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PREDICTING DEPOSITION PATTF,RNS IN SMALL BASINS 

By D. Michael Gae, Research Hydraulic Enginesr, Hydmlogic Engineering Center, Davis, CA. 

ABSTRACT 

A txhnique for estimating sadiment depositional patterns based upun flow pattsrns is described. 
Flow pattarns are computed using a &its element model for two-dimensional, vertically averaged 
flow. Ones the velccity and depth fields am computed, the bed shear stress distribution can be found. 
If the annual volume and appmximats particle size of the inflowing load is known, anticipated 
depositional locations and qua&it& can then bs estimated. Uss of this technique to forecast the 
tamporal development of the depc&s by computing the v&city fields for ssveral steady flow 
conditions is dsacribsd. The resulting graphical displays of v&&y iields and shear stress contour 
are very useful to the design enginser. This pmcedure avoids the complexity azsociati with use of a 
two-dimensional ssdiment transport and diiparsion model. Application of the tschnique to the dssign 
of a basin 180 ft. (55 m.) wide by 610 ft. (186 m,) long is describsd, 

INTRODUCTION 

Conventional ssdiment basin design prccsdures rsly on volumetric relation&@ to detsrmine flow 
through times, estimated trap efficiency, and average annual deposition rates Design guidance has 
been prepared by USACE (19891. These approaches do not necessarily reflect the interaction between 
changes in bed topography due to scour and/or deposition and the influence of these changes on 
velocity and shear stress distributions. Some designs have besn appmachsd using one-dimensional 
numerical m&sling of flow and sediment such as HEX-6 (USACE-HEC, 1990). Some concams with 
these approaches are that complex velocity patterns such as mcimulation and short circuiting n~ay not 
be pmpsrly described. Thase flow patter may rssult in unaven distributions of sediment 
concentration and, themfore, an uneven diitribution of sediment deposits (Montgomery, et al. 1983). 
The use of a fully two-dimensional mcdel for both flow and sadiment distribution such as TABS-2 
(M&ally et al. 1984) is an attractive appmach to impmve the prsdiction of the distribution of 
sediment deposits. The use of such a model, however, may involve mom effort and data acquisition 
than can be just&xl for small basin design. The technique descrim hemin raprssants a midway 
appmach that includss the velocity and shear stress fields in detail, fmm which the sediment 
deposition distribution and rates can be inferrad. A brief description of this approach was presented 
by Deering and Lamck (1989). 

MODEL SELECTION 

It is assumsd that the salient flow features of snmll basins can bs dsscribsd in the two horizontal 
directions and that the variants of velocity in the vertical is the traditional logatithmic velocity 
distribution for turbulent flow in opsn channels @en& 1985). A widely ussd mcdel that is suitable 
for this condition is RMA-2 (King & Norton 1978). RMA-2 has bsen applisd to a wide variety of 
problems including floodplain analysis (Gee et al. 19901, marsh flooding (MacArthur et al. 19901, 
sediment basin dssign (Dewing & Lamck 1989), has been adapted for bridge design (FHWA 1989), 
and serves as the hydmdynamic module of the TABS-2 systam (M&ally et al. 1984). This mcdel 
solves the depth integrated Reynolds equations for two-dimensional fres-surface flow in the horizontal 
plane using the finite element method for both steady and unsteady flows. The finite element 
formulation of RMA-2 allows boundary roughness and geometric rssolution to vary spatially to 
accurately depict topography. It also provides a wide variety of boundary conditions. Wetting and 
drying of portions of the solution domain is allowed. The two-dimensional approach mlievea the 
engineer fmm having to construct cmss s&ions that am psrpendicular to the flow for all flows, as is 
required in a one-dimensional analysis, 
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Figure 1. Example Finite Element Mesh, Wildcat Creek Basin. 

APPROACH 

An example finite element mesh is shown in Fig. 1. Note that the elementa me both quadrilateral 
and triangular. Computational nodes exist at the corners and mid-sides of each element. The bottom 
elevation is given at each corner node and linearly interpolated for the mid-side nodes. Bed 
roughness and turbulent exchange coefficients are assigned to groups of elements (not necessarily 
neighbors) by the user. Solution of the two-dimensional flow equations provides the x- and y- 
components of the velocity, and the depth, at each computational node. The local shear stress can be 
calcub&d fimn these variables if one assumes that the relation for average. shear in a cross section 
can be applied locally as follows. 

Where = is the bed shear stress, y is the unit weight of water, R is the hydraulic radius (taken here 
as the local nodal depth) and S is the fi-iction slope. Now, rewriting Manning’s equation in terms of 
S, we have: 

Where u is the resultant of the calculated x and y nodal v&city components, as shown in equation 
(3) and n is Manning’s roughness coefticient. 
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Combining, we can eolve for the shear strew 

n2ua 
z=y 

2.22R’p 
(4) 

One must now relate the n-values, which are associated with elements, with the computed values for 
u and R (depth) which are located at ncdes For this study, the n-value aesrxiated with a node was 
computed as the arithmetic average of the n-values for all elements connected to that node. We have 
placed these computations in the vector plotting program (VECTOR) which is a post-processor for 
RMA-2. VECTOR also prepares files of water surface elevation and velocity magnitude for 
contouring. 

AN EXAMPLE 

Introduction 

The Wildcat Creek sediment basin was designed to trap sediment that potentially could cause excess 
scour or deposition in a downstream flood control channel. Bight-of-way considerations and 
environmental concerns dictated the bent alignment shown in Fig. I (flow is from right to left). 
Based on cross section average velocity and settling lengths computed fmm the particle fall velocity, it 
was estimated that the basin would trap 100% of the sediment larger than fine sand (0.125 mm). A 
hydrodynamic analysis was performed to ascertain whether the bent alignment would indeed trap the 
size range and volume of sediment needed and whether high velocities would impinge on the banks 
requiring some form of bank protection. 

Sediment Basin Description 

The Wildcat Creek sediment basin was designed to have a maximum width of 180 ft. (55 m.) and 
length of 610 ft. (186 m.1. The bottom slope is 0.0005 and the side slopes lV3H. The maximum 
depth is about 12 ft. (3.7 m.). 

Hydraulics 

As Wildcat Creek is ephemeral, continuous simulation was not necessary. Therefore, several 
hydraulic scenarios were studied to verify that the basin would perform as designed. It was planned 
that deposits would most likely have to be removed from the basin on an annual basis. This led to 
simplilication in the number of conditions to be analyzed because the problem was reduced to 
evaluation of the interactions between average annual deposition and the occurrence of the design 
(1% exceedance) event. The results presented here are only for the design event; refer to Deering and 
Larock (1989) for information on other scenarios. Furthermore, ae the basin volume is small relative 
to the hydrograph volume, the analysis could be performed assuming steady flow. The 1% chance 
exceedance event is 2300 cfs (65 cm&. The drainage area is about 7.8 mi’ (2000 hectare& 

The situation presented herein representa the condition of the basin after several years’ average 
annual deposition (not removed). The flow evaluated is that of the design (1% chance e~ceed~~~el 

event. The distribution of the deposits shown in Fig, 2 was created based on simulation of the shear 
stre.ss distribution in the empty basin and observation of other flood control projecta having similar 
flow and sediment transport conditions. The bar deposim are formed from flows expanding into open 
areas. Initial deposits will form in the lower velocity areas causing the flow to redistribute, expanding 
again and reinitiating the bar formation process. This resulta in bar formation on the left and right 
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Figure 2. Bottom Elevations (ft). 

banks, immediately downstream of the entrance, and a central bar further downstream. The 
assumed deposition pattern has a volume equivalent to that of the average annual deposita for the 
time period selected. The nodal elevations of the tin&e. element mesh that was developed for the 
design (empty) basin were mcdified to reflect tbis hypothetical deposition pattern. 

The Manning’s n-values were set to 0.03 for most of the basin based cm it being maintained as 
smooth earth. The values for one portion of the left bank were set tc 0.06 based on maintaining the 
native heavy vegetation there. The sensitivity of the results ta these values, assuming the project is 
not well maintained should be checked and may be significant to the design event water surface 
elevation. The turbulent exchange coefficients were uniformly set to 10 lb-sec/ft’ (480 N-sec/mz) for 
all elements. This was based on prior experience with finite element meshes of this scale. The 
sensitivity of the results to variation of these values within reasonable ranges was checked and found 
to be insignificant. 

Boundam conditions 

This is a simple 2-D problem in that it is analogous tn traditional 1-D backwater computations with 
regard to boundary conditions. A discharge was specified at the upstream (right) end of the model. 
In 2-D, however, the direction of the discharge must be given which was selected to be perpendicular 
to the inflow boundary line (see Fig. 3). The downstream bounday condition was specified as a water 
surface elevation appropriate for the discharge being analyzed based on design studies of the 
downstream reach. A rating curve could have been used for the downstream boundary if appropriate, 
Along all other bmndaries, the flow direction is parallel to the boundary 

Modeling results 

The flow iield for the design event is depicted 0~ Figure 3. The flow enters the basin as a plume of 
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XS = 100.00 FT/lN 
YS = 100.00 FT/IN 
MOOEL TIME = .OO HRS 

Lo3 FPS 

Q=Z300 cfs. 

relatively high velocity. F&&culation zones are seen cm each side of the inflow plume. This is 
obviously not a one-dimensional situation. The hyp&hetical bar formations do not appear to force the 
higher v&city jet against either of the banks as originally suspected. The associated shear stress 
field for this flow and bottom condition is shown in Figure 4. 

The shear stress is low enough that sediments of the size of interest will be trapped in the basin. 
Note particularly the zones of near zero shear that cmxspond to the recirculation cells near the left 
and right banks. The clustering of contour near the banks is an artifact of the contouring process. 

CONCLUSIONS 

The technique presented herein reprssenta a midway approach to the prediction of s@ally complex 
sediment transport pmcesses. Much can lx inferred fmm viewing the velocity and shear stress 
distributions. Once the velccity field has been computed, the computation of the shear stress 
distribution is trivial, If, at this stage, one determines that simulation of the full two-dimensional 
transport and dispemion of sediment is necessary, the hydrodynamic analysis already performed can 
be used directly in the sediment transport simulation. 

COMPUTATIONAL ASPECTS 

The finite element mesh used for this study contains about 550 elements and 1370 nodes. This 
produces about 2300 simultaneous equations. To solve this system for steady flow using six iterations 
takes about 15 minutes on a 25 MHz 386 computer. The system can be run within the DOS 640K 
limitation. 
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Figure 4. Shear Stress (ib/sq ft). 
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SNDLOAD SHOALS IN A DEEP-DRAPT NAVIGATION CHANNEL 

By Karl W. Eriksen and Fang J. Grey, Hydraulic Engineers, U. S. Army Corps of 
Engineers, Portland, Oregon 

ABSTRACT 

Shoaling has been a persistent problem in the Columbia River since the first 
deep-draft navigation channel was constructed in the early 1900's. Channel 
modifications and upstream reservoirs have changed the sediment transport 
regime, but have had little impact on the overall shoaling rates. The 
continual rec~ccurrence of shoals is reflected in the annual volume of dredging 
the Corps of Engineers must do to maintain the navigation channel. Both the 
historic and recent maintenance dredging averages are approximately six 
million cubic yards per year. 

The shoaling patterns indicate two distinct types of shoals in the Colurrbi* 
River: 1) small, isolated sand waves shoals across the navigation channel; and 
2) large cutline shoals parallel to the channel. The smaller shoals result 
from bedload tran.sport causing sand waves to form and move along the river 
bed. Repeated bathymetric survey.s have shown sand wave movement of several 
hundred feet per year and wave heights of up to 12 feet. The largest shoals 
in the Colurobia River occur along the navigation channel cutlines. Cutline 
shoal8 grow from the outside edge of a dredge cut, toward the center of the 
channel and can be over a mile long. It appears that bedload transport on the 
river bed outside the channel is deflected towards the cutline to form these 
shoals. It appears that gravity and the transverse bed-slope combine to c,ause 
the deflection. 

INTRODUCTION 

It is important to understand the shoaling processes of a river in order to 
properly design and maintain a navigation channel. The selection of channel 
alignrent, hydraulic control structure locations, advance maintenance dredging 
depths and disposal methods are all influenced by the cause.? of shoaling. As 
part of the Corps of Engineers efforts to reduce operation and maintenance 
(O&M) dredging in the Columbia River deep-draft navigation channel, recent 
studies have examined sediment movement, sediment supply, and shoal formation 
in the navigation channel. A sediment budget was developed to determine the 
source and availability of shoal material. Bathymetric survey.? from the early 
1900's up to the present were reviewed to study sediment movement and shoal 
formation. 

DESCRIPTION OF STUDY AREA 

Morphology 

The Columbia River deep-draft navigation channel extends from the mouth to the 
Portland, Oregon/Vancouver, Washington area, about River Mile (RM) 107. The 
general planform of this reach is shown in Figure 1. The estuary is 4-5 mile5 
wide and extends upstream to around RM 25. Upstream of R&l 25, the main river 
channel varies from 1700 ft to 3000 ft wide, with minor bifurcations. The 
rive1 bends tend to have very long radii, typically over 15,000 ft. Sharper 
bends only occur where basalt cliffs control the river's alignment. The bed 
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of the main channel is composed of deep deposits of nxxtly fine and medium 
sand (0.125-0.50 mm). The natural riverbanks consist of basalt or erosion 
resistant silt and clay deposits. These overbank silt-clay deposits range 
from 20 ft to 150 ft thick and overly much deeper sand deposits. Sandy 
beaches occur only where dredged material has been placed along the shore. 
There has been little change in the river's location in the last 6,000 years 

1986). 

WASHINGTON 

OREGGN 

ANCOUVER 

Figure 1 - Study Area Map 

The Navigation Channel 

The Columbia River navigation channel was originally authorized in 1899 with a 
25-ft minimum depth. The authorized depth was increased to 30-ft in 1912, 35- 
ft in 1930, and 40-ft in 1962. Many pile dikes and several large sand fills 
were constructed prior to 1940 to constrict flow and control channel alignment 
at the river's shallowest reaches. Some of these shallow reaches were 
naturally less than 20 ft deep and over 5,000 ft wide. Additional pile dikes 
were built durinq the 40-ft deepening to further constrict flow and reduce 
erosion at dredged material disposal sites. The annual dredging required to 
construct and maintain the naviqation channel are shown in Figure 2. The 0&M 
dredqinq varies from year to year, but has averaged around 6-7 million cubic 
yards (mcy) pex year since the 1920's, despite the increases in depth and 
construction of hydraulic control structures. 
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Figure 2 - Annual Dredging Volumes 

The current navigation channel is maintained to minimum dimensions of 40-ft 
deep and 600-ft wide. It generally follows the river's thalweg and much of 
the channel is deeper than the required 40 ft. Shoals tend to form in reaches 
of the channel where the depths prior to construction "exe less than 40 ft. 
Hopper and pipeline dredges annually remove about 6.5 mcy of sand from the 
shoals in the navigation channel. Material from hopper dredges is disposed of 
in deep water outside the navigation channel. The most common practices for 
pipeline dredges are upland and shoreline disposal. Occasionally, a pipeline 
will end-dump material in-water alongside the channel. Five feet of advance 
maintenance dredging is used to make possible an annual dredging cycle. 

Hydrology. 

Concurrent with the navigation channel development, upstream reservoir storage 
waz being increased. Upstream reservoirs now store water during the spring 
snowmelt freshet. After completion of the large Canadian storage reservoirs 
in the early 1970's, the 2-yr flood peak at The Dalles, Oregon,, wan reduced 
from 580,000 cfs under natural conditions to 360,000 cfs with regulation 
(USACE North Pacific, 1987). The stored water is then released during the 
fall low flow period to increase hydra-electric power generation. 

The instantaneous discharge in the study reach changes constantly due to the 
effects of ocean tides. The instantaneous discharge can range from negative 
values during the flood tide,~to twice the mean daily value at peak ebb flow. 
The tidal effects are much greater during low river flows than during high 
flowi. 
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SEDIMENT BUDGET 

A sediment budget was developed to identify the source of shoaling material. 
Annual transport quantities were estimated for both suspended sediment and 
bedload. ~ze- and post-regulation sediment budgets wexe developed end 
compared to the corresponding O&M dredging to see if the reduction in sediment 
yield had reduced shoaling by a like amount. 

Suspended Sediment. 

The suspended sediment concentrations in the Columbia River .?.re quite low. 
Measurements taken during the spring freshet in 1922, before any large dams 
were built, found an average suspended sedimect concentration of 130 PPm 
downstream of the Willamette River (Hickson, 1961). Measurements taken in 
1959 and 1960 (USACE Portland, 1961) and in the 1980's (USGS, 1980-1986) found 
similar concentrations. Based on observed concentrations and appropriate flow- 
durations curves, the Corps estimated that the average annual suspended 
sediment yield at Vancouver, Washington, hai been reduced from 12 mcylyr pre- 
regulation to only 2 mcy/yr post-regulation (USACE Portland, 1986). Bed 
material is generally less than 15% of the ~suspended load, and increases to 
over 30% only when the discharge exceeds 400,000 cfs. This indicates the 
average suspended bed material transport in the study a1e.a is between 0.2 and 
0.6 mcy/yr. 

Bedload. 

No attempt has been made to directly measure the bedload transport of the 
Columbia River. Bedload es~timates were made using two independent methods. 
An empirical equation developed by the USGS was used to estimate unmeasured 
load for pre- and post-regulation conditions. That equation is based on the 
modified Einstein equation and relates unmeasured load to river discharge 
(USACE Portland, 1986). Applying this equation to the pre- and post- 
regulation flow-duration curves resulted in bedload estimates of 1.5 mcylyr 
pre-regulation and 0.2 mcy/yr post-regulation. 

The second estimate was made by equating bedload transport to the movement of 
the sand wa"es present on the bed. Sequential surveys were made of two seti 
of sand waves, one during high flow conditions and the second during average 
discharge conditions. The analyses of those suueys and flow conditions 
resulted in bedload estimates ranging from 0.1 mcy/yr to 0.4 mcy/yr. 

Shoal Material Source. 

Operation and maintenance dredging have been relatively constant despite a 
reduction in total bed material transport from 5.1 mcy/yr pre-regulation to 
1.0 mcy/yr post-regulation. Comparing the average O&M dredging volume of 6.5 
mcy/yr to an average total bed material transport rate of 1.0 mcy/yr indicates 
less material is now being transport into the study area than is dredged from 
the navigation channel. Therefore, the main source of shoal material mu.st be 
within the study area. Bathymetric surveys (USACE Portland, lEOO's-1990) 
indicate that there has been significant bed degradation in areas adjacent to 
the mo.st commonly dredged reaches. The volume of bed degradation is not 
enough to account for all the dredging. Experience has shown that beach 
erosion occurs at most shoreline disposal sites. These sandy shorelines are 
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much more easily eroded than the natural silt/clay banks. Given the stability 
of the natural banks, the most likely sources of shoal material are riverbed 
degradation and erosion from dredge material disposal sites. Material from 
these sources is transported as bedload into the navigation channel. 

SHOAL FORMATION 

The vast majority of the Columbia River navigation channel shoaling is the 
direct result of bedload transport. The two dominant shoal forms are large 
sand waves and cutline shoals. Sand waves are present throughout the river 
channel and cause shoals across the channel where wave cre.sts rise above -40 
ft Columbia River Datum (CRD). Cutline shoals are much larger and run 
parallel to the channel. Cutline shoals develop at the sane locations year 
after yea?z. 

Sand Wave Shoals. 

Sand waves have long been recognized a$ a shoaling problem in the Columbia 
River. Hickson (1930) noted E- to lo-ft sand waves forming ridges across the 
30-ft deep channel. Sand wave.s create similar shoals in todayIs 40-ft 
channel. Figure 3 shows the variation in size and shape that his typical of 
this type of shoaling. The volume of an individual sand wave shoal is small, 
generally less than 30,000 cy, but they are numeroos enough to represent a 
significant amount of the annual O&M dredging. 

Scale in @i 
0 500 

Figure 3. Sand Wave Shoal Pattern 

Sand w.?.ve shoals do not appear at the same location each year because of the 
time required for the waves to form and grow. The 5-ft of advance maintenance 
dredging utilized in the Columbia River, means the sand waves must grow to E- 
to lo-ft high before they become shoals. The main source of material for sand 
waves is the bed of the navigation channel. Dredging leaves a fairly flat 
channel bottom on which the waves will form. The wave troughs are scoured 
from below the dredged surface, with material from the trough then foxming the 
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wa”e cre.st. Because the maximum wave height seldom exceeds 12 ft, sand waves 
shoals do not occur where the channel bottom is much deeper than 45-ft CRD. 
The average rate of movement and change in crest height of a series of large 
sand waves near RM 66, under varying discharge conditions are listed in Table 
1. Initially these waves averaged 650-ft in length and 9.5-ft high. The 
surveys indicate the rate of downstream migration is related to river 
discharge, but the relationship of discharge to height changes is not aa 
Clear. The rate of migration was near 18 ftfday when the discharge was over 
370,000 cfs, but averaged only 3 ft/day for discharges of 310,000 cf.? or less. 
Wave cre.st elevations decreased during the high discharge period, but rose and 
fell during the lower discharges. Other observation.? of Columbia River sand 
wave behavior suggest that crest elevations increase during lower discharges. 
The crest elevation.? of the shoals shown on Figure 3 increased gradually 
during an 8 month period when discharges were in the 150,000 to 200,000 cfs 
rallge. The fact that sand wave shoals develop somewhere in the Columbia Rivex 
e"ery year also suggests that height increases may occur during low 
discharges. 

TABLE 1. SUMMARY OF SAND WA"E MO"F,MENT ANE CRBST ELEVATION 
CHANGES IN THE VICINITY OF RI"ER MILE 66 

TIN?, PERIOD 
DURING 1986 

Feb. 27 - Mar. 10 
Mar. 10 - Mar. 17 
Mar. 17 - Mar. 25 
Mar. 25 - Apr. 07 
Apr. 07 - Apr. 16 
Apr. 16 - Jun. 04 

A"ERAGE 
DAILY 
DISCHARGE 

tCF.S) 

410,000 
370,000 
290,000 
310,000 
2&30,000 
300,000 

A"ERAGE 
DOWNSTREAM 
MWEMENT 

(FT/DAY) 
----------- 

18 
17 

6 
0 
3 
4 

AVERAGE 
CHANGE IN 
HEIGHT 

(FT) 

-2 
-1 

0 
-0.5 

+1 
0 

Cutline Shoals. 

Cutline shoals form almg the navigation channel dredging cutline, parallel to 
flow, and can extend several thou.sand feet along the channel. The primary 
cause of cutline shoals is gravity pulling bedload down the side-slopes and 
into the navigation channel. As rive= currents move bedload over a bed with a 
tra*s"erse slope, gravity will give the sediment a transverse velocity 
component independent of the water (Fredsoe, 1978). The steeper the 
transverse slope, the greater the deflective force on the bedload. Bedload on 
or near the lV:3H cutline would therefore be deflected sharply toward the 
navigation channel. The bedload within the dredged channel would have a very 
slight, or no, tran.sverze velocity component because of the flat surface of 
the cut. Along the cutline there would be a convergence of bedload moving 
downstream in the navigation channel and transversely on the side-slope, 
resulting in the formation of a shoal. Figure 4 shows the theoretical bedload 
movement caused by a combination of hydraulic and gravitational forces. This 
process would cause the side-slopes to erode until an equilibrium transverse 
slope is reached for the deeper channel. In the Columbia River, these shoals 
occur on the inside of long bends and on straight river reaches. They are 
especially severe in areas of the river that were less than 40-ft deep prior 
to construction of the existing channel. Cutline shoals are much larger than 
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sand wa"e shoals, the 12 largest of these shoals account for nearly half of 
the annual 6.5 mcy of O&M dredging. Grishanin and Lavygin (1987) concluded 
that this mechanism is also the main cause of shoaling of dredge cuts in 
Russian rivers with sandy beds. 

The mechan~ics of cutline shoals have only recently been examined in the 
Columbia River. Beeman (1985b) noted that in the river entrance and at some 
estuary locations, the side-slopes adjusted to channel deepening by 
maintaining the pre-deepeninq transverse slope and deqradinq to a lower 
elevation. It was concluded that the side-slopes were supplyinq sediment to 
the shoals. The Corps (1988) found the same side-slope response adjacent to 
cutline shoals in riverine portions of the naviqation channel. The Corps 
further concluded that the sediment removed from the side-slopes wa3 beinq 
transported directly into the naviqation channel a.s bedload. Prior to those 
studies, the cutline shoal are&s wex generally treated as low sediment 
transport reaches and low river velocities were considered to be the main 
cause of shoalinq (Hickson, 1961; Dodqe, 1976; and Beeman, 1985aJ. Channel 
constrictions were built at many of these sites to improve hydraulic 
conditions and reduce deposition. This practice has been successful where 
adequate bank protection has been provided. But in some cases, disposal sites 
have been located neaz the top of deqradinq side-slopes and have aggravated 
the shoalinq. With the new insiqht into the cutline shoaling process, 
dredqinq and disposal practices will be modified to better maintain these 
large shoals. 

Figure 4. Bedload transport paths under a qravitational influence. 
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CONCLUSION 

The majority of shoaling in the Columbia River navigation channel is the 
direct result of bedload transport processes. Sand waves have long been 
recognized as a cause of shoaling and dredging methods have been developed to 
minimize their interference with navigation. Cutline shoaling processes have 
only recently been identified and proper O&M practices axe yet to be 
developed. Both these processes axe significant in the deep-draft channel 
because of the close proximity of the channel design depth and the riverbed. 
The insights gained from this investigation highlight the value of 
periodically reviewing theories about expected river behavior and comparing 
them to actual river behavior. 
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P.ESPONSE OF LOWER MISSISSIPPI RIVER LOW-FLOW STAGES 

by Charles M. Elliott, Supervisory Hydraulic Engineer; Robert E. Rentschler, 
Potamologist; and John Ii. Brooks, Civil Engineering Technician; U.S. Army Corps 
of Engineers, Mississippi River Commission, River Engineering Branch, Vicksburg, 
Mississippi 

ABSTRACT 

Changes in stage-discharge relationship at low flowbetweenthe mouth of the Ohio 
River and Old River, Louisiana are described and the possible causes are 
discussed. The difference in stage from 1962 to 1988 for comparable low flows 
ranges from a lowering of 11 feet to an increase of 3 feet. The lowering has 
occurred in the upstream and middle parts of the reach, and the increase in the 
downstream part. The following factors are believed to influence the changes: 
cutoffe‘ channel training dikes, revetments, dredging, levees, changes in flow 
and sediment load due to basin development, tectonic activity (i.e. New Madrid 
earthguake of 1812), and other natural longterm geomorphic adjustments. 

INTRODUCTION 

Great distress accompanied the Orought of 1988. Withered crops and parched 
riverbeds made international headlines. The drought also let us examine changes 
in the relationship of low flow to river stage on the lower Mississippi River. 
Some aspects of the changes that we will describe resemble the behavior of the 
lower Missouri River (Harrison, 1953, and U.S. Army, 1976); others mirror the 
behavior of tiny rivers which are similar to the Mississippi only in that they 
also transport water and sediment. 

DESCRIPTION OF CBANGES IN LOW-FLOW STAGE/OISCHARGE RELATION 

The Lower Mississippi River extends from the confluence of the Ohio and 
Mississippi Rivers to the Gulf of Mexico, a distance of about 960 river miles. 
This paper focuses on that portion of the river between the Ohio confluence and 
the Old River Control Structures in Louisiana, 315 miles above the Gulf, where 
about 30 per cent of the flow diverts into the Atchafalaya, and low water is only 
about 10 feet above sea level (Figure 1). 

Figure 2 shows profile data and the location of major gaging stations. The 
profiles show the classic concavity upward except for the slight concavity 
downward at the upstream end, which may be the result of tectonic activity, 
especially the New Madrid Earthquake of 1811-12. Figure 3 shows 1962 and 1988 
low water profiles in the study reach. In the "big picture", the difference in 
them is slight, but a closer look (Figures 4 and 5) shows significant changes in 
some reaches. The most change is between miles 780 and 580. Transitions to 
relative stability are made upstream and downstream from this reach. Local 
anomalies may be caused by variations in bed material and river channel hydraulic 
properties. A few "blips" are likely caused by survey errors or very localized 
flow anomalies. The flow corresponding to the 1962 profile was about 144,000 
cubic feet per second in the upper part of the study reach, and about 172,000 
in the lower part. Corresponding flows for the 1988 profile were about 131,000 
cfs and 160,000 cfs. The difference of about 8% only accounts for about one foot 
of stage lowering. Obviously, other factors are involved. 

The profiles show the locations of changes, but the timing must be derived from 
stage-discharge data. Good data since about 1930 is available. However, earlier 
data is too limited to reliably define trends. Figure 6 shows specific gage 
plots for six stations. The lowest discharge displayed, 200,000 cubic feet per 
second, is the lowest discharge with adeguate data for annual rating curves. It 
is about 30% greater than for the 1962 and 1988 profiles, but should reliably 
reflect trends for low flows. 

The changes vary significantly from station to station. To display this, the 
data for 200,000 cfs are superimposed in Figure 7. The upstream station, Cairo, 
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shows equilibrium since 1950, while the downstresm station, Natchez, shows sn 
increase in stage since 1945. The stations in between show s wide range in 
magnitude, direction, timing, and r&e of change. However, the dominant process 
is a lowering of low-flow stages. Fig"re 8 compares daily minim"m, maximum, and 
1988 flows st Memphis. Although the record for daily low flows wss only broken 
on 41 days in 1988, the record for daily low stages was broken on 201 days, 
dramatizing the changes in the relationship between low flows and low stages. 

CAU8E8 OF CHANGE8 IN LOW-FLOW STAGE/DISCHARGE RELATION 

The probable causes of these chanues (or longtermtrends), ss distinguished from 
causss of variations (or short term fluctuations), are: 

cutoffs 
Channel training dikes 
Revetments 
Dredging 
Levees 
Changes in flow and sediment load due to basin development 
Tectonic activitv (i.e. New Madrid earthquake of 1812) 
Continuing lo"gtGA natural geomorphic adjustments 

A factor which does not cs"se changes, but may be a stabilizing influence, is 
erosion resistant bed material. This may be non-alluvial material, or may be 
gravel, either with a local source or relict from the braided regime following 
the last glacial period (Queen, Rentschler, and Nordin, 1991). 

Other factors, which only cause variations in the stage-discharge relation, 
include precedent flows, bed roughness (including water temperature), episodic 
bed material movement, and changes in channel alignment. These factors, likely 
to have temporary and/or local effects, were documented by Webb (1981) for the 
station at Memphis, and will not be addressed in this paper. 

Cutoffs, channel trainina dikes, revetments, channel maintenance dredaina, and 
m are components of the project being implemented by the U.S. Army Corps Of 
Engineers for flood control and navigation (Mississippi River Commission, 1972). 
Levees in their present form date from about 1930, cutoffs from about 1930, 
revetments and maintenance dredging from about 1950, and dikes from about 1960. 
Work continues on revetments, dikes, and dredging, with a project completion date 
of about 2010. 

The cutoffs shown on Figure 9 likely affect flowlines the most. The work of Lane 
(1955) lets us illustrate this qualitatively (Figure 10). The centroid of length 
reduction from the cutoffs is at Greenville. An overstiplified, but conceptually 
helpful representation of Lane's model for the Lower Mississippi is shown by 
Figure 11, which treats the aggregate of cutoffs as one long cutoff. This 
"model" resembles the classic cass of lower flowlines upstresm and higher 
flowlines downstresmwithtime, but in our case upstream lowering is the dominant 
process. A hypothesis for this imbalance is presented below. 

This hypothesis is that channel training dikes, in conjunction with revetments, 
may transpose the "hinge paint= of cutoffs downstream, thus accenti;hgsn;;; 
upstream lowering effect while dampening the downstream raising effect. 
training changes the geometry of crossings, increasing low flow conveyance, which 
infers s flattening of energy slops and lowering of flowline. The greatest 
geometry change usually occurs where the pre-trained channel is shallowest and 
least efficient at low flow. Revetments often develop s deeper and narrower 
cross section at low flow in bends. Conveyance at low flow is likely to 
increase, thus having sn effect similar to that of dikes. There is only one dike 
downstresm of the study reach, but revetments and cohesive bankmaterial maintain 
XI even nsrrower and deepr channel than in the study reach. 

A causal relationship can also be inferred from Figure 12, which compares 1962 
and 1988 low water profiles and the highest thalweg elevation for the ssme time 
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periods over each crossing between Miles 750 and 650. A lowering of the 
elevations of the crossings "as accompanied by a lowering of the low flow 
profiles. Crossing elevations are of course influenced by the flow at time of 
s"r"ey, and the channel surveys are not precisely synoptic with the low water 
profiles, hut the changes shown are verified by numerous surveys made over that 
time period at various flows. 

Channel maintenance dredging for navigation is performed during the low water 
season in crossings which have not yet been adequately improved by training 
works. The dredged material is usually deposited a short distance away and 
remains in the channel. The quantity of material moved is insignificant compared 
to the material transported by the river. riowever , since the dredging is done 
at the shallowest locations, the effect on flowlines is to make the broad-crested 
weir effect of shallow crossings less pronounced. Dredging therefore extends the 
effect of dikes, but is to a degree a local short term factor. 

Another type of dredging, mining of gravel from the river, may have a longterm 
effect on channel form (Lagasse, Winkley, and simons, 1980). I* our c*se, if it 
reduces armoring of the bed of the main channel, the tendency might be to allow 
nore bed and flowline lowering, thus accenting the effect of dikes, revetments, 
and maintenance dredging. If gravel is removed outside the main low flow 
channel, a wider, shallower, perhaps even divided, less efficient channel might 
ultimately result, thus reducing the effects of dikes and maintenance dredging. 
The complex interaction between bed material size, bed form, depth of flow, and 
roughness, as described by Simons and Senturk (1976), make ahoy general hypothesis 
tenuou5. 

A debate raged among early river engineers about the effect5 of levees on 
flowlines. Walters (1975), Watson (1982 and 1984), and Walters and Simons (1984) 
hypothesized that early levees produced changes in channel geometry even before 
the present non-overtopping system "as completed. nowever, the complex 
combinations of changes in other variables and their interaction make it 
impossible for us to confidently assess the longterm effects on low flowlines. 
It can be hypothesized that confinement of more flood flow to the main channel 
would increase channel size, with the residualeffectof a more efficient channel 
at low flows. In fact, the same hypothesis "as used to justify some early levee 
construction to improve navigation. However, the studies cited above present 
evidence that the accompanying increase in sediment transport may cause 
aggradation in srnne reaches, thus frustrating firm conclusions. AlEO, it is 
difficult to separate stage increases at high flows due to less floodplain 
conveyance and storage from stage increases due to a decrease in in-channel 
conveyance caused by aggradation. 

Changes in flow and sediment load is also a complex factor because of the 
interaction with changes due to other factors. Flow augmentation by reservoirs 
raises minimum stages, thus "mitigating" flowline lowering, but the effect on 
channel-forming discharges is small, and the longterm effect on low-flow stage- 
discharge relation is nebulous. 

At the downstream end of the study reach, flows from the Mississippi River into 
the Atchafalaya Basin through Old River were increasing rapidly prior to 
completion of the Control Structure 30 years ago, but Figure 6 does not reveal 
any obvious effect on low flowlines upstream at Natchez.. Neither has there been 
any significant change since the flow diversion "as stabilized. Watson (1982) 
discusses this complex situation in detail. 

The suspended sediment input to the study reach has declined (ICeown, Dardeau, and 
Causey, 1986), which would infer eventual bed and flowline lowering, but the net 
effect after interaction with other factors is unknown. Preliminary results off 
a study indicate that the bed material may be slightly finer now than ,in ~1932 
(Queen, Rentschler, and Nordin, 1991). 

Tectonic activity in the form of earthguake potential has recently become a 
concern of the general public in the Lower Mississippi Valley . Geomorphologists 
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are a"are that more subtle activity may also have effects on the river (Watson 
1964). nowever, in the absence of a dramatic event such as the New Madrid 
Earthguake, it ie difficult to prove that a particular aspact of river behavior 
is being affected by tectonics. Since the river bed at low flow is usually 
recently depasited material, flowlines should adjust to gradual tectonic 
movement, thus obscuring the effects. 

Continuing longterm natural geomorphic adjustments in slope and geometry, 
predating stage-discharge records, may be defining the "base" condition that the 
other adjustments are superimposed on. The scanty data from pre-cutoffs hint at 
an aggradational trend, but this may be a case of a little data being a dangerous 
thing. Walters (1975) states that possible aggradation may have been the result 
of the New Madrid Earthquake and/or early partial confinement by levees. Since 
we cannot confidently define this base trend in low-flow stage/discharge 
relations, we will only state that the Lower Mississippi may not have been in 
equilibrium even before the Earthquake or man's works. Fisk (1944) stated that 
the River had shown notend~ency to aggrade or degrade since its diversion through 
Thebes Gap near Cairo, which Saucier (1974) estimates to have occurred about 
6,000 years ago. However, an engineering definition of equilibrium must be more 
restrictive than a geologic definition, hence our caution in hypothesizing. 

--------------------------------- 
The contents of this paper do not necessarily reflect the official views and 
policies of the Corps of Engineers. 
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ByPbilG.Cc&s,HydraulicEngiueer, U.S. A?my carp of EnginWs, 
Vickskq District, Viw,Mississippi 

~~a~~p~~s~~~~~~of~~~~ 
hydraulic characteristics which is used by engineers, planners, 
farmars, aml the general public. 

d-i-, 

Figurelrepresents 
meccilo@u~t~~~ln 

theidealizedrelationshipbeb+een swF=~- : 
asinglevalueduuiquecurve. Iheratingcmvenxiybeviewedasasmpshot 
of the channel rexh, hopefully a repmsnbtive snaphot. It reflects ths 

iqlicitly reflects the channel channel nadl. However, 
in alluvial channelstheauvedepictedinFigurelisgenerallynct 
representative. Wre czmnontothealluvial channelsisthelccpor 
h~~is-e,~~~~~j~of~~~. lhelccprating 
curvedepicted inFiqure2 zpmseksthemxecmmntyperatixqcurve 
expsrisuced in alluvial chanuels. Nocmpleteanalysishaskeen~ 
tcdeterminsthecausativefactorsarxdinfluexes whichqeneratethelccp 
rating -e. 

Inevaluatingthemisative factorsofthelmpratingcurve inalluvial 
&mmelsitbecmes readily apparentthat~~atleastfourprincipal 
factorswhichmu&keW; (1) dynamic effects, (2) bedfors changes 
arxl ws n changes, (3) teqeratuma effects, aml (4) agradation ti 
degradation of the channel. EZven~tenperatureisknowntoaffectthe 
stage dkcbarqe zelationship~charqiqthekinsmaticviscosi~, itwill 
mt be specifically a- inthepapr. 

Henderson (6), Jansen (7), Cunge (4), an3 others have attributed the lccp 
ratinqarvetokethe resultofthedynamic effects of a flood 
hydmgmph. However, noneofthesewritershas included flumaor field 
~~~~~~~e~le~of~~i~for~e~c 
ccntrolofthe ratirqcurve. Ihesethreewritersutilizethedynamicterms 
within the St. Venant equation to explain Exe loop effect/bAn otier of 
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mgnitwie analysis ofthetems oft&St. Venantequation~ealsthatthe 
~a~~~sl~,~~~~~~~c~w~l~e~~ 
friction slopa ard ccmeqc&kgly the mre influence itwill have on the 
loopratirgcurve. This~+~is addressing~RedatxlMississippiRivers 
whi&havekedslopes flatencughtoallcwthedynamictermtobe 
dcx-hant. Byconsider~only~dynamic~inarigid~ 
~l,~~~~ff~~~~~-~a~for 
a given flew: risingliub~, fallimgltidepth, anduuiformflcw 
+@-h. lbisisdemnstmtedinFigure2bypcintsA,B,aIdC. 

Figme3xepresents cbsasd rating - fortheMississi&Riverat 
Vickstxrg,Mks. Iheseoksemed curvesclearlyshcwthat~ccrm#ml 
cmveconsideredbyHeMerson, Jausen,ardCuqeismchmresiit@istic 
thanuleratinJcurves WhidlCCUlrhMtUre. mecbservedanves~ly 
~t~~~~fa~~~~~~~~j~~~ceff~. 

Cca'fbs~Fl~ccuducted extensive studies in 1975-1977 evaluating the 
lccp rating-e 0ntheMississi~iRiverwitha fullydynamicwave 
nummzical mcdel (3,ll). nlesestudieswere~ctedtode-whether 
thelocpeffectcouldbesimlatednueerically. ThesstudiesfcucdU?at 
theManuing'snvaluedemeas& asthestageimreas&,decreasingfrcm 
.028 to .016. As the 1973 hydmgm@wasrcutedthnxghthenumarical 
mdel,itazqmtedaratimg-eatVick&xn-gwhichreprcduc&~ 
okervedratbqcurveontherisiIqlinbofthehydrqm@ mtfellbelcw 
thecbservedratingaxveonthe recessionofthehydrqmph,as 
deimmtmw on Figure 4. Inordertoreproducetherisimgacdfalling 
l~of~h~~~~~ofn~~~~~~,Fi~5~. 
Itshmldkeno~thatthel~ratirqcurvepm&ced hy using the rising 
l~n~~~g~ly~o~~f~s~eof~~~l~ 
(czmputd lcq was akcut 1.0-1.2 ft. and the &eeJYed 1cCpwssabcUt 
2.0-2.5 ft.). lbsinadditicntothedynamiceffectswhichwerefully 
~~~,~~~~fa~~~~~~l~eff~. The 
highernvalue5onthe recessionlinb ofthehydrogra& inpliedtitthe 
~terrmghmsswasduetoaoa&inationofbxeased --to 
ted fores and/or bannel gecineDychaqes.CcmksardFlowemdidmt 
attenpttoidentifythe causative factors influencimgthelccp rating curve 
besides the dynamic effects. 

