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Sediment transport in a gravel-bottomed stream located in the
Oregon Coast Range was studied to determine the effects of a single
layer of large particles (the armour layer) located at the surface of
the bed material., The bed load transport system was studied jointly
with suspended sediment transport to understand the total transport
system. The bed load was sampled using a vortex trough in the stream
bed which transported the bed load material into a sampling pit
adjacent to the stream.

It was found that the armour layer controls the bed load trans-
port system by preventing sand and finer material from the bed from
being entrained in the flow unless the armouring particles are first
moved, The bed load of an armoured stream can be calculated using
the simplified Einstein bed load function with a representative diameter

for the stability parameter equal to the particle size of armouring



material at which 35% of the material is finer (D35 size) and a repre-
sentative size for the transport parameter equal to the median sife of
bed material below the armour layer. The critical discharge for
disturbing the armour layer is related to a size equal to 69% of the
D65 size, The critical shear stress of the armouring material is at
a minimum for a particle equal to the 0, 69 D¢s size. Smaller parti-
cles are hidden.in the armour layer and larger particles are heavier
than the critical particle.

From observation of the maximum size of particles transported
for various stream discharges, the Shields parameter was found to be
0, 025 for a rough bed and for a transport rate of very nearly zero.

The suspended sediment transport system was found to be
partially related to the past history of the stream because the past
history of flows and sediment load controls the ability of the armour
layer to remove sand and finer material from the water in the stream
or to supply these smaller particles to the water.

Both the bed load and suspended load of Qak Creek are quite
variable when the discharge is below the critical discharge of the

armour layer.
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SEDIMENT TRANSPORT IN A GRAVEL-BOTTOMED STREAM
I. INTRODUCTION

Over the last century, tremendous progress has been made in
understanding the nature of sediment transport. Studies have been
made both in the field and iﬁ the laboratory. These studies have
resulted in an understanding of many facets of the movement of sedi-
ment by water, Nevertheless, many aspects of sediment transport
are not understood and need to be investigated further., One such

poorly understood facet is investigated in this dissertation.

The Problem

Numerous watershed studies have been made with the objective
of developing an understanding of the effect of land use on the yield
of sediment from the watershed, In most watershed studies, only
the suspended load had begn measured, The measured suspended
load was then related to land use. If the stream is in an alluvial bed,
the measured suspended load is from two principle sources - the fine
material ""washed'' in from the watershed, and the material in sus-
pension from the bed. The first source reflects the nature of the
watershed and the availability of fine material and the second source
is related to the nafure of the bed material and the nature of the flow

in the channel.



In most watershed studies the bed-load of the stream is not
measured, However, a number of theories have been developed to
calculate the bed material load of a stream, Much of the work has
been in the laboratory under stringently controlled conditions. Some
work has also been done in the field, most of it on streams with sand
beds. The basic problem with any type of field study of bed material
transport is that the measurement of bed load had proved to be very
difficult. Thus, no general satisfactory method for all types of
streams has been developed. As a result, theoretical and empirical
methods have been developed in order to estimate the bed load.
Examples are the Einstein method of calculating the bed material load
of a stream. on.the basis of the ratios of the bed shear stress to a
particle control shear stress, the Colby 'method' of relating the total
bed material load to the amount and size distribution of suspended
material transported, and the method used by Yalin based on excess
shear stress. In each case a basic but implicit assumption is that
the bed material is homogeneous with depth. But not all stream beds
are homogeneous with depth; consequently, the existing methods of
estimating bed material transport are not always applicable.

Many of the watershed studies were made in regions where the
bed material of the stream is gravel and is non-homogeneous with
depth. Also, many streams in the Northwest have bed materials that

- are very non-homogeneous with depth., Three example streams
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examined by the writer are Oak Creek and Deer Creek in the Oregon
Coast Range, and the Warm Springs River in Central Oregon. In each
case the upper-most layer is considerably coarser than the material
directly below it, This upper layer is generally referred to as an
.armour layer,

The problem at hand is to develop some concepts which describe
in a qualitative and semi~quantitative manner the nature of the sedi-~
ment transport in the case where an armour layer is present. The
ultimate goal is to be able to calculate the bed material load of a
stream having an armour layer,

The importance of understanding the sediment transport system
in an armoured stream is related to two facfors: (1) the difficulty in
evaluating the considerable variation in suspended load in an armoured
stream; and (2) the fact that many of the spawning areas for anadro-
mous fish are in streams with an armoured bed,

The field research reported on here was carried out on Oak
Creek, a small stream located in the east central part of the Oregon

Coast Range near Corvallis, Oregon,

The Research Program

The research program was based on the concept that a reach of
a stream be studied in considerable detail with an objective of under-

standing the basic mechanisms involved in the movement of the bed



material, The bed material load was measured using a ''vortex
sampler' (described later) which sampled the total bed load during

the period of sampling, The suspended sediment was measured using
standard techniques. The bed material in the stream was studied
extensively and the hydraulic properties of the study reach were deter-
mined,

The initial part of the research program involved the develop-
ment and construction of the vortex bed load sampler. The sampler
was constructed during the summer of 1969. During the winter of
1969~70, the bea load was sampled. The bed material, hydraulic
properties of the reach and of the sampler, and related aspects were
also studied during 1969-70, As a result of the knowledge gained
from these studies, a more intensive research program was developed
for the winter of 1970-71 and fall of 1971. As information was
acquired about the sediment transpart system in a gravel bottomed
with an armour layer, the research program was modified and im-

proved.



II. THE STUDY AREA

To develop an understanding of sediment transport in a gravel-
bottomed stream, a bed load sampler was constructed on a stream
located just outside of Corvallié, Oregon. Information on the stream,
including its watershed, channel, and bed material, are presented in

this chapter,

. The Watershed

Oak Creek is a small creek located in McDonald State Forest
near Corvallis, Oregon. The watershed is located on the eastern
edge of the Coast Range, The drainage area tributary to the reach
studied is approximately 2. 6 square miles. The terrain ranges in
elevation from 480 feet (MSL) to 2178 feet for a basin relief of 1700
feet. The channel length is 2.2 miles and the ratio of basin relief
to channel length is 0, 15 foot/foot, The channel slope in the study
area:is 0, 014 foot/foot, The mean annual precipitation i‘s approxi-
mately 50 inches,

The mean annual runoff is estimated to be 18 inches, which is

‘an average mean annual discharge of 3. 5 cubic feet per second (cfs).
The instantaneous peak discharges in the water years 1970 through

1972 were:



1970 215 cfs
1971 300 cfs
1972 225 cfs

for an average instantaneous peak discharge of 247 cfs, The lengths

of time that flows were greater than 40 cfs during the same period

were:
1970 329 hours
1971 292 hours
1972 236 hours

for an average of 252 hours per year which is about 3 percent of the
total time per year, The writer's subjective estimate is that at least
98 percent of the sediment transported by Oak Creek is transported
when the flows are greater than 40 cfs,

The watershed is a Douglas Fir forest with meadows and with
some clearcut patches. The geologic formation in the watershed is
the Siletz River Volcanics of Eocene age, with the earth materials in
the watershed being dense basalts and their weathering products

(Snavely et al., 1968).

The Channel

The bed material of the stream is predominantly gravel.. . An
armour layer exists for the bed, such that the top layer of particles is
of nearly uniform distribution, The material below the armour layer

is small and is usually well graded.
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A plan view of the study.reach upstream of the bed load sampling
station is given on Figure 1. The topography of the stream bed in
February, 1970, is also shown, The general form of the bed has re-
mained essentially the same during the study period (Fall 1969 to
Spring 1972) although there has been considerable local change in the
bed during this time.

Just downstream of the weir/trap structure, there is a deep pool
which is 10 to 12 feet deep during low flow (14 to 16 feet deep during
high flows). Below the pool, the stream makes a series of meanders
for about 300 feet and then is relatively straight for about 800 feet.
Any particle leaving the study.reach.must pass through the deep pool.
Studies of the bed material along the stream indicate that the pool
tréps particles greater in size than about 3 inches (median diameter)
and permits the smaller particles to pass on downstream. Debris
jams occur at distances of about 20 feet and 60 feet downstream of the
weir/trap. The jam at 60 feet downstream is quite large. In the fall
of 1970, Maccaferri gabions were installed at 39 feet and 87 .feet below
the bed load sampler, The spaces behind the gabions filled during the
first major storm following their placement, but another hole devel~ -
oped upstream of the first gabion between it and the sampler. This
hole was then stabilized in location with another gabion and remained

stable during the study period.
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In order to determine the hydralic properties of the study reach,
staff gages were located along.the reach and permanent cross section
stations were established. The locations of these are shown in
Figure 2,

The main study reach is the reach between staff gage 3 (cross
section 6A) and the bed load sampler, The hydraulic radius for the
reach was estimated with data from the measured cross sections,
using a procedure similar to that given by Einstein (Einstein, 1950).
The reference section is staff gage 2. The equation for the hydraulic
radius is R = 0. 63(E = 102. 3), where R is the hydraulic radius, and
E is the elevation of the water surface at staff gage 2 relative to the
study datum. The equation gives a hydraulic radius that is repre-
sentatiw)e of the study reach rather than being an exact hydraulic
radius for some given point.

The bottom width of the channel averages about 12 feet and
most of the bed material movement occurs in this region, When a'
transport rate per unit width of channel is given in this thesis, it is
based on. a width of 12 feet,

Measurements of cross~sectioned shape were repeated several
times during the study period, This permitted investigation of the
variation of the shape of the cross section over time. Figure 3 shows
the changes in one cross section in the study reach.resulting from

intervening stream discharges which were adequate to move the armour
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12
“layer, The first four overlay drawings for measurements of the
cross section show changes resulting essentially from individual
storms or storm groups. The fifth overlay of measurements shows
the net change during the following winter (1970-71). Information on
the duration of flows which could move the armour layer is given in
Table 1. However, it is not possible to relate the change in the cross

section to the duration of any given level of flow.

Table 1. Durations of high flows in Qak Creek.

Time, .in hours, that streamflow exceeded: Instantaneouspeak flow,

Period 40 cfs 70 cfs 100 cfs cfs

5 Oct 1969-22 Dec 1969 24 13 2 115
22 Dec 1969-31 Dec 1969 8 2 0 76
31 Dec 1969-31 Jan 1970 273 81 23 215
31 Jan 1970-21Feb 1970 24 14 3 144
21 Feb 1970-24 Mar 1971 280 134 69 300

cfs = cubic feet per second

The net change in cross-sectional shape at one cross section
over two wet winters is given in Figure 4, As is shown, the change
'is quite pronounced. In October, 1969, a group of styrofoam balls
were placed under rocks of the armour layer at this cross section at
the edge of :the low water channel, 8 feet out from the reference sta-
tion on the bank. In January 1972, after a period of high streamflow,
three of the balls were found underneath armour particles at this

“location, Apparently these armour particles had been buried by the
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14
first storm runoff in the fall of 1969. The depth of burial was about
1.2 feet by March 1971 (see Figure 4). This 1,2 feet of deposit was
then removed between March 1971 and January 1972,

The amount of scour during an.individual storm runoff event
has been estimated using perforated buried ping pong balls. In
general, the maximum scour during bed load movement exceeded the
net scour over the runoff period by 0,2 to 0.3 feet if the bed had been
disturbed during the high flow. There were areas with only deposition
during the storm runoff, areas where there was not refill after scour,
areas with no scour or fill, and areas with both scour and fill. In
terms of sediment transport, there were areas acting as sinks where
material was lost, areas acting as sources, areas where the only
~transport feature was that the transported material was moved over
the area with no movement of the material in place, and other areas
where the bed was actively involved in the transport process,

The channel consists of a sequence of pools and riffles, al-
though the principal study reach is mostly riffles or transitional with
a few pools. In order to obtain some idea on the movement of indivi-
‘dual particles in the channel, a set of experiments was conducted
during the study which traced the movement of individual particles.

In order to do this, particles of the stream bed material were col-
lected, painted yellow, and placed in one group in the stream bed.

After the next period of storm runoff and bed load transport, their
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new locations were determined. Following the first period of high
flow after the particles were placed, the recovery rates were often
-low due to burial of some particles during transport. But each suc-
cessive storm usually exposed or brought additional yellow particles
to the surface. The highest recovery rates have been for particles
of the same size as the armour material and lowest recovery for the
smaller particle sizes not often found in the armour layer. The
inference from these studies is that individual particles will be trans-
ported as bed load and then redeposited in the bed~--sometimes at the
surface and sometimes at some depth. The distances of travel have
been quite variable and the individual particles became dispersed over
a considerable length of the stream.

One of the '"painted rock'' studies provided information on the
development of the bed structure. In this experiment a group of yellow
particles, all of gravel size, were placed in the stream bed at the
downstream end of a riffle near cross section 17, After a period of
high flow the stream was searched for yellow particles but few parti-
cles from this group were found. At the site where the particles had
been placed initially, a yellow rock was observed that was nearly
buried, In the process of removing this rock a large number of yellow
particles were found buried from 2 to 6 inches below the surface.
Apparently the riffle was moving downstream and had covered the

yellow particles, although there was evidence that they had been moved
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enough to cause the larger particles to be near the top of the bed and

the smaller ones a short distance below the bed surface,

The Bed Material

The bed material of the study.reach has been studied in consider-
-able detail. Samples of the armour layer were obtained" at intervals

during the study period and samples of the material below the armour
layer were obtained in 1971. The particle shapes are blocky.

There is considerable variability of median particle size with
time and with location along the stream. This can be seen from
Table 2 where, for the 175-foot reach immediately upstream of the
sediment trap, the median size and the range of the median value for
the armour layer (based on samples taken at many points within the
reach) at different times are shown, Most of the bed load samples
discussed later in this paper were obtained when the median size of
the armour layer was 6.3 centimetérs (em).

Table 2, Representative particle sizes for armour material in Oak
Creek near the sediment trap.

" Median Size for Range of Median, ,
Grouped Saraples, Size of Samples, Dgs D35 Dys/Dae
Date cm cm cm cm '
26 October 1969 4.8 4.3 - 5.0 5.8 4.1 1.42
‘26 October 1970 5.2 4.6 - 6.3 5.9 4,3 1.37
29 January 1971 6.3 4.3 - 8.4 7.3 5.2 1.43

27 July 1971 6.3 4.5-7.6 7.4 5.2 1.42
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The particle size such that 35 percent of the material is finer
(D35) is often taken as the repi.esentative grain diameter for bed load
transport. The variation with time of D35 for the stream bed armour
layer is shown in Table 2 and its variation with location along the
channel is shown on Figure 5, As may be seen in Table 2, the mean
D35 for the January 29 and July 27 samples was 5.2 cm.

The mean D35 size for 1969-70 sampling period was 4.2 cm.
Almost all of the bed load samples obtained during 1971 were obtained
when the mean D35 size of the armour layer was 5.2 cm. The -
samples obtained at the start of 1971 when the mean D35 size of the
armour layer was 4,3 cm were for flows of less than 16 cubic feet
per second (cfs). In Figure 5, station 0 is about 20 feet upstream of
the trap. The seven samples between stations 0 and 175 feet were
used in determining an average value for D35 (and the Dgg presented
previously). Only four samples were obtained in this section on
October 26, 1970; consequently, the sample base is not the same for
the October 26th samples, as for the other two sets of samples.

During the earlier part of the study period the bed material
below the armour layer was not sampled extensively. For three sam-
ples obtained in the upstream part of study area (from 350 to 426 feet
upstream of the trap) and for one sample taken about 400 feet down-~
stream of the trap, the median size obtained was 2.4 cm (the sample

medians ranged from 1.3 cm to 4. 5 cm), less than half that of the
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armour layer. The D35 size was 1.8 cm (ranging from 0.7 to 3,5 cm),
In July 1971, samples of the armour layer and the material

below the armouf layer were again obtained. Both the armour layer
and the material below the armour layer are the bed material of the
stream, but for convenience the terminology being used here is
"armour layer'' or "armour material' for the armour layer and ''bed
material' for the material below thé armour layer, The armour layer
samples were obtained using a different technique than in the earlier
work and the bed material samples were obtained using a sampler
described by McNeil and Ahnell (1964). A summary of these data is
given in Table 3. The data for the bed material indicate the bed
material below the cross layer in the study reach has a median size
of 2 centimeters compared to a median size of 6 centirrieters for the
armour layer compared to 6.3 cm from Table 2, As stated previously
the data in Table 3 was obtained using a slightly different technique
than for the data in Table 2,

Table 3. Summary of sizes for armour and bed material samples obtained in July 1971,

Limits
Average* ‘ Armour Bed

Armour - Bed Maximum - Minimum Maximum Minimum
Size cm cm cm cm cm cm
Do 3.2 0. 16 ' 4.0 2,8 0. 17 0. 16
D3s 5.2 0.86 ‘5.6 4,6 0.94 0,98
Dsg 6.0 2.0 6.4 5.3 2.3 1.4
Dgs 6.8 3.3 7.2 6.1 4,0 2.9
Dog 8.6 6.5 9.8 8.0 8.0 5.1
Des5/D3s 1,31 3.84 - _— ——- .

* Calculated using the data for samples from cross sections ‘1, 3, 5and7,
Note: Measurement error-is estimated to be + 10 percent.
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An investigation was made in the fall of 1970 to determine if the
particle size of the bed material decreases in the downstream direc-
tion. In making this study samples of the bed were obtained at several
locations over a total distance of about 3000 feet. The bed material is
structured such that the particles at the very surface are larger than
the particles found just below the top layer.

At each sampling point the armour layer was first sampled,
followed by the material below the armour layer. It was observed that
the material below the armour layer also was structured in that the
first few inches encountered contained more larger particles than the
next four to six inches. The median sizes of both the armour layer
and the bed material have been determined and plotted versus location
along the stream; these are given in Figure 6.

The ratio of the size for which 65 percent of the material is finer
(Dg5) to the size for which 35 percent of the material is finer has been
dektermined and shown next to each sample point in Figure 6, One
interesting observation is that the two bed material samples which
have median sizes much larger than the majority also have much
smaller Dy5/D35 ratios. In fact, the median size and the Dg5/D35
ratio for the samples with D¢s5/D3yg ratios of 1,3 and 1,6 are more
nearly those of the armour layer than of the bed material.

The graphed results indicate the median size of the armour

layer tends to decrease in the downstream direction, except for the
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fact that at about 1000 feet below the sediment sampling station the
median size increases, as will be discussed later. Excluding the two
downstream samples, a line of best fit may be drawn to show this
trend.

The median size of the bed material samples are much more
scattered than for the armour samples. If a line is drawn that best
fits the data for bed material points with D¢g/D35 of 2 or greater
(as was done in Figure 6) it is seen that there is a trend line showing
a general decrease in median bed material size. But the rate of de-
crease in median size with distance is less than for the armour
material, Also, there is no increase in the median size at a distance
of about 1000 feet below the sediment sampling structure. Evidently,
the increase in size there was confined to the armour material,

The cause of the increase in median size with a decrease in
Dg5/D35 ratio can be studied by looking at the two samples obtained
from locations 409 and 416 feet upstream of the sediment sampling
station, These two samples were thus obtained within about seven
feet of each other, One of the samples had a Dgg/D35 ratio of 1.3
and the other a ratio of 3.3. The armour layers of the two samples
were essentially the same, differing only slightly and within the limits
of measurement error, The grain size distribution curves of these
‘two samples are presented in Figure 7 and the various characterizing

sizes used in sediment transport calculations are given in Table 4.
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The bed material samples were taken in an area wherera bar was in
the process of forming and where the turbulence of the stream could
be very strong during periods of high flow with the result that fine
particles would not be deposited. Another way of looking at this is to
say that the material was deposited when the bed load discharge rate
was high and much of the sand material in suspension; consequently,
only the coarser fraction of the bed material load was deposited.

Table 4. Data for two bed material samples from<upstream end of
study reach.

Bed Material

Armour 409 416%*
Size cm ‘cm cm
Dgg 10,0 9.0 4.9
Dgs 7.8 5.6 2.3
D50 6- 9 47 5 1« 3
D35 6.0 3.5 0.7
Djo 4. 2 0.8 0.13
D65/D35 1.30 1.60 3.29

* Distance upstream of the sediment sampling station

To further pursue this idea, we can look at size distribution
curves for bed load samples obtained at the sediment sampling station
about 410 feet downstream, Data on two of the samples are given on
Figure 7 with size information in Table 5, One of these is for bed load
sample 56, obtained during a period of moderate discharge (62 cfs).
and bed load transport rates (43 kilograms per hour [ kg/hour]). The

material is much finer than either of the bed material samples. The
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particle size distribution curve for bed load sample 14 when material
was transported at a higher discharge (120 cfs) and a much higher bed
load rate (1175 kg/hour) is also shown on Figure 7. As shown, the
curve occurs between the two bed material samples and represents a

coarser bed load than at the lower stream discharge.

Table 5, Size data for two bed load samples obtained during the winter

of 1971, ‘ '
‘ Sample 14 Sample 56

Size cm cm
Dgo 5.6 6.2
Dg5 3.1 0. 61
Dgq 2.4 0,26
Dss 1.9 0. 16
Djo 0.6 0. 056
Dg¢5/Dsg 1,63 3.81
Stream Discharge, cfs 120 62
Bed Load Discharge, kg/hour 1175 43

©i-If the local: bed shear stress was sufficient to disturb the armour
layer and material below the armour layer but not sufficient to move
the large particles out of the general area, but instead forms a bar,
than the fines would be transported and effectively removing them
from the bed material at the bar, Both samples contain coarse parti-
cle sizes that could be left behind to form a bar with the fines being
removed by turbulence in the stream, The rate of bar formation
would vary depending on the bed load transport rate, but either rate

could build a bar which is void of the finer fraction of particles if the
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flow conditions were right. Consequently, it is not possible to say at
what rate of bed load transport a bar would form. Cary (1951)
described openwork gravels (gravels deposited with large voids) found
in alluvial deposits and in present day rivers in the northwest. The
writer has observed openwork gravel in alluvial deposits in Southern
California, It appears probable that the uniform bar deposits and
Cary's openwork gravel have similar origins. Cary's view is that
"A vortex, forming at the downstream face of a bar, would lower the
hydraulic pressure at the bar face, and would cause a movement of
water outward from within the interstices of the gravel bar,'" The
outward flow force would prevent sand and fine gravel from being
deposited in the downstream face of the bar. In a paper on intragravel
flow, Vaux (1968) concludes, on the basis of analytical studies, that
the flow of water is éutward on the downstream face of a riffle or bar.
This supports Cary's idea on the origin of openwork gravels.

The sample at 600 feet below the sediment sampling structure
was obtained from a bar deposit formed behind a debris dam in the
creek, The turbulence would likely be of lesser intensity in such a
location than on the downstream face of a bar. The median size would
be expected to be smaller and the Dyg/D3g ratio larger than for a bar
face. This is the case observed., Unfortunately, no supplemental
information was obtained on the hydraulic environment at the site

where a Dg5/D35 ratio of 1.6 was found at a location 920 feet
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downstream of the sediment sampler.

The main idea to be derived from the foregoing discussion is
that a bar could be formed with larger and more uniform material
than the usual bed material and that the bed material is not uniform
within a reach but is variable depending on the hydraulic environment,

Now, we can return to the problem of the increase in median
size of the armour material about 1000 feet below the sediment
sampling station, After it was determined that there was an increase
in the median size of armour layer over a short distance within the
study reach, a study was made to determine the variation in the
largest particle found over a 4100 foot section of Oak Creek spanning
the study reach, The procedure used was to determine the weight of
the largest particle found at intervals of 100 feet along the reach, with
a few particles also being measured at intermediate points, The
results of the study are presented in Figure 8.

Two features are immediately noticed from the information on
Figure 8, First, there is a general tendency for the maximum particle
gsize to decrease with distance downstream, Second, there is (with
the exception of a single particle at station 2620 feet) a decrease in
maximum particle size for a distance of about 2000 feet between sta-
tion 1500 and 3500; then seven points within a distance of 400 feet that
are considerably above the trend line. The particle at station 2620

feet was almost buried while all of the others were on the surface;
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hence, the particle is not typical of the armour particles in the imme-
diate surrounding area (in fact, that particle is not entirely a part of
the armour layer) while all of the other particles sampled are only
slightly bigger than others in the area from which they were obtained
and were definitely part of the armour layer.

