + (3 * (j - 1))).Value = qs 

    ActiveCell(i, j + 3 + (3 * (j - 1))).Value = qs / qt 

 

    Next 

Next 

End Sub 
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USING TRAPIZODAL RULE 
Sub Integration() 

 

Dim Ro, w, h, ds, E, step, dy, y, y1 

Dim qs As Double, qb As Double 

Dim i As Integer, j As Integer 

 

step = 10000 

  

For j = 1 To 141 

 

    Sheets("Trap Program").Select 

    Range("A1").Select 

     

    Ro = ActiveCell.Offset(j, 0).Value 

    h = ActiveCell.Offset(j, 2).Value 

    ds = ActiveCell.Offset(j, 3).Value 

    Ct = ActiveCell.Offset(j, 5).Value 

     

        a = 2 * ds 

        hprime = a * 10 

        dy = (hprime - a) / step 

        y = a 

        y1 = a + dy 

        qs = 0 

     

    For i = 1 To step - 1 

        rect = (((h - y) / y) ^ Ro * Log(30 * y / ds)) 

        trap = (((h - y1)/y1)^Ro * Log(30 * y1/ds) - (((h - y)/y)^Ro * Log(30 *y / ds))) 

        qs = qs + Ct * (rect + trap * 0.5) * dy 

        y = y1 

        y1 = y1 + dy 

    Next i 

     

     dy = (h - hprime) / step 

     y = hprime 

     y1 = hprime + dy 

    

     For i = 1 To step - 1 

                 rect = (((h - y) / y) ^ Ro * Log(30 * y / ds)) 

            trap = (((h-y1)/y1)^Ro * Log(30*y1/ds) - (((h-y)/y) ^ Ro * Log(30*y/ds))) 

            qs = qs + Ct * (rect + trap * 0.5) * dy 

            y = y1 

            y1 = y1 + dy 

          Next i 
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    qt = 1 + qs 

    Sheets("Trap Program").Select 

     Range("G2").Select 

     ActiveCell(j, 1).Value = qs 

     ActiveCell(j, 2).Value = qt 

     ActiveCell(j, 3) = qs / qt 

 

Next j 

 

End Sub 
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Appendix E – Computer Solution to qm/qt 
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Sub Einstein_Integral() 

 

Dim i, j 

 

For i = 1 To 80 

    For j = 1 To 4 

    Workbooks("MeasuredvsTotal.xls").Activate 

    Sheets("Program").Select 

    Range("A4").Select 

     

    Ro = ActiveCell.Offset(i, 2) 

    Range("C2").Select 

    A = ActiveCell.Offset(0, j + (6 * (j - 1))) 

    E = ActiveCell.Offset(1, j + (6 * (j - 1))) 

    

    Workbooks("EinsteinIntegralComputations.xls").Activate 

    Sheets("Einstein Calculator").Select 

    Range("C17").Select 

     

    ActiveCell(1, 1).Value = Ro 

    ActiveCell(2, 1).Value = A 

     

    Range("C32").Select 

    Ja1 = ActiveCell.Offset(0, 0).Value 

    Ja2 = ActiveCell.Offset(1, 0).Value 

     

         

    Workbooks("MeasuredvsTotal.xls").Activate 

    Sheets("Program").Select 

    Range("C5").Select 

        

    ActiveCell(i, j + 1 + (6 * (j - 1))).Value = Ja1 

    ActiveCell(i, j + 2 + (6 * (j - 1))).Value = Ja2 

 

 

 Workbooks("EinsteinIntegralComputations.xls").Activate 

    Sheets("Einstein Calculator").Select 

    Range("C17").Select 

     

    ActiveCell(1, 1).Value = Ro 

    ActiveCell(2, 1).Value = E 

     

    Range("C32").Select 

    Je1 = ActiveCell.Offset(0, 0).Value 

    Je2 = ActiveCell.Offset(1, 0).Value 
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    Workbooks("MeasuredvsTotal.xls").Activate 

    Sheets("Program").Select 

    Range("E5").Select 

      