~eff~~~~~~~~~~~~l~~t~,-e~ 
alluvial chanuels willnotbe consiti. Several writers (1,8,9,13) have 
investigatedthegrainard forercqhmss of alluvial channelsandthe 
relationshipofvelocity, depth, andslqtothe formofmqhness. We 
will turn our attentim to the findings of Sinms and Fkb&son (8,9), 
siImr!s, Ri- n, and Haushild (lo), Colby (2), ami Bawdy (5). These 
arks are rep resentative of the state-of-th&exwledge of the relationship 
ofthesbge-dicharge-etoresistanceto flew. 

The&d formrmghmss inalluvial &amelsisafunctionofthesedimnt 
characteristicsandthe flcwchamcteristics. Thebsdconfiguraticncanbe 
~~~~~ei~~~~(~~aff~~~),sl~, 
tenpratwe, or the bed material size distributicm (9). 

In-ideringthecaseofahysteresiseffectreflected inthe 
stage-discharge -e, Simons and tichazdson (8) stated that 'I... the 
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magnitxleofn&&amzetoflowlagstheactual~ thatiqthe 
zaoy - lagsuledIangeofdi.&mqA&~tsina 

~~fl~~~l~~~~d~~ly~for 
equilibrium flew. The reverse cccm3 cmtile fallingstage.n 

Itbas keen &am forgentle k& slcpad alluvial chalmelsthatthe1q 
mtw - issi~fi~y~l~~~~c~~~~. 
venantequationandbythebedf-tichanoel~ unfo?c-tunately 
thecnlyJuiuwndynamics.tx&iescmanatwal chalmelisthe~rk0fcmke 
aMFlmw~. SimilarlyU~~~ isnotanexkmsiveankxmtof informationor 
publishedliteratureonall~~ial Czimmelbedfmtime 

Anotheriqxxkmtfactorinfluencingthelooprati.nga.uveisthchangein 
~w-WBaWcWm@. Tbereisnolaxwnliterature 
~~~~ifi~ly~~ti~~~ti~~~~ 
thra@xtadmmelreachwithinahydmqa& Hcwever,itisknmn+Aat 
generallythebenissccurinhighflowa1~Ithecnass~ay3rade,whilein 
1oWflCWthis~isreveEEd. medatawhich follm@s frCmthe~RiveJz 
pmvides definitiveevidencethatthe aqqradatio@egradationpmcesses are 
mm aaplexthanthisbrcndgemraliz.ation. 

~~~Of~~~&~W~~~~~~~~~~ 
aid inevaluatkqthe causative factc~ofthelocpratiq-. The 
sbxlyreachofuleRezlRiverislccatedinlzentml Lcuisianainthe 
vicinityofAlexan3ria, realign&miles 43-90. Dis&a?ge& m,speMti 
-saSmnt sanplee arecollect&onarquhrbasis at Alexamkia, La. 

Disc&me andC?mmel FmfileLBta Ccllecticm 

Thel989flowonUxF@dRiverwashi~whi&was reasmtointensifythe 
stxeamgagiqdatacollecticm. DxA.rqthehighflowpericds,disdmqawas 
masuredonadailybasisinomk-toa- telydetermineae flmrate. 
AMitionally, during 1989 lcmgitudinal thalweg profiles - dkainsd for 
?xachezalcmgtheRedtiverfmAl~ia doWEhBmtoLcck~lXiilI1, 
~roximately47mi.k~ %esepmfileswerecor&&sd fmnamvingbzat 
profilingulemllwegconthKmlyal~~n?a&. The profiles reflect 
depthofflc4ra&byinqectionaWMxqmtationthe~~n!agni~ 
ofbedfonusp?x?sentmraqhak tbereadlmaybede-. meboat 
profiles are LIrccmmllsd~,hltlocationcanbe~ 
relatively a ccwatelybymrkingsrradecn~theprofile scmllsbythe 
tezhniciansimIicatiql~markiqsorrivermilemarke~~. 

RatimCurve?.nalvsis 

!Rke 1989 flm h@qraph, Figure 7, was quite lmusualintbat~- 
Ureebigbwaterevents experienced at Alexmiria, L?I, all ofwhi&clusely 
apmximakd tile 10 year fr.E?quw flw of 145,000 cfs. Note thJ.t u-le 
fi.rsteventoazwxxI inF&mary,whilethes~~~&~~atthe 
enzIofMayaMuIeuli.rdevent occmredatthebsginningofJuly. 'Ibe 
~~~cl~ly~of~f~~e~~~~t 
ocaxrd before the river had lxtwmedtobaseflmfrceI.the~event. 
Figure8qxeseks theratingcume~&L~&ingthel989 flcwconditions. 
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lBelmSlcql?qmsenb thefimtflccdevent,whilethe~~~ 
floodeventsaIB repepkedby~twoWherlocSe,=Pectively. The 
firstrisehadalocpof ~telyl.5feetwh.ilethe~ard+Aixd 
flocd events had 1~ of 1.6 and 3.0 feet, reqectively. Eech Of W 
.¶EceSeiveflocd~isshiftedhi~~thaprevicUsl~ra~ 
curve. ~-f~~~~ofFi~a,~~fl~~~~ 
3.5feetatmrethefirstpeakatxlthethirdp=akoccurmd. 
thesecmdpeakoratotalof7.5feetabovet&efirstpeak. Ncmeofthe 
literabrehas~eraddmss&this phemmmnofr.atingauveshifting 
d~~~ingahydxgraph. Ananalysis~ofthe streamgagingdatawill bs 
cmn%c&dino~togaininsi~ti~~l~. 

Arsavs. Dischame 

maluationof~di&myeaMtheconxpmdiqcxssmztbnal~for 
each~tprovidesevidence&&herthemisa constant or variable 
relationship betweenthetwovariables. Figure 9 givee a clear iMication 
thattheQvs.Arearelationshipremainsvirhmllycmstant -oJJt* 
hydmgm@, while the Q vs. Stage (Figure 8) varies as nu& as 7.5 feet. 
This data inplies i%at if the Q vs. Area is am&antaWtheQvs. Stageis 
risingUn2nMechannsl imstbeaqgmdingto c=mpnsate for tkbs rise in 
stage. 

WdEl~tionvs. Q 

~~~is~~~~~d~~~~~~~~~i~ 
with diidmgs . Theanalysisconsistedofevaluatiqthebedelevation 
~~~~~~~~~~at~~~~~~ti~of~ 
1cmgitMinal profiles. Bothdata sets ixlicateda similar relationship. 
Thsre isaclear indicationthatthebed ishigher forea& suxessive 
flocd event. 

lbelongibxiinalpmfileswerekegunon26B%ayl989 amlomtimml 
a-lm@Kd ths rema- of 19a9. Thetypical~~chselectedislccatedat 
river miles 55-59.5, tiim mileage. !&is reach xas select4 since it 
has agagelcc&edontheMnclaFSridge attheqxrtiofthe reach, thus 
water surface elevation arxl slope could be easily detmmmd. 
~~~ly,~~~~~~~~~a~i~~of~el~ 
R&River. FimlO-13 areccpies oftheloqitudinal profiles inthe 
gensralvicinityofthetypical each. mcm review of the profiles for the 
sanple dates, it becmes&viousthatthebcattraversedthexxachat 
diffmmtspeeds. Thiswasdueprim~ilytothechanmlvelocity. 
Examinaticn of the profiles imScates the follckng: 
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rate of Fazpmtive Eed 
Elevation, NGVD 

26 May 1989 18 
7 Jul 1989 29 

22 Jul 1989 27 
10 Ott 1989 21 

l%em&sentativebedelevationwas~byv~ly 3Bwgni7.N an 
elevaticmwhichrepresents thereach. Asisclearly&vicus,these 
profilesxeflectthe-aggradation~as imlicated inFiguree8-9. 
-~-aFP roximatelyllfeetfmthemfltievtibthe 
uli?deventti thm&terdrqmde5backtoanelevationof~2ofeet, 
KVD. Therefore, thedataderivfxd fmnthecrcss seztionsatthegagitq 
stationwemrep xxsentative of the channel mch. This -1usionverifies 
oneoftheassu@ionsintheintrc&&ionthattheratingcurveis 
rqmsenbtive of the dmmel reach. 

Eed Fonrs 

Theeeprofilesmayalsobeusedtosixdythe channeltxdfonrti. Reviewof 
Figure 10, which is the lorqitudinal profile for 26 May, reveals that the 
bed is cmqmsed of mall dunes inthe range of 2-4 feet inheight. 
Whereas, Figure 11, representing7July, imlicatesdunes ranging inheight 
frcsn 5-8 feet aml similarly for 22 July, Figure 12, iMicat& dunes varying 
inheightf?mn3-10 feet. The vast majority of the latter dmes are mre 
than 5 feetinheight. Finally, Figure 13 for 10 October shmis rimles or 
dmes keing about 2-2.5 feet in height. It is diffidt to discern whe'ber 
the latter profile in%cate ri@ee, dunes or a rxmbjnation. It is 
~~y~t~~fo~do~~~~~~wi~~~ 
flu.i,asfcnmzlkysimmsardRi~ influmsaMscaE channels whia 
have steeper sl~thantheF&F&ver. Atthistim it is difficulttm 
detexminewhatinfluenzethebezl fomshadonthe ratirq-e. ACUitional 
stxdywculdbe -witha nmerical mdel todifferentiatethe 
effectecausedbytheked form-. 

Ithasbeenshmnthatthelccpratingaxve for the alluvial channels 
considered in this - is sensitive to the dynamic effects of the 
hydmgra&thekedformardgrainm@ness changes, anlalsotnthe 
aggzadatiqMegadation chaqes in the &annel.ted. Asaresultitismre 
appqriatetc refextothelczp ratingaxveas thedyIBuiclcCprat~ 
-e. ~~~cl~lyi~ifi~~t~~~c~M~. There 
~~~~~~~t~~~ifi~~a~~~p~ 
whid have keen shown to rxcuw on Wie Fld River. 
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DELTAIC DEPOSITION IN THE ATCHAFALAYA BASIN 

by Billy J. Garrett, Hydraulic Engineer, Headquarters, US Amy Corps Of 
Engineers, and Nancy Powell, Hydraulic Engineer, US Amy Corps of Engineers, 
New Orleans District 

ABSTRACT 

By the mid 1800's, the Atchafalaya River "as firmly established as a 
distributary of the Mississippi River. Removal of a debris raft and 
construction Of levees along the upper reach of the Atchafalaya produced 
rapid enlargement of the channel with resultant increase in flow and 
sediment. As the Atchafalaya captured an increasing percentage of 
Mississippi River flow, the forces of flow and sediment began to generate 
rapid changes in the river and its basin. 

Sediments were transported to an area of tidal lakes above Morgan City, 
connected to the Gulf of Mexico by the Lower Atchafalaya River. Deltas 
formed in these lakes as the river pushed its channel to the Gulf. As the 
lakes rapidly filled with alluvial deposits, the tidal interchanges decreased 
and then ceased; the Lower Atchafalaya River began to decrease in size. By 
the mid 1900's, the lake area above Morgan City had reached enough of a 
sediment filled state that a subaqueous delta began to form at the mouth of 
the LOWe?? Atchafalaya River. Subaerial deltas for the Lower Atchafalaya 
River and Wax Lake Outlet appeared after the 1973 flood. 

The deposition in the lakes area north of Morgan City, the subsequent 
reduction of the outlet capacity of the Lc,"er Atchafalaya River, and the 
development of the deltas in the Atchafalaya Bay have impacted the ability of 
the Atchafalaya floodway to convey flood flows and have affected the Corps of 
Engineers' flood control progran. This paper will address the impacts of the 
deltaic deposition on stages and flows within the Atchafalaya Basin and Bay 
and the solutions implemented and proposed by the Corps. 

ATCHAFALAYA BASIN 

The Atchafalaya River is *CA a river but a distributary of the Red and 
Mississippi Rivers. It carries all of the flow of the Red and a substantial 
portion of the Mississippi southward through the upper Atchafalaya Basin in a 
we11 defined leveed channel. The channel meanders in the middle basin 
through many interconnecting bayous, enters the lower basin through Grand and 
Six Mile lakes, and then empties via W.3X Lake outlet and the Lower 
Atchafalaya River into Atchafalaya Bay and the Gulf of Mexico. 

The Atchafalaya River is a relatively young river. About 500 years ago an 
enlarged loop in the Mississippi River meandered westward and captured the 
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Red River in vicinity of Turnbull Island. The meander loop, one arm of which 
is now known a.s Old River, cut into an ancient channel of the Mississippi 
River. The flood waters of the Red and Mississippi Rivers entered this new 
outlet and began excavating the old waterway to form the present Atchafalaya 
River. The upper end of the channel soon filled with debris, forming an 
impenetrable raft of logs which continued to grow until, in 1831, HCSVIY 
Shreve isolated the Atchafalaya from the Mississippi by means of a cutoff at 
the nar?zow neck of the Old River loop. The raft, cut off from its major 
source of debris, ceased to grow. Various groups made unsuccessful attempti 
to clear the river for navigation between 1839 and 1855. Upon removal of the 
raft in 1855, by the State of Louisiana, the river enlarged its channel, 
threatening capture of the Mississippi by 1975. 

The great flood of 1927 resulted in the Flood Control Act of 1928. Under 
this act, and subseqzent amendments, the U.S. Army Corps of Engineers began 
development of a flood control plan for the lower Mississippi River and its 
tributaries. This plan provides for the control of the maximum probable 
flood that may occur in the Lower Mississippi Valley. With the features of 
the flood control plan in place the maximum probable flood at the latitude of 
Old River is 3,000,OOO cfs. This project flood is to be routed to the sea by 
the Atchafalaya Floodway and Mississippi River. Distribution of the project 
flood is shown on Figure 1. 

PrQiect~ Flood 
T&&&pi River and 

-mFloodway 
flow in cubic feet per ewmd 

FIGURE1 



Flood control features of the Atchafalaya Basin, shown on Figure 2, consist 
of the following: 

2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 

Old River Control Structures (Low Sill, Auxiliary, Overbank) 
These structures regulate the amount of Mississippi River flow 
entering the Atchafalaya River. 
East and West Atchafalaya Basin Protection Levees 
Levees along the upper 55 miles of the Atchafalaya River 
West Atchafalaya Floodway 
Morganza Floodway 
Center channel/Training works 
Wax Lake Outlet 
W+x Lake Outlet Control Structure 
Avoca Island Levee 
Levees West of Berwick 
Floodgates, locks, and pumping stations 

DELTAIC DEPOSITION 

Deposition in the Atchafalaya Basin commences below the lower limit of 
influence of the Atchafalaya River levees. The construction of the levees, 
a1onq with the removal of the raft in the Atchafalaya River, resulted in 
rapid enlarqement of the channel and marked increase in the velocity and 
discharqe. The efficiency of the river as a sediment carrier has increased 
also, contributinq not only material carried in suspension. from the Red, 
Mississippi and Old Rivers but providing Atchafalaya River material which is 
carried down into the lower basin. 

The sedimentation process in Grand and Six Mile Lakes has taken place in two 
phases. These phases are due, at least in part, to the oriqinal 
confiquration of Grand Lake; ten miles wide at its upper end, tapering to two 
miles at Cypress Island. Deltaic accretions formed in Grand Lake above mile 
100, in a fan pattern until about 1940. The delta developed at a relatively 
uniform rate into the lake in all directions. Beqinning in 1937 a central 
channel was implemented through the delta, after which time flow through the 
delta was confined primarily to this channel and the other distribwaries 
were effectively cut off. Delta qrowth was subsequgntly confinei to the 
distal end of the main channel. The main channel discharged directly into 
Grand Lake and, because there was no lonqer a gradual decrease in current 
velocity through a network of distributaries, sediment was transported,/ 
farther out into the lake and deposited ovex 3 1arqer area of then-lake 
bottom. The main channel extended itself into Grand Lake by the qrowth of 
its natural banks. The natural banks were emerqent during low flow periods 
and quickly became veqetated so the subsequent high flow eroded them only 
with difficulty, except by local crevassinq. These natural banks had the 
effect of restricting the flow through the main channel even durinq periods 
of high discharge. The natural banks thus formed by the main channel, and 
the smaller channels to the east and west of it, combined to form a 
continuous emezqent bar. This bar enlarged until, by 1950, it had formed a 
large body of land almost completely fillinq the portion of Grand Lake north 
of Willow Cove. Grand and Six Mile Lakes were essentially filled by 1978, 
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Figure 3. These back swamp axeas are still expected to receive 5 to 9 feet 
of deposition over the next 50 years without man's intervention. 

GRAND AND SIX MILE LAKES 

n ACmTION FIGURE 3 

The natural outlet for the Atchafalaya River system is below Morgan City. 
Dredging of a flood control channel through Wax Lake Outlet shortened the 
distance from the lakes to the bay by 13 miles in 1942. Since the high water 
year of 1950, the high water flow through Wax Lake Outlet has increased from 
20 to 30 percent of the total flow at Simmesport. The increase in flow 
resulted in enlargement of the channel from 18,000 square feet below bankfull 
in 1945 to 40,000 SqlxE feet in 1985. The Lower Atchafalaya River lost 
channel capacity. This resulted in an overall decrease in channel capacity 
for the two outlets , as shown on Figure 4, and an increase in flood 
elevations. 

Periodic sampling of suspended sediment in the outlets, beginning in January 
1965, indicated a yearly rate of 16 million cubic yards per year entering Wax 
Lake outlet and 42 million cubic yards per yGi?f entering the LOWeX 
Atchafalaya River. Since 1978, the bulk of the sediments have been moving 
past Morgan City into the Atchafalaya Bay. The Atchafalaya Bay is receiving 
.?.n estimated + 40 million cubic yards of suspended sediment per year, and it 
is anticipated that by 2030 Atchafalaya Bay will be filled beyond Point Au 
Fez Reef. 
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IMPACT AND SOLUTIONS 

So, what are the ccux?.equences of all this deltaic activity? The most visible 
impact is the conversion of open water bodies such as Grand and Six Mile 
Lakes to land mass. The impact of the most corm?rn to the Corps Mississippi 
River and Tributaries Project @E&T) is the loss of flood flow capacity of 
the floodway and the resulting increase in the Project Design flowline and 
levee elevations. As an example of this increase due to sedimentation, Table 
1 shows the design flood elevation at 3 points; Morgan City, LA, Myette Point 
and Bayou Sorrel Lock. 

TABLF, 1 
Design Flood Elevations 

Moman City I Mvette Point 1 Bavou Sorrel Lock 

YeaX 1957 1963 1973 I 1957 1963 1973 I 1957 1963 1973 
I I 

stage 13.0 14.1 17.4 I 19.4 22.4 25.5 I 23.0 25.2 27.7 
ft. NGVD I I 

As you can see there is a substantial rise in the flowline resulting in 
the protection levee having to be raised; a very costly item Of work. 

In addition to increasing the federal governme!nt costs to provide flood 
protection, sedimentation alsO results in the ll0ml flow stages to be 
higher, particularly in the lower floodway basin and Morgan City area. As 
Figure 5 shows, the stage.s at Morgan City have risen several feet over time 
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for a flow of 240,000 cfs. This, in recent~tire, 1980's and into the 90's, 
is having a detrimental effect on the local economy. Many of the businesses 
that exist on the batture side of the levee/floodwall in Morgan City are now 
experiencing high water problems and lost revenues on a annual basis. 

FIGURE 5 

rhe increase in flood stages is one problem addressed by the Corps in the 
study, "Atchafalaya Basin Floodway System, Louisiana Feasibility Study-, 
completed in 1982. The Corps recormnended the following solutions: 

1. construct training works for the main channel from the end of the 
,river levees to Myette Point. The training works would simulate the 
development of natural ridges, confining low to sverage flows to the main 
channel. This would accelerate the development of the main channel and 
reduce the amount Of future overbank deposition. Construction of these 
training works conmvenced in 1990. 

2. const?xct a control structure at the head of Grand Lake to control 
the distribution of low to average flows between the Lower Atchafalaya River 
and Wax Lake Outlet. The Wax Lake Outlet Structure, completed in 1987, will 
pIevent the increase in the capacity of Wax Lake Outlet at the expense of 
flood flow capacity of the Lower Atchafalaya River. 

3. Realign major distributary channels in the middle basin to reduce 
the amount of sediment entering and depositing in the backswaxps via these 
channels. Construction should coranence in 1991. 
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CONCLUSION 

1. The rapid acceleration of sedimentation in the lower basin is 
attributed to channel enlargement in the upper basin and transport of 
sediments normally deposited in the middle basin to the lower basin. The 
Atchafalaya River has filled the lakes in the lower basin, Grand and Six Mile 
Lakes, and is now building a delta in Atchafalaya Bay as it moves its channel 
into the Gulf of Mexico. 

2. It is estimated that the Atchafalaya Bay will be filled beyond Point 
Au Fer Shell Reef by 2030. 

3. The flow line for Project Flood should continue its upward migration 
for the next 50 years. The solutions proposed by the Corps will reduce aome 
but not all of the increase in project flood stage. 

4. Levees and floodwalls will need continual maintenance and improvement 
tcl offset the changes in elevation resulting from the delta deposits that 
have occurred and will continue to occur in the lower Basin and Atchafalaya 
Bay area. 
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DENDROGEOMORPHIC ANALYSIS OF WETLAND SEDIMENTATION 

By Cliff R. Hupp, U.S. Geological Survey, Water Resources Division, Reston, Virginia and 
David E. Bazemore, U.S. Geological Survey, Nashville, Tennessee 

ABSTRACT 

Dendrogeomorphic techniques were used to describe and interpret patterns of sedimentation 
rates at two forested wetland sites in West Tennessee. Over 50 sampling stations were estab- 
lished along transects up- and downstream from bridge structures, and 515 trees were examined 
for depth of sediment accretion and cored for age determination. Temporal variation in 
sedimentation rate may be related more to stream channelization and agricultural activity than to 
bridge and causeway construction. Sedimentation rates have increased substantially in the last 
28 years,, although channelized streams may have overall lower rates than unchannelized streams. 
Comparisons of sedimentation rates based on deposition over artificial markers (short term) to 
those determined from tree-ring analysis (long-term) indicate that rates and trends are similar 
where hydrogeomorphic conditions have not been altered substantially. Mean overall rates of 
sedimentation (between 0.24 and 0.28 centimeters per year) determined dendrogeomorphically 
are comparable to other published rates. Dendrogeomorphic techniques allow for the estimation 
of sedimentation over relatively long periods of time, and are reasonably accurate, simple, and 
provide information that is otherwise unobtainable. 

INTRODUCTION 

Relatively little quantitative information is available concerning sedimentation rates in forested 
wetlands, even though the sediment-trapping function of wetlands is commonly acknowledged. 
Quantitative studies on the fate of sediment, sediment budgets, and sediment routing in riverine 
and palustrine wetlands (Cowardin et al. 1979) are likewise rare. Sedimentation dynamics has 
been studied in relation to rising water levels in coastal Louisiana forests (Conner and Day 
1988)? and Boto and Patrick (1979) indicate that most studies have been of tidal marshes or 
aquatic beds and not in forested-freshwater wetlands. Furthermore, water-budget data are dif- 
ficult to obtain and frequently contain substantial error (Winter 1981), and, as suggested by 
LaBaugh (1986), even the more comprehensive studies (Crisp 1966, Mitsch et al. 1979, 
Hemmond 1980, Verry and Timmons 1982) differ greatly in their hydrologic methods, assump- 
tions, and interpretations. This lack of consistent mass-balance studies poses a substantial bar- 
rier to understanding the influence wetlands exert on water quality (LaBaugh 1986), including 
suspended-sediment transport and storage. 

Rivers in the Mississippi embayment of the Gulf Coastal Plain transport generally high concen- 
trations of suspended sediment due to channel instability and erodible uplands (SIrnon and Hupp 
1987). Floods, extensive channelization, and long hydroperiods increase the likelihood of 
deposition of suspended sediments on flood plains and forested wetlands. Hupp and Morris 
(1990) have documented mean-annual sedimentation rates from 0.01 cm/yr on elevated parts of 
a wetland to 0.60 cm/yr in a slough adjacent to the Cache River in Arkansas. 

The dual purposes of this paper are to present dendrogeomorphic analyses of the temporal vari- 
ation in sedimentation rates in the vicinity of two selected causeway-bridge crossings in forested 
West Tennessee wetlands (Figure 1) and to demonstrate the utility of dendrogeomorphic 
evidence of sedimentation dynamics. From a larger study conducted to assess the effects of 
bridge crossings on wetland sedimentation, two sites were selected for presentation in this paper. 
The sites reported here are the lar 
channelized Big Sandy River near 

ely unchannelized Hatchie River near State Route 54 and the 
% tate Route 69 (Figure 1). These two rivers represent chan- 

nelized and unchannelized rivers of West Tennessee, and together they reflect the overall sedi- 
mentation trends of this area (Bazemore and Hupp, this volume). This paper also serves a 
companion paper (Bazemore and Hupp, this volume) on the spatial aspects of sedimentation 
related to bridge construction. 
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Tree-ring analyses in wetlands are largely devoted to responses to frequency and magnitude of 
flooding (Mitsch and Rust 1984). long-term trends in runoff (Cleaveland and Stable, 1989), spe- 
cies distribution in relation to hydroperiod (Bedinger 1971), nutrient cvclimz (Mitsch et al. 
1979), or tree-growth models (Phipps 1979). Several studies have rel 
increment) to nutrient enrichment (Brown 1981. Marois ~ 

., .~...~ ~~ ~~...~~ ..~. 
lated tree growth (basal area 

and Ewe1 1983, Brown and van Peer 
1989). Sigafoos (1964) and Everitt (1968) showed that point-sedimentation depths and rates on 
flood plains could be estimated by excavating “buried” trees and determining their age. This 
technique has been used extensively on the banks of channelized West Tennessee streams to 
estimate bank-accretion rates (Hupp 1987, 1988). These rates agree closely with those deter- 
mined from cross-sectional analyses (Simon and Hupp 1987). Hupp and Morris (1990) used 
dendrogeomorphic techniques to estimate sedimentation rates in forested southeastern wetlands, 
and determined that rates were significantly related to local elevation, presence of sloughs or 
back swamps, and the timing of intensified agricultural production within the basin. 

METHODS 

Transects parallel to the stream and across the flood plain were established at the two study 
sites; four upstream and four downstream from State Route 54 on the Hatchie River,, and six 
upstream and five downstream from State Route 69 on the Big Sandy River. Samphng stations 
along these transects provided sedimentation-rate information relative to distance from channel, 
distance from bridge structures, elevation, and topographic variation; 22 and 33 stations were 
sampled at the Hatchie and Big Sandy sites, respectively (Figure I). Results of the spatial 
aspects are reported in Bazemore and Hupp (this volume). 

Buried stems are the principal form of botanical evidence from which to estimate sedimentation 
rates. Initial tree roots grow just below the ground surface and eventually form the major root 
trunks that radiate from the germination point. The basal flare, or root collar and initial root 
zone are thus a distinctive marker of the original ground surface (Figure 2). A tree trunk 
subjected to substantial accretion typically has the appearance of a telephone pole (Figure 2). 

Age determinations were made by extracting an increment core from the base of each tree. 
Ring counts made from the biological center (first year of growth) to the outside ring provide 
the tree age at the height of the coring. Depending on the difficulty of ring boundary determi- 
nation, counts may be made in the field or the core may be returned to the laboratory for 
microscopic examination and crossdating (Cleaveland 1980, Phipps 1985). Duever and 
McCollom (1987) provide a thorough discussion on the use of ring counting as an alternative to 
more laborious dendrochronological techniques (Cleaveland and Stable, 1989) that may be 
unnecessary in some cases. Most cores in the present study were crossdated. 

Increment cores were taken from 6 to 13 trees at each sampling station. These cores were 
surfaced (sanded), cross-dated, and measured in the laboratory (Phipps, 1985). Each tree was 
excavated to its major radiating roots (Figure 2) and the depth of burial was measured. The 
depth of burial was divided by the tree age to obtain an estimated sedimentation rate (Figure 2). 
These values were averaged for each sampling station. Whenever possible, trees of various ages 
were sampled to determine temporal variation in sedimentation rates and to reduce the poten- 
tially disproportionate contribution of young trees to sedimentation rate determination. 

Several schemes were used in an attempt to reduce tree-age data relative to mean sedimentation 
rate, including the subtraction of deposition depths of younger from older trees. The best 
method, however, was the simple separation of mean sedimentation rates determined from trees 
in various age classes. Although these dendrogeomorphic techniques have limitations, no other 
methodology provides long-term sedimentation-rate data in this detail. 

Short-term rates of sedimentation were measured at most stations by placing a clay pad on the 
ground surface (Baumann, and others, 198% Kleiss, and others, 1989). White powdered clay 
was poured onto a cleared 0.5 meter area to a depth of about 4 centimeters. This clay becomes 
a fixed plastic marker after absorption of moisture from the ground. All clay pads were left in 
place for at least one year and were subjected to several inundation events. These pads were 
subsequently examined to determine the depth of sediment over the marker layer. These data 
were compared to the long-term estimates from dendrogeomorphic analysis. 
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Figure 2. Generalized “buried” bottomland tree. As an exampl!, excavation to original roots 
measures 10 cm of net deposition since germination> and tree-rmg counting indicates tree is 20 
years old. Therefore, estimated sedimentation rate m the general vicinity of the tree is approxi- 
mately 0.5 cm/yr. 

RESULTS AND DISCUSSION 

Sedimentation rates along the Big Sandy River were generally lower than along the Hatchie 
River (Figure 1). Channelization typically reduces flood duration and would be expected to 
result in decreased deposition. Additionally, increased sedimentation was not observed upstream 
from the study sites, where backwater effects may increase sedimentation. Highest sedimenta- 
tion rates on the Hatchie River (Figure I) were nearest the channel or in old sloughs, while the 
highest sedimentation rates on the Big Sandy River occur on the right-bank flood plain in the 
general pre-channelization direction of flow (Figure 1). At both sites, sedimentation rate is 
strongly correlated with elevation, hydroperiod, topographic form, and degree of pending (Baze- 
more and Hupp, this volume). Spatial aspects of wetland sedimentation are discussed more fully 
by Hupp and Morris (1990) and Bazemore and Hupp (this volume). 

Temporal variation in sedimentation rate was observed at each site (Figure 3). In total, 515 
variously aged trees were sampled, 237 Andy 278 at the Hatchie and Big Sandy sites, respectively. 
Tennessee Department of Transportation ricords indicate that a bridge was in place at the Big 
Sandy River site in 1922. However, the bed of a substantially older road crossing is about 100 
meters downstream of the present structure; the fill of that bed is only 1.5 to 2 meters above 
the flood-plain surface. Channel work here was originally completed in 1918 with subsequent 
enlargement and drainage improvement in 1945. Two rather distinct drops in sedimentation rate 
(Figure 3) in the 1900-10 decade and the 1940-49 decade may be attributable to these two 
periods of channel work. The sharp rise in rates over the past 28 years may have resulted from 
agricultural increases in the basin or post-channelization system recovery (Simon and Hupp, 
1987). 
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Tennessee Department of Transportation records indicate the present bridge and roadway were 
built in the early 1940’s, at which time a loop cut off was constructed where the channel 
approaches the bridge. Apparently the bridge has had little influence upon SuFsequent sedi- 
mentation rates (Figure 3). Rates are.rel?tivel 
ter,. which coincides with the channehzatlon o ? 

constant uniil atout 1960 b$ mcre?e thereaf- 
many Hatchle Rxver trlbutarles and mc!ease! 

agrxulture in the basin. This sharp increase in sedimentation rate (Figure 3) at both sites smce 
about 1960 is likewise seen in several other streams in West Tennessee and Arkansas (Hupp and 
Morris, 1990). 

The lon8-term dendrogeomorphic results and short-term clay-pad results (FiguTe 4) indicate 
that sedimentation rates are higher along the Hatchie River than along channehzed reaches of 
the Big Sandy River. If there has been minor hydrologic alteration through dendrogeomorphic 
time, it is expected that these two techniques will yield roughly similar results, and this is !he 
case for the Hatchie River site (Figure 4b). Howeve:, because the Big Sandy River site (Figure 
4a) has experienced channelization, flood-plain ditclung, and downstream dam construction, a 
wider disparity in the two techniques is expected at this site. 

Mean overall rates of sedimentation were 0.24 cm/yr and 0.28 cm/yr for the Big Sandy and 
Hatchie Rivers, respectively. These values fall within the range of published sedimentation 
rates for bottomland-hardwood swamps (Boto and Patrick, 197@, Delaune and other!, 197@, 
Mitsch and others, 1979;. Johnson and others, 1984; Cooper and others, 1987). Stuches con- 
ducted in Arkansas (Klelss and others, 198% +pp and Morris, 1990) compared dendrogeo- 
morphic techniques to artificial-marker techmques and also found close agreement. The direct 
measurement of sediment over markers provides precise, although short-term, values of local 
deposition. Although the precision of dendropeomorphx techniques may still need, testing and 
calibration, they provide a valuable, time-savmg method for interpretation of relative differ- 
ences in long-term sedimentation processes. 

, , , , , , 
1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 

1889 1899 1909 1919 1929 1939 1949 1959 1969 1988 
AGE GRO”P 

Figure 3. Sedimentation rates in centimeters per year by a8e group at the Hatchie and Big 
Sandy Rivers. H.R. 54 and B.S. refer to the Hatchie and &g Sandy Rivers respectively. 
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Figure 4. Long- and short-term sedimentation rates in centimeters per year by transect stop at 
the Big Sandy River (A) and at the Hatchie River (B). 
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BOTTOMLAND SEDIMENTATION NEAR HIGHWAY CROSSlNGS 

By David E. Bazemore, Hydrologist, U.S. Geological Survey, Nashville, Tennessee and Cliff R. 
Hupp, Botanist, U.S. Geological Survey, Reston, Virginia 

ABSTRACT 

Highway crossings have been suggested to cause increased rates of sedimentation upstream of 
bridge and causeway structures. Comparisons between fine-grained deposition rates upstream 
and downstream from bridge and causeway structures at 11 bottomland sites in West Tennessee 
did not indicate higher upstream sedimentation rates. At seven sites, upstream deposition rates 
were not significantly different from downstream rates, and downstream rates were higher .at 
the remaining four study sites. Silt and clay deposition rates were correlated with surface ele- 
vation at four sites and with flbod-plain pending at five sites. Channelization history may also 
affect rates of bottomland sedimentation. No evidence was found to support the suggestion that 
higher sedimentation rates occur upstream because of backwater created by highway crossings. 
Sand splays, which were typically observed downstream from bridges and along downstream 
channels, appeared related to flow constrictions by highway causeways, constructed levees, and 
spoil banks. 

INTRODUCTION 

This report describes sedimentation rates on eleven bottomland study sites in West Tennessee. 
The purpose is to test the hypothesis that sediment-deposition rates are higher upstream from 
highway crossings than downstream. Higher rates upstream would be expected if backwaters 
from highway crossings trap sediments. Accelerated sediment deposition rates are of concern 
because of the possible harmful effects on bottomland (wetland) environments. 

The eleven study sites are in West Tennessee, which is in the Mississippi embayment and part of 
the Gulf Coastal Plain province (Fig. I). Unchannelized rivers in West Tennessee generally have 
low gradients, with meandering, alluvial channels and broad, relatively flat flood plains and 
terraces. Bottomlands in this region typically support bottomIand-hardwood forest:, cypress-~ 
tupelo swamps, and marshes. Three of the study sites are on the Hatchie River (Fig. l), which 
is mostly unchannelized although some reaches near bridges have been straightened, as have 
most tributaries. The remaining study sites are on rivers channelized in the early 1900’s and 
dredged periodically since then (Fig. 1). 

Highway crossings at the study sites include causeways (embankments) that transverse flood 
plains and bridge structures that cross river channels. Roadway embankments at eight of the 
study sites have been in place since the early 1900’s. Two study sites, Beaver Creek at State 
Route 1 and Obion River at State Route 3, are the only sites w%h recently constructed roadway 
embankments, completed in 1988 and in 1978 respectively. 

Rivers in West Tennessee transport some of the highest concentrations of suspended sediment in 
the United States (Milliman and Meade, 19X3; Trimble and Carey 1984). Suspended-sediment 
concentrations and, by extension, availability of sediment for deposition, are nevertheless highly 
variable for West Tennessee streams. Variation is greatest on adjusting, channelized streams. 
Sediment discharges vary systematically with the stages of channel evolution, and vary by as 
much as a factor of ten (Simon, 1989); a six-stage model of channel evolution following chan- 
nelization was developed by Simon and Hupp (1987). 

Few investigators have reported rates of sediment deposition within bottomland wetlands (Boto 
and Patrick, 1979). Mitsch and others (1979), using sediment traps, estimated an average rate of 
less than 0.2 centimeters per year in a cypress tupelo swamp in southern Illinois. Johnston and 

atural levee deposition rates of 2.62 centimeters per year for a stream in 
?%%%%8%~?~~~3~Cs dating but did not 
the wetlaid. Cooper and others 11987) used I% 

timate deposition rates over a broad extent of 
Cs dating techniques to estimate deposition 

rates of less than 0.26 centimeters per year for a flood-plain swamp in North Carolina. Hupp 
and Morris (1990) report mean deposition rates of 0.34 centimeters per year for sloughs and 0.07 
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Figure I. Location of wetland study sites in West Tennessee, 

centimeters per year for “islands” (elevated portions of the flood plain) in a forested wetland on 
the Cache River, Arkansas. Average rates of deposition for the present study fall within the 
above published ranges. 

APPROACH 

Rates of fine-grained deposition were measured on flood plains upstream and downstream from 
highway crossings using the geomorphic and tree-ring techniques described by Hupp and Baze- 
more (this volume). Sampling transects were established over the broad extent of flood plains 
but were not typically located within 100 meters of stream channels (Hupp and Bazemore, this 
volume). This sampling design was used to determine the spatial distribution of fine grained 
(silt, clay, and very fine sand) sediments. Sand splays were observed on most flood plains 
downstream of the highway crossing; several areas were sampled for rate of sand deposition. 
Sand deposition was not included in the upstream and downstream comparisons. 

Several factors determine sediment concentrations available for deposition: drainage area, 
drainage density, geology of the source area, land use above the sit!, and channelization, These 
factors were assumed to be constant among sampling stations at a gwen study site. However, 
surface elevations and pending characteristics are distinctly variable among sampling stations at 
a given study site and these variables were considered in the evaluation of sedimentation rates. 
Elevation data were adjusted for down-valley slope. 

Deposition rates upstream from highway crossings were compared to downstream rates (Ho ,= 
there is no difference between upstream and downstream sedimentation rates) in the followmg 
ways: 1) T-tests were preformed on the ranks of the deposition data sorted by location 
upstream or downstream from highway crossings at each site. 2) At sites in which deposition 
rates correlated with elevation above the stream channel? data were sorted by elevation groups 
(equal increments) before upstream-downstream comparison tests were preformed (two-way fac- 
torial analysis of variance on ranks of deposition rates). 3) At sites where high rates of deposi- 
tion were measured in locally ponded areas, data were sorted by pending category (ponded or 
well drained) before upstream-downstream comparison test were preformed (two-way factorial 
analysis of variance on ranks of deposition rates). 
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RESULTS AND DISCUSSION 

Simple comparisons show,no tendency (alpha = 0.05) for higher deposition rates of fine-grained 
n?aterial upstream from hIghway crossings (Fig. 2). Four of the 11 study sites have significantly 
higher $ownstream rates (alpha = 0.05). This comparison does not take into account variation in 
deposition ra!es that may be associated with variation in flood-plain elevation above the stream 
chan,nel or wth tlood-plain pending. The lack of evidence for higher deposition rates upstream 
of hIghway crossmgs suggest no substantial sediment trapping results from backwater. Hydrau- 
lic modelling conducted at these sites (T. H. Diehl, written communication, 1990) suggests that 
there is minor backwater created by the highway crossings. 

1 
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Figure 2. Depositiop rates upstream and downstream from highway crossings. Numbers in 
parentheses oo Y aus are centimeters per year. Significance levels of difference between rates 
are indicated by p-values from t-tests on ranks of deposition rates. * Indicate significant (alpha 
= 0.05) differences in deposition rate. From top of box plots, the 90, 75, 50 (median), 25, aqd 
10 percentiles are shown. 

4-50 





Four of the study sites show a significant inverse correlation (alpha = 0.05) between sediment 
deposition rates and elevation of the flood plain (Fig. 3). No sites show a tendency for higher 
upstream deposition rates within the elevation categories. Two of the four sites have signifi- 
cantly higher downstream rates (alpha = 0.05) within the elevation categories (Fig. 3). 