The cause of the increase in mean size of the armour layer
near the lower end of the reach examined is not known but there are
two likely possibilities. One is that there is a source area of bed
material nearby. The problem with this explanation is that the banks
do not appear to be eroding, which suggests that this explanation is
probably not applicable. The second possible cause is that the sedi-
ment transport sy'stem is not constant over time and at times trans-
ports larger particles as waves through the system or includes
temporary ''sinks'' for large particles in the system. The first idea
just mentioned is based on a possibility that larger particles tend to be
left behind if the flow is not strong enough to move them. For instance,
the particle at station 2620 feet has been estimated to have a critical
discharge of 140 cfs (using Shield's criteria [ 1936] and the hydraulic
properties of the reach where the particle was located), A discharge
of 140 cfs in this part of Oak Creek has a return period of five years,
on the average; so this particle might be moved with a five-year return
period while the armour layer as a whole will probably be moved at

least once each year, Consequently, the larger particles are likely
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to remain in place and work their way into the material below the
armour layer by removal of material from around the large particles.
Evidence of the reverse of this type of action is available; a long
period (6»1 hours) of flow greater than 100 cfs caused the median and
Dgqgg particle sizes in the study reach to increase, which suggests that
the large particles may have been returned from the bed materi.al to
the armour material. If the model described above is correct, then
a period of less severe storm runoff should result in the larger
particles returning to the bed material. Consequently, the fact that
larger particles are found below the sediment sampling structure
could also be related to the past history of storm runoff which may
have caused enough larger particles to reach the area that some of
the larger particles have remained in the armour layer.

Another possible explanation is that a large and deep pool of
recent formation just below the sampling structure could act as a sink
for particles above some weight or size and that the pool did not exist
at the time when the larger particles found downstream were trans-
ported past the site of the present pool. There is no way to confirm
this idea for the study area.

The information given in the previous paragraphé illustrates
that sediment movement and the dynamics of the stream bed are very
complex and very multidimensional. The bed materials in a reach

are related to the past history of high flows as well as to the material
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available. The bed of the stream is not in a steady state during a
high flow period. In some places, material will be deposited on the
downstream face of a bar during high flows with the result that the bed
material will be coarser and more uniform than for other areas of the
bed. The movemgnt of individual particles is intermittent, with
periods of rest even during times of appreciable bed material move-~
ment and with individual particles being deposited and scoured in a

non-uniform and unsteady manner.

Variation of Manning's ''n'"' with Discharge

Of interest in understanding the sediment transport system in a.
gravel bottomed stream is the variation of Manning's ''n" with dis-
charge. There is a relatively large energy loss in a stream such as
Oak Creek because of the riffle and pool sequence with numerous
contractions and expansions. During low flows the ‘contractions and
expansions are relatively important; but during high flow, the pool
and riffle sequence has less effect on the energy loss than does the
general roughness of the stream bed.

The variation of relative roughness can be investigated by study-
ing the variation of Manning's '"n'" with discharge. The reach used to
study the variation in ''n'"' is the main study reach from the stilling
well gage, just upstream of the samples, to staff gage number three,

153 feet upstream. Manning's equation is:



32

Q=.1..'.][.132AR2/3SI/2 (1)
where:
Q = the stream discharge
A = the cross-sectional area
R = the hydraulic radius
S = the energy slope
n = Manning's ''n"

Defining the conveyance Z as

z = AR2/3 (2)
we write
Qz____l-:‘? zsl/2 (3)

For a long reach such as that'selected in Oak Creek, the conveyance
will vary with location along the stream., The geometric mean of the
conveyance term for two adjacent sections is an estimate of the con-
veyance for the reach between the sections, For two adjacent sections

i and j, the conveyance for the reach between is:

Z = \[(zinzj)' (4)

For a reach with a number of cross-sections, the average conveyance,

Z, can be estimated using:

n

'z':.Ilz E (Li, i+1) V (Zi)(Zi+1)'  (5)

i=1

where L is the total length of the reach, Li, i+l is the distance between
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adjacent cross~section i and i+l. Using the average conveyance for a

reach we have:

0 =1.49 Zgl/2 (6)
n
and we can estimate ''n'',
- 1.49 5 1/2
n = Z S 7
5 (7)

The Manning's ''n'"' was estimated for Oak Creek using the equations
given above. The results for the 1971 measurements are given in
Figure 9. h

The Manning's ''n'" for grain roughness can be estimated using
Stricklers equation (Chow, 1959).

n' = 0.0342 k!/® (8)
where k is the median size of the bed material (in feet). The median
size during most of 1971 was 6.3 centimeters (0. 207 feet) and

n' = 0. 026 (8a)
The calculated Manning's '"'n'' is approximately 0. 05 for discharges in
excess of the critical discharge for the armour layer (see Chapter IV).
The Manning's ''n'"' was estimated to be between 0. 04 and 0. 05 for
flows in excess of the critical discharge. In an earlier report
(Klingeman and Milhous, 1970), the Manning's ''n" was estimated for
a relatively uniform cross-section just upstream of the sampler, The

Manning's "n'" was found to be approximately 0. 035,
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The conclusions of the analysis of the roughness are (1) the

Manning's "n'" is relatively constant for discharges in excess of the
critical discharge; (2) the Manning's ''n' for discharges in excess of
the critical discharge is 0, 05 and includes the combined roughnesses
due to grain roughness, bank roughness (probably minor), and channel
form roughness; and (3) the Manning's ''n' increases rapidly as the
discharge decreases below the critical discharge; probably because

channel form roughness becomes more important.
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III. OAK CREEK VORTEX BED SAMPLER LOAD

Introduction

The ability to accurately measure sediment transport rates in
streams has long been of concern to hydrologists. A variety of
instruments have been developed over the years to sample streamflow
and its sediment load above and at the streambed. Because the vari-
ous types of samplers tend to somewhat alter the flow pattefn of the
nearby water, questions arise as to the reliability of samples in
estimating the sediment load of the water.

Sampling to estimate the suspended sediment loads of streams
is presently done with far greater confidence than is true for bed
measurements. Differences in particle sizes between the suspended
load and bed load are partly responsible, as the bed load sampler
must provide a larger orifice for the entry of bigger sediment, This
means that larger equipment is needed and that greater local dis-
turbance of the flow may result. Hence, sampling efficiencies must
be determined for bed load samplers by means of.calibration tests
under controlled conditions, such as are offered in laboratory chan-
nels. Unfortunately, sampling efficiencies of such apparatus appear
to be sensitive to the size of the transported sediment and to the

hydraulic conditions of the flow.
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The important practical problems of determining total sediment
yields from watersheds and total sediment transport into impound-
ments depend for their solution upon reliable sampling of the two
modes of sediment transport in streams--as suspended load or as
bed load. Indirect methods are frequently used to estimate the rate
of bed-load transport, such as measuring the rate of accumulation
~ of sediment behind weirs or in reservoirs, Alternatively, bed load
transport equations, most of them derived for steady-state labora-
tory and field conditions, are also used to calculate this portion of
the total load. Unfortunately, the application of such relationships
becomes questionable for mountain streams with coarse gravel beds,
shallow .flow depths, and frequent riffles and pools.

The study reach of Qak Creek is instrumented so that the total
sediment yield can be determined by separate measurement of the
suspended and bed loads, To accomplish this, a bed load sampling
system was developed which operates on a vortex principle to remove
the bed load from the stream to a sampling area, Continuous or dis-
crete sampling of the bed load passing through this reach of Oak Creek

is possible.

Design of Sampler

During a literature review on sediment sampling, prior to the

design of the Oak Creek research facilities, it was thought that a
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bed load trap for in-stream se‘diment collection might be devised
with features similar to those used in some of the large flumes in
various hydraulic laboratories. However, a vortex tube sand trap
described by Robinson (1962) for excluding unwanted sediment from
irrigation and other canals appeared to have possibilities for adap~
tation as a bed load sampler. Little hydraulic and sediment informa-
tion was available for Qak Creek upon which to base a careful design;
therefore, only a rough correspondence to Robinson's design criteria
could be achieved. Subsequent operation of the bed load sampler
indicated no major difficulties although several changes might be
made in any future sampler.

The bed load sampler was incorporated in a broad-crested weir
for convenience. The weir acts as a control for water level at a
nearby stilling well to provide a stable stage-discharge relation.

The streamflow data are essential for determining the discharges
at which different rates of bed load transport occur.

A schematic diagram of the weir-and-sediment-trap structure
at Oak Creek is given in Figure 10 and a photograph of the structure
is shown in Figure 11. A flume placed diagonally across the weir
floor generates a vortex-type flow to remove bed load from the
stream, along with a fraction of the total streamflow. The flume
leads to an off~-channel trap where the sample is collected and from

which the vortex water is returned to the stream. Plan and
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Figure 11, The bed load sampler,
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cross-sectional views of the sampling .structure are given in Figure
12.

In designing the vortex bed load sampler, doubts existed as to
the capability of the vortex flume for handling coarse gravel and
cobbles up to six inches in diameter (major axis). Therefore a
second trough was placed two feet downstream of and parallel to the
vortex flume in order to act as a backup trough.

The vortex flume and backup trough have an angle of orientation
of almost 60 degrees to the direction of flow. The orientation was
determined as much by tree roots in the streambanks as by the cri-
terion of 45 degrees recommended by Robinson.

The vortex flume is placed horizontally and has its upstream
and downstream edges at the same level. In cross-sectional shape
the bottom is flat and 12 inches wide whereas the sidewalls are curved
and have a maximum width of 18 inches. The top opening is 12 inches
wide. Total depth of the flume is 12 inches. The shape was selected
for easy fabrication. The total flow length of the vortex flume is
19. 5 feet and the length of opening in the concrete channel floor is
14.5 feet (stream width is 12 feet at the weir). A vortex develops
readily at all stream stages when the control gates are opened.

The backup trough is horizontal with upstream and downstream
edges at the same level. It has a square 12-inch by 12~inch cross-

sectional shape.
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The concrete channel floor, in addition to holding in place the
two sampling troughs, acts as a broadrcrested weir~ to stabilize the
stage-discharge relation. However, operation of the vortex flume
causes a backwater curve that changes the stages for a short disfance
upstream extending to the stilling well, Since the bed-load sampler
is not always in use, either a correction curve or a dual rating curve
is required to convert the water-level data to the corresponding dis.-
charges both when the vortex bed load sampler is open for use and
when it is closed. (Placement of the stilling well a greater distance
upstream could avoid or minimize this problem. )

The vortex flume leads from the stream to a work pit having a
concrete floor at the same level as the channel floor. This pit greatly
increases the case of collecting samples. Flat metal plates with
handles serve as control gates in the work pit to regulate the vortex
flow, The vortex flume opens into a deep metal box, or sampling
trap, in the floor of the work pit. A smaller sample box can be placed
in position at the vortex exit within the sampling trap to catch the bed
load as it decelerates upon leaving the vortex flume.

Sample boxes are.raised from and lowered into the sampling
trap by means of a chain hoist attached to a pulley and supported by
a hoist frame., The hoist frame also permits shifting of the s ample
box to higher ground outside of the work pit where the sample can be

stored or transferred to containers for subsequent laboratory analyses.
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After the bed load has been deposited in the sampling box, the
water drawn into the sampling area is returned to the stream by
means of a return pipe. Because of local topographic features, a
100-foot line of 12-inch diameter culvert pipe was used. (Under
different circumstances a shorter '"bypass'' or return line would be
equally effective.) The difference in energy head across the bypass
culvert depends upon river stage and has a mean value of approxi-

mately three feet,

Performance of Sampler

The bed load sampler has been used to sample bed load discharge
rates below 1500 kg/hr quite successfully, although rates below
5 grams per hour are probably subject to considerable error.

The procedure used in obtaining a bed load sample was to open
the flow control gates described previously, permitting flow through
the vortex plume and the sampler. When the sampler is first opened,
the material deposited in the vortex flume after the previous closing
of the flow control gages will be transported by the vortex flow into
the sampling pit. Hence, the time interval associated with a bed load
sample is the period between successive closures of the flow control
gates.

After the flow through the sampling pit is stopped, the sample

box is removed using the chain hoist. Because of part of the material
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entering the work pit from the vortex flume misses the sémple box
and falls into the open pit area behind the box, the pit is cleaned after
the box is removed. This is done by using a broom to sweep the
material in the pit to one corner and then remove the material from
the pit using the special tool shown in Figure 13.

After the pit is cleaned an empty sample box is placed in the pit
and the flow control gates are opened.

During periods of high bed load transport, sediment falls into
the vortex flume at such a rate that the flume could be filled with
sediment unless the flow control gate is closed, the sample box re-
moved, the pit cleaned, a clean box is placed in the pit, and the gate
is opened in a very short time. The time required to perform a
sample boxﬂchange was from 10 to 12 minutes,

Field experience with the sampler demonstrated that the vortex
action was not strong enough to remove all the sediment deposited in
the vortex flume at the end across the stream from the sampling trap.
Hence, the flume was ''walked'' at the end of each sampling peried and
the material pushed by foot or by using a broom until the material was
transported by the vortex action into thé sampling pit. When the bed
load transport rates were high, the vortex flume was kept clear by
walking it at frequent intervals during the sampling periods. The
task of walking the flume is not an easy one when the flows are rapid

{an individual with sufficient mass not to be washed downstream is



Figure 13,

The pit cleaning tool.
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required for the job).

The amount of flow through the vortex flume is a function of the
river discharge, The function is shown in Figure 14. The system
appears to be regulated principally by '"inlet control' at the entry to
the culvert from the sampling pit. At streamflows of less than 2. 35
cfs the vortex diverted the entire creek flow as is shown in Figure 14.
The strength of the vortex increased considerably with increasing
streamflow and wafer stage. At intermediate stream depths a distinct
breaker of white water occurred directly over the downstream edge
of the vortex flume, At highest stages the stream surface was
generally wavy and the breaker was no longer visible, although a
strong vortex could be felt if one stood in the flume in wading boots,
From Figure 14 it may be seen that the vortex handléd an increasing
quantity but a decreasing proportion of the total flow as the river
discharge increased.  For example, at a river discharge of 40.9 cfs,
8.1 cfs or 20 percent-of the streamflow was diverted through the vor-
tex. During discharges exceeding 150 cfs it was estimated that the
vortex flow did not exceed 15 cfs (i.e., 10 percent or less of the total
river flow). For comparison, Robinson (1962) indicates a flow re-
moval of from 5 to 15 percent of the total flow as a criterion for
successful operation with sand.

In Figures 15 and 1‘6 are the variability of Froude number (the

mean flow velocity divided by the square root of the product of
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gravitational acceleration (g) and mean depth of flow) with streamflow
is shown. The Froude number is calculated for the weir cross-
section just upstream of the.vortex flume,

Data collected during the winter of 1969-70 are shown on
Figure 16. A shift in the location of the control point for the stage~
discharge relationship occurred during the night of January 16th due
to deposition behind a protective structure just downstream of the
weir/trap structure and accounts for the different line in Figure 16,

The data collected during 1971 are shown on Figure 15 and
include data for both the case with flow in the vortex and the case
without §ortex flow. Aﬁinteresting observation is that there is con-~
siderably more scatter of points with vortex flow than without. The
cause of this is possibly a result of more local fluctuation of the stage
at the point of measurement when there is vortex flow in comparison
‘to the case of non-vortex flow. As Figure 15 indicates, the Froude
number with vortex flow.is greater than without vortex flow,

The change in the Froude number versus discharge relationship
between the spring of 1970 and 1971 is a result of the flow downstream
of the trap being constricted by changes made in the stream imme-
diately downstream of the weir/trap but above the control section,

During periods of bed load transport measurement the Froude
number ranged from 0.5 to less than 1. 0, indicating sub-critical flow

approaching the vortex trough during all the sampling periods.
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The variation of velocity as a function of river discharge is shown
on Figure 17 using the 1971 data. As is shown, for a given discharge
the velocity is greater with vortex flow than without. The hydraulic
slope between the upstream edge of the trap and the stilling well seven
feet upstream has been measured in a few cases. The data are given
in Table 6, The data for the case where there is vortex flow are con-
siderably more scattered than the without vortex flow case. Neverthe~
less, it can be concluded that the slope is greater with vortex flow
than without although there are data where the opposite is true and the
stream power immediately upstream of the weir is greater with vortex
flow than without for a given discharge.

Table 6. Comparison of water slopes upstream of weir/trap for trap
closed and trap open.

e

River Discharge Water Slope, ft/ft

cfs Trap Closed Trap Open
4.2 0. 012 0. 020
4.5 0. 008 0. 006
9.6 0.011 0. 048
12.0 0.011 0. 023
15.0 0. 008 0.014
23,0 , 0. 007 0.016
25.0 0, 006 0. 002
27.0 0. 007 0. 023
92,0 0. 004 0.010
100.0 0.011 0, 008

If the sampler has not been operated for some time and the vortex
is opened, the increase in stream power immediately upstream of the

sampler probably results in the measured bed load being greater than
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the bed load without sample operation because the section just up-
stream of the sampler will have to adjust to the increase in stream

power,

Sampler Efficiency

The efficieﬁcy of the sampler has been evaluated on the basis of
indirect evidence. Thel,rev are two elements of the system which deter-
mine the efficiency of the system: the efficiency of the vortex flume
in removing bed load from the flow and the efficiency of the sampling
trap in containing the sediment transported to the pit by the vortex
action. The efficiency equation is of the form

e=e, e (9)
where e is the fotal efficiency, ey the efficiency of the vortex tube
and ep the efficiency of the sampling pit.

When the sampler was designed it was thought that any large
material escaping from the vortex flume would fall into the downstream
trough where it could be collected. By use of the two troughs it was
thus hoped to have a 100 percent efficient bed load trap. Hindsight
indicates that the second trough was unnecessary insofar as the coarse
bed load material was concerned, because little material was trapped
in the downstream trough and that material trapped there was sand.
Hence it was concluded that all particles larger than No. 4 sieve size

(U.S. Standard Series) in diameter (4. 76 mm) were trapped and held
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by the vortex for all streamflows, with none reaching the backup
trough when the vortex trap was operated.

A 1970 paper by Porch, Sagiv, and Seginer (1970), on the bed
load sampling efficiency of slots, was used to estimate the efficiency
of the Oak Creek sampler when the vortex is closed because the
information paper did not have a flow into the trough. It was estimated
that the trap efficiency of the sampler would be near unity for all sizes
of bed material being transported by Oak Creek as bed load. Based
on the Porch paper and. observations of the downstream trough it is
assumed that epzl for the bed load material in Oak Creek.

Operational experience has shown that most of the bed load drops
into the sample box. However, sufficient turbulence occurs in the
sampling trap so that some of the finer sand deposits in the bottom of
the pit instead of collecting in the sample box. Except for very low
bed load transport rates subsequent collection of this sand poses no
special problems other than some inconvenience and loss of time.

One problem caused because some of the bed load sample misses
the sample box and falls into the pit is that the pit cannot be cleaned
to the same state each time and tends to either act as a reservoir or
sink for material in the individual samples. This is especially true of
samples for bed load transport rates less than about 10 grams per hour
because the pit samples tend to be nearly the same size as the box

sample.
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Data on the fraction of the total sample deposited in the sample
box have been obtained and the results are given in Figure 18. The
apparent bed load discharge is calculated using the material deposited
in the sampling box and total sample is the sum of the weights of
material removed from the sample box and from the pit.

Some idea of what happens to the fine particles can be obtained
by investigating the sample box efficiencies for the various grain sizes
of two samples. The efficiencies of collecting the individual grain.
sizes of two samples are given on Figure 19, As is shown, the
apparent efficiency decreases over the range from 10 to 0, 6 mm and
tends to increase for decreasing sizes of less than 0.6 mm,

Because flow turbulence transports material over the sample
box into the pit, it seems reasonable to assume that the turbulence
also causes some of the fine material to be removed from the trap
altogether. Hence, the apparent rise in efficiency with decreasing
size below 0.6 mm is caused by an increas;e in the fraction of the total
material in the size range being removed from the sampler. In
general, as particle size became smaller in the sand range, the trap
efficiency decreased and became dependent upon vortex action,
according to inferences made from the data given above. Particles
finer than 0, 074 millimeter were trapped in such relatively small
amounts that it is believed that the trap efficiency for silt-sized and

smaller particles was quite small. As stated above, the trap



LOOr=TrTTT™h T T T 11111 T T TTII ~ T T TTTT] T T TTTTT
X”’
w 0.80p / -
b
B L ]
5 B ¢ / =
0y L
I [~ -
-2
o)
Py
-~ 0.40—- —)
o)
<]
0
'4: e —
O
o
34
&~ 0,20 -
0,10 bl i}y el il I R [ N L1 1 (164
0. 001 0.01 0.1 1.0 10

Apparent bed load discharge, kg/hour

Figure 18, Efficiency of sampling box; grouped samples.

LS



Figure 19.

1.00

e
o
o

e
o
o .

Efficiency (weight in box/total weight)

Variation

VTV I ELL ] r 1 1 LI B LA
S 1971 sample ,/
~o number 17 /71971 sample |
TO0— -0
\.\' \ Q=32 cfs /" number 82
d Q=1.4l1cfs
p— / A
/
s -
[ -
- L
- o
_ —
- -
L iitill L1 111l i [ NN 1 Ll 1ty
0.01 0.1 1.0 10.0

Grain size,

of sampling box efficiency with grain size for two bed load samples,.

89



59
efficiencies of less than 100 percent for the finer fraction of bed load
are believed to be explained by the turbulence of flow in the vortex,
such that the finer particles were temporarily placed in suspension
and carried past the trap and into the bypass culvert,

The overall efficiency of the trap is a function of the river dis-
charge (i.e., the vortex turbulence) and the size of material being
transported. The nature of this relationship is not known but a sub-
jective estimate of the overall efficiency of the trap is that it is at
least 0. 95 at a bed load rate of 10 kg per hour, falling to perhaps
0.85 at 0. 01 kg/hour,

An improvement in the sampling station would be the use of a
larger sampling trap in order to use larger sampling boxes and to

achieve a greater reduction in water velocity and turbulence.
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IV, THE INCIPIENT MOVEMENT OF THE ARMOUR LAYER

Introduction

The bed material in a gravel bottomed stream with an armour
layer is essentially stable during all but the highest flows. This is
because the armour layer prevents movement of the material below
it except when the armour layer itself is being moved. Bed load sam-
ples were obtained when the stream flow was below that discharge
required to move the armouring material, These samples were pre-
dominantly sand and silt with, in some of the samples, a large particle.
These samples indicate that a small amount of fines do move ‘around
and among the armour particles when the armour particles are not
moving. Early in the bed load sampling program, it gppeared that
there was a ''critical' discharge for the armour layer, Below the
""critical' discharge the armour material was stable; above the
"critical'' discharge a considerable amount of armour size material
was found in the bed load samples.

During the bed load sampling, it appeared that the ''critical”
discharge in the Qak Creek study reach 1s approximately 40 cfs.
Another subjective observation was that when the discharge was above
about 70 cfs the whole bed seemed to be in motion, In general, the

subjective field observations indicated that:
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Q<40 cfs - little armour material movement

40<Q<70 cfs - transition for armour material movement

Q>70 - considerable armour material movement
It appeared that for the study reach the individual armouring particles
are essentially at rest when the flow is below 40 cfs and, if in the
armour layer, moving when the flow is greater than 70 cfs. Conse~
quently, we can (as a first approximation) say:

Q<40 cfs - particle is atvrest.

40>Q>70 cfs - particle alternates from being at rest and moving

with the fraction of time at rest decreasing as the
discharge increases.

Q>70 cfs - particle moving if it is located in the armour

layer,

The ''break up'' of the armour layer is related to the movement
of individual particles of the armouring material. The work in the
winter of 1969-70 suggested the individual armouring particles could
be transported at comparatively low discharges. As a result of this
observation, the weight of the largest particle in each bed load sample
was determined.

The purpose of this chapter is to examine incipient movement
criterion fqr individual particles, and to develop an incipient motion

criterion for the armour layer as a whole.
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Incipient Motion of Individual Particles

Literature Review

Critical Shear Stress. The beginning of particle motion in a

uniform (or nearly uniform) bed has been studied by several investi~
gators. The initial work that is most frequently referred to is that
done by Shields (Shields, 1936). A very adequate review of incipient
motion concepts is given in Graf (1971). The incipient motion of a
particle is related to a ''critical' shear stress applied to the particle
by the flowing fluid.