    ActiveCell(i, j + 1 + (6 * (j - 1))).Value = Je1 

    ActiveCell(i, j + 2 + (6 * (j - 1))).Value = Je2 

     

    qm = (0.216 * E ^ (Ro - 1) / (1 - E) ^ Ro) * (Ja1 * (Log(60 / E)) + Ja2) 

    qt = 1 + (0.216 * E ^ (Ro - 1) / (1 - E) ^ Ro) * (Je1 * (Log(60 / E)) + Je2) 

     

    ActiveCell(i, j + 3 + (6 * (j - 1))).Value = qm 

    ActiveCell(i, j + 4 + (6 * (j - 1))).Value = qt 

    ActiveCell(i, j + 5 + (6 * (j - 1))).Value = qm / qt 

 

    Next 

 

Next 

 

End Sub 
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Appendix F – Calculation of Total Sediment Discharge 
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Numerous calculations can be made at the same time, this sample input and output 

sheet only shows a single datum. 

Table F.1. Input Sheet of Proposed Program  

UNITS SI UNITS 
Sample Number = 5/25/1983 

measured suspended sediment 
concentration Cm (mg/L) = 164 
flow rate (cms) = 547 
flow depth h (m) = 1.7 
unmeasured depth dn (m) = 0.08 
Slope =  0.001200 
representative particle size ds (mm) = 0.544 
d35 (mm) = 0.585 
d65 (mm) = 0.522 
cross sectional width W (m) = 183 
average velocity Vmean (m/s) = 1.8 
Temperature (C) = 6.5 
density water ρ (kg/m3) = 999.588 
density of sediment ρs (kf/m3) = 2648.909 
gravity g (m/s2) = 9.810 

unit measured suspended sediment 
discharge qm (kg/m-s) = 0.590 
(RS)m (m) = 0.00047 
Shear Velocity u* (m/s) = 0.141 
Viscosity v (m2/s) = 1.813E-06 
Fall Velocity ω (m/s) = 0.017 
Rouse number =  0.503 

representative particle size from 
suspended sediment d50ss (mm) = 0.196 

 

 

The input can handle both SI and English Units.  The variables in green are 

calculated automatically. 
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Table F.2 – Output Sheet of Proposed Program  

 

 

The variables in green are calculated automatically.  The quantities not highlighted 

(Actual Total Sediment Discharge and BORAMEP Total Sediment Discharge) must be 

manually inputted  

 

 

Sample Number =  5/25/1983 
Number of Iterations = 28 
Rouse number z = 0.503 
qm (kg/m-sec) = 0.590 
qm1 (kg/m-sec) = 0.590 
qb (kg/m-sec) = 0.001 
qs (kg/m-sec) = 0.546 
qt (kg/m-sec) = 0.547 
qum (kg/m-sec) = 0.057 
  
  
MY CAL (kg/s) 100.07 
ACTUAL (kg/s) 92.838 
Percent Difference -8% 
  
BORAMEP total sediment discharge 
(tonnes/day)           19,215  
BORAMEP (kg/s)         222.593  
Percent Difference -140% 
  
FROM CALCULATION qm/qt =  0.896420641 
FROM CALCULATION qs/qt =  0.99791942 
FROM MEASURED DATA qm/qt =  0.97 
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Dim Units As String 

Dim i, j, k As Integer 

Dim Cm, Q, h, dn, a, ds, d35, d65, W, Vmean, T, densityW, densityS, g, qm, RSm, ustar, 

vis, fall, z, psi1, psi2, psi, phi, qb, qb1, qb2, qm1, qs As Double 

 
 

Sub Input_Values() 

 
Input_Values allows the known data to be recorded and used to determine the load  

 
 

  Workbooks("BedLoadVariation.xls").Activate 

  Sheets("Input Data").Select 

  Range("B1").Select 

 

 
This program can calculate load in English and SI Units.  Therefore it is important to  

identify the system of units.                                                                  

 
  Units = ActiveCell.Offset(0, 0).Value 

 
 Data necessary for load calculations                                                           

 
 