High deposition rates are positively correlated with flood-plain ponding (alpha = 0.05) at five of 
the study sites, but upstream-downstream differences within pending categories are observed at 
only two of the sites (Fig. 4). Downstream rates are significantly higher at the Wolf River site 
(alpha = 0.05) and higher downstream rates at the Hatchie River site are nearly significant (p = 
0.055). In general, high rates of sedimentation are associated with low locally ponded areas. In 
particular, sloughs and back swamps may experience the highest sedimentation rates. 

Figure 4. Rates of sediment deposition upstream and downstream from highway crossings by 
localized ponding category; p-values indicate significance levels. 

Figure 5. Rates of sediment deposition by elevation group for (A) sites on unchannelized rivers 
and (B) sites on channelized rivers. Differences among elevation groups are significant (p = 
0.0001) on unchannelized sites (A), whereas they are insignificant (p = 0.38) on channelized sites 
W. 
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Highway crossings may have opposite or variable effects on the upstream and downstream flood 
plams that mask trends for higher rates in either direction. Accelerated velocities near the 
upstream bridge openings increases erosion locally. Flows downstream from bridge openings 
may transport increased concentrations of fine-grained sediments for flood-plain deposition. 
Increased sediment concentrations may result in the slightly higher downstream rates observed at 
some study sites (Fig. 2). 

Deposition rates are more spatially consistent along unchannelized streams than on chaunelized 
streams. For example, deposition rate and flood-plain elevations are more strongly correlated 
for the unchannelized streams (Fig 5). Stronger correlations on the unchannelized streams may 
be prevented by localized channel work and ditches. Additionally, sedimentation rates may vary 
substantially depending on stage of channel evolution (Simon and Hupp, 1987) following stream 
modifications. Beaver dams may complicate the understanding of sedimentation variation, 
regardless of channelization history. 

Deposition of sand splays on flood plains was typically observed downstream from bridge cross- 
ings. Rates of deposition were measured at four sampling stations in sand-deposition areas at 
two of the study sites. Average rates of sand deposition ranged from 1.97 centimeters per year 
to 2.30 centimeters per year. At the study site on Big Sandy River sand splays one to two feet 
in height were observed as far as 650 meters downstream from the bridge opening, extending as 
far as 45 meters from the channel. Flows are constricted at the Big Sandy site by the highway 
crossing and by spoil banks parallel to the channel. 

Increased velocity and turbulence due to flow constrictions by highway crossings, levees, and 
spoil banks locally increase the capability of the resulting flows to transport sand. Levees or 
spoil banks parallel to channels create a flow gradient between the channel and flood plain. 
This effect can extend much farther downstream than the effect of the constricted opening at 
the highway crossing. 

CONCLUSIONS 

Deposition rates of fine-grained sediments were not significantly greater along reaches upstream 
than downstream reaches from highway crossings. Four of the I I study sites had higher rates 
downstream. Rates of deposition are inversely correlated with flood-plain elevation at four of 
the nine study sites. At five sites, high deposition rates were found in ponded areas. Unchan- 
nelized streams may experience less spatial variation in deposition than channelized streams. 
Fand splays downstream from bridge openings at most sites may be related to flow con?trictions 
m turn caused by a combination of highway embankments and spoil banks (or levees) parallel to 
channels. 
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FLOW AND SEDIMENT TRANSPORT IN ROUGH CHANNELS 

By Jonathan M. Nelson, Wiiam W. Emmett, and J. Dungan Smith, Hydrologists, U.S. Geologiczd Survey, 
Water Resources Division, Lakewood, Colorado 

ABSTRACT 

A theoretical method for relating stage aad sediment discharge to flow discharge in streams with large relative 
roughness is tested using a comprehensive set of data from a small stream in Wyoming. The method is com- 
posed of hvo elements. Fiist, a stage-discharge ~rclation is determined for a given channel geometry. This 
requires that the variation in the hydraulic roughness be calculated as a function of discharge. This is accom- 
plished by using measured sediment sizes in conjunction with a simple model for the extraction of momentum 
associated with flow xound and over sediment p&i&s on the bed. The tecbniqw is developed herein for the 
case where grain roughness is the dominant part of the total channel drag, although the approach may be com- 
biied with other roughness modeLs for channels where other sources of drag are important. The computed vui- 
ation in the velocity profile with stage is used with a steady, uniform fkw model to compute a stage-discharge 
relation and a boundary shear-stress distribution in the study reach. The second element consists of the compu- 
tation of sediment discharge from known particle-size distributions and the calculated boundary shear stress. 
This is accomplished using existing models for the critical shear stress and transport rate of sediment on poorly 
sorted beds. 

The method is tested using channel geometry and scdimcnt size information from a reach of Little Granite 
Creek, a small stream located in the Bridgcr-T&on Forest about 40 km soutbcast of Jackson, Wyoming. Little 
Granite Creek is a tributary to Granite Creek, which flows into the Hoback River, a tributary to the Snake 
River. The availabiity of extensive flow and sediment-transport measurements in this channel provides an 
excellent opportunity to test the above-described technique. The study reach is about 1GU m long, 7 m wide, and 
has a bed slope of 0.0175. The median bed sediment size, Dm is ahut 10 cm and Da is about 20 cm. The depth 
at bankfull discharge determined from a field survey of channel geometry is approximately 1 m, so even at the 
highest flows, many of the sediment pwicles OII the bed arc a large t?action of the fkxv depth in size. Computed 
flow and sediment transport rating cwvcs show good agreement with measured data. Although fart&r 
verification is necessary, the approach appeus promising, especially considering that all the information ncccs- 
sxy to apply the model to a channel like Little Granite Creek could be collected in a single day (a pebble count, 
a survey of the cross-section at the gage, and a survey of channel slope). 

INTRODUCTION 

River and stream channel often have beds consisting of part& sizes that are a significant fraction of the flow 
depth, particularly in steep, mounttious regions. Most of the present understanding of the vertical structure of 
turbulent flow over hydraulically rough channel beds, however, proceeds from the initial work of Nikuradse 
[1933] and is valid relatively far from the roughness elements on the boundary. In this situation, roughness can 
be adequately treated using a representative roughness length in conjunction with a quasi-logarithmic velocity 
profile. This approach is not valid in region of the flow where momentum fluxes and pressox forces associ- 
ated with obstacles on the bed play a significant role in the local momentum balance. Thus, the vertical flow 
structure and the relation behveen bottom stress and velocity ze not well predicted in channels with high rela- 
tive roughness and, as a result, several important problems related to the flow and sediment transport in these 
streams are poorly chzuacterized. 

The purpose of this paper is to present results from a test of a predictive model for computing flow and bedload 
sediment transport rating curves in high-roughness channels. Although this information can be developed 
empirica3ly, doing so accurately requires an extensive data set gathered over a relatively long period, so the 
value of a predictive model is clear. Furthermore, the results of a carefully tested model can be extrapolated to 
examine the impacts of relatively rare events or to evaluate the long-term effects of natural or manmade 
changes in streamflows (e.g., dams and diversions). 

The goals of the modeling approach used herein are to provide two essential relations, or~c beween stage and 
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flow discharge and the other between fkxv discharge and sediment discharge. The stage-discharge relation is 
determined for a given charme geome@y and bed particle-size distribution. For channels with beds mmposed 
of sediment with sizes that are a significant fraction of the flow depth (more than about S%), the vertical strut- 
.?re of the flow must be calculated in a manner that includes the extraction of momentmn associated with tlow 
around sod over sediment particles on the bed. Because the relative protrusion of the particles into the flow 
varies significantly with &w depth, the computed vertical structure also will vary with flow depth. As the flow 
becomes very deep, the vertical strochue over most of the flow depth will asymptotically approach a quasi- 
Iogaritbmic profde. At shallower depths, the fIow struchue will vary in a relatively ,complicated maxmcr as a 
function of the grain geometry on the bed. This means that approaches using co&ant friction or Manning 
coefficients cannot yield valid preditions of the stage-discharge relation. In addition, even for situations where 
the roughness vakation is relatively .smalI over the range of discbarges observed, it is typically difficult to make 
visual estimates of Manning coeEicie&, as discussed by Jarrett [1989]. Using the method described below, the 
variation in velocity structure is computed sod a relation between the velocity profile and the depth is found 
using information that is relatively easy to measure. Th& in tur% is used along with the stream geometry to 
obtain a stage-discharge relation. The computation also provides a link between discbarge and the boundary 
shear stress &tributi& on the channel bed. That relation is used to fulfii the second objective, which is to 
compote the bedload flux for each flow discharge. This is accomplished using existing equation for bedload 
fluxes and critical shear stresses on poorly sorted gravel beds. F’relimii testing of this technique is carried 
out using a comprehensive data set from Little Granite Creek, Wyoming. 

DEVELOPMENT OF TIIE MODEL 

The Flow Model 

The local momentum balaoce in flows over rough beds is typically dominated by large convective accelerations 
and complex hubulence fields. As a resuk, there is at present no computational flow model capable of making 
accurate predictioos of local flew character&tics (e.g., velocity or Reyoolds stress at a point) in channels tith 
beds made up of particles that are large relative to fk~w depth. However, for practical purposes, local flow 
cbaracte&& osualiy are not of interest, and the real goal of a model must be to reduce the complexity of the 
local, highly stochastic problem to some simpler, spatially averaged characterization. In a spatially averaged 
sense, the momentum balance in rough channels is between gravitational force (or, equivalently, pressure gra- 
dient) acting to accelerate the flow and drag on the bed tending to decelerate the flow. Thus, in a channel of 
uniform cross section and average bed slope, but with a highly irregular bed in a local sense, the spatially aver- 
aged momentum balanm is between the stress divergence and the pressure gradient. Tbis leads to the following 
expression for the vertical distribution of the spatially averaged stress rennekes and Lumley, 1972, p. 150, and 
Middletoo and Southard, 19&I, pp. 97-1181: 

where r- is the stress on a horizontal plaoe acting to transfer momentum in the vertical, z is the vertical coordi- 
nate, and H is the flow depth. The boundary shear stress (r,=(O) ), is given by 

Tb =pgHs c-3 

where P is fhdd density,g is gravitational acceleration, and S is the magnitude of the water-surface slope. 

Followiog the teclmique developed by Wiberg and Smith [1987a, EMI], the total stress is divided into two com- 
ponents: the actual fluid stress r,, and a surrogate stress associated with the drag on sediment particles acting as 
obstacles to the flow. If the drag stress is denoted r4, the fact that the water surface is unstresed can be used to 
retite r- as follows: 

G&) = q(z) + [%W - (%],I (3) 

where (rd] is the drag at the surface produced by particles protruding through the water surface. The drag on 

particles in’the flow can be calculated using a simple drag law in conjunction with empirical drag coefficients 
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using the foIIov/ing expression: 
A. 

*d(z) = &cJ+ 
i2 4 

where the reference velocity U, is given by 

(4) 

In the above equations, Ai is the cros.wxtional area of a particle pcrpemkdar to the f!ow, Ab is the arei of 
the bed occupied by the partick, and the sum is over all particles comprisiig the bed. The spatially averaged 
verticaI profde of streamwise velocity is given by u(z), and the drag coefficient, Cd, is determined as a function 
of Reynokls mm&r for spheres [Schlicting, 19w, Hammer et al., 19701. Whik the approximation that sedi- 
ment part&s have drag coeffkients of spheres may not be ideal, drag coefficient in the Reynolds similarity 
range vary km about 0.5 for spheres to 1.0 for cylinders, and sensitivity analyses indicate that the model pred- 
ictions are not sensitive to this range of vakes. 

To close the set of equations above, the shear is related to the stress profile by using an eddy viscosity 4: 

The eddy viscosity is composed of a v&city scak U* and a length scale Lc for the hubulerxe acting to exchange 
momentum in tbc. vertical direction: 

4=WT (7) 

Ia boundary-layer flows with roughness ckments very small compared to the fLxv depth, Rattray and Mitsuda 
[1974] found that the best-fit eddy ticosity was given by 

4= i 

kU.Z[l-Z/H) z 50.2H 

k&H/6.24 z > 0.2H 
@I 

where u, = (r6/$’ and k is van Karmaa’s constant (=0&l). In their original dcvcIopment of this approach 
for rough beds, Wibcrg and Smith [1987a] hypothesized that the velocity scale for the turbukncc should be 
given by a local fhdd shear veIoci@ 

At depths weU above the wlimcnt partick on the bed, rd = 0 and the eddy viscosity of equation (8) is valid. 
Near the bed, U* can be calcuIated by soking equation (3) for the fIuid stres and using equation (9). Determin- 
ing the kngtb scale of the tarbukace ncar the particles requires a separate assumption. Wiberg and Smith 
[1987a+ lS90] used a concentration-weighted average of the length scak from the Rattray-Mitsuda [1974] eddy 
viscosity (eq. 8) and 0.40 times the average particle diameter at that level. Because this combination of length 
scales was weighted by the concentration of various particle sizes at diiercnt lcvcls in the flow, the resuh of that 
approach is that tbc turbtdent lcngtb scak. returns to tbc smooth bed profde at the top of the grains on the bed. 
Because rd aIso goes to zero above tbc. bed particIes, the eddy viscosity will follow the Rattray-Mitsuda profile 
from the top of the particks to the water surface, and the vertical velocity profde in this region wilI be 
unaffeckd by the partick.s. PIume measurements made by J. Nelson and P. Whiting Mrs. comm.] indicate that 
the. spatialIy averaged vc.rticaI w&city profiles are altered by the bed roughness to a height of 2 to 4 @ain diam- 
eters above the largest particks on the bed surface. In view of this observation, the results presented herein use 
a modified turbuIeat length scaIe from the average zero-level of the bed up to a height of 3 Du In this region, 
the hub&ace is primarily associated with the wakes of part&s, w the length scale can be set using results 
from wake theory and measurement. Stictiag [1979, p. 739-7431 demonstrated that the turbulent length scale 
in a wake is propxtional to the wake height, bz 
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Relating the wake height to the characteristic particle diameter precisely in a compkx sihmtion with interacting 
wakes is beyond our present understaoding of ,Jhese flows. Ultimately, the relation behveen near-bed turbulent 
length scales and particle&e distributions most be determined with careful experiments, and work of this 
nahxe is ongoing [J. Nelson sod P. Whiting, pen. comm.]. The wake heights, however, must scale roughly with 
particle size, sod this assumption’is oscd herein. Because larger particles are more effective at producing tur- 
boleace, one can expect the momentam-defea weighted average of leagtb scales to be skewed toward the larger 
sizes on the bed. Given the crude present understanding of this problem, it is probably appropriate to assume 
that the turbolent length scale neat the bed is given by 

L$ = O.l8D- z<3Du . w 
This assomption is used herein to set the hxrbuleot leogtb scale below 2Ds,. Above 4Dw the length scale asso- 
ciated with equation (8) is osed. The length scales are matched smoothly between 2Ds, and 4Dw In chaxm& 
tith low rooghness, where equation (8) is valid, a logarithmic profde can be expcctcd to occur only up to about 
20% of tbc flow depth. Thus, if the influence of bed particles is felt to a height of 3Ds, (or 4DM for the 
smoothly matched leogth scale), logarithmic segments of velocity profdes can be expected to occur only in flows 
deeper than about L5Dm 

Although the length of this paper precludes a detailed description of the numerical solution of equations (1) 
through (11), the basic idea can be understood as follows. One beg@ by estimating some initial vertical velocity 
profde. This profde is ucd in equations (4) and (5) with measured grain size information to compute r+. This 
profde is used in equation (3) with (1) and (2) to calculate a profde of r,. The 7, profde is used in equation (8) 
to obtain the hubulent velocity scale, and equations (9) and (11) are wed to compute the turbulent length scale 
[note that equation (9) provides a torbulent length scale when divided by the square root of equation (1), 
because. rd is zero in the region above the particles].~Tbesc. quantities provide an eddy viscosity profde using 
equation (7), and then (6) is integrated to determioe a new velocity profde. This process is continued iteratively 
until convergence of the vekxity profde is obtaioed. Ia practice, the use of relaxation greatly improves the con- 
vcrgeoce cbara~eristics, especially if the initial guess for the yelocity profde is poor. To compute the discbarge 
for a given stage, the computed velocity profdes for various depths are integrated vertically and across the than- 
eel using the surveyed cross se&ion at the gage. 

The Sediment-Traosport Model 

For the computation of bedload fluxes, the method developed by Parker et al. [1982] is used. This technique 
allows computation of the sediment flux in a gravel-bed channel ushg mean grain size by applying a similarity 
argument for the fiuxes in various gnin-six. classes. 

. 
w’ = - (,I) 04) 

where qa is the bedload flux per unit tidth, p and p, are water and sediment density, respectively, and D is the 
mean gmin size of the sorface Iayer, the Parker equation for total bedload fku over a poorly sorted gravel bed is 
given by 
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0.002.5 e+.2(& - 1) - 9.2g(& - $1 0.95 < &, < 1.65 

In equation (l5), & is dermed in terms of the bmmdary shear stress and the criticzd shear stress. Using the 
mxxJimensiomdization defmed in equation (l2), &e is given by 

The value of 7: was set using the model for criticaI shear stress developed by Wiberg and Smith [1987b] with a 
pocket angle, 4, of 30’. This yields the tit&I stress for fust motion rather than significant motion (see Wiberg 
and Smith [MVb] for a more detaiIed discussion), as required for use in tb$ Parker equation if surface parti& 
sizes are used. The Wiberg-Smith model yields a v&e of about 0,02S for TV, in good agreement with the vaIue 
of 0.0299 reported by Parker [1982]. 

The volumetric bedIoad fknes per unit width c&dated from the Parker equation are muItipIied by sediment 
density and integrated across the channel width for each discharge using the surveyed channel cross section. 
This yields the total mass of bedIoad discharge as a function of flow discharge. 

STUDY SITE AND DATA COLLECTION 

The approach described above was tested using channel geometry and sediment-size information from a reach 
of LittIe Granite Creek, a small stream located in the Bridger-Teton Forest about 40 km southeast of Jackson& 
Wyoming. LittIe Graeite Creek is a tributary to Granite Creek, which flows into the Hoback River, a tributq 
to the Snake River. The study reach is located at U.S. Geological Survey gaging station l3019438 and is about 
1CKl m long, 7 m wide, and has a slope of 0.0175. The Dm of the bed partic.Ies is about 10 cm and D= is about 20 
cm. The depth at ba&fuIl discharge is about one. meter, so even at the highest flows, many ?f the sediment par- 
ticIes on the bed are a large fraction of the flow depth. The reach is relatively uniform in width and depth, so the 
theory described above was applied using the fact that the spatiaUy averaged flow is uniform. It is worth noting 
here that even for cases where bars and width variation are present, equation (1) is approximately valid [N&m 
and Smith, 19891 and the vertical struchue computed from the model can be used in a quasi-three-dimensional 
&w model to compute the variation of stage, stress, and bedIoad sediment fhn with fkw discharge. 

The avaiI&iity of extensive fIow and sediment-tramp& measurements in Little Granite Creek provides an 
excellent opporhmity to test the described technique. FIow and be&ad discharge were measured at this site 
d* reguIar visits horn water year 1982 through 1989. FIow discbarge. was measured at each visit using a 
Price current meter and prcxedures de&id by Buchanan and Somers [1%5j. Through water year 1989,141 
dkcharge measurements had been made. The data used in this paper for testing the predicted stage-discharge 
relation are the 60 ice-free wading measurements made at the gage in the 4-year period from water year 1986 
through water year 1989. Bedload during the 8-year pericd from water years 1982 through 1989 was measured 
with a HeIIey-Smith bedIoad sampler [HeIIey and Smith, 19711. BedIoad was sampled at about 20 equaIIy- 
spaced cross-channel Iocations as suggested by Emmett [1980]. A t&I of ll3 traverses of the stream constitutes 
the bedIoad data used in the comparison between measured and predicted bedIoad fluxes discussed below. 

ParticIe-size distributions were found using a modified version of the W&mm 119541 sampling teclmique. P&i- 
des were measured every 03 m along the cbmmel centerline for 100 m. Downstream, cross-stream, and verti- 
crd axes were measured and the verticaI protrusion of the particle into the fIow was also determined [as 
required for the computation of A; and & in equation (4); see Wiberg and Smith, 19901. The particles were 
divided into size classes by vertical protrusion, and the average A< and& for each size class were used to c&u- 
late the v&e of rd for each size &ss. The vex&I extent of rd for each size cIass is simply the verticaI 
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Flgre 2. Measured and predicted stage-discharge relation for Little Granite Creek, Wyoming. 
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Fwc. 3. Measured and predi&d bedload discharge-flow discharge r&ion for Little Granite Creek, 
Wyoming. 
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protrusion associated with that size class. The total rd profde used in the computations is obtained by summing 
r4 over all size classes. Channel cross-section geometry was determined by doing a level survey. 

RRSIJIXS AND DISCUSSION 

In Fpe I, calculated vertical-velocity profdes for Little Granite Creek are shown in linear and log-line% form 
for several fbw depths. In reality, stream depths above about 1 m would result in overbank tlows and the depths 
greater than about 15 m shown io the fme probabIy would not be attaine& but the purpose here is to show 
the variatim in velocity profile shape for various ratios of particle size to flow depth typical for moentaie rivers. 
For the greatest depth at which the velocity profiie was calculated, the depth is about 50 times Dw and the 
profde is essentially log&ho& except veq near the bed At the shalIowest depths, the fk~w is dominated by 
the form drag on the bed particles and the n&city profde is nearly linear. For a channel like Little Granite 
Creek, the velocity profile at phyxkxlly realizable depths is approximated much more accurately by a linear 
profde tbao by a logarithmic one. This agrees tith the velocity profde measurements made by Janett [1989] in 
rough chaenels. The curvature ia the uppe.r gO% of the flow depth in the log-linear plot of v&city at the larg- 
est flow depth is asso+ted with the structure of the Rattray-Mitsuda [lW4] eddy viscosity. Even in this case. a 
truly Iogarithmic profde only occurs between about z/H = 4DsJH = O.OgS and z /H = 0.2. 

0 0 ,, .z .a . . .s . . ., . . .s ,.a ,, .z .a . . .s . . ., . . .s ,.a n n ., .z .a .* .n .* .7 . . .* >.m ., .z .a .* .n .* .7 . . .* >.m 
wQu.x wQu.x WLX WLX 

Fiie 1. Linear and seti-logarithmic plots of velocity profdes for the grain-size distribution in Little Granite Fiie 1. Linear and seti-logarithmic plots of velocity profdes for the grain-size distribution in Little Granite 
Creek. Depths vary hm OS to 9.S meters by 1 meter increments. Creek. Depths vary hm OS to 9.S meters by 1 meter increments. 

In Fiie 2, the computed stage-discharge curve is shove along with measured data, It is important to note that 
the model above was applied without adjustment in order to make this prediction. Sensitivity analyses indicate 
that the result is relatively insetitive to the drag coeffkient and the eddy viscosity well above the bed (the 
Rat&ay-Mitsuda profile was employed, as discussed above). As expected, however, the solution is relatively sen- 
sitive to the turbulent length scale used in the near-bed region. The wake scaling used herein was applied 
without mod&&ion for the prediction shown in Figure 2, but varying the magnitode of the length scale near 
the bed by a factor of only 2 results in a prer fit to the data Further experimental verification of the length 
scale is needed to increase cofidence in the generality of the approach. Nevertheless, considering this and 
other types of uncertainty, b&in the model and the data, it is clear that the prediction does a reasonable job of 
reproducing the measurements, especially considering that all the information that went into applying the model 
at this site could easily be collected in a single day (a pebble count, a survey of the cross-section at the gage, and 
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The comparison between measured and computed bedIoad dk&rges is &own in F&we 3. Altbougb the 
scatter ln the measured values is ccmsiderablc. due to the achmI va&bZty &bedIoad transport rti ami to the 
inherent di&ulty ln making bedload flnx measurements ln a clumnel l&c LittIe Granite Cheek, it appears that 
the prcdhions of tbe Parker quatIo& when combined witb -1 geom&y and ‘a modeI reIa&g flow 
~geto~~~~~~~~~g~~oft~~d~~~a~~~- 
nels. In some sense, the s- of tbe Parker qua&m Is as&&d with some general slmihkiea in particle- 
sire distributions by gravel-bedded channels in that it *prediction ti.tbe total tlux of fediment in tbe cban- 
wl~w~-a~~~a~~~~~~s~~~~r.~a~~~~e~~~e 
size uscd in the q&on Is often &igibIe. In tbe case at Itan& the Dm of tbe surface Iayer cammt even enter 
the nozzle of a HeIIey-Smith sampler, but when the a&al fkcs of this cIas Is computed, oat crnds that the pro- 
babiity of a part& of tbat size encoontering the sampler is smaIL 

The approach dcxrii kerein Ia a reasonabIe way to predict stage- and bcdIoad discharge to flow 
discbargc reIations in &uatiom where measurements are not avaiIable as a rcstdt of logisticsI or economic con- 
strain&. Developing more confiince ie the technique v&II rquire a more complete ~derstanding of tbe near- 
bed hubuIence field and verit%ation of the generaI approach at other sita wbxe &Id data arc avaiIabIe. 
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LOW-FLOW SEDIMENT TRANSPORT IN THE COLORADO RIVER 

By John R. Gray, Supervisory Hydrologist, U.S. Geological Survey, 300 W. Congress Street, 
Tucson, Arizona 85701-1393; Robert H. Webb, Research Hydrologist, U.S. Geological Survey, 
1675 W. Anklam Road, Tucson, Arizona 85705; and David W. Hyndman, Department of Earth 
Sciences, Stanford, California 94305 

ABSTRACT 

In support of beachstability research, bedload and suspended sediment were measured during a 
steady flow of 5,880 ft3/s and receding flows from 12,100 to 5,660 fts/s in the Colorado River 
above National Canyon, near Supai, Arizona, October 7-12, 1989. During steady flows, 75 
percent of the mean total-sediment discharge of 138 t/d was in suspension and about half the 
total-sediment load was finer than 0.062 mm. Median grain sizes of bedload and bed material 
were 0.43 and 0.40 mm, respectively. Although steadyflow bedload transport varied from the 
mean by about 45 percent, suspendedsediment discharge remained constant within sampling error. 
Statistical analyses indicate that mean and median rates measured concurrently using the 
HelleySmith and BL-86-3 bedload samplers were not significantly different. At larger 
transport rates, however, the rates measured by the HelleySmith exceeded those measured by the 
BL-86-3. Transport rates from bedload samples collected with HelleySmith and BL-86-3 bedload 
samplers in sections 8 ft apart demonstrate no consistent autocorrelation or cross correlation. 
Cross-sectional bedload-transport rates measured concurrently or consecutively with the bedload 
samplers showed good agreement indicating that bedload varied by at least a factor of 2.4 
during the steady-flow period. Ninety-five percent of bedload transport during low flow 
occurred in the center one-third of the channel. 

INTRODUCTION 

Operation of Glen Canyon Dam since 1963 has significantly altered flow and sedimentation 
characteristics of the Colorado River in Grand Canyon National Park. Before 1963, the Colorado 
River carried a large suspendedsediment load through Grand Canyon National Park. Most of the 
sediment from the drainage area above the dam is now deposited in Lake Powell. 
Suspendedsediment concentrations in the Colorado River in Grand Canyon typically are less than 
200 mg/L, whereas concentrations commonly exceeded 10,000 mg/L between 1928 and 1959. 

Sand banks and bars used for camping beaches by rafters are composed of sand that was both 
deposited and eroded by the river. The riverbed serves as a reservoir of sand that is 
available to be transported to the beaches (Wilson, 1986, p. 5-133). The combination of daily 
flow variability, sediment-trapping characteristics at the dam, and fluvial sediment-transport 
mechanics has led to public concern over the long-term stability of the beaches on which 
rafters camp in Grand Canyon (Schmidt and Graf, 1987, p. 2-3). 

In an effort to evaluate the future of beaches in Grand Canyon National Park, a series of 
studies of hydrologic characteristics of the Colorado River called the Glen Canyon 
Environmental Studies took place from 1983 to 1986. A continuation of these studies started in 
October 1989 and is hereafter referred to as “October Studies.” The October Studies were 
conducted during flows resulting from a constant release of 6,000 ft3/s at Glen Canyon Dam 
during October 6-9, 1989. 

This paper describes results of one aspect of the October Studies-research of 
sediment-transport characteristics at the gaging station, 09404120 Colorado River above 
National Canyon, near Supai, Arizona, from October 7 through October 12, 1989. 
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CHARACTERISTICS IN GAGE REACH 

The gaging station is at river mile 166, about onequarter mile upstream from the mouth of 
National Canyon (fig. 1) in Grand Canyon National Park. National Rapid, at the mouth of 
National Canyon, controls the stagedischarge relation at the gage. For 2/3 mi upstream and 
1/3 mi downstream from the gage, the channel is relatively straight. A cableway from which all 
flow and sediment data are collected spans the river 250 ft upstream from the gage. The cross 
section at the cableway generally is trapezoidal with a surface width, mean depth, and mean 
cross-sectional velocity of 250 ft, 13 ft, and 1.8 ft/s, respectively, at flows near 
5,900 fts/s. Near 12,000 fts/s, these values increase to 270 ft, 16 ft, and 2.7 ft/s, 
respectively. Eddies occur within about 20 ft of each bank at these discharges. The discharge 
hydrograph for the gage for October 7-12, 1989, is shown in figure 2. Discharges from 8~00 
a.m. October 8 through 2~00 p.m. October 11 receded gradually from about 6,050 fts/s to 
about 5,800 ft’/s and are hereafter referred to as steady flow of 5,880 fts/s. 

This site was selected for sediment-transport research for three reasons. First, the 
stagedischarge relation is well defined and stable, permitting accurate estimates of discharge 
from the stagedischarge relation when discharge was not measured. Second, the relatively 
straight channel reach upstream from the gage theoretically minimized effects of secondary flow 
induced by bends on the spatial distribution of bedload. Third, previous knowledge of the site 
indicated that physical characteristics, primarily flow, bed configuration, and bed material, 
would be amenable for use with pressuredifference-type bedload samplers (Graf and others, 
1986, p. 561 to 5-70; W.B. Garrett, hydrologic technician, U.S. Geological Survey, oral 
commun., 1989). Potentially unique morphological and local hydraulic characteristics at this 
site preclude extrapolation of results described herein to other sites even under similar 
discharges. 

METHODS OF STUDY 

Suspendedsediment and bedload-transport data were collected to define temporal and spatial 
variability. Temporal and spatial variability of sediment transport, and particularly of 
bedload, can be large. Discharge was measured and bed material was sampled in support of 
sediment-transport measurements. 

Bed-material data were collected with a BM-54 bottom-material sampler (Edwards and Glysson, 
1988, p. 28-30) and the equal-width-increment method. The sampler was used once at a vertical 
unless no sediments were trapped, whereupon a second attempt was made to collect a sample. One 
bag per vertical was used to hold sediments for determinations of dry weight and grain&e 
distributions. Fifteen analyses of grain&e distributions were determined from bed-material 
samples collected during the October Studies. 

Bedload samples were collected with two pressuredifferential bedload samplers that have 
3-inch-square intakes. The two samplers were a 90pound HelleySmith bedload sampler with a 
3.22 flare-to-throat-area (expansion) ratio and a BL-86-3 bedload sampler with a 1.4 expansion 
ratio. 

The HelleySmith bedload sampler has been used extensively by the U.S. Geological Survey. This 
was the first field test of the BL-86-3 that bears the nozzleqlare dimensions tentatively 
adapted as a standard for bedload samplers by the Federal Interagency Sedimentation Project. 
Collection bags of 250micron mesh were used with both samplers. Samplers were left on the 
bottom for recorded periods that ranged from 120 to 190 seconds. Bedload-transport rates at a 
point were computed from samples using methods described by Edwards and Glysson ( 1988, p. 103). 
Grain-size distributions were determined from 61 bedload samples. A total of 390 
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determinations of bedload-transport 
rate per foot of width were 
made using cross-sectional-transit 
and repetitive fixed-vertical 
measurements. 

Theunequal-widthincrementmethod 
was used to collect bedload samples 
in transits for eight of ten deter- 
minations of bedload discharge (Ed- 
wards and Glysson, 1988, p. 99-107). 
Bedload discharge during the third 
and fourth transits were obtained 
using the a variation of the equal- 
width-increment method; five con- 
secutive measurements per vertical 
were made at each of six verticals, 
and a single measurement was made at 
a seventh vertical nearest the right 
bank. Simultaneous transits with 
both samplers were made with the 
BL-86-3 sampler about 8 ft to the 
right of the HelleySmith sampler. 
The BL-86-3 was used exclusively 
when a single transit was made. 

Evaluations of temporal bedload 
variability at fixed verticals in 
the measuring section were made on 
three separate days. Samples were 
collected simultaneously with the 

3 

35 

Figure I.-Location of study area and the Colorado 
River gaging station and number above National 
Canyon. near Supai, Arizona. 

Figure 2.-Lb’scharge hydrograph for Colorado River 
above National Canyon. near Supai. Arizona, October 
7-12, 1989. 

BL-86-3 sampler about 8 ft to the right of the HelleySmith sampler. Repetitive sampling 
produced bedload data pairs of 50, 30, and 15 observations. Bedload-transport rates for 
fixed verticals were determined from samples collected by this method. 

Differences in sampling efficiency between samplers with expansion ratios of 1.4 and 3.22 have 
not been completely quantified but are likely to be small compared with potential errors 
inherent in bedload sampling (Harvey Jobson, hydrologist, U.S. Geological Survey, written 
commun., 1990). An analysis of results from samples collected concurrently during transits and 
fixed-vertical sampling with the HelleySmith and BL-86-3 samplers was made to evaluate the 
effect of different samplers on calculated bedload-transport rates. Bedload-transport rates 
calculated from repetitive sampling in fixed verticals can be biased if bedload transport at 
sites 8 ft apart differ significantly. Paired samples collected during transits presumably 
would be less susceptible to this type of bias unless the distribution of bedload transport 
over the cross section was markedly asymmetrical. 

Six suspendedsediment discharge measurements were made with a D-74 depth-integrating sampler 
at flows ranging from 5,880 fts/s to 11,200 fts/s. The equaldischarge-increment method 
(Edwards and Glysson, 1988, p. 54-61) with five verticals per transit was used. 
Suspendedsediment samples were analyzed for concentrations and for percentage of sediments 
finer than 0.062 mm in diameter. 
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BEDLOAD 

Of the 390 bedload samples collected, 155 were paired samples collected with the HelleySmith 
and BL-86-3 bedload samplers. Ninety-five pairs were obtained by repetitive sampling from 
fixed verticals (table I), and 60 were collected during all or parts of transit numbers l-10 
(table 2). The median grain size of bedload from 61 randomly selected samples from both 
samplers was 0.43 mm in diameter, and about 90 percent of bedload was between 0.25 and 1.0 mm 

Table I.-Results of repetitive sampling from fixed verticals from three data-collection 
periods at Colorado River above National Canyon. near Supai, Arizona 

BedlOad transport, 
in tons per day per foot 

Wean 
dis- 

charge, Stand- 
Time in cubic NUllbW ard 

feet per FIOY sampler Of devia- Maxi- Mini- 
*ate Start End second regime type Station sanples Wean Median tion nun mw 

10-w-w 1045 1544 5,880 Steady Helley-Smith 1141 50 0.76 0.56 0.61 2.20 0.03 
BL-86-3 1149 50 0.70 0.65 0.48 2.02 0.07 

10-11-89 1126 1427 5.880 Steady Helley-Smith 130 30 0.56 0.47 0.50 1.79 0.01 
EL-e&3 13a 30 0.46 0.41 0.31 1.19 0.03 

10-12-89 1606 1710 7,950 FaLLing HeLLey-Smith 130 15 0.85 0.72 0.68 2.11 0.07 
BL-86-3 138 15 0.59 0.46 0.46 1.87 0.09 

'The first four samples were collected several feet left of these stations. 

Table Z.-Summary of bedload-transit data and associated characteristics at Colorado River 
above National Canyon, near Supai, Arizona 

Sunnary of individual verticals' 

"earl 
dis- 

charge. 
in chic 

sun'. Maximan, Wandad 
in in tom deviation. 

Nmk.3 tcms oer dav in tax 

: 10-08-89 10-08-89 

t 10-10-89 10-10-89 
5 10-10-89 

; 10-10-89 10-11-89 
a 10-11-89 
9 10-11-89 

10 10-11-89 
10-12-89 
10-12-89 

0806 1008 5,880 We.++ BL-86-3 
1014 1133 5,880 Steady BL-86-3 
0741 1049 5,880 steady nelley-Smith 
0741 1049 5,880 Steady BL-86-3 
1054 1206 5,880 steady Helley-Smith 
1054 1206 5,880 steady BL-86-3 
lb26 1755 5,880 steady BL-86-3 
1635 1755 5,880 steady Helley-Smith 
1801 1829 5,880 Sturdy BL-86-3 
1801 1829 5,880 steady Helley-Snith 
0912 1028 11,700 Receding BL-86-3 
1033 1147 10,900 Receding BL-86-3 

14 
13 

: 
12 
12 

39.5 1.02 
33.5 1.34 

Sr3.1 '1.79 
%l.O 40.97 
33.3 1.86 
34.4 0.98 
42.9 1.18 
50.9 1.04 

41.3 1.61 0.40 
33.1 1.35 0.31 

0.54 
0.35 
0.42 
0.41 

l2er0 bedload transport YBB measured in at Least cne vertical of each transit. 
%unwd bedload from individual verticals is ueighted for subsection width. 
%ive consecutive samples were collected in each of the Left six verticals. pi single sample was collected 

at the seventh vertical. 
%%imm value is for a single masurement within a vertical. 
boss-sectionaL transits were rot cmplefed &e to darkness. 

4-66 



in diameter (medium to coarse sand). 
Although a mean of about 4 percent 
of bedload collected was finer than 
0.25 mm in diameter, this value 

Table 3.-Combined results from fixed-vertical and 
cross-sectional bedload measurements during stready 
flow from 155 paired samples at Colorado River above 
National Canyon, near Supai, Arizona, October 8-l I, 

should represent a minimum because 
the 250-micron mesh collection bag 
is designed to pass material finer 
than 0.25 mm in diameter. Median 
bed-material grainsize diameter was 
0.40 mm. Grain-size data and the 
fact that flow was subcritical 
indicate that sand dunes or ripples 
formed the bed of the river. 

1989 

sedb3-J tmnscort. in t** cer dav oer foot 

Standard 
Sader aem &dim deviaticn Maxim7 Mininun 

Helky-Smith 0.53 0.30 0.57 2.20 
st-86-3 .4.5 3 4.4 2.02 : 

Samoler Comoarison L 2.5 

2 ? 
$% 2.0 

The relative efficiency of the 2 2 6 ,,s 
q SINGLE VERTICAL PAIRED 

HelleySmith and BL-86-3 samplers 
was compared using the 155 paired 

2 2 9 
5 $ o 1.0 

bedload-transport rates. Mean and 2 I E 
median bedload-transport rates # b 5 0.5 
measured by the BL-86-3 were 88 and z $ a 
126 percent, respectively, of those : g 5 ’ 
measuredbytheHelleySmithsampler s!Yp 
(table 3). 

i $ g -0.5 
u.lu?~ 0 <z -1.0 

A t-test accepted the null hypo- E $- 
thesis that the mean of the differ- Z$ -1.5 
ences was equal to zero, and the &” 
Wilcoxon test found no significant cI 20 

0 0.5 1.0 1.5 2.0 2.5 
differences in median values 

However, a review of 
BEDLOAD-TRANSPORT RATE MEASURED BY THE 

(T<O.OS). HELLEY-SMITH SAMPLER, IN TONS PER DAY PER FOOT 
differences determined from 
concurrent bedload measurements Figure 3.-Relation of differences in bedload- 
plotted against HelleySmith transport rates consecutively measured with ~the 
transport rates in figure 3 shows HelleySmith and BL-86-3 samplers to those measured 
that the Helley-Smith sampler tended with the HelleySmith sampler at Colorado River 
to collect less bedload than the above National Canyon. near Supai, Arizona. 
BL-86-3 at smaller transport rates 
and more bedload at larger transport rates. This trend is evident from data obtained by 
fixed-vertical and transit methods. The linear regression equation using all 155 paired data 
that best describes this trend is 

BL = 0.24H.S + 0.33, 

where BL and HS are bedload-transport rates measured in tons per day per foot of width for the 
BL-86-3 and HelleySmith bedload samplers, respectively. The coefficient of determination for 
this equation equals 52 percent. 

If larger bedload-transport rates correspond to larger flow velocities during fluctuations 
within 0.25 ft of the streambed, the different expansion ratios associated with each sampler 
could be responsible for the disparity in rates measured by the samplers. The larger expansion 
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ratio of the HelleySmith may result in larger negative pressures induced by larger flow 
velocities past the nozzle flare with respect to that occurring under similar conditions with 
the BL-86-3. At lower local-flow velocities, effects of reduced negative pressures may be 
masked by other differences in sampler characteristics. This could result in the Helley-Smith 
being more efficient at larger local-flow velocities (a “vacuuming” effect) and less efficient 
at smaller local-flow velocities, with respect to the BL-86-3. The sand-size bed material 
would presumably be more susceptible to “vacuuming” than would the coarser-grained material. 