The basic concept of a critical shear stress is that when the
forces on the particle due to the flowing water o,vercovme the weight of
the particle, then the particle will move. The force (F) applied to’a
particle is related to the area of the particle (A) and the bed shear
stress ( ,). We can write that

F =CfToA (10)
where Cy is a constant dependent on the flow and bed configuration,
The resisting force is related to the buoyant weight of the particle and
can be written as

FR = Cglyg- YW(D)(A) (11)
where FR is the resisting force with a direction opposite to the
hydraulic force applied to the particle, Cg is a coefficient related to

the bed configuration, Yg the unit weight of the particle, Ythe unit
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weight of the fluid, and D the nominal particle diameter. At the state
of critical shear stress ( 'TC), these two forces will be equal (hence
T c=Ty). Thus we have:

CT)A = C (Y- Y)(D)A) (12)

This may be rearranged to give

Te  _C
_—C - Cs ¢
(Vs-V)d ~ Cg '8 (13)

which is called herein the Shields parameter. It seems reasonable to
suspect that C¢ is not a constant but is instead a function of the boun-
dary layer which can be related to the Reynolds number of the parti+

cles, The latter can be written as

R * :‘/}/ T /(Vg) D)
4

(14)

where R * is the particle Reynolds number, g is the gravitation
acceleration, andV is the fluideinerﬁatic viscosity. The experiments
of Shields indicated that fg is constant for Re* greater than 1000, In
other words, fg is constant for a hydraulically rough flow.
Einstein used hydraulic stability parameter ({ ) in his wo;'k.
The hydraulic stability parameter may be.written as

(%-¥ D
A T (1%)

For open channel flow the bed shear stress is given by

T = RS (16a)

(o)
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At the critical shear stress, with Tj equal to T,, we have
T, = YRS (16b)

Substitution of this latter equation into the expression for vyields

Y_.Y
" _Jg-¥ D (17)

Te
and from equation (13) we see that
- 1 . (18)
W 3

or that  equals the reciprocal of fg5 at critical shear stress conditions,
The general equation for the critical shear stress when the flow
is rough is given by rearrangement of equation (13):

T, =f5 (Yg-Y)D (19)

Values of the Shields parameter given in the literature indicate that

fs ranges from 0.017 to 0, 076. The work of Shields indicated a value
of 0. 06, Chien (1954) tabulated the values of fg proposed by various
investigators, These values are given in Table 7, as are other values
of the Shield parameter given in Graf (1971). The Einstein bed load
function is not usually considered to have a Heritical' value for the
hydraulic stability parameter {. But a plot of the function at high
values of | indicates the function tends to become asymptotic to a
value of  equal to 40, which gives a value of 0, 025 for the Shields

parameter,.



Table 7. Values of the Shields parameter suggested by various
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investigators.
Author Uer f;
As reported by Chién (1'954) B
P.E. L 13.2 0.076
Krey, Shields 16.7 0. 060
Meyer-Peter (1) 21. 4 0. 047
White 22.2 0. 045
Kalinske | 25.7 0. 038
O'Brien and Rindland 29.5 0. 034
Meyer-Peter (2) 33.3 0. 030
Chang 45,2 0,022
Kramer 60,2 0.017
As reyqrted by Graf (1971)
Zeller 21.4 0. 047
Schoklitsch 13.2 0.076
Leliavsky (3) 10.0 0,10

(1) Meyer-Peter, Miller 1948 function
(2) Meyer-Peter 1934 function

(3) Assuming particles with a specific gravity of 2. 65
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Interpretation of Critical Shear Stress. The wide range in the

value of the Shields parameter (fg) indicates that the various investi-
gators are not looking at ''critical'' shear stress in the same way. The
range in values may be due to at least two possible explanations,

These are: (1) the way in which the critical shear stress is defined,
and (2) the way in which the critical shear stress is measured,

The first explanation for variability of critical shear stress is
illustrated by a report of the U,S, Waterways Experiment Station °
(1935), which defines the critical tractive force as the tractive force
which brings about general motion of the bed. In contrast, Shields
(1936) extrapolated the curve relating bed matérial discharge with
fluid shear stress to the point of zero bed material discharge and
called this intercept the critical shear stress. The méthod of esti-
mating the critical shear stress used by Shields implied that there is
no movement of a uniform bed material at the critical shear stress.
Another definition is that used at the St. Anthony Falls Hydraulic
Laboratory (Paintal, 1969), which identifies the critical shear stress
as that at which 3% of the surface particles are moved during every
hour,

The flow in a river or stream is turbulent with the result that
the force applied to the bed by the water is not constant but varies
with time. Usually, the time average value of shear stress is calcu-

- lated and compared to the particle stability. In actual fact, the shear
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stress varies and a probability distribution>of the actual shear stress
exists with a median value equal to the time average shear gtress. If
the critical shear stress is equal to the time average shear stress,
then, for a uniform bed material, the probability of a particle being
moved equals the probability of the particle remaining at rest.

Gessler (1970) developed a function which relates the probability
of remaining stationary to the ratio of the critical shear stress (T )
and the mean shear stress ( T,). The Shields parémeter used by
Gessler had a value of 0, 047 which was taken to correspond to a 50%
chance of the particle rémaining stable. Hence, we can write that the
probability of movement is related to

Te  0.047 (Y g-y)D .
Ty T T o

(20)

Furthermore, using equation (16a) in the above equation and compar-
ing the results with equation (15), the probability of movement is

related to
0; 047( . )(Rfs = 0,047 ¥ (21)

Based on the probability concepts given above, Gessler defined the
critical shear stress for a particle to be the time average shear
stress at which the ''probability of being eroded equals the probability

of remaining at rest. "
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Neill (1968) considered Gessler's definition to be incomplete
because the definition does not include a period of time over which the
probability of remaining stationary equals the probability of moving.
At a time period of zero, all particles would remain in place but as the
time period lengthens the probability of particles moving would be
likely to increase. An alternative interpretation is that at a given
point the shear stress exceeds the critical shear stress for the parti-
cles half of the time when the mean bed shear stress of the flowing
fluid equals the critical shear stress of the particles,

The importance of the definition of critical shear stress is
illustrated by attempting to estimate the value of the Shields para-
meter associated with the St. Anthony Falls definition of critical
shear stress given, Gessler's definition of critical shear stress and
his probability function. Using Gessler's probability function, the
ratio T./ T, has a value of 2.1 when the probability of rémaining in
place is 3%. Using 0. 047 for the fg at 50% probability of movement
the estimated value of fg for the St, Anthony Falls criteria of 3%
movement is 0.047/2.1 = 0,022. This is a value well within the range
of values proposedby various investigators. Unfortunately, Gessler's
probability function does not allow the evaluation of the probability of
movement per unit time,

The St. Anthony Falls definition implies that time rate of parti-

cle movement is an important factor in the determination of the
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critical shear stress, Alternative definitions of the critical shear
stress used by Paintal are related to the rate of movement, with the
critical stress being defined as the average shear stress when the
time rate of bed load is, alternatively, 1, 5, and 10 pounds/fpot of
channel width per hour, In contrast, both Shields and Meyer-Peter,
Muller (1948) extrapolate a function of bed material load to zero load
in order to determine fg.

The points raised above regarding the ways in which critical
shear stress is defined, then, lead to the second possible cause of
the wide range in the value of fg, This cause is the variation in the
method of measuring the critical shear stress. If the critical shear
stress is assumed to occur when there is zero bed load transport,
then we can measure the critical shear stress by extrapolating the
transport rate function to zero transport, as was done by Shields.

An alterr;ative method of measuring critical shear stress is to in-
crease the flow over a bed until particles are observed to move, as
done by McNeil. If the time interval between step changes in the‘dis-
charge function is '"'short', it would seem that the value of fS should
be larger than for the case where the critical shear stress is deter-
mined using ''long'' intervals between steps in the discharge function.
The cause of this is that if the probability of a particle being moved is
low, the probability that a particle will be observed to move will be

smaller when the step intervals are ''short' than when they are '"long'.
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Consequently, the expected discharge at which a particle will be ob-
served to move will be larger for the ''short'' step intervals than for

the "long' step intervals.

Application of Concepts to Oak Creek

The flow in Oak Creek is fully turbulent. The value of ’T'O/Y
during the 1971 sampling period was from 0. 002 feet to 0. 019 feet and
the D¢g size was 7.4 cm (0.24 ft).

The water temperature during periods of significant sediment
transport was in the order of 40°F. Hence, the kinematic viscosity

was 1.7 x 1075 ft/sec. Consequently, substitution into equation (14)

gives
0,002g' 0.24
Re*) inimum ~ T 7 < 10-5 - 3600 (22)

Thus, the Shields parameter is a constant and not a function of the
flow conditions.

As part of the study of bed load transport, the weights of the
largest particles transported in each sampling period were deter-
mined. It was then assumed that the largest particle was transported
by the maximum discharge associated with each bed load discharge
sample. The particle size was furthermore assumed to be the same
as the diameter of a sphere with a specific gravity of 2, 85 (the aver-
age specific gravity of Oak Creek gravel), and the same weight as the

particle.
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The weight of the largest particle in a bed load sample compared
to the maximum discharge associated with the sample is shown on
Figure 20 for all of the 1971 samples, The samples collected during
the fall of 1971 contained particles that were comparatively larger

than for the winter 1971 samples. This results from the large amour;/i%

of leaves and other woody debris found in the stream in the fall. The
leaves . tend to catch on the exposed particles, increasing the area
exposed to drag forces without increasing the resisting forces. Hence,
larger particles were able to move at lower discharges. Consequently,
the winter data are better to use in studying incipient motion of
individual particles than the fall data, which should not be used beéause
of the leaf-caused increase in drag forces.

The winter, 1971, data are on Figure 21 in terms of the average
bed shear stress divided by the unit weight of water ( 'To/ Y ) versus
calculated particle diameter, where R is the hydraulic radius and S
is the energy slope in the study reach., Also shown on the Figure 21
are lines for various values of fg. A value of f5=0, 017 is the absolute
lower bound for the data on the figure and for the values of various
investigators given in Table 7. The line with f5=0, 025 is an effective
lower bound on the data and is also the value of fg estimated from the
Einstein bed load function, The lower effecti’ve bound represents the
"critical shear stress' for the conditions that exist in Qak Creek and

for the method used to define the particle size, Leopold, Wolman, and
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Miller (1964) have developed a diagram showing field and laboratory
data for the critical shear stress required to initiate movement of
various sizes and particles. The effective lower bound from Figure
21 has been plotted on the diagram from Leopold, Wolman, and
Miller (1964) and the results are given as Figure 22,

There is good agreement between the critical shear stress from
Oak Creek and the other data on Figure 22.

The Shields parameter, fg, has a value of 0. 017 for the absolute
lower bound shown in Figure 21. The lower bound of fg for all the
data on Figure 22 is 0,012, However, the White River data (Fahnes-
tock, 1963) were taken by a man standing in a stream holding a screen,
which may have caused the actual shear stress to be higher than the
measured values. Nothing is known by the writer about the Chitty Ho
data.

The writer's conclusion is that the minimum value of fg is
0,017 and that the probability of a particle moving is quite low with
an fg of 0,025, The value of the Shields parameter to use in most
estimates of the critical shear stress for a given size particle is

0. 025, unless the estimate is based on probability of particles moving.
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Incipient Motion of the Armour Layer

Critical Discharge and Critical Shear Stress

Subjective observations in the field suggested that the armour
layer '"broke up'' at discharge in the order of 40 cfs. In other words,
the armour layer ceased to protect the underlying bed material at a
discharge of 40 cfs. The D35 size of the armour layer in Oak Creek,
considered by Einstein to be representative of bed material transport,
was 5,2 cm during much of the study period. The range in the critical
shear stress in Qak Creek for a particle of 5.2 cm, diameter, and
specific gravity of 2. 85 (hence with (Y;-Y)D=19, 6) is from 0.29 to
1. 49 pounds per square feet (psf). For QOak Creek this is equivalent
to discharges ranging from.7 to 250 cfs on the basis of the relationship
between the average shear stress for the study reach and the stream
discharge developed from the 1971 data,

At 40 cfs, the shear stress is 0.5 to 0. 57 psf, For these con-
ditions, the valve of the Shields parameter (fg) from equation (136) is
from 0, 026 to 0, 030 and the transport rate in the order of 2.2 kg/hour
(see Figure 37). It has been proposed by the U,S, Waterways Experi-
ment Station (Paintal, 1969) that the critical tractive force exists when
the bed load rate is 1 lb/ft/hour which is about 6 kg/hour in Oak Creek
and occurs a,t-a discharge of 45 cfs, The shear stress in Oak Creek

is in the range of 0.53 to 0. 62 psf at a discharge of 45 cfs. Hence,
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the corresponding Shields parameter is in the order of 0. 030 for the
Oak Creek armour.

The calculations above are based on a subjective observation of
a critical discharge for the armour layer. Another procedure to
determine the critical discharge is to use the bed load measurement
obtained for Oak Creek. Information on the bed load study is given in
the following chapter except for the data on critical discharge which
follow,

By using a critical shear stress or a critical discharge for an
armour layer the calculated Shields parameter represents a condition
for the armour as a whole and a general state of movement rather than
the isolated movement of individual particles. During the bed load
sampling period, it generally appeared that the bed load transport rate
was low and the transported material consisted mainly of sand until
some critical stream discharge was reached, whereafter the whole
bed moved and the bed load material was fairly coarse. The bed load
data were plotted on arithmetic paper in order to make an initial

estimate of this critical discharge (Q Using the initial estimate of

cr):
the critical discharge a plot of the bed load discharge versus (Q-Qcr)
was made and the estimate of the critical discharge adjusted. This

adjusted estimate of the critical discharge for the 1971 data, prior to

a peak flow on March 10th, was 47 cfs but dropped to 29 cfs after that

peak flow., Using these estimates and the bed load data, a plot of
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(Q-Q(y) versus bed load discharge for the 1971 data was made. This
is shown in Figure 23. The bed load equation estimated from the data
is
QB = 0.27(Q-Qcr)? (22)
All of the data are well grouped around the line.

The data in Figure 23 are for the total bed material load mea~
sured. In looking at the critical discharge of the armour layer it is
logical to ask about the discharge of armour size particles. These
data are given in Figure 24. Both the 1969-70 and the 1971 data are
included, The critical discharge for the 1969-70 data was estimated
using the procedure described previously and was determined to be
29 cfs, The D35 size of the armour layer was used as the division
between armour size and bed size particles, The D35 size was 4.2
cm during the winter of 1969-70 and 5.2 cm during part of the winter
of 1971. Most of the bed load sampling during the winter of 1971 was
done when the D35 size of the armour layer was 5,2 cm.

f‘ew of the bed load samples obtained during the winter (1971)
when the mean discharge was less than the critical value contained
particlesv greater than the D35 of the armour layer. When a particle
larger than the D35 size was found in a low flow sample, either the
actual discharge during the sampling period was greater than the
critical discharge for a period of time (in six cases) or the sample

contained a single particle greater than the D3g size (two cases).
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Only two of these eight cases were for 1971 data.

The scatter of the 1969-70 samples is much greater for the 1971
samples because the quality of the sampling program was improved
during the study i)eriod.

The critical shear stress for some of the 1971 samples is the
same as for the 1969-70 samples. These samples were obtained on
March 10 and 11, 1971, on the falling limb of a runoff event that had a
peak flow of 115 cfs and on the rising limb of the runoff event that
followed. The data suggest that a shift in the transport rate was due
to a change in critical discharge for the armour material due to the
March 10 event. The armour material was sampled on January 29,
1971, and July 27, 1971. The mean size was the same on each occa-
sion but the Dg( size had decreased from 8,8 cm in January to 7.7 cm
in July. These data indicate the armour material was similar in
July 1971, The change in critical discharge may have resulted from
a temporary change in the armour material. After the bed load sam-
ples were collected on March 11th, the stream flow continued to
increase and reach a new peak of 170 cfs. The critical particle size

associated with the peak flows are given in Table 8.

Table 8. Critical particle sizes for peak flows during 1971 sampling period.

Critical Grain Size, Probability of Particle Movement at Peak
Peak Flow, cm , Discharge for Indicated Size
Date cfs (fs = 0.025) 5.2cm 4.2 cm
16 January-1971 280 16 0.83 0.89
10 March 1971 115 11 0.58 0.75
11 March 1971 170 13 0.70 0.82

* Probability of a l;lrticle of size d being moved by the peak discharge (see text),
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The size of particles in the armour layer is probably related tq
the peak discharge as well as the duration of the peak, Consequently,
the storm on March 10th may have reduced the coarseness of the bed
armour more than is indicated by samples of the armour obtained
after the second storm peak on March 11th (the July samples), with
the result that the critical discharge of 29 cfs may be associated with
an érmour layer of a mean size less than 6,3 cm. The fact that the
critical discharge for the winter of 1969-70 was also 29 cfs suggests
that the median size may have been in the order of 5.2 cm. The
process may have been that larger particles were not transported
effectively by the peak flow on March’ 10 th (which had assoc_:iated with
it a critical grain size of 11 cm) and instead worked their way down
into the bed as other particles were moved from around them, with
the result that the particles on the bed surface at the time of sampling
were finer than prior to the peak, On March 1l1lth, the duration and
the peak were largé and may have returned some of the larger parti-

cles to the armour layer,

Fine Material in the Armour Layer

The conclusion from the above analysis of critical shear stress
analysis is that there is a critical shear associated with the armour
layer, But in actual fact, particles of a wide range of dizes are found

in the armour and many of the particles are small enough that they
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could be transported.by flows of less than the critical discharge if they
were not protected by the larger particles. In other words, the
smaller particles are hidden from the hydraulic forces of the stream
by larger stable particles,

The ability of a particle to hide is related to the uniformity of
the bed material. If the mean size is large gnd the standard deviation
of the material is also large, some of the smaller particles may be
'""hidden' by larger particles, ' Hence, the critical shear for these
hidden particles will be larger than for particles of the same size in a
uniform bed,

Einstein has used a "hiding factor' in his method for calculating.
rate of bed material movement. Using equation 17-1I-23 from Einstein

(1964) we have:

v = log 10.6 2 g-€: »o 23)
* " §y |log 10,6 X 1 RS
| Des
where:
Y 4 = flow intensity parameter or stability parameter;

a correction of effective flow for various grains (hiding

‘ot
H

factor);
Y = a correction of lift force in transition between hydraulically
rough and smooth beds, in terms of D65/J , where J is

the thickness of the laminar sublayep}
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X = a reference grain size for a particular bed;

r: a correction factor in terms of D65/J for surface drag;

FS, ef = densities of the sediment and fluid, respectively,
For a rough bed, 1is 1,0, X equals 0. 77 D65/Z and y equals 0. 52,

Using equations (15) and (18), we can write for rough bed that:

2
log 10,6 1 _ 0. 66 _l_
Yy = f Y [Tog 10.g 0.77 Dg5X T (g)(fs)

Des

(24)
for a uniform rough bed f =1 and we have

% = 0,66 _f_l,_ (25)
S

Einstein (1950) states that for a uniform rough bed:

¥=
Y =1
2

=1

log 10, 6
log 10,6 XZ:
Des

Hence, { , equals 1/f;. Apparently, there is a discontinuity in
Einstein's procedure.

An armour layer is sufficiently uniform that the pressure
correction (Y) would be equal to unity and the velocity correction
(term in brackets above) would also equal unity; but there are numer-

ous hiding places in the armour layer, Therefore, the Einstein hiding
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factor appears to be an appropriate way of handling smaller particles
in an armour layer, (Further research into the hiding factor for an
armour layer would be valuable, )

Using the concepts above, the stability parameter is essentially

Yo = (f)(?l_s.) (26)

The hiding factor is a function of the D/Dgyp ratio.

The function relating } to D/Dgg can be linearized by two
functions by a linearized approximation to the function above X/D
greater than 0, 5 which was then projected back to the /D equal to
0.69 (see Figure 7.11 of Graf), The resulting functions are:

F =1 at D >0,69 Dgs (27a)
$=0.77 x 2-39 = 0, 42 (Dg5/D)2- 39 at
D <0.69 Dgs (27b)
If we take the reciprocal of the stability factor , we have the

parameter f;, Using the reciprocal of i * as f'g, we can write:

fg!

n

fs = 1/y % at D 20, 69 Dgs5 (28a)

fg!

H

0.42 (Dg5/D)%- 39 £_ at D <0.69 Dy (28b)

Hence, the stability of a particle increases as its size in a hetero-
geneous bed decreases below 0. 69 D¢s.
During most of the 1971 sampling program, the D¢g size for the

armour layer was 7,4 cm; hence, particles with a diameter smaller
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than 4. 8 cm were '"hidden'' by the flow. This size corresponds to the
D3 size of the armour layer. In other words, about 30% of the bed
surface is '"hidden'' from the fluid shear effects. During the 1969-70
sampling period the Dg5 size of the armour layer was 5.8 cm. Hence,
the 0,69 D¢g size is 4. 0 cm which is also about the D3 size of the
armour material, To illustrate the hiding effect, support that we are
interested in fg' for particles of 0.2 cm in size during 1971, We then

have:

2.39
fs' = 0,42 %-'-ﬁ;- fo = 2320 fg

which indicates the critical shear stress for sand size particles is
very high., The fg' calculated using the equation above is probably
much too lé.rge, since sand was obtained in the low flow bed load
samples. Nevertheless, even a value an order of magnitude smaller
(230) indicates the sand particles would be difficult to entrain in the
flow.

Minimum Critical Shear Stress for "Break-Up' of
Heterogeneous Armour

Using the Dy size of 7.4 cm, a Shields parameter of 0,032, and
the equations developed above, the critical shear stress for each size
of material in the armour layer was calculated. The resulting plot of

the critical shear stress versus grain size is given in Figure 25,
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The minimum critical shear stress occurs for the 0.69 Dgg size.
The diagram also indicates the sand size particles (D<0,2 cm) should
be very stable,
The 0.69 Dgg size may be considered as the size of a particle

in an armour layer having the minimum stability, This is because the
particles of larger size are more stable because they are bigger, and
smaller sizes are more stable because they are hidden. Consequently,
it is expected thét v?;hen the critical shear stress associated with the
0. 69 D¢5 size is exceeded by the time average shear stress the armour
layer will begin to '"break up' and ithe bed load will become significant,
Hence, the Shields parameter associated with the critical discharge
and the 0. 69 D¢g size represents a stability term for incipient motion
of the armour layer., The Shields parameter has been calculated for
the 1969-70 and the 1971 data. Results are presented in Table 9. The
average value of the Shields parameter using the 0. 69 D¢sg size is
0. 032 and for the Dy size is 0,047, Hence, we can say

(To) critical = 0. 047 (Yg-Y) Dg5s (29)
The equation is similar to the equation developed by Meyer~-Peter,
M&ller (1948) except that the D size in the Meyer-Peter, Muller
- equation is the mean size, which Meyer~Peter, and Muller consider

to be between the Dgg and Dy sizes.
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Table 9. Shields parameter for the Qak Creek armour layer.

Range in Mean Shields Parameter for
Critical Bounds for Shields Parameter shown diameter
Discharge, Shear Stress, Dgs 0.69 Dgsg :
cfs psf cm size 0,69 D65 Des
29 0, 44-0.56 5.8 0.029-0, 035 0,033 0, 048
47 0,52-0,62 7.4 0. 030~0, 034 0.032 0,046

The equations and information above suggests that the D¢g
controls the movement of the armour because the size with the mini-
mum critical shear stress is related to the Dgg size, We could just
as well conclude that the ''¢critical'’ shear stress for the armoured
stream bed in Qak Creek is the shear stress corresponding to the
minimum critical stress calculated using the hiding factor given above.
This critical shear stress will correspon;i to the critical shear stress
of the particle with size D equal to 0. 69 D45, No information is avail-
able to the writer on the applicability of the concept given above for

streams other than Qak Creek,

Probability of Armour Layer Movement

The next point to be examined.is the nature of the critical shear
term. If we consider a system where the velocity at a point is random
variable with the form

U=U+U" (30)

where U is the instantaneous velocity, U is the time average velocity
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and U' is a random variable with a mean value of zero. The variation
in velocity causes a variation in the ""entrainment' forces being applied
to particles on the stream.

First, we shall start with the friction force, The logarithmic

velocity function can be arranged as:

v 3OY
= 8.5+2.5Inf¥}=2,51n ___,,,_.)
Tole (”k‘) (k (31)

where v is the velocity at some point of height y above the bed, T, is
the bed shear stress, is the fluid density, and k is the size of rough-
ness.

