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ABSTRACT 

Erosion from forested, mountain watersheds can be severe when 

they are disturbed, with severe sedimentation of downstream fisheries 

and structures. The small, steep, low order streams that carry sediment 

from the watersheds to the rivers often have a step-pool configuration 

caused by frequent obstructions. Four commonly available sediment 

transport equations, which were developed on alluvial channels and/or 

flumes, were applied to these mountain streams where conditions are 

quite different than those used to develop the equations. 

Measured and predicted transport rates, gradations, and yields 

were compared on four streams in central Idaho. The effect of the 

valley and effective slopes on predicted rates was investigated, where 

the effective slope removes the excessive energy loss over steps and 

plunges, thereby modeling the pools. None of the four equations 

predicted rates, gradations, or yields with any reliability, although 

the use of the effective slope significantly reduced instantaneous 

transport rates and yields. 
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CHAPTER 1 

INTRODUCTION 

The estimation of sediment yields from forested, mountain 

watersheds has gained importance in recent years. As the timber stands 

in the easily accessible lower elevations have been depleted, logging in 

the steeper, more erosion-prone uplands has increased. Erosion from 

these areas can be heavy with severe consequences for fisheries, water 

quality, and sedimentation of downstream structures. A comprehensive 

understanding of the problem requires first, a study of surface erosion 

and overland transport; second, an investigation of sediment transport 

and storage in small, low-order streams; and third, research into 

transport and sedimentation in the major watercourses. This thesis 

focuses on the second part of the problem - the sediment transport in 

small, mountain streams. 

In the past, sediment yields and sediment transport from mountain 

watersheds have been measured directly by instantaneous suspended and 

bedload samplers or indirectly by sediment detention reservoirs. 

Results from these methods, while possibly accurate, are not easily 

transferable to other ungauged basins. Alternatively, sediment 

transport equations can be used to estimate total loads and yields from 

any basin, given the proper input data; however, most of these equations 

are based on studies of alluvial channels and/or flume investigations. 

1 
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Their basic assumptions often include unlimited sediment supply, steady 

state conditions, and normal flow regimes. The application of such 

relationships is questionable for small, mountain streams with large 

scale roughness, shallow flow depths, intermittent and limited sediment 

supply, and frequent pools, steps, and riffles. 

Background Information 

The U.S. Forest Service, through its research branch the 

Intermountain Forest and Range Experiment Station, has been studying 

erosion and sedimentation in the Idaho Batholith for some 15 to 20 

years. . The impetus for this research was partly the disastrous effects 

of logging on the salmon spawning beds of the Salmon River in the early 

1960'S. Uncontrolled logging on steep, fragile slopes coupled with 

several extreme hydrologic events resulted in heavy deposition of sand 

throughout much of the river system (Megahan, 1972). A temporary 

moratorium on logging was enacted, and a research program initiated. 

That research has been expanded to include investigations of road 

erosion, logging practices, hydrology, fisheries, nutrient cycling, 

revegetation, mass wasting, sediment transport, and channel processes. 

Some of the data from the sediment transport research is used in this 

thesis. 
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Objectives 

This investigation will apply four commonly used sediment 

transport equations to four steep, small, mountain streams of the Idaho 

Batholith. Predicted transport rates will be compared to measured 

transport rates, and predicted sediment yields will be compared to 

measured yields. From a research point of view, the estimation of 

instantaneous rates is important; estimated yields are simply the sum of 

instantaneous rates over time. From a forest management point of view, 

the yields affect downstream fisheries and structures and are, 

therefore, more important than instantaneous rates. 

The primary objective is to model instantaneous sediment 

transport rates and their particle size distributions. The input to the 

four sediment predictors will be modified, however. Energy slopes will 

not be assumed equal to the valley (bed) slopes. The slope of the pools 

without the accompanying steps and drops - that slope which controls the 

transport of sediment - will be used to approximate the energy slope. 

A secondary objective is to estimate sediment yields and their 

composition. The instantaneous transport rates from the final versions 

of the transport equations will be summed to estimate yields. 

Calculated and measured yields will be compared on the four streams for 



low, medium, and high flow years, 

the channel and temporary sediment 

yields. A detailed investigation 

of this thesis, although they will 

Factors such as sediment delivery to 

storage in the channel greatly affect 

of these factors is beyond the scope 

be qualitatively discussed. 



CHAPTER 2 

SITE DESCRIPTION 

This chapter briefly describes the setting of the Silver Creek 

study area. Aspects such as geology, soils, and vegetation are 

discussed as well as meteorology and hydrology. Particular attention is 

given to physical description of the watersheds and creeks used in this 

thesis project. 

Location 

The Silver Creek study area is located in the Middle Fork of the 

Payette River basin in central Idaho. The area is representative of 

conditions in the Idaho Batholith, a 16,000 square mile mountainous 

region of granitic rocks. Figure 1, General Location Map, shows the 

extent of the Idaho Batholith and the location of the Silver Creek study 

area. 

Geology, Soils, and Vegetation 

The Idaho batholith is composed of intrusive, acid, igneous 

rocks. Quartz monzonite predominates among the various granitic 

rocks. The granitic bedrock is in various stages of decomposition and 

weathering. Most of the topography is mature, having steep slopes 

separated by narrow ridges and valleys. Bedrock outcrops are common, 

particulary in the upper reaches of the watersheds. 

5 



6 

FIGURE 1 

GENERAL 
LOCATION 

MAP 

Moscow /r 

IDAHO 
" batholith 

'Missoula 

' s > 

.s 
%S. i. 

Salmon 

D CR. 

EGGERS CR 

STUDY AREA MAP DITCH CR. 

LEGEND CABIN 
CR. 

ACCESS 
ROAD SILVER 

OLD LOW 
STANDARD ROAD 

STREAM 
CHANNEL 

MILES 
WATERSHED 
BOUNDARY 



7 

The surface soil is derived from the weathered granitic rocks and 

is relatively free of stones. Soil textures range from coarse loamy 

sand to sandy loam. Silt and clay contents are low at 5% to 10?, and 

soil cohesion is therefore minimal. Typically, coarse sand and fine 

gravels predominate, although few particles are larger than 8 mm. Table 

1 shows a typical particle size distribution (Megahan, 1972). The 

coarseness of the distribution is derived from the way the granitic 

bedrock decomposes. The soils are shallow and highly erodible. 

Table 1 

Particle Size Distribution of a Typical Soil 
in the Idaho Batholith 

Description^• 

Gravel and larger 

Gravel 

Sand, coarse 

medium 

fine 

Silts and clays 

Particle Size (mm) 

> 7.9 

2.0-7.9 

0.25-2.0 

.075-0.25 

0.05-0.075 

< 0.05 

% in Size Class 

5 

30 

35 

10 

5 

15 

1 
According to U.S. Department of Agriculture standard soil 

classification criteria. 

The forest cover is dominated by Douglas fir and ponderosa pine 

on the slopes and grades into grand fir and subalpine fir in the 
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drainage bottoms. Undercover such as buffalo berry and grasses, is 

sparse on the slopes. Shrubs and trees, such as mountain ash and 

willows, can be quite dense in the drainage bottoms. 

Climate and Hydrology 

Two basic precipitation patterns affect the Silver Creek study 

area. Winter storms are cyclonic and originate over the Pacific 

Ocean. Much of the precipitation falls as snow, but when rain does 

fall, it results in low-intensity, long-duration events. High altitude 

convective storms are common in the summer. They are characterized by 

short durations and high intensities. Kidd (1961) reported that the 

1-year return period rainfall intensity is 3 inches for a one-hour 

duration. The average annual rainfall at Silver Creek is 33.8 inches. 

Air temperatures range from below 0° F in the winter to the mid 90o,s in 

the summer. 

The annual streamflow pattern is dominated by a spring runoff 

period. Peak runoff occurs in May and June and is associated with 

snowmelt, rainfall, and rain-on-snow events. The summer period is 

characterized by long hot, dry periods that are interrupted by intense 

thunderstorms. Streamflow increases due to the thunderstorms are small 

and short-lived. Baseflow conditions occur through most of September 

through March, except when rain-on-snow events occur during the 

winter. Substantial runoff and flow peaks can occur from these winter 

rain-on-snow events. 
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Description of the Study Watersheds 

There are seven watersheds under investigation at the Silver 

Creek study area. Only four of those seven basins are used in this 

thesis project: D Creek, Eggers Creek, Ditch Creek, and Cabin Creek. 

The study reaches of each creek are described in detail in the 

procedures section; only the watershed characteristics are described 

herein. Table 2, Descriptive Data for the Four Study Watersheds, 

summarizes the information (Megahan, 1982). 

Table 2 

Descriptive Data for the Four Study Watersheds 

Mean Total Average 

Mid- Channel Channel Bankfull 

Area Elev. ' Dominant Slope Length^* Stream Width 

Creek (sq. mi.) (ft.) Aspect (*> (mi.) Order (ft.) 

D 0.117 5,789 SE 24.2 3.4 2 3.6 

Eggers 0.50 5,685 SE 22.0 3.6 3 3.6 

Ditch 0.41 5,350 SE 20.8 1.8 2 2.6 

Cabin 0.40 5,030 SE 14.9 3.2 3 3.3 

1 .  

2 .  

3. 

(Maximum elevation + minimum elevation)/2. 

(Total relief/length main channel to ridge) x 100. 

Taken from a 1:31,680 planimetric map. 



10 

Various treatments have been applied to the experimental 

watersheds in the Silver Creek study area; only the treatments on the 

four chosen watersheds are of concern here. Eggers Creek is the control 

watershed and is therefore undisturbed. Roads were constructed in Ditch 

and Cabin Creeks during the summer of 1980. The roads in the Cabin 

Creek watershed are local roads intended for logging but otherwise 

closed to the public. A connector road was constructed from the bottom 

of the Ditch Creek drainage basin to the ridgeline where it joins a 

through road to the Payette River. In addition, a low standard road 

built in 1933 passes through the lower and middle portions of the Ditch 

Creek watershed. About 30? of the D Creek basin was helicopter logged 

in the fall of 1982. 



CHAPTER 3 

QUALITATIVE ANALYSIS 

The prediction of sediment transport rates and sediment yields 

from small, mountain streams is beset by numerous problems. Foremost 

among them is the accurate calculation of instantaneous sediment loads 

using predictive equations. All such equations were developed under the 

constraints inherent in flume investigations or alluvial systems. 

Briefly, the calculation of instantaneous loads on small mountain 

streams is hampered in two ways: 

1) The analysis of sediment transport is complicated by the 

different flow conditions in the pools and riffles and the continuous 

sorting of material in and through the pools and riffles. Nothing about 

the flow is uniform; large scale roughness, obstructions, and vegetation 

disrupt the flow continuously. Hydraulic parameters such as depth and 

velocity vary between the pools and riffles and in the pools or riffles 

themselves. 

2) Bed material and transported material are often quite 

different, and the composition of both varies temporally. The local 

geology and soils, the timing and amount of streamflow, and the effects 

of man-caused and natural disturbances can all cause changes in the bed 

and transported material. 

11 
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Even if instantaneous transport rates are accurately calculated, 

the prediction of sediment yields and their particle size distributions 

can be quite wrong. Normally, instantaneous rates are converted into a 

daily average rate and then summed for the appropriate number of days to 

arrive at seasonal or annual yields. However, much can happen in a 

stream reach before the sediment load reaches a point where yield is 

measured. In small mountain streams, channel sediment storage is 

significant. Storage deposition can be transient, as in a slug of 

sediment left on the bed as a flood recedes, or it can be longer term 

but yet temporary, as in sediment deposited upstream of obstructions. 

Long term sediment storage can also occur on the overbank areas. In any 

event, sequential movement of sediment greatly complicates prediction of 

yields based on instantaneous loads. 

This chapter is divided into three sections that discuss the 

above topics in greater detail. The first two sections apply largely to 

calculation of instantaneous transport rates. The first section 

describes the flow characteristics of riffle-pool streams and sediment 

transport through the systems. Seasonal variations in the bed and 

transported material are discussed in the second part. The third 

section, in contrast, deals with the various supply and storage factors 

that affect sediment yields. 
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Sediment Transport and Hydraulics in Riffle-Pool Streams 

Sediment Transport 

Steep mountain streams tend to have a characteristic appearance 

and structure. Pools with low velocities and large depths are 

interspersed between riffles with shallow depths and fast flow. Steps 

or cascades often occur over logs, rocks, and debris. The overall 

configuration can be described as stair-like. 

A distinction is sometimes made between riffle-pool systems and 

step-pool systems (Whittaker and Jaeggi, 1982). Riffle-pool sequences 

occur on flatter slopes than step-pool systems and have a greater 

spacing between pools than step-pool streams. The bed slope of the 

riffles is steep, but far from vertical. • Step-pool systems, on the 

other hand, are associated with steep overall slopes, and the spacing 

between pools is less than in riffle-pool systems. The steps are 

vertical or near vertical and are generally shorter than a riffle. They 

are accompanied by turbulence, high velocities, air entrainment, and 

scour holes in the adjacent downstream pool. 

Some streams exhibit both steps and riffles. Stream hydraulics 

and geology may combine to produce riffles. Streamside vegetation, a 

factor largely independent of hydraulics and geology, can intervene and 

cause steps with logs and debris. Logs have been reported as the major 
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cause of steps in forested mountain regions (Heede, 1972; Megahan, 

1982). Some streams have structures that combine aspects of both steps 

and riffles; these are termed riffle-steps (Hayward, 1980). 

Riffles are characterized by steeper slopes and coarser material 

than pools and are often armored (Whittaker and Jaeggi, 1982). Steps, 

on the other hand, usually consist of material that is organic or at 

least not movable sediment. Log, boulder, and debris steps move only in 

large flows, if at all. 

Pools are characterized by scour holes and adverse bed slopes at 

the upstream end, with mild or horizontal slopes extending to the 

downstream end. The size and extent of the scour holes are dependent on 

the structure of the upstream riffle or step, the flow, and the material 

present in the scour hole. Obstructions or heads of riffles are located 

at the downstream ends of pools, and both act as submerged dams that 

slow the release of water and sediment from pools. 

Sediment transport in riffle-pool systems presents a complicated 

picture of scouring and filling. In this discussion, riffle-pool is 

defined to include step-pool, since it is largely the pools that will be 

discussed. Transport in one cycle of a riffle-pool sequence can be 

considered a process of dispersion and sorting (Yang, 1971). During low 

and normal flows, high velocities in the riffles cause high shear 
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stresses, and fine materials are removed. As the riffle coarsens, 

roughness increases, and the hydraulic conditions change. Fine 

materials removed from the riffles are deposited in the downstream pools 

unless they are fine enough to pass through the pools. The particles 

that are deposited in the pools cause the depths to decrease and the 

velocities to increase. 

The process of scour and fill can reverse during high flows. As 

discharge increases, depth and velocity increase in both the pools and 

riffles, although at different rates. Velocities in the pools increase 

at a faster rate than in the riffles, thus causing the energy slope to 

become greater in the pools than in the riffles. Therefore, pools may 

scour and riffles may fill during flood events. Andrews (1979) 

documented this reversal during spring runoff on the East Fork River in 

Wyoming. 

A step-pool cycle cannot exhibit the same reversal of scour and 

fill during high flows because the steps can neither scour nor fill. 

The plunging water cannot deposit material on the obstruction, or move 

the obstruction as it would bed and suspended load. Pools still scour 

because of the increased depths and velocities. 
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High flow rates are often coupled with high sediment supply to 

the channel. If the sediment supply is high enough, both the pools and 

riffles will fill, and the differences in depth, velocity, and energy 

slope between the pools and riffles will diminish. Lisle (1982) 

reported that aggradation diminished the morphological contrasts of 

riffles and pools with the pools becoming more "riffle-like". This 

aggradation was caused by a winter storm in 196^1 that had not been 

equalled or exceeded in northern California since 1861. Pools of the 

Salmon River in Idaho also filled in an extreme hydrologic event, partly 

because logging had greatly increased the sediment supply to the channel 

(Megahan, 1972). 

Pools fill in low flows and scour in high flows as long as 

sediment supply is not excessive. It is difficult to know at what 

discharge the change occurs. Andrews (1979) reported that the change 

occurred at bankfull stage during a spring flood on the East Fork River 

of western Wyoming. The flood was caused by snowmelt runoff and had a 

return period of five years. Sediment supply to the study reach was not 

discussed. 

Except in extreme floods or conditions of unusually high sediment 

supply, sediment transport in a riffle-pool cycle is limited by flow 

conditions and sediment characteristics of the pool. The mild bed and 

energy slopes in the pool determine the rate of sediment transport out 
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of the pool. Conversely, the high transport capacity of the riffle (due 

to steep bed and energy slopes) is such that it can move all particles 

supplied from the upstream pool. Steep bed and energy slopes in the 

riffle are the cause of the high transport capacity. 

This concept can be expanded from a single riffle-pool cycle to a 

sequence of riffles and pools; that is, to a stream reach. If a pool 

limits transport, then by extension, the pool with the mildest energy 

slope in a reach will limit sediment transport out of that reach. The 

only time this hypothetical pool will not limit transport out of the 

reach is when the amount of sediment supplied to it exceeds the storage 

volume of the pool. In this case, the pool will fill, the pool energy 

slope will increase, and water and sediment discharge out of the pool 

will increase. 

It is appropriate at this point to discuss equilibrium between 

pools and riffles. Equilibrium depends on changes in water discharge 

and sediment supply. Silverston (1975) hypothesizes that water surface 

profiles attain equilibrium faster than bed profiles after a change in 

flow rate. The relatively long period for bed equilibrium to occur is 

because the transport capacity at high flow rates can be several orders 

of magnitude higher than at low flow rates. Therefore, for equal 

amounts of scour or deposition to occur, the time rate of change in the 

bed elevation is several orders of magnitude different. 
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Equilibrium in a given reach also depends on upstream conditions 

(Silverston, 1975). If an upstream reach is scouring or filling, 

sediment supply to a downstream reach is not constant; the downstream 

reach cannot attain equilibrium. Only when the upstream reach is in 

equilibrium can the downstream reach start to seek equilibrium. 