Uncertainties related to the absolute sampling efficiency of both samplers under the conditions 
used precluded the application of coefficients to transport rates measured by either sampler. 
Hence, no adjustments based on relative sampler performance were made to transport rates in 
ensuing analyses. 

Bedload-transport rates generally vary considerably with time in a cydic manner at all points 
of transport in a stream cross section, even during steady-flow conditions (Hubbell and 
Stevens, 1986, p. 4-20; Carey, 1986, p. 4-131 to 4-140). This inherent variability affects the 
accuracy of bedload measurements, particularly when few samples are collected. To characterize 
bedload variability, a combination of temporal (fixed-vertical) and spatial (cross-sectional) 
sampling was used. 

Temporal Variability 

Bedload-transport rates from individual samples collected with both samplers from fixed 
verticals are shown in figure 4. Results from each sampler were evaluated without adjustments 
for variations in sampling interval, which averaged about 6 minutes. Lag-l autocorrelation and 
lag-zero cross-correlation analyses were performed on consecutively and concurrently measured 
bedload-transport rates, respectively, to evaluate temporal trends. 

OCTOBER 9,1989 

!!wj 

OCTOBERli,iSS$ 
I I I I I 

l-44 
I I I 

- HELLEY-SMITH 

1 --- BL-88-3 -1 

OCTOBER l&l989 

0 
10 11 12 13 14 16 16 11 12 13 14 15 16 17 18 

TIME, IN HOURS 

Figure 4.-Temporal variability in bedload-transport rates between the HelleySmith and BL-86-3 
samplers at Colorado River above National Canyon, near Supai, Arizona. 
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Lag-l autocorrelation values for the 50 and 30 fixed-vertical steadyAow sample sets collected 
using the HelleySmith sampler (table 1) were 0.49 and 0.25, respectively. For the BL-86-3 
sampler, these values were 0.03 and 0.35, respectively. Lag-l autocorrelations for paired data 
collected during receding flow on October 12 had values of -0.19 and 0.13, with the larger 
value obtained from the HelleySmith. These results indicate an inconsistent lag-l 
autocorrelation in the three time series for both samplers. Similar results from 
fixed-vertical bedload studies have been expressed qualitatively by other researchers (Carey, 
1986; Edwards and Glysson, 1988; Hubbell and Stevens, 1986). 

Lag-zero cross correlations were performed on data obtained concurrently by each sampler for 
the three fixed-vertical data sets (table 1). Lag-zero cross correlation values of 0.05 and 
0.36 were calculated from the first and second steady-flow fixed-vertical measurements, 
respectively. A cross-correlation value of -0.35 was calculated for the receding flow 
measurements on October 12. The data show a lack of a consistent cross correlation in 
bedload-transport rates measured consecutively at points 8 ft apart. 

Data collected during transits l-10 (table 2) made during steady flow are available to define 
temporal variability in steadynow bedload transport. Low-flow bedload-transport rates at the 
gage averaged 35 t/d and ranged from 21 to 51 t/d. Although the maximum value exceeded the 
minimum by 240 percent, rates measured concurrently by the BL-86-3 varied from those measured 
by the HelleySmith by -10, 3, and -19 percent for transits 3 and 4, 5 and 6, and 7 and 8, 
respectively. Consecutively measured mean rates using the BL-86-3 sampler varied by 17 and 53 
percent during steady flow and by 25 percent during receding flow. The close agreement between 
results from concurrently collected bedload transits suggests that the rate measured 
approximated the actual bedload rate during the sampling period. 

Disparities between consecutively collected bedload transits indicate that bedload rates were 
changing over the sampling period. The total range measured might be a crude measure of 
variability in bedload transport during steady flows of 5,880 fts/s at this site. 

Spatial Variability 

According to Edwards and Glysson (1988, p. 94). there is little basis for predicting the 
cross-sectional distribution of bedload transport, even during steady flow. Cross-sectional 
bedload rates varied considerably within each transit during the October Studies. All bedload 
data collected during the steady-flow period were used to evaluate spatial variability of 
bedload over 4 days. 

Results from 155 paired steadynow bedload samples were combined in even IO-foot intervals in 
the cross section (referenced to zero feet at a point landward of the left bank and referred to 
as “stations”) for analysis. Box and whisker plots were generated for all transport-rate 
values within the IO-foot intervals (fig. 5). Effectively all steady-flow-bedload transport 
occurred between stations 80 and 200, or in about half the 250-foot river width. Ninetyxive 
percent of transport occurred in an 80-foot section between stations 100 and 180. Mean and 
median transport in these eight IO-foot intervals were 0.44 and 0.51 (t/d)/ft, respectively, 
with a standard deviation of 0.19 (t/d)/ft. Mean and median transport rates for adjacent 
IO-foot sections show lag-l autocorrelations of 0.85 and 0.81, respectively. The data indicate 
that: in spite of large temporal and spatial variations between individual bedload 
measurements, even during steady flow, the spatial distribution of bedload transport was 
relatively continuous and mostly confined to the center one-third of the river width. 
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Figure L-Box and whisker ~101s showing distribution of bedload over cross section during 
steady flow of 5,880 cubic feet per second at Colorado River above National Canyon, near 
Supai, Arizona, October 8-11, 1989. 

Table 4.-Summary of suspended-sediment data and associated characteristics 
at Colorado River above National Canyon, near Supai, Arizona 

oate Time 

nean 
dis- 

charge, 
in chic 
feet per 
oeclmd 

Flar 
regime 

Suqmded sediment 

Lean 
cwentratia, ltlSta”taWOiS Grain size 

in discharge, finer than 
milligrams in tciw 0.062 1~11, 
per liter per w in percent 

10-07-69 1215 
10-06-69 1100 
10-09-69 0900 
lo-lo-69 1600 

10-11-69 o+%io 10-12-69 1140 

11,200 
5.880 
5.660 
?E 

10:600 

Receding 
steady 
ste&zly 
steady 

St-e kcedinp 

39 
: 

7 

36: 

1,160 
110 
110 
110 

10.4: 

6’: 
58 
92 

SUSPENDED SEDIMENT 

Meancrosssectionalvaluesforsuspendedsedimentconcentration,suspendedsediment discharge, 
and the fraction of sediments finer than 0.062 mm in diameter are given in table 4. Mean 
concentration values ranged from 5 to 363 mg/L. Instantaneous suspendedsediment discharges 
ranged from 79 to 10,400 t/d. Median particlesize values ranged from 54 to 92 percent 
material finer than 0.062 mm. Largest mean concentration, instantaneous suspendedsediment 
discharge, and the largest percentage of fine material were associated with the October 12 
measurement, which followed tributary stormflows to the Colorado River. The mean concentration 
of 6.5 mg/L based on four steadyflow measurements corresponds to a mean suspendedsediment 
discharge of 103 t/d. Suspendedsediment concentrations remained essentially constant during 
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the Iow-fIow period, with a standard deviation of 1 mg/L from the four concentration values. 
One milligram per liter is within sampling, analytical, and rounding errors. 

TOTAL LOAD 

Total sediment discharge is the sum of suspendedsediment discharge and bedload discharge, 
although true “bedload” might be underestimated or overestimated based on bedload samples. 
Errors in bedload estimation are minimized when sampling depths exceed 3 ft (W.P. Carey and 
D.W. Hubbell, hydrologists, U.S. Geological Survey, written commun., 1990) and therefore were 
not considered to be significant during the October Studies. 

During the steady-flow period, the mean suspendedsediment discharge was 103 t/d, and mean 
bedload-transport rate was 35 t/d. Addition of these values yields a mean totalsediment 
discharge of 138 t/d based on measurements during the low-flow period. Suspendedsediment 
discharge composed 75 percent of total-sediment discharge. Seventy percent of suspended 
sediments transported were finer than 0.062 mm. Therefore, about half the totalsediment 
discharge during the low-flow period was finer than sand&e material. 

CONCLUSIONS 

Bedload and suspended sediment were measured during a steady flow of 5,880 fts/s and receding 
flows from 12,100 and 5,660 fts/s in the Colorado River above National Canyon near Supai, 
Arizona, October 7-12, 1989. Relative efficiencies of the HelleySmith and BL-86-3 bedload 
samplers were not consistent over the range of transport rates ~during the steady-flow period 
and likely introduced some bias in the results. However, results of hypotheses testing failed 
to show that mean and median rates measured by the bedload samplers were significantly 
different. Transport rates from bedload samples collected with HelleySmith and BL-86-3 
samplers in sections 8 ft apart showed no consistent lag-l autocorrelation or cross 
correlation. Crosssectional bedload-transport rates measured concurrently or consecutively 
with the bedload samplers, however, showed good agreement, suggesting that bedload 
cross-sectional sampling techniques may yield acceptable results in spite of local spatial and 
temporal variability. The distribution of median values of bedload-transport rates in IO-foot 
intervals during steady flow, which resembles a bell-shaped curve, indicates general spatial 
stability in large-scale bedload-transport rates under the conditions measured in contrast to 
large variability typically associated with individual measurements. 
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CONSTRUCTION EFFECTS ON SEDIMENT FOR 'IWO BASINS IN PUERTO RICO 

Allen Gellis, U.S. Geological Survey, PO Box 364424, San Juan, PR 00936 

ABSTRACT 

Construction activities in expanding urban areas may produce large quantities 
of sediment. Construction in the Rio Piedras basin, which drains part of San 
Juan, themainurban center of PuertoRico, isproceedingrapidly. It is estimated 
that in the year 2000 the basinwillbe completely urbanized. Suspended-sediment 
data collected near construction areas in the Rio Piedras basin, Puerto Rico, 
indicate suspended-sediment concentrations as high as 50,000 to 80,000 milligrams 
per liter and sediment yields from 21,600 to 33,200 tons per square mile per 
year. 

The contribution of sediment from one construction site was documented during a 
small runoff event in a tributary to the Rio Grade de Loiza. During the event, 
suspended-sedimentconcentrationsweremuchhigherdownstreamofthe construction 
site than upstream, and about a ton of sediment was delivered to the stream from 
the construction site. 

The Rio Grande de Loiza basin, which borders the Rio Piedras basin, contains San 
Juan's major water-supply reservoir, Lag0 Loiza. Since impoundment in 1954, 
sediment has been accumulating in the reservoir at an exponential rate. Land 
development in the basin over the last 25 years may be the major factor affecting 
the reservoir's sedimentation rate. Sediment supplied from development of the 
Caguas area could have significantly contributed to the loss of capacity of the 
reservoir. 

INTRODUCTION 

The San Juan metropolitan area has experienced rapid growth over the last twenty 
years. The number of housing units in the Metropolitan area increased from 
134,000 in 1970 to 156,000 in 1980 (U.S. Department of Commerce, 1982). This 
represents a shift in population to the suburban areas from the central city, 
whichgrewmore slowly. For example, in the suburbanarea of Cupey, the population 
increased 44 percent between 1970 and 1980 (U.S. Department of c~merce, 1982). 
As a result of this population shift, developers are building in remaining areas 
that are largely rural. The Rio Piedras basin (fig. l), which drains an area 
of 26 square miles into the San Juan Harbor has been heavily affected by the 
expansion of metropolitan San Juan. About 75 percent of the basin is developed 
and the remaining 25 percent is expected to be developed by the year 2000 (U.S. 
Army Corps of Engineers, 1984). 

The proximity of the Lago Loiza basin, which has a drainage area of 209 mi (square 
miles), to metropolitan San Juan (fig. 1) has also made it susceptible to 
development. Changes in land use have radically transformed the basin in the 
last 60 years. The amount of land devoted to agriculture in the basin peaked 
in the 1950's (Brockman, 1952). Since then, large quantities of agricultural 
land have been taken out of production or developed. The population in Caguas, 
the major urban area in the basin, grew from 48,000 in 1930 to 188,000 in 1980, 
a 292 percent increase. The Caguas urban area nearly doubled in size between 
1964 and 1982. Construction of housing developments is continuing in Caguas and 
other municipalities in the Lago Loiza basin. Associated with this increase in 
urban development has been an increase in sand and gravel mining operations in 
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EXPLANA TION 

SEDIMENT STATlO 

Study 
Area \ 

the basinthatare needed to supply developers withconstructionmaterials (Puerto 
Rico Environmental Quality Board, 1978). 

Steep slopes, high annual rainfall, and thick weathered soils in the Rio Piedras 
and Lago Loiza basins provide a high natural level of sediment production (Nevares 
and Dunlap, 1948; Arnow and Bogart, 1959; Simon and Gum&-Rios, 1990). The 
expansion and development associated with urban growth in these basins add to 
this already high level of sediment production and may cause serious problems. 
One of the most critical problems being reservoir sedimentation. 

The major water-supply reservoir for San Juan, Lago Loiza (fig. 1). has lost 70 
percent of its capacity in the last 36 years and may be rendered useless as early 
as 2000 (Quiiiones and others, 1989: Collar and Guzi+a-Rice, 1991). It is believed 
that urban development in the basin may have contributed to the rapid rate of 
sedimentation in Lago Loiza. 

Although the problem of sedimentation in Lago Loiza was recognized in the past 
(Quiiiones and others, 1989), the problem has become a major concern for the 
Puerto Rico Aqueduct and Sewer Authority, which has recently initiated several 
sediment mitigation strategies. 
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SUSPENDED SEDIMENT FROM CONSTRUCTION SITES 

Suspended-sediment samples were collected near sites that have been cleared for 
development in the Rio Piedras basin (fig. 1) and in Quebrada Salvatierra, a 
tributary to the Rio Grade de Loiza (station 51180 in fig. 1). These samples 
were collected using depth-integrated bridge samplers, hand-held samplers, and 
automatic suspended-sediment sampling devices. 

Rio Piedras 

Two sediment data-collection stations were established in the Rio Piedras basin 
in water year 1988 (fig. 1). The farthest upstream station, Rio Piedras at El 
Seiiorial (station 48770 in fig. l), is located adjacent to a housing development 
that increased in size from 400 to 700 acres during 1986 to 1988. Comparison 
of the suspended-sediment rating curves (fig. 2) for El Seiiorial and Rio Piedras 
at Rio Piedras (station 49000 in fig. 1). may be made using an equal runoff 
Value, referred to as a normalized discharge. At a normalized discharge of 100 
ft3lslmi2. the suspended-sediment concentration at El Sefiorial is 28,000 mg/L 
(milligram* per liter) (fig. 2). At this same normalized discharge the 
suspended-sediment concentration at Rio Piedras at Rio Piedras is 12,000 mg/L. 
At higher flows the suspended-sediment concentration at El Setiorial has been as 
high as 80,000 mg/L (fig. 2). 

For purposes of comparison to the Rio Piedras basin, a suspended-sediment curve 
for a station draining a largely rural area, Rio Cayaguas at Cerro Gordo (station 
51310 in fig. 1) is included in figure 2. The Rio Cayaguas basin is about 77 
percent pasture, 22 percent forest, and 1 percent urban. At the same normalized 
discharge selected in the Rio Piedras basin, (100 ft3/s/mi2), the suspended- 
sediment concentration is much lower, 3,200 mg/L (fig. 2). The highest 
concentration recorded at Rio Cayaguas was 9,000 mg/L (fig. 2). Therefore, at 
the same normalized discharge, the station in largely urban Rio Piedras basin, 
had sediment concentrations about 4 to over 8 times higher than those at the 
station in the rural Rio Cayaguas basin. 

For a 18-month period in 1988-89 the total sediment load at Rio Piedras at El 
Sefiorial was 372,600 tons or 33,200 t/mi/yr (tons per square mile per year). At 
Rio Piedras at Rio Piedras for a two year period, 1988-89, the total load was 
540,000 tons or 21,600 t/mi/yr. At Rio Cayaguas the sediment yield for water 
years 1984 through 1986 was 6,880 t/mi/yr. Therefore, the sediment yields in 
the Rio Piedras basin in 1988-89 were 3 to 5 time greater than the sediment yield 
in Rio Cayaguas during 1984-86. The difference in sediment yields between Rio 
Piedras at Rio Piedras and Rio Cayaguas for these two periods is 26,280 t/mi/yr. 
Assuming that the two periods are hydrologically equivalent in repect to sediment 
productionandtherewere no substantialupstreamsediment *ourc** at El Sefiorial, 
and that the sediment yield from Rio Cayaguas represents a background level, 
then depending on the area of the construction site (400 to 700 acres), it may 
have supplied between 24,000 and 42,000 t/mi/yr. This is similar to the range 
of 25,000 to 50,000 t/mi/yr. reported by Guy and Ferguson (1962) for construction 
areas near Washington, D.C. 

Quebrada Salvatierra 

In Quebrada Salvatierra (drainage area of 3.74 mi2), a tributary to the Rio 
Grande de Loiza (station 51180 in fig. 1). the effects of runoff from a cleared 
area on suspended-sediment concentration* was documented in April 1990. Eighty 
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feet upstream of the sediment 
station, 10 acres had been 
cleared for development (fig. 
3). During a localized 
rainstorm on April 19, 1990, 
0.5 inch of rain fell in 30 
minutes near the station. 
Highly turbid water was ob- 
served flowing into the channel 
from the construction site. 
Suspended-sediment SXlplf?S 
were collected at two loca- 
tions, upstream (site A in fig. 
3) and downstream of the con- 
struction area (site B in fig. 
3). Two samples also were 
collected from runoff that 
flowed onto the road from the 
construction area (site C in 
fig. 3). 

A plot of suspended-sediment 
concentrations with time at sites A and B is shown in figure 4. The rain ceased 
at 11:45 a.m. Suspended-sediment concentrations in samples collected between 
11:15 and 11:30 am, when considerable runoff was still occurring, indicate that 
suspended-sediment concentrations downstream of the development (site B) were 
as high as 10,000 mg/L. Suspended-sediment concentrations were between 100 and 
200 mg/L upstream of the construction site (site A). Runoff ceased around 12:OO 
noon, after which the upstream and downstream suspended-sediment concentrations 
were both about 600 rug/L. The total contribution of sediment from the 
construction site during this event was approximately a ton. 

One runoff sample collected at each 
site was analyzed for particle size 
(table 1). All three stations had 
small percentages of sand in 
suspension. However, striking dif- 
ferences in percentages of fines 
was apparent. Upstream of the 
construction site, 70 percent of 
the sediment was finer than 0.002 
nun (millimeters) and was mostly 
very fine clay and colloid par- 
titles. Only 19 percent of the 
sediment had particle sizes in this 
range downstream of the cosntruc- 
tion (site B). As a. result of 
construction activities, 
suspended-sediment concentrations 
downstream from the construction 
site were much higher than those 
upstream of the construction site 
and suspended-sediment particles 
generally were much larger, in the 
silt and clay ranges. The size of 
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this construction site was small (3 acres) but the large construction sites 
related to urbanization projects in Caguas and Gurabo (100 acres) might be 
expected to produce suspended-sediment concentrations comparable to those at 
this site or the site on Rio Piedras (fig. 2). 

SEDIMENTATION OF LAG0 LOIZA 

Lago Loiza, which provides about 50 percent of the public water supply for San 
JUXI, has lost 70 percent of its storage capacity (21,700 acre-feet) since 
completion in 1953 (Quiiiones and others, 1989; Collar and Gum&n-Rio*, 1991). 
An evaluation of past bathymetric surveys by Collar and Guzm&n-Rios (1991) has 
shown that the reservoir is filling at an exponential rate and will probably be 
filled with sediment before the year 2000. 

A possible explanation for the exponential increase in the sedimentation rate 
of Lago Loiza may be the increasing rate of land development in the basin. An 
increases in the sedimentation rate from 3.68t010.42 acre-feetperyear occurred 
at Lake Barcroft, Virginia, when the drainage basin became developed (Guy and 
Ferguson, 1962). Total area of development in the Caguas area was estimated 
from topographic maps to be 1,200 acres between 1964 to 1982. Using the highest 
sediment yields calculated from the construction area at Rio Piedras at El 
Seiiorial, 42,000 t/mi/yr, and assuming similar sediment delivery occurred during 
construction in Caguas if all the area were under development, then an estimated 
79,000 t/mi/yr of sediment might have been produced from the 1,200 acres. This 
development in Caguas couldhave reducedthe capacity of Lago Loizaby 76 acre-feet 
or 0.4 percent of the original capacity of 21,700 acre-feet per year during this 
period. If these estimates are accurate, the contribution of sediment from 
Caguas would represent about 17 percent of the yearly average rate of 
sedimentation for Lag0 Loiza of 439 acre-feet per year (Quifiones and others, 
1989). While it is obviously not possible for all the 1,200 acres to have been 
under construction for the period 1964 to 1982, and probably not even in 1 year, 
it can be seen that the contribution from this area to sediment of the reservoir 
might be significant. 

Other anthropogenic sediment sources in the Lago Loiza basin are sand and gravel 
mining operations and agriculture. Sand and gravel, important commodities in 
Puerto Rico, are mined from stream channels, on floodplains, and on hillslopes. 
Although there is little agriculture in the basin, sediment may be introduced 
when steep slopes are farmedor grazed, andwhenvegetation is burned for clearing. 
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CONCLUSION 

Puerto Rico's largest city, San Juan, has experienced major urban growth in 
recent years. 'IWO stations affected by this development, Rio Piedras at El 
Ser'iorial and Rio Piedras at Rio Piedras, had sediment yields in 1988-89 ranging 
from 21,600 to 33,160 t/mi/yr. This rate is 3 to 5 times greater than the 
sediment yield from a largely rural basin, Rio Cayaguas. In a stream in the 
Lago Loiza watershed, suspended-sediment concentrations collected below a 
construction site during one runoff event were much greater than the 
suspended-sediment concentration* collected upstream of the site. 

The rapid rate of sedimentation of Lago Loiza may be attributable in large part 
to runoff from construction sites related to urban development whichhas increased 
in the last 25 years in the basin. Construction sites in Puerto Rico have been 
shown to produce much larger concentration* of suspended-sediment in runoff than 
non-construction areas. The need for documenting the effect of construction and 
other land use practices on reservoir sedimentation has prompted the Puerto Rico 
Aqueduct and Sewer Authority to fund additional research. 
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SED~ TRANS~ IN THE m MISSISSIPPI RIVER, 1983-85 

By C.R. DeMs and D.K. l&mAe&,U.S. Geological Survey, BaknRowe, 
Louisiana; ardPhilipB. Curwick, Fcotech, Batctl Rouge, Louisiana 

An intensive suspended-sediment study was cza&ded fran Nwember 1983 to 
Februaq 1985 alcxq a 475.6 kilawker reach of the lower Mississi~i River fmn 
mar the mouth at Venice, Louisiana, toTxberk Land@, Mississippi. St4lpleS 
were collect03 duriq steady-flow ccnditicns of the river to describe steady- 
state suspended-sediment trm characteristics. 

Ina~directicm,total suspended-sedimxtcaxentratiaxdexeae&by 
as much as 85 percent at flows less than 14,200 m3/s (cubic meters par secnnd) 
and increased as nuch as 44 percent at flcws greater than 19,800 ma/s. Total 
suqenkd-eediw&ccrzentraticnshxeased at flcws less than 14,200 m3/s with 
asmchas 84,ooO~/d(~~~perday)ofsedimentbe~depositedinthe 
river, but ircmasd at flows greater than 19,800 m3/s with as nnxh as 168,OXl 
m/d of sediment beiq resuspended fran the riverbed. -ally, depcsiticm 
and resuspensicm were caused by the fines fracticn ((0.063 m, millimeter) of 
the total suspendsd gediment. 

S~~(>0.063~),in~~~,indicated~~ina~ 
directialdurilxJany0fthaf1cwazlYditialsmeasured. -win 
total suspended-m tcxncentiti~indicatethatthebedofthel- 
Mississi~i River serves asasMtfor sedimepts during flows less than 14,200 
mJ/s and a source durirg flavs greater than 14,200 m3/s. 

IMWLXKTIION 

InterastintheuseofMississiFpiRiverwaterandsedimenttomitigatecoastal 
erc6im ard minimize theeffectsofsediwntati~onnavigaticnpmtptedthe 
study of suspended-sediment tranqw.-t (SST) characteristics of the l- 
Mississippi River in Icdsiana. studies by Everett Cl9711 and wells Cl9801 
indicated that cnxxntrati~oftotalsuspended-sedhznt(TSS)dezeas&ina 
~~~inthelawerMississippiRiveratflowslessthan17,000 
mz/s and m in a m directia-~ at flows greater than 17,COO m3/s. 
However, Wells [1980] had M infonnaticn cm SST at flows greater than 17,OCXl 
m3/s, &both studies-basedan a snallnukerof sa@es. 

In an attenpt to verify Everett's Cl9711 original findings, an intensive sus- 
peded-sedimnt (SS) shdy to define steady-flow SST charactw?istics of the 
lower Mississimi River was ccniucted from Mvember 1983 to Februaq 1985. 
This rem verifies !&erett's Cl9711 findiqs and describes SST charackhs- 
tics durin3 steady-flow ccrniitians. Previcus investigaticms have cnly-id- 
ered trenaport characteristics of tctal SS. -, this report addressas 
~tal suspended -t (%S), m =-a (==I and suspended fines (SF) 
which consist primarily of silt and clay. 

STUDYRl3C-I 

The study area of the lower Mississippi Rim extends franTa?kx-tLatYiing, 
Miss., to near the mxth at Venice, La., (fig. 1) exapassiq a total of 475.6 
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river kilaneters (km). Thisreachof thsrivsris kdsredwithlW0ssfor 
alncsttheentire1e Also, m b3xtariss or distributaries of any 
si~ficanceeslterorleavetheriverinthisrea~. Riveroharmeldepthsere 
maintained at 3.7m @&srs) fruu Tarbsrt Lsdirg tu Baten Rcuge snd 12.9 m 
fmnBatiRougetoVen.ice fornavigaticn. Depths -3Qm-m 
alongmanyofvIekrds ttun@-mt the entire study ?zeaoh. stream velccities 
range fran less than 0.6 m/s (mster per scccmd) to greater than 2.4 m/s, 
~pdi.ngCnstaga andl0cation; averagsvelc&tyis appximatelyO.7m/s. 

The 1awerMississippi Rivergensrallyrisss in late fallorssrlytitsr sndin 
early s@.ngi The spring rise gemrally has a higher peak diw, and the 
highwatsrmsylastuntilmi~. Apericd of lcwwatsrthsn follows until 
late fall, and the cycle is repsated. Steady flow w manytimesauringthe 
yearbecausetheriver~l~asareservoirardcan~significant 
anmmts of water that buffer stagschangs~. 
fo11awirg data that wel?s recorded 

Staady flow is i.rdicatsd by the 
at Red River Landing, La.: 
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Date of 
sanplingtrip 

Mississippi River stage (meters) Peroent 
Initial Final change 

N3vember 14-18, 1983 6.22 6.37 2.4 
October 15-19, 1984 5.67 5.73 1.1 
Narember 5-9, 1984 10.79 11.49 6.5 
Lxcalbr 3-7, 1984 12.04 12.01 .2 

May l-5, 1984 15.85 15.58 Jammry 7-10, 1985 13.75 14.36 t:: 

Sanplas for the analysis of SS - collected at eight lcng-term etOr* 
sites arid rnrmeraus miscallanecus sites alcrg the study reach kq-t.em 
~~~siteswerethslowerMississiFpiRiverat~nearTarbertL~, 
St. Frarzisville, Plaqumine, unia~, Luliq, Belle Chasse, Wast Pointe a la 
Ha&e, and Vanica (fig. 1). Five equal-widt?~ * tdepth-integrated SS 
z%aIples WmFe cmlle&ed in the cress sectim at each site and analyzed 
i.r~%viduallyforsamiardfines arxzentrati~ and particle-size distritxkicm. 

samplesfmnmiscellaIlems sitesalsowe?zemllactadasfrequentlyasevery8 
kmandanalyzedforallysandandfines ccmentxaticns. Threedspth-integrated 
SS san@les ware collected in the centroid of flew, bracketing the thalvq of 
tk? channel. M ss samples-collected in afeas ofsaltwaterbecausethis 
iryiicated tk? l2pstmm f1mof saawaw. 

All SS samples wars collected with an 8-liter cd.la@ble-bag sm@er similar 
totbacneueedbystevems end othrs [1980], r.&rdin and omers c19831, and 
tichey and others [1986]. In tb field, aanplas were ssparated into sand 
(>0.063 mn) and fines (<0.063 mn) fracticms ty wet sieving thmugh a 20- 
centimter brass U.S. S&&cd No. 230 sieve. Samples were analyzed at a U.S. 
Gaulcgical survey sadhentlatmratnryacmxdiqtomthodsdsscribedbyGuy 
[1969] and the U.S. Amy Corps of Z+@nexs 119701. 

of the trip at Belle CIhasse and West pointe a la Hacha to dat8rmina averaga 
~tcip flow ccediticms for the study reach. Measurenents also were made at 
intenwdiate sites, dapendiq qxm tima available and river staga. Tha dis- 

%?%?d%Q 
measureddiafor 

scuas~oosof datacmllacti~ areprasantedby 
&mss aid cl&i& [1987]. 

RFSJLE 

Tha&mmbeamvariatiax intha cwwntraticm 
and suspended sad (SSD) for the‘s rangas in 

of TSS, s.qx&ed finas (SF), 
flow cckliticms of tha la.a?r 
Flows ware divihd into lm Mississippi River are &am in figwxs 2-4. 

(<14,200 ma/s), odium (14,200-19,800 ma/s), ard high (>1?,800 ms/s) flow cxn- 
diticns cm the basis of the discharge-duraticncurve p?zesented by wells [1980, 
P. 71. 

cXmcxmtiations of TSS decreased significantly in a ibmbeam dimcticm at 
flows less than 14,200 m3/s (fig. 2). For exanple, ancmtratiopls decreased in 
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acWmskea directim by 79 and 85 percent at flaws of 7,600 and 7,400 m3/s. 
'Ihisccnvwtsto58,ooOand84,ooO~/dof SSbehqb3positsdbe~Tarbart 
LandingandWastFointealaHache~~tbese~lcrwflowccndi~~. 

Caacedzaticn9 of TSS increased slightly in a -directionti~ 
mediun flow qcnditim (fig. 2). Increasesofabcutg.percepltwarsobservad 
duriq flows of 15,100 and 19,203 ma/s. Sedkwnt was resuspended at a rate of 
40,000 and29,OCKl ~/dbstweenTarbertLandiqandVenicetih3thesetwo 
n&iunflaicxMitia-ls. 

At tdgh flaws, oncentraticn3 of TSS increased significantly in a &xwheam 
directim (fig. 2). Omcentrati~ of TSS increased be- Tarbert Lq 
and venice by 17 and 44 penent at flows of 25,500 and 28,100 ma/s. Sadunent 

i?t?x 
at a rata of 124,CCKl and 168,ooO Kg/d durjq these two high 

. 

Table 1 lists tha net &wxkeamchargeinsuqer&d+edin~&ccrcentrations 
observed duriq ths six steady-flaw caxliticms (fig. 2-4). Variatim in 
crxx5lti~of m fines (SF) caused tha major charges observed in 
mocentrati&ofTssthatoccurred inti-eentirestudyn3aob. At high flows, 
n&differelxxs in caxentraticnsof SFwere reqxnsible fur 98 parcent (25,503 
mJ/s) and 96 percent (28,100 ma/s) of tha net downstream char@ in 
caxentrati~ of TSS m. changes in ccncentratiw of SF -ted for 
60 percent (19,200 mJ/s) and 62 percent (15,100 m3/s) of net m change 
in Tss cxncentratim obserwd duriq mediun flow, and 88 parcent (7,400 m3/s) 
and fi4 percent (7,600 ma/s) of tha net e CbaIqe in Tss ccncentrations 
okBnedduriIqlcw flow. 

Table 1.--N& chmskwn charga in suspended sxxhrzn - . tccxxantxaticns 
obsenredduriq six steadyflavccxditicnsof thelcwerMississippi 
River, Louisiana 

plus sign(+)indicatesanatgainin 

Netcbarge (milligransper liter) 

Discharge Total 

'es Date 
of Sand Fines sediment 

ml= 

Low flow 

;:z - October 1984 1983 ZE -16 -32 -2i 

Mediml flow 

15, loo Nowmber 1984 22 -47 +78 +31 
19,200 - 1984 14 -40 +58 +18 

Higb flaw 

28,100 May 1984 42 1; +72 +69 
25,500 Jv 1985 15 +58 +57 
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aoncepltaticns of SF dewsae&ina- di?zctialduringlcwfloweand 
iry=reased dLuiq madilnl and high flaws (fig. 3). For exmpl0, the 
axcentratim of SF decreased with flcws of 7,600 ma/s fruu 91 q/L (milligrams 
per liter) at km 451.3 to 24 q/L at w Pointe a la Ha&e. Net &crease was 
58 rig/L in SF carsntrations forthestudyreach (tab1el). 

Corxxntxaticns of SF increased in a w directim duriq nk?diun flow 
(15,100 IS/S) fran 165 q/L at Tarbsrt LatxXq to 233 q/L at Venice. This 
also was obwmed at high flow (25,500 ma/s) when SF cnxentratioxu increased 
frun 182 q/L at Tarbert Landing tc 240 rig/L at Venice. Net - of 78 
arid 58 mg/L in the cxxxentraticm of SF m oberved durirkgt%x3se~mand 
highflcx‘zs. 

Median particle size, d,,, of SF decreased in a ~dire&imduri3qlow 
flows and renained relatively xmstantdurirqri&iunandhighflows. Thed~~, 
of SF raqed frau 0.0% mn at St. Fraxisville tn 0.001 mn at west Pointe a la 
Hache with an aversge of o.cKl2 and 0.003 mll during flows of 7,600 and 7,4Kl 
mJ/s. The DsO of SF durk-g medim flcxs raqed fmn 0.007 mn at Unim to O.CXl3 
mnatLulkqwithv of 0.006 and o.cxM mn Ctln-%q flavs of 15,100 al-d 
19,200 m'/s. Ixlring high flows dsO of SF ranged from 0.007 mn atplaquemix tc 
O.CCllmn at Tarbert Lar&rx~ with an average of 0.002 andO.M)5 ~llnduring flows 
of 28,100 and 25,500 m'/s. The SF data franthe sites at law, medium, andhigh 
flaws show that there is very little m variation in madian particle- 
size of SF transported bythelowerMississippi River inLouisiana. 

CInxfntratims of suspended sand (SD) (tablel) indicatednonetixreasa in 
the - diraction during any of the steady-flc+I oxx3itions. 
Ccnxntraticns of SSD decreased akut1oOpercentbs'beenTarbztLandkqand 
West Fointe a la Hack durkq flows of 7,400 and 7,600 G/s (fig. 4): net 
losses of 16 and 32 q/L of SSD frun the water cc&mm were okexved. Initial 
cxmcentraticme of SSD ware 16 and 33 m/L duriq these tw0 flow ccxxiiticns. 
Significantly, 64 parcent of tha sand in sq?aneimatTarbartLandirghad 
settled out in the reach be- Tsrbert Landing and St. Francisville (a 
distarce of 65.8 IQII) and an additi& 24 percent in the reach between St. 
Frawisville and Plaquemine (a distancs of 92.4 km). This cmverts to 14,CCCl 
and 15,KXl !-Q/d of SSD beiq de&xxxLted between Tarbert Landing and St. 
Frarzisville, and St. Francisville and Plaquemine Caxentraicns cf SSD never 
sceeded 2.0 q/L in samples collected dIsm&Bm from km 282.2 (initial 
cmcentratim of SSD was 33 mg/L at Tarbert LanIi.xq) ti -aged 1.1 rig/L 
davnstream fnxn I&b location. SMlar percent reductims in SSD also - 
obervedbekeenTa?&ertLarxiiqandSt. FCaxisville,&TmLandingand 
Plaquemine duriq flows of 7,400 ms/s. 

The d50 of tk SSD decreased in the w di.?sztim air* these two lcm- 
flow cmditians. The d,, of SSD&czased fmnO.160 mnat Tarbert Landingto 
0.103 mn at West Pointe a la Ha&e during the flow of 7,400 ma/s. Similar 
dscreases in d50 of SSD were e durirg the flc%! of 7,600 m3/s. Average 
d50 of SSD was 0.137 and 0.122 nap for flows of 7,400 and 7,600 ma/s. 

Cmcentratims of SSD decreased by72and56percentbetwemTarbertLandix-g 
and Venice during flows of 15,100 and 19,200 m3/s. SSlld-illsuspensicll 
much 1Cxig~ with these flows. During flows of 15,100 ma/s, there was rn 
significant change in SSD czncentratim at lcng-term sites until km 194.0, 
whereadezeaseof54percentwasmaasuxd. Duriq a flm of 19,200 ms/s, a 
similar deczese in ccncentiatim of SSD was not &served until km 48.3. In 
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bctb-,mdecreaseinssD caxentratiaw was dz5arwd at either St. 
FrancisYille or Plaquanine. conwpltratians of SSD reqed fmn 78 rig/L at km 
486.6 to 13 q/L at km 78.4 durirq a flaw of 15,100 m3/s and fnxn 88 r&L at km 
447.9 to 31 rig/L at km 48.3 at a flaw of 19,200 ms/s. 

'It-e d,, of SSD deaesedinadxmbeem direotimdur~two-tsat 
n&iunflavs:hzuevar, major differencee inthed,O-r!ot&eerveduntilkm 
122.3. Tha dsO for SSD raqed fmn 0.138 mn at Tarbert Landizq to 0.102 mn at 
Venice at a flow of 15,100 ma/s ti fmn 0.157 mn at St. F!carbzisville to 0.120 
nm at West Fointe a la Hack at a flow of 19,200 ma/s. Average d,, for SSD 
- 0.124 and 0.140 mn for flows of 15,100 and 19,200 m3/s. 

Ccwentiatiaw of SSD also decreased in a ~direotiwdurirgbigb 
flcws of 25,500 and 28,100 m3/s. For axanple, SSD oxxxntxati~rargedfrcm 
161 n&L at Tarbert Landiq to 105 q/L at km 78.4 durirg a flow of 25,500 mJ/s 
and from 137 q/L at km 308.1 to 65 q/L at km 209.2 during a flow of 28,100 
mJ/s. 

The d,, of SSD decreased eteadilyovsrthesixdyreechatbothhighflowccn- 
diticuls. Tha d,, of SSD raqed frun 0.144 mn at St. Fran%svi.lle to 0.103 mn 
at Venice duriq a flow of 25,500 m3/s End fmn 0.177 mn at Tarbert Landing to 
0.105 mn at We& Pointe a la Hxha durk-g a flckv of 28,100 m3/s. Average d,, 
for SSD - 0.118 and 0.135 mn flcws of 25,500 and 28,100 m3/s. 

Nz~relati~was okerved between average particle-size Ctb3trikutiax of TSS and 
different flow ca-diticms. TbedsO oftx&hSSDardSFwereoftenobsezvedto 
bs larger dur-iqlcw flcwthanhigh flow. Forexanple, the-aged,OofSSD 
sanplee colleoted durirq low-flm of 7,400 ma/s (0.137 mn) was greater than the 
-age d,, of SSD mles collsoted during a mediun flow of 15,100 mJ/s (0.124 
m) ard a high flaw of 25,500 m3/s (0.118 mn). l-hareasanf~thkappareplt 
lack of relation ketwen increasing discharge and average particle size is 
probablyrelatedto anteceden thydnlcgicccnditiaxswhichdeterminethss0xoe 
and,therefore,thesizsofthematerialtranspxkd. 

Ikxals~changesin concentraticosofTSSindicatethatthebedoftbelower 
Mississippi River serves asasinkforaedkwntsdur~lowflavsandasown 
of sediment during ~wdiun and high flaws. For example, in a &$w&xzm 
direotim TSS ccwentrati~decreases duringlwflowwithasnuchas84,CCO 
W/d of sedimentbeiq depxited in the study reach, t&T% cnxentraticm 
increases during high flows with ae nuch as 168,CCXJ t.Q/d of sediment beiq 
resuspended frantherivarbed. Resuspensicllof sedimwkfrantheriverbadis 
the aily possible source of thismaterial because: (1) the river is border& 
w 1- dctlg +Zb2 entire study~reacb, thereby excluding sedhant 
ccntiibuti~ by overland rurnff, ard (2)r-n significanttrituteriee enter the 
river in the studyreechtoczntri~te additicmal sediment loads f-other 
watersheds. 

Analysis of SS date verified the initial fhiirgs by Everett Cl9711 an the 
mmanent of SS in the lowar Mississippi River durirg steady-flow anditions. 
Concentxaticaxi of TSS decreased asmwhas85prcentina&w&reemdinxticm 
at flows lees than 14,200 ma/s and hxeased asmchas 44percentatflcws 
greater than 19,8w m'/s. Thevariaticmin ancentratim of TSS was caused 
primarily by charges in oxxentiaticxu of SF. -tr~tiws of SSD, in 
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omtiast, never increased ax-* anyofths steady-flavadlticms. Particle- 
sizedistributionsofboththesand~thef~f~~~~~~ 
ralaticm to discharge and are pucobably *tendned by dxceh& ml@C 
czorditicmswsLichde-then ofthematerial available. Dataidicate 
thatthsbsdofthel~Mississ&dRiverserveg asasinkfcnSSdu.dq 
flows less than atcut 14,200 ms/s and a scurca durlIq flows greater then 14,200 
S/S. 
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SEDIXENT DEPOSITION IN A FIXED BED CHANNEL 

By Yee-Meng Chiew, Lecturer, Nanyang Technological Institute, 
Singapore 2263, Republic of Singapore. (CYMCHIEW@NTIVAX.BITNET) 

ABSTRACT 

This study compares computed results from three published models for 
evaluating incipient condition for sediment deposition in a fixed bed 
channel with experimental results. The results show that the model 
proposed by Novak and Nalluri (1975) may form an upper limit, whereas 
that proposed by Arora et al. (1984) may form a lower limit for the 
criterion for sediment deposition in a fixed bed channel. 