For a given height above the bed we can say:

— . v
Ty =Cy v 5= (32)

Consequently, as the velocity varies the shear stress on the stream
bed will vary as well, but as a function of the velocity squared. If we
consider the drag force to be a function of T, and the lift force to be

related to the drag force, we can write
ve

Fp¥“Cpy 2z

(33a)

2

v- 33b
I (33b)

FpeCLy

Hence, both the drag force and lift force are a function of the velocity

squared,



91

Gessler (1970, 1971) conducted a series of experiments on the
nature of the armouring process, He started with a bed of well mixed
heterogeneous material and allowed the water flowing over the bed to
remove the finer material with the end result that the bed became
armoured and the removal of material by flow ceased. As a result
of his experiments, he developed data on the relationship between the
ratio of the critical shear stress and the mean shear stress (TC/’TO)
versus the probability of a particle remaining in the armour layer.
This diagram is given in Figure 26, On Figure 26, T is critical
shear stress for a given size particle, and T is the time average
shear stress on the stream bed. Gessler postulated a normal distri-
bution for the probability function but this would not satisfy the boun-
dary conditions. The érincipal boundary condition not satisfied is that
as Tc/ To approaches zero then the probability of a particle remaining
in the bed should also approach zero, which did not happen for
Gessler's distribution.

Benedict and Christensen (1971), in a discussion of the Gessler
paper, suggested the use of an analytical probability function. Their
deviation of the function starts with

2
T=C yU< (34)
2g

Assuming that the mean shear stress is given by

T = CYE_
0= CYE (35)
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and taking the ratio
2

T -[Y (36)
To T,
and using the equation for U, we have:
T 1 2 |v 2
T [8rVY = 148 (37)
T\l T T

remembering that U' is a random variable, we can write'

;T:(-)-= (1 +ns)2 , (38)

where s is the coefficient of variation p/U), n is the normalized
velocity fluctuation U'/Ou, and Oy is the standard deviation of velocity
~fluctuations., Typically, it is assumed the velocity fluctuations are
normally distributed. Information in the Benedict and Christensen
discussion and in the closure by Gessler indicate a coefficient of
variation of 0,28 at a distance equal to one roughness height from a

rough wall, Consequently, we have

L= (1 +0.28 n)? (39)
TO

. If the mean shear stress and the critical shear stress are known,
then the provbability of a particle remaining in the bed can be calculated.
If we assume a particle moves when T/ T, is less than one, then the
probability of a particle remaining in a bed will be the same as the
probability of being n standard deviations from the mean. We can

calculate n using the equation
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)

As an example,; let us assume that the ration TC/ Tois 1.5, and s is
0.28. Hence, n is 0.805 and the probability of the particle remaining
in the bed is 0, 79 for normally distributed velocity fluctuations.
Benedict and Christensen presented Gessler's diagram \x}ith the
probability functions for s = 0, 18 and 0. 28 shown on the figure. This
diagram is given as Figure 27. When T,/ T, is zero, then n is -3. 58,
and the probability of a particle remaining in the bed is 0. 0002 for the
model postulated aBove. For various probabilities (P,) of a particle

remaining in the bed we have:

Pr | ‘n Ter To | fg1/fs fgr
0.999 ‘3. 1 3.50 | 0.29 0,014
0.99 2.3 2.70 0.37 0.017
- 0.98 7 2.1 ' ‘Z. 53 0. 40 ‘ 0. 019

where f,' is the value of T./(Y4/Y)D when the probability of remaining
in the bed is as stated above, and fg is defined as the value of fg when
. the probability of a particle being moved is 0. 50, Information in
Gessler's paper indicates that fg is 0. 047, Using the value of 0. 047
for f;, the value of f;' for various probabilities of a particle remain-

ing in the bed are given in Figure 28. The probability of particles
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remaining in the bed when f;' equals 0, 032 is 0,78, For calculating
the critical shear stress and discharge in Oak Creek, O, 032 is the
estimated value for fg. The values of T./(Yg-Y)D are from 0. 017 to
0. 076 which corresponds to a probability ranging from 0,33 to 0. 82‘.
The value of fg' at a probability of 0.9999 is 0, 012, which can be taken
as a lower bound on fg' and is the same as the lower bound on
Figure 22,

The value of f5 at 0, 99 probability of a particle remaining in the
bed is 0,017, which is the lower bound on the published values as well
as for the Oak Creek data, This corresponds to a minimum shear
stress (at Dgs = 7.4 cm) of 0, 33 psf, which occurs at a flow of 3 cfs,
A value of 3 cfs is a:low flow in Oak Creek, although the summer
flows are lower (approximately 60% of the time flows are greater than
3 cfs), We can interpret the above as saying that during much of the
year the flow is capable of dislodging particles from the armour even

though the probability of actually doing so is quite low,

Relationship Between Probability of Movement and Bed Load Transport

The conclusions reached above all seem reasonable but there
should be some way of calculating the rate of transport, given the
probability of particles being moved, This can be investigated by
developing a conceptual relationship between the ratio of the mean

shear stress to critical shear stress and the transport rate, This:is
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given in the following paragraphs,

The number of particles removed in any time interval can be
calculated using the model that the number (N) of particles in motion
at any one time will be

Dmax.

N = FD PD A dD (41)
min,

where Pp = the probability of a particle of size D will be in motion
A = the area of stream bed

Fc

#

the friction of a unit surface area with particles of size D
If we assume a uniform bed material and that, for a particle in motion,
the velocity (VD) of a given size’particle (D) is constant for that size
and has é weight (W), then the number (NT) of particles crossing a

line of unit width in a time interval At, is:

N =/at 9s\=  [(VHAt) P (42)
T ( 'W) [D D]

from which we can write;
qg = (Vp Pp) (W) - (43)
if the particle velocity is a direct function of the shear velocity

To/e we can write:

Vp = {( Ni 'TO/WE )=Kq '\/W (44)
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where Kq is a constant. From this we can write;
To
95 = Ky __é. PD w (45)

Py =£(To/ Ty) (46)

but,

hence,
T ] l

This is different.than the Meyer-Peter, Muller equation, which can

be written in the form,

3/2
ag = K( T = Te) (48)

The difference between the two relationships is‘ that transport is
possible (but with low rates) in the first relation but not in the se cond
relation at shear stresses below the critical shear stress, as actually
occurs,

The Kalinske bed load equation, like equation (47), is of the form:

95 = f( ;‘3) (49)
c

The Kalinske function is given in Figure 29, along with the probabili-
ties of a particle remaining in the bed, as developed by Gessler. The
Shields parameter used by Gessler was 0, 047 and that used by

Kalinske was 0.038. The Kalinske diagram clearly illustrates that
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presented in Graf, 1971).

100

Kalinske's bed load equation (after Kalinske, 1947,
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the transport rate associated with low probabilities of movement is

quite low,

Stationarity of the Probability Function

Subjective field observation suggested that the armouring parti-
cles increase in stability with time following a high flow, provided
that the critical discharge is not exceeded. If this observation is
correct, it probably results from the fact that after disturbance
(and/or general movement) some particles are exposed to’the drag
and lift forces of the stream more than others, These particles will
be moved first (actually, they have a higher probability of being
moved). After such a particle is moved, there is some probability
that the particle will come to rest in a more stable position than it had
when it started., The net result over a period of time is that the
"stability'’ of the bed will increase, A possible relationship of the
transport rate over time for a discharge less than the critical dis-
charge, following a discharge greater than critical, is shown on
Figure 30.

The brief discussion above indicates that the probability of
particle movement is not a constant but is likely to be a variable which
depends on the past history of flows, From the viewpoint of proba-~
bility concepts, this means that the probability function is non-

stationary with time. In other words, the probability of a given size
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Note: For constant stream discharge
smaller than the critical
discharge following a dis-

charge greater than critical.

Bed load

Unstable Rapidly Increas- Slowly Increasing .
Bed ing Stability Bed Stability .y "Stable" Bed
r = * ¥ 7]
0 time

Figure 30, Conceptual relationship between bed load transport rate
and time for a constant stream discharge,
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particle moving is not the same at time t as it is at time t + t.

Sediment Transport at Low Shear Stresses

Paintal's Experiment

Some methods of estimating the bed material movement in a
stream assume that the sediment transport rate is zero below some
critical shear stress. Based on the probability function described
previously, it is obvious that there is some probability of sediment
transport at all levels of bed shear stress and, in the words of
Paintal (1969), ''this probability is never zero except in still water, "

Considerable work by Paintal (1969) on the movemént of sedi-
ment demonstrates that bed material will be transported at very low
shear stresses, Paintal's experiments were carried out with the
Shields parameter (fy) in the range 0, 007< f.<0,08. He concluded
that the sediment transport rate at low shear stress for a given sedi~

ment size is proportional to the 16th power of the Shields parameter.

Interpretation of Helland-Hansen's Experiments

Experiments at low shear stress have also been carried out at
Oregon State University by Helland-Hansen (1971, 1972) using a long
concrete flume located across a meander loop of Oak Creek. The

flume discharge was dependent upon the creek discharge. However,



104
flow reduction could be achieved by manipulation of a set of entry stop~
logs. A gravel bed was placed in the flume such as to have a deep
pool at the downstream end of the gravel bed. The gravel was discoid
(rounded and flattened) in shape with a gravity of 2,65, The ‘median
size of the gravel \&aé 2.5 cm,. the 'rﬁaﬁimum size was 3,8 cm, Djg
was 2.0 cm, and D¢ was 2.8 cm and the maximum size was 3.8 cm.
All of the gravel transported out of the bed was trapped in the pool
behind a downstrearm stoplog structure and was collected as desired.
Experiments were conducted continuously during the spring of 1971,
under gradually decreasing flume discharges. Gravel in the down-
stream pool trap was removed periodically.

The results of Helland-Hansen's experime nts are given in Table
10. A plot of discharge versus rate of bed material transport is
given in Figure 31.

Samples 1 through 6 pertain te an undisturbed, hydraulically
formed gravel bed. The gravel was typically rounded with a flat~to-
spherical shape and with a gradation similar to that in Shields experi-
ments, The surface particle had formed an imbricated surface
pattern.

A series of short-time experiments on incipient motion with
temporarily higher discharges, surging and some disturbance of the
gravel surface were carried between samples 7 and 8, After this date,

however, the bed was again left undisturbed. The flume was left



Table 10. Helland~Hansen data on long-term bed material movement at low flows.

Maximum
Average Discharge Depth Mean Bed Material Size Fraction
Sample per unit width, - of flow, Velocity, Load, in Sample,
Number - cfs/ft e L ft fps ‘ gm /hour inches
1 2.2 0. 62 3.55 17.0 1
2 1. 45 0.51 2.84 7.6 3/4
3 1.20 0. 46 2.61 6.55 1
4 0. 85 0. 40 2.12 2. 06 3/4
5 0.85 0. 40 2.12 2.30 3/4
6 0,72 0.36 2.00 1.14 3/4
7 0.62 0.33 1.88 12.5 1
8 0. 52 0.30 1.73 1.87 1
9 0. 46 0,27 1.70 2.19 1
10 0.42 0.25 1.68 0.78 3/8
11 ’ 0.34 0,22 ~ 1.63° ~0.15 3/8

Data source, Helland-Hansen (1971)

01
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unattended in an area occasionally visited by people and animals,
Hence, there was no guarantee that the gravel bed and downstream
pool were undisturbed at all times, By manipulating the gates on the
flume surging could occur and these could be opened and closed by
anyone who happened by, A surge at the channel was reflected in stage
changes at the gaging station at the bed load sampling station. These
records indicate that the gates were operated during the collection of
sample 7, Hence, the data for sample 7 are not useable in studying
bed load transport at low shear stresses,

The use of a single time-average discharge for each sample on
Figure 31 implies that constant transport conditions prevailed between
samplings, a condition that clearly was not satisfied. The actual dis-
charge varied and the total transport in the period was composed of a
relatively small number of discrete particles moved., Nevertheless,
use of an average discharge is considered adequate for the purposes
of the analysis,

Visual observations of the gravel bed during the experimental
period always gave the impression that the bed was stable. Although
no movement or instability could be detected during short-term
observations, particles were carried out of the gravel bed, given
sufficient time and a fool-proof observation method.

The data points plotted in Figure 31 represent gravel transport

at low rates undetectable by normal visual means. For example,
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sample | represents transport of particles 3/4'" to 1" diameter at the
rate of one particle per hour, sample 5 corresponds to one 3/8"
diameter particle transported per two hours, and sample 11 corre-
sponds to one 3/8' diameter particle transported per day, It is
interesting to note that even these extremely low transport rates
seem to be functionally related to the strength of flow (here described
by discharge). This behavior strengthens the probability based con~
cept of particle motion by random turbulence, since the degree of
turbulence is recognized to be related to the flow strength, It further-
more points out the weakness of the concept of a threshold of move-
ment,

As can be seen from Figure 31, samples 7, 8, and 9 fall above
a curve that is fitted to the remaining samples. Samples 8 and 9 were
collected subsequent to mechanical disturbance of surface particle
arrangement in two isolated areas of the stream bed, Sample 7 is not
representative of low shear transport because of flow surging of
unknown origin, as stated above.

Figure 32 shows grain size distribution curves for the gravel
bed material and for the collected transported material. Collection
of the trapped transported material was carried out such that only the
gravel fraction coarser than 5 mm could be reliably recovered.
Consequently, sand was discarded from the trapped samples and only

material retained on a #4 standard sieve has been included in the
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Figure 32. Grain size distribution curves for gravel bed and
transported material (from Helland-Hansen, 1971},
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analysis,

The grain size distribution curves in Figure 33 shows the selec-
tiveness of the flow in dislodging particles under gradually decreasing
discharge. It is of interest here that the flow does not:only transport
the medium-sized particles as described by Neill (1968), but trans-
ports the larger ones also, as long as the flow is sufficiently turbu-
lent, The curves are basically similar in shape to the curve for the
bed material but shift progressively farther from this curve toward
finer sizes as .the discharge decreases. This seqQuence of events
conforms to what one might expect from a statistical viewpoint.
Unfortunately, an accurate check of the degree of turbulence cannot
be made. But rough checks of Re* indicate its value to be above 1000
for all samples.

The relative roughness (roughness height D over depth of flow d)
values (1/8 to 1/3) do not satisfy Shields limit of 1/40 and are, for |
some of the lower discharges, also in conflict with Einstein's upper
limit of about 1/5 for relative roughness, However, they do fall '
within Neill's (1968) specified limits (see Table 11),

The shear stress for Helland-Hansen's experiments could not be
calculated directly, but can be calculated indirectly, If we assume
a uniform velocity distribution, we have

T, = €(U/in (12.27 R/Kg) )? (50)



1 UL 1 e rrirt 1 e reine 1 UL LL®

1
ALl

n
=
:‘; p— -
° 10
. ®
E 0.01&___574 4005 -
3 - 8"9 .
a r -
m o -
o — -
ot ~ / -
S
n S D5'0=25mm -
" 0p =1.]28 B
0. 001} N NI N ERY IR BNEE | [ EEEY1 1 N EEEE
10-9 10-8 » 10-7 106

Einstein bed load transport parameter,

Figure 33, Shields parameter versus Einstein bed load transport parameter for the Helland-Hansen
data,

11



112

Table 11, Einstein and Shields parameters for the Helland-Hansen
data,
Mean
Sample Discharge, Velocity,
Number cfs _D/d fps fs & x 107
1 6.6 0.13 3.55 0. 027 1.8
2 4,35 0.16 2.84 0.019 0,52
3 3.6 0,18 2.61 0.016 0, 68
4 2.55 0.21 2,12 0,011 0, 14
5 2.55 0.21 2,12 0.011 0.16
6 2.16 -0,23 2,00 0.010 0.079
7 1,86 0.25 1.88 0. 0098 0.86
8 1,56 0,28 1.73 0. 0087 0.13
9 1.38 0.31 1.70 0. 0080 0,15
10 1,26 0. 33 1,68 0.012 0,075
11 1,02 0 38‘ | 1,63 0. 0090 0, 031
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where U is the mean velocity and Kg is a representative roughness
taken to be the D/ size of the bed material. The Dgg size is 2.8 cm
for the 11 sets of data described above, Using this equation, the
shear stress was calculated using the data in Figure 31. The Shields
parameter was then calculated., The Shields parameter and the
Einstein bed load transport parameter are given in Table 11 for each
of the measurements given in Table 10. The relationship between the
Shields parameter, fg, and the Einstein bed load transport parameter,
§ , 18 shown on Figure 33, The Einstein bed load transport para-

meter, @ , for a uniform bed material is given as

Qg
= , 51
- (51)

where qg is the bed load transport per unit width of channel; Gg is
the specific gravity of the particles,

The line on Figure 33 is an approximate upper bound line based
on the concept that as the time a bed is subjected to a given flow
increases the bed will increase in stability. In terms of the proba-
bility function, we can say that the function is not stationary but
changes with time. The concept given above is that when the bed is
disturbed some of the parficles lose their imbrication protection,
Hence, the probability of particles of a given size being moved

decreases with time. This is known to have occurred in the case of
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samples 8 and 9. In the case of sample 3 there may have been a
slight amount of disturbance caused by an increase in stream flow in
the stream supplying water to the flume. This would result in the
estimated Shields parameter being too low and in some disturbance
to the bed. Disturbance of the bed imbrication can result from
mechanical disturbance and from the disturbance caused by an increase
in sediment transport, especially if the shear stress is above the

critical shear stress.

Comparison of Concepts with Paintal Data

The data of Paintal (1969) can be used to obtain some idea of
the validity of the ideas presented above. Paintal made measurements
of the sediment transport rate at low shear stresses using a three-foot
wide channel, 50 feet long. For bed material he used granular ma-
terials with three mean sizes: 22,5 mm, 7.95 mm, and 22.2 mm.
Three different materials were used with a mean size of 22, 2 mm.
The materials varied in their ranges of sizes such that the standard
deviations were 1. 07 (uniform gradation), 1.57, and 2,73. The
experiments were made by flooding the gravel slowly and then
increasing the discharge to a desired value in a relatively short time.
The flume was dewatered between runs. Paintal makes the following

statement:
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During the first several runs of each series the gravel

bed remained plane as if it was molded at the commence-

ment of the series. After the first few runs, however,

the number depending upon the type of gravel, slope of

the bed, etc., the bed became irregular at isolated

points and small waves seem to have appeared. The

general practice in this series was to remold the bed

and repeat the run, (Paintal, 1969)
Each series consisted of a set of runs for a given material. The last
part of the quotation above indicates that the bed was mechanically
disturbed during a series of tests. Based on the experience at the
Oak Creek flume and information in the literature, it is likely that
the smaller sizes were mechanically disturbed more often than the
22.2 mm size. If the experiments we re made with no mechanical
disturbance, we would expect each series of measurements to define
a minimum transport line and the initial runs to have higher Einstein
bed load transport parameters than would be expected from the mini-
mum transport line. Also, we would expect that when a run with a
high shear stress was followed by a run with a significantly lower
shear stress, then the point for low shear stress should have a higher
Einstein parameter than would be expected from the minimum trans-
port line,

The data for Paintal's three series at a mean size of 22,2 mm
are given in Figures 34 and 35. Figure 34 presents the data for

series A, Apparently, this experiment was a series made with each

successive run at a higher shear stress, The data agree with the
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concept given above: the first five points indicating a decrease in

sediment transport with an increase in shear stress, This observa-

tion indicates that the bed became increasingly stable with time,

In series '""B'" (Figure 35), the results do not support the concept
as well as for series '"A''because the points for runs 3 and 6 do not
agree with the concept. Run 7 was at a lower shear stress than run 6
and had a higher stress than would be expected from the minimum line.

The runs for series "C' do agree with the concept, with run 1
being in line with the initial mechanical disturbance concept, and runs
7 and 8 being in line with the disturbance due to high shear stress
concept. .

Only fwo points of the total of 32 shown in Figures 34 and 35
do not agree with the results expected on the basis of the concepts
given above. Run B-3 could have followed mechanical disturbance,
This leaves run B-6 as the only ;'wild" point. Consequently, the
writer believes that the Paintal data support the concept described
above.

Also given on Figure 34 is the lower bound from the Helland-
Hansen data. The Helland-Hansen data indicate that the movement
of isolated particles is still possible at quite low Shields parameters.
The lower bound on previous information presented here was 0. 012.

In contrast, the lower bound on the Helland-Hansen data is 0, 008,
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The implications of the result above is that the armour particles
are likely to move at almost all flows. Consequently, the fines pro-
tected by the armour will always be available for transport by the
stream. Of course, the transport rate will be quite low for the lower

flows.
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V. THE MOVEMENT OF SEDIMENT IN A
GRAVEL BOTTOMED STREAM

The purpose of this chapter is to present the results of the study
of general sedirrent transport system in Oak Creek, The concepts
presented were developed as a result of subjective field observations,
field measurements, and laboratory analysis of field samples,

A major portion of the research work has been devoted to mea-~
suring the suspended load, bed load, hydraulic properties, and bed
material of Oak Creek. An object of the research was to determine
the influence of bed load movement on the total sediment yield process
and on the suspended load of the stream. Another object was to
investigate the bed load process itself for a gravel-bottomed stream.
The bed load was sampled using the sampler described previously.
The first section of this chapter presents the results and analysis
of the bed load measurements; the second section examines the
applicability of simplified Einstein bed load and stability functions
for analysis of the armour layer; the third section gives a conceptual
model for the movement of bed material, the fourth section discusses
the division of sediment load into bed load, and the fifth section
presents and examines the measurements obtained for suspended
sediment transport and the final section gives a conceptual model of

the interaction of bed and suspended load.
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Bed lL.oad Transport

Transport Rate

A total of 145 samples of the bed load were obtained during the
study period. These are from three periods, as shown in Table 12.
The first set of samples was obtained during the winter of 1969-70.

At the start of the bed load sampling program, procedures had to be
developed on the basis of the observed characteristics of the sampler,
The samples in set 1 were obtained during this developmental phase.
Consequently, the quality of the samples is low relative to the samples
in sets 2 and 3. Nevertheless, set 1 does contain useful information

about the bed load transport system,

Table 12. Bed load sampling periods during Oak Creek study.

Number of samples in various flow

Range ranges
Data Number of in Flows, &
Set Samples cfs " <€ 10 cfs 10-30cfs > 30 ofs
1 December 1969-February 1970 26 8-54 4 11 11
2  January 1971-March 1971 66 5-120 18 25 23
3  October 1971~November 1971 53 0.67-22 51 2 (0]
TOTAL 145 0.67-120 73 38 34

The second set of samples was obtained during the winter of
1971 and covers flows typical for the winter and early spring. The
samples are generally of good quality and are the best available for
the purpose of analyzing the movement of sediment in a gravel

bottomed stream with an armour layer,
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The third set of bed-load samples was obtained in the fall of
1971. The samples were obtained in order to obtain information.on
the nature of bed load at the beginning of the winter's runoff as the
catchment area becomes quite wet.

The complete data are given in Appendix I[. The data for the
winter of 1969-70 (data set 1) are shown in Figure 36. These data
have a fair amount of variance due to experimental error in the
sampling program during development of the operating procedure for
the vortex sampler. The data for the winter of 1971 (data set 2) are
shown in Figure 37, These data, the best data available, were ob-
tained using operating procedures which were developed as a result
of the 1969-70 sampling program, The data obtained in the fall of
1971 are shown in Figure 38, These data represent very low trans-
port rates and hence represent small total sample sizes subject to
considerable experimental (sampling) error. Sampling problems
introduce a large possible error into the measurements when the bed
load discharge is below 10 gm/hour. Nevertheless, the samples do
contain information on the sediment transport system,

The stream expends energy in transporting sediment, The rate
of energy use is called the power of the stream. The resulting sedi-
ment transport is dependent upon this stream power and upon the
effective weight of the sediment. The immersed weight of the bed

material being transport is ""effective' weight,
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The equations used to calculate the stream power and immersed

weight are:

P=vyY5Q (52)
G 1.0 -
Q! = 8- » (53)
BL G ORL

where: P is the power per unit length of channel
Gg is the specific gravity of solids
QBL is the bed load discharge in dry weight per unit time
Q'L is the bed load discharge in immersed weight per unit
time.
The plot of stream power versus bed load discharge in .terms
of immersed weight is given in Figure 39. The power of a stream
represents the energy per unit time available to move the immersed
weight of the bed material,l The equation for the upper line in Figure
39 is
Q'py = (3.3 x 1076) P> (54a)
The equation for the lower line in Figure 39 is
Q'R1, = (6.7 x 1076) P53 (54b)

Combining and rearranging equations (52), (53), and (54a) gives

G
Opr = | =5 3-3x107( Y5 )33 3(ss
oo T.

If S'is constant for all discharges the term in brackets is constant.
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Consequently, in this case
Qpr, =K QS' 3 : (56)

In Oak Creek the energy slope is nearly constant. Hence, the
use of stream power and immersed weight is not a significant improve-
ment over stream discharge and dry weight, because the energy slope
is nearly constant and the other multipliers only shift the data a
constant amount relative to the axes.