Neilson (1974), in a study of high order streams of the valleys 

of the Idaho Batholith, assumes annual equilibrium between pools and 

riffles, but later qualifies his assumption. By equilibrium, Neilson 

means that the material transported through the riffles is also 

transported through the pools (on a yearly basis). Neilson reported 

that sediments were trapped in pools in seasonal low flow periods and 

that these pools may be scoured once every few years. He also states 

that the assumption of annual equilibrium is invalid when streams are 

subject to heavy sedimentation; sediment can accumulate in pools during 

low flow periods and low flow years. Even though Neilson assumes annual 

equilibrium, he notes sufficient exceptions to wonder if it ever really 

occurred in his study streams. 

It is doubtful that equilibrium ever occurs for more than a 

season in mountain streams. Given a relatively long period, say 

decades, equilibrium may occur. On an annual basis, the more or less 

random occurrence of low and high flow years precludes equilibrium. On 

a seasonal time scale, flow rates and sediment supply can differ 
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radically and equilibrium is impossible. Perhaps within a single season 

sediment supply and flow rates may remain more or less constant and 

equilibrium may be approached. This is particularly true in an extended 

season such as a summer and fall low flow period. Even then, 

equilibrium must begin in the upstream reaches or pools and proceed 

downstream. 

Sediment supply to small mountain streams can fluctuate greatly 

by season and year, depending on runoff and land use. If the goal of a 

sedimentation study is to estimate annual or seasonal (i.e., short term) 

transport, then neither supply nor transport can be considered in 

equilibrium, except under unusual conditions of sustained constant flow 

rates and unchanging sediment supply. This writer contends that 

transport in small mountain streams is controlled by the pools, since 

any material supplied to the riffles must pass through the pools. By 

extension, the transport in a reach is limited by the pool or pools with 

the mildest slopes. 

Hydraulics 

Mountain streams, because of their steep slopes, have a high 

degree of potential energy in the flowing water. The hydraulic 

characteristics of the stream determine how this potential energy is 

converted into kinetic energy, whether it be by turbulence, eddying, 

friction, or sediment transport. The important hydraulic parameters 

relative to sediment transport are depth and velocity. Channel 



20 

geometry, roughness, and slope interact to determine depth and velocity, 

and Manning's equation is a common method of quantifying this 

interaction. 

Resistance to flow causes energy losses. Part of this resistance 

is due to friction with the bed material, and a very small part of the 

available energy is lost in moving these particles. Chow (1959) 

identifies a host of factors that influence resistance to flow including 

slope, cross-section irregularities, vegetation, obstructions, 

meandering, expansions, and contractions. When these factors are more 

or less constant through a reach, the rate of energy loss is constant, 

and the flow is uniform. Water surface slope and energy gradient are 

parallel to the stream bed, and area, hydraulic radius, depth, and 

velocity vary little throughout the reach. 

When these factors vary frequently through a reach, the rate of 

energy loss also varies and flow is not uniform. Channel shape and 

irregularities, vegetation, and obstructions vary constantly in mountain 

streams. Bank overhangs are common; boulders, cobbles, logs, and debris 

obstruct the water. Flow in mountain streams is rarely uniform, and 

depth, velocity, area, and hydraulic radius vary along a reach. 
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The term "roughness" encompasses most of the factors that cause 

flow resistance, such as channel shape and Irregularities, obstructions, 

bed material, and vegetation. Roughness is often evaluated by means of 

a single parameter, for example Manning's "n". Roughness not only 

varies in space through a reach, but with flow depth as well. When the 

roughness elements are large, on the order of the flow depth, the effect 

of roughness is not constant with depth. In general, resistance 

decreases with increasing flow depth. In practice, this relationship is 

often put in terms of a resistance coefficient and flow rate, since 

depth increases with discharge, albeit non-linearly. 

The important hydraulic parameters in sediment transport 

equations are depth, velocity, and energy slope. Depth and velocity are 

used in a variety of shear stress and unit stream power calculations. 

When depth and velocity are not available from actual measurements, they 

are calculated from equations relating flow rate, channel geometry, 

channel roughness, and energy slope. This requires independent 

estimates of geometry, roughness, and energy slope, even though 

roughness and energy slope are directly related. The interaction of 

roughness and energy slope is due, in part, to the relation between bed 

slope and bed material particle size. Steep slopes have coarse beds, 

high roughness, and steep energy slopes. Jarret (1984) developed an 

equation for estimating the roughness (Manning's "n") of steep natural 
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channels as a function of hydraulic radius and energy slope. In 

practice, however, roughness and energy slope are generally estimated 

independently of each other. 

Energy slope is not only important in estimating depth and 

velocity for use in sediment transport equations, it is also important 

in the calculation of shear stress. Many transport equations have shear 

stress as a function of the specific weight of water, flow depth, and 

slope. Since the equations are based on normal flow conditions, bed 

slope is commonly used. However, in mountain streams where nonuniform 

flow prevails, the energy slope must be substituted. Therefore, an 

accurate estimate of the energy slope is needed for both the hydraulic 

and shear stress calculations. 

The problem with riffle-pool systems is determining the energy 

slope. Even if normal flow conditions prevailed, the average bed slope 

or valley slope would be inaccurate because of the numerous vertical and 

near vertical steps. A previous thesis on sediment transport in the 

high mountain streams of the Idaho batholith (Neilson, 1974) states that 

the riffle slope approached the overall bed slope, implying the pool 

slopes were mild. If transport is limited by the pools and the energy 

slope is an important transport parameter, then neither the overall bed 

(i.e., valley) slope nor the riffle slope are relevant measures of the 

energy slope in the pools. 
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In a study of small steep streams in the Colorado Rockies, Heede 

(1972) concluded the apparent channel gradients of 0.08 and 0.22 were 

misleading since the cummulative vertical drops were nearly equal to 

total fall in the reach. Heede stated that, "... the potential energy 

is in part offset by the steps produced by gravel bars and log 

barriers, since below each step considerable energy is dissipated and 

the flow must regain its momentum." 

Another thesis study conducted in the east-central Sierra Nevada 

mountains discusses the energy slope in more detail (Nadolski, 1979). 

Nadolski found predicted values of sediment transport were three orders 

of magnitude too high using the Meyer-Peter, Mueller formula. The 

following excerpt summarizes his analysis of the over prediction: 

The high predicted values were largely the result of the high 

stream slopes found in the study area. Stream slope was used as 

an approximation of the energy slope. In mountainous areas this 

approximation does not hold. Streams are usually very 

turbulent, in part due to the stair-stepped profile of the 

channel. This profile can be seen even in the lower reaches of 

the channel. Turbulence releases some of the energy of the 

flowing water, reducing the energy slope but not the stream 

slope. Therefore, the stream slope is greater than the energy 

slope which may explain the over prediction found with use of 

the bed load formula. 

Using the idea of over estimating the energy slope, this study 

used observed bedload to find predictive slopes. The resulting 

slopes vary in a narrow range around 0.0005. This approaches 

the stream slope of many rivers where the strength of bedload 

formulas have been shown. Further studies are needed to 

determine an adequate approximation of the energy slope in 

mountainous areas. 
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The energy slope of riffle-pool and step-pool systems is 

difficult if not impossible to calculate with hydraulic equations and 

field measurements. Yet the information is essential for predicting 

transport with equations. A surrogate termed the effective slope may be 

useful. This slope is simply the overall bed slope or valley slope with 

the vertical and near vertical drops removed. The resulting slope 

approximates the bed slope of the pools which presumably is near the 

energy slope of the pools. 

Many other common hydraulic assumptions are violated in steep 

mountain streams. For instance, it is highly unlikely that a logrithmic 

velocity distribution occurs; an S-shaped profile has been proposed 

(Jarrett, 1984). However, these violations are minor compared to the 

problem of estimating the energy slope. Even when the energy slope is 

accurately estimated, the very small portion of the energy used in 

transporting sediment must still be determined. That topic is covered 

in Chapter 4 where specific sediment transport equations are discussed 

in detail. 

Seasonal Variations in Bed and Transported Material 

Bed and transported material change seasonally in small mountain 

streams, and the timing of the change in undisturbed watersheds depends 

largely on the annual peak flow period. Generally bedload dominates in 

low order undisturbed watersheds, although there are exceptions due to 
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local geology and vegetation. In disturbed watersheds, seasonal changes 

in bed material may not be associated with peak flows, even though the 

largest amounts of transported material occur with peak flows. 

It is difficult to discuss transported material separately from 

bed material since one determines the other. In general, bedload in 

mountain streams consists of gravels and coarse sands, while suspended 

load is comprised of medium to fine sands. Washload, which also travels 

in suspension, includes silts, clays, and sometimes fine sands. In 

general, little silt and clay is found in the bed material of mountain 

streams, and even then they are transient. 

Washload is defined as particles that enter into and travel 

through the system without being significantly represented in the bed 

material. They are present in the bed material during floods when they 

are supplied to the channel, but are largely washed away as the flood 

recedes and supply diminishes. Their discharge rate cannot be predicted 

from flow and channel characteristics; availability of fine particles 

determines washload transport. The availability of fine particles is 

determined largely by the upslope supply rate, although minute 

quantities may be present in the bed material. Three criteria have been 

suggested to define washload (Shen, 1971): 1) grain diameter D^q; 2) 

transport capacity and supply curves; and 3) percent of sediment finer 

than 0.0625 mm. 
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Both McPherson (1969) and Nanson (197U) found that peak sediment 

loads occurred with peak snowmelt runoff in undisturbed alpine 

watersheds in the Canadian Rockies. A seasonal flushing occurred in 

both studies. McPherson (1969) reported that a late summer rainstorm 

produced a minor increase in stream flow but no increase in sediment 

discharge implying the rain did not increase supply to the channel and 

there were no appreciable amounts of fines available in the bed 

material. He also reported that 96$ of the total load in the spring was 

suspended load. Presumably, fines at least traveled as washload during 

the runoff period and probably were present in the bed material given 

the nature of the supply from bank sloughing and de.bris flows. By late 

summer the fines were gone, however. Nanson (1974) reported that the 

critical discharge for incipient bedload transport increased after the 

peak flows. This too implies a coarsening of the bed after the runoff 

period. 

The McPherson study contradicts the usual scenario of a bedload 

dominated mountain stream, and the high percent of suspended load (96?) 

in the spring can be explained by the large amounts of fines in the 

local geologic source material. Deposits of till and colluvium, in 

places several tens of feet thick, are present in the lower slopes. 

Nanson does not report whether bed or suspended load dominated during 

snowmelt runoff. 
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Milhous and Klingeman (1971) related changes in the quantities of 

transported material to a mobile armor layer. Their study was conducted 

on a forested watershed in the Oregon coastal range where peak flows are 

caused by winter rains. Sediment loads were low prior to the disruption 

of an armor layer by high flows in March. Thereafter, sediment loads 

increased for a given discharge. Milhous and Klingeman hypothesized 

that disruption of the armor layer allowed underlying fines to become 

available for transport. In July, the bed material Dgg was still less 

than in January, indicating the armor layer had not yet reformed. They 

did not state, but presumably the armor layer reforms during late summer 

and fall when low flows winnow away the fines. The temporary armor 

layer then remains until it is again disrupted by winter-spring high 

flow. It appears that Milhous and Klingeman considered the underlying 

particles as the only source of fines; they did not relate their 

observations to supply from bank or watershed sources. 

Another study (Beschta, 1978) on forested watersheds in Oregon's 

Coast Range found that suspended sediment load for a given flow rate was 

higher during the peak flow period than after. Beschta measured only 

suspended load, but some inferences can be made concerning the bed 

material. First, part of the suspended load during the peak flow period 

was undoubtedly wash load, but some must have become part of the bed 

material, at least temporarily. After the peak flow period, the same 

flow rate transported significantly less suspended load. This can be 
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interpreted to mean that the fines that were temporarily present in the 

bed and water were no longer there; that is, the bed material had 

coarsened. Second and perhaps most important, this same trend was not 

found in an disturbed watershed with an 82% clearcut. In that channel, 

suspended loads for a given flow rate did not vary before and after the 

peak flow period. However, suspended loads were higher than before 

logging and remained high throughout the winter, spring, and summer. 

Presumably, while fines were only temporarily present in the bed 

material of the undisturbed basins, they remained in the bed material of 

the disturbed basin thoughout the year. 

The Silver Creek study area (the subject of this thesis) has also 

been the site of prior erosion and sedimentation investigations. The 

seasonal changes in bed and transported material were largely dependent 

on the degree of disturbance (Megahan, 1986, personal communication). 

In undisturbed watersheds, bedload accounts for about 70? of the 

transported material, with most of the movement occurring during spring 

snowmelt. Suspended load is highest during snowmelt, with the streams 

running clear the rest of the year. Fines are present as wash and 

suspended load at least temporarily, and some may become part of the bed 

material in the spring. 
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Roads were constructed in the disturbed watersheds at Silver 

Creek and erosion from the road surface and the cut/fill slopes was 

greater during intense summer thunderstorms than during spring 

snowmelt. If this summer sediment is transported through the ephemeral 

channels to the main stream, it remains as part of the bed material 

throughout the low flow period and is flushed out during the next year's 

snowmelt. In the case of the disturbed watersheds, the bed material may 

become coarser during the spring flushing and finer during the low flow 

periods, the transported material consisting largely of bedload in the 

spring and little transport of any type in the remainder of the year. 

In summary, seasonal changes in both bed and transported material 

depend on the high flow period, the watershed type, geologic material, 

and the type and amount of disturbance. Both bed and transported 

materials are finer during the high flow period than in the low flow 

period in undisturbed watersheds, and the bed coarsens (or even armors) 

during low flow periods. The bed material in disturbed watersheds 

appears to become finer throughout the year due to a constant supply of 

fines, and in some cases the bed material may coarsen during the high 

flow period due to flushing of the material that accumulated throughout 

the low flow period. Whether or not a stream is dominated by suspended 

or bed load depends on whether the local geologic material contains a 

readily available source of fines. If there is a source, as with the 

till and collivium of the watersheds in the Canadian Rockies, suspended 
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load dominates. If there is not a source, as with the coarse granitic 

soils of the Idaho Batholith, bedload dominates. The most important 

point is that sediment transport is greatest during the high flow 

period. Therefore, the bed material during this period must be 

accurately represented if sediment transport equations are to be used to 

predict transport rates. 

All these temporary changes in bed material can be viewed in 

light of transport capacity and sediment supply. At certain times of 

the year, supply exceeds capacity, and the excess particles are 

deposited on the bed. Generally the bed becomes finer when this 

happens. Later, roles may be reversed with capacity exceeding supply. 

Particles are then removed, and the bed material becomes coarser. 

Transport capacity, sediment supply, and sediment sources are discussed 

further in the next section. 

Transport Capacity, Sediment Sources, and Yields 

Transport Capacity and Sediment Supply 

Some engineers and geomorphologists have hypothesized that the 

sediment transport capacity of streams and rivers does not necessarily 

correspond to transport rates. Sediment transport equations calculate 

the transport capacity, or potential transport. Shen (1971) summarizes 
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this concept as follows: "The best that a sediment transport equation 

based on river flow condition can do is to predict the sediment 

transport capability of a given flow for a certain sediment mixture." 

The missing ingredient in the equations is sediment supply. When 

sediment supply to a reach is greater than the transport capability, 

particles of a certain size and larger are deposited. Conversely, if 

supply is less than capacity, particles of a certain size and smaller 

will be eroded. This "certain size" is a function of channel 

characteristics, flow conditions, and the size of the supplied material. 

Sediment Sources 

Sediment supply is a general term in the sense that supply 

depends on specific sediment sources. In small mountain watersheds, 

these sources can be roughly categorized by watershed processes and 

channel processes. Watershed processes are comprised of sheet and rill 

erosion and mass wasting. Channel processes consist of degradation, 

aggradation, headcutting, channel sediment storage, channel widening, 

and bank failure. 

Various studies have endeavored to identify sediment sources in 

mountain basins. Nanson (1971) identified mudflows and debris slides 

from unvegetated stream banks of glacial till as the major source of 

supply to the channel. Robinson (1976) identified streambank erosion as 

the major sediment source in mountainous areas, although he did not 
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relate it to channel widening or bank forming. Nadolski (1974) 

theorized that the watershed processes of sheet and rill erosion supply 

little sediment to channels because rainfall intensity seldom exceeds 

infiltration in forested areas and, hence, true overland flow rarely 

occurs. Nanson (1974) also concluded that upland mass wasting above 

treeline is not an important source because the material does not 

accumulate on or move across the alpine meadows to the channels. 

Thus channel processes appear to be the major source of sediment 

in undisturbed mountainous areas; however, this scenario is changed if 

man disturbs the watershed surface. Both surface erosion and mass 

wasting are exacerbated by road construction, and several researchers 

have shown that road building is the major source of sediment in 

disturbed mountain basins. Megahan (1976) lists many studies 

documenting this finding. Logging, skidding, and yarding cause an 

increase in sediment supply from the watershed to a lesser degree 

(Megahan, 1976). 

Sediment Yield 

While streamside erosion and mass wasting are the dominant 

sources of sediment in undisturbed mountain streams, another channel 

process termed channel storage determines sediment movement through the 

system. This process ultimately affects yields because, in a sense, 

channel storage is another source of sediment. Overbank storage occurs 
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but obstruction storage is the major in-stream sediment source. Some 

obstructions are large and some are small; some last several years, some 

only a season. Megahan (1982) found that over a six year period an 

average of 15 times more sediment was stored behind obstructions than 

was delivered to the mouths of drainages as annual average sediment 

yields. His study included the same watersheds used for this thesis. 

Obstructions can consist of logs, bedrock, roots, boulders, and 

debris (leaves, branches, twigs, etc.). Both Heede (1972) and Megahan 

(1982) have identified logs as the most important obstruction in 

forested watersheds. Even though logs may not be the most common type 

of obstruction, they retain the most sediment and last the longest 

(Megahan, 1982). Note that the introduction of obstructions to the 

channel is largely a function of streamside vegetation, but their 

longevity is largely a function of flow conditions. 