In the last two decades, Singapore had experienced rapid development 
leading to intensive urbanization of her drainage catchments. The 
Drainage Department had carried out extensive works all over the island 
republic to cater for the increased flood peak because of the large 
paved areas created within the drainage basins. One of their works was 
to concrete-line all major waterways in the country. Today, almost all 
major drains or canals in the country are concrete-lined and thus, have 
rigid boundaries. As a result, excessive discharge of sediment, from 
construction sites for example, invariably leads to undesirable 
sediment deposition along,the canals. 

In general, deposition of sediments occurs when the sediment 
transporting capacity of the channel is less than the rate at which 
sediment enters the channel. Sediment deposition has been well studied 
in alluvial channel. Numerical models, such as HEC-6, has been designed 
for use under such a condition. However, the transporting capacity of a 
fixed bed channel is likely to differ from that of a loose-bed channel. 
Thus, the equations governing sediment deposition in one type of channel 
cannot be conveniently 'transferred" to the other. Additional works are 
necessary to investigate the factors governing the transport and 
deposition of sediments in fixed-bed channel. 

The objective of this study is to investigate the incipient condition 
for sediment deposition in a fixed bed chann&l. Published studies in 
this area are presented. The computed results using three existing 
models for evaluating the limiting rate of sediment input are compared 
to experimental results obtained from this study. 

RESULTS FROM PREVIOUS STUDIES 

From the vast amount of literature on sediment transport, comparatively 
little information can be found for sediment transport on a fixed bed 
channel. This is probably because fixed bed accounts for lesser 
economical and environmental importance. 

Novak and Nalluri (1975) studied sediment transport in smooth fixed bed 
channels. They studied the maximum rate of sediment input to a channel 
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without sediment deposition. For channels with a circular cross section, 
they found that this condition can be defined by 

,5/4gu4 G g1j3 
__---___--_-- 
7s5/4d1/2,1/2 

- 0.017 + 0.69 x 10-5 (-f----, 
7,"5/3 

(1) 

where G, - total bed load in N/s; 

: 
- gravitational acceleration, - 9.81 m/s2; 
- diameter of sediment particles in 

7s - specific weight of sedi 
T 

ent !F in N/m , 
7 - bed shear stress in N/m . and 
Y - kinematic viscosity in m2/s. 

The equation implies that when G, - 0, the resulting T value defines the 
incipient condition for sediment entrainment for given sediment and 
fluid properties. However, the critical shear stress computed using eqn. 
1 is much lower than that predicted using the Shields Entrainment 
Function. 

Pullaiah (1978) used very fine sediments, ranging from 0.006 - 0.027 mm 
in size, to investigate the threshold value for suspended sediment 
deposition in a smooth rectangular channel. He found that the limiting 
concentration is a function of $u*~/w 
which depends on the flow Reynolds NUD er; % 

, where Ip is a correction factor 

and w. - fall velocity of sediment. 
Use - mean bed shear velocity 

Itakura and Kishi (1980) investigated the critical condition for the 
initiation of deposition of suspended sediment in an open channel flow 
with a rough bed where the bed roughness, k, - 0.3 mm. They related the 
critical deposition condition to a flux Richardson Number and stated 
that this condition occurred when the critical flux Richardson Number, 
Rfc - 0.02, where 

.3(,. 
Y 

Rfc 
0 -1 a--) - 0.02 

L L 
(2) 

1 ~g(Ss-l)",c 
and _ - ___________ 

L U*b3 

where 6 - 0.4 - "on Karman constant; 
ss - specific gravity of sediment; 

c = average volumetric sediment concentration; 
"0 - fall velocity; 
YO - average depth of flow; 

a = 7.0 - Monin-Obukhov constant; and 
L- Monin-Obukhov length. 

Arora et al. (1984) conducted flume experiments to determine the 
criterion for deposition of sediment transported in rigid boundary 
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channels. The authors used experimental data obtained from six different 
sediments (one of which was coal dust with a particle size - 0.164mm) 
transported in both smooth and rough rectangular channels. This data set 
includes experimental data obtained by Pullaiah (1978). They plotted the 
limiting sediment concentration, CL to a rather complicated function 
which included the sediment, flow and channel effects. For a given flow 
condition, CL is the sediment concentration above which deposition 
occurs. They reported that they were able to collapse all experimental 
points onto one unique curve. The equation of this curve is 

qs 2.5 c CL = ---i-------o:6 
$, b,W) 

(4) 

where CL - limiting volumetric concentration in ppm; 
SC 
fb 

- bed slope/&-1); 
- bed friction factor; and 

4 = unit flow rate. 

When the effect of channel shape is taken into consideration, i.e., for 
non-rectangular channels, the authors merely suggest to append an 
additional term, (D/y,)', where D 
flow depth, 

- hydraulic depth of flow and y. = 
at the end of the function in eqn (4). Fig. 1 contains the 

function proposed by Arora et al. (1984) and they reported that Fig. 1 
may be used to determine the maximum concentration which can be 
transport in flows on rigid channels without objectionable deposition on 
the bed. 

Fig. 1. Criterion for sediment deposition - Arora et al. (1984) 
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EXPERIMENTAL SET-UP AND PROCEDURE 

The experiments of this study were conducted in a~ rectangular glass 
flume that was 8 m long, 0.25 m wide and 0.25 m deep at the Nanyang 
Technological Institute. A uniform flow was first established before 
adding sediments to the flow. The flow depth of all the tests was fixed 
at 100 snu and four bed shear velocities were used. They were 0.015, 
0.018, 0.031 and 0.06 m/s, respectively. The bed shear velocity was 
determined from the velocity profile of the flow, which was measured 
using a 10 mm diameter propeller. Measurement of the velocity profiles 
was conducted before input of sediment to the flow. The bed slope was 
adjusted to ensure a uniform flow condition in all the tests. 

Once the predetermined flow was obtained, sediment with a known rate was 
introduced at the upstream end of the flume and observations were made 
on the pattern of transport and deposition of the sediments. The 
sediment input rate was varied systematically in order to examine its 
influence on the deposition pattern. Altogether four uniform sediments 
were used and Table 1 contains summary of their properties. 

Table 1. Properties of sediments used in experiments 

Mean Particle Specific Gravity Geometric Standard 
Size, mm Deviation 

0.23 2.65 1.22 
0.33 2.65 1.19 
0.50 2.65 1.20 
0.80 2.65 1.23 

As the sediment particles enter the flow, they tend to settle under 
their own weight. The upward component of the turbulent velocities, on 
the other hand, prevents them from falling. Deposition of sediment will 
be prevented if the turbulence of the flow can offset the weight force 
of the sediment particles in transport. 

Observations from the study showed that, when the sediment input rate 
was low, sediment particles traveled a long distance before settling 
onto the channel bed. In cases when the applied bed shear stress was 
high and the particle size was small and input rate low, no settlement 
was observed within the length of the flume. As the input rate 
increased, the sediment particles took a shorter time to settle. For 
very high sediment input rate, the sediment particles virtually dropped 
vertically. 

In the experiment, the settled sediment particles would still move as 
bed load and no stationary bed composed of the sediment particles was 
formed. During the test, the horizontal distance traveled by the 
sediment particles, lh, before settlement onto the channel bed was 
measured and the sediment input rate was plotted as a function of lh. 
Fig. 2 contains one of these curve (for Use - 0.06 m/s). The critical OK 

limiting rate of sediment input is taken as the Kate when lh + m. 
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stlc !ar “e 

Distance Traveled Before Settlement. m 

Fig. 2. Sediment input rate versus distance traveled before settlement 

The definition of limiting concentration or limiting sediment input rate 
must be understood clearly in this type of study. For example, the 
limiting condition in the results published by Novak and Nalluri (1975) 
may be completely different from that reported by the other researchers. 
Their definition is the maximum sediment input rate to a channel without 
the tendency of the sediment to deposit, i.e., under no circumstances 
was a loose stationary bed allowed to form on the channel bed. Arora et 
al. (1984), on the other hand, stated that every channel has an upper 
limit of concentration beyond which objectionable deposition occurs. 
Surely this definition is rather arbitrary and subject to different 
interpretation of the word "objectionable". Thus one has to be careful 
when attempting to compare published results in this type of study. The 
definition of the incipient deposition of sediment is even more 
subjective than that of the threshold condition for sediment 
entrainment. Literatures relating to the threshold conditions for 
initiation of sediment transport reported variations of the results and 
one of the reasons for such variations has been attributed to the 
different definition of threshold conditions. Therefore, similar, if not 
worse problems would exist for the determination of threshold condition 
for sediment deposition. 

COMPARISONS OF RESULTS 

Table 2 contains the experimental results from this study and the 
computed results using the three methods discussed earlier. It mus be 
pointed out t at the volumetric concentration (in terms of m 
sediment per m t 

l of 
of water) obtained from both the equations proposed by 

Itakura and Kishi (1980) and Arora et al (1984) has been converted to 
N/s by multiplying the volumetric concentration by the volume flow rate 
and the bulk density of the sedimen 3. The weigh5 density of the sediment 
is assumed to be equal to 1400 kg/m x 9.81 m/s . 
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The results show that the method proposed by Novak and Nalluri (1975) 
overestimates the limiting sediment input rate when compared with the 
experimental results from this study and that obtained from using the 
other two methods. The results are not surprising if one is clear of the 
definition of deposition used by Novak and Nalluri (1975). As was 
discussed earlier, the bed load (Gs in eqn. 1) is the maximum possible 

Table 2. Limiting Sediment Input Rate 

rest 
NO. 

1 0.23 0.0451 0.1426 0.1041 5.76 x 
2 0.33 0.0185 0.1190 0.0707 3.68 x 

10:; 
10 

3 0.50 0.0122 0.0967 0.0459 2.21 x 10‘4 
4 0.80 0.0098 0.0764 0.0283 1.25 x lO-4 
5 0.33 0.0065 0.0227 0.0064 1.51 x 10-5 
6 0.50 0.0049 0.0184 0.0042 9.06 x lO-6 
7 0.80 0.0039 0.0145 0.0026 5.11 x 10-6 
a 0.23 0.0046 0.0068 0.0013 1.46 x 1O-6 
9 0.33 0.0028 0.0056 0.0009 9.36 x 10-7 

10 0.50 0.0019 0.0045 0.0006 5.62 x 1O-7 
11 0.80 0.0018 0.0035 0.0003 3.17 x 10-7 
12 0.33 0.0025 0.0038 0.0005 6.32 x 1O-7 
13 0.50 0.0017 0.0031 0.0003 3.80 x 1O-7 
14 0.80 0.0016 0.0024 0.0002 2.14 x 1O-7 

7- 

I 

1 

L 

d50 
(mm) 

VIeasured 
Rate, N/s 

r Computed Rate, N/s 

Arora et al. Novak Itakura 
& h 

Nalluri Kishi 

rate of transport along the channel bed without deposition. The limit of 
this transport is the cessation ~of sediment transport altogether. The 
limiting condition used in this study is somewhat different from that 
defined by Novak and Nalluri (1975). Hence the computed results using 
eqn. 1 are expected to be higher than the experimental results, 

1 

For u*b - 0.06 m/s, the computed results using eqns. 2 and 3 proposed by 
Itakura and Kishi (1980) are much higher than the experimental results 
(tests l-4) whereas the former are lower than the latter for u*b - 0.018 
and 0.015 m/s (test 8-14). For u* 
experimental results compare very we 1 ? 

- 0.031 m/s, the computed and 
indeed (test 5-7). The ratio of 

the computed over measured rate of sediment ranges from 0.13 - 3.82. It 
appears that the magnitude of the shear velocity has not been adequately 
accounted for in the equations proposed by Itakura and Kishi (1980). 

The values of the computed results using eqn. 4 proposed by Arora et al. 
(1984) are very small, much smaller than both the experimental results 
form this study and that computed using the other two methods. The 
discrepancy is attributed to the definition of the limiting condition 
defined by the authors. As was discussed previously, the definition of 
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"objectionable" deposition is at best vague and the criterion is subject 
to different interpretation. The writer suspects that the limiting 
criterion proposed by Arora et al (1984) applies to the slightest 
sediment deposition. 

CONCLUSIONS 

The study shows that the definition of sediment deposition is very 
important in studying the criterion for sediment deposition along rigid 
boundary channels. Comparisons of published data confirm its importance. 
The equation proposed by Novak and Nalluri (1975) may be used as the 
upper limit for sediment deposition, and excessive siltation can be 
expected if their method is adopted for design. On the other hand, the 
equation proposed by Arora et al. (1984) provides a very stringent 
criterion for sediment deposition along a fixed bed channel. 
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PREDICTION OF BEDLOAD IN SANDBED CHANNELS 

By K. M&mood, Professor and Director and M.H. Mehrdad, Research Associate, 
International Water Resources Institute, The George Washington University, 
Washington D.C. 20052 

ABSTRACT 

Bedload is an important fraction of sediment load in field channels mainly 
because it plays a direct role in the bed forming phenomena. Measurement of 
bedload in sandbed field channel, which is required for validation of 
theoretical methods of prediction, is nearly impossible. Indirect measurement 
of bedload in these channels can be carried out by the analysis of sequential 
bed profiles provided that the theoretical considerations that relate "wave 
form" and "sediment mass" transport are satisfied. It is~shown that the two 
can be related for ripple and dune type of bedform. Experimental data from 
sandbed field channels and laboratory flumes is used to show that both 
Meyer-Peter Muller and Einstein Bedload Function provide reasonably accurate 
prediction of bedload. Experience with Missouri River, near Omaha and ACOP 
Canal data show that sequential profiles can also be used to measure the space 
and time variation of bedload in channels. 

The earlier equations for prediction of sediment load in channels, e.g., 
DuBoys, were bedload equations. It was later, during the 30's through 50's, 
that concepts of bedload, suspended load and wash load were evolved and 
theoretical methods for the prediction of bed material load were developed. 
Of these methods, Einstein's bedload function (1950) is theoretically the most 
profound and it permits the computation of bedload and suspended bed material 
load separately. Many of the later sediment transport functions, e.g., Colby 
(1964), however, imply that bedload is a part of the bed material load 
computed by them but do not permit separate computation of bedload. 

In the case of sandbed field channels, bedload is a small proportion of bed 
material load. For example in Missouri River near Omaha and Pakistan Canals 
(Mahmood, et al., 1987), bedload varies upto about 10% of bed material load. 
However, bedload is an important fraction of sediment load in field channels 
because it play a direct role in the evolution of bedforms, channel bed 
transients and other bed forming phenomena. It is also theoretically 
important as it provides the link between channel bed, the source of bed 
material load, and the rest of the flow field. 

Testing the accuracy of bedload prediction in field channels is one of the 
more difficult tasks in sedimentation engineering -- more so, in sand bed 
channels. The reason is that sand beds are highly susceptible to disturbance 
of flow field caused by the sampler and in the case of mass accumulation 
methods, it is difficult to separate the bedload from suspended bed material 
load that is carried close to the bed. 

Sequential (time-lapse) bed profiles in field channels provide a convenient 
non-invasive method of measuring bedload. The concept of relating bedload 
with the migration of bedforms is fairly old (Hubbell, 1964), and a number of 
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attempts have been reported in literature to correlate bedload with the volume 
and celerity of bedforms both in laboratory and field channels. However, 
theoretical considerations that would relate the transport rate of "wave form" 
and "sediment mass" have not always been clear and numerical methods required 
for bedload calculations have not been standardized. 

This paper describes the theoretical justification for measurement of bedload 
through sequential bed profiles in ripple-dune bed regime and presents the 
comparison of measured and predicted bedload. Space and time variation of 
bedload in Missouri River and ACOP Canals is also described. 

MEASUREMENT OF BEDMAD THROUGH SEQUENTIAL PROFILES 

Theoretical Considerations 

In the case of two dimensional bedforms (no variation across the channel 
width), the relationship between the spatial variation of bedload and time 
variation of bed level can be written by Exner's equation as 

-=maz a% 
ax at 3 

where the variation of suspended load along the bedform has been ignored; gb= 

bedload in volume of bed material per unit width; x = abscissa measured 
parallel to the average bed; z = bed elevation above a reference datum and 
t = time. In ripple and dune type of bedform, sediment particles are eroded 
from the stoss side, roll over the crest and are deposited on the lee side so 
that the bedform moves downstream, say, with a celerity C. 

Introducing a moving coordinate system 

z' = z ; x' = x - c.t , (2) 

and using the chain rule Eq. (1) can be written as 

ap, 1 agb a2' a7.1 
-+-. -_ c- --. 
ax' c at axI at 

(3) 

If the bedform shape is invariant during downstream migration, i.e., 
a7.#/at = 0, and the sediment discharge is in a state of equilibrium, i.e., 
a%/at = 0, Eq. (3) can be integrated as 

where % = zero at z - z o, (See Figure 1). Equations similar to (4) have been 

derived by Mercer and Haque (1973) and Mahmood (1980) among others. Equation 
(4) shows that at any instant of time the bedload along a bedform varies in 
proportion to the elevation of bed above a datum at z = zo. The location of 

this datum is determined by the mode in which the bedload transport affects 
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the bedform migration. If the eddy on the lee side of bedform is weak and 
bedload movement is in positive x direction all along the bedform, z. lies in 

the trough of the dune. More comonly, in a region upstream of the 
reattachment point, A in Figure I, the bedload is actually moving upstream so 
that z. lies at or near A. In plane bed regime z. lies in the channel bed and 

in antidunes, z. lies above the bedform crest. In the two latter cases, 
0 

bedload can not be computed from the measurement of bedforms. Integration of 
Eq. (4) along a bedform train gives 

where - gb is the spatially averaged bedload in units of volume of bed sediment 

per unit width and unit of time over length L. Computation of bedload from 
Eq. (5) requires measurement of z(x) for the interval 0 5 x 5 L, celerity of 
the bedform C and evaluation of zo. 

(5) 

For ripples and dunes, the ratio of z. to the wave amplitude H depends on the 

ratio of eddy length to bedform wavelength Le/L, ripple index L/H and angle of 

repose of the bed material $. For dunes in Missouri River near Omaha, this 
ratio has been estimated by M&mood (1980) to be 0.2 and the spatially 
averaged bedload has been estimated by 

(6) 

where z t is the elevation of trough. 

Values of z(x) and C in a channel can be measured by sonic profiles taken 
along a line parallel to mean flow direction at times t and t+At. Obviously, 
the lapse time interval At should be much smaller than the time taken by 
prevalent bedform to travel its own length. Two numerical schemes to compute 
bedload from sequential profiles have been developed by M&mood (1980). These 
are the Downcrossing and Cross Spectral methods. Experience with Missouri 
River (Mahmood, 1985) and Pakistan Canals (Mehrdad, 1989) data shows that the 
two methods yield consistent results. It is pointed out that alternate method 
for the computation of bedload would be to measure z(t) at a given location in 
the channel and to evaluate the bedload through cross spectral analysis 
(Willis and Kennedy, 1977). However, in field sandbed channels this method 
requires rather long duration of measurement. For example in ACOP_ Canals, a 
measurement of z(t) would be required for about 300 hrs to obtain gb averaged 

over 5 bedform lengths and it is better to use sequential profiles. Further, 
in sequential profiles, it is essential that the longitudinal location and 
scaling of bed profiles be accurately measured (Mahmood et al., 1988, Mehrdad, 
1989). Lateral shifting of bed profile also needs to be controlled but is 
less critical. 
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EVALUATION OF BEDLOAD EQUATIONS 

Three bedload equations have been selected to evaluate their accuracy of 
prediction. These are: 1) Meyer-Peter Muller (MPM), 2) Einstein Bed-Load 
Function (EBLF) and 3) Toffaleti. Bed profiles data used in this evaluation 
are Missouri River near Omaha (M&mood, 1985), ACOP Canals (Mehrdad, 1989), 
flume data of Crickmore (1967), Willis and Kennedy (1977), and Engel and Lam 
Lau (1980). In each case the theoretical bedload by the selected function has 
been calculated by a computer program similar to ODSET package of USAGE Omaha 
District (Mabmood, 1983). Measured bedload from sequential profiles has been 
calculated by the above investigators. The results for MPM and EBLF are shown 
in Figures 2 and 3. It is seen that over 3 log cycles of bedload coverage 
both of these result methods fairly accurate results. If any thing, EBLF 
appears to underestimate at low and overestimate at high concentrations. 
Toffaleti method generally gives large underestimation of bedload and is not 
judged aLtable for this purpose. 

SPACE-TIME VARIATION OF BEDMAD 

Sequential profiles have been used in Missouri River and ACOP Canals studies 
to measure the space and time variation of bedload in the study reaches. 
Spatial variation for Jamrao canal (Run JM2), averaged over four pairs of 
runs, is shown in Figure 4. The maximum bedload, about twice the average is 
measured near the channel centerline. The cyclical variation across the 
channel width is most probably related to the secondary circulation cells 
identified in the isovels and boundary shear stress measurements. The 
Missouri River data, Figure 5 are in 4 mildly curved left handed channel bend 
and show an interesting result. The channel cross-section in the upstream 
Segment 3 is skewed towards the right bank due to the effect of preceding 
left-handed bend. The cross-section in middle Segment 2 is symmetrical and 
that in the downstream is mildly skewed towards the left bank. The middle 
segment comprises the crossing between the bends preceding and following the 
study reach. 

The space and time variation in figures 5a, 5b and 5c is related to the 
geometry of channel. The temporal shift in the distribution of bedload in the 
middle segment, is due to the shifting nature of flow through crossings and 
the accentuation of bedload towards the left bank in Segment 1 is related to 
the left-handed curvature of the study reach. The reasons for temporal 
variation of bedload in Segment 3 are not readily apparent. For the prevalent 
flow of 37,000 cfs, the water surface width in this part of Missouri River is 
about 36 percent larger than the stable (regime) width. The temporal 
variation in bedload may, therefore, be caused by the lateral oscillations of 
maximum velocity thread in a "wide" channel. On the other hand, the' temporal 
variation of bedload across the section may be normal behavior of long radius 
alluvial rivers bends, wherein the band of maximum bedload follows an 
oscillating path. Data from other near-straight and sharply curved bends can 
clarify this point. 

CONCLUSIONS 

Presently, there is no practical method available to directly measure bedload 
in large sandbed channels. In view of the experience reported herein, it is 
concluded that the method of sequential profiles is a viable procedure for 
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measuring bedload when dune bedforms exist. Recent technological progress in 
the development of multichannel narrow beam ultrasonic sounder, positioning 
equipment and digital recording under field conditions has made it possible to 
implement sequential profiling conveniently and economically. The method is 
especially attractive because it can, also, measure spatio-temporal variation 
of bedload and, thus, provide a better understanding of the dynamics of 
alluvial channels. The comparison of measured bedload with Meyer-Peter Muller 
Formula and Einstein's Bedload Function shows that they provide fairly 
accurate prediction. 
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Figure 3 
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Figure 5 Spatio-temporal Variation of Bedload in Missouri River. 
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DEPOSITION ON REVETMENTS ALONG THE SACRAMENTO RIVER, CA 

By K.J. F&he?, M.D. Harvey’ and D.B. Pridals 

ABSTRACT 

Between Verona (RM 78) and Colusa (RM 144) on the Sacramento River, approximately 52 percent of the 
total bank length (both banks) has been revetted to protect the flood control levees that are part of the 
Sacramento River Flood Control Project. Wshin this reach of the riier, bank revetments include river cobble 
riprap (RCRR) that was emplaced at a bank angle of 3H:lV and quarry rock riprap (RXRR) that was 
emplaced at a bank angle of 2H:lV. In general RCRR was used before 1970 and RXRR was used after 1970. 
At almost all locations where RCRR was used to protect the banks, thick, berm-shaped sedimentary deposits 
have formed on top of the revetments. The sediments are composed of fine sand (50 percent) and silt and 
clay (50 percent). In contrast, very little sediment has been deposited on the RXRR sites. 

Two cross sections were surveyed - one 50 feet upstream, and the other 50 feet downstream of the Wilkens 
Slough gaging station (RM 117.7) and the cross section elevations were tied into the gage datum. At the 
upstream cross section, the right bank was revetted with RXRR in 1986 and the left bank was revetted with 
RCRR in 1970. At the downstream cross section, both banks were revetted with RCRR in 1966. Between 
6 and 7 feet of deposition were measured on the RCRR and less than 1 foot was measured on the RXRR. 
Deposition on the RCRR increased the bank angle from 3H:lV to 2H:lV. Deposition on the revetments is 
dependent on the original bank angle and is independent of age of the revetment and the presence or 
absence of vegetation, 

HEC-2 analysis showed that the top of the berm was correleted with a discharge of 29,500 cfs (2 percent 
duration), the crest of the berm was correlated with a discharge of 18,700 cfs (22 percent duration) and the 
base of the berm was correlated with a discharge of 5,200 ds (84 percent duration). Deposition has 
reduced cross section area by about 3 percent and appears to reduce channel conveyance at low flows. 
At higher flows, reduced channel roughness appears to compensate for the reduced cross section area. 

“‘Water Engineering and Technology Inc., 419 Canyon, Suite 225, Fort Collins, Colorado 80521 
3U.S. Army Corps of Engineers, Sacramento District, Sacramento, California 

INTRODUCTION 

The Sacramento River Bank Protection Project is a continuing construction project designed to provide 
protection for the existing levees and flood control facilities of the Sacramento River Flood Control Project. 
It consists of 977 miles of levees plus overfiow weirs, pumping plants and bypass channels along the 
Sacramento River from RM 0 near Collinsville to RM 194 near Chico, including several sloughs and the lower 
reaches of major tributaries. The study reach discussed in this paper extends from Verona (RM 79.5 to 
Colusa (RM 144) (Fig. 1). 

Although the process of lateral accretion within stream channels and its effect on channel morphology have 
been studied by numerous workers (Taylor and Miall, 1978; Harvey and Watson, 1988; Schumm, 1966) 
lateral deposition onto rock revetments has not been evaluated in detail. On the Sacramento River, the 
general bank protection strategy between Verona (RM 79.5) and Colusa (RM 144.5) has been to riprap 
remaining berms to the top of bank where levee erosion is imminent. Approximately 52 percent of the 
bankline between Verona and Colusa is revetted. Bank protection along the study reach consists of rock 
riprap, river cobble riprap and concrete rubble riprap. Extensive deposition onto revetment was observed 
between Colusa and Verona (WET, 1990). Analysis of the location, extent, depth, morphology, depositional 
history and stage dependency of the deposition allows evaluation of revetment emplacement criteria and 
maintenance standards for riparian vegetation in the revetments. 
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CHARACTER OF DEPOSITION 

Sediment deposition onto riprap extends almost continuously on revetted banks from Verona to Colu~a. 
Two cross sections were surveyed at RM 117.7 where extensive deposition is present atop revetment. These 
cross sections were tied into the elevation of a USGS gaging station at Wilkens Slough. The cross sections 
were surveyed approximately 100 feet apart from one another - one upstream (Cross Section 5) and one 
downstream (Cross Section 4) of the gage. Each section reflects different revetment histories. 

Figure 1. Location map of study reach showing subreach delineations. 

SACRAMENTO RIVER 
CR015 Yrn 4 Ry t17.7 

Figure 2. Cross Section 4, FM 117.7 

SACRAMENTO RIVER 
mD5s SECTION 5 RY 117.7 

Figure 3. Cross Section 5, RM 117.7. 
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The detailed surveys document the characteristic berm shape of the deposition atop the riprap (Figs. 2 and 
3). Both sites have been colonized only by young grasses, probably due to defoliation of vegetation as a 
standard maintenance practice. Both the right and left banks of Cross Section 4 were revetted with river 
cobble in 19%; Cross Section 5 was revetted on the right bank with rock in 1999 and on the left bank with 
river cobble in 1970 (Figs. 2 and 3). The exposure of r’nrer cobble both above and below the deposition at 
a constant angle allowed the determination of the approximate thickness of the berm. 

Figures 4 and 5 show enlarged views of the berms present at each cross section. The river cobble riprap 
was emplaced at Cross Section 4 at an angle of 2.9H:lV (Fig. 4). Subsequent deposition has steepened 
that angle on the right bank to 1.7H:lV (Fig. 4). The maximum vertical thickness of sediment is 7 feet on 
the true ri9ht bank and 8 feet on the true left bank. At Cross Section 5, a similar berm is present on the true 
left bank (Pg. 5). On the right bank, rock riprap was emplaced at a bank angle of 2H:lV in 1926; 
subsequent deposition onto the bank has been minimal (Pig. 3). The true right bank at both cross sections 
reflects a bank angle that is slightly steeper than 2H:lV; in fact, looking down the bank, no distinct bank 
angle change is observable at the contact between the ihrer cobble and rock revetment. 

The survey results suggest that the extent of deposition onto riprap is dependent on original bank angle and 
perhaps revetment age. The older sites that were revetted with river cobble at a bank angle of 3H:lV contain 
consistently more deposition than younger revetment that was constructed at a 2H:lV angle. Further 
observations at other localities indicate that bank angle, not time, ultimately controls the quantity of sediment 
deposited. Regardless of age of emplacement, revetted banks are capped by deposition which has 
steepened the bank angle to approximately 2H:lV. Consequently, riprap emplaced at an original bank angle 
of 2H:lV is not conducive to subsequent sediment accumulation of substantial volume. The exceedence 
of a stable bank angle through continued deposition results in mass failure of the berm. Failure of the berm 
generally does not involve underlying revetment. The stability of the berm appears to be dependent on 
sediment cohesion: the cohesiveness of the deposited sediment at the sites studied allows bank angle 
steepening to approximately 2H:lV. 

Between Verona and Colusa, approximately 140,000 tons of sediment are stored on river cobble revetment. 
This number is based on the berm dimensions surveyed at Wilkens Slough and the lateral extent of 3H:lV- 
emplaced river cobble riprap along the channel bank. Over 25 years, this equates to 4900 tons/year 
sediment storage on the revetment. Grain size analysis results show that the berm sediment consists of 50 
percent sand- 29 percent silt- and 21 percent clay-sized material. 

SACRAMENTO RIVER 
61 , CRDSS sEcnoN 1 melI Bulx RC R/R 

Figure 4. Plotted right bank of Figure 5. Plotted left bank of 
Cross Section 4, RM 117.7. Cross Section 5, RM 117.7. 
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HYDRAULIC EVALUATION 

As the two cross sections were tied into true elevations at the USGS Wllkens Slough gaging station, it was 
possible to insert the sections into a HEC-2 data file made available by the Sacramento District Corps of 
Engineers. With these cross sections in the data file, HEC-2 was run and a rating curve generated for the 
sections. The elevations of the top, crest and base of the deposition were placed onto the rating curve and 
a discharge value for each geomorphic horizon on the berm was determined (Fig. 6). 

These discharges then were evaluated in terms of flow duration. The elevation of the top of the berm iS 
correlative to a discharge of approximately 29,500 cfs, which is equaled or exceeded 2 percent of the time; 
the crest of the berm is correlative to 18,700 cfs, which is equaled or exceeded 22 percent of the time; and 
the base of the deposition reflects a discharge of 5,200 cfs, which is equaled or exceeded 84 percent of the 
time (Fig. 7). These exceedence frequencies are based upon mean daily discharges. The fact that the berm 
is partially inundated at discharges that are exceeded 84 percent of the time indicates that the deposition 
on riprap may be highly transient, Without repeat surveys and observations, it is difficult to evaluate the 
transience of the berm. During the field investigation of April 1989, the deposition was observed to be failing, 
as desiccation cracks formed during waning flows following a peak discharge of 26,693 cfs at Wilkens 
Slough in March, suggesting that at least a portion of the sediment is semi-permanent. 

Figure 6. Rating curve for Cross 
Section #4, showing 
elevations of primary 
geomorphic features 

Figure 7. Relationship between top, 
crest and base of deposition 
to flow duration. 

Approximately 3 percent of the cross section area at RM 117.7 has been lost due to deposition since 1966. 
A loss in channel area will result in an increase in specific gage height if hydraulic conveyance does not 
increase as a result of other compensatory changes in cross section variables. The spectic gage plot for 
Wilkens Slough (8,000 cfs) shows an increase in gage height of approximately 1.5 feet from 1967-1986 (Fig. 
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8). The increasing gage height observed from 1971-1986 is accompanied by a slight decrease in mean 
velocity. This relationship suggests that the trend observed in the specific gage plot is not due solely to 
aggradation of the channel bed; rather, it may be due at least in part to a gradual increase since 1971 in 
channel roughness at Wilkens Slough at relatively low discharges. At 20,000 cfs, no general trends are 
present (Fig. 9). Although a range in the data is present, average values of gage height and velocity are 
maintained reasonably well from 1970 to 1988. Consequently, the changes in channel roughness observed 
at relatively low flows (8,090 cfs) do not appear to affect conveyance at higher discharges (20,000 cfs). 

Figure 8. Specific gage and specific 
velocity at Wilkens Slough at 

Figure 9. Specific gage and specific 

8,000 cfs. 
velocity at Wilkens Slough at 
20,000 cfs. 

VEGETATION 

The distribution of established vegetation within the berm is highly variable. At several locations, annual 
grasses constitute the total growth; at the other locations, large cottonwood stands have become established 
on the revetment and extend up through the berm, where adventitious roots record rates of berm 
sedimentation (WET, 1999; Hook and Brown, 1973; Harvey, Pitlick and Laird, 1987; Simon and Hupp, 1987). 
The presence or absence of vegetation on the berm is evidently controlled by maintenance practices, as 
sites that display aggressive colonization may be directly adjacent to geomorphically identical sites that are 
entirely void of growth. 

Deposition in revetment is not necessary for vegetative growth in rock; however, large woody riparian 
species have been observed to flourish on riprap that is buried by the laterally accreted berms. The 
presence of established riparian vegetation on the berm may add cohesion and allow accretion to form bank 
angles steeper than 2H:lV. The effects of the presence of large woody vegetation on the sedimentation rate 
of the berm, berm stability and hydraulic characteristics of the channel are important when considering the 
general consequences of revetment. Highly variable combinations of revetment age, bank angle, location 
and vegetation density are present on the Sacramento River between Colusa and Verona; the reach is, 
therefore, optimal for a detailed study of the hydraulic and aesthetic implications of berm development. 

The progressive loss of riparian habit on the Sacramento River has been a great concern for many years. 
Revetment is generally considered to be harmful to vegetation, as the most widely used form of revetment, 
rock riprap, requires bank shaping and associated removal of topbank vegetation. It is ironic, however, that 
the remaining stands of mature riparian vegetation located in levee setback subreaches are threatened by 
natural bank erosion. Hence, the future of thevegetation is inherently uncertain. Observations of vegetation 
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and deposition on revetment on the Sacramento River suggest that if maintenance standards are relaxed 
and vegetation is allowed to establish, a significant proportion of the rfparian habitat lost by bank shaping 
can be regained on the revs&d bank itself. In other words, the revetted site can provide a measure Of Seif- 
mitigation. If the banks are Iaid back at an angle of 2H:lV, approximately 87 percent of the acreage 
removed from top bank is available on the revetment (Fit. 10). On banks this steep, however, sediment 
deposition appears minimal and vegetative colonization may be limited. On banks of 3H:lV, approximately 
81 percent of the topbank area lost will be regained as riparfan habitat on the bank. At this angle, sediment 
deposition is extensive and habitat quality, therefore, may be greater than on a 2H:lV bank. If the 
generation of quality riparian habitat in conjunction with effective bank stabilization is desired, an 
intermediate bank angle (approximately 25H:lV) is suggested, although further detailed study is hffhly 
recommended. 

Figure 10. Surface area loss due to bank shaping at angles 
of 2H:lV and 3H:lV showing potential recovery of 
riparian habitat area on revetted bank. 

CONCLUSIONS 

Extensive deposition onto rock and river cobble riprap was observed on the Sacramento River downstream 
of Colusa. This deposition was surveyed at several cross sections; incorporation of one of the sections 
(Wilkens Slough) into a HEC-2 deck allowed the determination of the hydrogeomorphic character of the 
depositional berm. It appears that lateral accretion onto the revetment has affected channel roughness so 
that hydraulic conveyance has decreased for low flows at the cross section. This reduction in conveyance 
is not observed at high flows. The persistence and geotachnical stability of the berms are not clear. An 
understanding of the depositional history of the sediment would aid in the determination of general sediment 
transport and storage characteristics of the leveed reach. 

In addition to sediment deposition, riparian vegetation is common on the revetment within the leveed reach. 
The vegetation ranges from grasses to young willows and alders to large stands of cottonwood. The 
presence of large stands of riparian vegetation atop rock revetment indicates a potential for riparian habitat 
on revetted banks. The relationship between lateral sediment accretion onto revetment and vegetative 
colonization onto revetment is unclear and should be evaluated in detail. It is clear, however, that deposition 
onto riprap is dependent on bank angle; ti growth of riparian vegetation is enhanced by the presence Of 
accreted sediment, a bank angle less than 2H:lV and somewhat greater than 3H:lV would optimize the 
recovery of habitat lost due to bank shaping. 
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SIZE DISTRIBUTION OF NONUNIFORM BED MATERIAL IN TRANSPORT 

By Chih Ted Yang, 
U.S. Bureau of Reclamation, Denver, Colorado; and 
Shenggan Wan, 
Nanjing Hydraulic Research Institute, Nanjing, China 

ABSTRACT 

The total bed material load formulas developed by Einstein, Laursen, Toffaleti, 
and Yang can be used to compute bed material transport by size fraction. These 
four formulas can also be used to predict the size distribution of bed material 
in transport. Three hundred five sets of laboratory data published by Guy, et 
=1, are used to determine the accuracies of these formulas in predicting the 
median particle size of bed materials in transport. This study indicates that 
the accuracy of formulas in descending order are those developed by Yang, 
LaWZen, Toffaleti, and Einstein. 

INTRODUCTION 

The size distribution of sediment particles in transport is important to cur 
understanding of movement of pollutants attachedto sediment particles, reservoir 
sediment distribution, and river engineering. Most sediment transport equations 
emphasize the estimation of total rate of sediment transport. Among the commonly 
used bed material load formulas, those developed by Einstein (1944), Laursen 
(1958), Toffaleti (196B), and Yang (1973, 1979, 1984) can be used to compute bed 

material transport by size fraction. These formulas are used in this paper to 
determine the particle size distribution of bed material in transport. 
Laboratory-measured bed material size distribution in alluvial beds and in 
transport are used to determine the accuracies of these formulas in predicting 
bed material size distribution in transport. 

FORMULAS 

The total bed material load formulas developed by Einstein (1944), Laursen 
(1958), Toffaleti (196B), and Yang (1973, 1979, 1984) were published in the 
literature and will not be elaborated here. The formulas by Einstein, Laursen, 
and Tcffaleti can be used to compute total bedmaterial load or concentration by 
size fraction directly. The three formulas proposed by Yang were originally 
developed for estimating total bed material concentration using the median 
particle diameter as the representative particle size. Yang's 1973, 1979, and 
1984 formulas were developed for sand transport, sand transport with 
concentration greater than 20 ppmby weight, and gravel transport, respectively. 
Yang (1988) suggested that these formulas can also be usedin conjuction with the 
following equation to predict total bed-material concentration of nonuniform 
materials: 

c=i Pi Ci (1) 
i-1 

where Ci is the sediment concentration in parts per million by weight for size 
fraction i; j is the total number of size fractions used in the computation; and 
pi is the percentage of material in size i. Among the three formulas proposed 
by Yang, only his 1973 formula in conjunction with equation (1) is used in this 
paper due to the range of data available for comparison. 
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VERIFICATION OF ACCURACY 

The computer programs published by Stevens and Yang (1989) are used to compare 
the accuracies of total bed material load formulas in predicting the median 
particle size of bed materials in transport. Let us define the discrepancy 
ratio 'yl as the ratio between median particle size dc in transport computed by 
a formula and actually measured median particle size d, in transport; that is, 

dc 
Y1 = r 

m 
(2) 

Let us also define the discrepancy ratio y2 as the ratio between the median 
particle size dc in transport computed by a formula and the median particle size 
dSO of the origxal bed materials on the alluvial bed; that is, 

dc Y2 = ;3- 
50 

(3) 

y1 should give us an indication of the average accuracy of a formula in 
predicting the size distribution of bed materials in transport. y2 should give 
us an indication of the reasonableness of a formula to describe the sorting 
process or the reduction of average particle size in the transport process. 