As is shown on Figure 39, there is considerable scatter for

- stream powers less than 2.5 x 104 kg/hour, Furthermore, the data
for stream powers greater than 2. 5 x 104 kg/hour can be divided into
two groups. The lower group. on the graph consists of samples 59
through 66 while the upper group includes high-flow samples obtained
prior to sample 59. Samples 59 through 66 all follow a period of high
flow on 115 cfs on March 10, 1971, The other samples for power
greater than 2.5 x 104 kg/hour were obtained prior to this high flow
period.

The ratio of Q'BL/PS' 3is 3,3 x 1070 for most of the data on
Figure 39 for stream power greater than 2. 5 x 104 kg/hour except
for samples 59 through 66 where the constant is 6. 7 x 10", This
change in constant was investigated in the chapter on incipient move-
ment of the armour layer. In that chapter it was postulated that the
change resulted from a change in the critical discharge for the armour

layer.
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Grain Size of Bed Load Material

Most of the bed load material transported during low flows is
sand and fine gravel, with a few particles having diameters as large
as 2 to 3 cm. As the flow increases, the size of transported particles
also tends to increase. Data on the median particle size for the
winter, 1969-70 samples are given on Figure 40 (the median size is
the Dg( size). The data for the winter, 1971 samples are given in
Figure 41, The 1969-70 data are not of high quality as already dis-
cussed. The 1971 data are of adequate quality for study of the varia-
tion of median size with discharge,

There is considerable variation in the relationship between the
median size and stream discharge. Figures 40 and 41 show tha.t for a
discharge greater than 20 cfs, the median size tends to increase with
an increase in discharge.

The data in Figure 41 also indicate the median size increases
with a decrease in discharge for stream discharges below 20 cfs.

This unexpected result can be explained. The data median sizes pre-
sented in Figures 40 and 41 were determined from gradation curves
developed using standard analysis techniques except for an adjustment
of certain samples in order to reflect the probabalistic nature of move-
ment of armour particles. Every once in a while a sample obtained

when the flow was between 5 and 15 cfs would contain a single large
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particle between one and two inches in diameter. This single particle
was much larger than any of the other particles in the sample. Often
the next one or two sizes used in the gradation analysis would be mis-
sing. The analysis given in the previous chapter indicates that every
particle in the armour layer has some probability of being dislodged
and moved downstream for almost any discharge in the stream,
During a time of low flow the probability will be quite low but still
greater than zero. In other words, each sample obtained during a low
flow period had some probability of having an exotic particle because
there was some pfobability that a particle would be found in the
sample (about 0. 14 for a one inch particle, using the analysis in the
previous chapter, or about 0,28, as calculated based on the total
number of samples with flows between 5 and 14 cfs and the number of
samples with the large particle). Consequently, the unlikely particle
is not representative of a given sample because the sampling period
is short relative to the probability of the larger particle being moved
at the stream discharge prevailing during the period, The particle is
representative of the flow. Hence, a sample collected over a rela-
tively long period would contain a number of the larger particles,
Because the larger particles are not representative of the short
sampling period for the bed load, an adjustment was made to nine
samples with flows between 5.4 and 13.5 cfs, Of the nine samples,

six had one-inch particles, two had 1-1/2 inch particles, and one had
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a 1/2-inch particle. The minimum critical shear stress for the
armour occurred for two-inch particles (see Figure 25). In the case
of the nine samples, the unlikely particle was not included in the gra-~
dation analysis nor in the transport rate analysis,

Although the median size was used in Figures 40 and 41, the
mean size is considered to contain more information about the sample
than does the median size. The mean size was calculated using
information obtained from the grain size distribution curve for each
sample. The method is that developed by Folk and Ward as described

in King (1967), The equation is:

(logz Dgg4 + logz Dgg + logz Dig (57)
: ) ‘

log2> D (mean) =

where D is the size at which x percent of the material is finer,

The data for the winter 1971 are subdivided chronologically and
given in Figures 42 through 47. in terms of mean particle size.
Figure 42 are the data for the first nine samples obtained in 1971,
From this diagram it is clear that there is not a simple relationship
between discharge and median size for low flows,

In Figure 43 the data for samples 10 through 32 are shown. The
samples 10 through 22 show a good relationship between discharge and
median size. Samples 23 through 32 indicate a decrease in mean size
with a decrease in discharge but it appears that there was more sand

available for transport in the case of samples 23 through 27 than for
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samples 10 through 22. Samples 23 through 32 are on the falling limb
of a runoff event with a peak discharge of 78 cfs (critical particle
diameter of 8,3 cm). Using the information on the probability of
movement given previously, the probability of movement of the Dj3g
size of the armour layer is 0. 44 compared to a probability of 0,28 at
the critical discharge and 0, 83 for the peak discharge associated with
samples 10 through 22, These observations suggest that a peak dis-
charge of 78 cfs was sufficient to disturb the armour layer but not
remove the sand and fine gravel thus freed from among the armour
particles. Hence, the sand and small gravel were available for trans-
port on the falling limb of the hydrograph because such material was
in greater than usual abundance among the armouring particles. In
contrast, the higher discharges associated with samples 10 through
22 probably removed more of the sand and small gravel as the ma-
terial was released from below the armour particles.

The data on mean size for samples 32 through 42 are given on
Figure 44. These data suggest the possibility that the change in mean
size is inversely related to the change in discharge at relatively small
discharges.

Data on mean size for samples 42 through 48 are given on
Figure 45, These data suggest that tﬁe mean size may increase with

time at a constant discharge.
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Data for samples 48 through 58 are given on Figure 46. These
data indicate a return to the trend line for samples 10 through 22 with
a very definite tendency for the initial increase in stream discharge
to cause a decrease in the mean size, Sample 55 is not considered
useable for analysis because of a wide range in discharge during the
sampling period.

It appears that the rising limb transports more sand than was
transported after a period of intense bed load movement (as defined
by samples 10 through 22).

The data for samples 59 through 66 are given on Figure 47.
These data plot parallel to the line for samples 10 through 22 and
represent data for bed load discharge after an intense period of bed
material movement. The shift in the mean size toward a larger size
probably results from a decrease in the D35 size of the bed material
which increased the ability of the stream to transport more of the
armouring particles.

The main observation which can be made at this point from the
foregoing discussion is that the mean size of the transport bed ma-
terial is a function of the discharge and the past history of discharge,
especially for discharges below the critical discharge.

The data for the fall 1971 samples are given in Figure 48.
These samples, for low discharge, have relatively large mean grain

sizes.
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All of the 1971 data from winter and fall are given on Figure 49.
The data form a reasonably well defined region on the diagram, except
for points for three autumn samples (109, 110, 111). These three
samples are much coarser than would be expected from the other 116
points. These data were collected on the 13th and 14th of November
during a storm that reached a peak discharge of 31 cfs.

An explanation of the course composition of samples 109, 110,
and 111 may be offered. On November 10th, it was observed and
noted that leaf build-up around particles increased the drag on parti-
cles. The particles that caught leaves were the larger particles pro-
truding above the general level of the stream bed. Lea,f;ﬁ drop from
the alders bordering the stream may have started about the lst of
November, but no note was made of the date at which the samples
started containing a fair amount of leaves and other vegetative
material.

On November 13th, when there was a low-intensity storm which
caused a runoff event with a peak flow of 31 cfs, two samples (109 and
110) were obtained on the rising limb of the hydrograph, Sample 110
covered flows rising from 12 to 31 cfs (mean flow of 22 cfs) and it
was noted that this sample contained a large amount of leaves, bark,
and twigs. The next sample (111) was on the falling limb and contained
almost no leaves, bark, or twigs according to field notes. The sus-

pended load samples taken at the end of the bed load sampling period
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for samples 110 and 111 appeared to have a high sediment concentra-
tion and contained a surprising amount of fine material in the same
range. Unfortunately notes were not taken on the other samples from
the same period.

Laboratory analysis showed that sample 110 had 12% of the
sample in the size ranges greater than D35 of the armour (5.2 cm).
The bed load transport rate for sample 110 was 3.2 kg/hour. Sample
111 had a single particle greater than 5.2 cm and a bed load transport
of 0.37 kg/hour, The hydrograph for the November 1 3‘th~14th runoff
event is given in Figure 50, the bed load data are shown in Table 13

and suspended load data are given in Table 14.

" Table 13. Bed load data for the November 13-14, 1971 runoff event.

Bed Bed Suspended = Total Bed Mean Size
Load Load Load Dissolved Solid Load, of Bed
Sample = Discharge,, Discharge, Discharge, Load, Load, Suspended Load,
Number cfs kg/hour kg/hour kg/hour  kg/hour Load cm
108 3,8 0, 0036 4,26 53.0 57.3 0, 0008 0.20
109 : 8.5 0. 0410 52.0 95.5 147.5 0. 0009 0, 48
110 22 3.200 258.0 195,0 456.2 0.012 0. 67
111 18 0.37 138.0 169,0 297.4 0,027 0.37

112 7.9 0, 0049 16.9 89,2 86.1 0. 0003 0.19
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Table 14. Suspended load data for the November 13-14, 1971 runoff

event. :
Suspended Suspended Rank in order
Load Sediment of decreasing
“"Sample Discharge, concentration, sand
‘Number cfs mg/liter concentration Notes
C-50 4,1 12. 68 6 - Very little
sand,
C-51 5,2 15,75 3 Some sand
C-52 ‘ 12 131,00 1 Very large
amount of
C-53 12 161. 67 sand,
C-54 31 149, 01 Very large
2 amount of
C-55 30 140, 57 sand.
C-56 9,4 22,80 4 Little sand
C-57 6.4 18,33 5 " Little sand

The flows associated with sample 110 were about the same as
for sample 111 but the bed load was about ten times as large for
sample 110, The suspended load samples obtained at both ends of the
sampling period for sample 110 contained a very large amount of sand.
The cause of the relatively large amount of sediment transport asso-
ciated with sample 110 is related to the leaves, bark, and twigs found
in the sample. The November 13th-14th runoff event was the first
storm of any size after the beginning of leaf drop. The rainfall itself
would tend to increase the effective weight of the leaves so that more

of the leaves would drop from the trees into the stream. As a result,
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the stream had a large amount of twigs and leaves in the water during
the rising limb of the runoff event. The observations on the 10th of
November indicate that the leaves will catch on the larger particles.
This results in a very considerable increase in the drag applied to a
particle without increasing the ability of the particle to resist the drag.
Hence, the particle will move at lower-than-usual discharges.

In the following sections of this chapter the concept is developed
that the armour layer controls the release of sand and small gravel
into the transport system. In other words, when an armour particle
moves, smaller particles also move. If this is the case the gradation
curves for samples 110 and 111 should be similar but sizes for sample
111 should be smaller. In the latter case, not as many of the armour
particles will be disturbed because the leaves and other vegetative
debris have been carried away by the flow. The gradation curves are
shown on Figure 51. The curves are similar but the curve for sample
111 shows smaller sizes, as expected, The reason that sample 111
is still coarser than the other samples on Figure 49 is that the bed
was disturbed considerably by the leaves, with the result that more
coarse sand material was available for transport than would normally
be available.

The odd shape of Figure 49 may be related to the relative ability
of the various sizes of particles to '""hide'' in the armour layer. The

mean size tends to increase with an increase in discharge when the
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flow is over 20 cfs because more of the armour material is disturbed
by the flow. As the discharge falls below 20 cfs, the ability of the
stream to move the armouring particles is still relatively high but the
fine sands will be removed from general transport by falling into
places in the armour layer where they are ''hidden' from the hydraulic
forces. This filtering action of the armour layer is discussed in a
following section, The coarser particles are harder to hide and are
transported with relative ease, As a result the mean size of the
sample increases with a decrease in discharge, At about 3 cfs the
ability of the stream to move any of the armouring particles is very
nearly zero with the result that sand and some gravel are all that is

transported,

Bed lL.oad Transport and Stability Functions

If we assume that the bed load transport and the stability of the
bed material can be represented by one characteristic particie size,
we can compare the results of the measurements from Oak Creek to
the simplified Einstein bed load function. This simplified function was
used in order to obtain an idea of how the observations compare to the
function and to obtain some idea of the importance of the armour layer,
The armour layer is fairly uniform in size, which fits the assumption
of the simplified function that the material can be characterized by a

single size. The bed load and stability functions were calculated using
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the following equations:

§ = s (58)
GS (Dr)372 GS - ].

i =(Gs"l)Dr

W RS (59)

where: E is the bed load transport function

Js is the bed stability function

D, is the representative grain size

Gg is the specific gravity of solids

R is the hydraulic radius

Qg is the bed load transport per unit width of channel

S is the energy slope,

The work on bed stability presented previously indicated that a

particle size corresponding approximately to the D3 or D35 size
(0. 69 D¢ for the armour layer) represents the size with minimum
stability in a bed, The D35 is typically considered to be representa-
tive of the bed material movement properties of a bed, Hence, the
D35 size of the armour layer has been used to calculate the transport
and stability functions for each bed load sample (identified as assump-
tion 1), The results of the calculations are given in Figure 52 for the

winter 1971 data. The data are below the Einstein function and diverge

from the function when the stability is high,
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Another way of looking at an armoured stream bed would be
to consider the stability of the bed material to be due to the size of
the armouring material, and the bed material transport to be a func-
tion of the bed material size below the armour layer. Consequently,
the D35 of the armour layer could be used to calculate the stability
parameter and the D35 of the bed material below the armour layer to
calculate the transport parameter (identified as assumption 27). The
winter 1971 data are plotted on Figure 53. In this case, almost all
of the points occur above the Einstein function on the graph.

Neill (1969) has used the Dg( size as representative of the bed
material movement. Therefore, the D50 size of the Oak Creek bed
material was used to calculate the transport parameter whereas Dj3g
of the armour was used to calculate the stability parameter (assump-~
tion 3). The results of these calculations are given in Figure 55. In
this case, the date for the higher transport rate are scattered around
Einstein function but diverge from the function when the stability
parameter is above about 30, The discharge corresponding to a
stability parameter of 30 is in the order of 45 cfs, i.e., near the
""critical' discharge,

The data given in Figure 54 suggest that the concept given above
(that the stability is a function of the armouring material while the bed
material transport is a function of the material below the armour

-layer) is a realistic way of approaching the problem of bed material
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transport in a heterogeneous bed with an armour layer. The fact
that the Dgq of the bed material gives good results is probably
related to the nature of the bed material ''release' to the moving
interface (see a following section), When an armouring particle is
disturbed, the material covered by the particle is then subject to
hydraulic forces greater than those required to move the particles
with the result that the particles are plucked from the opening in the
armour layer until the hole is filled by other particles or the particles
not removed are of such a size that they are stable. Consequently,
the Dg( size is more representative of the matel;ial moving as bed
load when the discharge is greater than the critical discharge.

When the armour layer is '"stable'’, the material actually being
transported is related to the availability of material within the armour
layer. The stability of these particles is not as much related to the
general stability of the armouring material as to the ability of the
smaller material to "hide' among the larger armouring particles.
Also, the points plotted above the function curve are for discharges
where the entire bed would not be in motion but where only scattered
movement would be taking place. The fact thét the points are above
the Einstein function is probably related to the movement of isolated
members of the armour layer. Such movement releases sand to the

flowing water for transport among the armour particles.
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The data for the winter of 1969-70 are given in Figure 55.
Assumption 3 was used in making the necessary calculations. These
data are near but generally below the Einstein function shown on the
graph.

All of the data for winter 1969-70 and winter 1971 are given in
Figure 56, based on assumption 3. A line fitted to the winter 1971
data above the critical shear stress and tangent‘ to the Einstein func-
tion is shown on the diagram., The data with stabilities below 31 are
scattered around the Einstein function but they fit the function as well
as most data. The assumptions made, as described previously, are
(1) the stability of the system is related to the D35 size of the armour
layer, and (2) the transport is related to the Dg size of the bed ma-

terial below the armour layer.

Bed Load Transport Model for Oak Creek

Proposed Model

The following model is proposed to describe the sediment trans-
port system in Oak Creek. During low flow periods the bed load
transport is limited by the availability of material. The armour layer’
protects most of the fine material that the stream has a capability of
transporting so that only sand scattered among the armouring particles

is transported. As the flow increases to the point where the smaller
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armour particles of the armour layer can be dislodged, the finer-
sized material protected by such particles is released to the bed-water
interface. This fine material is then transported over and around
other armour particles as bed load, with some of the sand and small
gravel being ''filtered'' out by the armour layer as individual small
particles fall into areas protected by armour particles. Whenever
such protective particles move, the process is repeated. When the
flow is between 10 and 20 cfs, few of the armour particles move and
the bed load transport is low. As the stream discharge increases,
more particles of the armour are placed in motion and the bed-load
transport is higher. When the ''critical' discharge is exceeded, a
significant portion (about one third) of the armour layer is in motion,
As the bed material i)elow the armour layer is exposed to lift and drag
forces resulting from removal of the protective surface material,
small gravel, sand, and finer particles are placed in the surface layer.
The sand and smaller sediment placed.into the armour layer in this
manner move downstream until they reach a '""hiding' place at which
they are not exposed to the hydraulic forces of the stream, As the
discharge increases to a point where a large fraction of the armouring
particles are in motion, the moving armour particles are mixed with
the bed material. During high flows not all of the particles in the
armour layer are moved. After the stream flow falls from above

critical to below critical discharge, armour particles become stable
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against movement but the sand and fine gravel originally moving with
the armour layer continue to be removed from around the stable

armour particles.

Information Supporting the Model

The information given below supports the concepts given in the
proposed model, Each item supports a portion of the model but no
data are available which directly supports the complete model., In
other words, the various data collected during the study have been
interpreted to give the model described above,

Field observations suggest that for a given discharge near or
just above the critical discharge, the bed load transport rate is larger
on the falling limb than on the rising limb of the discharge hydrograph
(when leaves and other debris are not involved). Unfortunately, no
good data were obtained at flows in the critical flow region for a rising
hydrograph. However, data for four samples were obtained which can
be used to compare transport on the falling limb to transport on the
rising limb. The four samples make up two sets of samples with
similar discharges just above the critical discharge. Each set has
one sample from the rising limb and one sample from the falling limb,

The data are presented in Figure 57 in terms of accumulative
weight of material transported versus the particle size. The trans~

port data for individual size ranges are given in Table 15. Sample 15
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Table 15, Incremental weights of transported material for two sets
of data used to compare falling limb to rising limb bed load

transport,
Transport Rate, kg/hour
Set 1 Set 2

Falling Rising Falling Rising

Size Range, : Limb Limb Limb .Limb

cm | 15 57 23 . 56
7.62 -10.2 0. 61 7,12 0 191
5.08 - 7.62 3.13 6. 48 1.79 4.16
3.81 - 5.08 5.15 8.10 2.32 1.09
2,54 - 3.81 14,54 8.18 5.37 1.95
1.90 - 2,54 14, 04 4,81 4,57 1.52
0.952 - 1.90 21.61 6.84 6.75 2.48
0.476 - 0,952 14.54 7,74 7.21 3.96
0.238 - 0.476 10,30 10,18 8.11 5.82
0,119 - 0,238 8. 68 14,12 9,17 9.13
0. 0595~ 0,119 4. 96 10,18 5.15 6.95
0, 0297- 0,0595 1.83 3.96 1.42 2.74
0.0149- 0,0297 0.71 1.26 0. 37 1. 00
0. 0074- 0,0149 0.50 0. 54 0.21 0.52
0.074 0. 40 0. 45 0. 16 0.30

TOTAL 101.0 89. 96 52.6 43.5

Stream discharge, :
cfs 67 72 62 62
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was from the falling limb of a major storm with a maximum discharge
in excess of 250 cfs, sample 23 is from the falling limb of a storm
hydrograph with a peak discharge of about 80 cfs and a relatively short
duration, and samples 56 and 57 are from the rising limb of a storm
hydrograph following a five week period of low flows after the storm
associated with sample 23,

The interesting result is that the transport of the larger parti-
cles and of sand is greatest for the rising limb and transport of the
small gravel is greatest for the falling limb.: ' The total:for all particle
sizes is largest for the falling limb safnples. Both of these observa-
tions are consistent with the model described previously. On the
rising limb, all of the armour layer is exposed to the hydraulic
forces. As individual armour particles are moved, the sand and fine
gravel is released but the fine gravel is filtered out over a short dis-
tance while the sand is transported farther as bed load. Consequently,
the transport of the larger particleé is relatively great and of the
finer gravel relatively small, In contrast, as the flow level recedes
the armour layer is reformed but not as much of the armour is ex-~
posed to hydraulic forces because some of the smaller gravel will be
mixed in with the armour size particles at the surface of the bed. As
this fine gravel is removed, the armour becomes re-exposed to the
hydraulic forces, On the falling limb, the sand is believed to be pro-

tected by the smaller gravel.
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Support for the idea that not all of the armour particles are
moved during a high flow is shown by experiments made during the
field studies where painted rock of the same size as the armour parti-
cles was placed among the armour particles. A total of 69 rocks were
placed. After a storm where the maximum discharge was 115 cfs it
was found that 11 (16%) of the particles were not moved.

After a bed has again become stable and the discharge is below
the critical discharge, the newly stable armour layer would have some
of the particles relatively exposed to the hydraulic forces. These
particles would tend to be removed from the armour layer. After
movement, the tendency would be for the disturbed particles to come
to rest in a more stable position. After a period of time, the trans-
port rate of the‘larger particles should decrease as compared to the
case of that part of the falling limb transport just after the flow has
receded through the critical discharge.

When the armour layer first becomes stable it is believed that
there is a:large amount of sand and fine gravel among the armour
particles. Over time these smaller particles will be removed and the
hiding place cleaned of sand and finer material because the hydraulic
forces are comparatively strong. Later, as the flow recedes further,
the hiding places are effective in removing sand and finer material
from active transport. As the "hiding' places are filled, the trans-

port of sand and fines would be expected to increase.
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Two comparable samples in the discharge region of from 22 to
23 cfs are shown on Figure 58. Sample 28 was obtained on the falling
‘limb of a storm with a peak discharge of 80 cfs, while sample 35 was
obtained after a long period of armour stability. The data indicate
that the falling limb sample is coarser than the sample obtained after
a long period of stability and that the total sediment transport is
larger after a period of armour layer stability. Most of the increase
in transport rate is in the medium sand size range, although all sizes
(except for the largest in the falling limb sample) show an increase in
transport rate.

The observation that the bed load transport rate is highest dur-
ing the stable period because less material is finding a place to hide.
The observation. that the transport of the maximum size particles in
the samples is highest for the falling limb sample supports the idea
that the armour is less stable on the falling limb.

To complete the discussion on the bed load transport model, the
data for one set of bed load samples are given in Figure 59. These
data are for the case where the critical discharge is 49 cfs and the
bed load discharge is above 0.1 kg/hr. A line showing the lower bound
of bed load transport associated with any discharge has been drawn.
Samples 15, 16, 17, 18, and 23 are all below the line and are falling

limb samples. Some of the other samples (19, 20, 24, 25, 26, 27,

and 28) are also falling limb samples but the armour layer probably
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controlled the sediment transport in these cases,

Samples 10, 11, 12, and 13 are of interest because the transport
efficiency was decreasing with time (transport efficiency is the ratio
of immersed bed load transport rate to stream power), The efficien~
cies are given in Table 16. The samples were obtained in sequence
with a total elapsed time of 2,35 hours, One problem with the samples
is that when the sampling trough has been filled and the trough is then
cleared, the bed load measured is large compared to other samples
under similar conditions, This is due to an accumulation of material
on the stream bed near the sampler (when the vortex trough is closed)
which is subject to an increase in forces tending to move it after clean-
ing and reopening the sampling trough, Samples 10, 15, and 17 are
""start up'' samples. Also, samples 11 and 16 could easily be influ-
enced by the transient conditions just upstream of the sampler caused

by a change cleaning of the trough.

Table 16, Variation of bed load transport efficiency.

Sample Stream Bed-load Transport,

Number Discharge, cfs, __kg/hour Efficiency
10 92 641 0, 0040
11 92 484 0, 0030
12 93 392 0.0024

13 100 385 0, 0022
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The mean sizes of the bed load material are also included in
Figure 59 to show the range of mean particle size and the variability
of mean size associated with each discharge range,

On Figure 60 are data for thg samples obtained in March, 1971,
when the critical discharge was 29 cfs. Sample 59 was a ''start up"
sample.

The general conclusions of this section are that: (1) the bed load
transport is related to stream power but the relationship is a function
of the critical discharge associated with the armour layer; (2) the data
on critical shear stress associated with individual particles agrees
well with other published data; and (3) in general, the‘ mean size of the
bed load material increases with discharge.