The release of sediment from channel storage varies with 

streamflow. Megahan (1982) reported that only large stable obstructions 

remained in high flow years and that less permanent obstructions with 

small deposits were more common in low flow years. Essentially, a 

flushing of the system occurs in high flow years. 
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Regardless of the source of sediment, material must pass through 

the channel obstructions that form pools as well as collect sediment 

deposits. Hence the obstructions influence both transport rates and 

sediment yields. 



CHAPTER 

SEDIMENT TRANSPORT EQUATIONS 

Many sediment transport equations have been proposed since 

research into the subject began nearly 100 years ago; all are intended 

for uniform steady flow and do not include washload. Some are based on 

the critical tractive force concept for beginning motion; others employ 

a critical discharge or critical velocity. Some are said to be 

theoretical or statistical in nature; others are empirical. All were 

developed within certain experimental limits of sediment size, sediment 

gradation, specific gravity, and flow conditions. 

Given that there is a wide variety of equations and applications, 

one of the tasks of this thesis was to select a limited number for use 

on small mountain streams. Finally, the following four equations, or 

relations, were chosen: 

1) Meyer-Peter, Mueller formula 

2) Einstein Bedload function 

3) Laursen relation 

it) Yang's method 

35 
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These four were selected because they more or less represent the 

spectrum of available equations. The Meyer-Peter, Mueller Formula is 

semi-empirical in nature and has been applied often to coarse-bedded 

streams by a number of agencies including as the U.S. Bureau of 

Reclamation and the U.S. Forest Service. The Einstein Bedload Function 

is considered by many to be the most theoretically complete equation yet 

developed. An advantage of the semi-empirical Laursen Relation, as with 

the Einstein equation, is that total, bed, and suspended loads are 

calculated by particle size class, thus allowing comparison between 

predicted and measured gradations. Yang's Method was included because 

it is based on a concept different than those of the other three 

equations, the concept of unit stream power. 

Experimental Background 

Meyer-Peter, Mueller Formula 

Two versions of the equation were published in 1918. The second 

version (Meyer-Peter, Mueller, 19^8) is used in this thesis project, 

although it has been converted from metric to English units. The 

formula is generally not considered valid for flows with appreciable 

suspended sediment loads since most of the flume experiments were 

conducted with little or no suspended load. 

The Meyer-Peter, Mueller Formula is empirical. An incipient 

motion term is included; transport is zero until this term is 

exceeded. The coefficients for the terms were experimentally determined 
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with flume data and regression analysis. An important aspect of the 

formula is that bedload discharge is a function of the only skin 

(particle) roughness and not the form (dunes, banks, etc.) roughness. 

This is accomplished by holding the hydraulic radius constant and 

dividing the energy slope into components of grain and form resistance 

(Graf, 1971). Computationally, the formula calculates the portion of 

total discharge whose energy is used in eddying and friction on the 

particles. This portion is a function of bed and bank wetted perimeters 

and bed and bank roughness. The bed roughness is a function of DgQ, or 

a top layer of large grains that armors the bed. 

The original flume experiments were conducted under normal flow 

conditions and the formula uses the slope of the energy line (which was 

equal to both the bed and water surface slopes in the original flume 

experiments). Both uniform and mixed sediment gradations were used with 

sizes from 0.1 mm to 30 mm.^ Sediment types ranged from coal to 

sand/gravel to barite, and specific gravity varied accordingly from 1.25 

to 4.0. Two flume widths of 0.5 feet and 6.5 feet were used with bed 

slopes ranging from 0.0004 feet/foot to 0.02 feet/foot. Flow depths 

ranged from 0.033 feet to 3-94 feet. 

Einstein Bedload Function 

H. A. Einstein first published a bedload equation in 1942; it was 

a straight line modification on semi-log paper of a plot of data 

assembled into two parameters that represented the intensity of flow and 
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the intensity of transport. A later publication, Technical Bulletin 

1026 (Einstein, 1950), provides a theoretical relationship between the 

two parameters and includes additional equations for calculating 

suspended load from the bedload. The Einstein equation calculates total 

load as the sum of bed and suspended loads. Calculations are performed 

by particle size class, so the output includes the gradation of the 

transported material. 

Accord'"n; to Einstein, bedload discharge is probabalistic in 

nature, and his bedload function is based on the probability of a 

particle being eroded and of it being redeposited after a constant step 

length. The reader is referred to the original paper (Einstein, 19*12) 

for a thorough explanation. Bed load motion is determined by the energy 

which is transformed into turbulence by particle roughness in the 

vicinity of the bed. The remaining energy is converted into turbulence 

at some distance from the particles by form roughness and has little 

effect on bed motion. This division of frictional resistance into two 

components is based on dividing the hydraulic radius and keeping the 

energy slope constant (Graf, 1971). 

With the Einstein equation, suspended load calculations are based 

on a logarithimic velocity distribution, as are bedload calculations. 

Suspended load concentration is calculated at a lower reference level 

and then integrated over the vertical. Note that suspended load is a 
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direct function of bedload, meaning that a particular grain size must 

move as bedload before it is entrained as suspended load. Again, the 

reader is referred to Technical Bulletin 1026 for a detailed derivation. 

The Einstein equation has often been viewed as the most 

theoretically comprehensive transport equation. This opinion is not 

without dissent, however. The equation has been criticized by Laursen 

(1957) and Brooks (1958), and the reader is referred to these papers for 

more details. 

Einstein conducted his flume experiments with two uniform 

sediments of 28.65 mm and 0.785 mm with a specific gravity of 2.65. The 

flume was 10.5 inches wide and 40 feet long. Data from E. Meyer-Peter 

and G. K. Gilbert were also used in the original 1940 publication of the 

equation. Those sediments were well sorted, with diameters from 0.315 

mm to 4.20 mm, but little information was found in the literature 

concerning flow depths and velocities in the flume investigations. 

Laursen Relation 

The Laursen relation was first proposed in 1958. It is a total 

load equation in that it predicts both bed and suspended load. 

Transport rates are calculated for each size class and, thus, a 

gradation is provided for the transported material. The relation is 

semi-empirical in nature and strictly speaking is not applicable outside 

of the range of test conditions. 
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Three factors are hypothesized as important in sediment 

transport. The first is the ratio of shear velocity to fall velocity, 

which represents the turbulence effective in transporting suspended 

sediment. The second is the ratio of the particle shear to the critical 

shear stress for the beginning of bed material movement. The third 

parameter relates the flow near the bed (which in turn relates to the 

bedload) to the total flow. 

Laursen used an experimentally derived function to relate the 

above factors to sediment concentration. The function is calculated 

directly for total and bed loads, and the suspended load function is 

indirectly calculated as the difference between the total and bedload 

functions. The concept throughout is that non-cohesive fine particles 

require a smaller critical tractive force to initate movement than large 

particles. Hence, fine particles move before large particles regardless 

of the hiding of small particles by large particles or armoring. 

The experiments were conducted in a 3 foot wide and 90 foot long 

flume. Bed slopes ranged from 0.0001 feet/foot to 0.0018 feet/foot; 

flow depths ranged from 0.25 feet to 1.0 feet. Normal flow conditions 

were maintained. Two well sorted sediments were used with median 

diameters of 0.1 mm and 0.01 mm and a specific gravity of 2.65. Other 

published data with average diameters ranging from 0.04 mm to 4.08 mm 

were also used to establish the plots. 
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This method is based on the unit stream power concept first 

proposed by Bagnold in 1962. Yang's first paper on the subject appeared 

in 1972, but he developed the method to the form used in this thesis 

project in a later paper (Yang, 1973)• Total load is calculated by 

means of concentration. The fraction of bed and suspended load is not 

estimated. Calculations are not performed by individual size class and 

therefore the gradation of the transported material is not predicted. 

According to Yang, there are two major faults with transport 

equations. The first is that energy may not be a good parameter for the 

study of sediment transport. Rather, unit stream power (the time rate 

of potential energy expenditure per unit weight of water) is the driving 

factor. Thus, transport capacity is a function of available power, not 

available energy. 

The second point of Yang's argument is that Shield's diagram may 

not be the best criterion for incipient motion. Various shortcomings 

are identified, including neglect of the lift force in Shield's 

analysis. Yang hypothesizes that the lift force is significant at high 

shear velocity Reynolds numbers. Yang claims to include all the 

relevant particle forces and derives a critical term based on a 

dimensionless velocity. 
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Yang's final equation is a result of dimensional analysis and 

multiple regression techniques. The high correlations between total 

concentration and effective unit stream power are explained by the fact 

that at equilibrium condition the total concentration is always at a 

maximum for a given effective unit stream power. 

Yang established equation coefficients using 463 sets of data 

from several researchers. It was then tested against 1,093 sets of 

flume data and 65 sets of field data with total sediment concentrations 

from 10 ppm to 585,000 ppm. Channel widths ranged from 0.44 feet to 

1,746 feet; flow depths ranged from 0.037 to 49.9 feet. The average 

flow velocity was from 0.75 to 6.45 feet per second. Channel slopes of 

0.000043 feet/foot to 0.0279 feet/foot were encountered. Sediment 

specific gravities are not reported, but particle sizes ranged from 0.15 

mm to 1.71 mm. Water temperatures ranged from 0° C to 34.3° C. 

Program and Equation Description 

The original papers explain the four equations in detail and the 

discussion in this section is limited to the assumptions and adaptations 

for small streams. This section describes calculations related 

exclusively to sediment transport. Calculations for depth, area, wetted 

perimeter, velocity, and top width are included in each program as 

described in the data preparation section of Chapter 5. 
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A report by the U.S. Bureau of Reclamation (1960) was used to 

convert the original formula from metric to English units. The 

converted formula for sediment with a specific gravity of 2.65 is as 

follows: 

3.306 
D 1/6\ 3/2 
90 | yS - 0.627 Dn 

3/2 
( 1 ) 

Ss = gs'' 
lYs-yw/ 

1.606 gs" ( 2 ) 

Where: gs = bedload discharge rate in tons/day/foot 

width 

3s 
'' = bedload discharge rate weighed under water 

in tons/day/foot width 

Q = flow rate in cfs 

Qs = portion of flow rate (Q) used in 

transporting sediment, also in cfs 

y = normal flow depth in feet 

S = slope of energy line in feet/foot 

nb = Manning's "n" for the bed 

Dgg = sediment size in mm for which 90? of the 

bed material is finer 
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effective (mean) diameter calculated by 

(E (diameter in mm)x(? in size class)) /100 

specific gravity of the sediment = 2.65 

specific gravity of the water = 1.00 

Certain difficulties arise in estimating Qs, the portion of the 

total discharge (Q) used in transporting sediment. The concept implies 

that some of the flow energy is dissipated on the banks and does not 

transport sediment. Q_, then, is a function of bank and bed wetted 

perimeters and their associated roughness. For small mountain creeks 

bed and bank roughness were assumed to be the same. This assumption was 

made partly out of convenience - there was no data on separate bed and 

bank roughness - and partly because both the bed and banks are 

characterized by rocks, roots, logs, and debris. In any case, Qs 

becomes solely a function of the bed and bank wetted perimeters as 

expressed below: 

Q _ (bed wetted perimeter) ^ ^ ) 

(total wetted perimeter) 

The sediment discharge rate, gs, is in units of tons/day/foot 

width. The total bedload rate in tons/day is calculated by multiplying 

by the width of flow. If a channel were rectangular, the width of flow 

would be equal to the bed wetted perimeter. In higly irregular cross-

sections, such as found in mountain streams, the width of flow can be 

Ys 

Yw 
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greater than the bed width. Therefore, the unit bedload rate was 

multiplied by the width of the movable material, the bed wetted 

perimeter, to arrive at the total bedload rate. Note that the Meyer-

Peter, Mueller formula calculates a bedload rate based on only two 

representative sediment sizes (Dg0 and Dm) and, therefore, does not 

provide a particle size distribution for the transported material. 

Einstein Bedload Function 

Technical Bulletin 1026 (Einstein 1950) is the basis for the 

computer program used in this thesis project. Highways in the River 

Environment (Federal Highway Administration, 1975) and Sedimentation 

Engineering Manual (Vanoni, 1975) were helpful in clarifying Technical 

Bulletin 1026. 

The unit bedload rate is calculated as follows: 

ibqb = 
Lb Ys 

1/2 
( H ) 

VPs" p gD-

Where: ibqb = bedload rate in lb/sec/ft for a particle 

size class 

fraction of bed material in a size class 

specific weight of dry sediment 

density of water in slugs/ft^ 

xb 

Ys 

P 
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density of sediment in slugs/ft^ 

gravity constant = 32.2 ft/sec/sec 

geometric mean diameter in feet of a size 
class 

intensity of transport 

f(V») given in Einstein's Figure 10 

= corrected intensity of shear ( 5 ) 

hiding factor given in Einstein's Figure 7 
f (D/X) 

pressure correction for the smooth-rough 

flow transition given in Einstein's 
Figure 8 = f (Ks/6') 

log 10.6 

log 10.6I X \ 

characteristic distance 

0.77A for A/6 ' >1.8 

1.396 ' for A/6 ' <1.8 

apparent roughness = Dg^/x 

correction to logarithmic velocity 
distribution for the smooth-rough flow 

transition 
f (Ks/ 5') given in Einstein's Figure 4 

thickness of laminar sublayer = 11.6 v/V#' 

kinematic viscosity 

particle shear velocity =\j g R'b ^ 

A 

intensity of shear = 
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Ks = characteristic diameter or Dg^ 

R'h = hydraulic radius with respect to the 

particle calculated by the Manning-

Strickler equation (ASCE, 1975) 

v (d65)1/6 \ 3/2 

\ Y.bb \/ g S'/ 

V = flow velocity in feet per second 

S = slope of energy line in feet/foot 

The unit suspended load rate is calculated as a function of the 

unit bedload rate and unit total load rate as follows: 

qt = ibqb (1+PrI1+I2) ( 6 ) 

Where: Hqt = total load rate in Ib/sec/ft for a 
particular size class 

Pr = 2.3 log (30.2 y/A) 

y = flow depth in feet 

A Z*1 
I- = 0.216 ao J1 

A 2-1 
I0 = 0.216 o J. 

-rrajT' 

AQ = zD/y 

z = Rouse coefficient =u)/0.lJ V*' 

w = fall velocity in feet per second by Rubey's 
equation 
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The unit suspended load rate is the difference between the unit 

total load rate and the unit bed load rate, or: 

^ s  = M r V b  (  7  >  

Where: i«,Q0 = suspended load rate in lb/sec/ft for a O S) 
particular size class 

The integrals and J2 were calculated using Simpson's rule, 

rather than graphically with the figures provided in Technical Bulletin 

1026. Einstein defines the integrals and as: 

J1 = f1 11 -Pi \ z dA ( 8 ) Ai? 

Ait 
•*2 = I / 1 _ A  \ Z ln(A) dA ( 9 ) 

Where: A = the variable of integration that varies 

from A = 2D/y to A=1 

The numerical integration used 50 iterations, which gave accuracy 

comparable to that obtained by reading Einstein's figures for J1 and J2. 



49 

To obtain the total discharge rate, the unit bed and suspended 

load rates must be multiplied by the stream width and then summed over 

all size classes. This is accomplished as follows: 

x
t=n it=n 

Qt = S UtV = s (ib%Pb + ̂ sV (10) 

H = 1  H = 1  

Where: = total load rate in lb/sec 

ifcQt = total load rate for a particular size 

class over the stream width, also in 

lb/sec 

^bqb^b = bedload rate in lb/sec over the bottom 
width Pb (Pb in feet) for a particular 

size class 

igqsTw = suspended load rate in lb/sec over the 

top width Tw (Tw in feet) for a 

particular size class 

The Einstein equation described herein is different in several 

ways from that in Technical Bulletin 1026 due to the unique conditions 

present in small, irregular, coarse bedded channels. The first change 

concerns separating the total hydraulic radius (R^.) into its various 

components. For small mountain streams, bank roughness is important and 

therefore the total hydraulic radius is equal to the sum of the bed (Rb) 

and bank (RM) hydraulic radii, or Rt = Rb + Rw. Einstein further 

divided the bed hydraulic radius (Rb) into the particle hydraulic radius 

(Rb') and the bed form hydraulic radius (Rb"), or Rb = Rb' + Rb" . 
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Figure 5 in Technical Bulletin 1026 provides a relationship for bed form 

roughness (R^") due to dunes and bars. Bedform roughness in small 

streams is due largely to logs, rocks, and other obstructions rather 

than dunes and bars, although they are occasionally present. Therefore, 

Figure 5 is not applicable. There is no available technique for 

assessing bedform roughness due to obstructions and, thus, the total 

hydraulic radius in this study becomes the sum of only the bank and bed 

particle hydraulic radii, or Rfc = Rb' + Rw. 

Whereas Einstein assumed values of R^' to calculate the water 

flow rate and sediment transport of each size class, the use of the 

Manning-Strickler equation allows R^' to be calculated directly. The 

equation is given as follows (Vanoni, 1975): 

Rearranging to solve for R'b and substituting V*' = R'b S' 

yields the form used in the computer program: 

V 

v7 

(11)  

(12 )  
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Note that the numerical integration of J1 and by Simpson's 

Rule has an implicit upper limit on the size of sediment that may be 

carried in suspension. This is implied because the variable of 

integration, A, varies from A=AQ=2D/y to A=1.0. Clearly when A=1.0 then 

D=0.5y. That is, when the particle size exceeds one half the flow depth 

it is impossible for the particle to be suspended. 

The computer program defaults to zero suspended load under the 

following conditions: 

1) The Rouse coefficient, z, is greater than or equal to 5.0. 

According to Einstein, these particles move exclusively as bedload, if 

at all. 

2) The initial value of the variable of integration, AQ, exceeds 

1.0. The reasons for this are stated in the previous paragraph. 

3) The intensity of shear ( 4^) is greater than or equal to 

25.0. According to Einstein, the intensity of transport ($*) is zero 

and so is the unit bedload rate when is larger than 25. Suspended 

load is also zero since it is directly a function of the bedload rate. 
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Once the unit bed and suspended rates were calculated, they were 

converted to a total rate over the stream width. Unit bedload rates 

were multiplied by the bottom width and unit suspended load rates were 

multiplied by the top width of flow. This was based on the assumption 

that bedload occurs only over the width of the movable material (i.e., 

the bottom width) and that the banks are essentially nonerodible. The 

suspended load occurs throughout the width of flow, however. Because of 

bank overhangs, the top width can be less than the bottom width; top 

width is then set equal to the bottom width. 