The 305 sets of data published by Guy et al (1966) include information on size 
distributions of bed materials on the bed and bed materials in transport. The 
results shown in table 1 indicate that Yang's 1973 fraction formula has the best 
overall discrepancy ratio of 0.95. The results shown in table 1 and figure 1 
also show that the y, value of Yang's 1973 formula, when applied by size 
fraction, is not very sensitive to the variation of Froude number. These results 
suggest that Yang's 1973 equation, when applied by size fraction, can be used 
with accuracy to predict size distribution of bed materials in transport. OUiZ 
study also indicates that the median sizes of bed materials in transportation 
predicted by Laursen (1958) and Toffaleti (1968) are too small, while those 
predicted by Einstein (1950) are too large. 

Table 2 and figure 2 indicate that, with the exception of the Einstein formula, 
bedmaterials in transport computed by Laursen (1958)‘ Yang (1973), and Toffaleti 
(1968) are finer than the original bed materials on the bed, which is consistent 
with the sorting phenomena. This sorting process explains why bed material size 
should decrease in the downstream direction. 
in table 2 is the average value for all 

The measured y, value of 0.77 shown 
data. This value 1s very close to the 

average value of 0.75 computed by Yang's 1973 formula by size fraction. The Y, 
values of the Einstein (1950) formula are greater than one for all flow 
conditions, which means the materials in transport computed by the Einstein 
formula are coarser than the original bed materials, and the bed material size 
would increase in the downstream direction. This unreasonable result may stem 
from the use of the hiding correction factor and lifting correction factor by 
Einstein. 

The total bed material load computed by the Einstein formula is directly related 
to bedload. In order to reflect the influence of nonuniform bed material size 
distribution and lift force, Einstein introduced the hiding factor 5 and lifting 
factor Y. The values of 5 and Y vary from 1 to 100 and from 0.25 to 0.85, 
respectively. The combined effect of SY on a finer particle could be as high 
as 300 times the effect on a larger particle where the finer particle is hiding 
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behind the larger one. This effect is especially pronounced when the Froude 
number is small. This may be why the values of r,, and r, in tables 1 and 2 
decrease with increasing value of Froude number Fr. 

SUMMARY AND CONCLUSIONS 

Laboratory data with measured particle size distribution of bed material in 
alluvial bed and in transport are used to compare the accuracies of four total 
bed material load formulas in predicting the median size of bed material in 
transport. Our comparisons indicate that the accuracy of formulas in descending 
order are the Yang, L%.lISWl, Toffaleti, and Einstein formulas. With the 
exception of the Einstein formula, computed bed material size in transport is 
finer than that in the original alluvial bed, which is consistent with the 
sorting phenomenon. Our study results suggest that Einstein's hiding and lifting 
correction factors overcorrected the effect of nonuniform size distribution of 
bed material on total bed material load transport, especially for flows with a 
low Froude number. 
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Table 1. - Comparison between computed and measured 
bed materials size in transport 

Author 
of 

fomula 

Discrepancy ratio, y1 
Number 

Percent of data in the range Standard Of 
deviation data 

MCXl 0.75-1.25 0.5-1.5 0.25-1.75 sets 

Yang 
Einstein 
Toffaleti 

Fr = 0.30-0.50 

LaU?X.en 0.82 60 97 
Yang 1.03 85 93 
Einstein 1.94 22 43 
Toffaleti 0.61 32 59 

LaU?Zsf%l 0.78 60 88 95 0.23 86 
Yang 0.91 80 92 99 0.25 86 
Einstein 1.41 55 77 84 0.64 86 
Toffaleti 0.55 22 51 83 0.27 86 

LaWZen 
Yang 
Einstein 
Toffaleti 

LFlUZSSl 0.79 
Yang 0.95 
Einstein 1.58 
Toffaleti 0.58 

0.86 
1.09 
2.64 0 0 0 
0.17 42 100 100 

0.73 
0.85 
0.99 
0.53 

Fr = 0.20-0.30 

79 100 
79 100 

Fr = 0.50-1.00 

Fr = 1.00-2.00 

48 89 100 0.16 83 
66 99 100 0.18 83 
86 99 100 0.18 83 
22 47 94 0.23 83 

All data 

58 92 
78 95 
47 65 
27 65 

100 
100 

100 
100 

50 
85 

99 0.19 305 
100 0.21 305 

70 0.61 305 
87 0.26 305 

0.15 19 
0.18 19 
0.84 19 
0.19 19 

0.19 
0.21 
0.86 
0.28 

117 
117 
117 
117 
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Table 2. - Comparison between computed bed material size in 
transport and measured original bed material size 

Author 
of 

formula 

Discrepancy ratio, y2 
Number 

Percent of data in the range Standard of 
deviation data 

&lean 0.75-1~25 0.5-1.5 0.25-1.7s Sets 

Iaursen 0.66 
rang 0.81 
Einstein 1.98 
Toffaleti 0.59 
Measured value 0.77 

rd.ursen 0.61 
rang 0.76 
Einstein 1.34 
Toffaleti 0.43 
Measured value 0.77 

LaUrSfXl 0.63 
rang 0.73 
Einstein 1.06 
Toffaleti 0.43 
Measured value 0.77 

LaUrSfXl 0.65 17 93 100 0.10 83 
Yang 0.76 61 100 100 0.08 83 
Einstein 0.90 80 100 100 0.14 83 
Toffaleti 0.46 5 36 94 0.15 83 
Measured value 0.77 70 98 100 0.17 83 

LaUrSell 0.63 23 86 94 0.15 305 
Yang 0.75 73 93 95 0.15 305 
Einstein 1.18 67 83 91 0.27 305 
Toffaleti 0.45 10 41 84 0.19 305 
Measured value 0.77 66 93 98 0.17 305 

Fr = 0.20-0.30 

26 84 
89 100 

0 26 
26 74 
58 95 

Fr = 0.30-0.50 

17 87 
80 91 
51 70 

8 40 
56 91 

Fr = 0.50-1.00 

37 79 
70 88 
90 97 
13 40 
79 91 

Fr = 1.00-2.00 

All data 

100 0.14 19 
100 0.08 19 

37 0.54 19 
100 0.16 19 
100 0.10 19 

91 0.16 117 
91 0.18 117 
87 0.39 117 
79 0.20 117 
96 0.17 117 

91 
93 

100 
78 
99 

0.19 86 
0.20 86 
0.17 86 
0.21 86 
0.17 86 
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Figure 1. - Comparison between computed and measured particle size of bed 
material in transport. 
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Figure 2. - Comparison between computed bed material size in transport and 
original bed material size. 
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CASE HISTORY:CHANNEL AGGRADATION ABOVE A RESERVOIR 

By Christopher A. Gorbach, Hydraulic Engineer, 
Bureau of Reclamation, Albuquerque, New Mexico 

and Drew C. Baird, Chief, River Assessment Branch, 
Bureau of Reclamation, Albuquerque, New Mexico, 

ABSTRACT 

The Bureau of Reclamation.maintains facilities in the middle Rio 
Grande valley to provide efficient transport of water and sediment 
from Velarde, New Mexico to Elephant Butte and Caballo Reservoirs. 
Some 250 miles of the river valley are included in the Middle Rio 
Grande Project area. The major features of the project include a 
rectified floodway channel and the Low Flow Conveyance Channel. 

The Low Flow Conveyance Channel was constructed in the 1950's, a 
period of prolonged drought and low reservoir levels, to carry 
flows up to 2000 cfs from San Acacia, New Mexico to Elephant Butte 
Reservoir. To maximize reservoir inflow the Low Flow Conveyance 
Channel was extended some 20 miles through then dry areas of the 
reservoir. 

Between 1979 and 1987 flows in the Rio Grande were significantly 
above normal in eight of the nine years. Elephant Butte Reservoir 
filled for the first time since 1942 and the lower reaches of the 
Low Flow Conveyance Channel were inundated. Great quantities of 
sediment deposited in the upper reservoir and in the river reach 
affected by its backwater. Because the levee protecting the Low 
Flow Conveyance Channel confines the river to a narrow strip on the 
eastern side of the valley, much of the sediment deposition has 
been limited to a small portion of the floodplain. As a result, 
the river is now perched and threatens to breach or overtop the 
levee and destroy more of the Low Flow Conveyance Channel. This 
paper presents a case history of the development of the problem, 
its effects, and management responses to the changing conditions. 

INTRODUCTION 

Above Elephant Butte Reservoir the Rio Grande drains 25,923 square 
miles. Average annual flow (1961-1985) at San Martial, which is 
just above the reservoir, is 485,000 acre feet. Peak discharge 
frequencies for the floodway are given in table 1. A total 
sediment concentration averaging roughly 20 tons per acre foot 
(15,000 mg/l) ranks the Rio Grande above Elephant Butte Reservoir 
among the more heavily sediment laden streams on earth. Near the 
head of the reservoir, mean diameter of river bed material is 0.2 
millimeters. Virtually all sediments entering the reservoir are 
finer than 0.3 millimeters diameter. Clay materials from the 
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tributary Rio Puerto make up a substantial portion of the total 
sediment load. 

Table 1. 

Rio Grande at San Martial, New~Mexico 
Peak Discharge Frequency' 

Return (Years) Peak Discharcre (cfs) 
2 7200 
5 14400 

10 20100 
25 27900 

'USGS data unadjusted for reservoir operations 

The terms of the Rio Grande Compact require the State of New Mexico 
to deliver water to downstream users from Elephant Butte Reservoir. 
An international treaty also obligates the United States to deliver 
Rio Grande water to the Republic of Mexico. Maximizing the flow 
of water into Elephant Butte Reservoir is essential to meet these 
obligations. 

Under authority granted by Congress in the Flood Control Acts of 
1948 and 1950, the Bureau of Reclamation has constructed, operated, 
and maintained conveyance facilities in the Middle Rio Grande 
Valley to provide efficient transport of water and sediment through 
the valley and into the reservoir. Below San Marcia1 a floodway 
channel and the Low Flow Conveyance Channel (Conveyance Channel) 
are maintained for this purpose. 

The Conveyance Channel is a man-made channel running approximately 
70 miles from San Acacia, New Mexico to the reservoir. In normal 
operation, up to 2000 cfs can be diverted from the river at San 
Acacia and carried to the reservoir in the Conveyance Channel with 
a minimum of evaporation and infiltration loss. The floodway is 
essentially the natural river managed and maintained for passage 
of higher flows. Flow is divided between the Conveyance Channel 
and floodway according to Conveyance Channel capacity and other 
operational considerations. Flow in excess of Conveyance Channel 
capacity and irrigation demand is released into the floodway at 
San Acacia. 

Two distinct basins exist in Elephant Butte Reservoir, the upper 
basin and the main pool. The two basins are connected by a narrow 
canyon known as The Narrows. Originally the Conveyance Channel 
extended through the upper basin, which was then dry, to The 
Narrows. 

The Bureau of Reclamation began construction of conveyance 
facilities in the upper basin of Elephant Butte Reservoir in 1951. 
At that time the reservoir contained only 21,000 acre feet and the 
pool was far below The Narrows. Delta formations had completely 
obstructed the river channel in some places and the entire 
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floodplain was infested with dense growths of salt cedar 
(tamarisk). River flow ponded in marshes and swamps increasing 
the average annual conveyance loss between San Marcia1 and The 
Narrows to an estimated 143,000 acre feet per year[l]. The 
condition had worsened to a degree that severely limited New 
Mexico's ability meet Rio Grande Compact delivery requirements. 
Between 1943 and 1951the state's water debit under the Compact had 
accrued to 331,800 acre feet[l]. 

In the construction of the Conveyance Channel, excavated material 
was spoiled to the east forming a levee that confines the river to 
a narrow strip on the eastern side of the floodplain. The levee 
is simply a spoil bank; no attempt was made to design, control, or 
otherwise improve the earthwork or foundation. 

PROBLEM DEVEMPMENT AND MANAGEMENT RESPONSE 

Figure 2 is a hydrograph showing the 10 year moving average of Rio 
Grande flow at San Marcia1 since 1905. The hydrograph drops 
sharply about 1950, remains low through the 1950's, 60's and 70's, 
and increases sharply about 1980. Other Rio Grande records show 
the same trend: flow was significantly above normal in all years 
1979 through 1987 except 1981. Normal flow is considered to be the 
average of the previous 25 years. By June, 1985, the above normal 
flows filled Elephant Butte Reservoir for the first time since 
1942. The lower 15 miles of the Low Flow Conveyance Channel were 
inundated and the river channel upstream of the reservoir rapidly 
aggraded. 

10 YEAR MOVING AVERAGE OF ANNUAL FLOWS 
1.S mo GRANDE AT M ULSICUL N&l 

I.4 
1.3 
1.2 
1.1 

g :::: 

0.D 
0.7 
0.b 
0.S 

Figure 2. Hydrograph, 10 year moving average, Rio Grande at San 
Martial, NM 
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Because the river channel was confined to the eastern side of the 
floodplain, aggradation caused the river to become perched in a 
narrow strip east of the levee. Gaging station records plotted in 
figure 3 show aggradation at San Marcia1 beginning in 1979 and 
amounting to about 10 feet by 1990. A cross section profile of 
Rangeline 21 (figure 4), which is 7 miles below the gage, 
illustrates the tendency of the river to become perched east of the 
levee. 

DATE 

Figure 3. River bed elevation, Rio Grande Floodway 
at San Martial, NM 
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Figure 4. Cross Section Profile, Elephant Butte Rangeline 21, add 

43.3 feet to project datum to correct to mean sea level. 

Aggradation of the Rio Grande channel just above Elephant Butte 
Reservoir in the 1980's reduced channel capacity and caused 
shifting of the channel alignment. Water levels in the floodway 
became dangerously high, threatening to overtop or break through 
the levee at discharges less than 5,000 cfs. Original design 
capacity of the floodway was 25,000 cfs.[l]. Tendency of the river 
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to shift its course as existing channels became plugged with sand 
became a serious concern. While peak discharges were not 
remarkably high, unusually long flow durations exacerbated the 
problems caused by high river stages as water stored upstream was 
delivered to Elephant Butte Reservoir throughout the year. 

The Albuquerque Projects Office of the Bureau of Reclamation has 
managed the river to protect and preserve as much as possible of 
the Conveyance Channel so that operation can be resumed when drier 
conditions return. Replacement cost of the Conveyance Channel is 
estimated to be $500,000 per mile. Because conditions of river 
flow and sediment movement were ever changing and unpredictable, 
responses were generally of a tactical rather than strategic 
nature. Resource limitations, environmental constraints, and 
inability to accomplish maintenance work because of the high water 
were also factors influencing management decisions. 

The first washout of the levee caused by the rising reservoir 
occurred in July of 1979 approximately 2 miles above The Narrows. 
The reservoir continued to rise inundating the Conveyance Channel 
and levee. Successive breachings of the levee caused the river to 
deposit sand and sediments in' the Conveyance Channel burying it 
many feet deep in some places. The latest breach occurred in 1987 
near rangeline 24. Below this point all conveyance system 
facilities have been destroyed. 

The outlet of the Low Flow Conveyance Channel was moved to a 
location near the top of the reservoir pool in 1983. Operation of 
the Conveyance Channel could not be continued, however, because 
rapid deposition of sediment prevented maintenance of a suitable 
outfall. Operation of the Conveyance Channel was discontinued in 
March, 1985. 

Dredging to open and maintain a channel just above The Narrows was 
begun in April, 1983: This effort was abandoned when a storm 
overturned and sank the dredge in November, 1983. 

A "paper spill" of the reservoir that counted some water still in 
upstream storage was declared on June 16, 1985. Some capacity was 
reserved for flood storage; the actual pool elevation was l-l/Z 
feet below the spillway crest. Spilling of the reservoir cancelled 
all water debits under the Rio Grande Compact. 

After the reservoir pool reached maximum elevation the river bed 
upstream continued to rise. In some areas freeboard on the levee 
diminished to less than a foot and low areas were raised to prevent 
overtopping. Head difference between the river on one side of the 
levee and the Conveyance Channel on the other was as much as 10 
feet. Severe stress in the levee was manifest in piping of river 
water through the embankment and in the appearance of large cracks. 
The location of the most critical threat shifted with changes in 
river flow and sediment movement. Investigations were undertaken 
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to determine the safe limits of raising and reinforcing the levee. 
Levee raising activity continued throughout the period of high 
reservoir levels and into the subsequent period of recession. 

various plans to cut a breach through the levee were considered. 
The intent of these plans was to allow the river to flow to a lower 
elevation west of the levee and induce upstream headcutting. 
Protection of upper reaches of the Conveyance Channel would be 
bought at the price of the loss of a downstream reach. None of 
these plans was ever executed but temporary local relief of the 
aggradation was gained when breaches of the levee occurred 
naturally. 

In the winter of 1985-1986 sand plugs formed in the channel at two 
locations below the railway bridge. Loss of flow over the bank 
upstream apparently reduced sediment carrying capacity in the old 
channel and caused the plugs to form. 

One of the plugs was located below Rangeline 17 and caused a 
permanent change in channel alignment, 
within 50 feet of the levee, 

forcing the river west 
Steel Kellner jack units were 

installed during the summer of 1989 to stabilize the river in this 
new location and to diminish the threat of levee erosion. 

The other plug formed near Rangeline 13. This plug also forced the 
river flow out of the main channel but because of heavy vegetation 
in the overbank areas a new channel was never formed. In February, 
1987, during upstream flood storage releases, this plug washed out 
and the water surface upstream suddenly dropped 5 feet. 

In the spring of 1986, 
bridge, 

near the right abutment of the railway 
the river breached the bank of a pilot channel that had 

been built in 1984. 
undermined the bank. 

Scour holes around the bridge piers may have 
The breach allowed 10 to 20 percent of the 

river discharge over 1500 cfs to flow west and north out of the 
main channel toward the levee. This water, combining with other 
flow forced out of the channel downstream, rose high along the 
levee causing a severe low freeboard condition. Low areas in a 
mile long reach of the levee were raised to prevent overtopping. 

In addition to the overtopping threat, water 
levee began scouring channels along its toe. 

flowing along the 
Some of these 

channels eventually became up to 5 feet deep. Development of a 
main river channel right along the levee would have created a 
serious problem. Clearing of vegetation along the levee is thought 
to have contributed to the formation of these channels. To control 
the development of the new channels, 
from the levee in critical areas. 

gravel groins were built out 
Originally the groins were very 

short, approximately 40 feet, and were not effective in controlling 
the channel development. Extending the groins to 150 feet 
effectively controlled channel development by preventing complete 
drainage of the channel at low flow and causing deposition of 
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sediment. In some places Xellner jacks were placed in the 
developing channels but were less effective than the groins. 

Runoff in the 1988 season was below normal for the.first time since 
1981. Nevertheless, water delivered to Elephant Butte Reservoir 
from upstream storage and unusually heavy summer rains kept the 
reservoir essentially full and threats to the levee continued. 

Spring runoff in 1989 was again below normal. Dry conditions later 
in the year afforded the first opportunity to work out in the 
floodway since 1985. The breach in the' pilot channel that had 
existed since 1986 was filled and heavily rip rapped. Another 
breach just downstream was also repaired. ~These actions diminished 
flow along the levee for about 3 miles downstream. 

The below normal runoff in 1989 led to a lowering of the reservoir 

pool elevation. At the beginning of the season for irrigation 
releases in February, 1990 the pool stood approximately 10 feet 
below the spillway crest and the headwater of the reservoir had 
receded about 2 miles. Spring runoff (March through July) in 1990 
was only 33 percent of normal,at San Martial. By November, 1990 
the reservoir had dropped another 17 feet and receded another 
2-l/2 miles. 

Because all conveyance facilities below rangeline 24 have been 
destroyed, the means for efficient transport of water and sediment 
into the Elephant Butte Reservoir pool no longer exist. Above the 
reservoir, the decrease in channel capacity caused by aggradation 
of the river still threatens further destruction of the Conveyance 
Channel. Past management has caused the greatest deposition of 
sediment to occur on the east side of the floodplain and the river 
is now flowing to the west, dissipated in various small channels 
and sheet flow. A return to the condition of the early 1950's is 
feared and planning for the opening of a channel to the reservoir 
pool has begun. Action is needed to,enable New Mexico to maximize 
water delivery into the reservoir and to provide efficient 
transport of sediment so that degradation of the river bed will be 
facilitated as the reservoir drops. Environmental compliance 
requirements and difficult site conditions are the principal 
constraints governing the channel restoration plan. Restoration 
of previously existing channels can be done under current 
environmental compliance documentation but the heavy deposition of 
sediment in the old channel areas makes alternative alignments 
running to the west more desirable. Newly deposited, saturated 
sediments are extremely soft and special equipment and methods will 
be required to accomplish the channel construction. 

REFERENCE 
[l] U.S. Department of the Interior, Bureau of Reclamation, 
Definite Plan Report, Initial Stage Channel Rectification, Middle 
Rio Grande Project, New Mexico. 1952. 
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MODELING SETTLING BASIN DEPOSITION AND SLUICING 

By Ernest L. Pemberton, Consultant, 15 Abernathy Ct., Highlands Ranch, 
Colorado and Curtis J. Orvis, Hydraulic Engineer, Bureau of Reclamation, 
Denver, Colorado 

ABSTRACT 

Settling basins have been an integral part of water diversion schemes at 
Bureau of Reclamation facilities for a number of years. Recent demands for 
more efficient operating schemes both in the United States and other countries 
include the removal of sediment deposited in settling basins. This has 
produced a new look at the potential of designing basins with bottom slopes 
and sluicing capabilities. This paper describes the Sediment Transport and 
River Simulation (STARS) mathematical modeling efforts undertaken to study the 
deposition and sluicing capabilities of settling basins. Sediment transport 
equations were tested for applicability to both processes on the material in 
the sand and silt size ranges. Case studies are described in which the water 
requirements and time periods for sluicing were determined. The predicted 
versus experienced sediment deposition and transport is compared. This 
application of STARS model will be beneficial to future design of settling 
basins in any country encountering major sediment problems at diversions. 

INTRODUCTION 

The diversion of water from rivers carrying large quantities of sediment to 
irrigation projects usually requires a settling basin for trapping the 
coarser, sand-size sediment. Thus, problems such as reduced canal capacity or 
plugging of pipes in a distribution system can be avoided. Even with design 
features at a diversion for excluding the coarser sized sediment, sand-size 
sediments transported in suspension are diverted to the canal. A settling 
basin at the head of a canal isolates the coarser sediments and provides a 
more economical method for removing these sediments from the canal. 

The design of settling basins by the Bureau of Reclamation was initially based 
upon settling velocity criteria by Vetter (1940). From studies initiated to 
design and maintain salmon fisheries by Einstein (1968), the technical 
approach was expanded by Pemberton and Lara (1971) to calculate by hand the 
dimensions of settling basins, trap efficiencies, and quantities of deposition 
for given inflow conditions. The SETSIZE model was developed by Randle (1984) 
for mainframe application to analyze operations of the settling basin and 
solve for an unknown basin dimension. Case studies on the application of the 
SETSIZE model to the Highline Canal and the Red Bluff settling basins were 
discussed by Strand (1986). The SETSIZE model was converted to the personal 
computer and additional case studies presented for the Crater Lakes basin 
(Orvis and Randle, 1989). 

The STARS (Orvis and Randle, 1987) model described in this report for design 
of a settling basin has the advantage of a method based on transport of 
sediment rather than settling velocity. It is applicable for evaluating 
deposition in basins partially filled with sediment and can be used to 
determine if sediments can be hydraulically flushed from a basin. 
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OBJECTIVES 

The STARS model was applied to design of a settling basin in four phases: 

1. Check and verify the depositional characteristics of the STARS model 
against the SETSIZE model for two existing settling basins. Surveys of the 
two basins were available to compare with the results of the models. 

2. Use the STARS and SETSIZE models on a future settling basin design 
problem for sediment removal. 

3. Apply the STARS model to one of the existing settling basins and the 
future design problem to determine the volume of water and time required to 
flush the sediment from the basin. 

4. Evaluate the depositional and sluicing capabilities of a basin with a 
sloping bottom. 

PHASE 1 

Socorro Main Canal Settlina Basin 

Construction of the settling basin on Socorro Main Canal was completed by 
March 1, 1956, and is located about 1.2 miles below the San Acacia Diversion 
on the Rio Grande in New Mexico. The basin is 2,400 feet in length with a 
bottom width of 90 feet and side slopes of 2:l. Flow and sediment data were 
collected upstream as well as downstream from the basin during a 112-day 
period from March 1, 1956, until June 21, 1956. For determining depositional 
volumes, a total of seven cross sections were surveyed before and after the 
study period. A plan view showing the layout of the cross sections is 
presented on figure 1. A set of 15 core samples for a grain size analysis 
were taken on June 21, 1956, along the five cross sections within the basin by 
driving a lo-foot plastic tube to the original basin floor. 

Hydraulic and sediment data were sufficient for a thorough comparison and 
analysis of the Socorro Main Canal settling basin using both the SETSIZE and 
STARS models. A 'I-day time step was selected for both models resulting in 16 
computational intervals to model the 112 days. The results of these 
computations are given in table 1. TABLE 1 slxosso KUN CANAL SEITLmG B.&SIR 

wnit* In Feet.1 
&y;’ Depth Of Sedimet rmpait STARS &-se1 Survey 

PIAN VIEW (nof to we/e) section 3,1,56 SETSIZE ml.-Xi Yans 6/21/56 

%!*+ (%J .jij pj ii tkj j 

LD+OO o+ClO 
OE+oO 71 +a0 7S+Ol St+00 BBCOD Vol-zle (.cre-teet) 34.06’ 31.0** 35.0** 36.45 
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It should be noted in the above comparison that the STARS model can utilize 
several of the different sediment transport equations. The two equations 
compared were the Bureau of Reclamation's, Velocity-Xi adjustment (Pemberton, 
1972) to the original Einstein (1950) and the Yang equation (1973). 

Red Bluff Settlina Basin 

The settling basins is located immediately below the Red Bluff Diversion on the 
Sacramento River in northern California. The dam was built in 1964; however, 
prior to about 1980, diversions had not reached their present day demand. The 
basin is 2,200 feet in length, 248-feet wide, and has riprapped banks with 
side slopes of 2:l. Dredging of the settling basin was first accomplished in 
1980. The basin has been periodically dredged since 1980. The period 
selected for verification of the STARS and SETSIZE models was a 2-year period 
(1981 to 1983) between dredging. Cross section surveys were conducted in 
April of 1981 and 1983. The layout of the cross sections used in the analysis 
is given in figure 2. 

The Red Bank Creek enters the Sacramento River invnediately upstream from the 
diversion dam and the entrance to the settling basin. An assumption was made 
that Red Bank Creek discharge and corresponding sediment loads would be 
diverted directly into the settling basin and the remaining flows and sediment 
load would be from the Sacramento River. 

Inflow data used in the models were the 1983 diversion schedule of flows 
applied to the 24 months from April 1981 through March 1983. The analysis by 
both models was done on monthly flow periods with 24 computational time steps 
during the 2-year period. The initial channel geometry for the STARS model 
was defined by the surveyed cross sections of April 1981. A representative 
bed-material size gradation used in the model was developed from a set of core 
samples of bottom sediments collected in March 1980. Results from the April 
1983 survey are comoared to the STARS and SETSIZE model computations in 
table 2. 

PLAN VIEW (not to scale) 

4t10 
5t64 IO+64 15t64 20+64 

Flgure 2. RED BLUFF SETlUNG BASIN 
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Summarv of Phase 1 

An examination of tables 1 and 2 shows that the STARS model provides a 
reasonable and more realistic sediment deposition pattern in the settling 
basin compared to the SETSIZE model. The volumes of deposition either by the 
SETSIZE or STARS models compared favorably with the survey results. Within 
the STARS model there can be considerable difference in the results associated 
with the selection of a sediment transport equation. Based on the two 
equations selected for comparison, the Velocity-Xi adjustment to Einstein 
gives the best comparison with survey results. 

PHASE 2 

On the Sunsari-Morang Irrigation II Project in Nepal, the Chatra Main Canal is 
experiencing severe sediment deposition problems. Large quantities of coarse 
sediment are being diverted into the canal from the Kosi River. A settling 
basin 6,234 feet (1,900 meters) long and 230 feet (70 meters) wide with side 
slopes of 2:l is proposed to alleviate the problem. 

The tests on use of the SETSIZE and STARS models were made with the assumed 
input data shown in table 3: 

A total of 11 monthly time steps were used in the analysis to compare the 
SETSIZE and STARS models for the proposed Chatra Main Canal settling basi,n. 
The results of this study are shown in table 4. 

In table 4, the SETSIZE model shows that 99.8 percent of the inflow volume 
will be deposited because 97 percent of the suspended sediment inflow is sand 
or coarser material. Additional samples of the suspended sediment load may be 
needed to verify this size analysis. 

Summarv of Phase 2 

The STARS model using the Velocity-Xi adjustment to Einstein, when compared 
with the SETSIZE model in the design of a settling basin, gives greater depths 
of deposits at the upper end of the settling basin. A recommended procedure 
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for the design of a settling basin is to obtain an initial size of the basin 
by use of the SETSIZE model and run the more sophisticated STARS model. In 
studies to develop dimensions for a settling basin, an upstream transitional 
cross section leading into the settling basin is required. The dimensions of 
this upstream section do not significantly change the volume of sediment 
deposited, but do have an effect on the depositional pattern. 

PHASE 3 

One feature of the STARS model is the capability to determine if the basin 
could be hydraulically flushed. This situation would normally apply to a 
concrete lined settling basin. During nonirrigation periods water could be 
routed through the basin and returned to the river for sluicing purposes. The 
flushing requires adequate hydraulic head to develop critical flow conditions 
at the downstream end of the basin. Scour initiated within the basin removes 
sediment in lieu of mechanical cleaning by dredge or dragline. 

Another critical aspect of the potential for sluicing sediments is the 
environmental concerns of releasing higher concentrations of sediment into a 
downstream channel. In many countries or under special disposal conditions, 
the flushing may be possible. Sy use of the STARS model, the concentrations 
of sediment in the flushing flows could be determined for making an 
engineering evaluation of the process. 

Socorro Main Canal Settlina Basin - Flushinq 

The first test of the feasibility of flushing was conducted on the Socorro 
Main Canal settling basin. It was a hypothetical analysis. The assumption 
made in the flushing analysis was to convert the downstream canal section at 
8gtO0 to a sluice gate with flow at critical discharge. The bed at section 
8gtO0 was assumed to be nontransportable cobble material and the original 
bottom elevation of the settling basin was assumed to be large cobbles, 
simulating a concrete bottom. The initial deposits in the basin were made 
equal to the deposits computed by the STARS model using the Velocity-Xi 
adjustment to Einstein as shown in table 1. 

Computations for sluicing were made with STARS using the Velocity-Xi sediment 
transport method and varying both the discharge and the incoming sediment 
concentration. The results of one computation are shown in table 5 of scour 
in feet at each cross section in the basin and total vplume of sediment 
removed for a 28-day period with a discharge of 200 ft/s and incoming 
sediment concentration of zero. 

All runs gave a scour pattern similar to that in table 5 with the highest rate 
in the first 7 days. Larger concentrations of sediment inflow caused a small 
decrease in the scouring rate. To remove all of the sedimegt from the basin 
in a 28-day period would take a discharge of about 1,000 ft/s. 
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Chatra Main Canal Settlina Basin - Flushinq 

Sluicing of sediments from the proposed settling basin at Chatra in Nepal was 
studied by using the STARS model following the same procedure described for 
the Socorro Main Canal settling basin. The assumptions included the sediment 
deposits shown in table 4 and a sluice gate at the downstream end of the basin 
with an invert at elevation 347.8 feet. Cobble material was placed on the bed 
for the sluicing section 67tO0 and underlying the deposited sediments within 
the basin. 

In applying the STARS model with the Velocity-Xi transport equation, several 
discharges and sediment inflow concentrations were used to compute the 
sediment scoured by sluicing from the Chatra Main Canal settling basin. 
Because of the large depths of deposited sediment at the downstream end of the 
basin, the scour took place by the head cutting action. An example of the 
scour at each cross section yd the volume of sediment removed from the basin 
by routing 3,530 ft'/s (100 m/s) with zero sediment inflow concentration is 
shown in table 6. 

Due to the large volume of deposited sediment in Chatra Main Canal settling 
basin, extremely high discharges would be required to remove all of the 
deposited sediments. 
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Suanaarv of Phase 3 

The two case studies on use of the STARS model for flushing sediment deposits 
from a settling basin identified the problems encountered by trying to sluice 
sediments by hydraulic action. The studies showed that by routing of 
extremely high discharges through the basin most of the deposited sediments 
can be removed. However, this may take considerable time and with the large 
volumes of water required is not feasible on irrigation projects. An 
alternative to the large discharges would be the splitting of a basin by 
construction of guide walls dividing the basin into two or three separate 
channels for analyzing the scouring potential by the STARS model. 

The two case studies on sluicing show that the STARS model can predict the 
scour action by either downstream erosion or head cutting action. The type of 
erosion is dependent on the depth of deposits at the downstream end of the 
basin in relation to the critical discharge and associated velocities. 

PHASE 4 

The Socorro Main Canal settling basin was selected to determine if the STARS 
model could be applied to a sloping basin and result in any different 
depositional pattern. In the sloping basin study, the water and sediment 
inflow to the basin for computing sediment deposition were identical to the 
112-day period under phases 1 and 3. The cross sections were changed to 
provide bottom slopes of .OOl ft/ft and .005 ft/ft by leaving the thalweg at 
station 66+00 the same and progressively lowering each downstream cross 
section. Bed material with an underlying layer of cobble size sediment to 
control erosion along with a downstream sluice gate were the same as used in 
the phase 3 studies. 

The STARS model with the velocity-Xi adjustment was used for computing 
deposition and sluicing capability for the settling basin with aforementioned 
changes. The results of these computation and the results from phase 3 
studies for a basin with no slope are shown in table 7. The comparison of the 
results of sluicing a basin (slope = 0) from phase 3 with the basin having a 
slope = .OOl ft/ft show almost identical results for the 28 days analyzed. 
For these two conditions, the size gradation of deposited sediments controlled 
the degradation. The extreme slope of .005 ft/ft showed greater sluicing 
capability, but this steep basin would not have a practical application on an 
irrigation project. 
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SUMMARY AND CONCLUSIONS 

The STARS and SETSIZE models provide reasonable results when checked against 
survey data for the Socorro and Red Bluff settling basins. Model results for 
the proposed Chatra Main Canal settling basin provided quantities of sediment 
deposits for use in evaluating basin dimensions and cleaning requirements. 

The STARS model was able to simulate flushing of sediment for the hypothetical 
Socorro settling basin and the proposed Chatra basin configuration. Large 
quantities of clear water in combination with construction of guide walls for 
providing narrower move efficient sluiceways would be needed to flush either 
basin completely. 

Tests for a sloping basin showed no change in flushing capabilities by 
increasing the bottom slope to 0.001, but by increasing the bottom slope to 
0.005 the sluicing process was improved. The slope of 0.005 represents a 
slope greater than the natural river which makes it impractical for an 
irrigation project. 
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SAND TRANSPORT IN GOODWIN CREEK 

By Joe C. Willis, Research Hydraulic Engineer, National Sedimentation 
Laboratory, USDA-ARS, Oxford, Mississippi 

Stage frequency functions are developed for four consecutive water years for 
Goodwin Creek near Batesville, MS. These are used along with the average 
rating for the transport of sands to obtain estimates of the expected annual 
delivery of sands by the observed flows. Also, a shift factor to correct 
the rating for deviations of each ETR sample therefrom is used to obtain the 
best estimate of the "measured" sand delivery. The measured sand 
deliveries differ significantly from the expected for individual years. The 
differences in the average sand deliveries for the four years are primarily 
due to differences in the amount of rainfall. 

The sand-load frequency tends to increase rapidly with increasing stags at 
low stages and to approach a constant value at higher stages. This suggests 
that the extreme, but infrequent, flow events constitute significant 
contributions to the sand load. 

INTRODUCTION 

The purpose of this investigation was to develop best estimates of the sand 
load delivered by Goodwin Creek on an annual basis. Measurements of the 
concentrations of sediment in transport are a crucial part of field 
investigations. The primary purpose of these measurements is to determine 
amounts of sediment delivered downstream and average sediment yields from 
the watershed above the point of measurement. Another related purpose of 
the transport data is to develop predictive relationships for the sediment 
load in terms of flow and channel variables that supposedly may be ~)re 
readily measured than the concentration itself. 

Unfortunately, variablity in transport data seems to be the rule rather than 
the exception. Several reasons for the variability may be cited. These 
include sampler error, sampling techniques that result in non-represenative 
samples, variations in the sediment supply, residual effects of upstream 
channel geometry, residual bed deposits from past flow events, migrating 
bedforms, flows originating from different source areas, and sporadic flow 
events. The stochastic nature of transport processes has been~ recognized 
for some time. Comparisons of sediment loads predicted by several transport 
formula were shown to differ by an order of magnitude. (Vanoni, et al; 
1961). Even in laboratory flumes under steady, controlled conditions, the 
standard deviation of the concentration of the sand in transport was found 
to be on the order of the mean concentration itself (Willis and Bolton, 
1979). Hammri (1962) suggested a probability function for bed load 
deviations in one of the first theoretical treatments of fluctuating bed 
load. This was later generalized by Carey (1985). A probability approach 
has also been applied to the calibration of bed-load samplers (Hubble et 
al., 1985). 

The analyses of Hamamori and Carey indicate that the variations in 
measurement of the bed load are large relative to the mean transport rate. 
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The implication is that dunes are the main cause of MriatiOn under 
controlled laboratory conditions. The bed load certainly changes from near 
zero at dune trough to a mx&%um value of about twice the average transport 
rate at the next crest. If the effects of other factors mentioned ahove are 
also considered, the expected variability of field data becomes very large 
indeed. 

GOODWIN CRBEK 

The Goodwin Creek Watershed near Batesville, Mississippi, has been operated 
by the National Sedimentation Laboratory, Oxford, Mississippi, since about 
1980. This watershed and the associated data collection program have been 
described previously (Bowie and Sansom. 1986). Since about 1983 an 
intensive sediment sampling program has been conducted at Station 2 of that 
watershed which represents the outflow from a seven-square-mile 
subwatershed. Fine sediments have been sampled reliabily by an automatic 
pump sampler, and sands have &en determined by ETR (equal transit rate) 
samples through the entire depth of flow at the outfall of the supercritical 
flow structure with a boom-mounted DH-48 sampler. One of the purposes of 
the structure was to provide a stable flow rating and a deposition-free 
boundary to facilitate sediment sampling. Stage is the primary variable for 
relating flow and transport through the structure. 

The stream above Station 2 is a relatively straight channel for 600 feet 
with relatively high but stable banks, a slope of about 0.003 and a bed 
width of about 35 feet. The bed material is a mixture of sand and gravel 
with a median diameter of about 4 nrm. The sand fraction (less than 2 mm) of 
the bed material constitutes about 34 percent of the total and has a median 
diameter of about 0.63 mm and a geometric standard deviation of 1.83. 

STAGE FREQUENCY 

Data for the water years October 1984 through October 1987 were used to 
develop transport and flow relationships. The annual rainfall was highly 
variable during this period. It varied from 34.72 in. for the 1985/86 water 
year to 61.11 in. for the 1984/85 water year. Figure 1 depicts the tempral 
distribution of flow stages for the 4 years. The flow in the channel is 
essentially ephemeral with a low base flow on the order of 0.1-0.2 ft in the 
supercritical-depth structure. Flow events may occur throughout a year, but 
events with a stage greater than 5 feet occur very infrequently. 
Significant differences in the occurence of extreme events can be seen for 
the four years. The year 84/85 was the wettest of the four years and also 
had a larger number of extreme events. The year 85/86 was the driest, with 
no stage over 6 feet. 

Figure 1 essentially represents the stage range for each day, since the 
resolution of tbe figure is on the order of a day and finer details are 
obscured. The stage data were analyzed in terms of time frequency, ie., the 
fraction of the time the flow is within an increment of stage per increment 
of stage. This frequency or probability function of stage is obtained by 
accumulating the time the stage remains within each increment of stage and 
dividing by the total time and the stage increment. A stage increment of 
0.1 ft was used for this analysis. The resulting stage probability 
functions for each of the four years are shown in Figure 2 along with sand 
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load frequencies that will be discussed in the next section. The frequency 
functions are depicted in logarithmic coordinates to reveal the details of 
the low frequencies of the extreme flow events. 

Figure 1. Plow Stages in Supercritical Flume No. 2, Goodwin Creek 

The area under each stage frequency function (in arithmetic coordinates) is 
unity. The peak frequency occurring at about 0.16 ft. represents the stage 
existing most of the time. This may be regarded as the stage of base flow. 

Since the stage frequency function is equivalent to the usual statistical 
probability function, all the attributes of probability density functions 
are applicable. As an example, the first mOment is given by: 

-I 
S= ,” f(s) ds 

0 
(1) 

where s denotes the average stage, s is a particular stage, and f(s) 
is the frequency for that stage. Also, the average value of any function of 
stage is given by the integral of the product of that function and f(s) over 
all contributing S. 

Flow discharge rate in the Goodwin Creek channel is a function of the stage 
in the supercritical structure. 

Q = Q(s) 
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Figure 2. Stage and Sand-Load Frequencies, Goodwin Creek. 

The function Q(s) is approximated by power functions for four stage segments. 