The model described above i8 a conceptual model which can
help in interpreting suspended sediment measurements in a gravel-
bottomed stream, A following section presents information on the
interaction of the suspended load and the bed load for a stream having
an armoured bed,

The working model presented indicates the armour layer is the
most important single factor in limiting the availability of sediment
and in controlling the relationship between stream flow and bed load

discharge,
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Division Between Bed Material and Suspended Load

The total sediment load of a stream is typically divided into
suspended load and bed material load. The bed material load is then
divided into the bed load and the bed material being transported in
suspension, The bed load is the material moving in the immediate
vicinity of the bed while the suspended bed material is bed material
suspended in the flow above the bed,

For any given particle size found in the stream bed, the amount
of the bed material load of particles of that size will depend upon the
turbulence in the flow and, hence, upon the discharge,

The division of sediment load into bed material load and sus-~
pended load (or wash load) has often been based upon use of a limiting
grain size finer than most of the bed material. Using this concept and
the D55 size of the bed as the division size, the wash load would be
made up of particles of less than about 0.5 to 1. 0 mm (see, for
example, Table 3 or Figure 7).

Another way of distinguishing the wash load from the bed
material load is to consider the wash load to be that material with a
-fall velocity less than the fall of the water in the stream. In equation
form this is:

Vi=SV (60)

where Vg is the fall velocity, S is the stream slope, and V is the mean
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velocity of flow, If the fall velocity of particles of a given size is
greater than that of the vertical velocity as the parcel moves down-
stream along the hydraulic guideline, then we would expect the particle
size to be found in the stream bed, In contrast, if the downward
vertical velocity of the parcel of water is less than the particle fall
velocity, we would not expect the particle size to be part of the bed
material, Of course, turbulence transfers some of the particles of any
size to the bed material so that all sizes are found in the bed material.
The particle diameter with a fall velocity equal to the product of mean
velocity times the slope is an alternative arbitrary division between
wash load and bed material load. The division defined in this manner
is a function of the discharge,

The data from Oak Creek have been used to develop the diameter
equivalent to the product of velocity times hydraulic slope. This

equivalent diameter was calculated using a drag coefficient (Cg) of

0. 687

_ 24
Cd = F% (1LO+0.15 R, ) (61)

which was developed by Schiller (Graf, 1971), The equation used to

calculate the particle diameter is

pD=3cyy (VS (62)
4 Vg g

where terms as defined previously. The results are given in Figure 61.
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At the critical discharge for initiating bed load transport in Oak
Creek, Figure 61 shows that the particle size dividing wash load from
bed material load at the critical discharge is about 0,11 to 0,12 mm.
Particles of less than 0, 11 millimeter probably would not be found in
the bed material because the armour layer would return to a stable
state before the finer particles would have had a substantial probability
of settling in to the bed,

Typically, a low winter flow is on the order of 10 cfs. The
division between wash load and bed material load is then on the order
of 0, 08 mm (Figure 41), Particles coarser than 0., 08 millimeters
would likely be rapidly ''filtered'' from the water, Finer materials
would take longer but would also be filtered because of turbulent trans-
fer to the bed, During the summer, flows are on the order of 1 cfs
and the division in the order of 0.03 mm. This small size may help
explain why considerable quantities of fine material can be held in the
armour layer during the summer with the result that the water is quite
clear. In other words, fine material reaching the stream is readily
filtered from the water,

The parent earth material in the Oak Creek watershed is basalt.
Chemical weathering processes tend to produce clays while physical
processes in the watershed tend to form sand and gravel. This may
be part of the reason material in the particle sizes in regions of 0,5

to 0.1 are not common in the bed material.
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Suspended Sediment Load

The variation of suspended load with river discharge is given
in Figure 62, for the data collected in winter 1971. There is consider-
able scatter of the points, as is typical of suspended loads which are
dependent upon the availability of particles for transport, Thus,
some of the variation is related to the time of sampling in comparison
with the position on the discharge hydrograph, It was noted during
data analysis that the first high flow after a period of lower flows
transported more suspended sediment than did later flows of the same
magnitude or did even higher flows.

One of the objectives in obtaining the suspended sediment infor~
mation was to determine the relative importance of bed load transport
in the total sediment yield from a forested watérshed. Suspended
sediment concentrations were obtained at the start and finish of each
bed load sampling period for the lower discharges and during the
middle of the bed load sampling period for the higher discharges.
These were then used to determine a concentration corresponding to
the representative stream flow for the bed load sample.

Using the suspended load and bed load information, a ratio of
the bed load to the suspended load was calculated for each bed load
sample. The results are given in Figure 63.

The data in Figure 63 indicate that the importance of bed load

increases as the discharge increases. The maximum bed load to
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suspended load ratio was 0, 112 for a stream discharge of 92 cfs,

The bed load and suspended load hydrographs for an isolated
storm following a low~flow period are out of phase. The peak bed
‘load transport occurs nearly concurrently with the peak storm flow
but the peak suspended load precedes the peak st;'eam flow, For
several runoff events in close succession the suspended load and bed
- load hydrographs become more nearly in phase with each other and
with the storm hydrograph as the storm system progresses, These
phase relationships account for much of the scatter shown on

Figure 63.

Interaction Between Bed IL.oad and Suspended Load

Conceptual Framework

In this section a possible explanation of the interaction between
bed load and suspended load is described., Other explanations may be
advanced to explain part of the variance found in the relationship
between discharge and sediment load. The concept given here does
explain variations in the observed relationship of discharge versus
sediment load, but data from other armoured streams must be col-
lected before the usefulness of the concepts is adequately demon-
strated,

The model presented here is purely descriptive and cannot be

used to predict the amount of sediment transported by a stream. The
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object of the model is to assist in the interpretation of sediment load
measurements made on gravel-bottomed streams.

As described in the section of Chapter II, the physical charac-
teristics of a gravel-bottomed stream in the Oregon Coast Range are
that the bed material of the stream is gravel with an armoured surface
and has relatively stable banks, The armour is a nearly uniform layer
of relatively large particles at the surface of the bed material. It
protects the finer, better graded, material below. In the Oak Créek
Study area the best estimate of the mean size of the armour layer is
6.3 cm, compared to 2. 0 cm for the material below the armour layer,

In describing the conceptual model, we first have to select a
starting point on the stream flow hydrograph. To do this, let us
assume that a storm has moved a large amount of bed material,
including the armouring material. We might select as a starting point
a place on the recession limb of the hydrograph just after the end of
direct storm runoff while the base flow is still relatively high. Also,
let us assume that the armour layer is stable at this flow.

Just after a high flow, when the armour layer has been moving,
the finer material which had been moving with the moving armour layer
will be washed from among the armouring particles as they come to
rest., This occurs at the flow which is just slightly below that required
to move most of the armouring particles, Although some of the

armour particles will be moved, the system is generally stable at this
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moment., As the flow recedes, sand is completely removed from
around the armour. Thereafter, the only small gravel and sand avail-
able for transport are those particles which are released by any
armour particles that are moved periodically. The armour layer will
increase in stability with time as a result of rearrangement of the
armouring particles, as has already been described. As the flow
recedes further, locations within the armour layer will act as a trap
for sand particles and both the armour material and the bed material
below will begin acting as a filter in removing sand and fines from the
water, With time, this '"reservoir'' is filled and additional fines and
sand cannot be removed into void spaces but can only settle on the
armour, If there would be an increase in flow after this reservoir is
filled, some of the traps within the armour layer would cease tq
protect stored material, and the traps would become a source of fines
and sand to be transported as both bed load and suspended load. If the
reservoir is not full, the armour layer would not be as good a source
as in the case where the reservoir is full,

The amount of material that can be contained in the armour
layer's silt-and-sand reservoir is inversely related to the discharge
of the stream., Typically in the Northwest, the rainy season base flow
for a stream will be higher than during the dryer season, with a cor-
responding increase in the size of the silt-and-sand reservoir as the

flow recedes to the summer base flow level.
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The consequence of having a full or nearly full silt trap in the
armour layer is that the suspended sediment load of the stream will
become more erratic. This is for two reasons: (1) the silt reservoir
in the armour layer will yield sediment when the flow increases for the
first time after the reservoir is filled but not for the second unless the
supply to the reservoir has been replenished; and (2) the armour layer
silt trap will not act as a buffer on the sediment yield from the wafer-
shed. The sediment yield from a watershed is quite variable, whereas
the rate of removal of suspended particles from the water, when the
silt reservoir is not full, will depend on the concentrations in the flow.
Thus, an increase in the rate of removal of fines will result from an
~increase in the sediment yield from the watershed. This will tend to
stabilize the sediment load versus discharge relationship. When the
reservoir is full, however, this stabilizing effect cannot occur.

When the stream flov& increases from a low level and the silt
reservoir is full, the silt reservoir will yield some of its fines and
sand., With further increases in flow, part of the armour layer will
move, yielding silt and sand from both the bed material below the
armour and from the armour layer silt reservoir, until all of the silt
from the reservoir is suspended in the flow,

If the discharge is constant at a magnitude that causes the
armour material to move, the silt load will fall from the peak asso-

ciated with the initial movement of the armour material until a
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constant level is reached which is associated with the dynamics of the
total sediment load process and the yield from the watershed, The
initial peak will be greater than the yield from the watershed.

As the discharge decreases, the particles in the armour layer
will cease to move and the sand associated with the armour layer will
continue to move until sufficient armour particle movement allows
the sand to become part of the bed again. Sometime during or after
this process of cleaning the armour of sand, the armour layer will
again act as a silt trap, Then the transported suspended sediment
will be less than the yield of such material from the watershed until
the silt reservoir is again filled, at which time the transported sus-
pended sediment will once more be in balance with the yield,

A diagram applying the above ideas and illustrating the type of
relationship between sediment load and time to expect from a step
increase in discharge followed by a step decrease is given on
Figure 64,

As stated previously, the size of the silt reservoir will depend
on the flow in the stream. This change in silt storage capacity results
from a change in particle uplift force exerted by the stream flow,
This force decreases as the flow .decreases.

If the discharge increases prior to filling of the silt reservoir,
the suspended load of the stream will not have as large a peak amount

as would be expected from a similar flow increase with a silt full
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reservoir,

The armour layer also protects the bed material beneath it from
being transported. On a rising limb, the bed load transport will be
lower than for the same discharge on the falling limb because the sand
moving with the armour layer on the falling limb will be removed from
transport as the armour layer stabilizes,

On a falling limb, the sand will first be removed, as just stated,
but as the discharge declines further, the system will pass through a
discharge range where sand is neither added nor removed from the
armour layer, A few armour particles, however, will be moved as a
result of turbulence in the flow. As these particles move, the finer
material they protect will be released to the flow and transported as
both bed load and suspended load. After the flow has decreased to the
point where a very few armour particles are moved, the net effect will
be the removal of sand from bed load transport.

After the silt reservoir is filled, the bed load transport should

be higher than prior to filling for an equivalent stream flow,

Supporting Data

The concept of silt removal by a gravel bed has been described
by Einstein (1968), along with supporting experimental data. The
concept presented is applicable to the case of a point source with the

suspended sediment concentration decreasing downstream, The
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equation relating the time required to filter out half the suspended

sediment is:

T = 0.692d (64)
Vs
where T = half life of any particle size in suspension
d = depth of water
Vs = settling velocity of a particular grain size.

This natural filtering action has been observed in the field by Miner
(1968), with the rate of change in sediment concentration found to be
much as would be expected from Einstein's work,

For a line source, such as the case of storm runoff from a
watershed entering a stream along the length of its channel, the sus-
pended load during the storm would not decrease in the direction of
flow but would be lower than the input load., This is because of the
filtering action, assuming that the silt reservoir was not full and that
the flow was such that a reservoir existed.

The idea that the silt reservoir can be filled is supported by data
obtained from Oak Creek. Data obtained between two major storms
have been sub-divided into two groups: a low yield period just after
the first storm (group A) and a high yield period later, after the silt
reservoir was filled (group B), The‘ data are presented in Figure 65,
along with other data from a period just after the second storm

(group C). Lines have been drawn for the three groups of data which
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indicate a lower bound to the suspended sediment load for a given dis-
charge. The lines are shown together in Figure 66, As is shown, the
line for group B indicates a greater suspended sediment load at a given
flow than do the other two lines. Line B corresponds to the full silt
reservoir case.

The scatter of points on Figure 65 for data in group B below
about 25 cfs is a result of sand and fines which had been stored in the
system and which were removed from the reservoir as the flow
increased, Subsequently, the discharge declined and the reservoir
was again replenished. The points in the 50-to-80 cfs range on
Figure 65 for group B data are from the rising limb of the following
storm when the silt reservoir was full. The points at high flow on
Figure 65 for data from group C are for the case where the silt
reservoir is comparatively empty,

Combination of the data fromFigure 65 for groups A and C
probably gives a good idea of the suspended sediment load in the
stream with an empty silt reservoir., These combined data are given
in Figure 67. The line drawn on the figure represents the expected
suspended load when the silt reservoir is empty. It is extrapolated
somewhat arbitrarily to lower flows than those sampled.

In fall 1971, after an extended period of low .flows, a series of
suspended sediment and bed load measurements were made. These

measurements were made during a time when the silt and sand
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reservoir in the armour layer was filled and the input of sediment to
the stream channel was essentially equal to the output, The suspended
‘load data are given in Figure 68. The data have been subdivided into
seven sets, as designated in Figure 68. Each set presents the sus-
pended sediment measurements made up to the peak of a direct runoff
from a stream. The samples on the recession limb and up to the next
storm event with a peak greater than (or about the same as) the pre-
vious event constitute the next set. The end of the sampling program
was actually the end of set 6 but suspended load samples were taken
at random during the remainder of 1971, These make up set 7,

The curve representing the expected value of suspended sediment
load as a function of discharge from Figure 67 has been plotted on
Figure 68, The data suggests that the suspended load is quite variable
with time and is strongly influenced by the events preceding the time
of sampling. The information on Figure 68 suggests the discharge
versus suspended sediment load relationship moves in the direction
of the empty reservoir case as the sand and silt is removed from the
armour layer during the fall, There are other sources of sediment
in the watershed which will be transported as the watershed wettens
in the fall, Nevertheless, the 'full reservoir' can be important,

The effect of a full reservoir on the bed load is illustrated by
- the data taken between the peaks of two of the major storms and shown

in Figure 69. Two lines are drawn through the lower discharge datar-
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one through an upper set and the other through a lower set, Examina-
tion of the stream hydrograph indicates that the upper set is for the
case where the silt reservoir is only partly full while the lower set is
for the case where the reservoir is likely to be full. Sample numbers
have been shown for samples 51, 52, 53 and 54. Sample 51 probably
included fine material removed from storage in the armour layer
reservoir while sample 52 probably does not have material from the
silt reservoir. Consequently, there is a wide range in bed load for
nearly the same stream flow. As the stream discharge declined, the
silt reservoir absorbed more sand than is typical for a given flow
because of the cleansing effect of the flow associated with sample 51,
Because of this, the bed load transport was much lower for samples
53 and 54 than for the other samples in the 12 to 15 cfs region,

The bed load data obtained in fall 1971 are presented in Figure
70. These data have been divided into six sets on the same basis as
was the suspended sediment data (there are no bed load data cor-
responding to set 7). Also shown is the relationship between river
discharge and bed load discharge from Figure 69,

Data sets 4, 5, and 6 shown in Figure 70 were obtained after
the leaf drop mentioned previously. Consequently, both the bed load
and the suspended sediment load would be higher for these sets than
for similar stream flows in the winter and spring because more of

the armouring particles were moved. The samples of set 6 in the
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80 cfs region were obtained during the first autumn storm with a
discharge above the critical discharge for the armour layer,

The interaction of suspended load and bed load can be further
investigated by studying two groups of samples from fall, 1971,

One of these groups consist of,sa,mvples collected before, during
and after the first runoff event (the event dividing set 1 from set 2)
in the fall, The hydrograph of this event is given in Figure 71. The
times of the suspended sediment concentration measurements and the
intervals over which bed load samples were obtained are also shown
on Figure 71, Data on the suspended load measurements are given in
- Table 17 and data on the bed load measurements are shown in Table
18, Estimates of the mean suspended sediment load and dissolved
solids load corresponding to the bed load sampling are also given on
Table 18, The peak discharge was 3 cfs, which has a 1% chance of
- locally exceeding the critical discharge for the armour. Consequently,
we would not expect a large degree of stored fines to be removed from
the silt reservoir. The data indicate that the bed,lo_ad and suspended
load were in the same order of magnitude before and after the event,
The data for suspended load sample C-20 and for bed load sample 82
indicate that there was an ample supply of fines available, The data
in Table 18 also indicate that the bed and suspended sediment loads

were minor in comparison . to the dissolved solids load.
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Table 17. Suspended load data for the October 16-22 1971 period.

Suspended Sediment Suspended Sediment Concen-
Sample Number Discharge, cfs tration, mg/liter
C-17 0.76 2.227
C-18 0. 82 2. 649
C-~19 0. 76 2,750
C-20 3.00 15,165
Cc-21 2,10 12. 624
C-22 2,00 12,136
C-23 1.20 5,579
C-24 0.89 3.761
Cf25 | 0. 89 2. 667

Table 18, Bed load data for the October 16-22 1971 period,

Bed Bed Suspex?&ed Total Bed Mean Size
Load Load Load Dissolved Solid Load of Bed

Sample Discharge, Discharge, Discharge, Load, Load, Suspended Load,
Number cfs kg/hour kg/hour  kg/hour kg/hour Load cm

79 0.79 0, 00043 0,19 16.5 16.7 0, 002 0,038

80 0.79 0, 00018 0.21 16.5 16.7 0. 0009 0. 050

81 1,05 0, 00120 0, 54 20.4 20.9 0, 002 0. 049

82 1,41 0. 01920 1,22 25.2 26.4 0,016 0. 18

83 0.98 0. 00140 0.44 19,2 19.6 0, 003 0, 12

84 o, 89 0, 00039 0.29 18.0 18.3 0. 001 0,085
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Data for another group of samples were given on Figure 50 and
in Tables 13 and 14, These data are for a runoff event on November
13-14 with a peak discharge of 32 cfs, This was the first storm run-
off event in fall 1971 which had sufficient discharge to dislodge the
fines in the armour layer. This event separated set 0 from set 0
in Figure 70. The peak discharge had about a 15% chance of locally
exceeding the critical shear stress, but more armour particles moved
because of leaf drag,

Between the two events given above there were three events
with peak discharges in the 3 to 6.6 cfs range.

The fact that the particles within the armour layer were dis-
turbed during the runoff event accounts for some of the relatively high
transport during the event and for the relatively high transport of both
suspended load and bed load following the runoff events,

The suspended sediment data indicate a wide range in the sus-
pended load when the discharge is below 2 cfs. The data for sets 1
through 4 tend to be near the '"initial'' events line, given that the dis-
charge is greater than 2 cfs; but the 6,6 cfs event separating sets 4
and 5 changed the relationship somewhat and the following events
tended to have lower suspended sediment discharges for a given stream
discharge, The path of the suspended sediment concentration versus
discharge relationship for the two events is shown on Figure 72. Data

for samples C-43 through C-59 are shown on Figure 73, The diagram
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illustrates the decrease in the sediment load for a given discharge as
the peak discharge for a sequence of storm events increases.

At thé start of the fall sampling period, the sampler control gate
was kept closed during the sampling period., Consequently, the bed
load material would fall into the sampler trough and not be carried
into the sampling pit, The trough was swept clean each morning, with
the bed load material being Swept into the sampling pit. During the
initial sampling periods, it was observed that a cloud of fines was
stirred up by the sweeping, This occurred each day until after the
runoff event given in Figure 71. Thereafter, the cloud was not
observed. This indicates that the first storm moved the fine material
out of the stream system,

During mid~October, white sand was placed in the stream just
downstream of the deep pool downstream of the sediment weir/trap.
The sand was placed in a high-velocity area and immediately began

.moving downstream, The sand moundéd over all of the bed material: -
and did not disperse rapidly. The moving sand wave moved down-
stream until the particles fell into a protected area around the armour
particles protruding above the general level of the bed. By the next
morning, the sand was dispersed over an area extending about 15 to
20 feet downstream of the point of placement and Was about a foot wide.
The sand surrounded the protruding armour particles and appeared to

be stable., The sand seemed to remain where initially deposited the
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first day after placement until the November 13-14 runoff event given
in Figure 50, After the recession of this storm flow, it was observed
that the sand had been removed except for a little sand downstream
of a particle that well-protected the area,

The relative sand concentrations in the suspended load samples
taken during the October runoff event shown on Figure 50 are given on
Table 14. These were determined by visual observation. The amount
of sand in the samples and the general visual turbidity for C-52 through
C-55, taken at flows of 12 and 30 cfs, was very similar to conditions
for samples obtained in January 1971 for discharges in excess of 100
cfs. The high concentrations are partially related to excessive move-
ment of armouring particles caused by the large amount of leaves in
the stream, But part of the reason for the high concentrations is
related to a higher-than-usual availability of sand in the armour layer.

The observations above support the idea that armour-~layered
systems ''store' smaller sediment (fines and sand) which is then
released as to the stream flow as the discharge increases. Some of
the increase could be due to an increase in effective tributary area as
the autumn rains wet the watershed. But this increase does not ex-~
plain the change in the suspended load versus discharge relationship
shown on Figure 73.

In general, the available data are in agreement with the concepts

given in the beginning of this section. The basic idea is that the



204

presence of an armoured stream bed has an impact on the suspended
sediment by being a source of sediment under certain conditions and

a sediment sink under other conditions,
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V. SUMMARY AND CONCLUSIONS

The primary objective of the research was to develop a better
understanding of the sediment transport system for a stream with an
.armour layer, This objective has been accomplished -~ at least in a
qualitative way.

The main conclusion of the research is that the armour layer
acts as a ''valve't and a '"reservoir' in the sediment transport system
of a gravel-bottomed stream, The armour layer removes material
from the system at small flows which is again released at larger
flows. The armour layer also prevents bed material beneath it from
getting entrained in the flow on a rising hydrograph, but does supply
fines to the flow from the reservoir. On the falling limb of a hydro-
graph, when the armour is again stable, sand can be entrained in the
flow.

The armour layer is the most important single factor in limiting
the availability of stream bed sediment and in controlling the relation-
ship between stream flow and bed load discharge. The arm&ur layer
controls bed load transport at flows large enough to move the armour
layer and can cause a considerable shift in the bed load versus stream-
power relationship, For instance, the data indicate the following

relationships were valid at different times:

1

3,3 x 1076 p5-3 (55a)

6.7 x 1076 p5-3 (55b)

(1) Q'L
(2) Q'L

1]
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where Q'gy, = the immersed bed load discharge in kilograms per hour
and P is the stream power per linear foot of stream in kilograms per
hour.

The critical shear stress can be determined using the Dg5 size
of the armour layer and the equation:
Te = 0,047 (y,-y) Dgs (29)

The critical discharge can then be determined using the hydraulic

properties of the stream.,

As a result of the study on incipient motion for an armoured
stream bed, the following conclusions are made:

1, The critical shear stress of an armour bed corresponds to that
for the 0, 69 Dgg size of the armour layer. This size is approxi-
mately thé"kD30 size of the armour layer,

2. The armour layer ''breaks up" when the probability of particles
remaining in bed is in the order of 80% (20% probability of particle
being moved).

3. The movement of armour layer particles is possible during much
of the time in Qak Creek, even when the flows are small,

4. The bed load discharge is related to To/T( (or T./ T) as postu-
lated by Kalinske and Einstein. |

5. Following bed disturbance, the probability of a given particle size
moving decreases with time because the bed becomes progressively

more stable with time.
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The ''critical' discharge represents a division between those
larger flows for which the bed load discharge can be estimated using
an analytical function and those sm aller flows for which an analytical
function does not exist at this time.

The bed load is directly related to the stream discharge when
- the stream discharge is greater than the critical discharge for the
armouring material. The rate of bed load transport is related to the
critical discharge because both are related to the size of particles in
the armour layer. The bed load discharge can be calculated using
- Einstein's simplified bed load functions if the representative size used.
is the D35 size of the armour layer for the stability function and the
Dgq size of the material below the armour for the transport function,

In calculating the bed material load for another stream, an
estimate of the relationship between bed load and stream discharge
can be developed using the hydraulic properties of the stream, the
particle size gradation data for the bed and armour material, Ein-
stein's functions, and the assumptions given above, The relationship
is valid for a stability function having a value below 31. The concepts
used to estimate the bed load will need additional verification using
data from other streams,

The bed load for discharges below the critical discharge is
related to the past history of flows and cannot be calculated using any

of the existing analytical procedures or concepts. The concepts
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developed in Chapter IV, that the armour layer acts as source and
sink of both bed load and suspended load when the discharge is below
the critical discharge, does help explain some of the va‘riation in sus-
pended load samples, The concepts indicate that in comparing sus-
pended sediment data from different streams, low flow samples from
similar points on the hydrograph should be used.