Laursen Relation 

The relation is as follows: 

' •1 p (4-)7/6 fe)-1 f  f6?) 

Where: "c = concentration in % 

p = fraction of material in a size class 

D = arithmetic mean diameter in feet of a 

size class 

normal flow depth in feet 

critical shear strei 

larger than 0.06 mm 

tq = critical shear stress = Id for particles 

/ v
2\ I D \ 1/3 

= particle shear stress = 501 

\ 30/ \ y I 

V = flow velocity in feet per second 
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D^g = particle size in feet for which 50? of 

the material is finer 

VTo 7P* 

(0 

= an experimentally derived function 

Where: x0 = shear stress = ^ g y S' 

g = gravity constant = 32.2 feet/sec/sec 

S = bed slope in feet/foot 

p = density of water in slugs/ft3 

a) = fall velocity in feet per second as 

determined by Figure 2.2 in the ASCE 

Sedimentation Engineering Manual (Vanoni, 

1975) 

Computationally, the concentration is calculated for each 

particle size class and then summed for total concentration. 

Concentration is converted to transport rate in pounds per second as 

follows: 

Q = (0.01) (c) (62.4 lb/ft3) (Q in cfs) (14) 
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This transport equation calculates the total concentration in 

parts per million (ppm) by weight as follows: 

log Ct = 5.135 - 0.286 log D50w 

V 
0.47 log 

+ f 1.799 - 0.409 log fD50hi 

v 
- 0.314 log 

log 
VS 

01 

(15) 

Where: w 

°50 

V 

u» 

g 

y 

s 

v 

fall velocity in feet per second as 

determined by Figure 2.2 in the ASCE 

Sedimentation Engineering Manual (Vanoni, 

1975) 

particle size in feet for which 50? of 

the material is finer 

kinematic viscosity in square feet/second 

shear velocity = yjg y S' 

gravity constant = 32.2 feet/sec/sec 

flow depth in feet 

energy slope or water surface slope 

flow velocity in feet per second 

critical flow velocity in feet per second 
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The critical velocity is calculated by one of two routes 

depending on the value of the shear velocity Reynold's number, where 

Re* = VtfDgg/v • The calculation is as follows: 

Vcr = 2.05 for Re* >70 (16) 

to 

Vcr = 2,5 + 0.66 for Re* <70 (17) 
to log (Re*) - 0.06 

The actual concentration is calculated by taking the anti-log of 

Ct in equation (15) and converting it to total load discharge in pounds 

per second by: 

Qt = (Cfc) (Q in cubic feet/second) (1,000,000) (18) 

Approaches to Incipient Motion 

All sediment transport equations have some sort of critical 

parameter below which particles do not move. This parameter may be 

related to shear stress, discharge, velocity, or a combination of these 

and other factors. It may be explicit or implicit, and if it is neither 

explicit nor implicit, there is at least practically some level below 

which transport can be considered zero. The equations by Einstein, 

Laursen, and Meyer-Peter, Mueller all have critical parameters that can 
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be converted to Shield's parameter ( x#) for comparison. Yang's 

equation relies on a critical value of dimensionless unit stream power 

for beginning movement. 

The nature of the Meyer-Peter, Mueller formula is better 

expressed in metric units and arranged differently than as shown in 

equation (1): 

All variables are as previously defined. The transport rate, 

gs" , is zero until the first term on the right side of the equation is 

greater than the second term. The second term, then, is the critical 

value that must be exceeded before movement will occur. The second 

term, 0.047(ys~Yw)Dm, is a slight modification of Shield's dimensionless 

shear stress with a Shield's parameter, x of 0.017. The average 

particle size, Dm, is calculated as previously described and lies 

between D^q and DgQ. The term is therefore critical for the bed 

material as a whole rather than a single size class. 

(gs")2/3 (0.25) 
1/3 



57 

The critical term in the Laursen relation is: 

- 1 
(20)  

which can be rewritten to show that for beginning movement 

( 2 1 )  

The critical shear stress, tc, is defined as four times the 

particle diameter for particle size of roughly 0.06 mm and greater. 

Setting tc equal to Shield's dimensionless shear stress, 

assuming y s = 2.65, and solving for the critical Shield's 

parameter yields: 

lin „ 
T*c = = 0.039 

( Ys-y )D (2.65-1.00K62.H lbs/cu.ft.) (22) 

For grains smaller than fine sands, t c is calculated as 8D or 

16D, corresponding to Shield's parameters of 0.078 and 0.155, 

respectively. Since Laursen calculates transport by size class, the 

critical Shield's parameter of 0.039 acts as an average value for all 

size classes greater than approximately 0.06 mm. 
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There is no explicit or implicit critical term in the Einstein 

bedload function. Computationally, the intensity of shear, ¥*, levels 

off above a value of 25. Theoretically, the intensity of bedload 

transport, approaches zero as increases. Bedload transport rates 

will become smaller and smaller as I1, increases but will never reach 

zero. According to Einstein (1950), for practical purposes, $ *, and 

therefore bedload transport, may be assumed to be zero for Y* in excess 

of 25. 

The intensity of shear, V#, can be related to the dimensionless 

shear stress and Shield's parameter by the following equation (Vanoni, 

1975): 

1 = To = T» (23) 

cr3- Y)D 

Substituting V* = 25 yields a critical value of Shield's 

parameter, T ff, of 0.040. Thus practically speaking, the Einstein 

equation does employ a critical term, and it corresponds to a Shield's 

parameter of 0.040. This critical parameter is applied to each particle 

size class. 
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In summary, the Meyer-Peter, Mueller formula, the Laursen 

relation, and the Einstein Bedload function use critical Shield's 

parameters of 0.017, 0.039, and 0.040, respectively. This means that 

for given flow conditions, particles would move first by the Laursen 

relation, second by the Einstein equation, and last by the Meyer-Peter, 

Mueller formula. This, however, says nothing about how much sediment 

will move with each equation after the critical incipient motion 

conditions. Note that Shield's diagram is based on uniform sediments. 

The higher value of the Shield's parameter in the Meyer-Peter, Mueller 

formula probably reflects its application to the representative diameter 

of a non-uniform sediment sample. 

Yang employs an explicit critical term in his method. The 

dimensionless effective unit stream power is defined as: 

V, S and to are the average velocity in the vertical, the energy 

slope, and the fall velocity, respectively. The dimensionless unit 

stream power must exceed the critical unit stream power before transport 

begins. 

VS 
dimensionless effective 

unit stream power 

(21) 
01 
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For a given flow condition and bed material, the energy slope, 

average flow velocity, and fall velocity are known, and the problem is 

reduced to estimating the critical flow velocity, Vcr. Using a balance 

of the forces acting on a particle, the logarithmic velocity 

distribution law, and a roughness factor in terms of the shear velocity 

Reynold's number, Yang derives two expressions of the dimensionless 

critical velocity, Vcr/w. The value of Vcr/a) is dependent on whether 

the boundary conditions are hydraulically smooth, transition, or 

completely rough. A shear velocity Reynold's number of 70 is used as 

the dividing point between laminar and turbulent flow. The 

dimensionless critical velocity is calculated as follows: 

1) for laminar conditions, i.e., Re» <70 

V cr ^  +  0 . 6 6  
log (Re*) - 0.06 

(25) 
10 

2) for turbulent conditions; i.e., Re* >70 

V 
cr = 2.05 (26) 

(0 

Where: Re* = V*D/ v 
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In the laminar region, where the protrusions do not extend 

outside of the laminar sublayer, Vcr/u is a function of only Re#. Under 

turbulent conditions, Vcr/u) is completely independent of Re* and is, in 

fact, a constant value. The coefficients in each of Yang's equations 

were determined with regression analysis of data from eight different 

researchers. 



CHAPTER 5 

PROCEDURES 

This chapter is divided into two sections. The first section 

describes pertinent aspects of the field data collection program at the 

Silver Creek study area and the raw data as provided by the U.S. Forest 

Service. Field sampling techniques can greatly influence the future use 

of the data as input to equations or as measured output in 

comparisons. The second part of this chapter discusses the data 

reduction and preparation performed as part of this thesis project. 

Data Collection 

Flow Data 

Discharge data has been collected at the Silver Creek study area 

for a number of years. The 1982 data were used for program analysis and 

modification, and three typical years of data, as listed below, were 

used to check yields: 

1977 - low flow year 

1976 - medium flow year 

1971 - high flow year 

62 



63 

The flow data were organized according to water year and were 

available on D, Eggers, Ditch, and Cabin Creeks. Parshall flumes and 

continous stage recorders were utilized to obtain a record of 

instantaneous discharg_es. The flume measurements were periodically 

checked against current meter measurements during the spring runoff. 

The continuous record of instantaneous discharges was reduced to mean 

daily flows. Annual flow duration curves and tables were provided for 

all four years. 

Flow Velocity Data 

Velocities were measured on each of the four creeks during the 

spring sampling. Flow measurements were taken every other day 

throughout the snowmelt season with a pygmy meter as a check on the 

flume rating equations. These measurements were located about 100 feet 

upstream of the sediment detention reservoir at the entrance to a box-

culvert control section. The widths of the control sections were 3.93, 

2.31, 2.31, and 2.29 feet on D, Eggers, Ditch, and Cabin Creeks, 

respectively. The control sections are not representative of the 

natural channel, either in width, slope or roughness. However, these 

are the only velocity measurements available. 

Channel Geometry Data 

Channel geometry and hydraulic data on all four creeks, collected 

as part of a sediment tracer study in 1982, were used in this thesis 

project. Plan and profile views, cross-sections, and channel roughness 
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data were collected. As part of the 1982 tracer study, reaches of 150 

to 250 feet were established oil each creek beginning immediately 

upstream of the sediment dam. Local benchmarks were established in 

order to survey the channel profile, plan, and cross-sections. 

Particular attention was given to measuring vertical drops over rocks, 

logs, and debris when surveying the channel profile, allowing the fall 

due to steps to be removed from the overall fall in the reach. The plan 

views noted such things as the thalweg, bank overhangs, logs, and large 

rocks. Care was taken to measure overhangs when surveying the cross-

sections. Table 3 summarizes the data collected on each reach. Figure 

2 shows a cross-section from D Creek and is typical of conditions along 

the reach. Two photographs from 1982 are included in the Appendix; the 

first shows the bed material on Cabin Creek and the second shows the 

stream valley of Eggers Creek. 

Table 3 

Summary of Reach Data 

Reach Length1* Total Fall Number of 
Creek (Feet) (Feet) Cross-sections 

D 185.2 18.0 8 

Eggers 190.5 13.6 8 

Ditch 239.3 14.0 11 

Cabin 248.1 9.5 11 

1- Reach length measured along the thalweg. 
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Channel Roughness Data 

Channel. roughness data was also collected as part of the 1982 

tracer study. Roughness was not estimated by eye as Manning's "n" often 

is, but was calculated using stream discharge, channel geometry, and 

slope measurements. With discharge from the flume, cross-section 

geometry from survey data, and the average bed slope for the reach, 

Manning's equation was solved for "n" at a particular section. Note 

that the valley slope (including vertical drops) was used rather than 

the effective slope, and point measurements of area and wetted perimeter 

from a single cross-section were used rather than values averaged from 

several cross-sections. The values of Manning's "n" provided by the 

U.S. Forest Service were therefore point estimates based on normal flow 

conditions; the slope-area method was not used. 

Thirteen measurements of Manning's "n" were made on the four 

creeks, with four on Cabin Creek and three on each of the other 

creeks. In addition, 17 "n" value calculations were made on a fifth 

stream, No Name Creek, as part of a different study. No Name Creek is 

adjacent to the other watersheds and has similar characteristics. The 

processing of this information is further discussed in the data 

preparation section. 
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Water Temperature Data 

Water temperature data were collected throughout the spring and 

summer of each water year. Temperatures were recorded during spring 

runoff as part of the current meter measurements, and during the summer 

as part of a channel environmental study. 

Sediment Data 

Information on sediment sizes, gradation, discharge rates, and 

yields was collected as part of three separate field sampling 

programs. These programs and the data they provided are as follows: 

1) Bed material samples - particle size distribution. 

2) Instantaneous sediment loads - rates of bed and suspended 

material movement and their particle size distribution. 

3) Sediment detention reservoirs - seasonal/annual yields and 

their particle size distribution. 

Bed material samples were taken as part of a channel 

environmental survey conducted during most, but not every, summer. The 

channel environmental study covers the entire length of each stream with 

study stations of 140 feet in length located every 500 feet along the 

entire channel. One bed material sample was taken at each 140 foot long 

study station. The samples were taken with a 5 inch diameter by 5 inch 
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high metal core with a volume of 98.2 cubic inches. The core samples 

were taken in the riffles rather than in the pools or upstream of 

obstructions. It was often difficult to fully sink the metal ring into 

the bed material of the riffles. The core samples were individually 

dried and sieved according to standard procedures. 

As it turned out, only one core sample on each stream was located 

in the reach where the channel geometry was surveyed and this sample was 

insufficient to represent the bed material in the 150 to 250 foot long 

study reach. To remedy this situation, core samples from the first four 

or five channel environmental survey stations were also used. Since the 

downstream portions of each creek are more or less homogeneous, this 

provided a more representative particle size distribution for the study 

reach where the channel geometry was surveyed. Core sample data were 

available for 1971, 1979, 1981, 1982 and 1983 on all four creeks. The 

reduction of these core sample data into representative percent finer 

curves is covered in the data preparation section. 

Instantaneous sediment loads were measured only during the spring 

runoff period that generally begins in April or May and ends sometime in 

June. Samples were taken approximately every other day on each of the 

four creeks. The bed and suspended load samples were taken immediately 

before the current meter flow measurements just upstream of the entrance 

to the Parshall flume. The sediment samples on a particular creek were 
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not taken at the same time each day. The snowmelt runoff varied 

diurnally, with daily peaks occuring in the evening. Since the analysis 

and modification of the transport equations and their programs use only 

the 1982 flow and channel geometry data, only the 1982 spring sampling 

data were used for instantaneous sediment discharges. 

Both instantaneous suspended and bedload samples were taken. The 

suspended load was sampled with a DH-48 sampler with a nozzle diameter 

of 4.8 mm. It is designed to sample to within 3 inches of the bed. 

Three or four pint samples were taken across the ' stream at the same 

section where the current meter measurement was conducted. The pint 

samples were mixed and the total sample of approximately one gallon was 

later filtered in the laboratory with 0.25 mm and 0.00045 mm filters. 

The concentration was then converted to discharge in pounds per second 

and tons per day. 

The instantaneous bedload was sampled with a Helley-Smith 

sampler. The orifice opening is 3 inches square and the top of the 

sampler is designed to be 3 inches above the bed when the bottom of the 

sampler rests on the bed. Scouring around the sampler was noted on the 

field sheets when it occurred. The mesh opening in the bag was 0.2 

mm. Bedload rates were calculated as follows: 
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tons _ (0.38095)(channel width in feet;(-eight cf sarrle in grazs; 

day sampling tire in seccncs 

No correction factor was applied tc the trap efficiency of the 

Helley-Smith sampler. The bedload samples were taker, to the laboratory, 

dried, and sieved according to standard procedures. 

Instantaneous total sedinent discharge was calculated as the sum 

of the instantaneous bed and suspended discharges. The data preparation 

section discusses the formation of percent finer curves from the 

instantaneous bed and suspended discharges. 

Seasonal and annual sediment yields from the four creeks were 

trapped in sediment detention reservoirs near the mouth of each 

stream. The traps were surveyed two or three times each year, with the 

first survey on or about October 1st, as this is the beginning of the 

water year. They were subsequently surveyed once or twice in May and 

June, depending on how fast the traps filled during spring runoff. 

The volume of sediment was measured by surveying the full basin, 

flushing the basin, and then resurveying when empty. Suspended sediment 

measurements were taken above and below the sediment dam in order to 
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estimate the trap efficiency of the basin. The stilling effect of the 

basin decreased as the basin filled; therefore the trap efficiency 

decreased as the basin filled. 

Approximately 30 core samples were taken at various horizontal 

and vertical locations in the deposited material before flushing each 

dam. The core was a 5-inch high cylinder with a 5-inch diameter and a 

volume of 98.2 cubic inches. The samples were dried, batched, and split 

in the lab, and a subsample was sieved according to standard 

procedures. Yield data were available for 197't, 1976, 1977, and 1982 on 

all four creeks, but only the 1982 core sample data were used to 

establish percent finer curves for the trapped material; this is further 

discussed in the data preparation section. 

Data Preparation 

Flow Data 

The annual flow duration curves provided by the U.S. Forest 

Service were modified slightly. Thirty-two flow classes were used by 

the U.S. Forest Service, with discharges ranging from 0.030 cfs to 8.478 

cfs. The 1982 flow data, used for analysis and modification of the 

transport equations, was reduced to a flow duration curve for the spring 

runoff period only. This allowed predicted yields to be more easily 

compared to actual yields, and since roughly 90? of the annual yield 

occurs in the spring, little accuracy was lost. The spring runoff flow 
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duration curve extended from the date of the sediment dam flushing in 

the fall to the date of the first flushing after the high flow period in 

the spring. The flow duration curve corresponded to the exact number of 

flows that caused the yield in the sediment dams. Since only annual 

yields were predicted and compared for the 197*1, 1976, and 1977 water 

years, the annual flow duration curves were not changed to spring runoff 

flow duration curves, but left as provided by the U.S. Forest Service. 

Velocity Data 

The velocities were obtained on all four creeks from the 

previously described pygmy meter measurements. The velocities from the 

three highest flows of each water year from 1975 to 1981 were compiled 

by the flow class of their associated discharge (flow classes were 

already established as part of the flow duration curves). Once the 

velocities were arranged by flow class, all of the velocities in a class 

were averaged. 

Later, when it became apparent that the velocity measurements 

were quite scattered, the velocities from all four creeks were again 

averaged. This is discussed further in Chapter 6, Results and Analysis. 