Q(s) = 46.94 s2’= , 8 < 0.18 ft 

= 36.65 s2’431 , 0.18 < s < 0.328 

= 31.92 s2.297 , 0.328 < s < 4.108 (3) 

= 47.98 s2*025, 6 > 4.108 

wherein Q(s) is the flow rate in ft3/sec at stage s in ft. The 
ratings of Eq. 3 are based on the theoretical ratings of the structure as 
modified by’ in-situ flow discharge measurements. 

In terms of the frequency functions, the average flow rate q is given 
by: 

m 
q =j-Q(s) f(s) ds (4) 

0 

The product Q(s)f(s) is the flow frequency and is directly related to the 
usual flow duration method of analysis of watershed data. 
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TRANSPORT F~WQUENCY 

The concentration of sediment in transport can also be related to stage; 
however, the relationship is not unique. A, rather large range of 
concentrations~ are ,observed at any given stages,. so only long term averages 
can be considered to be functions of stage alone. A preponderance of the 
measurements of sediment concentration are for flow events with lower 
stages, so to give equal weight in an average concentration-stage 
relationship, average concentrations and stages for each quarter-foot stage 
increment were calculated and a regression relative to stage was applied to 
these averages. The resulting sand rating for the period of record (after 
1980) for station 2 of Goodwin Creek is: 

c(s) = 52.4 eos675 ’ , s > 1.22 ft. 

= 97.6 s , s <= 1.22 ft. (6) 

where c(s) denote the concentrations of sand in parts per million by weight 
for stage s measured in feet. Figure 3 presents a graphical depiction of 
this sediment rating. Each of the data points represents an average of 
concentrations from between 18 and 325 composite crossection samples 
obtained with the DH-48 depth integrating sampler. The standard deviations 
of the individual samples within a depth interval were on the order of the 
average concentration for that interval. 

Sand Ratin 
i!’ 

Sta 2 
Goodwin reek 

A 
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c=52,4 e 

+ I I I I I I 
i 2 3 4 5 G 

Stage, ft 

Figure 3. Sand-Load Rating, Station 2, Goodwin Creek 
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The transport rate of sediment at a given stage is given by 

G(s) = 10 
-6 

y c(s) Q(s) 

where y denotes the unit weight of water (62.4 lb/cu ft). 

(7) 

Here again the product of G(s) and f(c)-??apresentS the rate of contribution 
to the average transport rate with stage. This product or load Frequency 
for the four water years is depicted in Figure 2 for the sand. fraction of 
the sediment load for c(s) given by Eqs. 5 and 6. Although f(S) iS S 
rapidly decreasing function at higher stages, the product Q(s)c(s) increases 
about equally as fast suggesting an almost constant load frequency at high 
stages. The variations in the load frequency St high stages about this 
"constant" level probability reflects the small number of extreme events. 
The load frequency increases sharply at low stages and indicates that the 
extreme, but infrequent, events make significant, if not dominant, 
contributions to the sand load. 

The average transport rate is the area under the arithmic load frequency 
curve for contributing stages: 

GE [:,s, f(s) ds (8) 

Column 3 of Table 1 depicts the annual sand loads based on the average 
transpxt rates from Eq. (8) for the four water years 1984-87. The loads 
for the four years differ significantly and appear to be highly correlated 
with the highest observed stage for a given year. If the load frequencies 
do become nearly constant St high stages, then the effect of a higher peak 
stage is to provide a longer stage base for integration under the load 
frequency curves of Figure 2. 

Table 1. Calculated Annual Sand Loads - Goodwin Creek, Station 2 

Water Year Rainfall Calculated Sand Load 
inches tons 

Eq. 8 Eq. 10 

1984/85 61.11 5170 11800 
85/86 34.72 1550 1790 
86/87 51.32 4090 6020 
87/88 43.04 1370 3570 

Although these calculations indicate significant differences in transport 
rates for different years, they only reflect the effects of variations in 
flow between the different years. They may also be somewhat low due to 
attenuation of the high deviations by the log transforms of Eq. 5 and Figure 
3. The variations of the individual observed concentrations from the 
average curve can cause even greater deviations. The concentrations used in 
defining Es. 5 exhibited standard deviations for each stage increment on the 
order of the average concentration itself. Furthermore, the deviations of 
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measured concentrations from the average values seemed to be rather 
consistent over significant time periods. 

To account for these deviations, a shift factor K was defined'as a ratio of 
the observed concentration to that predicted by the average curve. The K 
factor was then defined as a function of time with linear interpolations 
over time applied between samples. The product of K and the value of c(s) 
from the average curve then corresponded to the measured concentrations at 
the times samples were taken. The best estimate of the transport rate at 
time t and stage s is then taken as: 

G(s.t) = 10 
-6 

y K(t) c(s) Q(s) (9) 

wherein the concentration and flow rate are also taken as a function of time 
t. The index t has been added to G to distinguish it as a multivariate 
function. 

To rennve the time dependency of the load, the average value of G(s,t) for 
each increment of stage was computed. This is identical to the procedure 
used in establishing Eq. 2 except that the interval averages were used in 
the load computations rather than the regression curve. These averages 

G(s) were then only a function of stage and could be used in Fq. 8 to 
define the average transport rates 

c = 
I 

m 
F(s) f(s) ds (10) 

0 

wherein the integrand is the frequency function of the transport rate. The 
load frequencies defined by Eq. (10) depicted similar curves to those of Eq. 
8 except for somewhat higher frequencies for stages around 4 feet. 

The annual loads based on the average transport rates from Eq. 10 are shown 
in column 4 of Table 1. The values in columns 3 and 4 differ significantly, 
with the higher values in column 4 reflecting high K(t) values for 
significant transport events. The values from Eq. 8 represent the expected 
long-term sand transport rates for the observed flows. Those from Eq. 10 
represent the best available estimates of the annual sand loads when enough 
depth-integrated samples are available. The transport rates computed by Eq. 
9 are rather insensitive to the form of the average load rating. With the 
addition of the shift factor K(t), Eq. 5 becomes primarily an interpolation 
scheme between samples. 

CONCLUSIONS 

Stage frequency functions, which represent the fraction of the total time 
that the flow is within an interval of stage per unit interval of stage, can 
be used to determine the observed or expected delivery of sand-sized 
sediments. The product of the average concentration at a particular stage, 
the flow rate, and the stage frequency defines a load frequency as the rate 
of contribution to the average transport rate with stage. The area under 
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the product of the stage frequency and any function of stage represents the 
average value of that function over contributing stages. 

The stage frequency function is hiyhly skewed to low stages and decreases 
rapidly as stage increases. The sediment transport rate increases with 
stage so that the product of transport rate and stage frequency tends toward 
a constant value at higher stages. This suggests that extreme, but 
infrequent, flow events maintain a significant contribution to the annual 
delivery of sands. 

Computations of the annual yields of sand by Goodwin Creek near Batesville, 
MS, reveal significant differences between the expected yield for observed 
flow events and yields based on ETR sediment samples. The sand 
concentrations differ apppreciably from the average relationship with stage 
for time periods longer than a storm event. 
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BED LOAD TRANSPORT ON 'IWO SMALL STREAMS 

By Roger A. Kuhnle, Research Geologist, U. S. Department of Agriculture, 
Agricultural Research Service, National Sedimentation Laboratory, Oxford, 
Mississippi. 

ABSTRACT 

Bed load transport has been sampled on two small tributaries of Goodwin Creek 
using automatic continuously-recording box samplers. The watersheds of the two 
gravel-bed streams are adjacent to e~ach other andbedmaterialsize distributions 
and average bed slope of the two channels are similar. Since November of 1988 
more than 2000 bed load transport samples have been analyzed on each of the two 
streams. This data was used tom calculate relations between mean bed load 
transport rate andmeanboundary shear stress for the two streams. The transport 
relations show that one of the streams has a higher rate of dimensionless bed 
load transport for a given dimensionless bed shear stress. Several possible 
reasons for this difference are explored. 

INTRODUCTION 

Accurate determinations of the rates of transport of bed material sediment in 
alluvial channels is important for several reasons. An accurate determination 
of the rate of bed sediment in transport is essential for calculating the 
sediment yield from upstream areas, and also for assessing the effects of the 
sediment transporteddownstream. The transport processes of the bedmaterialmay 
also in some cases cause bank erosion problems. Yet published transport 
relations are not general enough to be of use in many instances (Parker et al., 
1982) and the variable nature of the flow and bed load transport make the 
collection of reliable data difficult. 

The bed load transport data used in this study were collected on two small 
streams using the same sampling technique for the same runoff events. In this 
study the resultingbedloadtransportrelations pf the two streams were compared 
to each other and potential causes of the ~differences between the two were 
identified. 

FORMULATION OF THE PROBLEM 

The accurate prediction of the rates of bed load transport of sand and gravel 
sediment by flowing water is a difficult task. The flow of water over a sand and 
gravel bed affects the size distribution of the bed material which in turn 
affects the flow. Superimposed on this process are bed forms which interact in 
complicated ways with the bed surface size distribution and cause the transport 
of the sediment to be variable even if the flow is steady and uniform. Adding 
unsteady and non-uniform flow to the problem increases the complexity further. 

To simplify the situation somewhat the assumption can be made that all sediment 
sizes in the bed material of a gravel-bed stream are equally mobile (Parker et 
al., (1982). This yields the following important variables which control the 
sediment transport process: 

% = F(~o,drP,~,Ps,g,%,) (1) 
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where qb - the bed load transport rate in mass per time per unit width, ~0 - 
P@%- boundary shear stress, d = mean flow depth, p = density of the water, p 
= dynamic viscosity of the water, ps - density of the sediment, g - acceleration 
of gravity, D5,, - the median grain diameter bf the sediment, R - hydraulic 
radius, S, - slope of the energy grade line, and F symbolizes a functional 
relationship. These eight variables can be represented by five dimensionless 
groups : 

((Ps/P)-l)ml 
I 

70 d g=13 D,, P. 
==F 9 -. ,- 

P. (ro/P)3'2 h-p)@so kXJ y2/3 P 1 
(2) 

where Y - p/p. Equation 2 can be referred to in short-hand notation: 

W" = F(rs,*,d*,Dso*,~,/~) (3) 

For some gravel-bed streams the assumption of equal mobility is warranted (Parker 
et al., 1982), while in other cases it is not (Ashworth and Ferguson, 1989). For 
this study the assumption of equal mobility of the bed sediment is made. This 
implies that the sediment canbe adequately represented by one grain size. Also 
it is assumed that 

w l = F(T~,*) (4) 

and that the variables d*, D,,*, and p,/p are equal in the two streams. This last 
assumption is warranted because the watersheds and channels of the two streams 
are approximately the same size. The bed material sediment size distributions 
also are very similar to each other and virtually all sediment in the two 
channels is of quartz density (2~.65 g cm?). 

STUDY AREA 

The Goodwin Creek Research Watershed is a 21.4 km* instrumented watershed that 
is located in the bluff-line hills east of the Mississippi River flood plain in 
the north central part of the state of Mississippi. The watershed includes 
fourteensupercritical "V" shapedstructures anddatacollecting stations located 
on 14 subwatersheds. The purpose of the watershed study as a whole is to relate 
upstreamlanduse andwatershedprocesses to sediment supply, transport in stream 
channels, and channel stability. The bed material of the channels in the 
watershed ranges from nearly pure sandwith a median size of about 0.5 mm to 70% 
gravel with a median size of 8 mm. Bed material mixtures between these two 
extremes are also present. More details on the instrumentation and sediment 
sampling programs canbe found in Bowie and Sansom (1986), Willis et al. (1986), 
and Kuhnle et al. (1988). 

The focus of this study is on two subwatersheds of Goodwin Creek: number 13, with 
an area of 1.24 kmz. and number 14, with an area of 1.63 kmz. These two adjacent 
subwatersheds are small in area yet contribute a significant portion of the 
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coarse bed material delivered to the main channel. The channel bed at station 
13 is 3.0 m wide with B bed slope of 0.010. At station 14 the channel bed is 3.4 
wide with a bed slope of 0.008. Flow in the channels is ephemeral with both 
channels being dry for long periods during the summer and fall months. The 
intense rainfall necessary to generate significant runoff in the channels occurs 
most often in the winter and spring months. For the period 198'2 _ 1987, runoff 
events with a flow strong enough to move the bed material sediment occurred on 
average 15.6 and 15.0 times at 13 and 14 respectively. 

SAMPLING 

Equipment 

The natural variability of the bed load transport process along with the flashy 
nature of the runoff of small streams makes collecting transport samples a 
difficult task. To deal with this problem two continuously-recording box 
samplers were used to collect the bed load transport data for this study. The 
box samplers, modified from a sampler design of Reid et al. (1980), were 
constructed of 0.64 cm aluminum plate and consist of 1.22 m x 0.61 m x 1.35 m 
high box buried in the channel bed with the top flush with the bed surface (Fig. 
1). The sediment falls into three 0.56 x 0.37 x 1.22 mhigh inner boxes that are 
supported by a flexible pressure pillow filled with a mixture of 50% ethylene 
glycol and 50% water. The removable top of the box has three equal-sized 
openings each 0.38 m long in the streamwise direction and 0.33 m wide in the 
cross channel direction. 

Fig. 1. Schematic cross section view of box sampler. l.- outer box, 2.- inner 
box, 3.- slotted cover, 4.- pressure pillow, 5.- bubble tube outlet, 6.- 
water surface, 7.- tubes from bubbler and pillow, 8.- stream bank, 9.- 
instrument house, lo.- air trap, ll.- valves, 12.- pressure transducer, 
13.- power supply, 14.- bubble gauge, 15.- wires to remote telemetry 
system. 
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Determining the rate of sediment accumulation into the box is accomplished by 
measuring the pressure due to the submerged weight of the sediment on the 
pressure pillow. A differential pressure transducer, with one side connected to 
the pressure pillow through a thick wall plastic tube filled with the ethylene 
glycol solution and the other side to a U.S. Geological Survey bubble gauge, 
gives a voltage that is proportional to the dry weight of the sediment in the 
boxes. The bubble gauge discharges into the outer box to compensate for the 
pressure on the pillow due to the depth of water in the channel. Another 
pressure transducer connected to the bubble gauge provides avoltage proportional 
to the depth of water over the box. The samplers were calibrated by placing 
weighed amounts of sediment into the inner boxes and recording the voltage change 
of the pressure transducer. A linear relation between dry sediment weight and 
voltage change was obtained. 

Elevation of the water surface was measured 30.5 m upstream from the boxes using 
a bubble gauge,andpressure transducer. The upstream andbox bubble gauges allow 
the slope of the water surface to be calculated continuously. The pressure 
transducer connected to the bed load sampler and the two pressure transducers 
connected to the bubble gauges were sampled at one minute intervals and stored 
for 30 minute intervals in the mini-computer located at the station site. The 
data was radioed every 30 minutes to the laboratory main-frame computer using the 
remote telemetry system of the Goodwin Creek Watershed. 

Techniaues 

The samplers were serviced after each transport event when flow depths in the 
channels were less than 0.1 m. Servicing of the samplers consisted of removing 
the slotted top and hoisting the inner boxes out of the outer box for emptying. 
Before emptying the center box was capped, laid horizontal, and one side was 
removed. The accumulated sediment was then sampled at 0.15 m vertical intervals 
for sediment size analysis. 

Each time the boxes were serviced samples of the bed material sediment were 
collected. These samples were taken in the center of the channel 7.6 m upstream 
of the boxes. Two types of samples were collected: one of the bed surface layer 
sampled at a thickness equal to the largest sized grains (64 mm) and one of the 
bed sub-surface taken directly below the surface sample. 

DATA 

Bed Material 

The bed material surface and sub-surface size distributions (each is a mean of 
12 samples) are shown in Figure 2. The median sizes of the bed surface and bed 
sub-surface are 5.10, and 4.26 mm respectively for 13, and 8.51 and 5.86 mm, 
respectively for 14. All bed material samples have modes at 22.63 and 0.42 mm 
sizes and standard deviations of between 2.4 - 2.5 d units (where d = 
-lo&(&J). The median size of the bed sub-surface size distribution will be 
used here as the characteristic size for both streams. 
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Fie. 2. Bed material size distributions for the two streams. 

Bed Load Samoles 

The two samplers have been in operation at stations 13 and 14 from November of 
1988 to the present. Data have been analyzed from 18 transport events which 
yielded a total of 2255 and 2682 samples from stations 13 and 14 -+spectively. 
Each sample is actually a record of each time the voltage of the pressure 
transducer connected to the box samplers is read and stored by the computer. 
Although the total number of samples is large most are~concentrated at lower 
flows with a lack of samples at higher flows at both stations (Fig. 3). The 
variability of transport rates shown in Figure 3 is comparable with that shown 
for other studies of bed load transport in gravel-bed streams (e.g. Hubbell, 
1987; Kuhnle and Southard, 1988; Kuhnle et al., 1989; Whiting et al., 1988). 
This large short term variability requires many samples at each flow strength in 
order for accurate estimates of the meanbedloadtransport rate to be calculated 
(Kuhnle and Southard, 1988). Due to the shortage of samples collected at flows 
greater than 3 m3 5-l (Fig. 3) mean transport rates calculated for flows above 
3 m3 selare probably less accurate than those calculated for lower flows. 

TransDOrt Relations 

In order to compare the bed load transport rates from streams 13 and14 directly, 
a transport relation for each stream "as calculated. Dimensionless bed load 
transport rate (W*) "as related to dimensionless bed shear stress (Tag*). Due to 
problems with the upstream bubble gauge at station 13 water surface slopes were 
not available to calculate bed shear stresses. In order to compare the bed load 
transport data from the two streams to each other the mean bed surface slope "as 
used as an estimate of the slope of the energy grade line. It is recognized that 
bed surface slope is not always a good estimator of the energy grade line. 
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Fie. 3. Bed load transport rate vs. flow discharge. Zero values plotted as lo+. 

The means of all the transport samples in each 5 N me2 interval of bed shear 
stress were calculated for both streams 13 and 14. This averaging technique was 
used before fitting equations to the data due to the unevenness of the 
distribution of the samples. From these average values Figure 4 was plotted. 
Figure 4A shows the bed load transport relations of the two streams. A 
comparisonbetween the two transport relations canbe facilitatedby removing the 
differences in the critical bed shear stresses of the bed material for the two 
StreamS To accomplish this a reference bed shear stre.ss was defined as: .rT 

* = 750 I when W" = 0.002. The value of rSO* at this low transport rate is 

t J QLIQQC STATION 13 
l U!.CCF STATION 14 

Fie. 4. Bed load transport relations. A - W* vs. sSo*; B - W' vs. r5,,*/r,*. 
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essentially a surrogate for critical bed shear stress for movement of the bed 
material (Parker et al., 1982). Reference bed shear stresses (r=*) were 0.152 
and 0.303 for stations 13 and 14 respectively. These values were calculated by 
fitting power functions using a least squares technique to the transport data of 
13 and 14 and solving for the reference bed shear stress. Bed load transport 
rate versus the ratio of bed shear stress to reference bed shear stress is shown 
in Figure 4B. The slopes of the two relations are seen to be different in Figure 
4B. 

DISCUSSION AND SUMMARY 

The differences shown in Figure 4B may be due to a variety of factors. If we 
assume that the differences are real the response of the two watersheds to a 
given amount of rainfall may explain the differences. When flow in the channels 
at stations 13 and 14 is strong enough to transport the bed material it is almost 
never steady. Hydrographs of the two streams have a variety of shapes depending 
on rainfall patterns and the antecedent conditions in the watershed. It has been 
recognized that the rising side of the hydrograph at station 14 is consistently 
steeper than that at station 13 for the same runoff event. The effects of 
unsteady and non-uniform flow on the transport of bed load sediment are poorly 
known. It is possible that differences in the time scale of the unsteadiness of 
the two channels is the major cause of the observed difference in bed load 
transport relations of the two channels (Fig. 4). 

Another possibility is that the differences shown in Figure 4 were caused by 
imperfections in the data collection technique. It has already been mentioned 
that the amount of data collected athigh flows was much less than that collected 
at low flows. It is possible that at high flows not enough samples have been 
collected to obtain an unbiased average rate. Also the use of the mean bed slope 
in the calculation of bed shear stress is known to only be an approximation. The 
mean bed slope of a channel presumably represents some long-term average of the 
slopes of the energy grade line. It is not known how the energy slope deviates 
from the bed slope with different flow strengths for the two channels. The 
deviations may be different for the two channels. 

In summary differences in reference bed shear stress and bed load transport 
relations have been identified for two similar small gravel-bed streams in the 
Goodwin Creek Watershed. At the present time the cause of the differences is not 
known. Future planned improvements in the collection cf bed load transport data 
at these two watersheds are expected to shed more light on the causes of the 
differences of the transport relations of these two streams. 
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SEDIMENT TRACING IN STEP-POOL GPANITIC STREAMS IN IDAHO 

By Gary L. Ketcheson, Hydrologist, U.S. Forest Service, Sawtooth National 
Forest, Twin Falls, Idaho and Walter F. Megahan, Research Hydrologist, U.S. 
Forest Service, Forestry Sciences Laboratory, Boise, Idaho. 

ABSTRACT 

Sediment tracer studies were conducted on four, first- and second-order channels 
in the Silver Creek Study Area in south-central Idaho. The channels have a 
typical step-pool profile and are representative of the granitic terrain found 
in the Idaho batholith.~ Test reaches extend from 46 to 76 meters directly 
upstream from sediment catch basins and recording stream gages and range between 
3.8 and 9.7 percent gradient. Sediment sizes of 0.25-O-5 mm, 0.5-1-O mm, l.O- 
2.0 mm, and 2.0-4.0 mm were tagged with four fluorescent dye colors dissolved in 
vinyl plastic and used as a sediment tracer. Detailed surveys of test reaches 
include profiles, cross sections, and plan maps showing bank overhangs, thalweg 
positions and locations of logs and rocks. A single slug of tracer particles 
was placed at the head of each reach just prior to spring snowmelt. After 
snowmelt runoff, samples of bed material were collected from all discrete 
deposits within the test reaches including bed forms and accumulations behind 
natural channel obstructions. In addition, sediment cores were taken from the 
sediment catch basins. From 91 to 99 percent of the 0.25-0.5 mm particles and 
71 to 98 percent of the 2.0-4.0 mm particles moved through the test reaches. 
About two-thirds of the tracer material remaining in the reaches was deposited 
behind natural organic debris in the channel, while one-third was evenly divided 
among deposition in point bars, pools, and random bed and bank locations. 
Transport of tracer through the reaches was directly proportional to channel 
gradient and flow rate. 

INTRODUCTION 

Purpose and Scope 

Earlier studies (Megahan, 1982) showed that steep, first- and second-order 
streams draining forested, granitic watersheds in Idaho store an average of 15 
times more sediment behind natural channel obstructions than is yielded to the 
watershed outlets each year. We suspected that the sediment is retained behind 
channel obstructions for considerable periods of time and moves as masses when 
organic debris deteriorates and fails; however, we had not documented this 
prOCeSS. This study was designed to explore the question of sediment residence 
time in step-pool channels and what stream morphological characteristics affect 
the amount and timing of sediment delivery downstream. Vinyl coated sediment 
particles tagged with flourescent dyes were chosen as a tracer. 

Description of the Study Area 

The Silver Creek Study Area is located in south-central Idaho in the Middle Fork 
Payette River drainage. The dominant bedrock is moderately to well weathered 
quartz monzonite characteristic of the Idaho Batholith. The non-cohesive soils 
are described as gravelly, coarse textured loamy sands and sandy loams (Clayton, 
et al, 1979) and are highly erodible. Hillslopes are generally steep, with 
gradients ranging from 22 to 36 degrees. Annual precipitation ranges from 90 to 
130 cm, with about 65 percent falling as snow. High-intensity summer thunder- 
storms can be significant and are responsible for most of the erosion on 
disturbed soils (Megahan, 1978). 

The test reaches are located in four small watersheds; D, Bggers, Ditch and 
Cabin; that range in size from 102 to 129 hectares. The D and Eggers water- 
sheds were undisturbed; however road construction had occurred in the Ditch and 
Cabin Creek watersheds. Bedload sediment accounts for 60 to 70 percent of the 
total annual sediment yield from the study watersheds (Ketcheson, 1986). 
Streamflow and sediment production exhibit marked seasonal variation with both 
peaking during spring snowmelt. 



The test reaches exhibit an array of characteristics (Table 1). All are high 
gradient mountain streams characterized as step-pool systems with steps formed 
by large organic debris and rocks (Figure 1). When the accumulated heights of 
the steps are subtracted from the total vertical drop, the resultant "effective" 
gradient is generally less than half the overall gradient. 

Table 1. Test reach characteristics. 

- - -- -- -- Test Reach --------- 

Watershed Gradient (%) 
Name Area (ha) Length (m) Overall Effective' 

--- Flow _--- 
Spring Max. 
Runoff Peak" 

(cm1 W/s) 

D 118 56.4 9.7 8.2 41.0 0.26 

Eggers 129 57.3 7.1 3.1 36.8 0.25 

Ditch 102 70.4 5.9 1.7 30.0 0.17 

Cabin 110 76.2 4.2 2.1 31.9 0.16 

'Effective gradient is the stream gradient after subtracting the vertical drops 
over obstructions from the total vertical drop of the reach. 

%um of the runoff for the months of April and May. 

8 

7- Eggers Creek Streambed Profile 

6- 

25- 

0’ 
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Distance (m) 

Figure 1. Typical Step-Pool Profile of Test Reaches 
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PROCEDURES 

Preparation of Tracer Material 

Four representative particle size classes from two-year old road fill slope 
samples were chosen as tracer material: 0.25-0.5 mm, 0.5-1.0 ran, 1.0-2.0 mm, 
2.0-4.0 mm. Fluorescent dye (Day-Glow fluorescent pigment) was dissolved in a 
mixture of vinyl plastic VMCH blend 118 (a plastic hardener) and acetone. The 
particles were rotated in a cement mixer while being sprayed with the mixture. 
The particles were tumbled until well coated and dry. 
1968). 

(Rathbun and Nordin, 

Rathbun and Nordin suggested that enough tracer be used to have 400 particles of 
each size class in each sediment core taken in the test reach. cores of 0.002 
cubic meter capacity (12.7 cm diameter, 12.7 cm deep) were to be taken at least 
every three meters. Based on this, samples of 7.125 kg were prepared for each 
test reach with the following particle breakdown: 

Size Class (mm) 
0.25-0.5 

COlOK Number of Particles 
Red 1.246.000 

0.5-1.0 Blue 595; 000 
1.0-2.0 Green 236,000 
2.0-4.0 YellOW 158,000 

In April, 1982, prior to the snowmelt period, tracer samples were mixed with 
stream water in a bucket and slowly dumped across the channel section approxi- 
mately 60 meters upstream from the sediment catch basins. 
marked to establish the upper end of the test reaches. 

Injection points were 

Channel Mapping 

The following August, each test reach was surveyed in detail. Channel profil- 
es, cross-sections, and maps at a scale of one inch equals five feet were 
prepared from the data. The maps show channel bed and banks, the thalweg, and 
channel obstructions such as large organic material and rocks (Figure 2). CXllfe 
sample and cross-section locations were also recorded. The total volume of 
sediment in deposits was determined using average length, width, and depth 
measurements following Megahan (1982). 

Tracer Particle Recovery 

Sediment core samples were taken every three meters along each channel, in all 
sediment deposits in the test reaches, 
sediment catch basins, 

and on a square meter grid in the 
to determine the distribution of tracer particles. The 

full depth of the axe or sediment deposit, whichever was less, was samoled. 
From 45 to 60 channel sediment cores and 22 to 33 sediment cat&h basin &es 
were taken for each test reach. 

Tracer particles in core samples were manually counted under black lights, using 
magnifiers for the smaller size classes. Large core samples were subsampled 
into 100 gram samples until at least 10 percent of the mass was sampled. 

The total number of tracer particles deposited within the test reaches was 
estimated by extrapolating the tracer counts in the core volume to the total 
volume of deposits from which cores were taken. Core samples from the sediment 
catch basins were prorated to a square meter column to determine the amount of 
tracer in the catch basins. We assumed none of the particle sizes used for 
tracing would pass through the sediment basins. 

RESULTS AND DISCUSSION 

Complete recovery of tracer is indicated by the extrapolation of tracer counts 
in core samples to the sediment deposits. In fact, the results suggest the 
extrapolation over-estimates the number of tracer particles. Estimated total 
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recovery, including both stream and sediment catch basin deposits, ranged from 
106 percent for D Creek to 135 percent for Ditch Creek. The 1.0-2.0 mm and 2.0- 
4.0 mm size classes were over-estimated (161 and 150 percent, respectively) more 
than the 0.5-1.0 mm size class (122 percent). Recovery of the 0.25-0.5 mm size 
class was estimated at 61 and 86 percent for D and Eggers Creeks, respectively; 
while in Cabin Creek,recovery was 127 and 119 percent, respectively. 

Sediment sampling of the overflow at the sediment catch basins was conducted 
during snowmelt runoff. While no detailed analysis was conducted on these 
samples, sieving and weighing activities detected a few tracer particles in the 
0.25-0.5 mm and 0.5-1.0 mm size classes. We are confident that very small 
tracer quantities were lost over the catch basin spillways. 

Catch basin core samples were extrapolated over large volumes compared with the 
stream sediment core samples. The coring technique did not stratify the tracer 
counts by depth. We feel in-channel tracer estimates are more accurate because 
of fewer extrapolation errors.' 

Most of the tracer moved through the test reaches during the study period. As 
expected, travel distance tended to be inversely proportional to particle size 
(Figure 3a-d). An evaluation of the 1982 spring snowmelt runoff shows the 
relative magnitude of the total volume of spring runoff and maximum instanta- 
neous peak flow rates. Spring runoff volume was indexed by summing the flows 
for the months of April and May (Table 1). A frequency of occurrence analysis 
for the volume of spring snowmelt values based on at least 23 years of record 
showed exceedence probabilities r~anging from 0.08 to 0.17 for the four streams. 
Annual maximum instantaneous streamflow peaks in the study area always occur 
during snowmelt. Exceedence probabilities for instantaneous snowmelt peaks 
ranged from 0.10 to 0.27. Thus, high flow rates undoubtedly accounted for the 
high sediment transport rates. Even so, we were surprised by magnitude of the 
transport of the tracer through these step-pool channels. 

Each test reach showed distinct properties that influence the transport of 
tracer material. D Creek had the steepest channel gradient, the fewest 
obstructions, and the highest snowmelt runoff (Table 2). Only two percent of 
the tracer material was retained in the test reach, with less than three percent 
of any size class (Figure 3a). Approximately 1.1 cubic meters of sediment were 
stored in the test reach, with 65 percent stored behind organic debris, 17 
percent behind rocks, and the rest in bed forms; mostly pools (Table 2). Of the 
tracer deposited in the test reach, nearly half was trapped behind rocks with 
the other half split between organic debris and bed forms. 

Eggers Creek, the channel with the second highest gradient and snowmelt runoff, 
but with considerable large organic debris, retained about six percent of the 
~tracer in the test reach (Table 2). Less than ten percent of any size class was 
retained in the reach (Figure 3b). A total of 1.3 cubic meters of sediment was 
stored in the test reach, with 69 percent located behind organic debris, only 
four percent behind rocks, and the rest in bed forms; mostly pools. The tracer 
deposited in the test reach was evenly distributed between deposits trapped by 
bed forms and organic debris. Only three percent was trapped behind rocks. 

The Ditch Creek test reach had a lower snowmelt runoff and gradient; with many 
obstructions. However, only one and a half percent of the tracer remained in 
the test reach (Table 2). NO more than 2.5 percent of any size class was 
retained (Figure 3~). Approximately 1.6 cubic meters of sediment were stored in 
the test reach, with 62 percent stored behind organic debris and only three 
percent behind rocks. The remaining 0.6 cubic meter of sediment was present 
mostly as channel deposits with no apparent association with obstructions. Of 
the tracer deposited in the test reach, 60 percent was trapped behind organic 
obstructions and 38 percent in bed form deposits. 

Cabin Creek, the lowest gradient channel with relatively few organic obstruc- 
tions, transported far less tracer through the reach. Approximately 14 percent 
of the tracer particles were retained (Table 2), with up to 29 percent of the 
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2.0-4.0 mm size class remaining in the reach (Figure 3d). Nearly all the tracer 
was transported through the first half of the reach. Just downstream from that 
point a number of log obstructions trap large quantities of sediment and reduce 
the effective channel gradient to only 1.3 percent. Approximately 2.0 cubic 
meters of sediment are stored in the test reach, with nearly half stored behind 
organic debris, less than one percent behind rocks, and the other half in bed 
forms; mostly point bars. Point bars are a significant feature of this test 
reach due to more meandering of the channel. Of the tracer deposited in the 
test reach, nearly half was trapped behind organic debris and slightly over half 
behind bed forms. 

Table 2. Distribution of sediment and tracer particles in Silver Creek test 
reaches. 

% % of total stored volume $ of tracer particles 
Tracer Obstructions Obstructions 

stream Retained Bed Forms Rock Organic Bed Forms Rock organic 

'D' 2 17 17 65 28 45 21 
Eggers 
Ditch 2" 

28 4 69 41 3 56 
35 3 62 38 

G 
60 

Cabin 14 52 0 48 55 45 

MeaIl 6 33 6 61 40 12 47 
_____-______--____--____________________--------------------------------------- 

As expected, tracer movement appears to be proportionalto channel gradient, and 
more specifically to effective channel gradient, and to differences in flow 
rates (Table 1). The greatest amount of deposition occurred in Cabin Creek, the 
lowest overall gradient test reach and lowest effective gradient; at least in 
the lower half of the test reach where much of the deposition occurred. The 
next greatest deposition occurred in Eggers Creek, which has a high overall 
gradient and runoff, but relatively low effective gradient. Ditch Creek was an 
anomaly, considering that it had the lowest overall effective gradient and 
snowmelt runoff. We have no explanation for the lack of tracer deposition 
except possibly that the channel had more of its storage capacity occupied by 
sediments derived from road construction within the watershed. Megahan et al 
(1986) measured 13 cubic meters of sediment storage in the Ditch Creek channel, 
in 1981, as a result of road construction using minimal erosion control 
llEU5"?XS. No increased sediment storage was detected in the Cabin Creek channel 
where extraordinary erosion control measures had been used. 

Obstructions are a key factor affecting sedimbnt deposition. Sixty-seven 
percent of the channel sediment is stored behind obstructions (rock and 
organic). Fifty-nine percent of the tracer deposited in the test reaches was 
found behind obstructions. Bed forms were more significant in Cabin Creek where 
channel meanders are more pronounced. 

This tracer technique has great potential for small streams. mnger test 
reaches should be studied over additional flow events to answer questions about 
residence time. 
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SEDIMENT TRANSPORT IN 
HEADWATER CHANNELS IN IDAHO 
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and 
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ABSTRACT 

Prediction of sediment transport in steep, headwater channels is 
complicated by step-pool profiles and large scale roughness from 
boulders, logs, and brush. A study to evaluate four common 
sediment transport equations on such channels was conducted on four 
watersheds at the Silver Creek Study Area in south-central Idaho. 
Study reaches ranging from 150 to 250 feet long at the mouth of 
each watershed were used to develop hydraulic and sediment data for 
input to the Yang, Meyer-Peter Mueller, Laursen, and Einstein 
equations. Predicted transport rates exceeded measured rates by up 
to three orders~of magnitude when using the valley slope. Use of 
an "effective" slope, which removed all vertical drops from the 
profile, reduced the valley slope from an average of 6.4% to l.O%, 
and more accurately modeled the energy slope in the pools. The 
Laursen and Einstein equations then predicted transport within one 
order of magnitude, but the threshold of incipient motion was not 
exceeded with the Yang and Meyer-Peter Mueller equations. Neither 
the Laursen Relation nor the Einstein Equation correctly predicted 
the gradation of the transported material, or the percentages 
traveling as bed and suspended load. Although the agreement 
between predicted and measured transport rates was encouraging, it 
did not necessarily indicate that physical processes were correctly 
modeled. 

INTRODUCTION 

Purpose 

Most sediment transport equations are based on conditions in 
alluvial channels or flumes -- conditions very different from 
steep, headwater channels with frequent pools, steps, and riffles. 
Because of this step-pool configuration, overall stream 
characteristics are not useful for predicting sediment transport, 
and pools and riffles must be modeled separately. The purpose of 
this study was two-fold: 1) to apply four common sediment transport 
equations by Yang (1972), Meyer-Peter Mueller (1948), Laursen 
(1958), and Einstein (1950) to steep, headwater channels, and 2) to 
use the equations to test the hypothesis that pools rather than 
riffles or steps, control sediment transport. 
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Description of Study Site 

Four first and second order watersheds of the Silver Creek study 
area in central Idaho provided data for this investigation. D, 
Eggers, Ditch, and Cabin Creeks are each approximately 250 acres in 
area with southeast aspects and elevations from 4500 to 7000 feet. 
The area is representative of the Idaho Batholith with granitic 
parent material, frequent outcrops, and shallow, coarse textured 
soils. Vegetation is predominantly Douglas fir, Grand fir, and 
Ponderosa pine, with willows and mountain ash common in the 
riparian zones. 

Average annual precipitation at Silver Creek is 33.8 inches with 
most coming as snow from cyclonic winter storms and minor amounts 
falling as rain during summer thunderstorms. Annual streamflow is 
dominated by snowmelt runoff in May and June, although rain on snow 
events can produce peak flows any time during winter. Spring 
runoff produces 90% of the annual sediment yield (Megahan, 1982). 

DATA AND PROCEDURES 

The four sediment transport equations required a variety of input, 
but common to all were the hydraulic parameters of velocity, 
roughness, wetted perimeter, area, top width, and bottom width. In 
addition, all of the equations needed a description of the bed 
material by either a particle size distribution or a representative 
size (D,, or Dso). Modeling was limited to spring runoff because 
little sediment transport occurred outside this period. 

Detailed channel surveys provided cross section geometry at 8 to 11 
locations in a 150 to 250 foot reach on each of the four creeks, as 
well as plan and profile showing overhangs, vertical drops, and 
thalweg. Rating curves of hydraulic parameters were developed with 
this field data using a method proposed by H.A. Einstein (1950). 
Four or five core samples were taken in the riffles of each study 
reach to provide bed material gradations. 

In order to evaluate results from the equations, field data on 
instantaneous transport rates were needed, as well as gradations of 
the transported material and percentages traveling as bed and 
suspended load. Field data from DH-48 and Helley-Smith samplers 
provided instantaneous rates and percentages of bed and suspended 
loads. Core samples from deposits in sediment detention basins at 
the downstream end of each channel provided particle size 
distributions for the transported material. 

Discharge was measured continuously in Parshall flumes just below 
each study reach. A limited number of instantaneous discharge 
measurements verified flume rating curves, and provided field 
velocity data for comparison to predicted velocities. 
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RESULTS AND ANALYSIS 

The concept of an effective slope recognizes that the valley slope 
does not adequately describe hydraulic conditions in a step-pool 
channel. By subtracting vertical and near vertical drops from the 
total fall of a reach, the fall through pools was estimated. This 
fall divided by the total reach length provided the effective 
slope. Under assumptions of normal, subcritical flow, the 
effective slope became the energy slope in the sediment transport 
equations. Table 1 shows the valley and effective slopes based on 
field data from the four creeks. 

TABLE 1 

Valley and Effective Slopes 

Reach Total Valley Height Effective Effective 
Length Fall Slope of Drops Fall Slope 

Creek (feet) (feet) (ft./ft.) (feet) (feet) (feet) 
D 185.2 18.0 0.097 15.8~ 2.2 0.012 

Eggers 190.5 13.6 0.071 11.1 2.5 0.013 
Ditch 239.3 14.0 0.059 12.3 1.7 0.007 
Cabin 248.1 9.5 0.031 7.5 2.0 0.008 

Unfortunately, the field data was not detailed enough to separate 
the fall of the riffles from that of the pools. Thus the effective 
slopes in Table 1 may over estimate the energy slope of the pools 
alone. Another deficiency in the field data was the lack of bed 
material samples from pools. 

To further explore the notion that pools control sediment 
transport, a hypothetical pool was created by arbitrarily reducing 
the effective slope to as mild a slope as possible without 
predicting unrealistic flow depths and velocities. This new slope 
was a more accurate estimate of the energy slope in the pools 
alone, again noting that flow was assumed normal and subcritical. 
To complete this picture of a hypothetical pool, a bed material 
sample was interpolated between the logical limits of the riffle 
bed material and the material deposited behind sediment dams. The 
valley and effective slopes of Table 1 were used with all four 
equations and all four creeks. Only the Laursen Relation and the 
Einstein Equation were used with D Creek to simulate the 
hypothetical pool. Because D Creek was representative of all four 
creeks, only the results from D Creek are detailed in this paper. 

Predicted hydraulic conditions, particularly depth and velocity, 
were compared to field measurements. Results from the sediment 
transport equations were judged against field data by three 
criteria: instantaneous transport rates, particle size 
distributions, and mode of transport. An equation must predict all 
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three correctly to be reliable, for correct rates without correct 
gradations and mode of transport may be coincidental. 