The observations made concerning the role of vegetation on the
movement of both bed load and suspended lcad suggest that the initial
peak in sediment concentrations observed for the first autumn runoff
event, at least in the Pacific Northwest, may be due to debris in the
stream channel as well as to sediment available in the armour layer
and in the watershed,

Typically, office and laboratory studies of sediment transport
in rivers and streams assume a steady two-dimensional process as a
starting point, In a real stream transporting sedime nt, three~dimen-
sional factors are very important. Also, the stream system is not in
a steady state, so that changes over long periods influence that sedi-
ment transport which occurs over short periods of time in response

to a given runoff event,

The research in this dissertation brings out the fact that a stream
is a very dynamic system and varies considerably in both time and
space. Consequently, an understanding of the natural sediment system
requires the development of considerable basic concepts in the field

based on analytical and laboratory studies.
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APPENDIX I
BED LOAD DATA

The bed load data are given in this appendix. There are three

data sets, These are:

1. Data obtained in the winter of 1969-70
2, Data obtained in the winter of 1971
3. Data obtained in the fall of 1971.

The reader is referred to the main body of the dissertation for
information on the purpose for which each data set was obtained and
for information on the limitations in the data.

The 1969-70 measurements were the first group of measurements
made using the vortex sampler and were not made using a consistent
procedure. As a result of operating the sampler during 1969-70 and
as a result of the data analysis, a procedure was developed which was
followed, with some variation, during the subsequent sampling periods.

In Table I-1 are the data for the winter of 1969-70, The dis-
charge is the average discharge during the sampling interval, the
slope is the energy slope in the reach just upstream of the sampler,
and the hydraulic radius is a composite hydraulic radius for the study
reach, The reach used to estimate the slope and hydraulic radius is
153 feet iong. The composite hydraulic radius was estimated using

procedures given in Einstein (1950). The sorting coefficient is a
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semi-graphical estimate of the sample variance. The equation used

to calculate the sorting coefficient is;

logy (Dgy) - log, (D14) logz (D9s) - logy (Dg)
0= 1 + 5. 6

where 0 is the sorting coefficient and Dx is the particle size, in milli~
meters, at which x percent of the particles are finer (by weight).

The gradation of the bed load samples was obtained by dry
sieving. These data are given in Table I-2 for the winter of 1969-70
samples.

Every once in a while during a low flow period a single particle
much‘»larger than any others would be found in a bed load sample.
There is some ch‘ance that a stone could have been tossed into the
trough or pit by a passerby, but the most probable explanation is that
the particle was moved by turbulence with a low probability of moving
the stone. The fact that the particle was found in a sample is repre-
sentative of the flow strength but not of the time period associated with
the sample. Hence, the bed load rate and mean size calculated from
the sample and its associated sampling time would not be representa-
tive of the conditions associated with the discharge. Consequently,
these single large particles were not used in calculating the bed load
rate or the median size of the sample,

The data on bed load collected during the winter of 1971 were

obtained during January through March 1971. The bed load data are
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given in Table I-3 and the sample gradation data in Table I-4. With
the exception of one of the 66 samples, the data are the best data
available. This poor sample is sample 55, which was collected
during an interval having a very large range in discharge and there-
fore should not be used in most analyses of bed load.

A problem with some of the samples is that they are ''start-up"
samples. In other words, the vortex trough had been previously filled
and sampling was only started after first removing this material
from the trough. This change at the trough increased the fluid shear
exerted on the stream bed just upstream of the sampler, with the
result that the bed load may not be representative of the discharge.
Start-up samples are samples 1, 10, 15, 17, 23, 59, and 60. These
seven samples probably have measured bed load rates somewhat in
excess of the rate representative of the hydraulic conditions at the
time.

The measured bed load data for the fall of 1971 are given in
Table I-5. The gradation data are given in Table I-6. The fall 1971
data were obtained in October and November 1971.

Many of the samples are very small and the sampler was not
designed to sample very small samples. Consequently, there is an
error in some of the measured samples for which only the sample
caught in the box is included. During most of the sampling program,

the sample obtained in the box was combined with the material
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deposited in the pit around the box. Because of the small size of the
fall 1971 samples, this was not done, although an overall estimate
of efficiency was made. This was then used to better estimate the
bed load transport rates, The efficiency factor and improved esti-

mates of bed load for the fall 1971 samples are given in Table I-7,



Table I1-1. Bed load data for samples obtained during the winter of 1969-70,
_ Bed Load Energy Hydraulic Water Sampling Weight of Largest
Sample Discharge, Discharges, Slope, Radius, Temperature, Dso Sorting Period, particle in sample
Number cfs kg/hour Ft/100 ft ft e cm Coefficient hours gm
1 27 1.67 1.23 0.70 - 0. 16 1.66 25.0 -
2 12 0, 016 1.22 0.52 - 0.084 1.28 19.8 --
3 8.7 0. 0067 1,20 0. 47 - 0.055 1.54 23.0 -
4 8.6 0.0010 1.20 0.47 -- 0.018 1.06 22.8 --
5 8.5 0. 0010 1,20 0. 47 -- 0.0s 1,13 23.8 --
6 8.1 0. 00062 1,20 0.46 -- 0. 07 1.96 25.8 --
7 30 1,58 1.26 0.73 -- 0.18 1.67 21.2 -
8 21 0.096 1.24 0.63 -- 0.12 1,34 21.2 386
9 19 0, 022 1.24 0.61 -- 0,052 1.72 6.2 --
10 49 11.8 1.25 0.90 - 0. 20 2.03 4.8 -
11 71 200 1.26 1,08 - 2.2 1.75 2.8 695
12 15 0.43 1.21 0,56 42 1,7 2.39 2.2 240
13 23 0,.56 1.23 0..66 42 0,096 1.85 2.1 -
14 34 3,18 1,24 0.77 42 0.28 2.91 1.7 563
15 33 1,77 1,23 0.76 42 0. 65 2.60 5.5 --
16 20 0.46 1.22 0, 62 -- 0,24 2.96 13.2 -
17 22 1.87 1,22 0.64 -- 1.8 2.20 64,9 -
18 54 45.5 1.25 0.95 -- 2.0 1.86 3.2 690
19 S0 37.6 1,25 0.91 - 1.6 1,90 2.8 626
20 39 2.58 1.24 0,81 - 0.72 2,12 3.6 346
21 28 0.76 1,26 0.71 - 0.20 1.84 11.9 -
22 27 0.63 1,22 0.69 - 0,20 2.06 28,3 -
23 44 35.0 1.24 0. 86 - 0.72 2.07 1.5 286
24 46 212. 1,02 0. 88 -- 1.25 2,13 1.0 1340
25 45 78.5 1,01 0.87 -— 1. 04 1.97 1.3 --
26 45 6.4 1,01 0.77 - 0.52 1.99 5.5 -

912



Table [-2, Gradation data for bed load samples obtained in the winter of 1969-70,
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Sample Particle size, cm, and accumulation distribution, fraction courses by weight

Number 76,2 50.8 38.1 19,05 9.52 4.76 2.38 1. 19 0,595 0.297 0,149 <0, 142
1 0 2,006 0,008 0,045 0,098 0,179 0,319 0,614 0.857 0.946 0.982 1,009
2 0 0.004 0.008 0.086 0.325 0.638 0.866 0.955 1,000
3 0 0.026 0,065 0,222 0,461 0,738 0.873 1. 000
4 0 0,030 0,105 0,233 0.633 1,000
5 0 0.024 0.126 3.367 0.754 0.936 1. 003
5 Q 0.135 0.215 0.369 0.534 0.788 0,918 1,000
7 0 0.003 0,049 0,116 0.210 0,375 0,674 0,81 0,962 0.984 1.000
8 0 0.018 0.036 0,074 0,185 0,513 0,805 0.931 0.977 1,000
9 0 0,054 0,070 0.116 0.238 0.454 0.762 0.919 1,000
10 J J2.005 * 0.028 0.117 0.194 0.285 90.419 0.677 0.887 0.965 0.966 1,000
11 3,001 0.074 0,195 0.555 0.739 0.818 0.870 0.930 93.976 0.992 0.996 1, 009
12 * 0,451 0,595 9,691 0.743 0.798 0.878 9,939 0,976 1.000
13 0 0.034 0,060 0,093 0,176 0,432 0,682 0.832 0,923 1,030
14 0 0.121 0.141 0,252 0,358 0.428 0.520 0,660 0,810 0,897 0.951 1,000
15 0 0.025 0,081 0.301 0,468 0,509 93,563 0,707 0.845 0.914 0,963 1, 000
16 0 0,097 0,272 0,358 0,414 0,500 Q0,666 0.820 9J,919 0,927 1. 000
17 0.016 0.055 0,130 0,434 0,653 0,739 0.787 0.859 0,931 0,962 0,978 1,090
18 J 0,080 0,194 0,512 0,697 0,792 0,80 0.933 0.978 0,992 0,996 1,000
19 0 0.046 0,135 0,442 0,645 0,762 0,837 0.922 0.976 0,993 0,997 1.030
20 o] 0,065 9,101 0,230 0,421 0.584 0.699 0.850 9.947 0,981 0,992 1,020
21 0 0,076 9,156 0,273 0.417 0,688 0.883 0,960 0.985 1,000
22 Q 0,018 0,129 0,236 3.331 0.461 0,724 0.905 03.966 0,986 1,030
23 0 0,022 0,056 0,239 0.432 0.535 0.641 0.821 0,944 0.982 0.992 1. 000
24 J 0,023 0,072 0,333 0,560 0.672 0.748 0.849 0.931 0.965 0,983 1. 000
25 0 0.007 0.036 0.279 0.516 0.647 0,740 0.867 0.964 . 0,991 0,996 1,000
26 0 0,006 0,010 0,285 0,532 0.652 0,773 ~ 0.871 "~ 0.921 0,955 1, 030

* Largest particle not included in sample, particle is in size range shown,



Table I-3.

Bed load data for samples obtained during the winter of 1971.

Bed Load Energy Hydraulic Water Sampling  Weight of Largest
Sample Discharge, Discharges, Slope, Radius, Temoperature, Dso Sorting Period, particle in sample
Number cfs kg/hour ft/100 ft ft F cm Coefficient hours gm
1 5.4 0, 0071 0.83 0.36 -- 0.12 1,95 27.4 58.5
2 8.4 0, 025 0,84 0. 44 -- 0. 076 1.86 21.2 3.4
3 11.9 0,018 0. 86 0.48 - 0. 089 1,84 22.8 6.7
4 13.8 0. 082 0. 83 0.55 - 0.11 131 4.8 5.3
5 15.8 0, 14 0,87 0.59 41 0. 068 3.21 16.0 62. 1
6 13.5 0. 056 0, 86 0, 54 41 0. 12 1.69 7.2 56.7
7 11.4 0,018 0. 86 0.49 39 0.081 1.86 20.3 8.0
8 9.7 0. 0092 0.85 0.44 38 0.11 2.36 21.7 21.6
9 8.0 0, 0043 0.84 0.42 38 0. 070 1.77 29.8 62.5
10 92. 641, 0,97 1.31 41 2.5 1.36 0.51 944,
11 92, 484, 0,97 1.31 41 1.7 1.54 0, 54 1259.
12 93. 392, 0.97 1.31 41 1,9 1.74 0,38 1732,
13 100, 385, 0.98 1.37 41 2.6 1.71 0.92 1455,
14 120, 1362. . 0.99 1.46 41 2.4 1.25 0.47 1185,
15 67. 101., 1.00 1..12 44 1.3 1.84 1.45 944,
.16 64, 91.. 1.00 1,08 44 0. 82 1.77 0.97 424.
17 32, 2.41 0.98 0, 80 43 0.33 1.92 6.8 107.
18 26. 0.39 0.97 0.74 41 0. 19 1.7 12.7 66.
19 27. 0.33 0,97 0.75 43 0.21 1.89 6.9 53,
20 24, 0.13 0.97 0.72 43 0. 18 1.77 21.0 45,
21 25. 0.25 0.97 0.73 44 0.19 1.90 19,7 127.
22 24, 0. 16 0,97 0,72 44 0.20 1.71 29.0 75.
23 62. 53. 1,00 1.07 44 0.55 2,04 1.21 434,
24 60, 21, 1,00 1.05 45 0.38 1.96 11,00 223.
25 54, 12, 1.00 1,03 45 0,27 1.98 2,92 324,
26 41. 3.7 0,99 0.90 45 0.20 1.82 12.5 630,
27 29, 0,59 0.98 0.77 45 0,13 1.45 8.6 643,
28 22. 0,13 0,97 0.70 45 0.13 1.31 20.4 24.3 v
29 16. 0,048 0.96 0.61 44 0,11 1,25 27.6 7.5 ;
30 13, 0, 022 0.96 0.59 43 0, 093 1.31 22,7 2.1




Table I-3. Bed load data for samples obtained during the winter of 1971 ( Continued)

Bed Load Energy Hydraulic Water Sampling Weight of Largest
Sample Discharge, Discharges, Slope, Radius, Temperature, D50 Sorting Period, particle of sample
Number cfs kg/Hour ft/100 ft ft °F cm Coefficient hours gm
31 11.7 0. 042 0.96 0. 56 42 0.078 1..19 20.6 1.9
32 10.0 0, 035 0,95 0.53 42 0.10 1.46 26.6 12.2
33 8.2 0,010 0.95 0. 50 42 0,095 1.43 50.6 62.8
34 8.5 0.0070 0.95 0. 50 41 0.079 1.44 38.6 0.8
35 23. 0.34 0,97 0.71 42 0. 084 1.37 5.6 5.2
36 16. 0. 044 0.96 0.61 42 0, 095 1.32 21.3 4.1
37 » 11, 0.014 0.96 0.54 42 0. 14 2.10 22.1 143,
38 8.9 0. 0043 0.95 0.51 43 0. 12 1,71 55.5 49,2
39 7.8 0, 0046 0,94 0. 49 44 0,11 1.73 29.9 8.7
4(5 8.9 0,.0056 0,95 0.51 45 0. 12 2.17 86.4 36.7
41 6.8 0, 0093 0,94 0. 46 45 0. 14 1,44 50.8 4.6
42 7.0 0,020 0.94 0.47 46 0. 19 1.73 21.5 6.7
43 7.7 10,0016 0.94 0.48 44 0. 12 1,98 71.5 120,
44 8.3 0. 0053 0.94 0. 49 4 0.092 1.89 49.5 8.1
45 7.2 0. 0026 0.94 0,47 45 0. 12 1.49 51,0 3.1
46 8.4 0, 0058 0,94 0.50 42 0. 26 2.26 64.2 27.
47 10,6 0,018 0,96 0.53 40 0.-16 1,64 27.5 11.6
48 9.5 0, 012 0.95 0.52 39 0,19 .81 24.5 61.7
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Table [-3. Bed load data for samples obtained during the winter of 1971 (Continued)

Bed Load Energy Hydraulic Water Sampling Weight of Largest
Sample Discharge, Discharges, Slope, Radius, Temperature, Dgg Sorting Period, particle of sample
Number cfs kg/hour ft/ 100 ft ft S cm Coefficient hours gm
49 8.2 0.012 0.94 0,50 40 0.23 2,06 25.0 29,3
50 9.3 0. 0036 0.95 0.51 40 0. 10 1,65 43.5 1.5
51 20,0 0.43 0.97 0.67 40 0, 062 2,13 7.5 56.
52 21,2 0, 11 0.97 0,69 40 0,096 1,39 19,2 6.8
53 14,8 0,012 0.96 0.60 41 0,087 1,87 26,3 6.2
54 12.8 0. 0062 0.96 0.57 41 0, 085 1,90 24,2 7.3
55 19,0 0, 86 0,97 0.83 41 0,18 2,52 94,0 1789.
56 62, 43, 1,00 1,17 42 0.26 2.63 1,0 1033,
57 72. 90. 1,01 1,21 42 0,70 2.50 1.0 1307,
58 92, 480, 1,02 1,27 42 2,7 1,92 2.2 2393,
59 78. 1460, 1,08 1,22 42 1.9 1,57 0.41 1046,
60 54, 130, 1,05 1,12 42 0.95 1.79 1,17 715,
61 47, 63. 1,04 1,07 42 1.1 1.86 2.0 497,
62 36. 19, 1,02 1,01 42 0.58 1,83 5.9 310,
63 38, 18, 1,02 1,00 42 0.53 1,89 2.8 462,
64 51, 78, 1,00 1,10 42 1.0 1,90 2,42 601,
65 62, 260, 1,00 1,17 42 1,2 1.88 1,17 1222,
66 74, 523, 1,00 1,22 42 2.3 1,71 0.75 1447,

02



Table I-4. Gradation data for bed load samples obtained in the winter of 1971,

221

Sample Particle size, cm, and accumulative distribution, fraction courses by weight
Number 101.6 76.2 50.8 38,1. 25.4. 19,05 9.82.. 4,76 2.38 1. 19 0. 595 0.297 0,149 0,074 0. 074
1 0 0.134 0.223°  0.349 0.490 0, 692 0,918 0.980 0.992 1.000
2 0 0.016 0, 115 0.237 0.373 0. 569 3. 807 0,937 0.981 1,000
3 0 0.057 0,143 0.236 0.394 0.658 0.872 0.959 0.984 1,000
4 0 0. 072 0, 188 0.306 0.470 0.707 0.877 0,958 0.986 1.000
5 0 0. 028 0.070 0. 113 0. 143 0. 205 0, 345 0,541 0.685 0.766 0.816 1,000
6 * 0 0,065 0,165 0,307 0.597 0.768 0,924 0,975 90,990 1,000
7 0 0.056 0,107 0.209 0.375 0.611 0.827 0.939 0.979 1.000
8 0 0, 108 0.170 0,216 0.337 0.485 0.686 0.873 0.951 0.978 1,000
9 * 0 0.031 0, 102 0.186  0.332 0.588 0.834 0.937 0.973 1,000
10 0 0.017 0,137 0.260 0. 486 0. 660 0.843 0.2910 0.942 0.970 0,988 0.995 0.998 - 0.999 1.000
11 "o 0.015 0.097 0.172 0.318 0. 452 0.673 0.842 0.919  0.968 0,989 0.995 0.997 0.998 1. 000
12 0 0.012 0. 112 0,215 0.374 0.505 0.691 0,818 0.987 0,956 0,987 0.996 0,998 0.999 1.000
13 0 0.036 0.176  0.301 0,518 0. 642 0. 762 0.844 0.912 0.9260 0,985 0,995 0.997 0.998 1,000
14 0 0. 092 0.1304 0.257 0. 476 0. 646 0.838 0.927 0.962 0.983 0.994 0.997 0.998 2.999 1,000
15 0 0,006 0.037 0.088 0.232 0.370 0.582 0.724 0.826 0.912 0,961 0,979 0.987 0.993 1.000
16 0 0.028 0.063 0, 167 0. 265 0.456 0.651 0.804 0.919 0.974 0.991 0. 996 0.998 1. 000
17 0 0. 052 0. 127 0.247  0.403 0.587 0,795 0,932 0.980 0.994 0.999 1,000
18 o 0,013 0,048 0, 132 0.256 0.417 0,670 0.874 0,961 0,987 0.995 1.002
19 0 0,043 3.081 0.169 0.304 0.455 0.687 0.871 0.951 0.982 0.995 1,000
20 0 0.061 0,128 0.233 0.388 0. 642 0.848 0.944 0.978 0.992 1,000
21 0 0,025 0.043 0,075 0,146 0.256 0.415 0. 669 0. 869 0,949 0,977 0.988 1, 000
22 0 0,023 0.037 0,136 0.257 - 0.424 0,672 0.876 0.956 0,984 0,994 1.000
23 0 0.034 0.078 0. 180 0. 265 0.393 0.531 0.686  0.861 0,959 0,986 0,993 0,997 1.000
24 0 0,018 0.041 0, 127 0. 191 0.298 0.444 0.628 0.835 0.952 0.985 0,993 0.997 1.000
25 0 0.010 0.043 3.087 0.131 0.226 0.356 0.541 0.797 0.938 0,979 0.991 0.997 1,000 ’
26 0 0,035 0. 042 0,060 0. 082 0. 141 0.240 0.433 0.731 0.921 0.974 0.988 0.993 1.030
27 0 0.013 3. 028 0.056 0.118 0.304 0.528 0. 853 0,956  0.986 0,997 1,000
28 0 0.018 0.034 0,078 0.204 0.536 0.820 0.936 0.978 0.992 1.000
29 0 0, 006 0,012 0,046 0,159 0.454 0.764 0.925 0,976 0.994 1.000
30 1] 0.007 0.036 0..124 0.380 0.685 0. 886 0.966 0.987 1,000
31 o] 0, 002 0.016 0.081 0,288 0.644 0,890 0.969 3.990 1.000
32 0 0,013 0,031 0. 082 0,191 0, 429 0.720 0.911 0.969 0.989 1.000
33 * 0 0.011 0,054 0.177  0.409 02,694 0.899 0,963 0.988 1,000
34 0 0,025 0.140 0.352 0.604 0.840 0.947 0,992 1.000
35 0 0.018 0.045 0.125 0. 339 0.654 0,874 0.959 0,989 1,000
36 0 0,017 0.049 0, 141 0.391 0.697 0.901 0.966  0.990 1.000
37 * 0 0. 056 0,166 0.227 0,343 3.536 0,751 0.924 0.974 0.988 1,000
38 * 0 0,054 0,163 0.288  0.502 Q. 745 0.926 0.973 0.987 1,000
39 0 0, 103 0.124 0.224 0.459 0.729 0.927 0.973 0.986 1,000
40 0 0. 108 0, 145 0.213 0.323  0.497 0.726 0.907 0.964 0,986 1,000
41 0 0.016 0,127 0.323 0,578 0.804 0.956 3.989 0.996 1,000
42 * 0 0 0 0, 105 0,266 0.432 0.654 0, 842 0.956 0.984 0.994 1,000
43 * 0 0 0,104 0,191 0,291 0.498 0,729 0.894 0.956 0.979 1.000
44 0 0.078 0,146 0,231 0. 409 0.663 0. 863 3.947 0,979 1,000
45 0 0.036 0.136 0.259 0.518 0.796  0.956 0,988 0.993 1,000
46 0 0, 134 0, 193 0.353 0.514 0,691 0. 835 0,929 0,965 0.985 1, 000
47 0 0.056 9,191 0.371 0.597 0,807 0.942 0.979 3.991 1,000
43 * 0. 102 0.224 0,345 0.454 0.602 0.777 0.918 0,968 0.988 1.000
43 0 0.098 0,190 0.325 0.470 0.654 0.824 0.945 0,981 0,992 1.000
50 o] 0.016 0. 076 0.216  0.445 0.679 0, 855 0.938 0.983 1. 002
51 0 0,043 0,056 0,077 0,115 0,197 0.334 0.518 0.736 0.913 0.991 1,000
52 0 0,026 0.072 0,154 0.397 0. 754 3.921 0,977 0.994 1. 000
53 9 0,090 0,139 3.226 0.394 0. 648 0.866 0.954 0.988 1,000
54 0 0.075 0.132 0,215 3.395 0. 636 0.842 0.933 3.975 1,000
55 0 0. 045 0.087 0,120 0. 156 0. 182 0.227 0.282 0.395 0,643 0.869 .0.953 0,980 0.992 1.000
56 0 0.044 0.140 0.165 0.2190 0. 245 0,302 0,393 Q. 527 0.737 0.897 0.960 0,983 0.995 1,000
57 Q0 0.079 -0, 151 0.241 0.332 0.386 0. 462 0.548 0.661 0,817 0.930 0.974 0.9838 0.994 1,030
58 0 0. 193 0. 305 0. 504 0. 605 0,726 0.815 0.887 0.946 0,978 0,990 0.994 0.996 1,000
59 0 0.009 0.101 0.200 0.378 0.509 3. 709 0.851 0,930 0.975 0.991 0,996 0.998 1.000 1,000
60 0 0.005 0.040 0. 104 0. 225 0.323 3.500 0.671 0.819 0.928 0.980 0.994 0.998 1,000 1.000
61 0 0.040 0,104 0.220 0. 339 0.549 0,710 0,822 0,915 0.970 0.987 0.992 0,995 1,000
62 0 0.016 0,049 0,099 0,173 0.351 0.551 0,725 0,879 3.962 0.985 0.992 0.996 1.000
63 a3 0.010 . 0,051 0. 106 0. 186 0.350 0.522 0.694 0. 860 0,960 0.989 0,996 0,999 1.000
64 0 0.040 0.096 0.211 0. 325 0.517 0.676 0.798 0.907 0,970 0.988 0,992 0,995 1. 000
65 0 0,014, 0,117 0,218 0,353 0.452 0.604 0,747 0,865 0.945 0.983 0,994 0,997 0,999 1,000
66 0 0.025 0.150 0.271 0. 447 0.563 0.718 0.830 0.908 0,961 0.986 0.994 0.996 0.997 1.000

* Largest particle not included in sample, particle is in size range shown.