Percent Finer Curves 

Percent finer curves were developed for the bed material, the 

instantaneous transported material, and the sediment dam material (a 

time integration of the transported material). The bed material percent 
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finer curves were used as input to the transport equations, while the 

percent finer curves for the transported material (both instantaneous 

and time integrated) were used for comparisons with the results of the 

equations. 

Two to five bed material samples were available on each creek for 

five years. The field sampling procedure is described in the data 

collection section. Table 4 shows the number of samples by year and 

creek. For each year and each creek, the four or five samples were 

averaged. Nine sediment size classes were used. The averaged particle 

size distributions from each year were compared for any trends with 

time. None were apparent, so the averaged samples for each year were 

again averaged to arrive at one particle size distribution that 

represented the five years of data on each creek. These final percent 

finer curves were used as input to the computer programs. 

Table 1 

Number of Bed Material Samples ' 

Number of Samples by Creek 

Year 

1974 

1979 

1981 

1982 

1983 

Total 

D Eggers Ditch Cabin 

5 

3 

5 

5 

_5 

23 

5 

3 

5 

5 

_5 

23 

5 

3 

5 

0 

_5 

18 

5 

2 

5 

5 

5 

22 

^" Samples collected in the riffles. 
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Percent finer curves for the instantaneous transported material 

were developed using the DH-48 and Helley-Smith data collected during 

the 1982 spring runoff period. The Helley-Smith bedload device samples 

from the bed to three inches above the bed, while the DH-48 samples from 

three inches above the bed to the water surface. Although they do not 

double sample vertically in the flow, they do double sample some 

particle sizes. The mesh opening of the Helley-Smith sampler is 0.2 ram 

but particles smaller than this often get trapped among the larger 

particles in the mesh bag. The nozzle size of the DH-48 sampler was 4.8 

mm, but particle sizes greater than 0.25 mm are probably not completely 

sampled because the ratio of their size to the opening is high and some 

are deflected. 

Hence, the Helley-Smith sampler partially samples sizes below 0.2 

mm and the DH-48 sampler partially samples sizes above 0.25 mm. On the 

assumption that the sum of the two partial samples is closer to the 

actual total sample than either sample alone, the DH-18 and Helley-Smith 

data were combined. In other words, the Helley-Smith size classes less 

the 0.25 mm were lumped with the DH-48 size class less than 0.25 mm. 

Conversely, the DH-48 size class greater than 0.25 mm was added to the 

Helley-Smith 0.5 - 0.25 mm size class. 



75 

The above combining process was performed on each sample 

collected during the spring runoff period of 1982. D, Eggers, and Ditch 

Creeks had 16 samples each, while Cabin Creek had only 6 samples. 

Because each sample represents only a small part of the data (i.e., 

1/l6th), the particle size distributions from each sample were averaged 

by creek to arrive at a representative distribution, rather than 

weighting each sample in proportion to the time span or concentration it 

represents. These were then plotted as percent finer curves and used 

for comparisons between the predicted gradations of the instantaneous 

loads and the actual gradations. 

The material trapped in the sediment detention reservoirs is 

another source of information on the particle size distribution of the 

transported material. Only the very finest particles do not settle out 

in the sediment reservoir. Core samples of the deposited material were 

collected and processed as discussed in the data collection section. 

The percent finer curves were established with only the samples from 

spring of 1982. When a sediment dam was flushed more than once during 

the spring runoff, the particle size distribution was based on a total 

catch weighted average. In other words, the fraction in each size class 

from each flushing was weighted according to the percentage of the total 

annual yield represented by that flushing. 
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The instantaneous transported material (DH-48 and Helley-Smith 

data) tended to be finer than the time integrated transported material 

(sediment reservoir data), which tended to be finer than the bed 

material. Therefore, the three particle size distributions used 

different size classes, and Table 5 shows the ranges of size clases 

found in each type of sample. The percent finer curves for each creek 

and sample type are included in the results section and will be 

discussed in detail there. 

Table 5 

Particle Size Classes by Sample Type 
(All sizes in mm) 

Bed Instantaneous Time Integrated 

Material Transported Material Transported Material 

38.1 8.0 8.0 

38.1 - 19.1 8.0 - 4.0 8.0 - 4.0 

19.1 - 7.9 4.0 - 2.0 4.0 - 2.0 

7.9 - 3.4 2.0 - 1.0 2.0 - 1.0 

3.4 - 2.0 1.0 - 0.50 1.0 - 0.50 

2.0 - 0.99 0.50 - 0.25 0.50 - 0.25 

0.99 - 0.42 0.25 - 0.00045 0.25 - 0.125 

0.42 - 0.25 0.125 - 0.062 

0.75 - 0.074 0.062 
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Instantaneous Sediment Discharges 

The 1982 instantaneous sediment discharge rates (in tons/day) 

were taken from the DH-H8 and Helley-Smith data. The rates of bed and 

suspended material discharge were previously calculated by the U.S. 

Forest Service. For this thesis, the rates were summed to estimate 

total instantaneous sediment discharge, and the percentage of bed and 

suspended material was calculated. 

Annual/Seasonal Sediment Yields 

Seasonal sediment yields were measured in the sediment detention 

reservoirs on all four creeks as discussed in the data collection 

section. The percent organic matter and specific gravity of the lithic 

material were determined as part of the laboratory analysis of the core 

samples. The specific gravity of the lithic material was 2.65, which 

reflects the preponderance of quartz monzonite in the local geology. 

The surveyed volumes were converted to tons using the specific gravity 

and then reduced by the percent organic matter to arrive at the yield of 

lithic material in tons. 

Sediment yields were measured seasonally, and the spring runoff 

yields comprised the major portion of the annual yields. Annual yields 

were simply the sum of the seasonal yields and were again arranged by 

water year. Yields were available for the 197^, 1976, 1977, and 1982 

water years. 
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Channel Geometry and Hydraulic Calculations 

Hydraulic parameters such as depth and velocity were used in all 

the sediment transport equations in one form or another. Channel 

profiles, plan views, and cross-sections were provided by the U.S. 

Forest Service, as described in the data collection section. Measured 

stage versus discharge curves for the cross-sections were unavailable, 

however. Therefore, Manning's equation was chosen to relate the channel 

geometry, slope, and roughness to the flow conditions such as depth, 

hydraulic radius, wetted perimeter, area, and velocity. 

The study reach of each creek had 8 to 11 cross-sections. A 

method was required to develop an "average" cross-section for each study 

reach. A method proposed by H. A. Einstein in Technical Bulletin 1026 

(1950) was chosen. This method essentially consists of plotting rating 

curves of depth, area, and wetted perimeter against stage at each cross-

section, sliding the curves down the channel slope to a common datum, 

and then averaging the curves. 

A thorough explanation of the process is given in Technical 

Bulletin 1026, but the following steps will briefly explain how it was 

applied in this project: 

1) Depth, area, wetted perimeter, top width, and A^^/p2/3 were 

calculated at 5-10 stages at each cross-section. 
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2) Stage was adjusted downward to a common datum by an amount 

equal to the distance from the cross-section to the most downstream 

cross-section times the valley slope. 

3) For each cross-section, power curves were fit to the data for 

adjusted stage versus area, wetted perimeter, top width, and A^^/P2^. 

it) The coefficients a and b of the power curves from each cross-

section were averaged to establish average rating curves of stage versus 

area, wetted perimeter, top width, and A^^/p2/3 for each reach. 

5) Note that the relationship between depth and adjusted stage 

is linear and only a constant is necessary to convert from one to the 

other. 

The calculation of depth, wetted perimeter, area, and top width 

at a specific cross-section was complicated by the irregularity of the 

channel and the numerous overhangs. The plan views of the channel 

included thalweg delineations. When the thalweg passed near or through 

an overhang, the area under the overhang was considered effective in 

conveying flow. Otherwise, the area, wetted perimeter, and top width 

inside the overhang were considered ineffective and were not included in 
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further calculations. Also note that the flow depth is from the lowest 

point of each cross-section and is therefore a maximum depth rather than 

an average depth. 

Once the average curves for the channel geometry were 

established, the Manning's and continuity equations were applied as 

follows: 

1) For a given flow rate in cfs, a given value of Manning's "n", 

and a given slope 

s5/3 o n 
^ = Q " (27) 

P2/3 1.49 sfS7 

2) Using this value of A?/3/p2/3 ̂ the adjusted stage is obtained 

from the appropriate power curve. 

3) Area, wetted perimeter, depth, and top width can be estimated 

using the adjusted stage and their respective curves. 

4) Velocity is calculated by continuity, that is, V = Q/A. 
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This procedure is somewhat lengthy but has the advantage of being 

easily programmed with the sediment transport equations. The procedure 

for estimating Manning's "n" will be discussed in an upcoming section. 

Note that in all creeks, the minimum depth of flow was set at 0.1 foot 

and area, wetted perimeter, top width, and velocity were calculated 

accordingly. At flow depths less than 0.1 feet, the water would be 

barely trickling, and sediment transport would be all but nonexistent. 

The channel geometry data also provided information on the bottom 

width of the channel. It was assumed that the bottom width extended 

from bank slope break to slope break and consisted of movable 

material. The banks were considered non-erodible. In reality cobbles, 

logs, and sometimes bedrock are present on the channel bottom, and only 

part of the bottom width is movable. Unfortunately, the data collected 

is not that detailed. In any case, bottom widths were estimated at each 

cross-section, and an average bottom width was calculated for each study 

reach. 

At some cross-sections, bank overhangs caused the bottom width to 

be greater than the top width. In these cases, the bottom width is a 

better representation of the width of flowing water than the top 

width. The average top width for a reach was therefore checked against 

the average bottom width, and reset to the average bottom width if 

necessary. 
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Manning's "n" Values 

Thirty evaluations of Manning's "n" at various flow rates were 

available, as discussed in the data collection section. The flow rates 

ranged from 0.119 cfs to 4.728 cfs, and the "n" values ranged from 0.240 

to 0.044. As discharge increased, roughness decreased. These small 

creeks are typically rough with roots, rocks, and logs lining the banks 

and logs, rocks, and debris on the bed. Manning's "n" was regressed 

against discharge in cfs using a power curve relation. The resulting 

equation was used in the hydraulic calculations to estimate roughness 

for a given flow rate. The results are plotted and discussed in 

Chapter 6. 



CHAPTER 6 

RESULTS AND ANALYSIS 

Before the results from the predictive equations can be 

interpreted, the reliability and accuracy of the field data must be 

examined. This applies to the input data, such as bed material and 

hydraulic calculations, as well as to the measured output, such as 

rates, gradations, and yields. For this reason, the results section 

begins by trying to make sense of the field data. A qualitative 

description of the observed sediment transport is also provided, even 

though some facets are still not well understood. 

The remainder of this chapter is divided into three parts. The 

first discusses the predicted and measured instantaneous transport 

rates, as well as the effect of the valley and effective slopes. The 

second section compares the predicted gradations to the measured 

gradations, and provides some useful insights into the strengths and 

weaknesses of the sediment transport equations. Finally, the measured 

and predicted yields are compared for the spring of 1982, and the 1977, 

1976, and 1974 water years. 

83 
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Analysis of the Field Data 

Hydraulics 

A preliminary step in any sediment transport study is the 

estimation of the flow parameters. Flow depth and velocity are 

generally the most important parameters, although area, wetted 

perimeter, top width, hydraulic radius, and slope are also important. 

Ideally, these parameters would be established by point measurements at 

various discharges and at various locations throughout a reach. In this 

thesis project, as in most cases, actual measurements from throughout 

the reach were not available and hydraulic equations were used to 

estimate the flow parameters. 

Channel cross-sections, profiles, and plan views were available 

on all four creeks, as were estimates of Manning's "n". Manning's 

equation was used to estimate flow depths and velocities from a given 

discharge, the known channel geometry, roughness, and slope. At each 

cross section, conveyancy (AR2/^) was plotted against stage and stage 

was plotted against depth, area, wetted perimeter, and top width. The 

curves were then averaged by a procedure given in Technical Bulletin 

1026 (Einstein, 1950). Once velocity is calculated by the continuity 

equation, all of the pertinent flow parameters are available for a 

stream reach. This brief explanation of the hydraulic calculations is 

expanded in Chapter 5, Procedures. 
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The key to the entire set of hydraulic calculations is the 

conveyancy, AR2/^( 0r A^^/P2^. is calculated over a range of flow 

rates from Qn/1.49 S^'^, the remaining terms in Manning's equation. The 

flow rates are given by the flow duration curve for each stream, leaving 

Manning's "n" and slope as the only variables. The hydraulic 

calculations are therefore dependent on roughness and slope; the 

resulting flow depths and velocities can be tuned as desired by 

adjusting "n" and S. 

Under uniform flow conditions, the bed slope is the same as the 

water surface and energy slopes, and would be used in calculations. 

When flow is nonuniform, as it is in mountain streams, the energy slope 

should be used in the one dimensional backwater equation or in the 

slope-area method. As discussed in the qualitative analysis (Chapter 

3), the energy slope is difficult to obtain in step-pool and riffle-pool 

streams. The pools limit sediment movement, at least to bankfull stage, 

and therefore the energy slope of the pools should be used rather than 

the energy slope of the riffles or steps. The effective slope, or the 

channel slope without the vertical and near vertical drops, is assumed 

to be a reasonable estimate of the pool energy slope throughout a reach, 

and compensates for the high energy losses in the steps and riffles. 
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The overall channel slope, or the valley slope, and the effective 

slope were estimated from the surveyed channel profiles. The valley 

slope is easily defined as the total change in elevation divided by the 

reach length. The effective slope is less easily defined. The vertical 

and near vertical drops are subtracted from the total fall and the 

remaining effective fall is divided by the reach length. 

It is difficult to know which drops dissipate energy at a given 

discharge. At low flow rates, even the smallest drops will be effective 

in dissipating energy, while at high flow rates the smallest drops may 

be completely submerged and only the large drops will dissipate 

energy. It is also difficult to know how steep a drop must be before it 

should be subtracted from the total fall. Some vertical drops have no 

pool below them and some of the mild drops have a well formed pool below 

them. Using the rationale that the pool or pools with the mildest slope 

control transport in a reach, all drops were removed from the total 

fall. This approximates the limiting case better than removing only 

drops of a certain height or steepness. 

Drops were easily identified on the surveyed profiles, but it was 

often difficult to locate riffles. Neither pools nor riffles were 

specifically identified in the field notes, and it was at times 

impossible to distinguish between the pools and riffles in the 

profiles. Because some riffles are included in the estimates of the 
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effective slopes, the pool slope may not be accurately modeled. 

Nevertheless, the effective slope is a much better estimate of the pool 

slope than the valley slope. 

Using this criterion, a first estimate of the effective slope was 

made, and the predicted flow depths and velocities were compared to the 

measured values. It was apparent that some of the effective slopes 

produced depths and velocities that were either higher or lower than the 

measured values. The effective fall was then revised by including or 

removing certain drops until the measured and predicted values matched 

reasonably well. In the end, then, the effective slope was based on the 

slope of the pools and judicious adjustments that matched the predicted 

and measured flow parameters. Table 6 summarizes the valley and 

effective slopes for the four creeks. 

Table 6 

Valley and Effective Slopes 

Creek 

Reach 

Length 

(feet) 

Total 

Fall 
(feet) 

Valley 
Slope 

(ft./ft.) 

Height 

of Drops 
(feet) 

Effective 

Fall 
(feet) 

Effective 
Slope 

(ft./ft.) 

D 185.2 18.0 0.097 15.8 2.2 0.012 

Eggers 190.5 13.6 0.071 11.1 2.5 0.013 

Ditch 239.3 14.0 0.059 12.3 1.7 0.007 

Cabin 248.1 9.5 0.031 7.5 2.0 0.008 
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The other variable that determines the flow parameters is 

Manning's "n". In these small mountain streams, Manning's "n" varies 

inversely with discharge. At low flows the logs, cobbles, and other 

roughness elements are large compared to the flow depth, and "n" values 

are high. At high flows, many of the roughness elements are submerged, 

and "n" values are low. 

Figure 3 plots 30 estimates of Manning's "n" as a function of 

discharge; the estimates from all the creeks were lumped together since 

all the streams are similar. As discussed in Chapter 5, Procedures, "n" 

was estimated at a point by solving Manning's equation with the valley 

slope, surveyed cross-section data, and flume discharge. Note that the 

slope-area method was not used. 

Various curved and straight line relationships could be fit to 

the data points, and two of these are shown in Figure 3. The preferred 

curve is a power relationship that rejects six of the 30 points as 

outliers. Some of the six were clearly out of line with the other 

points, perhaps due to a measurement error or miscalculation. Others of 

the six points were questionable, but not totally out of line. In the 

end, 24 points were used to establish a line with a reasonable 

coefficient of determination that also would match predicted depths and 

velocities with the measured values. The coefficient determination (r2) 
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of the line plotted in Figure 3 is 0.61 and the equation is as follows: 

"n" = 0.0682 Q-°•2221 

The alternate curve shown in Figure 3 includes all 30 estimates 

of Manning's "n". It yields significantly higher "n" values than the 

power relation for discharges less than roughly 0.5 cfs. These higher 

"n" values decrease velocity and increase depth, thereby decreasing 

sediment transport at a low flow rate. The preferred and alternate 

curves are virtually indistinguishable at discharges greater than 0.5 

cfs where most sediment transport occurs. 

Both the preferred and alternate curves were tested on D Creek 

with all four sediment transport equations in order to check their 

sensitivity to the "n" values. The alternate curve decreased predicted 

yields by about k%, which is well with the margin of error of sediment 

transport equations. Because the equations were not very sensitive to 

the choice of "n" versus Q curves, the simplest of the two, the power 

relation, was chosen. 

Before comparing the predicted and measured depths and 

velocities, a discussion of the measured values is in order. The 

measured velocities were obtained with a pygmy meter during the spring 

runoff as described in Chapter 5, Procedures. The measurements were 
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taken at the entrance to a box culvert control section and do not 

accurately represent the natural stream reach. Table 7 compiles the 

average velocities of the three highest flows from 1975 to 1984. 