Hydraulic Conditions 

Predicted velocities using the effective slopes of Table 1 ranged 
from 0.21 feet per second (fps) for 0.046 cubic feet per second 
(cfs) to 2.72 fps for 8.478 cfs, and matched field mea~surements 
within 10% at high dischargers where most transport occurred. The 
assumed slope of the hypothetical pool (0.4%) produced slightly 
lower velocities for D Creek that ranged from 0.21 fps to 1.71 fps 
for 0.046 cfs and 8.478 cfs, respectively. Unrealistically low 
velocities were produced by assumed slopes less than 0.4%. 
Bankfull depths based on 8.478 cfs and effective slopes were 
approximately 1.0 feet on all four creeks, which closely matched 
the measured range of 0.7 to 1.4 feet. The hypothetical pool on D 
Creek had a slightly greater bankfull depth at 1.27 feet, but was 
still within the measured range. 

Instantaneous Transport Rates 

As expected, predicted transport rates were too high by two to 
three orders of magnitude when using the valley slope and riffle 
bed material as input to the four equations. Using the effective 
slopes and riffle bed material over predicted rates by one order of 
magnitude with the Laursen Relation, and under predicted rates by 
one order of magnitude with the Einstein Equation. Because flow 
depths and velocities were insufficient to exceed the threshold of 
incipient motion in Yang's Equation and the Meyer-Peter Mueller 
Formula these two equations predicted no sediment movement with the 
effective slope. Measured and predicted rates for D Creek are 
shown in Figure 1. 

Predicted rates through the hypothetical pool on D Creek also are 
included on Figure 1. The Laursen Relation, which over predicted 
rates by only 20% to 30%, performed better than the order of 
magnitude accuracy produced by the Einstein Equation under these 
conditions. 

Gradations of the Transported Material 

Of the four equations, only the Laursen Relation and Einstein 
Equation predicted the gradation of the transported material. 
Using D Creek as an example, Table 2 shows predicted gradations 
(based on the effective slope and riffle bed material), as well as 
the measured gradations of the riffle bed and sediment dam 
material. The Laursen Relation incorrectly predicted a fine 
gradation composed largely of sand: the Einstein Equation predicted 
too coarse a gradation of gravel and larger particles. 
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TABLE 2 

Predicted and Measured Gradation on D Creek 
(Based on Effective Slope and Riffle Bed Material) 

Riffle Sed. Dam Laursen Einstein 
Particle (mm) % % 3 % 
Gravel and larger (>7.9) 46 4 o" 98 
Gravel (2.0 - 7.9) 22 34 2 2 
Sand (0.05 - 2.0) 32 62 98 0 

Predicted gradations became finer with the milder slope and finer 
bed material of the hypothetical pool. With the Laursen Relation, 
transported material became slightly finer and was composed 
completely of sand. The Einstein Equation still predicted too 
coarse a gradation, but changed significantly from 98% gravel and 
larger to 94% gravel and 6% sand. Results are complied in Table 3. 

TABLE 3 

Predicted and Measured Gradations on D Creek 
(Based on the,Hypothetical Pool ) 

Pool Bed Sed. Dam Laursen Einstein 
Particle (mm) % % % % 
Gravel and Larger (7.9) 15 4 0 0 
Gravel (2.0 - 7.9) 33 34 0 94 
Sand (0.05 - 2.0) 52 62 100 6 

Mode of Transport 

Neither the Laursen Relation nor the Einstein Equation correctly 
matched the percentages of material moving as bed or suspended load 
on any of the four creeks. Whether the effective slope and riffle 
bed material were used, or the assumed slope and bed material of 
the hypothetical pool, the Laursen Relation predicted too much 
suspended load and the Einstein Equation predicted too much bed 
load. Table 4 compares measured and predicted values on D Creek. 

TABLE 4 

Measured and Predicted Mode of Transport on D Creek 

Laursen Einstein 
Bed Load Sus. Load Bed Load Sus. Load 

Condition % % % % 
Measured 73 27 73 27 
Eff. slope and riffle bed 10 90 100 0 
Hypothetical pool 8 92 100 0 
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----MEASURED (1882) -VALLEY SLOPE ---EFFECTIVE SLOPE 

FIGURE 1 
INSTANTANEOUS SEDIMENT DISCHARGE FOR D CREEK 

CONCLUSIONS 

Only two of the four equations,the Laursen Relation and the 
Einstein Equation, predicted sediment transport to within an order 
of magnitude of measured values, and then only by the use of an 
effective slope as a surrogate for the energy slope in the pools. 
All four equations over predicted transport by up to three orders 
of magnitude when using the valley slope. The Yang and Meyer-Peter 
Mueller Equations predicted no movement with the effective slope 
because their incipient motion terms were not exceeded. Agreement 
within 20% of measured transported rates was achieved with the 
Laursen Relation and a hypothetical pool that assumed a 0.4% energy 
slope and a fine bed material. Under all variations of slope and 
bed material, the Laursen Relation predicted too fine a load with 
too high a percentage moving in suspension. The Einstein Equation 
was equally inaccurate with too coarse a load and too high a 
percentage moving as bedload. Because neither the Laursen Relation 
nor the Einstein Equation correctly matched measured gradations or 
mode of transport, accurate prediction of rates is not conclusive 
evidence that physical processes are correctly modeled. 
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Abstract 
This paper has three parts. The 1st part was to investigate the possibility of inserting 

a single representative sedimem size into certain existing sediment transport models to obtain 
the sediment transport rate of nonuniform sediment sizes. In the 2nd part a n&w regression 
model was developed using mean sediment sizes. In the 3rd part a sediment gradation 
coefficient was inserted into a sediment transport model. It was found that the maa’els 
developed here fitted the 1150 sets of available flume and river data well. 

1. Source and Range of Collected Data. 
Previously collected (1151 sets) flume and river sediment transport data (namely 

uniform and nonuniform sediment sizes) were used in this study. These data were collected 
by Guy et al (1966), Einstein (IRTCES Circular #2), Barton and Lin (1955), Einstein and 
Chien (1953), Mantz (1983), Samaga et al (1986 a, 1986 b), White and Day (1982), Proffitt 
and Sutherland (1983) and Karim & Kennedy (1983). These data cover wide ranges of 
hydraulic and sediment conditions. Sediment sizes (D,,J are in the range of 0.1 mm through 
30 mm; sediment gradation coefficients (G) are in the range of 1 to 4; water depths (H) are 
in the range of 0.1 ft to 20 ft; flow velocities (U) are in the range of 1 ft/sec to 9 ft/sec; 
water surface slopes (S) are in the range of 0.0001 to 0.02 and sediment concentrations (C) 
are in the range of 2 ppm to 150000 ppm by weight. The sediment gradation coefficient is 
defined as: 

1 Da4 D50 G s --+- 
[ I 2 40 46 

(1) 

where D, is the sediment size of which p percent of the totaf is less than that size by weight. 

2. The Representative Size inserted in the Existing Sediment Transport Models. 
This part was to investigate the possibility of inserting a single representative 

sediment size in certain existing sediment transport models to obtain the total sediment 
transport rate of nonuniform sediment sizes. The sediment transport models developed by 
Shen and Hung (1972), Ackers and White (1973), Bagnold (1973), Yang (1982), Rijn (1984 
a, 1984 b) and Zhang (19.59) were selected to be tested for the transport of non-uniform 
sediment sizes. 

Sediment particles within a mixture were grouped into nine fractions, namely, D, 
D,, . . . D,. These sediment transport models were used to calculate the sediment 
concentrations C(D) with each of the selected sizes as the representative size. These C(D)% 
were compared with the actual measured concentration C.. A measure for the error 
between the C(D) and C, for N sets of data was defined as: 
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As shown in Figure 1 it was found that D,, was the best representative diameter to 
be inserted into all of these sediment transport models except the models by van Rijn and 
by Ackers and White. One reason for this result is that these sediment transport models 
were practically developed based on median sizes (D5J of sediment and majority of the 
data point were obtained with nearly uniform sediment sizes. 

From this section the following conclusion was made. Models by Ackers and White, 
Bagnold and van Rijn are more sensitive to the selection of representative size than the 
models by Shen, Yang, Zhang. The models by van Rijn and Ackers and white gave the 
minimum error between the calculated and measured concentrations when D, and D, were 
used respectively as the representative size. All other models gave the minimum errors 
when DSO used as the representative size. Since many data were collected with uniform 
sediment sizes, no conclusion can be drawn as the preferred sediment transport model. 

The errors as defined in Equation (2) between the measured concentrations and the 
concentrations calculated by the existing models are in the range from 70 percent to 200 
percent. The error in this range is not undesirable for prediction purposes. 

1 
Figure 1. Representative Diameter of Transport 

- Shen 
+++++ Ackers and White 

sub-percent of D (w) 

3. A Regression Model Using Mean Sediment Size. 
Sediment transport rate is a function of flow condition and sediment characteristics. 

This function can be expressed in a dimension-less form as follows. 
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where a = relative specific gravity of sediment particles (1.65 for natural sand), C = 
sediment concentration by weight, U = flow velocity, H = water depth, g = gravitational 
acceleration, v = kinetic viscosity, o = sediment particle fall velocity, D = sediment size, 
B = channel width. 

It is still difficult at present to express the above equation explicitly and theoretically. 
For a wide channel with large B/H values, the influence of B/H on C may be dropped 
from Equation (3). Then the next two last terms UH/v and D/H may be replaced by a 
boundary frictional coefficient f,, as defined below. 

Then Equation (3) becomes. 

u’ C-cp- 1 I g&l *fo 
where U’/gHo is a product of U*/gH and U/o. 

Many engineers from China and U.S.S.R. have found that (Chien, 1983). 

u3 C-a- I 1 (6) 
i?H@ 

U3/gHo can also be written as 8US/fo where f is defined as f = 8gHS/Uz. Then the 
following equation is obtained. 

Replacing f in the above equation with f, the equation becomes. 

If f in Equation (7) is considered as a constant, the following equation is obtained. 

(9) 

The expressions in Equation (9) was used by Yang and Molinas (1982) to developed 
their sediment transport models. It was found in this study that the form expressed in 
Equation (8) could fit the available data better than that defined in Equation (7) and (9). 
The error as defined in Equation (2) for an optimized Equation (8) is 62% and the errors 
for Equation (7) and (9) are respectively 96% and 87%. In the rest of this section the 
optimized results for all three form are obtained. 

The functional relationship among sediment concentration and flow condition and 
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sediment characteristics is assumed to have the following form: 

1ogc - &; 
n-0 

(10) 

in which a, = coefficients to be determined, Fi = parameters expressed as follows: 

Fl - lof$, F, - log:, ‘F, - logy (11) 

The value f, is calculated by the following equations as in Schlichting (1979). 

$- -2log eld+2.51 
i I 3.7 Rejf 

(12) 

where Re is the Reynolds number (Re = 4UH/v), d = 4H, c = roughness height (c = DsO 
is used in this study). 

An approximate and explicit form for the above equation obtained by Haaland 
(1983) was used to simplify the calculation. 

(13) 

Fall velocity of a sediment particle is calculated using Rubey (1933) equation: 

(14) 

where D is the median size of sediment and the other are defined previously. 
The function defined in Equation (10) can be obtained by minimixing the summation 

of all errors (EZ) which is defined as follows: 

logC-logC, 
Ez - cl logC, 1 

(1% 

where C is the predicted sediment concentration and C, is the observed sediment 
concentration. 

By minimizing the error defined in Equation (15) with Rosenbrock (1960) technique, 
the coefficients for Equation (10) were obtained as follows. For the form defined in 
Equation (8) the coefficients are 2.82019, 1.28621, -0.208129, 0.0321417 with a mean 
absolute error [as defined in Equation (2)] of 62 percent. For the form defined in Equation 
(7) they are 2.74761, 1.15189, -0.0456634, -0.0135187 with a mean error of 96 percent. For 
the form defined in Equation (9) they are 4.58992, 0.906196, 0.020644$ 0.8459383 with a 
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mean error of 87 percent. For example, the form defined in Equation (8) the relationship 
among sediment concentration and flow condition and Sediment characteristics is then 
expressed as: 

1ogC - 2.ti19+1ZUi21F,-O.2OW~+O.O321417~ (16) 

The data points and the optimized relationship between log C and F, are shown in 
Figure 2, Figure 3 and Figure 4. It can seen that the scatter in Figure 3 is less than that in 
Figure 2 and Figure 4. 

It is concluded that the form defmed 3 Equation (8) is the best one among the three 
forms defined in Equation (7), (S) tid (9). 

0 ~,,,,,,,,,,,;,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 
-2 -1 0 1 2 3 4 

6- Figure 3. Corresponding to Eq (8) 

-2. 
3- 2 

-0 

E log US/f,w 
0 I,,,,,,,,,,,,,,,,,,,,,,,,,,,,],,,,,,,,,),,,,,,,,, 

-1 0 1 2 3 

4. Corresponding to, Eq (9) 

2 log us/w 
0 //I II /I -4 I,,,,,,,,,,,,,,j,,(,,,,/,,,,/(,/, //,,,/ , 

-3 -2 -1 0 1 
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4. A Regression Model Using Mean ,Size and, Gradation Coefficient. 
It was believed that the sediinent concentration i%as affected by flow conditions and 

different sediment gradation coefficients (G)’ as defined.in Equation (1). The formulated 
relationship among sediment concentration and flow velocity (U), flow depth (H), water 
surface slope (S), sediment size (D&, :and sediment, gradation coefficient (G) can be 
expressed as the following form: “’ ‘~ 

- tj L c+Jfo)sEIGyq (17) 

5 
1ogc = ~a,(logF) (18) 

IM 
where c, through c, and a, through a, are coefficients to be determined, F is the flow 
parameter defined as follows: 

F-[(U/o)SC’GC2]+ (19) 

A measure for the error between, the c.alculated sediment concentrations and the 
measured ones is defined as the summation of individual error for each set of data used. 

E3 - c [log (C/CJ~ .,, (20) 

By minimizing the error defined in Equation (20) using Rosenbrock (1960) 
multidimensional mlnimlxing method, these coefficients were obtained as: c, = 0.68985, c, 
= 0.12889, c, = 0.62831, a,, = 3.9730, a, = 1.7656, a, = 0.39275, a, = 3.3128, a, = 2.5251, 
a, = 0.38090 with a mean absolute error ~[as defined in Equation (2)] of 51 percent. 

The coefficients cl, c, indicate that the sediment concentration is related to velocity 
with the first power, slope with the power of 0.69 and G with 0.13. The relationship 
between sediment concentration and flow parameter is plotted in Figure 5. 

Rosenbrock method 
IO6 Figure 5. A transport relationship 

optimization result by 

IG 5z~ 

.2 
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5. Conclusion. 
The first part of the paper investigated the possibility of using a single representative 

size in certain existing sediment transport models through 1151 sets of flume and river data 
previously collected (uniform and nonuniform sediment sizes). 

It was found that the newly developed models fitted the data well with mean 
absolute errors of 62 percent or 51 percent for the models without or with the sediment 
gradation coefficient in consideration. 
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XETI-IODS OF RRASURING INCIPIRWT hOTION'OF BRDLOAD IN MOUNTAIN RIVERS 
By Wojciech Dartnik,Wojciech Kopka Agricultural University Cracow Poland 

The paper analyses the experiment d&a on incipient motion in mountain 
rivers.Studies on the incipient motion ,of,hed,,load in drivers, are of great 
importance for the majority.of existing fprmulas used for calculating the bed 
load transport rate. This is done on the,base of acknowledge of the initial 
parameters of the motion's beginning. In these studies the natural armouring 
layer and the radioactive traser method of.measuring incipient motion of bed 
load in mountain rivers were used to ,determine critical bed shear stresses. 

@ Radioactive Traser Uethod lip ~~,. :~_:. 

The radioactive traser method of meas~uring..incipient~motion.of bed load was 
adopted in some Polish mountain rivers /Table ~"l/. In the experiments the 
trasers were used [Jr-1PZ and Ta-182].T,For :the experiments about 30 grains of 
each chosen fractions were introduced into the ~nearby upstream region of each 
of the detectors.The detectors used ,were. connec~ted with the counting and 
recording system mounted in a field isotope lab. aria, bus. 
The depth at which 90% of the total amount oft active grainssmoved and ,moved 
away from beneath the detector was considered as critical depth. 
Furthermore,the hydraulics measurements~lwere carried out to define the mean 
velocities,slope under critical conditions of'incipient motion of individual 
frictions of the bed material (Bartnik 89) 

.,. 
The parameters of, rivers characteristics/Table 1/ 

-- 
parameters symbols: Wisioka ~punaj~c Targanicsanka 

~. river "' rivei- ~. i-i ver 

slope J %. 
dmi,m;.5 , o.2;;! w 17 

.? ,~ 

discharge Qmax mys 750 ,%I 730 50 

depth of flow h m 1.0-3.1 1.0-4.7 0.3 - 1.0 

width of flow B:,'m 30.0 65.0 6.0 

grain size ,,111 I 'i.b031 & .,~ 0.0274 0.06 - 0.11 

standard deviation 6 - 4.0 2.77 1.6 -4.5 
of mixture diam. 

- 
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The reletionship (Pig.1) between the critic1 Roude numbsr for WiCleS and 
and the critical Reynolds nomber for flou show that Fd decreases with 
the increase of lb and it is a mistake to take the ShieJds parameter as 
a constant. After this the critical sbear stress may be calculated 

,B 
7 50.039 (0 

lo5 
) 

c 
(y/y) d-‘*‘s 

When the shear stress over the bed rivers exceeds its critical value, the 
notion of particles begins @hen 76). In general, the observation and 
measuring critical conditions of particle motion are difficult in nature. The 
beginning of motion is not easily obtainable and difficult to define. In this 
paper we define that the motion. is not local in character and that the 
movement occur-es in all parts of the river bed at the same time. Ilany 
experiments were conducted to develop and solve this problem. The Shields 
diagram is widely accepted as the equation fm =rc, (y - ye )dm. On the basis of 
it we do not exactly know how actually the Shields curve corresponds to the 
various grain size distribution curve.~Aecently, efforts have been directed 
towards the analysis of the behaviour of granular mixtures. In Poland, in some 
mountain rivers the radioactive traser method was adopted for measuring 
incipient motion of bed load (Bartnik 69). According to Egiazaroff in 
nonheterogenious material stability~of grain size ,parameter increases when the 
grain size decreases as far as mean diameter is concerned. In Polish mountain 
rivers, i.e. for calculations of bed load transport, fieyer- Peter-Huller 
formula is most suitable (Gladki 61). 

Y h J = k. (?’ y) d. +,0.25 (y/g)o. 33 q;. 66 8 t* L 

-3. 

0.08 ti I /Ill 
!.' ' ' " 

.- 
t 6 IO 20 Re 

Fig.l.Relation between Fdand Re 



FIG. 2 GRAIN SIZE DISTRIBUTION SIZE 

The Targaniczanka river c.2. The Targanicsanka river c. 1. 
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where critical shear stress was calculated according to Wang 

T = k. (y -y) d c 1.s L 

f 
k = m 
i 1.78 (d /d )"'9d7 

i m 

f 
k= ", 
i 

(di ,'dm)0'3id 

Armouring Layer Hethod 

where 

for di /d < 0.4 and 
m 

for d, /d > 0.4 
L m 

Because radioactive tracer method is very expensive in research, the stability 
parameter of bed fm was determined on the basis of natural armouring layer, 
when standart deviation of mixture * >1.3. The armour coat grain size 
distribution is given by Komura on a finite form of Gesslers equation 
(Simons77). The size curve was measured before and after flood (Fig.2). 
In this case, a comparison of the curve size distribution after flood with the 
curve calculation according to the equation of Komura, was received with great 
accurancy for critical bed sher stress, where Shields parameter was 
fm=0.023-0.075 for dm. On its base fm was determined as a function of 
standard deviation of mixture diameters (Fig.3). 

081 

fm 

op1 
1 

6 (Standard deviation) 
IO 

-- for z <q6, fm=o,0286°,26 

-.- for 2 <0,6, fm=o,0396°026 

Fig.3. fm vs. standard deviation 0 
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CONCLUSIONS 

In the river beds composed of coarse materials the determination of the 
critical conditions using only one parameter is rather indefinite.There was no 
definite method to determine this phenomenon when the standart deviation of 
mixture diameters was high .The authors' opinions are that, Shields curve is 
not sufficient to describe the beginning of bed load transport. Because 
movement influences much less shear stresses than it comes from the curve of 
Shields, to obtain a correct answer in this paper, the parameter of bed 
stability was determined as a function of standart deviation. 

List of symbols 

di 
oh 
fm 
L7 
ki 
Fd 
Re 
6 
Y 
YS 
T 

c 

-fraction diameter 
-typical grain size of mixture 
-parameter of bed stability for dm 
-acceleration due to gravity 
-parameter of grain size stability 
-Froude number for particles 
-Reynolds number for flow 
-standard deviation of mixture diameters (dea /di a)< " 
- spesific weight of the grain 
-spesific weight of fluid 
-critical shear stress 
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POSTFIRB SUSPENDED SEDIMENT IN YELLOWSTONE PARR 

By Jana Mohnnan, Refuge Hydrologist, U.S. Fish and Wildlife Service, Denver, 
Colorado, and Roy Ewing, Research Scientist, National Park Service, 
Yellowstone National Park, Wyoming. 

ABSTRACT 

Prefire suspended-sediment transport in the Northern Yellowstone River Basin 
was documented in a study from 1985 through 1987. In the spring of 1989 the 
sediment study was reactivated to measure the effects of Yellowstone National 
Park's wildfires of 1988. Results of 1989 and 1990's snowmelt runoff are 
compared to prefire suspended-sediment conditions. Regional precipitation is 
presented for two pre- and post-fire years. The ptefire year of 1986 had the 
highest runoff and sediment transport conditions of all years examined. From 
a preliminary analysis there were no major changes in sediment loading of 
Yellowstone Rivers as a result of the 1988 fires. 

INTRODUCTION 

During the summer of 1988 approximately 45% (400,000 ha) of Yellowstone 
National Park (YNP) was burned as a result of severe drought, high wind speeds 
and an abundance of fuels (Schullery, 1989). Heavy burning of watersheds may 
result in higher peak discharges, and accelerated erosion and sedimentation. 
Depending on factors such as fire intensity, slope steepness, and soil 
characteristics, erosional processes may vary from subtle sheet erosion to 
catastrophic debris flows. The maximum impact of these processes could occur 
in the first few years (White and Wells, 1981) or during several decades (Laid 
and Harvey, 1968). 

In 1985 and 1986, an interagency study was conducted to determine baseline 
suspended sediment and ~turbidity conditions of the Yellowstone River and major 
tributaries from Yellowstone Lake Outlet, YNP, to Livingston, Montana. In 
1989 and 1990 the same study (less several sites outside YNP) was repeated to 
investigate the impact of the wildfires of 1988. This report is a 
preliminary, abbreviated summary of the sediment study which is still being 
conducted in Yellowstone National Park. 

METHODS 

The suspended sediment data presented here was collected from two daily 
suspended-sediment stations, Yellowstone River at Corwin Springs, Montana 
(7 miles northwest of YNP's north entrance), and Lamar River at Tower 
Junction, YNP, Wyoming (28.25 river miles upstream from Corwin Springs). 
Sampling was done with a mounted depth-integrated sampler (D-49). 
Instantaneous suspended sediment and 'turbidity data was also collected at many 
other sites, but has not been thoroughly analyzed (Figure 1). Corwin Springs 
has had a U.S. Geological Survey (USGS) continuous-stream gage in operation 
since 1910. A USGS continuoui gage was in operation on the Lamar River from 
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Figure 1. Postfire sample sites on the Yellowstone River and 
selected tributary watersheds for the Yellowstone 
River Suspended Sediment Study. 
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1923 to 1969. The prefire data were collected at the Lamar River using a USGS 
crest-stage and staff gage. Just after the fires a USGS continuous gage was 
again installed on the Lamar River. On Figure 1 the Lamar River Site is 
labeled "cable way". Suspended-sediment concentrations wets analyzed by the 
USGS, Water Resource Division lab in Helena, Montana 

This report examines only the snowmelt period, or the rising limb of the 
annual hydrograph. This includes the first warming trend Of each Season, 
generally April through the beginning of June. In this report the rising limb 
of the hydrograph ends on the day of mesn daily peak flow. Prefire years 
include 1985 and 1986 at both sites and 1987 was included at the Corwin 
Springs sits since the data were available. Postfire data includes 1989 and 
1990 for both sites. 

RESULTS 

Precipitation strongly influences trends in runoff and sediment transport. 
Seasonal precipitation at four weather stations in the study area (Figure 1) 
for water years 1985, 1986, 1989 and 1990 ate presented in Table 1. Even 
though 1989 ranks the highest in precipitation during the study period, 1986 
had the highest peak spring runoff due to unseasonably warm temperatures for 
two consecutive weeks in May (Table 2). 

Table 1. Seasonal precipitation in inches at four weather stations in the 
study area.* 

Snowpack and Snowmelt Period 
October - June 

1985 1986 1989 1990 

Mammoth Hot Springs,YNP 7.89 9.70 12.41 10.81 
Northeast Entrance, MT 14.30 18.70 20.40 19.80 
Parker Peak, YNP 20.50 26.90 28.50 24.70 
Lake Yellowstone, YNP 11.89 20.04 15.66 11.73 

Study Area Averages 13.64 18.83 19.24 16.76 

* Data is presented from water years, collected at Soil Conservation 
Service's Snow Survey pillow sites, and National Weather Service 
Climatological sites. 

Table 2 presents the instantaneous mean and peak flow, and suspended-sediment 
concentrations for both sites. In 1986 at the Corwin Springs site, the 
instantaneous mean flow was less than in 1989, yet the instantaneous mean and 
peak suspended-sediment concentrations were larger. The standard deviation 
for both years for flow data was large, however, the peak flow for 1986 was 
1.48 times as great as the peak flow for 1989. This is most likely the 
reason for the difference in sediment concentrations; The mean concentration 
in 1986 was 1.40 times greater than in 1989, while the peak concentration in 
1986 was 2.55 times greater than in 1989. The rapid runoff and high peak 
flow in 1986 tended to overshadow any effects on suspended-sediment transport 
caused by the fires. 
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Lamar River at Tower Junction's instantaneous mean flows are very Similar for 
1985, 1986, and 1990. Yet, the sampled peak flow of 1986 is 1.4 times 
greater than both 1989 and 1990. There is even a greater difference in 
suspended-sediment concentration between those years. The 1986 mean 
concentration for snowmelt runoff is 1.95 times greater than both 1989 and 
1990. The instantaneous peak concentration in 1986 is 2.22 and 1.54 time8 
greater than 1989 and 1990. Again, the rapid runoff in 1986 tends to mask 
any effects of the fires. 

Table 2. Instantaneous mean* and peak flow, and instantaneous mean, and peak 
suspended-sediment concentration of the rising limb data for Yellowstone 
River at Corwin Springs, MT, and Lamar River at Tower Junction, YNP, WY. 

Yellowstone River, 
Corwin Springs, MT 
1985 
1986 
1987 
1989 
1990 

Lamar River, 
Tower Junction, 
YNP, WY 
1985 
1986 
1989 
1990 

FLOW 
(CfS) 

7578 (2674) 14660 164 (159) 677 
6953 (6573) 22290 203 (317) 2013 
3917 (2117) 7651 53 (50) 193 
6966 (4306) 14960 145 (170) 855 
4535 (2548) 13400 100 (132) 787 

3412 
3323 
2474 

STANDARD PEAR CONCENT- 
DEVIATION (cfs) RATMN 
(CfS) (mV1) 

(1364) 6120 160 (17-8) 
(3163) 9630 249 (319) 
(1547) 6571 128 (128) 
(1258) 6748 127 (141) 

DEVIATION 
(w/l) 

PEAK 
(w/l) 

463 
1020 

459 

l Instantaneous mean flow presented here is the average of the flows at the 
time of sediment collection. 

Figure 2 presents sediment rating curves for the Yellowstone River at Corwin 
Springs. These curves are least squares regressions of log-transformed 
values and are of the form Y = apb, where Y = sediment concentration (mg/l) 
and Q = discharge (cfs). In 1988, 30.3% of the drainage area at the 
Yellowstone River at Corwin Springs burned, or 490 square miles of the 
1617 total square miles. Upon examination of the pre- and post-fire sediment 
rating curves it appears that mean sediment concentrations decreased 
following the fire. Using the analysis of covariance, the slopes of the 
lines are significantly different at a .005 level of confidence. (Ponce, 
1980). The near-flood runoff of 1986 resulted in exponentially higher 
sediment concentrations, which probably had the greatest impact on the slope 
of the prefire line. The slope of the postfire regression line 'approaches 1, 
indicating that the relationship between flow and sediment concentration is 
almost linear. It appears that more sediment is available for transport at 
lower flows than previously, and that the fire may have changed the 
relationship between discharge and sediment transport. Further monitoring 
would indicate the duration of this possible change. 
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Figure 3 presents sediment rating curves for the Lamar River of the same form 
as presented in Figure 2. The Park's wildfires burned 38.3% of the drainage 
area at the Lamar River at Tower Junction , or 256 square miles of the 
660 tote1 square miles. The pre- and postfire rating curves are not 
significantly different at the .OOS confidence level. The Lamar River 
drainage has a large percentage of steep erodible terrain (Ewing, 1988); 
these factors still seem to be the overriding control in sediment 
concentration at this site. 

The data is widely scattered about the regression lines, but ranges of the 
coefficient of determination (r2) between 0.60 and 0.85 are acceptable for 
water quality data (Ponce, 1985). The coefficients of determination for 
regression equations developed using prefire data were higher (greater that 
or equal to 0.84) than those developed using postfire data (less than or 
equal to 0.64) for both the Lamar and Yellow&one River sites. Sediment 
concentrations after the fire are more variable and less strongly related to 
discharge. Changes in vegetative cover would result in changes in both 
sediment availability, delivery, and surface runoff characteristics. Such 
changes could increase the variability evident in the postfire data. 

The 1985 paper, "The Use of Suspended Sediment Load Measurements and 
Equations for Evaluation of Sediment Yield in the West", by Elliott Flaxman, 
contained a discussion of the exponent in log sediment concentration versus 
log discharge equations. He generalized that exponents ranging from 1.4 to 
1.5 were characteristic of snowmelt dominated watersheds with a uniform 
response to runoff. Three of the four exponents, including both regressions 
for the Lamar River, have exponents greater than 1.5. nowever ‘ the postfire 
regression exponent for the Cowin Springs site is 1.11. Flaxman contends 
that exponents ranging from 1.0 to 1.1 are indicative of watersheds where 
sediment concentrations rise in direct response to increases in flow. Such 
water sheds may be exposed to frequent and intense storms, or may have a 
greater availability of sediment at low flows due to exposed slopes or in- 
channel sources. The fire may have increased sediment availability at the 
Corwin Springs site, resulting in the change of slope of the regression line. 

CONCLUSIONS 

The data collected during this study cannot be used to reach any final 
conclusions about fires sffects on sediment concentrations in the rivers 
draining Yellowstone National Park. Additional years of data, which 
hopefully will include peak flows comparable to 1986, will provide a better 
understanding of the effect of fires on suspended-sediment concentrations. 
HOWeVer, it appears from the preliminary analysis presented here that there 
has been no major change in the sediment loading of Yellowstone Rivers as a 
result of the 1988 fires. 
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HOVEMENT OF BED I4ATBBIAL CLFISTS IN MOUNTAIN STREAMS HOVEMENT OF BED HRTERIAL CLASTS IN MOUNTAIN STREAMS 

BY BY 
tuna B. Leopold, Profeesor Emeritus Luna B. Leopold, Professor Emeritus 

university of California, Berkeley, CA University of California, Berkeley, CA 
David C. Rosgen, Consulting Hydrologist David C. Rosge", Consulting Hydrologist 

Pagosa Springs, CC Pagosa springs, CC 

The growth in observational data shows that it generally is true in gravel 
streams that the material on the immediate surface is coarser than that which 
lies below. Unfortunately, this has led to the uss of the word armored or 
paved. The use of those words has given the impression to those who do not 
work directly with gravel bed streams that the bed material of the stream does 
not move with ordinary discharges. 

In nine mountain streams in Colorado rocks chosen frcxn the bed surface to 
represent sizes Das, Dg,,, and Da, were collected, paint& and placed in 
straight lines across the channel. A total of 30 such lines comprising 769 
rocks ranging in size from 39 mm to 250 IMI were observed during the snowmelt 
runoff season of 1989. Stream discharge, depth, velocity, and water surface 
slope data were collected on a daily basis throughout the runoff period. 

Of the total rocks placed, about 65% of all the rocks moved during the season, 
eve" though discharges in "one of the streams reached the bankfull stage. The : 
distance the rocks moved was relatively small during any one movement, 
generally less than a few meters. some individual rocks moved more than once, 
and a few moved as many as four times during the season. 

These observations represent one type of evidence that material of the bed 
surface moves at discharges equal to or less than bankfull, even though the 
movement is for a short distance and the resultant transport rate is small. 

GBNBNAL STATNNBNT 

Field data show that the surface material comprising the bed of gravel rivers 
is coarser than the layer immediately below the surface. An early 
presentation of such data was in Leopold, Wolman, and Miller (1964) that also 
included a discussion of possible explanations. They have developed in the 
literature two terms to describe the phenomenon, "armoring" and "paving," both 
of which unfortunately leave the impression that this surface layer is 
immobile except in extreme flood events. 

Bray and Church (1980) suggested definitions for these words. They used 
“armour” to describe surface layers coarser than the rest of the bed resulting 
from winnowing of the fines. The word "pavement" was used to describe the 
surface layer coarser than the material below that layer, and the movement of 
this pavement occurred only during extreme floods. We prefer the words *cover 
layer" suggested by Carson and Griffith8 (1987) to describe the physical 
relation without inference as to origin or frequency of movement. Also in 
agreement with a recommendation by Carson and Griffith8 (p. 60), the present 
paper is devoted to a description of how bed material moves and under what 
circumstances. 
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Our field measurements have demonstrated that in gravel streams in the Rocky 
Mountains the bulk or greatest volume of the bedload is of sand eize or very 
fine gravel, far smaller then the DsO of the bed material. The gravel to 
cobble size make6 up the point bars, central bare, and the riffle reaches, yet 
constitutes only a minute fraction of the total bedload. In fact, this minute 
portion of total load forma the main morphologic features of gravel streams 
(Leopold, 1990). 

The gravel clasts 32 to 90 mm ot larger are seldom caught in a Helley-Smith 
sampler, partly because of the size of the sampler mouth but partly because 
they move infrequently. To obtain more information on the discharge needed 
for motion and to measure the distance moved in a single excursion, the 
following procedure was used. Nine gravel streams of varioue stream types 
were chosen in Colorado for detailed study during the snowmelt seasons of 1988 
and 1989. At each stream measuring section, size distribution of the surface 
material of the bed was determined by pebble counting. Then from the 
streambed downstream of the study reaches, many rocks were collected of each 
of the sizes Dg,, Dsp, and D,,. These rocks were painted bright orange. At 
each stream two lines of painted rocks were placed by hand in the channel, a 
line of rocks De9 size and a line of D5,, size. In four of the nine streams 
there was also a line of D3$ size. The rocks on a line were placed at about 4 
diameters apart, eo there were aore rocks in II DsO line than in a DB4 line. 
The location in distance across the channel was recorded for each rock placed. 

Every day during the runoff season, about May ZO-July 30, each line was 
inspected. The downstream and/or lateral movement of any rock was measured 
daily. At each position where a rock moved, a meaeurement by current meter of 
the vertical distribution of velocity was obtained. Discharge of the river 
was recorded. 

The design has the possible disadvantage that placement of a rock in the water 
by hand might result in the rock being on a spot somewhat above the general 
level of the adjoining rocks of the bed materiale. However, because the 
number of rocks placed was large, 769 rocks, we felt that there was also the 
possibility that our hand-placed rocks were put in hollows or depressions. 
Therefore, on the average, the placed~rocks were only slightly more exposed or 
more likely to move than those deposited by flowing water. 

ROCK SIZES AND NUMBER MOVED 

The Dgq size ranged from 77 mm at Goose Creek~i4 to 250 mm at Goose Creek #l. 
At the other sites the size was between 100 and 200 mm. The DsO sizes varied 
from 43 nml to 110 mm. Table 1 shows the number of rocke, their,'sizee, and the 
number that moved. The table includes some of the characteristics of each 
site, including bankfull discharge and channel slope. 

There were 769 rocks placed, and of these, there were 500 movements. The 
percentage of placed rocks that moved varied from 57% to 69%. and 
interestingly, the Dg, size had about the same percentage moved as did the 
smaller DJS size. 

Bedload transport rate was measured nearly every day at each site. Every times 
a Helley-Smith sample was taken, the largest clast caught was recorded as well 
as the usual size distribution analyzed in the laboratory. Note that during 
the runoff season the sampler caught one rock of size either near the DsO butt 
in some cases nearly as large as De,). In some streams an IiS sampler with a ,~ 
large mouth was used. 
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RsLATIon O? Rot?. NovQlmm To D18csARt3B 

The most significant result of the study wae that the tJ8, size on the 
streambed was consistently moved by discharges far less than bankfull. 
Because bankfull in the streams has s reourrence interval of one to two years, 
as is usual for most streams, the coarse fraction of the bed material is moved 
by frequently occurring discharges. This confirms the results found by 
Andrew (1983) for other gravel bed rivero in the mountains. 

Table 2 shows the number of rocks in ttle Da, rock lines nwved by various 
discharges, the latter expressed as percentage of bankfull discharge. The 
table includes all D,,, rock movements at five stream sites. At these sites 
the total number of rocks placed in De, lines was 168, and the number oft 
recorded movements warn 137 in the 1989 runoff 8eaaon. Note that 114 out of 
137 movements were caused by discharges less than 80% bankfull. Twenty-three 
movements occurred in two days when the discharge of 5. Fork Cache la Poudre 
was 84% of bankfull. 

ROCFS TSAT MOVSD UORS TsAn ones 

There is concern that placement of rocks by hand might favor movement as 
compared with rocks coming to rest having been moved by water. Hany rocke 
moved more than once. Table 3 presents data for three streams in which 
individual rocks were observed to move once or more than once. 

The stream, S. Fork Cache la Poudre. had more D e, rocks moved more than once 
than the other sites for reasons unknown. The rock movement data appear to 
confirm the concept that rocks placed on the streambed by hand are, on the 
average, a reasonable sample of the rocks moved by,flowing water from 
locations determined only by stream processes. 

It should be obvious that the data in Tables 2, 3, and 4 deal with the Da, 
size because these rocks are among the largest claets on the streambed. Rocks 
of smaller size are more likely to move. 

DISTANCE UOVED BY INDIVIDUAL ROCKS 

Though a large percentage of painted rocks placed on the streambed moved 
during the runoff season as indicated in Tables 1-3, the distance a rock moved 
in an individual excursion was surprisingly short. Table 4 records the 
average distance moved in a single hop or single excursion. These distances 
averaged less than two feet, regardless of the magnitude of the discharge that 
caused movement. 

SDUUARY 

Painted rocks placed in lines on the bed of gravel streams in the mountains of 
Colorado included three sizes, the sizes DB,, D50, and Ds5 of the bed materials 
of the individual stream. Sixty-five percent of the largest rocks placed, the 
DII, size, moved during the runoff season of 1989. None of the nine streams 
reached bankfull discharge during that year. Therefore, the larger fraction 
of bed material on these streams movtid at discharges less than bankfull. The 
distance moved was very small, only a few feet. Thus the transport rate of 
the larger clasta is very small. 
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The larger rocks of the bed materiel are plucked individually off the 
streambed and moved short distances at ordinary or frequent discharges. Not 
all rocks of a given size are moved, even when some of that size are moved. 

The materiel on the bed of a gravel &ream constitutes only a small part of 
the annual bedload volume, but it is the part of the sediment load responsible 
for the major morphologic features of the channel, the riffles, the bars, and 
the point bars. 

The authors gratefully recognize the fine observations and measurements 
obtained by the numercue field personnel of the USDA Forest Service of the 
Rocky Mountain Region who participated in this study. 
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Table 1. Painted rocks of three sizes, in several streams, Colorado, 1989 

Total all sites: 

D35 
No. rocks 
No. movements 

0 of rocks 
moved 

202 
115 57 

D50 
No. rocks 
No. movements 

349 
234 67 

084 
No. rocks 
No. mcwementa 

Total rocks placed 
Total rock movements 

218 
151 69 

769 
500 65 



Table 2. Number of rocks of Do, size moved at discharges Of different 
percentages of bankfull; data are for five aitee that had a total of 168 rocks 
in the Dgq lines. 

I! Discharge in % of bankfull Number of rocks moved 

20-40 26 
40-60 42 
60-80 35 

80-100 23 

Table 3. Number of rocks that moved once or more during runoff season, De4 
size. 

S. Fork, Little Left 
Stream Cache la Poudre Beaver Hand 

Number of DB4 
rocks placed 64 19 24 
Number that did 
not move 16 14 0 
Moved once 22 2 24 
Moved twice 17 2 0 
Moved thrice 7 0 0 
Moved four times 2 1 0 

Table 4. Distance in feet rocks of Dg) size moved by discharges of various 
percentages of bankfull; data from five sites; total number of movements was 
137. 

Discharge in % 
of bankfull 

10-20 
20-40 
40-60 
60-80 

80-100 

Average distance of Number of rocks moved 
movement (ft) out of observed reach 

0.6 -- 
1.2 -- 
1.7 13 
1.1 -- 

0.6 3 
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