Table 1-5. Bed load data for samples obtained during the fall of 1971,

Bed Load Energy Hydraulic Water Sampling Weight of Largest
Sample Discharge, Discharges, Slope, Radius, Temperature, Dso Sorting Period, particle of sample
Number cfs kg/hour £t/100 ft £t oF cm Coefficient hours gm-
67 0.68 0, 00080 0.94 0,21 51 0,070 1,72 24.0 0.4
68 0.67 0, 00072 0.94 0,21 52 0, 053 1,86 23.2 1.2
69 0.68 0, 0016 0,94 0,21 54 0, 22 2,30 24.5 24.2
70 0.68 0, 0011 0.94 0.21 53 0,13 2,05 23,5 1.4
71 0.67 0, 0014 0,94 0,21 52 0. 44 2.09 24,3 6.5
72 0. 67 0, 0021 0,94 0.21 56 0,039 1.70 24,0 0, 15
73 0,68 0, 00037 0,94 0,21 56 0. 080 2,65 24.5 2.3
74 0. 68 0, 00034 0,94 0.21 54 0, 042 1,46 23.5 0. 10
75 0, 69 0, 00025 0.94 0,21 52 0, 049 2.07 24.0 0,40
76 0,72 0, 00023 0.94 0.21 51 0,037 1.59 25,0 0, 02
77 0.76 0.-00086 0.94 0, 22 50 0,070 2. 12 21.5 0.55
78 0.78 0. 00029 0,94 0,22 48 0. 049 2.34 25,5 0.70 .
79 0.79 0, 00024 0.94 0,22 46 0,047 1,87 24,0 0, 12
80 0.79 ‘0, 000096 0,94 0, 22 46 0, 049 1.26 24.0 0,01
81 1,05 0, 00070 0.94 0,24 48 0,048 1,08 24.0 4.1
82 1,41 0,019 0,94 0, 26 50 0. 16 1,95 24.0 19,8
83 0.98 0, 00084 0,94 0,23 50 0..075 2,61 24,2 2.5
84 0. 89 0. 00022 0,94 0.23 48 0. 067 2,01 23.4 0.6
85 1,75 0, 0012 0.94 0,28 47 0, 045 2,08 24,7 1,0
86 1,34 0,-0020 0.94 0,26 46 0. 050 1,95 24.4 31,2
87 1,03 0, 0012 0.94 0, 24 44 0.34 2.34 23.2 2.1
88 1,01 0,0014 0.94 0,23 46 0.48 2,41 24,0 6.0
89 1,46 0,0017 0,94 0. 26 46 0,92 1,80 24.0 3.2
90 1,52 0, 00058 0.94 0,27 43 0. 060 2.50 23.9 2.5
91 1.30 0, 0023 0.94 0. 26 40 0, 10 2,27 24,5 16.4
92 1.38 0,0020 0,94 0,26 41 0, 056 2,01 24,5 36.7
93 1,50 0, 0022 0.94 0,27 44 1,00 2.26 23.8 13,2
94 2,3 0. 0020 0.94 0.31 45 0. 046 2. 11 24.0 3.7
95 2,5 0.0018 0.94 0,32 46 0.20 2.28 23.8 5.6
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‘Table }-5. Bed load data for samples obtained during the fall of 1971, (Cont.)

Bed Load Energy Hydraulic Water Sampling Weight of Largest
Sample Discharge, Discharges, Slope, Radius, Temperature, Dso Sorting Period, particle of sample

Number cfs kg/hour ft/100 ft ft SF cm Coefficient hours gm
96 1,62 0. 0017 0.94 0,27 4 0,17 2,02 23,8 3.6
97 1,36 0, 0012 0,94 0, 26 45 0,17 2,12 24,2 4,2
98 1.66 0, 0016 0,94 0. 28 44 0,95 2,09 24.2 9.5
99 1,30 0, 0024 0,94 0,26 41 1,10 2,16 24.1 17,8
100 3.1 0, 0023 0,94 0, 27 42 0,43 2,02 24,2 6.9
101 2.6 0, 0071 0,94 0,32 44 0,10 - 1,84 24,0 139,0
102 2.1 0, 0017 0,94 0,28 44 0. 10 1, 60 23,8 39,1
103 2.5 0. 0062 0,94 0,39 46 0. 16 2.32 9.3 6.4
104 5.1 0, 0062 0,94 0,41 48 0,24 2.45 14,5 6.2
105 6.5 0, 0086 0,94 0. 41 48 0, 14 1,64 8.0 3,2
106 5.0 0, 0028 0,94 0,40 48 0,13 1,90 16,2 1,6
107 4.4 0, 0027 0,94 0,39 48 0,50 2,03 24,1 4,9
108 3.8 0. 0023 0.94 0,36 47 0,24 2,02 23.9 4.6
109 8.5 0,032 0,94 0.49 47 0.55 2.09 8.6 35.4
110 22, . 3.2 0,94 0. 68 47 0. 86 2,37 5.5 883.0
111 18, 0,34 0,94 0, 64 47 0,36 2,06 10,0 351.0
112 7.9 0, 0048 0.94 0,48 47 0,18 1,68 7.2 2.8
113 5.2 0,020 0,94 0,41 46 0, 34 2.23 17,0 25.8
114 3.3 0, 0037 0.94 0.34 46 0,23 2,09 24.0 5.2
115 2.4 0, 0046 0,94 0,31 46 0.-20 1,95 23,9 4,9
116 2,0 .0, 0020 0,94 0.29 44 0. 12 2.00 23,8 1.7
117 1,80 0, 0015 0,94 0,28 45 0. 12 1,79 24,2 1.5
118 1,57 0, 0020 0,94 0.27 46 0,41 1,98 54,5 8.9
119 2.1 0,0014 0,94 0,29 46 0.24 2.09 89.8 9.7
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Table I-6. Gradation data for bed load samples obtained in the fall of 1971,
Sample Particle size, cm, and accumulation distribution, fraction courses by weight
Number 101.6 76.2 50.8 38.1 25.4 19.05 9.52 4.76 2.38 1.19 0. 595 0,297 0.149 0.074 0. 074
67 0 0.041 0,128 0.296 0.561 0.775 0.887 0.944 1,000
68 0 0.126 0.151 0.232.. 0.446 -0.750 0.895 0.950 1. 000
69 * 0.180 0.378 0.486 0.614 0.745 0,873 0.933 0.965 1. 000
70 0 0.292 0.399 0.525 0.705 0.861 0.930 0.962 1.000
71 0 0.264 0.482 0.575 0.695 0.830 0.935 0.970 0.990 1.000
72 0 0.042 0.125 0.322 0.605 0.792 0.896 1. 000
73 ] 0.268 0.326 0.361 . 0.431 0.582 0.803 0.895 0.965 1. 000
74 0 0.029 0,117 0.306  0.680 0.840 0.906 1,000
75 0 0.071 0.086 0,190 0.414 0.706 0.794 0.880 1. 000
76 0 0.017 0,086 0.258 0.620 0.723 0. 880 1. 000
77 0 0.109 0.240 0.366 0.559 0.765 ' 0.870 - 0.925 1.000
78 0 0. 103 0.145 0,261 0. 435 0. 682 0.812 0.865 1.000
79 0 0.069 0.149 0,392 0.674 9.800 0.873 1. 000
80 0 0. 146 0.410 0.775 0.910 0.956 1. 000
81 * 0 0.002 0.118 0.398 0.783 0.940 0.981 1.000
82 0 0. 043 0,132 0.276 0.417 0.565 0.765 0.950 0.985 0.995 1. 000
83 0 0.226 0.316 0.372 0.426 0.544 0.760 0.905 0.960 1.000
84 . 0 0,118 0.265 0,367 0.530 0.795 0.898 0.960 1,000
85 0 0.102 0.182 0.266 0.409 0.706 0.855 0.932 1.000
86 * Q0 0, 109 0.188 0.286 0.440 0.750 0.898 0.960 1. 000
87 0 0.256 0.464 0.534 0.604 0.709 0.884 0.956 0.985 1.000
88 0 0.314 0.502 0.610 0.681 0.780 0.856 0.947 0.976 1,000
89 0 0.490 0.750 0.798 0.844 0. 895 0,955 0.984 0.997 1. 000
920 0 0.185 0.289 0.348 0. 407 0.533 0.795 0.920 0.970 1.000
91 0 0,288 0.561 0.745 0.787 0.806 0.852 0,933 0.976 0,992 1. 000.
22 * 0 0.312 0,541 0.667 0.764 0.856 0.940 0.972 0.990 1. 000
93 0 0.249 0.510 0.604 0.702 0.770 0.850 0,945 0.985 1,000 1.000
94 0 0.322 0.481 0. 605 0.743 0.840 0,920 0.860 0.984 1,000
95 0 0.204 0.350 0.465 0.616 0.758 0.885 0.935 0.973 1.000
96 0 0.086 0.272 0.419 0.584 0.765 0.900 0.955 0.976 1.000
97 0 0.188 0.344 0.437 0.605 0.779 0.914 0.966 0.992 1.000
98 .0 0.507 0.558 0.662 0.756 0. 859 0. 945 0.982 0.996 1,000
99 0 0.298 0.548 0.621 0.676 0.780 0.880 0.952 0.975 0.991 1.000
120 0 0.241 0.441 0.608 0.731 0.846 0.935 0.973 0.991 1. 000
101 * 0 0.064 0.178 0.295 0.440 0.659 0.895 0.970 0.991 1.000
102 * 0 0.029 0.102 0.231 0.450 0.710 0.895 0.961 0.988 1.000
103 0 0.201 0.301 0.411 0.571 0.730 0.879 0.945 0.966 1. 000
104 o} 0.117 0.343 0.502 0.628 0.719 0.835 0.892 0.930 1..000
105 0 0.102 0.252 9.384 0.530 0.700 0.856 0.935 0.970 1. 000
106 0 0.186 0.352 0.533 0.686 0.855 0.944 0.980 1.000
197 0 0.268 0.523 0.666 0.764 0.853 0.930 0.970 0.994 1. 000
108 0 0.084 0.342 0.516 0.670 0.776 0.896 0.952 0.981 1,000
109 0 0.214 0.372 0.521 0.665 0.800 0.900 0.963 0.986 0.996 1. 000
110 0 0.118 0.182 0.261 0.316 0. 421 0. 543 0.726 0.848 0.936 0.977 0.989 0. 995 1. 000
111 * 0 0. 085 0,133 0.284 0.448 0.584 0.769 0.911 0.977 0.993 0.998 1.000
112 0 0.094 0.227 0.415 0.621 0.839 0.960 0.991 0.998 1.000
113 0 0, 185 0.342 0.417  0.561 0.682 0. 846 0.962 0.986 0,995 1,000
114 Q 0.210 0.332  0.499 0.659 0.800 0.930 0.973 0.990 1,000
115 Q 0.175 0. 326 0. 456 0.628 0. 805 0.943 0.980 0.990 . 1.000
116 0 0.128 0.242 0.335 0.505 0.711 0.908 0.964 0.984 1. 000
117 0 0.041 0.151 0.272 0.495 0.723  0.891 0.950 0.975 1.000
118 0 0.321 0.455 0.632 0.758 0.874 0,955 0.985 0.994 1. 000
119 0 0.222 0.320 0.485 0.652 0.819 0.925 0.964 0.985 1,000

* -Largest particle not included in sample; particle is in size range shown.
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Table I-7. Corrected bed load discharge for the fall 1971 samples.

Was Pit Material : Measured Adjusted
Sample Gate - Included”  Correction Bed Load, Bed Load, Discharge
Number Position " ~ in sample? Factor gm/hour gm/hour cfs

67 C * No 0,60 0. 80 1,3 0.68
68 (o No 0, 60 0,72 1,2 0,67
69 C No 0.62 1.6 2.6 0. 68
70 C No 0,61 1.1 1.8 0. 68
71 C No 0, 62 1.4 2.3 0,67
72 I No 0, 56 0.21 0.37 0,67
73 1 No 0.58 0.37 0,64 0.68
74 I No 0,57 0.33 0,58 0. 68
75 1 No 0.56 0,25 0.45 0. 69
76 I No . 0, 56 0.23 0,41 0.72
77 I No 0. 60 0. 86 1.4 0,76
78 1 No 0, 57 0.29 0.51 0,78
79 1 No 0. 56 0.24 0.43 0.79
80 I No 0, 54 0, 096 0,18 0.79
81 I No 0,60 0,70 1.2 1,05
82 o, 1 Yes 1.0 19,2 19,2 1.41
83 I No. ' 0. 60 0, 84 1.4 0,98
84 C No 0. 56 0,22 0,39 0.89
85 I No 0,62 1,22 2.0 1.75
86 1 No 0.63 2.0 3.2 1,34
87 I No 0.62 1.2 1.9 1,03
88 I ‘No 0.62 1.4 2.3 1,01
89 I No 0,62 1,7 2.7 1,46
90 I No 0. 60 0,58 0,97 1,52
91 C No 0.63 2.3 3.7 1.30
92 C No 0.63 2.0 3.2 1.38
93 I No 0,63 2.2 3.5 1,50
94 I No 0.63 2.0 3.2 2.3
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Table 1-7, Corrected bed load discharge for the fall 1971 samples, (Coutinued)

Was Pit Material Measured  Adjusted
Sample Gate Included Correction Bed Load, Bed Load, Discharge
Number  Position in sample? Factor gm/hour  gm/hour ofs
95 I No 0,62 1.79 2.9 2.5
96 I No 0,62 1,72 2,8 1.62
97 I No 0,61 1,20 2.0 1. 36
98 I No 0, 62 1,63 2,6 1,66
29 I No 0, 64 2.4 3.8 1.30
100 I ‘No 0, 64 2.3 3.6 3,1
101 1 No 0, 67 7.1 10.6 2.6
102 II No 0, 62 1,7 2.7 2.1
103 II No 0, 66 6,2 9.4 2.5
104 II No . 0, 66 6.2 9.4 5.1
105 II No 0.67 8.6 12.8 6.5
106 II No 0,64 2.8 4,4 5.0
107 II No 0,63 2.7 4,3 4.4
108 n No 0,64 2,3 3,6 3.8
109 41 No 0,78 32 41 8.5
110 I Yes 1,0 3200 3200 22
111 0 Yes 1.0 3700 3700 18
112 0 Yes 1,0 4,9 4,9 7.9
113 II Yes 1.0 20 20 5.2
114 1 Yes 1.0 3.7 3,7 3.3
115 1] Yes 1.0 4.6 4.6 2.4
116 I Yes 1.0 1,96 1,96 2.0
117 II Yes 1.0 1.5 1.5 1.8
118 I Yes 1,0 2,0 2.0 1,57

119 I Yes 1.0 1,4 1.4 2.1

* C: sampler gate was closed during sampling period.
O: sampler gate was completely open during sampling period.
I, II: sampler gate was partially open during sampling period, Il was open more than I, hence
more water went through sampler,
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APPENDIX II
SUSPENDED LOAD DATA

In this appendix are presented the suspended sediment data col-
lected during the study of sediment transport in Oak Creek,

All of the samples were obtained using a DH-48 sampler and
almost all were taken at the upstream end of the bed load sampler,

The samples were analyzed in the Forest Sciences Laboratory,
School of Forestry, Oregon State University, by John Fekete, The
technique used was a filtration method,

The data collected during the winter of '1969-70 are givenin
Table II-1, The 1969-70 samples were obtained infrequently during
the bed load sampling period.

During the winter of 1971 samples were obtained relatively
frequently during the bed load sampling period. The data are pre-
sented in Table II-2,

During the fall of 1971, samples were obtained in order to study
sediment transport after an exténded period of low flows and prior to

a period of relatively high water. These data are given:in Table II.
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Table II-1. Oak Creek suspended sediment concentrations, winter

1969-70.
Suspended Sediment
Date Time Discha1;ge, cfs £oncentration, mg/liter

9 January 13:43 35 204

9 January 14:50 35 166

9 January 20:18 28 49
10 January 9:30 13 9
14 January 15:42 60 147
14 January 17:00 50 111
14 January 23:15 34 28
15 January 11:13 | 21 } 7 .
16 January 15:25 45 25
16 January 16:45 40 96
17 January 1:00 138 417
17 January 9:15 52 75
17 January 11:00 46 52
17 January 12:55 _ 44 | 195 (?)
16 February 17:00 80 86
17 February 12:10 35 ‘23
19 Feb-
16 Mar(1) 8 5
16 Mar-

8 Apr(l) 3 <2

(1) Obtained with composite automatic sampler; all other samples
obtained with DH 48 hand sampler.



229

Table II-2, Oak Creek suspended sediment data for the winter and spring of 1971,

Suspended
Sediment
Sample Discharge; : Concentration, Temperature

Number Date ' Time " cfs ‘ mg/ liter °F
1 7 January 14:55 5.3 1,53 -
2 8 16:20 5.3 1,78 -
3 9 13:00 11,8 7.22 -
4 10 11:50 12,0 10, 62 -

5 10 16:30 15,0 13.79 -
6 11 8:25 14,4 7.22 41
7 11 15:55 12,5 5.45 41
8 12 12:00 10.2 1,06 39
9 13 945 9.2 2.62 38
10 14 15:30 6.8 4,51 38
11 15 10:10 136 391,88 38
12 15 15:15 115 114,90 -
13 16 10:30 95 67,37 --
14 16 12:10 105 110,36 ——
15 16 13325 140 364.76 41
16 17 1255 98 101, 52 42
17 18 8:45 76 134.04 42
18 18 15:03 70 39,57 43
19 18 15:53 68 39,01 44
20 20 14:30 33 12,61 43
21 20 20:10 29 11,48 41
22 21 09:10 27 21.04 41
23 21 16:00 26 8.62 43
24 22 13:;40 25.5 12.44 43
25 23 08:45 26 8.43 44
26 24 14:15 23 - 44
27 25 08:45 80 58.72 -
28 25 15:33 62 63.47 45
29 25 21:00 47 25.42 45
30 26 08:07 32 ' 8.47 45
31 26 15:15 26 7.02 45
32 27 13:35 19.0 6.58 45
33 28 January 17:00 14.5 5,94 44
34 4 February 08:10 20.0 43.19 41
35 4 13:00 21.5 19, 02 43
36 5 08:30 12,5 8,14 42
37 9 22:50 10. 4 16,01 44
38 14 15:35 7.2 4.47 46
39 15 13:05 8,3 6.74 46
40 17 9:50 6.4 26.84 -

41 '

18 February 12:40 7.8 5.25 44
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Table II-2. Oak Creek suspended sediment data for the winter and spring of 1971 (Cont.)

Suspended
Sediment =
Sample Discharge, Concentration,  Temperature,
Number Date Time cfs mg/liter OF

42 22 February 16:30 7.0 12,58 45
43 25 08:45 10.7 51,42 40
44 25 16:30 11.6 1,06 41
45 26 13:30 10.0 3.33 39
46 27 February 13330 9.0 5.59 39
47 1 March 13:45 6.7 9.19 41
48 2 13:50 7.1 8.90 40
49 2 4 22:15 9.3 13.29 40
50 3 09:15 13.5 23.54 40
51 3 16345 26.0 38.17 40
52 3 17210 25.5 31,28 40
53 4 12:45 15.5 3,91 40
54 5 13:45 12.6 6.98 42
55 6 14:40 12. 4 6.5 41
56 10 12:30 56 191.42 -
57 10 13:15 63 246.78 42
58 10 13:45 67 205,65 —
59 10 14:15 74 216,81

60 10 18:45 75 649,2 -
61 10 21:45 56 46,88

62 10 22:55 50 30,11 42
63 11 01:40 42 30.37

64 11 07:55 34 19,1 42
65 11 11:00 46 23.55 42
66 11 12:45 58 49,89 42
67 11 14:20 69 199,77

68 11 15:00 81 71.86

69 11 15:10 83 68. 83

70 11 17105 131. 552,9

71 11 17:38 142 548,72

72 11 17149 135 395.79 -
73 11 17:51 138 358.33 42
74 11 20:00 96 ‘131,58 ~-
75 11 20:00 96 126,22 -
76 12 13:30 52 17.62 -
77 12 14:00 52 18,18 43
78 13 12:20 32 9.58 44
79 13 14:20 31 11.92 45
80 14 15:30 25 8.44 45
81 15 16:15 17,5 2,41 44
82 17 March 14:25 11;0 3.52 45
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Table I1I-3. Oak Creek suspended sediment data for the fall of 1971.

Suspended
Sediment
Sample Discharge, Concentration, Temperature,

Number Date Time cfs mg/liter op
1 30 September 16330 : 0.77 1,743 50
2 1 October 08:30 0.77 0.75 49
3 2 A 08:45 0, 72 1,778 47
4 3 09:15 0.68 1,985 49
5 4 09:00 0. 68 1,094 50
6 5 09:30 0,68 3.111 52
7 6 08:45 0, 67 1,570 53
8 7 09:15 0. 68 0. 457 54
9 8 08:45 ‘ 0,68 1,732 52
10 9 09:00 0,67 1,111 53
11 10 09:00 0. 67 1,351 58
12 11 09:30 0, 69 2. 857 54
13 12 09:00 0. 68 2.423 53
14 13 09:00 0.71 2.450 52
15 14 10:00 0.72 2.391 50
16 15 07:30 0, 80 1,628 49
17 16 09:00 0, 76 2.227 47
18 17 09:00 0, 82 2.649 45
19 18 09:00 0.76 2,750 47
20 19 09:00 -3.00 15, 165 49
21 19 16:00 2,10 12,624 50
22 19 16:45 2.00 12..136 --
23 20 08:50 1,20 5.579 47
24 21 09:15 0. 89 3.761 47
25 22 08:25 0, 89 2.667 48
26 22 16530 1. 47 3,351 48
27 23 09:15 1.55 1,370 48
.28 24 09:30 1.12 .213 45
29 25 09:00 0,94 .215 44
30 26 08:50 1.50 .280 48
31 27 08:50 1,75 1, 005 45
32 28 08:45 ‘ 1. 30 2.353 41
33 29 ¢ 09:10 1.30 1. 505 39
34 30 09125 1,55 2.603 43
35 31 October 08:40 1,45 0.909 44
36 1 November 08:20 3.2 28.250 46
37 1 16:15 2.65 15,471 47




Table II-3. Oak Creek suspended sediment data for the fall of 1971. (Cont. )
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Suépended
Sediment
Sample Discharge, Concentration, Temperature,
Number Date Time cfs mg/liter oF
38 2 November 08:10 1,86 -4, 060 45
39 3 A 07345 1,38 472 43
40 4 08:10 1,93 1,463 47
41 5 08:10 1,40 .959 42
42 6 08:15 1,20 1,887 40
43 7 08:30 3.1 19,737 44
44 8 08:15 2.1 10, 000 43
45 9 08:10 1.6 2.535 45
46 9 17525 4.60 35.498 47
47 10 08:40 6.6 30,493 48
48 10 16:00 4,1 17. 866 49
49 11 08:10 4,4 15, 846 48
50 12 08:15 4,1 12.679 47
51 13 08:10 5.2 15,752 47
52 13 16235 12 131,002 47
53 13 17:05 12 161,670 -
54 13 22120 31 149, 007 -
55 13 22345 30 140, 570 47
56 14 08:50 9.4 22,796 47
57 14 15:45 6.4 18, 326 47
58 15 08s55 3,9 11,398 46
59 16 09:00 2,64 5. 405 47
60 17 08:50 2,16 5.570 44
61 18 08:50 1,90 4,859 44
62 19 09:10 1,70 4,218 46
63 21 15:30 1,45 0,510 47
69 25 09+ 5.3 15. 873 45
65 26 10:40 86 140, 393 48
66 26 10:55 82 158,658 48
67 26 Y 10:55 82, 195,484 48
68 27 November 13:30 14.6 18, 824 47
69 4 December 11:30 5.8 7.90 44
70 12 13:30 4?2 21,10 43
71 19 16:00 9.6 3,86 44
72 27 December 15;00 11,2 6.67 42
73 2 January 12:30 6.2 6.45 43
74 10 January 12:30 15,0 11,19 43