Considerable scatter is evident with velocities generally increasing 

with flow rate, but not always. Because of the location where the 

velocities were measured and scatter in the data, a velocity-discharge 

relationship for a particular creek provides little reliable 

information. 

The velocities in a given flow class from all four creeks were 

therefore averaged; these are also shown in Table 7. Velocity now more 

or less increases with discharge and the following power curve can be 

fit to the points: 

Velocity (in fps) = 1.1207 Q®*3709 

p 
The coefficient determination (r ) is 0.85. Even though the 

variability between creeks is masked by averaging the velocities, the 

relationship does provide a rough guideline for velocities at varying 

flow rates. Considering that the measurements were taken at a man-made 

control section, a general curve for all four creeks may be the best the 

data can provide. 



Table 7 

Pygmy Meter Velocity Measurements 

Discharge1* 

cfs D 

Velocity in Feet Per Second 

Eggers Ditch Cabin Average 

0.431 _ 0.83 _ 0.83 

0.529 - - - - -

0.645 - - - - -

0.780 - - - 0.83 0.83 

0.939 - - 1.38 - 1.38 

1.118 - 1.21 1.47 0.76 1.15 

1.313 0.83 1.22 - 0.88 0.98 

1.526 0.91 - 1.93 1.38 1.41 

1.758 - 1.41 - 1.44 1.42 

2.013 1.75 1.45 - - 1.60 

2.291 1.59 - 1.67 - 1.63 

2.594 - 1.68 1.84 - 1.76 

2.925 1.75 - 2.06 1.77 1.86 

3.287 - - - 1.75 1.75 

3.682 1.89 2.04 1.82 - 1.92 

4.113 1.87 2.14 1.65 1.75 1.85 

4.585 1.63 2.03 - 1.72 1.79 

5.100 - - - 1.76 1.76 

5 • 661 2.08 2.25 - 1.73 2.02 

6.276 1.89 2.55 - - 2.22 

6.946 - 2.86 - - 2.86 

7.679 2.27 _ _ - 2.27 

Midpoint discharge of the flow class. 
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Table 8 compiles the measured and predicted velocity data for 

discharges from 0.046 cfs to 8.478 cfs, while Figure 4 shows the same 

data graphically. The measured values were obtained from the general 

curve proposed in the previous paragraph. The predicted values were 

calculated using Manning's equation, the effective slope, the Manning's 

"n" vs. discharge relation of Figure 3 and the continuity equation (see 

Procedures, Chapter 5). Note that the measured velocities are 

extrapolated as a straight line (on log-log paper) for discharges less 

than 0.43 cfs. All predicted velocities are within several tenths of a 

foot per second of' the measured values, but the predicted and measured 

values match best in the range of the pygmy meter measurements (0.43 to 

7.68 cfs) where most sediment is transported. 

Measured flow depths were obtained indirectly by bankfull 

stage. According to researchers at the Silver Creek study area, the 

normal high flows occur at bankfull stage (Megahan, 1986, personal 

communication). Using the surveyed cross-section data, an average 

bankfull depth was estimated for each creek. It was not always clear 

where bankfull depth occurred, but an approximate range could be 

established. Table 9 shows that at a discharge of 8.478 cfs, the 

highest in the flow duration data, the predicted bankfull depths are all 

within a tenth of a foot of the measured values. 
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Table 8 

Measured and Predicted Velocities 

Predicted Velocities by Creek^* 

Measured 

scharge^* Velocites^' D Eggers Ditch Cabin 
cfs fps fps fps fps fps 

0.046 0.36 0.27 0.25 0.21 0.23 

0.095 0.47 0.42 0.35 0.30 0.31 

0.169 0.58 0.53 0.45 0.39 0.40 

0.278 0.70 0.65 0.57 0.48 0.50 

0.431 0.82 0.78 0.70 0.59 0.60 

0.645 0.95 0.92 0.84 0.71 0.72 

0.939 1.09 1.07 0.99 0.85 0.85 

1.313 1.24 1.22 1.16 0.99 0.98 

1.758 1.38 1.38 1.32 1.13 1.12 

2.291 1.52 1.53 1.49 1.28 1.26 

2.925 1.67 1.69 1.67 1.43 1.40 

3.682 1.82 1.86 1.85 1.59 1.55 

4.585 1.97 2.03 2.05 1.76 1.70 

5.661 2.13 2.21 2.26 1.94 1.87 

6.946 2.30 2.41 2.48 2.13 2.04 

8.478 2.48 2.61 2.72 2.34 2.23 

1 
Midpoint discharge of flow class; every other discharge from flow 

duration data. 

p 
Velocities extrapolated from best fit power curve of the measured 

velocities as previously discussed. 

3* Calculated by method of Technical Bulletin 1026 (Einstein, 1950) and 

continuity equation; see Procedures, Channel Geometry and Hydraulic 

Calculations, Chapter 5. 
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Table 9 

Measured and Predicted Bankfull Depths 

Creek 

D Eggers Ditch Cabin 

Measured Bankfull 1.1-1.4 1.1-1.3 1.1-1.3 0.7-1.0 
Depth (ft.) 

Predicted Bankfull1, 1.11 1.01 1.04 1.00 

Depth at 8.478 cfs (ft.) 

1* Calculated by method of Technical Bulletin 1026 (Einstein, 1950); 

see Procedures, Channel Geometry and Hydraulic Calculations, Chapter 5. 

Even though these creeks are steep and cascading, the velocities 

are suprisingly low. The highest measured velocity from a particular 

pygmy meter measurement is only 2.85 feet per second, and the predicted 

velocities are no greater than 2.72 feet per second. These results are 

similar to those reported for mountain streams in Colorado and Arizona 

(Heede, 1975). Velocities ranged from 0.37 to 1.75 feet per second on 

Deadhorse Creek (valley slope of 0.08 feet/foot) and from 0.52 to 4.85 

feet per second on Fool Creek (valley slope of 0.22 feet/foot). Both 

these creeks are in the Colorado Rockies and have frequent steps and 

obstructions. Heede's study streams in the White Mountains of Arizona 

exhibited velocities of 0.39 to 2.03 feet per second. 
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Much of the field data used in the hydraulic calculations was 

collected for purposes other than those of this thesis project. The 

estimates of depth, velocity, roughness, and energy slope could be 

improved. The important point is that these parameters should be 

measured in the pools and upstream of obstructions where sediment 

transport in a reach is controlled, particularly for flows up to 

bankfull stage. 

The concept of the effective slope recognizes that the pools, not 

the riffles and steps, are important. By subtracting the vertical and 

near vertical drops from the total fall of a reach, an approximation of 

the fall of the pools is obtained. This can be converted into what 

herein is termed the effective slope, which is intended to be the slope 

of the pools. This effective slope is then used in the sediment 

transport equations as the energy slope. It is implicit in this method 

that uniform flow occurs in the pools. 

From a practical point of view, it is expedient to estimate the 

energy slope of the pools as the effective slope, or the valley slope 

without the drops. From a research point of view, it is important to 

know how accurate the effective slope is as an estimate of the energy 

slope in the pools. The field data used in this thesis project did not 

always allow the riffles and pools to be separated, and the effective 

slope may not be a true estimate of the pool slope. Future profiles 
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should distinguish between the riffles and pools, as well as between the 

steps and pools. In addition, hydraulic conditions in the pools should 

be thoroughly investigated, with particular attention given to the 

energy dissipation in scour holes and the fate of the material removed 

from the scour holes. If the removed material is cast up immediately 

downstream, the scour holes are a local phenomena, and need little 

attention. If the removed material continues downstream, then 

entrainment occurs in the scour holes, and their size may be a factor in 

transport through the reach. The slope-area method should be used to 

estimate Manning's "n" values independently in the pools and riffles. 

The flow entering pools from riffles may be a supercritical jet, and 

this possibility should be investigated. Not every riffle-pool or step-

pool combination need be investigated; the pool or pools with the 

mildest slopes and the greatest sediment storage should be targeted. 

In spite of the shortcomings of the field data, it was possible 

to choose effective slopes that more or less remove the effect of 

excessive energy dissipation over steps and plunges. The predicted flow 

velocities and depths match the measured values, although the measured 

values are not as representative of the study reaches as they could 

be. Perhaps the most encouraging result is that the predicted 

velocities concur with actual measured velocities from other step-pool 

and riffle-pool streams in Colorado and Arizona. 



99 

Bed and Transported Material 

Information on the bed and transported material was available 

from three sources: 1) the bed material core samples, 2) the DH-MS and 

Helley-Smith data, and 3) the sediment reservoir data. All three of 

these sources provide percent finer curves; Figures 5, 6, 7 and 8 show 

these curves for D, Eggers, Ditch, and Cabin Creeks, respectively. Note 

that the bed material samples were collected in the summer, while the 

transported material was sampled during the spring high flows. 

The percent finer curves show that the bed material is coarser 

than the transported material. The bed samples were obtained during low 

flows in the riffles where transport capacity is high relative to the 

pools. Fines are easily removed from the riffles; hence the bed 

material is coarse. The bed material in the pools and upstream of 

obstructions was not sampled. As discussed in the qualitative analysis, 

the material from these locations is generally finer than that of the 

riffles. It is expected that the gradation of the pool bed material, if 

it had been sampled, would better match the gradation of the transported 

material. 
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Figures 5 through 8 also show that the DH-48 and Helley-Smith 

material is finer than the sediment reservoir material. The stilling 

effect of the sediment dam is not complete and some of the finest 

particles do not settle out. The DH-M8 sampler, on the other hand, 

catches even the finest particles, including silt and clay. 

Some informative comparisons can be made by classifying the bed 

and transported material into gravels, sands, silts, and clays. Table 

10 does this using the U.S. Department of Agriculture (USDA) standard 

soil classification system. All sand sizes have been lumped into a 

single class, whereas the USDA system separates them into coarse, 

medium, and fine sands. The percentages are approximate and represent 

all four creeks rather than any individual creek. 

Table 10 

Particle Size Classification of the Bed and Transported Material 

Description 

Particle 

Size (mm) 

Riffle 

Bed 

Material 

* 

Sediment 

Dam 

Material 

% 

DH-48/ 

Helley-Smith 

Material 

% 

Gravel and Larger >7.9 45 it 5 

Gravel 2.0-7.9 25 25 15 

Sand 0.05-2.0 30 70 65 

Silt and Clay < 0.05 0 1 15 
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It is apparent that the gravel and larger particles do not move 

in any great quantities, even though they are the dominant material in 

the riffle bed. They may not be the dominant material in the pool bed, 

but even if they were, they still consitute only 4? to 5? of the 

transported material. Gravel comprises about 15? to 25? of the moving 

material, which is about the same amount present in the riffle bed. It 

would be reasonable to infer that gravel constitutes about 25? of the 

pool bed material, but only actual samples could verify this. 

The major portion of the transported material is sand at 65? to 

70? of the total. Only 30? of the riffle material is sand. However, it 

was often difficult to sink the 5 inch high core sampling ring into the 

riffle bed, indicating the bed layer is not very thick. It is therefore 

doubtful that the volume of the 30? sand in the riffles can supply the 

volume of the 65? to 70? sand that is transported. Presumably, the 

deposits in pools and upstream of obstructions are largely sand, and 

this sand is easily moved by the flow. 

Silt and clay are not present in measurable quantities in the 

riffle bed material and are barely present in the sediment dam 

material. They make up roughly 17? of the material collected on the 

four creeks by the DH-48 and Helley-Smith samplers, however. 

Apparently, these particles are wash load, and are too small to settle 

in the sediment reservoirs. They are present in the bed material in 
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minute quantities after flooding. If they are present to a greater 

degree during high flows, the transport capacity is so great that they 

are washed away after they cease being supplied in some quantity to the 

stream from either the watershed or the banks. 

The USDA classification system defines silt and clay as particles 

smaller than 0.05 mm. Using this criteria and recognizing that silt and 

clay are wash load, the percent finer curves show that 8?, 2A%, 20%, and 

16$ of the total load is wash load for D, Eggers, Ditch, and Cabin 

Creeks, respectively. Shen (1971) uses 0.0625 mm as an upper size limit 

for wash load. Using this criteria, 9%, 21%, 23%, and 18? of the total 

load is wash load on D, Eggers, Ditch, and Cabin Creeks. Referring back 

to Table 1, it can be seen that silt and clay constitute about 15? of 

the batholith soils. The amount of wash load, by either USDA or Shen's 

criteria, is remarkably close to the amount of the silt and clay in the 

local soils. This also supports the assertion that the silt and clay 

are not significantly represented in the bed, and that their 

availability is determined by the watershed supply rate. 

By either measure of the transported material (i.e. DH-W/Helley-

Smith or sediment dam), the major constituents are sand and gravel. 

Only the DH-18 and Helley-Smith data provide clues as to whether they 

move along the bed or in suspension. Table 11 shows the portions of bed 

and suspended load by creek during the 1982 spring runoff. The 
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suspended load is represented by the DH-18 data, while the bedload is 

represented by the Helley-Smith data. The distinction is somewhat 

arbitrary, but useful. 

Table 11 

Bed and Suspended Load During Spring Runoff 

Percent by Creek 

D Eggers Ditch 

Bed load 73 10 51 

Suspended Load 27 60 19 

Cabin 

51 

19 

Sand-bed rivers generally have 5$ to 10? of their total load 

moving along the bed with the remaining 90$ to 95$ in suspension 

(Federal Highway Administration, 1975). Table 11 shows that suspended 

load is only 27$ to 60$ of the total load, at least in the spring runoff 

of 1982. According to Megahan, et al. (1986), bedload accounts for 

about 70$ of the total load in the Silver Creek study area. The streams 

are dominated by bedload, even though suspended load can be high in any 

one stream and any one year. 
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Changes in Bed and Transported Material 

Changes in the bed and transported material in the study creeks 

are caused by the peak flow period and disturbance. In general, the 

effect of the peak flow period is to flush sediment out of the system 

and the effect of disturbance is to increase amount and duration of 

supply to the system. 

• A seasonal pattern of flow and sediment movement is apparent, 

regardless of disturbance. Most sediment movement occurs during a two 

to three week period of rapid snowmelt runoff in the spring. 

Approximately 90? of the annual sediment yield is produced in this 

period (Megahan, 1986, personal communication). Suspended load is at a 

maximum, but most of the material still travels as bedload. Little 

sediment moves during the late summer and fall low flow period. The 

creeks run clear during base flow, except for temporary cloudiness after 

summer thunderstorms. 

The source or sources of sediment determines the changes in bed 

material in the undisturbed streams. It is clear that the high spring 

flows flush sediment out of the undisturbed streams. When and where 

this sediment was supplied to the channel is not as clear, however. The 

material may be supplied by overland flow during snowmelt and by bank 

erosion during high flows. If this is the case, the bed would become 

temporarily finer due to the influx of material. Later, the low flows 
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would winnow away the fines and the bed would coarsen as reported in 

other mountain streams by Milhous and Klingeman (1971). Another 

explanation is that the intense summer rainstorms generate slugs of 

sediment that enter the channel. If this is the case, the bed becomes 

finer during the summer and fall due to the inability of the low flows 

to transport the additional material. More field work is needed at the 

Silver Creek study area to determine when and how these changes occur. 

On disturbed streams, the changes in bed material are easier to 

identify, largely because sediment supply is very high and easy to 

trace. A recently published paper by Megahan, et al. (1986) developed a 

sediment budget for Ditch Creek and Cabin Creek during road construction 

which included sources of sediment, downslope movement and storage, 

channel storage, and yields at the stream mouth. Construction began in 

June of 1980 and was completed in November of that year. The newly 

constructed road surfaces and cut/fill slopes were exposed to the summer 

thunderstorms and the spring snowmelt of 1981. 

The intense summer thunderstorms caused more erosion than the 

snowmelt runoff, perhaps because raindrop impact, which is absent in 

snowmelt runoff, may be required to dislodge particles. Most of the 

eroded material was sand. In any case, it was easy to trace the 

sediment deposits as they made their way down the slopes, through the 

ephemeral channels, and to the perennial streams, often taking several 
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storms to complete the journey. Once in the bed of the live streams, 

the low flows were unable to remove the material. Increases in sediment 

yields at the stream mouths were recorded in October of 1980 relative to 

pre-construction, but most of the material remained in the stream 

channel until it was flushed by the winter and spring flows of 1981. 

The bed material became finer because of disturbance and remained that 

way throughout the year. 

Table 12 compiles much of the data pertinent to changes in bed 

and transported material and allows a few simple comparisons between 

creeks to be made. Note that all of the data is from the 1982 water 

year with the exception of the riffle bed material, which is a composite 

of samples from 1974, 1979, 1981, 1982, and 1983. The bed samples were 

taken during low flows in summer, whereas the samples of the transported 

material were obtained during spring runoff. 

D Creek is typical of undisturbed watersheds of the Idaho 

Batholith. The riffle bed material, as for Eggers Creek, is much 

coarser than that of the disturbed watersheds. Bedload on D Creek in 

1982 was about 70? of the total load, and suspended and wash load were 

low. There is no reason to believe the supply of fines for suspended 

load is less on D Creek than on Eggers Creek, or that the rate of 
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erosion is lower. Nevertheless, the transported material, whether 

gauged by the DH-48 and Helley-Smith data or the sediment dam data, is 

coarsest on D Creek. 

Table 12 

Comparisons of Bed and Transported Material by Creek 

Disturbance 

Date of Disturbance 

none 

Creek 

Eggers Ditch 

none roads 

1980 

Cabin 

roads 

1980 

% Bedload 

% Suspended Load 

% Wash Load^" 

73 

27 

9 

40 

60 

27 

51 

19 

23 

51 

49 

18 

D50-Riffle Bed Material (mm) 

DtjQ-DH-48/Helley-Smith (mm) 

D^Q-Sediment Dam (mm) 

5.8 5.9 2.9 2.9 

1.4 1.1 0.85 1.4 

1.1 0.26 0.33 0.41 

DgQ-Riffle Bed Material (mm) 

Dgg-DH-48/Helley-Smith (mm) 

DgQ-Sediment Dam (mm) 

42 51 29 33 

9.4 2.4 2.0 2.7 

5.8 4.0 3.9 4.6 

Particles smaller than 0.062 mm. 
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Eggers Creek transports a heavy suspended and wash load, even 

though its riffle bed material is coarse. The transported material is 

consequently finer than on D Creek, the other undisturbed basin. Eggers 

Creek exhibits characteristics of both the undisturbed and disturbed 

basins, at least in 1982. Whether that particular year is an anamoly is 

not clear from the limited data used in this thesis project. 