  Cm = ActiveCell.Offset(2, j).Value 

  Q = ActiveCell.Offset(3, j).Value 

  h = ActiveCell.Offset(4, j).Value 

  dn = ActiveCell.Offset(5, j).Value 

  S = ActiveCell.Offset(6, j).Value 

  ds = ActiveCell.Offset(7, j).Value 

  d35 = ActiveCell.Offset(8, j).Value 

  d65 = ActiveCell.Offset(9, j).Value 

  W = ActiveCell.Offset(10, j).Value 

  Vmean = ActiveCell.Offset(11, j).Value 

  T = ActiveCell.Offset(12, j).Value 

  densityW = ActiveCell.Offset(13, j).Value 

  densityS = ActiveCell.Offset(14, j).Value 

  g = ActiveCell.Offset(15, j).Value 

  qm = ActiveCell.Offset(16, j).Value 

  RSm = ActiveCell.Offset(17, j).Value 

  ustar = ActiveCell.Offset(18, j).Value 

  vis = ActiveCell.Offset(19, j).Value 

  fall = ActiveCell.Offset(20, j).Value 

  z = ActiveCell.Offset(21, j).Value 
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Converting particle data which is measured in mm into feet or meters based on the 

system of units                                                                                          

 
 

    If Units = "SI UNITS" Then 

        ds = ds / 1000 

        d35 = d35 / 1000 

        d65 = d65 / 1000 

        Else 

        ds = ds / 304.8 

        d35 = d35 / 304.8 

        d65 = d65 / 304.8 

    End If 

     

End Sub 
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Sub BedLoad() 

 
In determining the suspended load the Rouse number and the unit bed load 

discharge are unknown factors.  The bedload can be determined using the Einstein 

bed load function.  The rouse number is determined based on fitting the 

concentration profile to the measured sediment load.                                                                  

 

 The concentration of the measured zone is determined using a depth integrated 

sampler.  In order to determine the rouse number the bisection method is used until 

the estimated Rouse number proves a good estimate of the measured load.                            

 qm = [0.216*qb(E)^(z-1)/(1-E)^z]{[ln(60/E)]J1a+J2a}                                     

 
 

qb1 = 0 

qb2 = 40 

qm1 = 0 

Eprime = dn / h 

E = 2 * ds / h 

 

Workbooks("EinsteinIntegralComputations.xls").Activate 

        Sheets("Einstein Calculator").Select 

        Range("C17").Select 

      

             ActiveCell(1, 1).Value = z 

             ActiveCell(2, 1).Value = Eprime 

             Range("C32").Select 

             J1a = ActiveCell.Offset(0, 0).Value 

             J2a = ActiveCell.Offset(1, 0).Value 

 

For i = 1 To 20000 

     

    qb = (qb1 + qb2) / 2 

     qm1 = (0.216 * qb * E ^ (z - 1) / (1 - E) ^ z) * (Log(30 * h / d65) * J1a + J2a) 

     

    deltaqm = (qm1 - qm) 

        If deltaqm > 0.00001 Then 

            qb2 = qb 

        End If 

        If deltaqm < -0.00001 Then 

            qb1 = qb 

        End If 

        If Abs(deltaqm) < 0.00001 Then 

            Exit For 

        End If 

    Count = i 

Next 
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 Store Data from the bisection method.                                                          

 
 

    Workbooks("BedLoadVariation.xls").Activate 

    Sheets("Results").Select 

    Range("B1").Select 

     

        ActiveCell(2, j + 1).Value = Count 

        ActiveCell(3, j + 1).Value = z 

        ActiveCell(4, j + 1).Value = qm 

        If J1a = 0 And J2a = 0 Then 

            qm1 = qm 

        End If 

         

        ActiveCell(5, j + 1).Value = qm1 

        If J1a = 0 And J2a = 0 Then 

            qb = 0 

        End If 

        ActiveCell(6, j + 1).Value = qb 

 
 Determining the unit suspended sediment discharge                                              

 
     