The bed material in Ditch and Cabin Creeks, the disturbed 

watersheds, is finer than in the undisturbed creeks due to the influx of 

fine sediment during and after road construction. Bedload and suspended 

load are about evenly split at 50% each, which is about double the 

suspended load in a typical Batholith stream. Consequently, the 

transported material is finer than on the undisturbed creeks, and in 

particular it is finer than on D Creek. 

Analysis of the Measured and Predicted Instantaneous Loads 

One of the goals of this thesis was to propose modifications to 

the chosen sediment transport equations that would enable them to better 

model conditions in small mountain streams. Ideally, these 

modifications would be both simple and logical. One such modification 

was applied to the Laursen relation at the outset of the modeling. 

The Laursen relation, as well as some other equations, calculates 

shear stress as follows: 
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Tq = \|Yys' 

The variables are defined as y= specific weight of water, y=flow 

depth, and S = energy slope. Under the conditions where this shear 

stress calculation is usually performed, that is, a wide river, the 

depth (y) is equivalent to the hydraulic radius (R). The hydraulic 

radius determines turbulence and stress better than depth, but depth is 

usually easier to estimate and is often substituted. In small streams, 

the depth is not equivalent to the hydraulic radius, and the hydraulic 

radius should be used to calculate shear stress. Hence, the shear 

stress calculation in the Laursen relation was changed as follows with 

the variables as previously defined. 

T0  = \ /YRS* 

D Creek was used to test this change in the Laursen relation and 

the resulting instantaneous transport rates are shown in Figure 9. The 

change from depth to hydraulic radius in the shear stress calculation 

decreased the instantaneous transport rates by approximately 2.5 

times. This modification to the Laursen relation better models shear 

stress in small streams, as well as being both simple and logical. This 

change was incorporated into the modeling of the remaining creeks; all 

further discussion of the Laursen relation is based on this change. 
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The measured and predicted instantaneous transport rates are best 

displayed graphically. Figures 10, 11, 12, and 13 show the measured and 

predicted rates as a function of flow rate for all four creeks. 

Predicted rates are plotted for both the valley and effective slopes and 

all transport rates are in tons/day. The particle size distribution of 

the riffle bed material is used in the equations throughout the 

analysis. 

The measured rates are plotted as a straight line for each creek, 

although the data were very scattered. Sediment discharge rate was 

regressed against the flow rate using a power relation in order to plot 

the lines of Figures 10 through 13. Plots of the measured data, along 

with their best fit equations and coefficients of determination (r2) may 

be found in the Appendix for all four creeks. Note that approximately 

30 DH-48 and Helley-Smith samples from each creek are represented by the 

best fit lines of Figures 10 through 13. Most of the measurements are 

for flow rates from 1 to 6 cfs, and the plotted lines extrapolate 

outside this region. Only data from spring of 1982 were used. 

Figures 10 through 13 also show that the measured values on 

Eggers Creek follow a different pattern than on the other three 

creeks. The slope of the measured line on Eggers Creek is steeper than 

the other three creeks, indicating that sediment discharge is lower at 

high flow rates on Eggers Creek relative to the other creeks. Both D 
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and Eggers Creek were undisturbed during the spring of 1982, so 

disturbance alone cannot account for the difference. Table 11, however, 

shows that suspended load was very high in Eggers Creek in the spring of 

1982. Perhaps this high suspended load accounts for the low transport 

rates (by weight) at high flows, since it requires many fine particles 

traveling in suspension to constitute the same weight as few coarse 

particles moving along the bed. The coefficient of determination for 

the measured line is 0.19, and it is therefore difficult to say if 

measured line on Eggers Creek is really different from the other three 

creeks. 

As expected, predicted transport rates with the valley slope are 

much too high. The over prediction is greatest with D Creek and least 

with Cabin Creek, with Eggers Creek and Ditch Creek intermediate. This 

trend is due to decreasing valley slopes of 0.097, 0.071, 0.059, and 

0.038 feet/foot for D, Eggers, Ditch, and Cabin Creeks, respectively. 

In all four creeks, the Laursen and Meyer-Peter, Mueller equations over 

estimate more than the Einstein and Yang equations (when using the 

valley slope). At 5 cfs, which is about the daily average peak during 

spring runoff, the measured rates vary from about 0.5 to 10 tons per day 

depending on the creek. At that same flow rate, the predicted transport 

rates range from about 20 to 1,100 tons per day, depending on the creek 

and equation. 
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As expected, the transport rates using the effective slope are 

much less than those when using the valley slope. In fact, the Meyer-

Peter, Mueller and Yang equations show no transport for any of the four 

creeks when using the effective slope. This was not expected. The 

Laursen relation still over estimates transport, but the Einstein 

equation now under estimates and in the case of Cabin Creek, showed no 

movement at all. 

The Einstein and Meyer-Peter, Mueller equations calculate 

transport rates for a unit width. Total transport is then obtained by 

multiplying by the stream width. This thesis project incorporated a 

slight modification (see Chapter H, Sediment Transport Equations) 

whereby unit bedload rates were multiplied by the bottom width and unit 

suspended load rates were multiplied by the top width of flow. The 

average bottom widths are 2.54, 3-89, 2.40, and 2.78 feet for D, Eggers, 

Ditch, and Cabin Creeks, respectively. The effect of the bottom width 

on transport rates is about the same for D, Ditch, and Cabin Creeks 

since all their widths are similar. Eggers Creek is wider than the 

other three creeks by about 1.3 feet which helps to explain why the 

Einstein and Meyer-Peter, Mueller equations predict very high transport 

rates on Eggers Creek. 
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Both the Yang and the Meyer-Peter, Mueller equations operate with 

a single representative grain size, which is D^q in the case of Yang's 

method and Dgg for the Meyer-Peter, Mueller formula. Both equations 

apply explicit critical terms that must be exceeded before movement 

begins. The critical term in the Meyer-Peter, Mueller equation is based 

on Shield's parameter, while Yang employs critical dimensionless unit 

stream power (see Chapter 4, Sediment Transport Equations). Apparently, 

the flow depths and velocities produced by the effective slope are not 

large enough to exceed the critical terms of these two equations. 

To further explore this notion of incipient motion, the flow 

rates at which sediment transport begins were compiled for all four 

creeks and both the valley and effective slopes. For Yang's method and 

the Meyer-Peter, Mueller formula, the critical discharge occurred when 

the representative grain size (D^q and Dgg, respectively) began to 

move. For the Laursen relation and the Einstein equation, the critical 

discharge was defined when the smallest particles in the input gradation 

(i.e., 0.07*1 mm to 0.25 mm) began to move. To be sure, this is a 

simplistic approach since particle size and particle shear stress are 

not considered; yet it is a useful way to compare the four equations. 

Table 13 compiles the information and also indicates the valley and 

effective slopes, and the D^g and Dgg of the riffle bed material for all 

four creeks. 
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Comparing the critical discharge by equation, it can be seen that 

in general the critical discharge decreases in the following order: 

Yang, Meyer-Peter, Mueller, Einstein, and Laursen. In Chapter 4, 

Sediment Transport Equations, the approaches of the equations to 

incipient motion were discussed. The Meyer-Peter, Mueller, Einstein, 

and Laursen equations can be directly compared with Shield's parameters 

of 0.047, 0.040, and 0.039, respectively. This indicates that particles 

will move first with the Laursen relation, last with the Meyer-Peter, 

Mueller formula, and somewhere in between with the Einstein equation. 

Table 13 shows that in general this is the case. Yang's method cannot 

be directly compared to the other three equations since it uses a 

critical stream power term rather than Shield's parameter. However, 

Table 13 indicates that the critical discharge is the highest using 

Yang's method. 

Another useful comparison can be made between creeks in terms of 

slope. If all other factors are held constant, then logically critical 

discharge should increase as slope decreases. Of course, all other 

factors are not constant from creek to creek, or from equation to 

equation. Representative particle sizes (D^q and Dgg) change from creek 

to creek and methods of calculating the particle shear stress vary from 

equation to equation. Slight variations in the trend of increasing 

critical discharge with decreasing slope are to be expected. 
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Table 13 shows that in general critical discharge does increase 

with decreasing slope for the Meyer-Peter, Mueller formula, the Einstein 

equation, and the Laursen relation. There are slight variations in this 

trend of a flow class or two, and in some cases the critical discharge 

remains constant for all four creeks; nevertheless the general trend is 

apparent. With Yang's method, however, the critical discharge changes 

as much as 2.58 cfs for a change in valley slope of about 1 %. The 

applicability of Yang's method to mountain streams must therefore be 

viewed with suspicion. 

The choice of an equation for mountain streams should be guided 

in part by their approach to incipient motion. To that end, it is 

important to observe in the field at what discharge and under what bed 

material conditions (i.e., riffle or pool) particle movement begins. 

This is especially true if a temporary armor layer limits the ability of 

the hydraulic forces to act on the underlying finer particles, as 

reported by Milhous and Klingeman (1971). Further observations are 

needed at the Silver Creek study area to identify, at least 

approximately, these critical discharges. 
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Table 13 

Critical Discharges for Incipient Motion 

Creek 

D Eggers Ditch Cabin 

D501 (mm) 5.8 5.9 2.9 2.9 

Dg01 (mm) 42 51 29 33 

Valley Slope (ft./ft.) 0.097 0.071 0.059 0.038 

Critical Q (cfs) 

Yang's Method 2.92 4.59 2.01 2.92 

MPM Formula^ 0.53 0.53 0.78 0.94 

Einstein Equation 0.65 1.12 0.78 1.12 

Laursen Relation 0.07 0.07 0.07 0.05 

Effective Slope (ft./ft.) 0.012 0.013 0.007 0.008 

Critical Q (cfs) 

Yang's Method 8.48 8.48 8.48 8.48 

MPM Formula^ 8.48 8.48 8.48 8.48 

Einstein Equation 5.10 5.10 5.10 5.10 

Laursen Relation 0.07 0.13 0.28 0.28 

1 
°50 and D90 represent the riffle bed material. 

2 
Meyer-Peter, Mueller Formula is abbreviated by MPM Formula. 

The effective slope significantly reduces transport rates because 

flow depths are greater and velocities are less, relative to the valley 

slope. Table 14 compares the calculated depths and velocities from both 
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the valley and effective slopes for D Creek. Note that at every low 

discharges the program defaults to a minimum depth of 0.1 foot, as 

discussed in Procedures, Chapter 5. D Creek best exemplifies the 

pattern found in all the creeks because of the large difference between 

the valley slope (0.097 feet/foot) and the effective slope (0.012 

feet/foot). As Table 14 shows, the valley slope causes velocities to 

roughly double and depths to decrease about one third, relative to the 

effective slope. Therefore, removing the excessive energy loss over the 

steps and plunges, which is the intent of the effective slope, makes a 

considerable difference in transport rates. 

The effective slope not only compensates for the high energy loss 

over steps, but also models the pools, where sediment transport is 

controlled. The possibility exists that the riffles control in extreme 

flood events, because the energy slope may become milder in the riffles 

than in the pools during high flows (see Qualitative Analysis, Chapter 

3). The change from pool to riffle control was reported at bankfull 

stage by Andrews (1979), but if and when this change occurs in the four 

study creeks has not yet been determined. Since the highest discharge 

used in this thesis project (8.478 cfs) occurs roughly at bankfull 

stage, the possibility of riffle control at extreme high flows does not 

affect the analysis. For the purposes of this analysis, the pool or 

pools with the mildest energy slope control transport in a reach. 
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Table 14 

Predicted Depths and Velocities of D Creek 

Using the Valley and Effective Slopes 

Valley Slope Effective Slope 
Q ' - Depth Velocity Depth Velocity 
cfs ft. fps ft. fps 

0.046 0.10 0.27 0.10 0.27 

0.129 0.10 0.77 0.25 0.48 

0.278 0.14 1.45 0.40 0.65 

0.529 0.26 1.88 0.53 0.85 

0.939 0.37 2.38 0.64 1.07 

1.526 0.47 2.89 0.74 1.30 

2.291 0.55 3.41 0.83 1.53 

3.287 0.63 3.95 0.91 1.78 

4.585 0.69 4.52 0.98 2.03 

6.276 0.76 5.13 1.05 2.31 

8.478 0.82 5.80 1.11 2.61 

1* Every third discharge from the flow duration data. 

The effective slope, as used herein, is a surrogate for the 

energy slope of the pools, but is not a measure of the portion of the 

available energy that causes particles to move. Many researchers have 

explored this concept only to conclude that the total shear stress, tq, 

can be divided into a particle shear stress, t0'» and a form shear 
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stress, T
0'1* Particle shear stress is alone responsible for bed 

particle movement while total shear stress is the driving factor in 

particle suspension. 

Numerous methods have been proposed to divide shear stress into 

its components. Einstein holds the energy slope constant and divides 

the hydraulic radius into R^' and R^"* Meyer-Peter, Mueller holds the 

hydraulic radius constant and divides the energy slope into components 

of bed and bank friction. Laursen directly calculates the particle 

shear stress, t ', as a function of depth, velocity and the median 

diameter of the bed material. No matter how the division is 

accomplished, the goal is to estimate the very small portion of the 

total shear stress that actually moves bed particles. 

Perhaps one of the reasons the equations do not perform well on 

the study creeks, even with the effective slope, is that they do not 

estimate the particle and form shear stresses accurately. On these 

small mountain streams, form shear stress is very high. This is due to 

frequent logs, boulders, bends, and overhangs rather than the usual form 

roughness elements of dunes and ripples. Manning's "n", which lumps 

particle and form roughness together, is largely an estimate of form 

roughness in these mountain streams. 
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Nadolski (1979) provides an estimate of the portion of the energy 

slope that causes bed movement, perhaps without realizing it, when he 

applied the Meyer-Peter, Mueller formula to small mountain streams of 

the Sierra Nevadas. Given a known sediment discharge, he worked the 

formula backwards to obtain estimates of the energy slope that varied in 

a narrow range around 0.0005 feet/foot. This is actually an estimate of 

the small portion of the energy slope used in bed particle movement. 

The mean valley slope of Nadolski's study streams was 0.12 feet/foot, or 

five orders of magnitude greater than his best predictive energy 

slope. Effective slopes (i.e., pool slopes) were not reported. 

Although this result is from one equation and a particular geographic 

setting, it does illustrate that only a small fraction of the available 

energy in mountain streams actually transports sediment. 

The point of this discussion is that the effective slope is a 

reasonable measure of the energy slope of the pools, although it does 

not accurately estimate the energy that moves bed particles. The 

particle shear stress, typically calculated as a function of the energy 

slope, is small relative to the form and total shear stresses. The 

researcher must still choose a method or equation to separate total 

shear stress into particle and form shear stress. 
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Analysis of the Measured and Predicted Gradations 

Of the four sediment transport equations used in this thesis 

project, only the Laursen relation and the Einstein equation predict the 

particle size distribution of the transported material. The 

calculations are performed by size classes of the bed material. The 

Laursen relation uses the arithmetic mean of the size class, while the 

Einstein equation uses the geometric mean. The computations by size 

class can be physically interpreted as a series of bands of sediment 

arranged longitudinally with the flow and placed across a channel cross-

section. Each band represents a size class and the width of a band 

represents its fraction of the bed material. The material in each band 

is represented by a single size, the mean diameter of the size class. 

Flow conditions are the same over all the bands and the material of each 

band moves according to the transport capacity, except in the Einstein 

equation where particle availability is altered by his "hiding 

factor". Note that an unlimited supply of material in each band is 

implicit in this simplified picture. 

Figures 14 through 17 show measured and predicted gradations for 

all four creeks. The measured gradations of transported sediment are 

represented by the sediment dam material rather than the DH-48 and 

Helley-Smith data. The DH-H8 and Helley-Smith samples contain 15? to 

25? silt and clay particles that travel as wash load (see Table 10), 

while the sediment dam material contains minimal wash load with only 1? 
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silt and clay. The sediment transport equations cannot predict wash 

load movement since it is not present in the input bed material 

samples. Therefore, comparing the predicted gradations to the sediment 

reservoir gradations is a better measure of the equations' 

performance. The percent finer curve for the riffle bed material is 

also plotted for each creek. The effective slope was used to predict 

gradations at a bankfull flow rate of 8.478 cfs where transport is 

presumably a maximum. All of the comparisons utilize 1982 data, with 

the exception of the bed material which is based on five years of data. 

In all four creeks, the Laursen relation predicts gradations that 

are finer than the measured gradations. Table 15 uses approximate 

averages representing all four creeks to compare measured and predicted 

gradations with the USDA particle size classification. The Laursen 

relation predicts that 99? of the transported material is sand. In 

contrast, the measured data shows that 70? of the transported is sand 

and nearly 30? of the load is gravel and larger particles. 

The predicted total concentrations by the Laursen relation are 

0.175?, 0.252?, 0.145?, and 0.094? by weight for D, Eggers, Ditch, and 

Cabin Creeks, respectively. Generally, a concentration by weight of 1? 

is quite high; therefore, these values are not unreasonable. If 

predicted concentrations were higher, say 0.5? or more, one would have 

to wonder if the particles were present in sufficient volumes in the bed 

layer to produce such a concentration. 
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Table 15 

Particle Size Classification of the Predicted 

Gradation by the Laursen Relation 

Description 

Particle 

Size 

mm 

Bed 

Material 

? 

Sediment 

Dam Material 

? 

Predicted 

Gradation 

? 

Gravel and Larger >7.9 45 4 0 

Gravel 2.0-7.9 25 25 1 

Sand 0.05-2.0 30 70 99 

Silt and Clay < 0.05 0 1 0 

The Laursen relation directly predicts the fractions of the load 

that move as bed and suspended load. In all four creeks it is predicted 

that 90? or more of the load moves in suspension. Referring to Table 

11, suspended load ranges from a low of 27? of the total load in D Creek 

to a high of 60? of the total load, in Eggers Creek. The over 

prediction of suspended load can be partially explained by the 

experimental background of the Laursen relation. The flume experiments 

were conducted with 0.1 mm and 0.04 mm fine sands, although measurements 

with coarser material from other researchers were also used. Particles 

of .04 to 0.1 mm can easily be suspended, and the flume results showed 

that the measured total load was almost the same as the measured 

suspended load. The bedload was estimated at not more than 1?, and the 
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errors in measurement of the suspended load were larger than the 

bedload. The Laursen relation was therefore derived under conditions of 

high suspended load and minimal bedload. 

The Laursen relation predicts an excessively fine load with too 

little traveling as bedload relative to the measured data for the four 

study creeks. The relation has proven useful on alluvial streams but is 

perhaps not applicable to bedload dominated mountain streams with coarse 

bed material. 

Figures 14 through 17 also show the gradations predicted by the 

Einstein equation. In contrast to the results of the Laursen relation, 

the predicted gradations are much coarser than the measured gradation. 

Table 16 compares the gradations by particle size classifications; the 

values are approximate averages for all four creeks. The Einstein 

equation over predicts the movement of particles larger than 7.9 mm by 

about 55%. It predicts no movement of sand, which is by far the largest 

constituent of the sediment dam material. The percent of gravel 

predicted (40?) is close to the measured value (25?), but this is 

probably accidental given the rest of the predicted gradation. 
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Table 16 

Particle Size Classification of the 

Predicted Gradation by the Einstein Equation 

Particle Bed Sediment Predicted 

Size Material Dam Material Gradation 

Description mm % % % 

Gravel and Larger >7.9 45 4 60 

Gravel 2.0-7.9 25 25 40 

Sand 0.05-2.0 30 70 0 

Silt and Clay <0.05 0 1 0 

A review of the Einstein equation and the computer runs shows 

that coarseness of the predicted load is due to very high hiding 

factors. Einstein's hiding factor (£) is a function D/X, where D is the 

diameter of a particle size class and X is the particle size that is 

shielded by protruding coarser particles or the laminar sublayer (see 

Chapter 4, Sediment Transport Equations). In the case of the coarse-

bedded study streams, the apparent roughness is large; hence all 

hiding is produced by the large grains rather than the laminar 

sublayer. The hiding factor is therefore independent of water discharge 

and flow conditions. It varies from 1.0 for the large grain size to 

almost 10,000 for the small particles. 
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Einstein and Chien (1953), Shen and Lu (1981), and others have 

stated that the hiding factor (g) is too high for low values of D/X. 

The curve has been modified several times (see Shen and Lu, 1981) to 

correct this. Most of these modifications have been by trial and error 

and were performed for bed armoring studies. The modifications of the 

hiding curve are essentially calibrations of the predicted and observed 

data, as pointed out by Lee (1984). It is likely that the curve could 

be again modified for steep, mountain streams. 

Although the hiding curve could be calibrated, it is not 

necessarily wise to do so. The major theoretical consideration of 

correctly separating the total shear stress into particle and form 

stress would be totally overlooked by calibrating the hiding factor. 

The hiding factor would be in essence compensating for the inability of 

the equation to estimate the form shear stress caused by obstructions 

and overhangs. A right answer obtained by an incorrect method is not 

exactly a right answer. 

One possible approach to modifying the field data of this thesis 

project is to artificially add fines to the riffle bed material and thus 

approximate the pool bed material. This technique can only be applied 

when the equations predict the small particles are moving but in amounts 
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much less than observed. In the case of the Einstein equation, none of 

the fine particles are predicted to move, so it would be useless to 

artifically add fines to the input bed material. 

Since the Einstein equation calculates both bed and suspended 

loads, the predicted and observed modes of transport can be compared. 

The Einstein equation indicates that all the transported material is 

bedload on all four creeks. This is, of course, due to the coarseness 

of the predicted gradation. The observed data indicates that only UO? 

to 73? of the total load moved as bedload during the spring of 1982. 

If the Laursen relation predicts too fine a mixture, the Einstein 

equation is equally off in predicting too coarse a mixture. Neither 

equation models the composition of the transported material 

accurately. From the standpoint of instantaneous loads, none of the 

four equations works very well, although the Laursen and Einstein 

equations performed better than the Yang and Meyer-Peter, Mueller 

equations. Their performance with respect to yields is discussed in the 

next section of this chapter. 

Analysis of the Measured and Predicted Yields 

The measured and predicted yields from the four equations are 

compiled in Table 17 for all four creeks. They are arranged by water 

year, where 1977, 1976, and 1974 are low, medium and high flow years, 

respectively. The analysis of the instantaneous loads and their 
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Table 17 

Measured and Predicted^" Yields 

(all values in tons) 

Creek 

D Eggers Ditch Cabin 

-1982 Water Year : Equation Analysis-

Measured 61.8 44.1 129.7 40.9 
Predicted 

Yang's Method 0 0 0 0 
MPM Formula " 0 0 0 0 
Einstein Equation 3.1 7.8 0 0 
Laursen Relation 527.8 676.9 153.3 132.4 

-1971 Water Year: High Flow-

Measured 35.9 11.9 53.7 13.7 
Predicted 

Yang's Method 0 0 0 0 
MPM Formula2* 0 0 0 0 
Einstein Equation 9.1 9.5 0 0.6 
Laursen Relation 698.9 831.0 188.11 252.5 

-1976 Water Year: Medium Flow-

Measured 11.2 12.5 29.7 17.5 
Predicted 

Yang's Method 0 0 0 0 
MPM Formula2, 0 0 0 0 
Einstein Equation 0 0 0 0 
Laursen Relation 267.8 219.8 59.3 96.2 

-1977 Water Year: Low Flow-

Measured 5.2 3.8 5.8 3.8 
Predicted 

Yang's Method 0 0 0 0 

MPM Formula2, 0 0 0 0 
Einstein Equation 0 0 0 0 

Laursen Relation 9.4 19.9 3.7 3.7 

1* Predicted yields for the effective slope only. 
p 

Meyer-Peter, Mueller Formula abbreviated by MPM Formula. 
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gradations was performed on the 1982 data and these measured and 

predicted yields are also included. The 1982 water year falls somewhere 

between a medium and high flow year. Note that all four of the creeks 

were undisturbed before 1980, with the exception of Ditch Creek, which 

has an old low standard road dating to 1933. The observed yields were 

measured in the sediment reservoirs and discussed in Chapter 5, 

Procedures. Only the effective slopes were used to predict yields with 

the four equations. 

The predicted yields are calculated using the instantaneous rates 

from the equations and the flow duration curves. Instantaneous rates in 

tons per day, which were calculated for the mean of each flow class of 

the flow duration curve, are multiplied by the number of days that each 

flow occurred. If a certain flow rate was not recorded during a 

specific water year, then no yield was estimated, even though the 

equation may predict movement at that flow rate. 

There is considerable difference between the flow rates of the 

high, medium, and low flow years. The highest discharge recorded on any 

of the four creeks in the low flow year is 0.615 cfs with the majority 

of flow rates falling between 0.129 cfs and 0.318 cfs. The high flow 

year is characterized by a large number of discharges between 0.095 and 

0.615 cfs, with the number of flows decreasing at higher discharges. 

The range of discharges is great, however, with the 8.178 cfs as the 
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highest recorded flow rate. The intermediate flow year is similar to 

the high flow year but with no recorded discharges from 5.100 cfs to 

8.478 cfs. Sample flow duration curves for D Creek for the high (1974), 

medium (1976), and low (1977) flow years, as well as the 1982 water 

year, are included in the Appendix. 

Yang's method, the Meyer-Peter, Mueller formula, and the Einstein 

equation often predict no yield because their critical discharge is not 

exceeded. In the case of the Meyer-Peter, Mueller and Yang equations, 

sediment transport is not predicted to begin until the flow rate exceeds 

8.478 cfs (see Table 13). The critical terms in these equations are too 

high and particles do not move. In the case of Einstein's equation, the 

critical discharge is 5.100 cfs when using the effective slope (see 

Table 13). This discharge is not equalled or exceeded in the low and 

medium flow years; hence, no yield is predicted. The Laursen relation 

estimates yields in all the flow years because its critical discharge is 

relatively low at 0.07 to 0.28 cfs (see Table 13)-

The Laursen relation generally over predicts yields and the 

Einstein equation always under predicts. The over prediction varies 

from 56 to 3.5 times in the high flow year, to 24 to 2 times in the 

medium flow year, to 1 to 5 times in the low flow year. The Laursen 

relation performs best in the low flow year and this can be explained by 

referring to Figures 10 through 13. The plots of the instantaneous 
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loads show that the slope of the line for the Laursen relation is milder 

than the slope of the line for the measured loads. The two lines tend 

to converge at low flow rates and diverge at high flow rates resulting 

in the greatest over prediction at high flow.rates and during high flow 

years. The predicted yields by the Einstein equation are too low 

because the predicted instantaneous rates are too low (see Figures 10 to 

13) and the critical discharge is too high (see Table 13). 

Of all the creeks, sediment supply was the least limiting on 

Ditch Creek in 1982 because of road construction the previous summer. 

The yield of 129.7 tons reflects the large amount of sediment supplied 

to the channel. The Laursen relation overpredicted yield by only 18? in 

this instance, which is an encouraging result. It is tempting to 

speculate that sediment supply was more or less unlimited, and thus the 

measured transport approached the transport capacity predicted by the 

equation. This one instance, however, is insufficient to confirm this 

hypothesis. 

As discussed in the qualitative analysis of Chapter 3, sediment 

transport from out of pools and from upstream of obstructions is higher 

in low flow years than in high flow years. This is compounded by an 

increased formation of obstructions in the low flow years, due to debris 

such as twigs, sticks, and leaves. The number of obstructions, and thus 

obstruction storage, decreases in high flow years due to a flushing of 
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the system. Because the four equations were correct in neither the 

instantaneous rates nor in the slope of the discharge versus sediment 

discharge lines, the predicted yields were also incorrect. Therefore, 

no conclusions can be made about the effect of pool and obstruction 

storage on yields predicted by sediment transport equations. 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The purpose of this research was to predict the measured sediment 

transport in four mountain streams of the Idaho Batholith, using several 

commonly used sediment transport equations. These mountain streams are 

characterized by a step-pool configuration, coarse beds, frequent bank 

overhangs and obstructions, and limited sediment supply. In short, the 

conditions in the study streams were quite different from the flume 

and/or field conditions associated with the development of the sediment 

transport equations. The general overall conclusion of the research was 

that neither Yang's method, the Meyer-Peter, Mueller formula, the 

Einstein equation, nor the Laursen relation performed with the degree of 

accuracy or reliability that would permit their use on similar, but 

ungauged, watersheds. However, the inability of the equations to 

predict the measured sediment loads may have been due as much to 

deficiencies in the field data as to deficiencies in the equations. In 

general, the variables in the equations were not measured directly, and 

had to be approximated from measurements of stream and sediment 

characteristics. Therre are a number of observations and measurements 

that could be made that should allow the flow and sediment to be better 

described, and consequently, the sediment transport to be better 

predicted; these are covered in more detail in the following section. 

146 
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The use of the. total slope of the stream, valley slope, or other 

flow variables dependent on the slope, in the sediment transport 

equations did not give good results. It seems logical that the slope in 

the pools should be a more correct value to use, since the riffle or 

step should be able to transport more sediment than is supplied to it by 

the upstream pool. The concept of an effective slope proved useful, 

although it had its limitations. The effective slope was estimated by 

subtracting the vertical and almost vertical drops from the total 

slope. Because the total slope and the drops were obtained from the bed 

profiles, it could only be hoped that this was an adequate measure of 

the pool slopes. The effective slope thus obtained was still quite 

high, about one percent, but it was the best that could be done. 

Although flow through the pools is probably non-uniform, it was 

necessary to further assume that the effective slope was the energy 

slope, and to obtain other flow variables assuming normal flow. Another 

limitation on the use of the effective slope as it was obtained is that 

it is necessary in many sediment transport equations to divide the total 

energy loss through a reach into a "form" loss and a loss associated 

with the particle shear stress. 

The particle shear stress is generally only a small part of the 

total resistance to the flow. Because these mountain streams are so 

different from the flows which were considered in the development of the 
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equations, perhaps the estimates made of this important variable (and of 

other variables) were simply inadequate. Considerations such as this 

led to several of the recommendations in the following section. 

None of the four sediment transport equations performed 

particularly well on the four study streams, even when using the 

effective slope. The critical terms in Yang's method and the Meyer-

Peter Mueller equation are too high because they do not fully consider 

the size distribution of the bed material and, therefore, no movement 

was predicted on any of the four streams. The Laursen relation 

predicted instantaneous loads that were too high, while the Einstein 

equation predicted instantaneous rates that were too low. 

Even though the Laursen and Einstein equations performed better 

than the Yang and Meyer-Peter, Mueller equations, their predicted 

gradations did not match the measured gradations. The measured 

compositions of the transported material are approximately 70? sand and 

30? gravel, with about 70? of the material typically traveling as 

bedload. The Laursen relation predicted a composition of 99? sand with 

90? or more of the material traveling in suspension. This may be 

because the Laursen relation was derived with an emphasis on the 

suspended load of sand. In contrast, the Einstein equation predicted a 

very coarse composition that was 40? gravel and 60? larger than gravel, 
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with all of the particles traveling as bedload.- Einstein's hiding 

factor greatly restricted the movement of fines and caused the coarse 

gradation. 

Since none of the equations predicted instantaneous loads and 

their gradations accurately, they did not predict yields well either. 

Yang's method and the Meyer-Peter, Mueller formula predicted no yields 

in any of the low, medium, or high flow years. The Laursen relation 

over predicted yields on all four creeks, while the Einstein equation 

under estimated. Until instantaneous rates are accurately predicted, 

any correct predictions of yields are probably accidental. 

These four sediment transport equations are only a sampling of 

the many that have been developed. Before other equations are tried, 

better evaluations of flow and sediment behavior, and scour and fill in 

the pools, are needed. Only then will the equations have a fair chance 

of predicting the measured sediment load, or of being modified to 

predict the sediment load. 

Recommendations 

This thesis project seems to have raised almost as many questions 

as it has answered. Some of these questions relate to the field data 

and observations, and others relate to approaches used in sediment 

transport equations. Any sediment transport equation will perform 

better if it has the correct field data for input, and an accurate 
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qualitative understanding of the field conditions for interpretation. 

For this reason, suggestions concerning data collection will be offered 

first: 

1) Hydraulic conditions need to be investigated independently in 

the pools and riffles. The flow may need to be evaluated as non-uniform 

flow. Hopefully, the unsteadiness of the flow can be ignored, but the 

unsteadiness of the boundary (scour and fill) may need to be 

considered. 

2) Flow velocities in the pools and riffles need to be 

measured. A Marsh-McBirney flow meter would provide information on 

velocity fluctuations with time, as well as average velocities. This 

might aid in determining if uniform flow exists in these streams. 

3) The stream profiles, both water surface and bed, should be 

re-surveyed in order to identify riffles as well as steps. The 

effective slope could then be revised to remove the effect of both 

riffles and steps, and to be a better measure of the pool slope. 

4) The pattern of scour and fill in a selected set of pools and 

riffles (or steps) should be observed over time, with particular 

attention given to material removed from scour holes below steps or 

riffles. The removed material may be cast up immediately downstream of 
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the scour hole, and thus be a localized phenomena. It may also continue 

downstream, thus indicating changes in the size of the scour hole 

partially determine transport in a reach. The flow over a riffle may be 

a supercritical jet, and the flow over a step may be a plunging nappe, 

and these, too, should be noted. 

5) Bed material should be sampled in both the riffles and pools 

and analyzed separately. Pool beds are generally finer than riffle 

beds, and the pool bed material is the major source of transported 

material. Changes in the bed material, particularly during floods, 

should be checked, if possible. Care should be taken to observe and 

sample armor layers and the underlying material, and if there is scour, 

whether inerodible material exists at depth. 

6). The critical discharges for incipient motion should be 

observed, and if an armor layer is present, whether the- critical 

discharge changes as the armor layer is disrupted and reformed. 

7) The seasonal pattern of scour and fill in the pools and 

riffles should be documented. One of the major tenets of this thesis 

project is that pools may scour and fill, and the pools control 

transport in a reach. During extremely high flows, perhaps greater than 

bankfull, this pattern may change. For very high flows, the riffles and 
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steps may be drowned, and the total slope may control the flow. The 

yield from one rare event must be balanced against the yields from many 

normal high flows to determine what flows are most important. 

8) Seasonal changes in bed material should be identified, 

particularly as they relate to watershed disturbance. Periods of 

sediment influx and flushing should be observed in relation to changes 

in bed material gradations. Samples of the bed material during spring 

runoff would be very useful as input to sediment transport equations. 

These observations are valuable no matter how the sediment 

transport is modeled. Whether sediment transport is modeled with 

equations similar to those of this study, or with empirical relations 

between transport and watershed characteristics, the recommended 

observations would help identify the important parameters. Without a 

good qualitative understanding of the transport process, it would be 

difficult to model them with any type of equation. 

Several avenues are available for further modeling with sediment 

transport equations. Emphasis should be placed on analyses that point 

out what field data is already useful and what field data remains to be 

collected, rather than wholesale modeling with numerous other 

equations. With that in mind, the following steps are recommended: 
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1) The slope of the pools might easily be 0.5? more or less than 

the effective slopes used in this study due to problems obtaining and 

interpreting the field data. A sensitivity analysis using a range of 

possible effective slopes with the Laursen relation and the Einstein 

equation would check the effect of slope on rates and gradations. This 

analysis might indicate the importance of getting better field data on 

the slope of the pools. 

2) The hiding factor in Einstein's equation could probably be 

calibrated to the study streams, although this is not advised without 

investigating possible modifications to Einstein's method for estimating 

form roughness and particle shear. Bear in mind that there is 

dissatisfaction with the Einstein equation in the literature, and that 

the equation is not easy to use without considerable training. 

3) Sediment transport equations that incorporate critical 

discharges or critical velocities for incipient motion may be useful in 

the event that mobile armor layers are found in the study streams. 
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