     Workbooks("EinsteinIntegralComputations.xls").Activate 

     Sheets("Einstein Calculator").Select 

     Range("C17").Select 

         

         ActiveCell(1, 1).Value = z 

         ActiveCell(2, 1).Value = E 

  

            Range("C32").Select 

            J1e = ActiveCell.Offset(0, 0).Value 

            J2e = ActiveCell.Offset(1, 0).Value 

      

    If J1a = 0 And J2a = 0 Then 

        qs = qm 

         

        Else 

        qs = (0.216 * qb * E ^ (z - 1) / (1 - E) ^ z) * (Log(30 * h / d65) * J1e + J2e) 

    End If 
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 Store data from the suspended sediment analysis.                               

 
     

    Workbooks("BedLoadVariation.xls").Activate 

    Sheets("Results").Select 

    Range("B1").Select 

         

        ActiveCell(7, j + 1).Value = qs 

 

End Sub 

 
 

Sub TotalLoad() 

 Workbooks("BedLoadVariation.xls").Activate 

 Sheets("Input Data").Select 

    Range("E1").Select 

    Extent = ActiveCell.Offset(0, 0).Value 

     

     

For j = 0 To (Extent - 1) 

 

Call Input_Values 

Call BedLoad 

 

qt = qb + qs 

qum = qt - qm 

 

 
 Store Data from the total load analysis.                                                      

 
 

     

    Workbooks("BedLoadVariation.xls").Activate 

    Sheets("Results").Select 

    Range("B1").Select 

         

        ActiveCell(8, j + 1).Value = qt 

        ActiveCell(9, j + 1).Value = qum 

         

Next 

 

 

End Sub 
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Appendix G – Computer Solution based on Bins 
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Procedure 

The following procedure outlines the method used to determine total sediment 

discharge based on dividing the sample into bins.   

1. Based on the percent of sediment within each bin, div e the measured 

suspended sediment concentration.   

2. Determine the representative particle size per each bin based on the 

geometric mean 

3. Calculate Total Sediment discharge: 

a. In cases where suspended sediment is measured calculate total 

sediment discharge based on the following approach:  Assume that 

the rouse number is known as 
*4.0 u

Ro
ω=  and the bed discharge is 

determined based on the measured sediment discharge.  Then the 

suspended sediment discharge is determined by integrating the 

concentration profile from h to 2ds.  The total sediment discharge is 

calculated by adding the bed discharge and suspended sediment 

discharge.   

b. In cases were the program could not calculate a bed discharge based 

on the bisection method, where the material found in the bed was not 

measured in suspension, or when the Rouse number was greater than 

5 the Einstein Bed Load equation is used.  The calculated bed 

discharge is then multiplied by the percent of material found in the 

bed of that size.  
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4. Sum up all sediment discharges to determine the total sediment discharge.   

Sample Input Data 

A sample input data sheet is shown in Table G.1.  The data are from September 27th 

1984, where the measured suspended sediment concentration was 50.5 kg/s.     

Table G.1. Input Data Summary from 9/27/1984 
Sample Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

measured suspended sediment 
concentration Cm (mg/L) = 42

.6

7.
98

7.
98

7.
98

13
.3

7.
98

3.
99

10
.6

27
.9

2.
66 0 0 0 0 0 0 0

flowrate (cms) =
flow depth h (m) =

unmeasured depth dn (m) =
Slope = 

representative particle size ds 
(mm) =

0.
00

14
14

21

0.
00

28
28

43

0.
00

56
56

85

0.
01

13
13

71

0.
02

26
27

42

0.
04

45
42

11

0.
08

62
55

43

0.
17

32
05

08

0.
35

35
53

39

0.
70

71
06

78

1.
41

42
13

56

2.
82

84
27

12

5.
65

68
54

25

11
.3

13
70

85

22
.6

27
41

7

45
.2

54
83

4

90
.5

09
66

8

d35 (mm) =
d65 (mm) =

cross sectional width W (m) =
average velocity Vmean (m/s) =

Temperature (C) = 4

0.59375
0.90625

101
1.2

212
1.7
0.3

0.00039

 

 

 


